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EQUILIBRIUM DISTRIBUTION STUDIES OF DYSPROSIUM NITRATE-ERBIUM NITRATE=-
. NITRIC ACID-TRIBUYTL PHOSPHATE SYSTEMS:

) by _ !{\,O y’é/@v\/
Michael Robert'Dinnin,Jr.,and Morton Smutz 2
‘ ~ ABSTRACT '
The equilibrium distribution of dysprosium nitrate, erbium nitrate,’
and nitric acid between water and tributyl phosphate was studied in /w”“kb
this research. Separate equilibrium data were obtained for the dis- /é;$0“0/

tribution of dysprosium nitrate-nitric.acid, erbium nifrate-nitric acid,
and dysprosium nitrate-erbium nitrate-nitric acid mixtures. The
eqnilibrium data were obtained by making single stagé extractions from
aqueous feed solutions using canmefcial grade tributyl phospbate,
Equilibrium distribution of solutes was determined by analysis of each
phase fram the single stage extractions. .

Equilibrium data for the dysprosium nitrate-nitric acid and erbium
nitrate-nitric acId mixtures were correlated in such a manner that the_
total distribution of solutes. and the distribution of nitric acid could
be found for dysprosium nitrate-erbium nitrate-nitric acid mixtures.
The separation feétor getween dysprosium nitrate and erbium nitrate for
dysprosium hitrate-erbium nitrate-nitric acid mixtures was shown as a‘
function of the total molality of the aqueous phase. .Equilibrium dis-
tribution curves were presented for pure dysprosium nitrate and pure
erbium nitrate. | } |

A method waé presented for pfedicting the concentrations of
dysprosium nitrate, erbium nitrate, and nitric acid in an organicl
phase of tributyl phosphate when the concentrations of these same

three solutes in the aqueous phase were known, and the two phases were

in equilibrium. This method was demonstrated by means of a sample.

#This report is based on an M, S. thesis by Michael Robert Dinnin, Jr.,
submitted November, 1960, to Iowa State University, Ames, Iowa. This
work was done under contract with the Atomic Energy Commission.




calculation. Also, a comparison between predicted concentrations and
actual concentrations obtained from ten extractions with dysprosium

nitrate-erbium nitrate-nitric acid m:lxtures wvas presented
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The fifteen elements of atamic number 57 through 71 are camonly
referred to as the rare-earth metala. Industrial uses for these metals

are relatively amall at the present time, although éonsid.rabh research

"with the rare earths is now in progress and it is possible that there

may be an increased demand for them in the near future. The term rere
is somevhat of a misnomer because the raw materials from which these
élmnts can be produced are quite plentiful. | However, the rare earths
alvays occur as mixtures in nature, and separating them'from one another
1s difficult due to their chemical similarity.

Cammercial production of the rare earths is now carried out by the :
separation p.;:'ocesa of ion exchange. The ion exchange mtlvzodv 1s ‘ad- |

vantageous in that it gi\rea very good separations, but there are draw-

backs such as low flow rates and semi-continuous operstion vhich could T

be improved‘ by using the separation technique of sol@t- extraction.
For some time it has been known that thp rare earths could also be
separated by solvent extraction, and considerable research has been "
directed towards the development of a solvent extractiqn pfocess. for
producing thé rare earths. |

The solvenfmost camonly used for extracting the rare earths is
tributyl phosphate (TBP). The rare earths are fir#t digested fram the
ores using sulfuric acid. Next they .are separated from impurities and
converted to th; nitrate form. The rare-earth nitrates and nitric acid

in a.ciueous solution are then brought in contact with the tributyl



phosphate. In order to design s multistage solvent extraction process
for separating the ru.re eo._rths » which utilizes this principle, it 18
necessary to be able to prgd:lct thc equilibrium conditions throughout
the process. This prediction‘ot equilibriwam must teke into account the
equilibrium distribution of nitric acid and the rare-earth nitrates
which are present. Schoenherr (8) wvas the first to davelop a method
of prod.iction where. nitric acid was considered as one ot the solutes.

He used a sama.rimn nitrate-neodymim nitro.te-n:ltric scld-TBP-wvater
system, However, before Schognherr'l method of- equ.ilibrium prediction
could be ;pplied to the entire rare-earth series, further investigation
of other rare-earth nitrate-nitrié acid-TBP-wvater syﬁtems was needed to
determine if their behavior would be the same. o

| The eﬁuilibrium distribution of the dysprosium nitrate-erbium
nitra_fe-nitric acid-TBP-water systgm wvas studied in this research in
order to devélop a method of predicting equilibrium distribution for
two of the heavier elements in the rare-earth series. The method for
predicting equilibrium diatribution could then be used for finding
stagewise conditions for this system vhen designing a solvent extraction
process. Concurrent with this research, the equilibrium distribution of
the lanthanum nitrate-praesecdymium nitrate-nitric acid-TBP-watex syste;n
was being studied by &m.‘rp.“l Il; 1s expt:cl..ud Luatl Lh_u predictlon
technique will lead to a method for predicting equilibria for any rare-

earth nitrate-nitric acid-TBP-water system.

lB ‘M. Sharp, Ames, Iowa. BEquilibrium distribution of the lanthanum
nitrate-praeseodymium nitrate-nitric acid-TBP-water system Private
commnication. 1960.
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Dysprosium and erbium were chosen for the'stﬁdy because they were
two of the heavier rare earths sufficiently plentiful fram a cost
standpoini,'and also, the concentration of dysprosium and erbium couid
be found by infra-red séectrOphotometric analysis‘férvthe extractions

in vhich the two were present together as mixed nitrates.



LITERATURE REVIEW .

In 1937, Fischer, et al. (4) made the first study concerned with -
separating the ri.x:'e-earth elements by solﬁnt extractiqn.' ﬁle& found
a separation factor of 1.5 between aijacent rare-earth chlorides when
extracting with various alcohois a.nd--éthe.ré Their experimevnta.lwdata
have not been verified by other investigators.

Peppard,et al. (7) investigated the equilibrium distribution of
different rare earth nitrates between 4tr1butyl phosphate and water in
the presence of nitric acid. All their data were obtained at low rare
earth cmcéntratio:ns. | i

Weaver, et al. (ld)'prodncec.l one kilogram of 95 per cent gadolinium
oxide by means of solvent extraction. They started with a feed con-Q‘ |
siderably enriched in gadolinium oxide and kept the nitric acid concen-
tration above 10 hornnl at all times. Tributyl phosphate Awas used as
the solvent. A

Bochinski, et al. (3) reported thn; the rare-earth nitrates could
be separated by extracting with tributyl phosphnté without using excess
nitric acid or sal"ting-cnt‘ngents. They found that the separation
factors between rare-sarth nitrates increased with increasing rare-earth
cuncentration and were independent of the composition of the rare-ea.rth
nitrate mixtu.ne It wvas determined t.l;a.t the distribution of rare earths
between the aqueous and organic phase was practically j.ndepend;enta of
rare earth composition and seemed to depend only on the total concen-

tration of the rare earths present. They presented a calculation method



for determining optimum operating conditions in a solvent extraction

process for separating the rare ea.rths. This calcu.lntion method wus

g L8 ML AL PR i

substantiated by experimsnta.l resu.lts obtained from a nnltisuge

: countercurrent extraction mn.

Kna.pp (6) obta.ined equilibrium dsta ror the extraction of the
monazite rare ea.rths with tributyl phocphate. He studied the cffecta

of nitric acid concentration and salting-ocut’ cgenta on sepo.ration

factors and distribution coefficients. The extractability of the pure

rare ea}'ths was found to increase with a.tc.mic number up to dysprosium
and then decrease with further increase in atomic mﬁnber. Distribution
curves of the pure rare earths were used to predict the effect of rare-
earth concentration on separation factors in systems which contalned
no acids or salting-out agents. A

Atwood (1) studied the effect of chelating agents on the separation
factors between adjacent rare earths. Salts of etlwlenedia.minétetra-
acetic acid were used as the chelating agents. He found ihat thé addi-
tion of these salts increased the separation factor for rare-earth
mixtures in which. the rare 'ea.r—th which formed the more stable chelate
wvas the less extractable rare earth.

Schoenherr (8) obtained equilibrium data for mixtures of neodymium
nitrate-nitric acid, samarium nitrate-nitric acid, and neodymiuﬁ nitrate-
samarium nitrate-nitric acid distrilbute‘d between waﬁer and tributyl |
phosphate. He presented a method for predicting,thé equilibrium dis-
tribution of mixtures of neodymium nitfai:e , samarium nitrate, and nitric

acid which utilized the equilibrium distribution and separation factor
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data obtained. A sample calculation wns given to illustrate 'this method
of predicting equilibrie. Be stated that equil\.ibria'tor other rare-

earth nitrate-nitric acid mixtures might also be predicted in a similar

manner.
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EXPERIMENTAL PROCEDURE

The purpose of this experimental work was to obtain equilibrium
gistribution data for the fdlloving systems: 1) dysprosium nitrate-
nitric acid-tributyl phosphate-water, 2) erbium nitrate-nitric acid-
tributyl phospbate-water, ﬁnd 3) dysprosium nitrate-erbiumAnitrate-
nitric acia-tributyl phosphate-water. The eqnilibrium data obtained
for the first two systems were to be ﬁsed in predicting the equilibrium’
‘distribution of solutes in the third system.

These distr;bution data were obtaingd by contacting an aqueous
feed solution contaiﬁing the desired solutes with an orgnnic solvent,
and performing a single sﬁage extraction. The organic soifent, which
wvas compercial grade tributyl phosphate (TBP), was eqﬁilibrated with
water before being uéed in the extractious.

Stock solutions of dysprosium nitrate and erbium nitrate were
prepared by dissolving'the oxide of the rare earth in.nitric acid. The
solution was then brought to a boil in order to drivé of £ the excess
nitric acid, leaving the rare-earth nitrate in aqueous solution. These
stock solutions were analyzed to detefmine the rare-earth nitrate
content.‘ Feed solutions to be used in the single stage extfactions
were then prepafed by teking aliquots from the rare-earth nitrate stock
solutions and adjusting the acid contebt to the'dgsired level by adding
a knoﬁn amount of reagent grade pitric acid. These feed solutions of
known composition gnd coucentra;ion were shaken together with the water
" equilibrated tributyl phosphgte in sixty milliliter separatory funnels.

Constant shaking for sixty seconds allowed a close approach to equi-
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1librium, and the extractions were carried out.at room temperaturé which
was approximately 760 F. By varying the amounts of,the different solutes
in the feed §§lutions,‘it was possible to get equilibrium data which
covered a range‘of canpositioﬁs and concenfrations for the threg systems.
Once equilibrium was attained, the ph&ses‘were sepafated and
samples vere taken from each phase in order %o determine'the equilibrium
distribution of solu£es. Two methods were used to analyze for the rare
earths. The first method was a gravimetr;c determination ;n which the
rafe~earth nitrate was precipitated from solution uéing saturated oxalic
.acid. The rare-earth oxalate was thep filtered and burned to the oxide
at 900O C. The second method used to determine the rare-earth concentra-
tion was a éhelometrié titration using arsenazo as the indicator. Nitri;
acid content was determined by éomplexing the rhre-eartﬁ nitrate with
potassium ferrocyanide and then titrating for the remaining acid with
sodium hydroxide. Before'analyzing the organic phasé samplés, it was .

necessary to strip the solutes fram the tributyl phosphate using water.



" EXPERIMENTAL RESULT8S

Equilj.brium data obtained for the dysfrosium nitrate-nitric acid-
TBP-water systém and the erbium nitrate-nitric acid-TBP-water system
are presented in Table 1 and Table 2. 'me rare-earth nitrate molalities
aad nitric acid.molalities referred to throughout this report are given
in terms of the bccmmon nitrate ion concentration. In other words , 8
solution of one molal rare-earth nitrate concentration would be three
molal in nitrate ion concentration. In this mnnér, the concentration
of all solutes could be exi)ressed on the same basis. The namenclature
section should be consulted for an explanation of the symbols vhich are
used. | B | |

(Using the equilibrium data from ‘]hble 1 and Table 2, two types of
plots were coastructed. In both ty'pes" total molality of the &QqUeCUS
phase was used as a parameter, The first type vas a plot of the total
d:l.strit;ution coefticient versus the rare-earth nitrate composition.
These plots are presentgd in Figure 1 for the d.ysprosiuﬁ nitrate-nitric
acid-TBP-vater system, and 1&_ Figure 2 for the erbium nitrate-nitric
acid-TBP-water system. The second type was a plot of the nitric acid
distribution coefficient versus the rare-earth nitrate canposition.
These plots are presented in Figure' 3 through Figure 9 for both sets of
equilibrium dnta,gifen in Table l a.nd>hble 2.

"Equilibrium data obtained by'Schoenherr (9) for the distribution
“of pure nitric acid between water-equilibrated"l’BP-and water were

plotted in Figure 10. Also presented in Figure 10 are curves of pure

73



dysprosiua nitrete distribution and pure erbium nitrate distribution.
The equilibrium data obtained from the extractions with the .
dysprosium nitrate-erbium nitrate-nitric ccid-m-uter system u'e‘ given
in Table 3. From these data,a plot of the mtim factar between
erbium and dysprosium versus the total molality of the aqueous phase
was constructed as shown in Figure 11. The position of th.istr;ight
line through these points was determined by a least squares analysis
of the data. |
The method of predicting eq\uiiyru for a dysprosium nitrate-
erbium nitrate-nitric acid-TBP-water system used in this report enables
ihe camposition of an organic phase t.o be predicted ﬁhich would be in
. equilibrium vith an aqueocus phase of known composition. Using this
method for predicting eqnilib;'n, the composition of the organic phase
was calculated for each of the ten extractions made with the dysprosium ‘
nitrate-erbium nitrn.te-n:ltric acid-TBP-wvater system. The results of
" these predictions, along vith the per cent errors frm the tctunl nluu

given in Table 3, are presented in Table k.



Table 1. Equilibrium distribution data for the dysprosiun nitrate-nitric a."id-tributyl phosphate-

wvater system _
Aqueous phase concentrations Organic phase concentrations Distribution
Run in molalities in molalities ~coefficients

number - By mHNO} B nDy nHNQ5 By KT B lCHNO}

1 1.823 1.961 3.790 0.870 1.530 2.400 - 0.633 0.780
2 | 3.535 1.718 5.253 1.756  1.238 2.9 0.570 0.721
3 0.342 | 2.297 2:639  0.109 1.696 - 1.805 0.68k4. 0.738
L 0.81% . 1.8%6 2.650 0.293 1.476 1.759 0.668 0.804
5 1.527 1.087 2.614 | 0.68+ - 1.101. 1.795 0.683 1.013
6 2.184 0.523 2.707- 1.213 0.633 1.846 0.682 | 1.210 -
7 2.550 0.198 2.788  1.633 0.269 1.992 0.682 1.359
'8 0.k2k 3.068 5.h9é 0.184 2.-023 2.207 0.632 0.659
9 1.025 2.416 3.4 0.457 1.725 2.132 0:63k 0. 71k
10 2.029 1.370 3.399 0.992 1.205  2.195 0.646 0.878
1n 2.792 0.1l 3.236 1.730 0.521  2.251 0.696" - | 1.173
12 3.23%6 0.228 .6k 2.219 ~0.2b9 2.458 072" 1.092
13 0.545 6.222 6.767 0.305 2.849 3,154 o.ué§ ~0:458
14 © 1.343 3.971 5319  0.673 2.195 = -2.8% 5.539 0.552

15 2. Tk 2.5uk 5.318 1.301 1.656 2.957 0.556 0.651

ot



Table 1 (continued)

Aquecus phase concentratioms

Distribution

Organic phase concentratibns
Run in molalities in molalities coefficients
““mb‘?r "Dy “m«o} . "oy mHN(i , Top K’l‘ _xmvol
16 _ 0.685 7.200 7.885 0.395 2.942 3.337 0423 0.409
17 © 1,936 5.835 7.T 0.889 2.660 3.549 0.457 0.456
18 4,187 3,733 7.920 1. 576 1.99& 3.570 '0.451 0.534
19 6.531 1.385 '7.916 2.369 1 0.930 3.299 0.417 0.671
20 7.685 0.539 8.224 2.924 0.390 3.3 0:.403 0. 724
21 0.958 10.016 10.974 0.612 63.378 3.990 :0.364 -0.337
22 2.880 8.121  11.001 1140  2.906 k.06 -0.368 :0.358
23 5.491 7.431 12.922 1.676 2.716  h.as2 0.345 0.37h
= 4.218 1.063 5.281  2.073 0.863 2.936 0.556 0.812
25 4.829 - o;u57 ~ 5.286 1 2.650 0.355 3.005 0.568 0.TT7
26 8.818 2.é11w | 11.029 2.k60 1.ko1 3.861 0.350 0.634
27 10.581 0.887 11.468 3.032 0.686  3.718 0,324 0.773
28 1.127 W.3k0  15.467 0.935 3.791 4,726 0.306 | 0.264
29 3.715 11507 15.222 1.520 3.312 K852 0.317  0.288



Table 1 (continued)

Organic phase concentrations

Aqueous phase concentratioms Distribution

Run -~ in molalities in molalities coefficients .
'm,mfb?r ™Dy “‘mmj o py “’mvo} Ty Kp _ Kmvoj
30 8.355 7.357  15.712  2.029 2.715 4.8k 0.306 0.377
31 1.k1 3.269 k. 680 2.50& 2.019 b, 523 0.368 0.618
32 12.6k9 1.308 13.957 | 3.014 1.07k 4.038 0.293 0.821

3 0.867  11.298  12.165 0.896 3.766 k.652 0.383 0.333
3 3.412  11.02k  14.436 1.470 5361 b8 0.333 0.303

35 - 1.204 16.627 17.831 1.178 \;.750 L.908 0.275 0.224
36 4.139 ;.3.686 17.825 1.750 3.638 5.388 0.302 0.266
37 2.699 21.039 25.738 1.899 k.510 6.409 0.270 0.21k




Teble 2. Equilibrium distribution data for the erbium nitrate-nitric acid-tributyl p

hosbhate_v "
vater system | S

Aqueocus phass concentrations Organic phase concentrations Distribution

Run in molalities in molalities coefficients
namber "ny Bmvo, By "Dy ®mio, By Kp “mio
1 0.391 1.418 1.809 0.0669 1.249 1.316 0.727 0.881
2 1.035 ~1.691 2.726 0.303 - 1.527 1.830 0.671 0.903
3 1.661 1.100 2.761 0.558 1.199 1.757 0.636 1.090
L 2.133 0.352 2.485 1.0& | 0.5k 1.585 0.638 1.537
5 2.489 0.108 2.597 1.599 6.195‘ 1.794 0.691 - 1.806
6 0.488 1.993 | 2.181 0.119 1.588‘ 1.707 0.688 - 0.797
( 1.393 1.k03 2.796 0.456 1295 = 1.751 0.626 0.923
8 2.106 - 1.613 ').719 0.902 1.456 2.358 | 0.634 0.903
9 2.865 0.864 3.729 1.389 0.984 2.373 0.636 1.139
10 3.363 0.319 3.682 2.107 0.k26 - 2.533 0.688 1.335
1 0.554 L.719 5.273 0.261 2.538 2.799 0.531 0.538
12 1.668 3.476 5. 144 0.703 2.1271 2.830 0.550 0.612
13 2.886 2.869 5.755  1.171 1.84k 3.015  0.524 1 0.643
b . 09k 1.255 5.349 1.837 1.2 2.961 0.5  0.896
15 4.823 0. 447 2.490 0.428 2.918  0.554 0.957

5.270



Table 2 (continued)

Aqueous phase coﬁcentmtions Organic phase- concentratione Distribution
Run in molalities — ‘in molalities .- coefficients :
numbexr "‘D_; “'m«% Bp "y mﬂ“?} By Kp KrmoL
16 0.689 6.991 7.680 - 0.4 3.011 3.k52 - 0.4k9 0.431
17 2.339 5.335 7.674 1.015 2.465 3.480 0.453 0.hk62
18 ko8 3.655 7-739 : 1;l+95 1.977 3.470 0.448 0.541
19 5.9G0. 1.9684 7.884 2.053 1.388 3.441 0.436 0‘2700
20 7.460 0.658 | 8.118 2.854 0.51k .368 0.415 0.781
21 1.046 :k.318 15.364 1.030 3.786 L. 816 | 0.31—5' - 0.26L
22 4.563 -0.623 15.186 1.981 2.956 b.537 0.325 0.278
é} 8.255 7254 15.509 2.on S 2.914° L.g25 0.318 ] _o..hoe
24 11.783 4.310 16.099 . 2.417 1.989 hhoé 0. 27k 0.461
25 13.923 1.288  15.211 3.000 1.119 4.119 0.27L  0.869
26 0.980  10.439  11.k19 0.608 3.568  k.176 0.366 0.342
27 3.316 1517 10.833 1.261 2.808 . h.059‘- _9_-.?16 0;3714
28 5.82 5.4 1L.035 1.726 2.317 b, 043 0.366 0.451
29 8.395  2.680  11.075 . 2.2k  1.734 3933 0.360 10.6{+7 |
30 10.63k 0,842 11.476 2.997 0.756 3.753 0.327 . 0.898

#T



Table 3. Equilibrium distribution da.ta for the dysprosium nitrate-erbium nitrate-nitric acid-
tributyl phosphnte-\nter system g
Aqueous phase concentrations Organic phase concentrations Distributioh Separation
Run in molalities in molalities A coefficients factor
number  mp, i "‘mvo} Tep By ey mﬂno} Bp K KHN& Per-Dy
1 1939 1.8 1.869 5.286 0.918 0.592 1.k11 2.921 0.553  0.755 0.848
2 1.372 1.97% 3.027 6.373 0.600 O.T75 1.906 3.281 0.515 0.630 0.899
3 2,703 2.122 3.382 8.207 0.915 O0.779 1.945 3.639 o;m "0.575 1.083
L 2.908 L.4S6 3.212 10.576 0.801 1.253 1.828 3.882 0.367 0.569  1.023
5 b.953 4.605 3.162 12.720 1.101 1.202 1.892 4,195 0.330 0.598 1.176
6 1.k1k '1.992 1.819 5.225 0.683 0.83% 1.314 2.833 0.542 0.722 0.870
7 2.008 1.378 2.955 6.339 0.800 0.531 1.7 3.162 0.k99 0.590  0.869
8 2.216 2.609 3.355 8.180 0.749 0.876 1.820 3.445 o.k21- o.sﬁa 0.99%
9 L.481 2.889 3.172 10.542 1.217 0.833 1.755 3.805 0.361 0.553 1.059
410 6.254 3.313 3,156 12.723 1.449 0.847 1.821 L. 117 o.;au. 0.577 1.103

44



Predicted equilibrium data for the dysprosium nitrate-erbium nitrate-nitric acid-

tributyl phosrhate-water system and per cent errors from aztual values

Table k4.

Run number

10

0.335
+1.52

0.383 0.334
f6.09 +3.09

0.449
46.65

0.51D
42.20

0.558
+ 2.95

0.382
| +1.58 +#.09

0.555 0.506  D.450
-1. T4

+0.36

error

Fia

L.ov 4.26
.12  +1.43

5.69
+1.37

3,22
-1.83

B\

0.579
40.35

p

0.620
-1.59

0.T70
+1.99

On,
erfor

xR

(org. )
I

.

MHN
% e

- 0.760
-1.9k4

0.5
+1.18

o
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DISCUSSION OF RESULTS - .

Equilibrium Dats

The equilibrium date presented in Tables 1, 2, and 3 were obtained
from & total of seventy-eight single stage extractions made with the
dyﬁproeiixm nitrate-nitric acid-TBP-water system, the erbium nitrate- .
nitric acid-TBP-water system, and the dyspfosim nitrate-erbium nitrate-
,nit/ric aci-d—TBP-wa.ter s;ystem. For each of these extractions the dis- |
. tﬁbutim date were achieved by making a triplicate analysis to de-
termine the concentration of each solute in both phases. In this
manner the precisican for all analyses was checked, and since ‘the total
feed of solutes to each single stage éxtra.ction was known, it was pos-
sible to check the accuracy of the distribution data for each extraction
by meking ma.teri.al balances over both phases for each solute present.
Material balances for the raie-ea.rth nitrates present usually gave less
-than two per cent error. The material balances for the nitric acid
present usually gave less than four per cent error. The greater érror
in the nitric acid material balances was due to the analysis for nitric
acid which was not quite as precise nor accurate as the rare-earth
determination. By checking the distribution data,frcm all extractions,,
it was possible to discard the data from any extractions vhich gave un-

reasonable results.
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Correlation of Equilibrium Data

A distribution coefficient is defined as the concentration of &
soiute in the organic phase divided by the concentration df the sﬁme
solute in the aqueous phase. It follows that the total distribution
coefficient would be the total concentration of the organic phase
divided by the total concentration of the aqueous phase. V

The relaticnships of total distribution coefficient versus rare-
earth nitrate camposition shown in Figure 1 and Figure 2 were obtéined
by linearly interpolating between equilibrium data of approximntely
the same ccmpocit;on, an; and concentration, ny, (ag.). A hypothetical
example of this linear interpolation between equilibrium data for two
extracfions 1s given below. |

Extraction 1 Interpolated values Extraction 2

m, (aq.) 2.80 - 3,00 3.20
Xpy 0.09 - 0.10 10,11
Ky ~ 0.65 0.66 0.67
KﬁN03 0.35 . 0.40 - © 0.45

Using'this method of 1nterpolation.it was possible to obtain curves
having as a parameter the total molality of the aqueous phase. Cor-
relationé‘of this type enabled the'total distribution coefficient to
be predicted for mixtures of rare-earth nitrates and nitric acid, ir
the concentrations of solutes.in the aqueous phase were known. .

As the rare-earth nitrate compositions approech zerovin Figure 1

and Figure 2, the total distribution coefficient becomes the d;stribution
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of pure nitric acid at the same total molality of the aqueous phase.
This nitric acid distribution coefficient vas calculated from the pure
nitric acid distribution curve shown in Figure 10. In a similar
manner, a8 the rare-earth nitrate campositions approach one, the total
distribution coefficient becomes that of the pure rare-earth nitfa.te.
The distriﬁution coefficients for pure dysprésiun nitrate and erbium
nitrate at any total moh.lity of the aqueous phb.se were also calculated
by use of Figure 10.

The relationshibs of nitric acid distribution coefficient versus
rare-earth nitrate camposition as shown in Figure 3 through Figure 9.
were obtained inba.n identical manner to that deacribed above fo.f |
Figure 1 and Figure 2. These comhtims were used to predict the
nitric acid distribution coefficient in mixtures of rare-earth nitrates
and nitric acid, when the concentrations of all solutes in the aqueous
Iihase wer;.a known.

The separation factor betveeﬁ two solutes is the distribution co-
'efficierxxt of one solute divided by»the distribution coefficient of the
other solute. It was found by Schoenherr (8) that the separation factor
for neodymium with respect t§ samarium, called the metal separation |
factor, for the neodymium nitmte-samxzimn nitrate-nitric acid-mP-water
system was primarily independent of camposition and seemed to depend
only on the total molality. " This would indicate that a straight line
relation would be obtained by plotting the metal separation factor
versus total molality of the aqueous phase. A‘plot of this typé is

shown in Figure 11 ’fof the dysprosium nitrate-erbium nitrate-nitric
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acid-TBP-water system. Although there was a good deal of scatter present,
',justifica.tion for drawing a straight line through these points seemed
reasonable due to the fact that metal separation factors taken from
Figure 11 gave satisfactory resulté vhen used for predicting equilibria.
It should also be noted that the scatt.er has been scmevhat magnified due °

to the enlb.rgen:eht of the ordinate scale.

Prediction of Equilibria .

Although the equilibrium data obtained for £he dysprosium nitrate,
.nitric acid distribution and the erbium nitrate, nitric acid distribut;on
could have been correlated in such a; manner as to be able to predict the
.e'quilibri"a that would be attained when a certain aqueous feed solution
containing dysprosium nitrate, erbium nitrate, and nitric acid was
brought in contact with a solﬁt; free amount of TBP, it was thought that
a more useful form of prediéting equilibria would be one which enabled
the composition of an ofganic phase fo be pred.icted. wvhich would be in
equilibrium with an aqﬁeous phase of known composition. The prediction
method, which ié described heré, seemed more appx;opriatein this fofm
sincé it ;iou.ld facilitate the making of sta.gewisé calculations in solvent
extraction theqry. | | ‘
+Suppoee that an aqueocus phase was given containing the solutes
dysprosium nitrate, erbium nitrate and nitric acid, aﬁd 1t‘im§ known
that this aqueocus phase was in equilibrium with an organic' pha.se con- |

sisting of the same three solutes dissolved in TBP. The concentration
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of each solute in the aqueous phase was known, but solute concentrations
in the organic phase were unknown.

The first step in predict;ng equilibria would be to determine the
total distribution coefficient,,KT. Assuming that all rare-earth
nitrates present in the aqueoﬁa‘phase were dysproaium'nitrute,'a total
distribution cdefficient would be calculated from Figure 1 by & linear
interpolation between curves of constant aqueous phase molality. Then
assuming that all rare-earth nitrates present in the equeous were
erbium nitrate,a second total distribution coefficient would be calcu-
lated from Figure 2 in a similar manner. The actﬁal total distribuﬁion
coefficient for the mixture would then be calculﬁted by a liﬁéar |
interpolnfion between ﬁhe above two coefficients according to the
fraction (ny and xEr) of each rare-earth nitrate present. Knowing
. the total distribution coefficient, it would be possible to calculate

the total molality of the organic phase from the following equation:

‘mT(org.) = K& x QT(aq.) . ) (1)

The nitric acid distribution coefficient would‘be found in the
folléwiﬁg manner. Assuming that all rare-earth nitrates present were
dysprosium'nitr;te, a nitric acid distribution coefficient would be
calculated using the correlations shéwn'in Figure 3 through Figure 9 by
linearly interpolating between appropriate curves at constaht agueous
phase ﬁolalities.' N;xt assuminé that all rare-earth nitrates present
were erbium nitrate, the same procédure would be used‘to get a seéond

nitric acid distribution coefficient. The actual nitric acid distribu-
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tion coefficient for the mixture would then be calculated by & linear
interpolation between these two coefficiéntc according to. ﬁe fraction
(ny and 'xm.) of each x:are;ea.i*th nitrete present. Using the nitric
acid disfribtlxtion coefficient, the mohlity of nitric acid in the organic

phase would be found from the following equation:

mm%(org.) - Klmo} x nmm}(aq) o (2)

The éepeumtion factor between erbium snd dysprosium was obtained

from Figure 11 at the known total molality of the aqueous pho.se.‘ Using -

the equation which defines a separation factor, a relation wvas derived

for the remaining two unknowns, mDy(org;) and mm(org. ). That is:
- Ky mplore.)  ompy (ore.) o
Prr-Dy SR, 7 g (8a) -‘%&:T’ G)

and by rearranging

mm_(org.) . mm(GQ-) ,
a,org) " Perny *m gy W)

A second expression relating the '_two remaining unimowns was the

"equation for total molality of the organic phase. That is:

mn(org. ) = mHNO}(org.‘) + mDy(org) + m&_'(org,). (5)

“Since all values in Equation b a.n'd Equation 5 would be known except
the molalities of erbium nitrate and dysprosium nitrate in the organic_
phase, it. wouid be' possible to solve these tvio'equn.tions similtaneously,
thereby completing the prediction for the concentration of all solutes

in the orgé.nic phase.
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Saxple Calculation

A sample calculation is now shown to .:Lllu‘.ltrcte the equilibrium
prediction method described above. Numerical values for this sample
calculation were taken from ihe equilibx"im d:t. for extraction mnﬂ;g; l.
in Table 3. - | | |

Suppose an aquecus phase was lnown vhich had the following con-

centrations of solutes:

we

mmm3 = 1.87 molal

Bpy = 1.9
Do = 1.k8 “ .

we

From this data XW’ Xpe? and XRE vere thexi ca.lcu.htedl. That is:

(aq.) Y
xm - nm(l%*'nm(;q,) = 1-§h+l.ll»8- 0.567 ;

xm. = ] - xw s ] - 0.567 = 0-"‘55 H

7

(aq.) + ng (aq.) o
xRE"'b m,;(lq? = ].—.&5{-2@%“—8'-0'&7;

Next the total distribution coefficient was found using the method

described earlier in this section. The result obtained wes

Ky = 0.555 .

This value for KT campared very favorsbly with the value of 0.553 ob-

s

tained fram actusal analysis.

The total molality of the organic phase was calculated by
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Equation 1 as ‘ B
m,r(org.) - '0-'55 x 5.29 ;
w(org.) = 2.9% :
The actual value for total ?om:l.ty of the tq_uzous phase vas equni to
2.92. |
The nitric acid distribution coefficient was found'using the method

described earlier in this section. The result cbtained was

Kmm5 = 0.T70 .
The actual value for the nitric acid distribution coefficient was equal
to 0.755. The molality of nitric acid in the organic phase was then
~ calculated by Equation 2 as

mmm}(org.) = 0.770 x 1.87 ;
mmoj(org.)‘ = 1.kk

The actual value for molality of nitric acid in'the orpnicl phase wu
equal to 1.41. |
The separstion factor betﬁeen erbium nitrate and dysproaimn nitrate
ot a total molality of the aquacus phase equal to 5.29 was determined
from Figure 11 as ' |
BEr-Dy = 0.872 .

This velue was then substituted into Equation 4 to obtain

ng (o7e- ) ‘ 1.48
EucTa Bl

mg..(org. ) '
W = 0.665 . : (h-a.)

f
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_Also, ,by substituting into Equation 5 for total molality of the organic .

phase:
mp, (org.) + my (org. ) - 2.9% - 1.4k ;5
mDy(org.) + mm_(drg.) = 1.50 . L (5;.)

"Equation ta and Equation 5a were then solved simltanecusly to obtein

mﬁy(org;) = 0.901

mEr(org.) = 0.599 )

These values were very close to the actual values of mm(org,) equal to

0.918 and mEr(org.) equal to 0.592 obtained from analysis.
Therefore, the concentration of each solute in the organic phase
was predicted from a knowledge of the composition of the aqueous phase

that was in equilibrium with this organic phase. The method of pre-

dicting equilibria used in this semple calculation is a modification of

the method developed by Schoenherr (8) for predicting the equilibria of

the neodymium nitrate-samerium nitrate-nitric acid-TBP-water system. .

44



37

CONCLUSIONS

A modification of the method of predicting equilibria developed by
Schoenherr (8) for the samarium nitrate-neodymium nitrate-nitric

acid-TBP-water system can be used for the dysprosium nitrate-erbium

~ nitrate-nitric acid-TBP-water system. Because these rare earths

appear to be similar to all of the other rare earths, except cerium

which can exist in aqueous solution in the tetravalent state, the

' general method should be successful in predicting equilibria for

any cerium free rare-earth nitrate-nitric acid-TBP-water systen.

The separation factor between erbium nitrate and dysprosium nitrate

- for the dysprosium nitrate-erbium nitrate-nitric acid-TBP-water

system was found to be independent. of cd@pbsition and depends on
total nitrate concentration only.

At low nitric acid concentrat{pns,erbium nitrate is more extractable
than dysprosi;m'nitrate, and at high nitric acid concentrations
dysprosium nitrate is more extractable thar erbium nitrate. To
separate the two by solvent extraction it would be necessary to

keep the total molality of the aquebug phaée well removed from a
value of 9.40, because at this point the separﬁtion fdctor ié equal
to one. ) |

The total distribution coefficients and fhe nitfic aci&‘distribution
coefficients for dysprosium nitrate-erbium nitrate-nitric acid

mixtures can be calculated using the equilibrium data obtained for

dysprosium nitrate-nitric acid and erbiwm pitrate-nitric acid

mixtures.
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The distribution of pure dysprosium nitrate and of pure erbium

nitrate closely approxin;ate that of pure nitric acid.

ﬁe chelametric titration used to determine rare-earth nitrate : »,
concentraticn 1is considerably faster than the gravimetric rarve-~

earth nitrate analysis, and also, both tﬁesg methods of analysis

give about the seme precision and accuracy.
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APPENDIX: - ANALYTICAL METHODS

Two mthods wvere used for determining the rare-earth nitrate
concentration. In the first method,an aliquot of sample wvas taken
containing at least 0.1 gram of the rare-earth oxide. The sample was
then diluted to 300 milliliters with water and dbrought to a doil an a
hot plate. The rare earth was precipitated by ldding. 100 milliliters
of & saturated oxalic acid solution. The precipitate vas allowed to
settle for U hours, and then it was filtered through No. 58) white
ribbon paper. The filtrate was washed using a solution containing 20
milliliters of 70% by' wéight nitric acid solution and 10 gra.ms-of.
oxalic acid per liter of silution. The filtrate was then dried and
burned to the oxide at 900° C. in a muffle furnace for 3 hours. The
weight of rare-earth oxide present wa.s. obtained by difference.

The second method used to find rare-earth nitrate concentration
wvas a chelometric titration developed by Fritz,et al. (5). An aliq_uét
of sample was used %hich contained 0.25 to 1.0 mnmoiz of the rare-
| earth elemént.' The sample was then diluted to 100 milliliters with
vater. Ten drops of pyridine were added and the pH was adjusted be-
" tween 5.5 and 6.5. Two drops of. O:5$ by weight arsenazo indicator
solution were tizen added and the solution was titrated with a 0.05
molar solution of ;EDI‘A, taking the sharp violet to ora.née red color
" change as the end i)oint.' This chelametric titx;utiod was not discovered
until the latter stages of the research problem. It was consi&mbh

fa_;ster than the gravimetric determination for the rare earths, and it
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gave camparable accuracy.
For the extractions in which two rare-earth nitrates were present .
as mixtures, individual rare-earﬁh concentrations were found using
the spectrophotometric analysis developed by Banks and Klingman (2).
Nitric acid concentration wvas determined in the following manner.

First an aliquot wvas teken and diluted to 200 milliliters with water.

The rare—earth nitrstes in the sample were camplexed by adding an

excess of saturated potassium ferrocyanide solution. The .re:mining
nitric acid was then titrated with a 0.2 normal solution of sodium
hydroxide.

It was necessary to strip the solutes fram all organic phase
sanxgles ‘before. analysis. This was done by contacting the organic phasé
samples three times with an excess of water before carrying out the

analysis'.





