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B npeocmasnennoii cmamoe 0bl1 uccied08an npoyecc u3zenedeHus Humpamog 1aHmaHo-
U008 11eZKOIl ZPYNNbL U3 HEUMPAIbHBIX 60OHBIX PACHIEOPO8 OUHADHBIM IKCIMPAZEHMOM HA OCHOGE
ou-(2-amunzexcun)pocgpopnon kucnromot (HA), mpu-u-oxkmunamuna (NR3) u conveamupyroweii
oobaexu numpama mpu-n-oxkmunamuna (NRsHNOs) 6 nenonapnom opzanuueckom pazoasumerne.
Ha npumepe numpama neoouma nokasano, umo oaunstit Ikcmpazenm (NR:HA+NR3;HNO3) u3-
6/1leKaem HUmMpamsl JAHMAHOUO06 NO 3aKOHAM dunapnoi Ikcmpaxyuu. Kamuon u anuon neop-
2aHUYECKOIL CONIU Nepexo0An 6 OP2aHu4ecKylo a3y 6 cmexuomempuueckom coomnoutenuu. Hzo-
mepMmbl IKCMPAKYUU HUMPAN 06 TIAHMAHOUO08 umeiom S-00pasnyio popmy, a 60 epemsa IKCMPaK-
yuu Hadwoaemces auuib Hesnavyumenvnoe usmenenue pH. Ha ocnosanuu uccnedoeanus cnex-
mpog noz2nowenun Komniekcoe Nd ¢ opzanuueckoil paze ycmano61eHo, Ymo npu HU3Kol KOH-
uenmpayuu Nd oopazyemcs xomnaexc (NdAs3)*NR3:HNOs, a npu evicoxkou konuenmpauuu Nd
(npu nacvluwenuu IKcmpazenma) oopazyemcsa coeounenue cocmasa (NdA:NO3z)*NR:HNO:z. Bee-
Oenue gvicanusameneil 6 60OHYI0 WU OPZAHUYECKYIO (ha3y no36o0saem eapbuposamsv KoIhpuyu-
enm pacnpeodenenusn (Dng). C nogviuwenuem Konyenmpayuu Humpama Hampus 6 600HOI pasze
Dnd yeéenuuueaemcs, a npu nosviuwenuu konyenmpayuu NRsHNO;(,), coomeemcmeenno, ymens-
waemca. Beedenue 6 opzanuueckylo azy evicanueaioujezo U coabeamupylouiezo azeHma
NRsHNO; uckirouaem oopazosanue ocaokos ¢ opeanuueckoil haze npu IKCMPaKuuu HUMPAaAnmos
nanmanoudos. Konuuecmeenno npovecc sxkempaxyuu Nd 6 wiupoxkom ouana3one KOHYeHmMpayuii
Nd(NOs)3 u cocmasos sxcmpazenma moxcHo onucams Ha 0CHOGe 08YX CORPANCEHHBIX YPAGHEHUT
OUHAPHOU IKCMPAKYUU U COOMEEMCMEYIOUUX KOHUEHMPAUWOHHBIX KOHCHIARM. Ycmanoeneno,
YMo NPeooNCeHHbLIl IKCMPAzeHm obecneuusaem 6vlCoOKue Koihuuuenmol pazoeneHus ons
HeoouMa u Opy2ux 1aHMaHOU008 1e2Koil ZPynnbl.
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The process of extracting the light group lanthanide nitrates from neutral aqueous solu-

tions with a binary extractant based on di-(2-ethylhexyl)phosphoric acid (HA), tri-n-octylamine
(NRs3) and solvating additive of tri-n-octylamine nitrate in a non-polar organic diluent was investi-
gated in this study. Using neodymium nitrate as an example, it was shown that this extractant
(NRsHA+NR3HNOs) extracts Ln(NOs); according to the laws of binary extraction. The cation and
anion of the inorganic salt pass into the organic phase in a stoichiometric ratio. The extraction
isotherms of lanthanide nitrates are S shape, and only slight variation of pH is observed during the
extraction. Based on the study of the absorption spectra of Nd complexes in the organic phase, it
was found that at low concentration the Nd form a complex (NdA3)*NR3:HNO3, and at a high
concentration of Nd (when the extraction is saturated), a compound of the composition
(NdA2NO3)*NRsHNO;s is formed. The introduction of salting-out agents in the aqueous phase or
the organic phase makes it possible to vary the distribution coefficients (Dng). With an increase in
the concentration of sodium nitrate in the aqueous phase, Dng increases, and with an increase in
the concentration of NRsHNO;, it correspondingly decreases. The introduction of the salting-out
and solvating agent NRsHNO; into the organic phase eliminates the formation of precipitation in
the organic phase during the extraction of lanthanide nitrates. Quantitatively, the Nd extraction
process in a wide range of Nd(NOs)s concentrations and extractant compositions can be described
on the basis of two coupled binary extraction equations and the corresponding concentration con-
stants. It has been established that the proposed extractant provides high separation factors for
neodymium and other light group lanthanides.

Key words: binary extraction, REE, di-(2-ethylhexyl) phosphoric acid, solvating additives, amine

this type, the distribution coefficients of rare-earth

INTRODUCTION ) L
metals (Dvn) are usually very high. Therefore, it is nec-

Currently, the phosphorus-containing organic
reagents are the most often used compounds in the sep-
aration of rare-earth metals (REM) by extraction meth-
ods [1-7]. However, for cation-exchange extractants of
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essary to use concentrated mineral acids for the strip-
ping of metals from the organic phase. This leads to an
increase in the consumption of reagents during the iso-
lation and purification of individual REM [8]. Adding
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anion-exchange extractant to cation-exchange extract-
ants mixture allows changing the character of the pro-
cess from cation exchange to the extraction of a neutral
salt while creating new possibilities for stripping and
reducing the consumption of the extractants [9, 10].
Binary extractants have several features. The
interfacial transition of the cation and anion of the ex-
tracted inorganic salt is stoichiometric and interde-
pendent. The process of binary extraction of nitrates
lanthanides obeys the following equation of the basic
heterogeneous reaction (without taking into account
additional solvation processes in the organic phase):

Ln3+(aq)+ 3N03-(aq)+ 3NR3HA(0rg)(:>

“= LnAsrg+ 3NRsHNO3(org), 1)
where NR3HA@rg) is @ binary extractant such as the salt
that formed by a di-(2-ethylhexyl)phosphoric acid and
tri-n-octylamine [11].

At the same time, the stripping of salts of rare-
earth metals can be carried out by water or with dilute
solutions of mineral acids [12]. In accordance with
equation (1), the addition of an excess of the inorganic
salt of the anion-exchange extractant (NRsHNO3z(org)) to
the organic phase makes it possible to reduce the Dy,
value [13]. In this case, the salting-out effect from the
organic phase due to the extraction product is mani-
fested. When solvation processes occur, the solubility
of REM extraction products in the organic phase is sig-
nificantly increased. The solvation effect is a charac-
teristic that is especially pronounced in the presence in
amine nitrate. In addition, at high concentrations,
amine nitrate themselves are capable of extracting
metal nitrates by the mechanism of formation in the or-
ganic phase of neutral solvates of nitrate rare-earth
metals [12], changing the separation factors (). There-
fore, at investigation of binary extractants, it is neces-
sary to study in detail the mechanisms of extraction of
salts of lanthanides in a wide range of concentrations
and compositions.

In the series of lanthanides of the light group
(La-Eu), the strength of complex formation with phos-
phorus-containing reagents increases with the increase
of the atomic number of the element [11]. Chemical
structure of the forming compounds is maintained.
Therefore, the study of general laws of extraction in
our work is carried out on the example of Nd, located
in the middle of the light group lanthanides.

Our previous investigation of the process of
extracting Nd(NQOs)s from neutral aqueous solutions
with a binary extractant we used 2-ethylhexylphosphonic
acid-mono-2-ethylhexyl ester) (EHEHPA) and tri-n-
octylamine (NRs3) in a non-polar organic diluent (tolu-
ene) [14, 15]. The tri-n-octylammonium nitrate
(NRsHNO3) was used as a solvating agent. For binary
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extractants based on EHEHPA, extraction isotherms
are linear in the initial segment (or S-shaped with the
addition of NRsHNOs3). At high concentrations, the
slope decreases. The Nd concentration in the saturated
extractant corresponds to the formation of the neutral
(NdA3)-NR3HNOs complex. Only slight variation of pH
is observed during the extraction. It was found that in
a wide range of concentrations the binary extraction
equation corresponds to a heterogeneous reaction:

Ln3*(aq)+ 3NO3_(aq)+ 3NRzHA@rg) =

== LnA3(N RsH NO3)s(org)+ (3-S)NR3H NOs(org) , (2)
where s =1 [14].

The selectivity of metal extraction is usually
determined by the type of cation-exchange extractant
contained within the binary extractant [16]. In addition,
the value of the acid dissociation constant of the cation-
exchange extractant determines the pH range of binary
extraction. Therefore, when changing the type of cat-
ion-exchange extractant, the extraction properties of
the binary extractant must change significantly. Ac-
cordingly, in this article we present materials describ-
ing the main features of the binary extraction of nitrates
of light lanthanides with extractants based on di-(2-
ethylhexyl)phosphoric acid in the same sequence as in
previous articles for extractants based on mono-2-
ethylhexyl ether 2-ethylhexylphosphonic acid [14, 15].

The aim of the present study is to study the fea-
tures of the extraction of Nd(NO3); from neutral aque-
ous solutions with a binary extractant based on di-(2-
ethylhexyl)phosphoric acid (HA, DEHPA), tri-n-octyl-
amine (NR3 TOA) and a solvating additive of tri-n-octyla-
mine nitrate (NRsHNQOs) in a hon-polar organic diluent.

MATERIALS AND METHODS

DEHPA (P 204, TOPS 99, HDEHP) — (CAS
No. 298-07-7, 97 wt.%) and TOA — (CAS No. 1116-
76-3, 98 wt.%) are sourced from Sigma-Aldrich and is
used without further purification. Solutions of La(lll),
Ce(111), Nd(11), Pr(lI1) and Sm(lll) are prepared by
dissolving the corresponding REE oxide (99.9%) in
concentrated nitric acid, they are then evaporated and
diluted with distilled water.

NRsHCI is obtained as a solid from a heptane
solution of NR3 and an aqueous solution of HCI [17].
NR3sHNO:s is obtained as a solid from a heptane solution
of NR3 and an aqueous solution of HNOs.

The pH of the solutions and the other potenti-
ometric measurements were carried out using a pH-me-
ter “Expert-001” with combined electrode brand ESK-
10601/7. Spectrophotometric measurements were per-
formed using a Fiber Optic Spectrometer AvaSpec-
ULS2048L. The element concentrations in the aqueous
phase were analyzed by mass-spectrometry with in-
ductive-coupled plasma using ICP-MS Agilent 7500A,
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in the aqueous and organic phases were analyzed us-
ing X-ray fluorescence spectrometer Spectroscan
MAKS - GF-2E.

For the preparation of binary extractants
(RsHA) the exact weights of DEHPA and NR3HCI
(taken in the stoichiometric ratio) are dissolved in an
organic solvent (80% of the total volume). The organic
phase is washed once with a solution of ammonia (the
ratio of the volumes of phases is 1:0.9) that has con-
centration equal to the concentration of the DEHPA.
Upon the completion of the washing step, the organic
phase is brought to the required volume. The extractant
is treated 7 times with equal volumes of 0.001 mol/L
NHjs solution until CI" is removed from the system and
the pH of the aqueous phase changes from the neutral
to basic. The extractant is subsequently washed three
times with water. The exact contents of DEHPA and
NR3HCI in the initial reagents are determined by alka-
limetric and argentometric titration methods. To pre-
pare binary extractants with the addition of NRsHNOs,
the calculated volumes of a solution with a known con-
centration of NRsHNOs and a binary extractant solu-
tion (NRsHA) were mixed.

The extraction and phase separation of REE
were carried out in a separating funnel for 5 min at a
temperature of 25 °C, at an equal ratio of organic and
aqueous phases. If the extraction equilibrium did not
occur, then the extraction time was increased to 15 min.
Single measurements were carried out in three paral-
lels. Metal concentration in the organic phase was cal-
culated calculated from the difference between the
metal concentration in the aqueous phase before and
after extraction or using stripping by aqueous solutions of
EDTA tetrasodium salt with a concentration of 0.1 mol/L.
The completeness of stripping was controlled using the
methods of analysis given earlier.

The pH of the aqueous phase of the initial and
aqueous phases after the equilibrium state was con-
trolled, when carrying out extraction measurements.
The absence of gel formation in the organic phase and
the absence of a third phase in the extraction system
were monitored.

RESULTS AND DISCUSSION

When Nd(NOs); is extracted from neutral
aqueous solutions by an organic phase containing a dil-
uent and a binary extractant (NRsHA) with a concen-
tration of 0.1-0.3 mol/L, the maximum concentration
of Nd in the organic phase is 3.8-10° mol/L. At higher
concentrations of Nd in the organic phase, the for-
mation of a third gel phase is observed. When the
NRsHNOs solvating additive is introduced in a ratio
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with NR3HA that exceeds 1:2, precipitation in the or-
ganic phase does not occur over the entire range of Nd
content corresponding to the reaction stoichiometry
(Ea. (1)).

The form of extraction isotherms (Fig. 1) de-
scribing extraction from neutral aqueous solutions of
Nd(NO3)s by solutions of NRsHA+NR3HNOs in an or-
ganic diluent qualitatively corresponds to the extrac-
tion of inorganic salts by the binary extraction mecha-
nism (Eqg. (1)):

- The extraction isotherms of Nd(NOg3)s have
an S shape. In the initial segment (in the region of a
large excess of NRsHNOs), low Dng values are due to
the salting out effect of amine nitrate;

- The pH of the aqueous phase during the extrac-
tion process varies only slightly. The initial 0.01 mol/L
Nd(NOs)s solution has the pH 5.2. The pH value of
aqueous phase at equilibrium point ranges between 4.2
and 4.3 (Fig. 1).

0.08
0.06

0.04

C na®* {org), mol/L

0.02

0 0.05 0.1

0.15 0.2
C ne** (aq), mol/L

Fig. 1. The isotherms of Nd(NOs)s extraction by binary extractant
containing c(NRsHNOs) = 0.1 mol/l and various concentrations of
NRsHA: 1 - ¢c(NRsHA) = 0.2 mol/l; 2 - ¢(NRsHA) = 0.1 mol/l;
3 - ¢(NR3HA) = 0.05 mol/I. Diluent is toluene. pH = 4.2-4.3.
Points represent experimental data, while curves correspond to
calculated, model data
Puc. 1. U3otepma sxcrpaxiun NA(NOs)s GHApHBIM 3KCTpareH-
toM, cogepxkameM C(NRsHNO3) = 0,1 Monb/1 1 pa3inudHbIe KOH-
nentpauuu NRsHA: 1 - ¢(NRsHA) = 0,2 Mo/, 2 - ¢(NR3HA) =
0,1 mons/n, 3 - ¢(NRsHA) = 0,05 mouns/n. Paz6aBuress TOIyoII.
pH = 4,2-4,3. Toukr — 3KCIEPUMEHTAIbHBIC JaHHbBIC, KPUBbIC —
PacUY€THBIC, MOAECJIBHBIC JaHHBIC

Given the slight change in pH during the ex-
traction, the interphase transition of the cation and an-
ion (Nd** and NOs") occurs simultaneously in accord-
ance with the principle of electroneutrality. The ratio
between chemical species involved in this process is
close to the stoichiometric. At high concentrations of
Nd in the organic phase, the distribution coefficient
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(Dng) decreases. The plateau of isotherm curve corre-
sponds to the saturation range of the extractant. The
maximum metal concentration in the organic phase
("“Chagrg) Is estimated from the linear dependence that

is typical for the saturation range of isotherm:

-1 -1 -1

C Ndorg = kC Ndagt MaxC Ndorg- (3)

The ratio of the total extractant concentration
ChRtagrg @Nd "““Cha,,q ranges from 2.0 to 2.2 for the

curve (1) and curve (3) of Fig. 1, respectively, which
corresponds to the formation of metal compounds of
the NdA,NO; composition in the organic phase. There-
fore, for the range of saturation isotherms, the extrac-
tion process can be described by the equation of a het-
erogeneous reaction:

Ndsz—aq)"' 3NO:;(aq)+ 2NR3HA(org) (:)

(:>NdA2N03(org)+ 2NR3HNO3(org). (4)

The type of Nd complexes formed in the or-
ganic phase was estimated based on a study of the ab-
sorbance spectra of Nd** in the 550-620 nm region,
which corresponds to the “hypersensitive” electronic
transition *lo;, — 2*Gr2:52 (sensitive to the coordination
environment of the metal). It is known that neutral
complexes of Nd4s(HA); with various anionic phos-
phorus-containing ligands (DEHPA, EHEHPA, etc.)
are characterized by pseudo-octahedral coordination
and identical absorbance spectra [18-20]. For the re-
gion of metal concentration in the organic phase corre-
sponding to the middle (linear) segment of the extrac-
tion isotherms, the peak position on the Nd** absorb-
ance spectra for the Nd(NOs)s-HA Nd(NO3)3;-NR3sHA
and Nd(NOs3)3-(NRsHA+NR3HNO3) extraction systems
practically coincides (Fig. 2, spectra 2-4). What corre-
sponds to the formation in these systems of complexes
having the same structure of the internal coordination
sphere — NdAs.

For the Nd(NOs3);-NRsHNO; extraction sys-
tem, the absorbance spectrum of Nd** in the organic
phase has a completely different form (Fig. 2, spectrum
1). This spectrum is very similar to the spectrum of the
neutral complex [Nd(NOs3)s] TBP. It should be noted
that the extraction system Nd(NOs)s-NRsHNO3 has low
Dng. To attain appreciable concentrations of Nd** in the
organic phase, significant additives of 5 mol/L salting-out

agent, NOsz, were introduced into the aqueous phase.
Taking into account the limiting ratio
CnragHAgrg/ " Cagrg found by Eq. (3), it can be as-
sumed that in the extraction system, Nd(NOs)s-
(NRsHA+NR3sHNO:s), the nitrate ion is likely to be in-
volved in the coordination of the metal in the internal
sphere of the extraction product (in accordance with
Eqg. (4)). Based on the obtainedspectral data, the geo-
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metric type of the complexes does not change. There-
fore, for the specified extraction system, it is possible
to expect high selectivity during the extraction of
REM, which is typical for the initial cation-exchange
extractant — DEHPA.

0.8
06 T 7
< 04 r 2

e M

10 560 610
b, nm

Fig. 2. Absorbance spectra of extracted neodymium complex:
1 - ¢(NRsHNO3) = 0.5 mol/L, ¢(Nd®*) = 0.022 mol/L;

2 - ¢(NRsHA) = 0.2 mol/L +c(NRsHNOs) = 0.2 mol/L,
c(Nd3*) = 0.044 mol/L; 3 - ¢(NRsHA) = 0.2 mol/L,
c(Nd®*) = 0.0038 mol/L; 4 - c(HA) = 0.2 mol/L, c(Nd®*) = 0.022 mol/L.
The spectra are sequentially shifted by about 0.2. Diluent — toluene
Puc. 2. CriekTpbI MOTIIOIICHHUS SKCTPArHPOBAHHOTO KOMILIEKCA
meoauma: 1 — c(NRsHNO3) = 0,5 mons/n, ¢(Nd**) = 0,022 momns/x;
2 — ¢(NRsHA) = 0,2 moss/n + ¢(NRsHNOs) = 0,2 mons/n,
c(Nd®*) = 0,044 mons/i1; 3 — ¢(NR3HA) = 0,2 mons/n,
c(Nd®*) = 0,0038 mounn/n1; 4 — ¢(HA) = 0,2 Mons/1,
¢(Nd®*) = 0,022 momnb/n. CHeKTphI IOCIEA0BATENLHO CABUTAIOTCS
npumepHo Ha 0,2, Pa3baBuTens Toryomn

/4 5 6
1 b

pH

Fig. 3. Dependence between Log Dna and the equilibrium pH: Ex-
tractant - c(NRsHA) = 0.2 mol/l, c(NRsHNO3) = 0.1 mol/l. Aque-
ous Phase: NaNOs+ HNO3, Sum ¢(NO%*)(g) = 0.1 mol/l, initial
¢(Nd(NOs)3)(aq) = 0.001 mol/I
Puc. 3. 3aBucumocts Mexay Log Dnd 11 paBHOBecHBIM pH:
Okerparent - C(NRsHA) = 0,2 monb/1, ¢(NRsHNO3) = 0,1 mosb/11.
Boanas daza - NaNOs+ HNOs, cymma c(NO*)@ag) = 0,1 mos/m,
ucxoxnas konueHTparus ¢(Nd(NO3)3)@g) = 0,001 mous/m
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One of the features of the process of binary salt
extraction (in accordance with Eg. (1)) should be a
slight dependence on the pH of the aqueous phase. For
the Nd(NOs3)s- (NRsHA+NR3sHNOs3) extraction system,
this pH range is rather narrow and close to neutral me-
dia 5-6 (Fig. 3).

In the region of lower pH values, competing
extraction of mineral acid occurs (by the mechanism of
binary extraction of acids) [9, 12] (Egs. (5) and (6)):

Hiag) + NOgtag) + 2NRsHArg) =

(:>NR3H(HA2)(org) + NR3HNO3(org), (5)
ZHE-aq) + ZNOS(aq) + 2NR3HA(0rg) (:>
<:>(HA)2(org) + 2NR3HNO3(0rg). (6)

The pH region of the most abrupt change in
Dng and competing nitric acid extraction is determined by
the pKa value of DEHPA. The product (NR3sH(HA>))
formed during reaction (5) can also be a binary extract-
ant for Nd(NOs)s, and (HA). - a cation-exchange ex-
tractant. Therefore, in the strongly acidic region, the
extraction of lanthanide salts by binary extractants
does not differ from ordinary cation-exchange extrac-
tion. It is necessary to note that we observe a decrease
in Dng for this system when compared to DEHPA with-
out an amine [21]. This decrease in Dng take place due
to a decrease in the equilibrium concentration of free
(HA). occurring through the formation of associates of
(HA). with amine nitrate salts.

0.08 | 1 o2
3
% n
B 0.06 A 4
i
S 004
= 0.
iz
& e
0.02
4
oaRy
S
0.05 0.1 0.15
C wdfaq), mol/L

Fig. 4. The isotherms of Nd(NOs)s extraction by binary extractant con-
taining various concentrations of NRsHNOs. c(NRs/HA) = 0.2 mol/l:
1 - ¢c(NRsHNOs3)(org) =0.1 mol/l with c(NaNOs3)q) = 0.1mol/I;

2 - ¢(NR3sHNO3)(org) = 0.1 mol/l; 3 - c(NRsHNO3)(org) = 0.2 mol/I;
4 - ¢(NR3HNO3)(org) = 0.3 mol/I. Diluent is toluene. pH=4.2.
Points represent experimental data, while curves correspond to
calculated, model data
Puc. 4. U3orepmsr sxctpakuunr Nd(NO3)3 GruHapHbIM
9KCTpPAareHToM, COACPIKAINM PA3JIMYHbIC KOHIICHTPpAallu
NRsHNOz. c(NR/HA) = 0,2 mow/it: 1 - c(NRsHNO3)opr) =0,1 Moms/n
+ ¢(NaNO3)(ag) = 0,1 mous/i1; 2 - c(NR3sHNO3)(opr) = 0,1 mob/1;
3 - ¢(NR3HNO3)(opr) = 0,2 mMoms/1t; 4 - ¢(NRsHNO3)opr) = 0,3 MOIB/1.
pasbaBuTtens — Tonyon. pH=4,2. Toukn — 3KCHeprMEHTAIbHbIE
JaHHBIC, KPUBLIC — PACUYCTHBIC, MOJCIIbHBIC TaHHbIC
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In accordance with the binary extraction
scheme Eq. (2), the introduction of the initial or final
reaction products (salting-out agents) into the aqueous
or organic phase should shift the chemical equilibrium.

The following effects are observed for the
Nd(NO3)s — (NRsHA+NR3HNO3) extraction system:

- a significant increase in Dyg When conducting

the anion of the same name (NO;3 , sodium salt) into the
aqueous phase (Fig. 4, curve (1));

- a decrease in Dng with an increase in the con-
centration of NRsHNO; in the organic phase (at a con-
stant pH of the aqueous phase 4.2) (Fig. 4, curves
(2),(3),(4)).

With an equal concentration of salting-out
agents in the aqueous and organic phases (Fig.4,
curve (1)), their influence is leveled (as follows from
Eg. (1)) and the corresponding extraction isotherms are
linear in the low concentration range. With an excess
of amine nitrate, the extraction isotherms are S-shaped.
Based on the Eq. (1), it can be shown that in the limit
a straight line drawn along the linear middle section of
the S-shaped isotherm cuts off a segment on the con-
centration axis, in organic phase, equal to %4 C of the
salting-out agent.

Thus, for this extraction system, relatively
small changes in the composition of the aqueous and
organic phases (introduction of salting out additives,
pH changes) allow Dng to be varied over a wide range.

For a quantitative description of the extraction
system Nd(NOs);s — (NRsHA+NR3HNO3), extraction
equilibria can be considered for two limiting cases,
namely 1) the initial sections of the extraction isotherm
and 2) the saturation region, corresponding to Egs. (2)
and (4). In initial sections of the isotherms of the ex-
tractions, under conditions of a large excess of extract-
ant, the Eq. (2) corresponds to the concentration con-
stant Kex2), EQ. (7). Based on Eq. (4), in the region of
high concentrations of metals in the organic phase, the
concentration constant Kexa can be expressed by Eq.
(8). Accordingly, to describe the middle sections of the
extraction isotherms, it is necessary to use the system
of Egs. (7) and (8).

[NdA3(NR3HNO3)S(0rg)]-[NR3HN03(OTg)](3_S)

[ HN05an | 2 MR HAGrp ]
[NdAzNOsorg) | [NRsHNOsorg)|” ®)
[vagi 05(aq)]3'1’§'[NR3HA(org)]2
where y. is the average ionic activity coefficient of
Nd(NOs)s in the agueous phase [22], the coefficient (s)
corresponds to the solvation number of NdAs by excess
of (NR3sHNGO:3)s in the organic phase.
The values of stoichiometric coefficients, solv-
ation numbers, and constants are calculated on the ba-

Kex(z) = , (7)

Kex(4) =
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sis of minimizing the difference between the experi-
mental and calculated D, for various concentration de-
pendences (Figs. 1, 4). Within equations 7 and 8 the
value of the solvation number (s) is 1 and the concen-
tration constants of extraction Kexz) = 3.36-10* (mol/L)*
and Kex@= 4.56-10* (mol/L)3. Additional interactions
are possible in the organic phase, for example, self-as-
sociation of amines salts and solvation of extraction
products by an excessive amount of extractant. How-
ever, we set ourselves the task of finding the minimum
set of parameters sufficient for a model quantitative de-
scription of the extraction system in a wide range of
compositions and concentrations. Our experimental
and calculated data are in good agreement as can be
seen from Fig. 1, 4. The methodology used by us for
calculating constants and parameters of extraction
equilibriums is described in the article [23].
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Fig. 5. Isotherm of light lanthanides joint extraction: c(NR3HA)(org)
= 0.2 mol/l + ¢(NRsHNO3)(org) = 0.3 mol/l. pH=5, O:A=1:1. Dilu-

ent is toluene. The initial concentrations of five metals in the

aqueous phase are equal

Puc. 5. M30Tepma COBMECTHON 3KCTPAKILUM JIETKUX JJAHTAaHUJOB:

¢(NR3HA)(opr) = 0,2 mons/11 + ¢(NR3HNO3)(opr) = 0,3 MoJIB/11.
pH=5, O:A=1:1. Pa36aButens — Toyos. HauanbpHble KOHIIEHTpa-

LMY TITH METaJUIOB B BOJHOM (ha3e paBHEI

To assess the selectivity of the binary extract-
ant based on DEHPA and TOA in the presence of a
solvating additive of NRsHNOs3, the isotherms of coex-
traction of rare-earth metals of the light group are ob-
tained (Fig. 5). The initial concentrations of metals in
the aqueous phase are equal. It is found that at low con-
centrations of REM, the selectivity of extraction is

JIUTEPATYPA
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Rare-Earths. Boca Raton, FL: CRC press. 2005. 484 p.
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10.4067/S0717-97072013000200032.

62

higher than for a saturated extractant. In the average
linear segment of the isotherms, the separation coeffi-
cients Snaer and Bsmng are 1.32 and 5.5. In the satura-
tion segment of the isotherms, Snaer and Bsming are 1.27
and 3.1. This can be explained by a change in the pre-
dominant form of REM compounds in the organic
phase, in accordance with Eq. (2) at low and mid-con-
centrations, while Fig. 4 represents the behavior of the
systems at high concentrations.

CONCLUSIONS

The process of extraction from neutral aqueous
solutions of Nd(NOs); with a toluene solution of a bi-
nary extractant based on DEHPA and TOA in the pres-
ence of a solvating additive of TOA nitrate corresponds
to the laws of binary extraction salts. The extraction
isotherms are S-shaped, the change in the content of
the salting-out agent — NRsHNOj3(org) allows Dy to be
varied over a wide range of values. At low concentra-
tions, the main form of metal compounds is
NdA3(NRsHNO3)org), at high concentrations (when
aches the plateau of the distribution isotherms), the
main form is NdA2NOz(org).

We show that in a wide range of Nd(NOs); con-
centrations and extractant compositions, the extraction
process of Nd can be quantitatively described on the
basis of the two coupled concentration constants.

This work was conducted within the frame-
work of the budget project 121031500206-5 for Insti-
tute of Chemistry and Chemical Technology SB RAS
using the equipment of Krasnoyarsk Regional Re-
search Equipment Centre of SB RAS.
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