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Abstract—The extraction of rare earths from nitrate medium using three organophosphorus acids, 2-ethylhexyl phospho-
nic acid mono-2-ethylhexyl ester (HEHEHP), di-(2-ethylhexyl) phosphoric acid (D2EHPA), bis(2,4,4-trimethylpen-
tyl) phosphinic acid (Cyanex272), and their mixtures with sec-octylphenoxy acetic acid (CA12) has been studied in
detail. The mixtures have different extraction effects on various rare earths. Synergistic extraction effects are only found
when light rare earths and yttrium (III) are extracted with mixtures of D2EHPA and CA12. The possibilities of separating
the rare earths with these mixtures are investigated according to the extractabilities. It is feasible and advantageous to
separate yttrium (III) from the lanthanoids (IIT) with HEHEHP + CA12 and D2EHPA+CA 12 mixtures at proper extractant
ratios. The separation of yttrium (IIT) from heavy rare earths is also possible with mixtures of Cyanex272 and CA12.
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INTRODUCTION

Separation chemistry and technology of rare earths have been
widely investigated because of their wide and important applications
in the fields of catalysis, ceramics, magnetics, optics and electronics,
etc [1]. In the last decades, kinds of extractants have been applied
to the separation of rare earths, among which acidic organophos-
phorus extractants have attracted much attention. 2-Ethylhexyl phos-
phonic acid mono-2-ethylhexyl ester (HEHEHP), di-(2-ethylhexyl)
phosphoric acid (D2EHPA) and bis(2,4,4-trimethylpentyl) phos-
phinic acid (Cyanex272) are extensively used extractants in hydro-
metallurgical processes for the extraction of rare earths [2-5]. The
structures and pKa values of HEHEHP, D2EHPA, and Cyanex272
have been reported earlier [6].

However, much further work should be done about the extrac-
tion of rare earths with the three organophosphorus extractants men-
tioned above. In the case of D2EHPA, the extraction capability is
high, and the cost is low, but the organic phase is easy to be emulsi-
fied in low acidities, and the rare earth ions are difficult to be stripped
completely. Compared with D2EHPA, HEHEHP is a better extract-
ant with higher separation factors for rare earth ions, and lower aque-
ous acidity for stripping. However, the viscosity of the organic phase
increases and the extraction efficiency decreases. The practical ap-
plication of Cyanex272 is strongly affected by their extractability
being insufficient and their low loading capacity for rare earths re-
sulting from the low lipophilicity of the coordination compounds
formed during extraction. Therefore, there is a growing interest in
the development of new extraction systems for the separation of
rare earths as a group or from one another. Synergic effect is a well-
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known phenomenon in solvent extraction, which involves an en-
hancement of the extraction of a metal ion [7,8]. In recent years,
systematic studies have been conducted concerning the synergic
phenomenon without following the extraction process. Much atten-
tion has been paid to the extraction of rare earths with mixtures con-
taining HEHEHP, D2EHPA, and Cyanex272 [9-22]. For instance,
Wau et al. [9] investigated the extraction behaviors of praseodymium
(1) using 8-hydroxyquinoline and HEHEHP. The formed com-
plexes and equilibrium constants are determined. The mutual mix-
tures of HEHEHP, D2EHPA, and Cyanex272 have also been em-
ployed for the extraction of rare earths [11,12,14-16]. Huang et al.
[11,12] have studied the synergistic extraction of rare earths with
mixtures of HEHEHP and D2EHPA from sulfuric acid medium.
Wang et al. [14] investigated the extraction of rare earths from
chloride medium using mixtures of HEHEHP and five other kinds
of organophosphorus acids, D2EHPA, isopropylphosphonic acid
1-hexyl-4-ethyloctyl ester (HHEOIPP), Cyanex272, bis(2,4,4-trim-
ethylpentyl) monothiophosphinic acid (Cyanex302), and bis(2,4,4-
trimethypentyl) dithiophosphinic acid (Cyanex301). The extractabil-
ity of the selected extractants for rare earths is proved to decrease in
the order: HEHEHP+D2EHPA>HEHEHP-+Cyanex301>HEHEHP
+HHEOIPP>HEHEHP+Cyanex302>HEHEHP+Cyanex272.
Sec-octylphenoxy acetic acid (CA12) is a carboxylic acid recently
developed by Shanghai Institute of Organic Chemistry, Chinese Acad-
emy of Sciences. It has several advantages including stable com-
position, low solubility in the aqueous phase, easy preparation and
not easily emulsified during extraction [23]. In our previous work
[20], the synergistic extraction of lanthanum (IIT) with mixtures of
D2EHPA and CA12 has been studied. The mixtures exhibit differ-
ent extraction effects on rare earths, providing possibilities for the
separation of yttrium (III) from lanthanoids (III) at proper ratios of
D2EHPA and CA12. This prompts us to investigate new synergis-
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tic extraction systems involving CA12 as a synergist in the extrac-
tion of rare earths using acidic organophosphorus extractants, with
a view to elucidate the selectivity among these trivalent metal ions.

In the present work, the extraction of rare earths from nitrate me-
dium with HEHEHP, D2EHPA, Cyanex272 and their mixtures with
CAI12 is investigated systematically. The differences of the extract-
abilities are studied according to the structures of the extractants,
and a possible explanation is given. The separation abilities of rare
earths using the organophosphorus extractants with and without
CA12 have been studied and compared with each other.

EXPERIMENTAL

1. Reagents and Apparatus

HEHEHP, D2EHPA and CA12 were supplied by Shanghai Rare-
Earth Chemical Co., Ltd. Cyanex272 was kindly supplied by the
CYTEC Canada, Inc. All the extractants were used as received and
dissolved in n-heptane to the required concentration. The concen-
trations of the extractants were determined by titration with stan-
dard sodium hydroxide. Stock solutions of rare earths were prepared
from their oxides by dissolving in concentrated nitric acid and di-
luting with distilled water. The rare earths were analyzed by titra-
tion with a standard solution of EDTA with xylenol orange as in-
dicator. The pH values of the aqueous phase were measured with a
pHS-3C digital pH meter (Shanghai Rex Instrument Factory, China).
All extraction experiments were performed at constant ionic strength
(NaNO,=0.6 mol-L™"). All the other reagents were of analytical grade.
Deionized water was prepared by the Milli-Q SP system (Millipore,
Milford, MA, USA).
2. Experimental Procedures

For the equilibrium experiments, 5 mL of the aqueous and the
organic solution, respectively, was mixed and shaken for 30 min at
293+1 K. After the phase separation, the concentration of rare earths
in the aqueous phase was determined by titration with EDTA and
that in the organic phase by difference. The distribution ratio was
calculated as the ratio of the concentration of rare earths in the organic
phase to that in the aqueous phase.
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Fig. 1. Extraction of RE* with HEHEHP: [RE*]=5.0x10" mol-L"',
pH=3.0, £=0.6 mol-L"".
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Fig. 2. Extraction of RE*" with D2EHPA: [RE*]=5.0x10"° mol-L",
pH=3.0, 4=0.6 mol-L".

2.5
—m—Lla —e—Ce
- —A—Pr —w—Nd
—4#—5m —<—Eu
20F —»—Gd —e—Tb
—4k—Dy —e—Ho
l —9—Er —+—Tm
—X—Yb —¥—Lu
15F —Y

[Cyanex272), mol-L"

Fig. 3. Extraction of RE* with Cyanex272: [RE*]=5.0x10> mol-L™",
pH=3.0, 4=0.6 mol-L".

RESULTS AND DISCUSSION

1. Extraction of Rare Earths with HEHEHP, D2EHPA or Cy-
anex272

Figs. 1-3 show the extraction of rare earths with single HEHEHP,
D2EHPA, or Cyanex272 extractant. In all the three systems, the
extraction capacity increases with increasing atom numbers of lan-
thanoids. Y locates between Tb and Dy, Er and Tm, Ho and Er when
extracted with HEHEHP, D2EHPA, and Cyanex272, respectively.
The extraction order of the rare earths may be explained based on
the structures of the three acidic organophosphorus extractants. Ac-
cording to HSAB theory [24], both rare earth ions and HEHEHP,
D2EHPA, Cyanex272 are hard bases. The extractants are more prone
to react with the rare earth ions with high atomic numbers. In add-
ition, the increase of C-P numbers within the extractants results in
increasing pKa values (3.24, 4.51, and 6.37 for D2EHPA, HEHEHP,
and Cyanex272, respectively) and activities of the functional group
P(O)OH. Therefore, as to a certain rare earth element, the extrac-
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Fig. 4. Extraction of Y** with organophosphorus acids and their
mixtures with CA12: [Y*]=5.0x10" mol-L™, pH=3.0, 1=
0.6 mol-L"', [H,A,]+[CA12]=0.05mol-L".

tion ability follows the order: D2ZEHPA>HEHEHP>Cyanex272.
This order is also shown in Figs. 1-3.
3. Extraction of Rare Earths with Mixtures of HEHEHP and
CAl12

The extraction of rare earths with mixtures of HEHEHP and CA12
has been investigated. Results show that the mixtures have weak
synergistic effects on light rare earths (La, Ce, and Pr), but weak
antagonistic effects on other rare earths. Weak antagonistic effect is
also found for Y when extracted with the mixtures, which is shown
in Fig. 4.
4.Extraction of Rare Earths with Mixtures of D2EHPA and
CA12

The synergistic extraction of La with mixtures of D2EHPA and
CAI12 has been investigated in detail in our previous work [20].
The methods of slope and constant moles are employed to deter-
mine the extracted complex, equilibrium constant, and thermody-
namic functions. The extraction reaction is as the following:

" _ 1
Lag, +2NOj, + H Ay, + EHZBM

Kip

La(NO;),H,A,B,,+Hj, (1)

where H,A, denotes D2EHPA, H,B, denotes CA12. The synergis-
tic enhancement coefficient, calculated according to Xu et al.’s the-
ory [25], is determined as 3.63. The logarithm of equilibrium con-
stant, logK,, is calculated as 0.80. In addition, the extraction of
Ce, Nd, Dy, Lu, and Y is investigated. The mixtures have syner-

N. Song et al.

gistic effects on Ce, Nd, and Y, but neither synergistic nor antago-
nistic effects on Dy, and weak antagonistic effects on Lu are found.

In this work, the extraction of the other rare earths, i.e., Pr, Sm,
Eu, Gd, Tb, Ho, Er, Tm, and Yb have also been conducted. It can
be concluded that there are not evident synergistic effects on these
rare earths.
5.Extraction of Rare Earths with Mixtures of Cyanex272 and
CAl12

Under similar experimental conditions, the mixtures of Cyanex272
and CA12 are employed for the extraction of rare earths. Results
show that the mixtures have antagonistic effects on all the rare earths.
The antagonistic extraction of Y with the mixtures is also shown in
Fig. 4. In Sun et al.’s work [21], synergistic effects have been found
for Ho, Y, Er, Tm, Yb, and Lu when the ions are extracted from
chloride medium with mixtures of Cyanex272 and CA12, with syn-
ergistic enhancement coefficients (R,,,) as 5.12 (Ho), 5.34 (Y), 7.04
(Er), 7.50 (Tm), 13.12 (Yb), and 17.58 (Lu), respectively. This im-
plies that the medium is a very important factor affecting the extrac-
tion effects. Many similar results have been found in previous papers.
For example, the mixtures of 1-phenyl-3-methyl-4-benzoyl-pyraza-
lone-5 (HPMBP) and triisobutylphosphine sulfide (TIBPS) have
synergistic effects on La in both hydrochloric and nitric solutions,
but the synergistic enhancement coefficients are different (2.40 and
1.82 for HCI and HNO,;, respectively) [26,27].
6. Separation of Rare Earths with Mixtures of Organophos-
phorus Acids and CA12

The different extraction effects on rare earths with mixtures of
the organophosphorus acids and CA12 can be considered for the
separation of the trivalent metal ions. As is well known, the separa-
tion and purification of rare earths is difficult due to their similar
chemical and physical properties. In addition, the separation of Y
from lanthanoids is another difficult problem. In our previous work,
the separation of Y from La, Ce, Nd, Dy, and Lu has been in-
vestigated with mixtures of D2EHPA and CA12. The selectivity
between Y and lanthanoids with D2EHPA+CA12 is higher than
that with D2EHPA alone. In Table 1, the separation factors of Y to
lanthanoids with HEHEHP, D2EHPA, Cyanex272 and their mix-
tures with CA12 are determined. It is evident the separation of Y
from lanthanoids is enhanced with HEHEHP+CA12 and D2EHPA
+CA12. However, the separation of Y from heavy rare earths (Ho,
Er, Tm, Yb, and Lu) can be performed with Cyanex272+CA12.

CONCLUSIONS

The extraction of yttrium and 15 lanthanoids (except prometh-
ium) from nitrate medium with organophosphorus acids, HEHEHP,

Table 1. Separation factors between Y and lanthanoids with organophosphorus acids and their mixtures with CA12

B Y/La Y/Ce Y/Pr Y/Nd Y/Sm Y/Eu Y/Gd Y/Tb Y/Dy Y/Ho Y/Er Y/Tm Y/Yb Y/Lu
HEHEHP 310 291 28 273 259 205 164 147 144 137 118 095 089 0.85
HEHEHP+CA12 371 3.60 354 371 396 354 349 379 417 451 480 417 443 6.75
D2EHPA 6.16 498 439 393 340 287 203 135 091 080 078 0.73 070 0.66
D2EHPA+CA12 1037 890 842 858 10.17 1070 8.67 636 4.63 461 458 436 407 4.63
Cyanex272 51.14 2641 1325 1049 591 419 358 184 1.19 107 09 083 062 0.54
Cyanex272+CA12 1924 1020 521 426 245 179 155 082 054 050 046 041 031 0.28
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D2EHPA, and Cyanex272 with and without CA12 as an added re-
agent in n-heptane diluent has been carried out in the present work.
The different extraction abilities with the organophosphorus acids
are discussed according to their structures. The various extraction
effects on rare earths have been found with the mixtures of organo-
phosphorus acids and CA12. The possibilities of separating yttrium
from lanthanoids have been discussed according to the separation
factors. HEHEHP+CA12 and D2EHPA+CA 12 systems are possi-
ble to separate yttrium from lanthanoids, while Cyanex272+CA12
can only be considered to separate yttrium from heavy rare earths.
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