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A new hydrometallurgical process for extracting rare earths
from apatite using solvent extraction with P350
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Abstract

In this paper, a new process is proposed to recover rare earths from nitric acid leaching of apatite without interfering with the normal route for
fertilizer production using solvent extraction with dimethyl heptyl methyl phosphonate CH3P(O)(OC8H17)2 (P350, B). In the present work, the
leaching conditions are studied. In selected condition, apatite was dissolved in 20% (v/v) nitric acid solution at 60–70◦C while agitating. The
most suitable acidity for extraction is 0.4 M HNO3. More than 98% of rare earths in apatite can be recovered using countercurrent extraction
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rocess with six stages when phase ratio = 0.5, and defluorination is unnecessary. The influences of phase ratio, stage numbe
alting-out agent on extractabilities of P350 are studied. The results show that rare earths can be separated with P350 from Ca, P, Fe and oth

mpurities. Mixed rare earth oxides (REO) of which purity is more than 95% with yield over 98% can be obtained.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Apatite containing average 0.1–0.8% rare earth oxides is
he main source of phosphate fertilizers and phosphoric acid.

hen apatite is leached with HNO3, all the rare earths sub-
tituted in the apatite lattice for calcium ions are dissolved
nd a variety of processes are available for their recovery

1–4]. Tributyl phosphate (TBP) was employed to recover
are earths from nitric acid leach solution of apatite, but it
s difficult to separate rare earths from Ca2+, PO4

3− effec-
ively with TBP because all of them can be extracted by
BP [5]. So, it is necessary to separate RE(III) from Ca2+

nd PO4
3− with another extractant, for example, Cyanex923

6]. Other than this, due to the high water-solubility of TBP
0.28 g/L), the raffinate containing extractant will lead envi-
onment pollution.

As an organphosphorus ester, dimethyl heptyl methyl
hosphonate CH3P(O)(OC8H17)2 (P350, B), which has lower

∗ Corresponding author. Tel.: +86 431 5262036; fax: +86 431 5698041.
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water-solubility (∼0.01 g/L) compared with TBP, can extra
rare earth ions from nitrate media[7]. We chose apatite com
from west of Egypt as working sample, studied the in
ences of phase ratio, stage number, acidity and saltin
agent on extractabilities. The results show that rare e
can be separated with P350 from Ca, P, Fe and other imp
rities effectively. A new process is proposed to recover
earths from apatite without interfering with the normal ro
for fertilizer production using solvent extraction with P350.

Mixed rare earth oxides (REO) of which purity is mo
than 95% with yield over 98% can be obtained.

2. Experimental

2.1. Reagents

P350was kindly supplied by Shanghai Institute of Orga
Chemistry without purification before using; kerosene
commercial grade and all other reagents used were of a
ical grade.
925-8388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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2.2. Analysis

All of elements were analyzed by inductively coupled
plasma (ICP–AES/MS) except fluorine, which was analyzed
by an ion electrode; the acidity was determined by titration
against 0.1025 M NaOH solution using phenolphthalein as
indicator.

2.3. Dissolution

The apatite-working sample was dissolved in 20% (v/v)
nitric acid solution at 60–70◦C while agitating and the slurry
was filtered to remove the insoluble part.

2.4. Separation of the rare earths

The organic phase was composed of P350 and kerosene; it
should be saturated with 1 mol/L HNO3. The feed consisted
of nitric acid leaching liquor of apatite and salting-out agent.
The acidity of feed was adjusted to [H+] = 0.4 mol/L with
MgO or NH3 before countercurrent extraction. Rare earths
were extracted with P350 and the loading organic phase was
scrubbed with 3 mol/L NH4NO3 solution to remove the impu-
rities extracted with RE3+. RE3+ was afterwards stripped with
0.01 mol/L HNO3, the stripping solution was then subjected
t
A ed
i with
1 -
i

C r,
C ga-
t ucts.

3

3

ap-
a l-
c
s

3

ving
a

C

cal-
c not
i gher

Table 1
Typical chemical composition of apatite-working sample

Elements Content (mg/g)

Ca 269
Fe 28
Mg 5.4
Al 1.5
Mn 1.1
P 100
S 62
F 29.3
Si 30.0
La 0.22
Ce 0.38
Pr 0.051
Nd 0.26
Sm 0.045
Eu 0.012
Gd 0.053
Tb 0.008
Dy 0.042
Ho 0.009
Er 0.039
Tm 0.004
Yb 0.024
Lu 0.004
Y 0.32
Sc 0.020
Th 0.006
U 0.029

temperature is advantageous to the volatilization of S and F.
CaSO4 crystal will separate out at high SO4

2− concentration,
it can lead the loss of lanthanides that are present in isomor-
phous with Ca2+ in the gypsum. When the leaching tem-
perature was more than 60◦C, almost complete lanthanides
recovery can be attained and most of fluorine volatilised as
HF; so, defluorination is unnecessary. In this condition, more
than 60% of sulphur volatilised, the typical SO4

2− concen-
tration less than 0.04 M.Table 2shows the typical component
of nitric acid leaching liquor of apatite.

3.3. Separation of the rare earths

3.3.1. Extraction mechanism
As an organphosphorus ester, P350 can extract rare earth

ions (RE3+) from nitrate media according to the following
reaction:

RE3+ + 3NO3
− + 3B = RE(NO3)3•3B (II)

Table 2
Typical component of nitric acid leaching liquor of apatite

Elements Concentration (mg/L)

Ca 12800
Fe 1325
Mg 325
P 5150
S
F
R

o precipitation of rare earths with 10% H2C2O4 solution.
ll of extraction and stripping experiments were perform

n room temperature. Finally, the precipitate was washed
% H2C2O4 solution and ignited at 700–800◦C to get an ox

de concentrate.
The raffinate was mainly composed of NH4NO3,

a(NO3)2 and (NH4)3PO4. For produce the fertilize
a(NO3)2 can be removed by cooling crystal and centrifu

ion. Potassium salt was added to get NPK fertilizer prod

. Results and discussion

.1. Analysis

The rare earth independent mineral was not found in
tite sample and RE3+ enter into the crystal lattice of ca
ium phosphate in isomorphous substitution for Ca2+.Table 1
hows the typical component of apatite.

.2. Dissolution

The main chemical reaction that occurs during dissol
patite with nitric acid can be represented as:

a10(PO4)6F2 + 20HNO3

→ 6H3PO4 + 10Ca(NO3)2 + 2HF (I)

All the lanthanides substituted in the apatite lattice for
ium ions were dissolved. The leaching temperature did
nfluence the leaching efficiency of rare earths, but hi
1128
22.3

EEs 72.4
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With the increase of aqueous nitrate concentration, the
extraction will be enhanced.

3.3.2. Effect of phase ratio and acidity on RE(III)
extracting

When phase ratio (organic/aqueous phase) more than 1:1,
almost complete RE3+ can be extracted into organic phase in
a single stage. More than 98% of lanthanides were extracted
into organic phase while more than 97.5% of Ca2+, 99.9% of
Mg2+, 98.5% of PO43− and 99.0% of Fe stayed in the raffinate
with six stages countercurrent extraction process when phase
ratio = 0.5.

Due to the competitive extraction between HNO3 and
RE3+, the influence of HNO3 concentration to D is com-
plex. The increase of HNO3 concentration will decrease the
effective concentration of P350 due to the formation of hy-
drogen bonding between H+ and O in P350. The extraction
percentage increased with the decrease of feed acidity. But
precipitate will form when [H+] < 0.3 mol/L; so, the acidity
of feed was controlled to 0.4 mol/L by adding MgO.Fig. 1
shows the effect of acidity of feed to RE(III) extracting.

3.3.3. Effect of salting-out agent on RE(III) extracting
The salting-out effect of NH4NO3, NaNO3, LiNO3,

Mg(NO3)2, Zn(NO3)2, Fe(NO3)3 and Al(NO3)3 have been
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Fig. 2. Effect of aqueous NH4NO3 concentration on RE(III) extract-
ing, organic/aqueous phase ratio = 1, organic phase: 50% P350∼ kerosene
[REEs]aq= 56.7 mg/L.

Table 3
Dependence of scrubbing efficiency on phase ratio

Phase ratio [Ca2+] of loading organic
phase (mg/L)

Loss percentage of REEs
of organic phase

12 64.0 0.2
10 54.0 0.8
8 44.3 2.3
6 28.8 3.6
4 22.2 4.3

be removed by scrubbing with 3 mol/L NH4NO3 solution,
while the scrubbing process will lead the loss of lanthanides
loaded in organic phase. When phase ratio = 10, the scrubbing
of three stages can decrease the [Ca2+] of organic phase to
10.2 mg/L [Ca2+] in organic phase after five stages scrubbing
can be decreased to 5.1 mg/L.

Fig. 3. Influence of acidity on stripping, organic/aqueous phase ratio = 1,
organic phase: 50% P350∼ kerosene [REEs]org = 122.4 mg/L.
nvestigated. The results showed that in equal NO3 con-
entration, the salting-out effect increased with the or
i+ < NH4

+ < Na+ < Mg2+ < Zn2+ < Fe3+ < Al3+.
For the advantage of fertilizer production, NH4NO3 was

elected to as salting-out agent.Fig. 2 shows the effect o
queous NH4NO3 concentration on RE(III) extracting.

.3.4. Dependence of scrubbing efficiency on phase ratio
The dependence of scrubbing efficiency on phase rat

hown inTable 3. The impurity loaded in organic phase c

ig. 1. Effect of acidity on RE(III) extracting, organic/aqueous phas
io = 1, organic phase: 50% P350∼ kerosene [REEs]aq= 56.7 mg/L.
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Table 4
Analysis results of REO

Elements Content (%)

Ca 2.3
Fe 0.54
Mg 0.76
P –
S –
REEs 97.3

Fig. 4. The general flowsheet for recovery of lanthanides from apatite with
P350.

3.3.5. Influence of phase ratio and acidity on stripping
HNO3 was selected to strip RE3+ from loading organic

phase. The stripping percentage decreased with the increase
of organic/aqueous phase ratio.Fig. 3shows the influence of
acidity on stripping.

3.3.6. Analysis results of REO
The stripping solution was subjected to precipitation of

rare earths with 10% H2C2O4 solution and the precipitate
was then washed with 1% H2C2O4 solution and ignited at
700–800◦C to get an oxide concentrate.Table 4shows the
analysis results of REO, the purity of REO being more than
96.0%.

4. The general flowsheet for recovery of lanthanides
from apatite

Fig. 4 shows the general flowsheet for recovery of lan-
thanides from apatite using solvent extraction with P350.
Mixed rare earth oxides (REO) of which purity was more
than 95% with yield over 98% can be obtained without in-
terfering with the normal route for fertilizer production. The
REO can be followed by the individual rare earth elements
separation with P507 extraction[8].
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