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Preface

The expanding population, economic growth, and desire for new technologies
are driving the demand for rare earth elements which are critical. This growth
requires new production of rare earths that is secure and environmentally sustain-
able. There are hundreds of rare earth deposits in the world at different stages of
development, from exploration to proven mineral reserves, and detailed
engineering.

Canada has a significant proportion of these resources. Canada has significant,
high-quality, and unique rare earth deposits across the country and has a long
history of mining and metallurgical processing, and mineral development and
production. The rare earth sector is just emerging in Canada; therefore we need to
ensure that Canada has the capability to develop these resources to their highest
value. High-purity rare earth element production is a critical component in com-
mercial defence and other high-value applications.

The rare earth needs for the economy are wide and complex. Customers include
manufacturers of rare earth functional materials, such as magnets, catalysts, met-
allurgical additives, batteries, polishing powders, phosphors, glass additives, and
ceramics. These customers supply products that are used in a wide variety of
industries including health care; hybrid, electric, and other vehicles; defense; wind
power; communications; lighting; fiber optic; and other applications. These prod-
ucts and services are enabled by rare earth materials to provide solutions to
manufacturing needs.

Mineral processing and hydrometallurgy, including separation, of rare earths are
critical for Canada to advance the development of resources to contribute to the
supply chain and acquire greater economic benefits from the emerging rare earth
sector. Canada has more than 50 % of the world’s demonstrated rare earth
resources, with a number of projects at advanced stages compared to other juris-
diction in the world. This is an opportunity for Canada to enhance its expertise in
exploration, development, mining, and metallurgy to develop the rare earth industry
that will generate substantial value.
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viii Preface

The Saskatchewan Research Council has taken the initiative to develop exper-
tise, capabilities, and facilities to enable the rare earth industry to succeed with the
development and delivery of timely solutions needed for Canada’s emerging rare
earth sector. This includes the entire rare earth production cycle from exploration,
processing, and separation of the rare earth elements. The purpose of this book is to
provide the background and basis for the advancement of separation hydrometal-
lurgy in Canada. From this basis we can develop and advance our capabilities to
enable Canada and other parts of the world to successfully build supplies of these
critical rare earth elements for the future.

Saskatchewan Research Council Jack Zhang
Saskatoon, SK, Canada Baodong Zhao
Bryan Schreiner
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Chapter 1
Rare Earth Elements and Minerals

1.1 Rare Earth Elements (REEs)

The rare earth elements (REEs) include the 15 lanthanide elements, plus yttrium
and scandium. They are Group 3 transition metals of Period 4, Period 5, and Period
6 in the d-block of the periodic table. The lanthanide elements are generally
categorized into two groups based on their double-salt solubility: the light rare
earth elements (LREEs), also called cerium group (Ce-group), i.e., lanthanum to
europium (atomic number Z=57 to 63); and the heavy rare earth elements
(HREE':), i.e., gadolinium to lutetium (Z=64 to 71). Yttrium is usually grouped
with the HREEs due to their similarity in physical and chemical properties, as well
as their co-occurrence in nature. That’s why the HREEs group is also called the
yttrium group (Y-group). The REEs are also categorized into three groups based on
their extractability with acidic extractants: the REEs from lanthanum to neodym-
ium are called LREEs; from samarium to gadolinium, the medium rare earth
elements (MREEs) and from terbium to lutetium including yttrium, the HREE:.
Scandium is included in neither the LREEs group nor the HREEs group because
scandium does not occur in rare earth minerals due to its significantly different
chemistry determined by its smaller atomic and trivalent ionic radii than those of
the other rare earth elements.

Table 1.1 lists the REEs, atomic numbers, and abundances in the upper earth’s
crust (Taylor and McLennan 1985). REEs with low atomic numbers are more
abundant than those with high atomic numbers. More interestingly, REEs with
even atomic numbers are much more abundant than adjacent lanthanide elements
with odd atomic numbers (Table 1.1).

© Springer International Publishing Switzerland 2016 1
J. Zhang et al., Separation Hydrometallurgy of Rare Earth Elements,
DOI 10.1007/978-3-319-28235-0_1



2 1 Rare Earth Elements and Minerals

Table 1.1 REEs, atomic numbers, and abundances in the upper earth crust

Element Symbol Atomic number Abundance (ppm)
Lanthanum La 57 30
Cerium Ce 58 64
Praseodymium Pr 59 7.1
Neodymium Nd 60 26
Promethium Pm 61 N/A
Samarium Sm 62 4.5
Europium Eu 63 0.88
Gadolinium Gd 64 3.8
Terbium Tb 65 0.64
Dysprosium Dy 66 35
Holmium Ho 67 0.80
Erbium Er 68 2.3
Thulium Tm 69 0.33
Ytterbium Yb 70 2.2
Lutetium Lu 71 0.32
Scandium Sc 21 13.6
Yttrium Y 39 22

1.1.1 Scandium (Sc)

Scandium is the first element of Period 4 with the atomic number of 21 in Group
3. Its electronic configuration is 3d’4s°. Sc is a silvery-white non-lanthanide rare
earth element with many applications in aluminum alloys for aerospace and guns,
and consumer products such as phosphors and fluorescent and energy-saving lamps.

1.1.2  Yttrium (Y)

Yttrium is the first element of Period 5 with the atomic number of 39 in Group 3. Its
electronic configuration is 4d’5s”. Y is a silvery-metallic non-lanthanide rare earth
element. Y is widely used in consumer products, garnets, lasers, phosphors, alloys,
medical devices, and superconductors.

1.1.3 Lanthanum (La)

Lanthanum is the first lanthanide rare earth element of Period 6 with the atomic
number of 57 in Group 3. Its electronic configuration is 5d’6s°. La is a silvery-white
metallic rare earth element. La is used in optical glasses, hybrid batteries and
engines, alloys, and catalysts for petroleum cracking.
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1.1.4 Cerium (Ce)

Cerium is the second lanthanide rare earth element of Period 6 with the atomic
number of 58. It is the most abundant rare earth element. The electronic configu-
ration of Ce is 4f/5d’6s>. Ce metal has a silvery-white luster. Ce is widely used in
glass polishing, solar panels, light-emitting diodes (LEDs), catalysts, alloys, pig-
ments, and permanent magnets.

1.1.5 Praseodymium (Pr)

Praseodymium is the third lanthanide rare earth element of Period 6 with the atomic
number of 59. Its electronic configuration is 4f~6s°. Pr is a soft, silvery, malleable,
and ductile metal with major application in permanent magnets, aircraft engine
alloys, computerized axial tomography (CAT) scan machines, and fiber optics.

1.1.6 Neodymium (Nd)

Neodymium is the fourth lanthanide rare earth element of Period 6 with the atomic
number of 60. Its electronic configuration is 4f*6s>. Nd is a soft and silvery metal
with major applications in permanent magnets, catalysts, and hybrid engines.

1.1.7 Promethium (Pm)

Promethium is the rarest lanthanide element due to the lack of stable isotopes. It is
in Period 6 with the atomic number of 61. The electronic configuration of Pm is 4f°
65°. Due to the lack of stable isotopes, the major application of Pm is for research
purposes.

1.1.8 Samarium (Sm)

Samarium is the sixth lanthanide rare earth element of Period 6 with the atomic
number of 62. The electronic configuration of Sm is 4f°6s”. Sm is a silvery metal
and has important applications in permanent magnets for defense applications,
medical devices, and cancer drugs.
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1.1.9 Europium (Eu)

Europium is the seventh lanthanide rare earth element of Period 6 with the atomic
number of 63. The electronic configuration of Eu is 4f”6s°. Eu is a moderately hard,
silvery metal with major applications in phosphors and panel displays such as red
and green colors in TV sets, control rods for nuclear reactors and alloys.

1.1.10 Gadolinium (Gd)

Gadolinium is the eighth lanthanide rare earth element of Period 6 with the atomic
number of 64. The rare earth elements from Gd are normally categorized into heavy
rare earth elements. Its electronic configuration is 4f”5d’6s°. Gd is silvery-white,
malleable and ductile metal with a variety of specialized uses such as in nuclear
reactors, magnets, high strength alloys, phosphors, and garnets.

1.1.11 Terbium (Tbh)

Terbium is the ninth lanthanide rare earth element of Period 6 with the atomic
number of 65. Its electronic configuration is 4f°6s>. Tb is a hard, silvery-white rare
earth metal with major applications in magnets and phosphors.

1.1.12 Dysprosium (Dy)

Dysprosium is the tenth lanthanide rare earth element of Period 6. Its atomic
number is 66 and its electronic configuration is 4f’°6s°. Dy has a metallic silvery
luster. Its major applications are found in magnets, alloys, nuclear reactors, and
hybrid cars.

1.1.13 Holmium (Ho)

Holmium is the eleventh lanthanide rare earth element of Period 6. Its atomic
number is 67 with an electronic configuration of 4f 6% 1t is a soft and malleable,
silvery-white metal. Ho is mainly used in magnets, nuclear reactors, medical
devices, and fiber optics.
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1.1.14 Erbium (Er)

Erbium is the twelfth lanthanide rare earth element of Period 6. Its atomic number is
68 with an electronic configuration of 4f/?6s°. It is silvery-white metal with major
applications found in nuclear reactors, optical products, and medical devices.

1.1.15 Thulium (Tm)

Thulium is the thirteenth lanthanide rare earth element of Period 6. It is one of least
abundant rare earth elements. Its atomic number is 69 and its electronic configura-
tion is 4f'76s”. It has a bright silvery-gray luster. Its major applications are found in
lasers and X-ray sources.

1.1.16 Ytterbium (Yb)

Ytterbium is the fourteenth lanthanide rare earth element of Period 6. Its atomic
number is 70 with electronic configuration of 4f/#6s”. It is a soft and malleable
ductile metal with a silvery luster. Yb is mainly used in lighting and health care
products as well as alloys.

1.1.17 Lutetium (Lu)

Lutetium is the fifteenth lanthanide rare earth element of Period 6. It is one of the least
abundant rare earth elements. Lu has an atomic number of 71 with electronic config-
uration of 4f'*54'65°. Lutetium is the smallest among the lanthanide atoms due to
lanthanide contraction. It is a silvery metal with major applications in catalysts.

1.2 REE Electronic Configurations and Lanthanide
Contraction

1.2.1 REE Electronic Configurations

Table 1.2 lists the electronic configurations, atomic and trivalent ionic radii as well as
the valence state of REEs. There are two types of atomic electronic configurations in
lanthanide elements based on the Lowest Energy Principle, [Xel4f "6s or [Xeldf" !
5d'6s%, here [Xe] is the electronic configuration of krypton and n=1 — 14.
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The atomic electronic configurations of lanthanum, cerium, and gadolinium belong to
the [Xel4f™ ~ '5d"6s> type; lutetium is of the [Xeldf '*5d'6s" type (a special case of
[Xeldf" ~ 154652 type); all of the other lanthanide elements are of the [Xe]4f“6s2
type. There is no 4f electron in scandium and yttrium atoms; however, the electrons in
their outermost orbitals have the configuration of (n— 1)d'ns®, that is why
their chemistry is similar to that of lanthanide elements and are called rare
earth elements (Xu 2005; Li 2011; Chen 2005; Wu 2005; Li 1990; Gupta and
Krishnamurthy 2005).

The similarity of the physical and chemical properties of REEs is dependent on
their electronic configurations. It is very difficult to separate them using common
chemical methods. With the increase of the atomic number of the lanthanide
elements, the electronic configurations in the outermost two shells (O and P) are
the same (5s25p65d0’16s2); the increased electrons fill in the 4f orbital that has a
capacity of 14 electrons, which determines the number of lanthanide elements, i.e.,
the elements from cerium to lutetium or f elements.

REE:s easily lose their electrons in (n — Dd'ns? or 4f' and form RE®* jons. Due
to the special stability of the inert gas configuration and the f O f7 and f '
configurations, scandium, yttrium, lanthanum, gadolinium, and lutetium only
form the RE>* ions. Neodymium, Dysprosium, Holmium, Erbium, Thulium, and
Ytterbium only form the RE>" ions as well. Besides the RE>* ion, cerium, praseo-
dymium, and terbium can also form RE* ions, and samarium, europium, and
terbium have RE>" ions.

1.2.2 Lanthanide Contraction

Both the atomic radii and trivalent ionic radii of the lanthanide elements decrease
with the increase in atomic number (Table 1.2), this phenomenon is called lantha-
nide contraction. The reason for this contraction is due to the weak shielding effect
of the 4f electrons to the nuclear charge, causing the increase of the effective
nuclear charge with the increase in atomic number, thus increasing the attraction
to the electrons in the outer shell.

There are only two conductive electrons (6s2) for europium and ytterbium, while
the other lanthanide elements have three conductive electrons (6sz4f1). This
explains why the atomic radius of europium and ytterbium are far greater than
those of the other lanthanide elements.

As a result of the lanthanide contraction, the radii of RE3* decreases from
1.061 A (La**) to 0.848 A (Lu®"). The average of the radii change between two
neighbor RE** ions is 0.0152 A. The tiny radii discrepancy makes the lanthanide
elements able to substitute each other in the crystal lattice of their minerals, i.e., the
isomorphism. The radii of Y* is close to that of Er’*, therefore yttrium is found in
coexistence with HREE minerals in REE deposits. Because the radius of Sc** is far
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smaller than those of the other RE3+, scandium generally does not occur in rare
earth deposits.

It is the lanthanide contraction that makes their separation possible. The lantha-
nide contraction results in the regular property changes of the lanthanides with their
atomic number. With the increase of their atomic number, their radii decrease,
making the coordination ability of some of the ligands with lanthanide cations
increase. Taking these subtle differences of the coordination ability, SX and IX
technologies are able to separate REEs to produce high purity single rare earth
compounds.

1.2.3 Physicochemical Properties of Rare Earth Metals

Rare earth metals are typical metallic elements; most of them are silvery-white and
silvery-gray luster, with the exception of Pr and Nd that are pale yellow. The
physical properties of rare earth metals are listed in Table 1.3 (Chen 2005; Wu
2005).

Except for Yb, the melting points of the HREE metals (1312-1652 °C) are
higher than those of the LREE metals, while the boiling points of the LREE metals
(with exceptions of Sm and Eu) are higher than those of the HREE metals (except
for Tb, Lu, and Y).

Table 1.3 Physical properties of rare earth metals

Melting Boiling Resistivity Thermal neutron
Density | point point 25°C) absorption
REEs (g/cmS) ({©) °C) (x107*Q cm) capture cross section (b)
Sc 2.985 1538 2730 66 24.0
Y 4.472 1502 2630 53 1.31
La 6.166 920 3470 57 9.3
Ce 6.773 793 3468 75 0.73
Pr 6.475 935 3017 68 11.6
Nd 7.003 1024 3210 64 46
Sm 7.536 1072 1670 92 5600
Eu 5.245 826 1430 81 4300
Gd 7.886 1312 2800 134 46000
Tb 8.253 1356 2480 116 46
Dy 8.559 1407 2330 91 950
Ho 8.78 1461 2490 94 65
Er 9.054 1497 2420 86 173
Tm 9.318 1545 1720 90 127
Yb 6.972 824 1320 28 37
Lu 9.84 1652 3330 68 112
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Table 1.4 Colors of rare earth cations (RE3+)

RE** Uncoupled electrons Color Uncoupled electrons RE**
La>* 041 Colorless 0(4f 1% Lu**
Ce>* 1¢4rYH Colorless 14f ) Yb**
pr** 20473 Yellow green 204112 Tm>*
Na** 33473 Red 347 Er**

Pm>* 4(41% Pink/pale yellow 4(4f1% Ho**
Sm** 5(4f°) Pale yellow 5(41°) Dy**
Eu** 6(41°) Pale red 6(41%) Tb**
Ga** 7(4f7) Colorless 7417 Gd*

Sm, Eu, and Gd have very high thermal neutron absorption capture cross
sections and are used as thermal neutron absorption capture materials in nuclear
reactors.

Rare earth metals have low conductivities. However, La shows superconductiv-
ity at 47 K.

There is no uncoupled electron on the 3d orbital of Sc, the 4d orbital of Y, and
the 4f orbital of La and Lu, therefore, Sc, Y, La, and Lu show diamagnetism. All the
other rare earth metals show paramagnetism, with Gd, Tb, Dy, and Tm having
ferromagnetism.

The colors of the rare earth cations (RE®*) are determined by their 4f configu-
rations, as shown in Table 1.4 (Chen 2005).

The average life of some excited states of the REE cations is very long and up
to 107 to 10~?s, which is much longer than that of the general cations (10~'°
to 10~®s). The REEs with this property are used to produce the long afterglow
luminescent materials.

Rare earth elements are very reactive metals and have to be kept in kerosene to
prevent oxidation from air and moisture. The reactivity of rare earth elements
increases in the order of Sc, Y, and La, but decreases from La to Lu.

The ignition point of rare earth metals is very low. It is 165, 290, and 270 °C for
Ce, Pr, and Nd, respectively. Therefore, the Ce-based mixed light rare earth metals
are used as the pyrophoric alloy, such as flint.

Rare earth metals readily react with oxygen, hydrogen, halogen, sulfur, nitrogen,
and carbon, forming stable compounds. They react with water and inorganic acids
as well.

Rare earth metals form various intermetallic compounds with many metals. The
rare earth permanent magnets (Sm-Co alloys and Nd-Fe-B alloys) and the rare earth
hydrogen storage material (RENis) are two classes of the rare earth intermetallic
compounds.
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1.3 Applications of Rare Earth Elements

REEs have wide applications in various areas due to their special physical and
chemical properties. The applications of REEs can be categorized into the traditional
and the high-tech areas. The traditional areas include the industries of metallurgy
and machinery, glass and ceramics, and petroleum and chemical industry. The
consumption in these areas accounts for about 85 % of the total REE consumption.
The applications of REEs in the traditional areas are in the forms of mixed rare earth
metals and alloys as well as rare earth oxides/salts. The high-tech areas, which have
been developed in the last 40 years, include the industries of phosphors, permanent
magnets, batteries (hydrogen storage material, NIMH) and nuclear industry, as well
as superconductive materials and magnetostrictive materials. The applications of
REEs in the high-tech areas are in the form of high purity single rare earth oxides.

1.3.1 Metallurgy and Machinery

Due to the high chemical activity of the rare earth metals, rare earth metals and
alloys can be used to purify the molten metal or alloy by removal of the harmful
impurities such as oxygen and sulfur, modify the configuration and distribution of
the impurities, reduce the size and amount of inclusions, and make the grains finer.
All these functions improve the mechanical properties, the corrosion resistance, and
the oxidization resistance of the materials.

REE:s in the cast iron change the graphite into spherical particles, thus forming
the so-called nodular cast iron. The nodular cast iron has excellent mechanical
properties and machinability. Cerium is the most effective rare earth element for
this function.

REEs in non-ferrous metals significantly improve their machinability and phys-
ical properties. Containing 0.15-0.25 % REEs, the RE-Al-Zr conducting wire has
been widely used in China as the high-current conducting wire. Its ampacity is
1.6-2.0 times that of the pure aluminum wire at high temperature (less than 150 °C).
Another example is the AI-Mg—Si-RE conducting wire; it is widely used as the
high voltage transmission line due to its excellent tensile strength. In the aerospace
and automobile industries, Mg-RE alloys are the first choice due to their excellent
properties in all aspects and their low density.

1.3.2 Petroleum and Chemical Industry

REEs are used in these areas in the forms of inorganic RE compounds (oxides and
salts) and organic RE complexes.

In petroleum cracking, REE containing molecular sieve catalyst can increase the
capacity of the cracking unit by 20-30 % and increase the gasoline conversion by 10 %.
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The organic REE complexes in gasoline and diesel improve their combustion
performance, thus reducing fuel consumption and emission. The REE oxides and
other REE compounds in lubricants increase their abrasion resistance and oxidation
resistance.

In automobile exhaust purification units, cerium dioxide is widely used to help
catalysis and stabilize the catalyst structure. Composite cerium and zirconium
oxides have the high capacity for oxygen storage as an oxygen reservoir in the
automobile exhaust purifier, thus can effectively control the carbon monoxide
emission.

REE catalysts such as [(CsMes),LaH], and [(CsMes),NdH],, are used in syn-
thetic rubber industry due to their unique properties. The CPBR (cis-1,4-polybuta-
diene rubber) produced with REE catalysts has advanced anti-fatigue life, dynamic
wear, and heat of formation properties over the traditional products.

REEs are also used as siccatives for paints and thermal stabilizers in the
processing of plastic products.

1.3.3 Glass and Ceramics

Due to their intrinsic crystal structures, chemical reactivity and the colors of some
REE cations, REEs are widely applied in glass clarification, decoloring/coloring,
polishing as well as ceramic pigments. The REEs used in these areas include
cerium, lanthanum, praseodymium, neodymium, samarium, erbium, and yttrium.

Cerium dioxide has good clarification and decoloring effect in the glass
processing, thus increasing the transparency of the glass. These kinds of glass are
used as the display screens of TV and computers, and optical glass. The toxic white
arsenic (arsenic trioxide) for this use has been completely replaced by cerium
dioxide.

REEs make the glass with different colors or with different specialties. Cerium/
titanium oxides make the glass yellow, while praseodymium oxide makes the glass
green and neodymium oxide makes the glass Turkey red. Lanthanum in low or no
silicon glass makes the glass with a very high refractive index, a low dispersive
index and a good chemical stability. Lanthanum glass is used for making lens.
Addition of cerium oxide in the glass used for food containers can effectively
prevent the food from ultraviolet irradiation. Cerium glass is also widely used in
military and TV industry due to its anti-radiation property. It can keep its transpar-
ency under nuclear radiation. Samarium in the aluminosilicate glass can signifi-
cantly increase the density, refractive index, micro-penetration hardness, thermal
expansion coefficient, and the chemical durability of the glass. Neodymium glass is
a very good laser material and is used in large-scale and high power laser devices.

Cerium-based REEs oxides are widely used as glass polishing materials with
excellent grinding and polishing effect. More than 30 kinds of cerium-based
polishing materials have been developed for the different glass with various
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compositions. The major applications are for the polishing of the display screens of
TV and computers, optical instrument lens, jewels, and platy-monocrystals.

REEs in the ceramics and enamels enable the ceramics with rich colors and
increase the cracking resistance of the enamels. As an example, addition of 3-5 %
praseodymium-zircon yellow in the zirconium silicate-based enamel makes the
enamel surface with a vivid lemon yellow. In addition, it increases the brightness,
abrasion resistance, thermal stability of the enamel, as well as the yield.

After being partially stabilized with yttrium oxide, zirconium oxide is an excel-
lent structural engineering ceramics. It is used in manufacturing special cutting
tools and mechanical parts that require high hardness, good abrasion resistance and
thermal stability. The RE oxides of erbium, lanthanum, and neodymium find
applications in photoconductive fiber, PLZT (Lead-Lanthanum—Zirconate—Tita-
nate) optical switches and ceramic capacitors, respectively.

1.3.4 Phosphors

Phosphors is the major application of the high purity single rare earth oxides. High
purity oxides of yttrium, europium, and terbium (greater than 99.99 %) are used to
make the red phosphor that is used in color TV and other display systems. The
phosphor for tricolor fluorescent lamp application uses high purity oxides of
yttrium, europium, terbium, and cerium (greater than 99.99 %). It has the high
luminance, rich coloration, and long life. The oxides of lanthanum, cerium, and
gadolinium are used to make the phosphors for X-ray intensifying screens.

1.3.5 Permanent Magnets

Rare earth permanent magnets include Sm—Co alloys and Nd-Fe—B alloys. The
magnetic properties of the rare earth permanent magnets are outstandingly superior
to those of the traditional magnets. For example, the magnetic energy product
(BH product) of the rare earth permanent magnets is 4—10 times that of the
traditional magnets. The rare earth permanent magnets are used in voice coil motors
for computer disk drive, speakers, MRI (magnetic resonance imaging), and wind
turbines. A 3 MW wind turbine can use up to 2700 kg of NdFeB magnets. The
REEs used in permanent magnets include praseodymium, neodymium, samarium,
terbium, and dysprosium.

REEs also have important defense applications, such as jet fighter engines,
missile guidance systems, anti-missile defense systems, space-based satellites,
and communication systems.



1.4 Rare Earth Minerals 13
1.4 Rare Earth Minerals

Due to their electronic configuration, REEs are chemically active and do not occur
in pure form naturally. Naturally, REEs occur as salts and are associated with other
metals. They often occur together in a deposit. More than 250 rare earth minerals
have been identified. However, only about a dozen of them have important indus-
trial value (Table 1.5): bastnaesite, monazite, xenotime, fluocerite, parasite,
fergusonite, gadolinite, aeschynite, synchysite, samarskite, polycrase, and loparite.
Among these, the first four are the major industrial rare earth minerals (Wang and
Chi 1996; Cheng et al. 2007).

In addition to the rare earth minerals in Table 1.5, ion-adsorption type rare earth
clay is the major source of current heavy rare element production. It was first
discovered in China’s Jiangxi Province in 1969. The REEs are adsorbed on the
surface of clays in the form of ions. The REEs are not soluble or hydrolyzed in
water but follow ion-exchange laws. The REO grade in the ion-adsorbing type clay
is 0.05-0.3 %. Of the REO up to 60 % are heavy rare earth elements such as Y,0s.
The ore composition is relatively simple in comparison to the coastal placers. Sand

Table 1.5 Major rare earth minerals

Chemical Average density
Minerals formula REO% | (g/cm®) Color
Bastnaesite | Re[(CO3)F] 74.8 4.97 Yellow, reddish brown
Monazite (Re, Th)PO4 65.1 5.15 Brown, colorless, greenish, gray
white, yellow
Xenotime Y(PO,) 62.0 4.75 Yellowish brown, greenish
brown, gray, reddish brown,
brown
Fluocerite (Ce, La)F; 83.4 6.13 Pale wax yellow, yellowish
brown, reddish brown
Parisite Re,Ca(CO3)3F, |[60.3 4.36 Brown, brownish, grayish yel-
low, yellow
Fergusonite | YNbO, 39.9 5.05 Black, brown, gray, yellow
Gadolinite Y,FeBe»Si,0q 48.3 4.25 Brown, green, green black, light
green, black
Aeschynite | (Y,Ca,Fe) 24.6 4.99 Black, brownish black, brown,
(Ti,Nb),(O,0H)¢ brownish yellow, yellowish
Euxenite (Y,Ca,Ce) 243 4.84 Brownish black, brown, yellow,
(Nb,Ta,Ti),O¢ olive green
Synchysite | Ca(Y,Ce) 49.6 5.27 White, reddish brown
(COs).F
Samarskite | (Y,Fe,U) 24.3 5.69 Black, brownish, yellowish
(Nb,Ta)s0,4 brown
Polycrase (Y,Ca,Ce,U,Th) 19.5 5.00 Black, brown
(Ti,Nb,Ta),0s
Loparite (Ce,Na,Ca), 29.8 4.77 Black
(Ti,Nb),O¢
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content is low. The major components are clay minerals, quartz, and other rock-
forming minerals. The clay minerals include halloysite, illite, kaolinite, and small
amounts of montmorillonite (Chi and Tian 2011).

1.5 Resource and Production

Rare earth elements are not as rare as their name indicates; however, not many REE
deposits are mineable. Most of the mineable deposits have been found in China,
America, India, Middle Asian nations, South Africa, Australia, and Canada.
Table 1.6 lists the world distribution of rare earth oxides (REOs). China, the
Commonwealth of Independent States (CIS) region, and the USA have close to
80 % of the worldwide rare earth resources; however, China currently produces
over 90 % of REOs worldwide.

1.6 Chemical Technologies for REE Separation

Separation of the REEs from impurities and from one another has been accom-
plished by a variety of technologies. Historically, fractional precipitation and
fractional crystallization were used to produce small quantities of individual rare
earths with purity up to 99.9 % (3 N). These technologies are no longer of interest
due to their inefficiency and tedious process.

As one of the solid—liquid extraction separation technologies, ion exchange
(IX) is used to separate and produce very high-purity rare earth products with
purity up to 7 N but with limited quantities due to its low capacity and low
efficiency.

Table 1.6 World REO resources and production

Production (tREO)
Country Reserve (tREO) |2006 2007 2009 2010 2011
China 55,000,000 119,000 | 120,000 | 120,000 |130,000 |130,000
CIS region 19,000,000 N/A N/A N/A N/A N/A
USA 13,000,000 0 0 0 0 0
Australia 1,600,000 0 0 0 0 0
India 3,100,000 2,700 2,700 2,700 2,800 3,000
Brazil 48,000 730 730 650 550 550
Malaysia 30,000 200 200 380 30 30
Others 22,000,000 N/A N/A N/A N/A N/A
Total (rounded) | 110,000,000 123,000 | 124,000 |124,000 |133,000 |133,000

Source: Mineral commodities summary 2010 and 2012, US Geological Survey (tfREO metric
tonnes of rare earth oxide)
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Solvent extraction (SX) or liquid—liquid extraction is a practical and effective
technology for massive REE separation. It is the dominating process in the current
industry practice. The purity of the REE products is up to 5 N.

Besides SX and IX technologies, there are chemical technologies that are used
to separate the single REE from mixed REEs without separation of the whole
REEs. Besides RE3+, Ce, Sm, Eu, Yb, Pr, and Tb exist as tetravalent or divalent
cations, Ce**, Sm>*, Eu**, Yb>*, Pr**, and Tb*", respectively at suitable oxidation-
reduction conditions. The properties of these tetravalent or divalent RE cations are
significantly different from those of the trivalent RE cations. With these property
differences, these trivalent and divalent REEs can be easily and effectively sepa-
rated from the trivalent REEs. The process has been applied in industrial practice to
separate Ce*", Sm**, Eu**, Yb** from the trivalent REEs. While the technologies
for separation of Pr** or Tb** are under development as neither Pr** nor Tb** is
stable in aqueous solution due to their high oxidation-reduction potentials.

The following two sections are brief introductions to the separation of Ce and Eu
from mixed REEs (Xu 2005).

1.6.1 Ce Separation with Oxidation Process

In the LREE resources CeO, accounts for 45-47 % in monazite and about 50 % in
bastnaesite. However, the market demand for high purity Ce product is limited.
Removal of Ce by chemical processes before SX separation can simplify the other
REE separation and significantly reduce the volume of the feed to the SX plant by
almost 50 %, thus reducing both the capital cost and the operation costs of the SX
plant. In addition, the separated Ce oxide product is a low quality polishing material
that is applied in the glass industry.

Ce is readily oxidized to Ce** and Ce** is stable in aqueous solution. Ce** begins
hydrolysis and precipitates as Ce(OH), at pH = 0.8, while other trivalent REEs are
kept in solution due to their high hydrolysis pH (6-8), therefore, Ce can be
separated from other REEs by this process. In addition, Ce** in aqueous solution
can form coordination compounds that are easy to be extracted with SX. SX process
is used in industrial practice to separate and purify Ce.

Oxygen, chlorine, ozone, potassium permanganate, and hydrogen peroxide, as
well as electrolytic oxidation, are the commonly used oxidants for Ce oxidization.

Hydrogen peroxide has advantages over other oxidants. The non-Ce mixed
REEs can be produced with hydrogen peroxide. In addition, there is no contami-
nation to the mixed REEs after Ce removal.

The prepared mixed REE chloride solution contains 50 g REO/L and 1-50 %
CeO,/REO. The pH of the solution is adjusted to a pH=4. H,0, is added with
agitation and the pH is kept between 5 and 6 during the reaction period at room
temperature. NH,OH or NaOH is added in order to maintain the required pH range.
1 mol H,0, is required in order to oxidize 1 mol Ce** to Ce**.
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2CeCl; + 3H,0, + 6NH4OH = 2Ce(OH);00H | + 6NH4Cl + 2H,0O

The dark red Ce peroxide precipitate is first formed. It is converted to yellow Ce
dioxide after boiling.

1
Ce(OH);0 - OH = Ce(OH), | +502

After filtration and washing, Ce(OH), containing about 90 % CeQ, is produced.
Almost 100 % of Ce is recovered into the product and non-Ce mixed REEs are left
in the solution. The CeO, from the further treatment of the Ce(OH), product can be
sold as low quality polishing materials. The other REE loss into the Ce product is
from 5-10 %.

1.6.2 Phosphor Grade Eu,0;3; Production Using Zinc
Reduction-Alkalinity Process

The Eu distribution in REE minerals is very low, Eu,O3/REO is from 0.07 to 0.2 %
in monazite and bastnaesite, while Eu,O3/REO is about 0.5— 0.8 % in the ionic clay
minerals. Historically, it was separated and purified using precipitation and IX
technologies.

Now the industrial practice includes two steps, the first step is the production of
Eu-rich REE chloride solution from the SX plant. Eu,O3/REO is up to 70 % in the
Eu-rich REE chloride. The second step is to produce the high purity (phosphor
grade) Eu,0O5 by processing the Eu-rich REE chloride using the Zinc Reduction-
Alkalinity Process. The alkalinity of Eu®" is higher than that of the other trivalent
REEs. Therefore, Eu”* is left in solution when the other trivalent REEs are
completely precipitated. The separation is very effective as the Ky, of RE(OH)3 is
from 10~ to 10~2* for La to Lu. 4N Eu,05 can be produced from the solution. The
reactions in this process are shown below.

2EuCl; + Zn = 2EuCl, + ZnCl,
RECI; + 3NH,OH = RE(OH), | +3NH,Cl

Addition of NH,CI before precipitation makes the course RE(OH)j; precipitate, thus
promoting the filtration. In addition, NH4CI can prevent the co-precipitate of small
amounts of Eu(OH), with RE(OH); and increase the Eu recovery.

Eu”* can be oxidized by oxygen in air and H" in solution. The filtration is
operated under the protection environment with the inert gas.
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Chapter 2
Rare Earth Beneficiation
and Hydrometallurgical Processing

Prior to individual REE separation, the rare earth ore will go through a series of
physical separation and hydrometallurgical processing. In this chapter, the rare
earth ore beneficiation, mineral concentrate decomposition, and rare earth leaching
are introduced briefly.

2.1 RE Mineral Processing Technology

Each rare earth deposit is unique and is always composed of a variety of minerals.
For example, the Baiyun Obo deposit, the largest rare earth mine in production in
China, contains bastnaesite, monazite, fluorite, magnetite, barite, calcite, quartz,
feldspar, etc. (Cheng et al. 2007a, b). In order to make a rare earth project
economically feasible, a series of ore beneficiation techniques are always employed
to concentrate the rare earth minerals. The commonly used ore beneficiation
technologies include gravity separation, flotation, and magnetic separation.

2.1.1 Gravity Separation

The successful application of gravity separation depends on the difference of
specific gravity between the rare earth minerals and the major gangue materials.
The particle size is also very important in gravity separation. The hinder-settling
ratio as defined in Eq. (2.1) can be used to determine the suitability of gravity
separation. In Eq. (2.1), SGgg is the specific gravity of rare earth minerals, SGy, is
the specific gravity of media, for example, water or heavy liquid, and SGg is the
specific gravity of associated gangue materials.
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Hinder settling ratio = (SGrg — SGm)/(SGg — SGm) (2.1)

When the hinder-settling ratio is no less than 2.5, gravity separation will be
effective; when the hinder-settling ratio is between 1.75 and 2.5, gravity separation
can be used to separate those particles coarser than 0.15 mm; when the hinder-
settling ratio is between 1.5 and 1.75, gravity separation can be used to separate
those particles coarser than 1.6 mm; when the hinder-settling ratio is below 1.25,
gravity separation is not recommended.

2.1.2 Flotation

Flotation is one of the most common beneficiation technologies in rare earth
processing due to the fine liberation size of rare earth minerals. The development
of rare earth flotation technology is always associated with the development of rare
earth flotation reagents. Since the 1960s, extensive efforts have been devoted to the
development of high efficiency rare earth flotation reagents. The rare earth flotation
reagents include depressant, collector, and frother. Sodium silicate is the most
common used gangue depressant in rare earth flotation. The major rare earth
flotation collectors include hydroxamates, phosphonic acid, and carboxylates. The
major rare earth collectors are shown in Table 2.1.

2.1.3 Magnetic Separation

Magnetic separation utilizes the difference of magnetic susceptibility between rare
earth minerals and associated gangue materials. Materials can be classified into
paramagnetic material and diamagnetic material based on the form of magnetism
by an externally applied magnetic field.

Table 2.1 Major rare earth flotation collectors

Classification Collector General formula
Hydroxamate C5-9 alkyl hydroxamate RCONHOH
C7-9 alkyl hydroxamate RCONHOH
Aromatic hydroxamate C¢HsCONHOH
Salicylic hydroxamic acid C¢H,OHCONHOH
H,0s5 CgHsNO;
Phosphonic Acid Styrene phosphonic acid CgHyO5P
Alky phosphate RH,PO,
Carboxylate Oleic acid C,gH34,0,
Phthalate CgH4(COOCH3),
Paraffin oxide soap
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In magnetic separation, the magnetic force needs to be larger than the
mechanical force such as gravity force or centrifugal forces to achieve separation.
This requires an uneven magnetic field with high intensity and large gradient. Also,
the magnetic susceptibility difference between rare earth minerals and gangue
materials must be sufficient. The ratio of magnetic susceptibility (K) as defined
by Eq. (2.2) is often used to determine the suitability of magnetic separation, where
x and x' are the magnetic susceptibility of magnetic material and non-magnetic
material, respectively. When K > 1, magnetic separation can be an effective sepa-
ration method.

K =x/x (2.2)

Due to the existence of other mechanical forces, for magnetic material separation,
the magnetic force must be higher than the overall mechanical forces to achieve
separation. For non-magnetic material separation, the magnetic force must be less
than the overall mechanical forces to achieve separation.

Based on the magnetic susceptibility of minerals, they can be classified into:
(1) high magnetic materials (x > 3000 x 107° m3/kg), (2) low magnetic materials
(15%x107° m3/kg <x<600x107° m? /kg), and (3) non-magnetic materials
(x <15 x 107 m’/kg).

2.2 Rare Earth Ore Beneficiation

Besides the rare earth minerals, the ore always contains other minerals such as
fluorite, magnetite, barite, calcite, quartz, and feldspar. These minerals have similar
floatability, magnetic susceptibility, specific gravity, and electrical conductivity.
The similarity of these physical properties poses significant challenges in separating
the rare earth minerals. Often, more than one valuable mineral is present in a rare
earth deposit. In addition to monazite and xenotime, other minerals such as ilmen-
ite, rutile, zircon, and wolframite are also considered for recovery.

Even though more than 250 rare earth minerals have been identified, only a few
of them have industrial value. Currently bastnaesite, monazite, xenotime minerals,
and ion-adsorbing type rare earth clays are the major sources of rare earth
production.

2.2.1 Bastnaesite

Bastnaesite is the most industrially important rare earth mineral, containing
67-73 % REO. It is the major source of light rare earth elements. Well known
bastnaesite deposits are Mountain Pass in California, Baiyun Obo in Inner Mongo-
lia, Eastern China Weishan (WS), and Western China Mianning (MN). Baiyun Obo
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is a complex rare earth deposit of bastnaesite and monazite. The others are
bastnaesite deposits.

The chemical composition of bastnaesite is relatively simple in comparison with
other rare earth minerals. A bastnaesite deposit is relatively easy to concentrate.
The key is to manage the separation between bastnaesite and calcium and barium
minerals. Flotation is the most common concentration process. A collector with
good selectivity for bastnaesite and an effective depressant for other ore minerals
are required. Bastnaesite concentrate can also be obtained through a combination of
gravity-flotation or magnetic-flotation processes.

2.2.1.1 Eastern China WS Rare Earth Deposit

The WS rare earth deposit mineral veins contain bastnaesite, parisite, Ce-apatite,
monazite, arfvedsonite, chalcopyrite, pyrite, molybdenite, galena, sphalerite,
magnetite, and perovskite. The intergrown gangue includes carbonatite, barite,
limonite, quartz, fluorite, and some muscovite. The major rare earth mineral is
bastnaesite. It is easier to separate bastnaesite from silicate minerals than from
barite and limonite because the latter have similar specific gravity and floatability
to bastnaesite. In the WS rare earth deposit, bastnaesite is intimately associated
with barite and limonite. Limonite is a weathered clay which makes the separation
even harder. A gravity-flotation process can produce a rare earth concentrate,
while avoiding the interference of clays in flotation. However, the gravity sepa-
ration process is complex. A simple flotation process for the WS rare earth deposit
is shown in Fig. 2.1.

The WS rare earth flotation process uses oleic acid and kerosene as collectors.
Sulfuric acid is used to adjust the pH to 5.5-6. Oxidized paraffin soap (RCO,Na) is
used as the barite collector. Barite flotation is performed at pH 11.

Zeng (1993) has done extensive investigation of flotation of the WS rare earth
ore. A modified reverse flotation process, shown in Fig. 2.2, was proposed to
upgrade the rare earth from 3 to 7 % to 60 % rare earth oxide (REO) and barite
from 25 to 92-95 %. Overall, rare earth recovery is 77-84 % and barite recovery is
61-68 %.

2.2.1.2 South West China MN Rare Earth Deposit

The South West China MN rare earth deposit is a bastnaesite deposit containing an
average of 2.8 % REO. The major minerals include aegirineaugite, barite, biotite,
and bastnaesite. Aegirineaugite has been weathered to a black—brown clay-type
powder. Bastnaesite exists as chips with large grain sizes. There are more than
20 associated minerals including galena, molybdenite, pyrite, wulfenite, limonite,
goethite, magnetite, arfvedsonite, quartz, and feldspar. De-sliming is required to
remove clays to improve concentrate grade. The feed can be pre-concentrated
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Fig. 2.1 Simple Eastern China WS rare earth flotation process (Huang 2006)

during de-sliming. Two methods of desliming have been investigated extensively
(Wang and Chi 1996):

1. Attrition-scrubbing using water to wash clays from the feed before flotation.
2. Shaking table to remove clays as well as other low density gangue minerals.

Two processes have been developed for the MN rare earth deposit. One is a
gravity-flotation separation process shown in Fig. 2.3. The flotation uses sodium
silicate (Na,Si03) as the depressant, soda ash (Na,CO3) as a modifier, and sodium
alkyl hydroxamic acid as the rare earth collector. RE recovery is 53-67 % at a
concentrate grade of 68—69 %.

The other is a desliming-flotation process. As shown in Fig. 2.4, the feed is
washed using water to remove clays and then fed to flotation where Na,SiOj3 is
added as the depressant, Na,COj5 as the modifier, and sodium alkyl hydroxamic acid
as the rare earth collector. Rare earth recovery is 40-67 % with a concentrate grade
of 66—67 %.
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Fig. 2.2 Easter China WS rare earth reverse flotation process

2.2.2 Monazite

Monazite is one of the most important rare earth minerals and it was the first rare
earth mineral recovered for industrial application. It is widely distributed across the
world. Australia, Brazil, India, and China are all important monazite producers.
There are a variety of endogenic and exogenic monazite mineral deposits. Monazite
placers are exogenic mineral deposits. The China Baiyun Obo deposit and
South African monazite deposits are endogenic mineral deposits.

2.2.2.1 Monazite Placers

Monazite exists mainly in placers, especially coastal placers. Many other minerals
are commonly found in a monazite placer deposit. They are listed in Table 2.2. The
separation of monazite from coastal placers is a complex process involving gravity
separation, magnetic separation, electrostatic separation, flotation, and chemical
separation. Magnetic and gravity separations are the major concentrating technol-
ogies for monazite. The usual equipment includes magnetic separators, shaking
tables, spirals, and sluices. In a monazite separation process, there are typically
several by-products, such as ilmenite, zircon, rutile, garnet, tinstone, and tungsten.
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Figure 2.5 shows a general separation process for monazite placers. It removes the
+1.00 mm gravels and —0.025 mm clays in the first step using attrition-scrubbing
and settling to obtain the preliminary concentrate. Then, a series of magnetic
separators with various magnetic intensities are utilized to separate the rare earth
minerals and by-products.

2.2.2.2 Weathered Crust Monazite Deposit

Monazite is also found in weathered crust deposits. As listed in Table 2.3, many
intergrown minerals can be found in a weathered crust deposit. The monazite
separation process from a weathered crust deposit is more complicated in compar-
ison to a monazite placer deposit. Figure 2.6 shows a general separation process for
monazite from a weathered crust deposit. The first step is to remove coarse grain
minerals and clay minerals, and then to remove light minerals such as silica,
feldspar, and mica. After acid treatment, magnetic and gravity separation are used
to separate the other minerals.
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Fig. 2.4 MN desliming and flotation rare earth separation process

2.2.3 Xenotime

Xenotime is a rare earth phosphate mineral with its major component yttrium
orthophosphate (YPO,). It is one of the important sources of heavy rare earth
elements. Occurring as a minor accessory mineral, xenotime is found in coastal
placers, pegmatites, weathered crust, and igneous rocks. Associated minerals
include zircon, magnetite, ilmenite, leucoxene, limonite, epidote, tourmaline,
topaz, and scheelite. Major intergrown gangue materials are feldspar, silica, kaolin,
and mica.

Yttrium is the major rare earth element in the xenotime. The total rare earth
oxide content is higher than 42 % and yttrium accounts for 50-70 % of this.

The separation of xenotime uses a combination of gravity separation, electro-
static separation, and strong magnetic separation. However, it is difficult to separate
fine grain ores through these separation processes, so flotation is always used for
fine grain xenotime.
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Fig. 2.5 General monazite separation process for a coastal placer deposit
2.2.3.1 Xenotime Separation from Coastal Placers

Coastal placers are exogenic mineral deposits containing many intergrown min-
erals. As shown in Table 2.4, a coastal placer deposit in southeastern China contains
0.0107 % xenotime, 0.0516 % monazite, and many other associated minerals. SiO,
is the major component of the deposit and total rare oxide content is 0.086 %. The
applicable separation process is shown in Fig. 2.7.
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Table 2.3 Common minerals in a weathered crust monazite deposit
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Associated minerals
Industrial minerals Large amount Minor amount Trace amount
Monazite Feldspar Hematite Columbite
Xenotime Silica Limonite Fluorite
Fergusonite Mica Tourmaline Apatite
Columbite-tantalite Clay minerals Pyrolusite Aechynite
Microlite Psilomelane Cassiterite
Zircon Topaz Beryl, rutile
Arsenopyrite Ferrite
Pyrite Polycrase
Wolframite Thorium
Epidote Gadolinite

2.2.3.2 Xenotime Separation from Weathered Crust

Xenotime is also found in weathered crust deposits. The content of clay minerals is
relatively high in a weathered crust type of xenotime deposit. If soluble rare earths
are adsorbed on the clay, the recovery of the adsorbed rare earth must be considered
as well in the separation process. This type of rare earth deposit is normally found in
south China. REO content is 0.05-0.3 %. Figure 2.8 shows a recommended
xenotime concentrating process from a weathered crust type of rare earth deposit
in south China.

2.2.4 Ion-Adsorbed Type Rare Earth Deposits

An ion-adsorbing type rare earth deposit was first found in China’s Jiangxi Province
in 1969. The REEs are adsorbed on the surface of clays in the form of ions. The
REEs are not soluble or hydrolyzed in water but follow ion-exchange laws. The
grade of the ion-adsorbing type clay is 0.05-0.3 % rare earth oxide. Of the total rare
earth up to 60 % are heavy rare earth elements including yttrium. The ore compo-
sition is relatively simple in comparison to the coastal placers. Sand content is low.
The major components are clay minerals, quartz, and other rock-forming minerals.
The clay minerals include halloysite, illite, kaolinite, and small amount of
montmorillonite.

The separation process is relatively simple, including leaching, precipitation,
and calcination. An alumina removal circuit can be installed to reduce the reagent
consumption. The clarified solution can be precipitated by either oxalic acid or
ammonium carbonate. Figure 2.9 shows an rare earth oxide (REO) production
process from an ion-adsorbed type rare earth ore (Zhao et al. 2001).



30

Classification
Classification

2 Rare Earth Beneficiation and Hydrometallurgical Processing

Thickening

0.02-0.074 mm

A
Shaking Sluice
0.15-0.50 mm 0.074-0.15 mm
Tails Shaking Table Shaking Sluice Effluent
Hydrogra.vity Pre-concentrate
Separation ¢
Pre-concentrate Electric Mangetic
Separation (Wet)
Non-magnetic Minerals Magnetic Minerals
Electric Mangetic
f Separation (Dry) j
Hgdrogrfylty H;/drogr:\/lty
Magnetic Minerals Non-magnetic Minerals eparation €paration
Hydrogravity Hydrogravity
Separation Separation
Light Minerals < l
l Heavy Minerals
Epidote & l y
Tourmaline Magnetic Hydrogravity Hydrogravity
Separation Separation l Separation
l Light Minerals:
v k. Zircon
Strong Medium Low Rutile
Magnetic Magnetic Magnetic Pyrite
Amatase
| I ' '
limentite Xenotime Monazite HeavY er_'nerals
. R Microlite
Gravel Columbite Pyrite X
Tantalite Topaz Asenopyrite
Cassiterite
Fig. 2.6 General monazite separation process for a weathered crust deposit
Table 2.4 Common minerals in Chinese coastal placer deposits
Minerals Content (%) Minerals Content (%)
Xenotime 0.0107 Ilmenite 0.1722
Monazite 0.0516 Marcasite 0.0730
Zircon 0.1355 Tourmaline 0.1663
Rutile and anatase 0.0280 Maghemite 0.0044
Topaz and staurolite 0.6758 Quartz, Feldspar, Mica 98.68
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Fig. 2.7 Xenotime separation process for a coastal placer deposit in Southeastern China

2.2.5 Baiyun Obo Rare Earth Deposit

Baiyun Obo rare earth is a multi-metal mineral intergrown deposit. It is now the
largest rare earth production mine in the world. It is located in Inner Mongolia,
China. There are 71 elements and over 170 minerals in the Baiyun Obo ore. Fifteen
rare earth minerals have been identified (Yu and Deng 1992; Xiang et al. 1985).
However, bastnaesite and monazite are the dominant rare earth minerals. The
valuable minerals are closely associated with each other with small grain sizes
between 0.010 and 0.074 mm.

The processing of Baiyun Obo rare earth has gone through many stages
of development (Zhang et al. 2002b; Yang 2005; Fang and Zhao 2003;
Cheng et al. 2007a, b; Zhao et al. 2008; Cai et al. 2009). Milestones include:
(1) Calcination-magnetic separation-flotation process; (2) Flotation-low magnetic
separation process; (3) Low magnetic separation-flotation-high magnetic separation
process; (4) Low magnetic separation-high magnetic separation-flotation process.
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Fig. 2.8 Xenotime separation process for a weathered crust deposit in Southern China

2.2.5.1 Calcination-Magnetic Separation-Flotation Process

Ore is calcined at 650 °C with reducing reagents. The product is sent to magnetic
separation. Iron minerals are recovered as magnetic materials. The rare earth and
niobium minerals are left in the magnetic tails. The magnetic tails are sent to
flotation to separate the rare earth minerals and niobium minerals. The process
diagram is shown in Fig. 2.10 (Yu and Deng 1992). Of the total rare earth, 49.5 %
can be recovered in the concentrate at a grade of 36 % rare earth oxide.
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Fig. 2.9 Rare earth recovery from an ion-adsorbed type of clay deposit

2.2.5.2 Flotation-Low Magnetic Separation Process

As shown in Fig. 2.11, ore is ground to 95 % passing 74 um and sent to flotation. At
pH 11, polymerized sodium silicate is added to suppress rare earth minerals and
iron minerals. Fluorite is floated first. Addition of an activator and pH adjustment to
8.5-9.0 floats rare earth minerals. Iron minerals are floated in an acidic environment
using H,SO, as activator and pH modifier. Low intensity magnetic separation is
applied to recover magnetite from the iron flotation tails. Of the rare earth, 37.3 %
can be recovered at a grade of 24.8 % rare earth oxide. Of the iron 80.8 % can be
recovered at an iron grade of 56.0 %.
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Fig. 2.10 Calcination, magnetic separation, and flotation process for the Baiyun Obo ore

2.2.5.3 Low Magnetic Separation-Flotation-High Magnetic
Separation Process

Low intensity magnetic separation is used to separate iron-rich minerals. The
magnetic separation tails are sent to flotation to separate fluorite and rare earth
products. The flotation tails are fed to high intensity magnetic separation to recover
hematite. The flow sheet is shown in Fig. 2.12.

A permanent magnet magnetic separator is used in the high intensity magnetic
separation circuit with the magnetic field intensity 5500-6000 G. The rare earth
recovery is between 20 and 30 % at a grade of 14—18 % REO. Of the iron, 65.4 %
can be recovered at a grade of 55 %.

2.2.54 Low Magnetic Separation-High Magnetic Separation-
Flotation Process

Yuand his colleagues developed the low magnetic-high magnetic-flotation process
(Yu and Deng 1992; Yu and Che 2006). As shown in Fig. 2.13, the ore is ground to
95 % passing 0.074 mm and then separated into three fractions based on the



2.2 Rare Earth Ore Beneficiation 35
ROM > Grinding
Fluorite Rougher
: ,
Iron Flotation RE Flotation Fluorite Cleaner 1
y
Tails Gravity Separation Fluorite Cleaner 2 >
Dewatering <
A 4
v RE Cleaner 1
e ]
RE Cleaner 2
v l v
Iron v REO Fluorite v
Concentrate Tails Concentrate Concentrate Tails

Fig. 2.11 Flotation and low magnetic separation process

ROM

v

Grinding

e —

LIMS

v

Iron Materials

LIMS

\ 4

\ 4

Tails
Dewatering

!

HIMS

}

Iron

Tails

Concentrate

RE Rougher

Flotation

}

)

Fluorite Flotation

}

RE Cleaner

l

REO
Concentrate

Fluorite Cleaner

!

Fluorite
Concentrate

Fig. 2.12 Low magnetic separation, flotation, high magnetic separation process



36 2 Rare Earth Beneficiation and Hydrometallurgical Processing

Thickening

—» O/F

Thickening

Reverse
Flotation

Scavenger

Thickening

Fluorite Cleaner 1

RERougher
Iron

Concentrate
Fluorite Cleaner 2
A 4
4‘ Cleaner 1
Fluorite Cleaner 3
A4
Tail
; Cleaner 2 als <«
Fluorite Cleaner 4
Fluorite Secondary REO Primary REO
Concentrate Concentrate Concentrate
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difference on magnetic susceptibility. The ferromagnetic fraction is recovered using
low intensity magnetic separation and the martite as well as primary hematite are
recovered through high intensity magnetic separation. The rare earth minerals are
preliminarily concentrated in the middlings of high intensity magnetic separation.
The amounts of minerals such as fluorite, barite, and apatite, which have similar
floatability to the rare earth minerals, are reduced significantly through high intensity
magnetic separation. This enables more efficient flotation of the rare earth minerals.

Sodium silicate is used as a depressant and H,Os5 as collector. H205 is a kind of
hydroxamic acid with amide as the polar end and aromatic hydrocarbon as the
non-polar end. The flotation pH is controlled at 9.5, temperature at 3545 °C, and
feed solids at 3545 wt%. The process with one stage of rougher flotation, plus one
scavenger flotation as well as two cleaner flotation stages produces a primary rare
earth concentrate and a secondary rare earth concentrate. In this process, 12.6 % of
rare earth is recovered at a REO grade of 55.6 and 6.0 % is recovered at a REO
grade of 34.1 %, respectively.
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2.2.6 WS Rare Earth Deposit

The WS rare earth deposit is one of three big light rare earth sources in China. It is
located in Shandong Province in eastern China. The deposit is composed of rare
earth minerals, iron minerals, barite, carbonatite, quartz, feldspar, mica, amphibole,
and other minor minerals. Its main feature is NW-trending bastnaesite-baryte-
carbonate veins associated with a quartz-syenite complex emplaced in Archaean
gneisses (Jones et al. 1996). Bastnaesite is the only mineral of interest, although
monazite, allanite, pyrochlore, aeschynite, chevkinite, columbite, and thorite are
also present.

Flotation has been used dominantly in the processing of the WS rare earth
deposit (Zeng et al. 1992). As shown in Fig. 2.14, the ground ore is first fed to
the rougher flotation. The first cleaner tails and scavenger concentrate are recycled.
The third cleaner tails are recovered as secondary rare earth concentrate to ensure
the quality of primary rare earth concentrate and maintain overall rare earth
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Fig. 2.14 Weishan rare earth flotation process
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recovery. Reverse flotation is performed on the fourth cleaner concentrate to
remove gangue minerals such as barite to ensure the quality of primary concentrate
(Pan and Feng 1992).

The flotation is performed in an alkaline environment with sodium silicate and
alum as depressants and H,Os as collector. Of the total rare earth, 59.6 % can be
recovered at a REO grade of 61.2 % in the primary concentrate and 23.8 % at a REO
grade of 33.5 % in the secondary concentrate.

2.2.7 MN Maoniuping Rare Earth Deposit

The MN Maoniuping rare earth deposit is located in Sichuang Province, south
western China. It is NNE-trending bastnaesite-baryte-carbonate vein associated
with nordmarkite intruding a granite batholith (Pu 1988). Major minerals include
bastnaesite, barite, celestine, fluorite, aegirine, quartz, feldspar, arfvedsonite, bio-
tite, pyrite, galena, magnetite, hematite, limonite, and calcite. In addition to
bastnaesite, barite, fluorite, and galena can be recovered as by-products. The
disseminated grain sizes of the bastnaesite vary between 0.03 and 2.0 mm (Li and
Zeng 2003a, b).

A combination of gravity separation, magnetic separation and flotation pro-
cesses are used for the separation of the Maoniuping rare earths (Xiong 2002;
Li and Miu 2002; Li and Zeng 2003a, b; Lin 2005, 2007; Yu and Che 2006; Cheng
et al. 2007a, b). As shown in Fig. 2.15, the run of mine ore is ground to 65 %
passing 0.150 mm and sent to a shaking table where the coarse grain bastneasite
concentrate is recovered. The shaking table middlings are fed to the magnetic
separation circuit to remove iron minerals and recover the magnetic rare earth
concentrate. The shaking table tails and the magnetic tails are combined and
classified to remove coarse grain tails. The classified products are ground to 75 %
passing 0.074 mm and mixed with water. The clay is removed by de-sliming.
Flotation is performed at the end of the rare earth separation process to obtain a
flotation concentrate.

Starting with REO ore grading 5.46 %, the shaking table produces concentrate
grading 57.7 % REO. Magnetic and flotation concentrates are 73.2 % REO and
64.3 % REO, respectively. The overall REO recovery is 83.1 %.

A relatively simple flotation process for the MN Maoniuping rare earth ore was
reported by Xiong and Chen (2009). As shown in Fig. 2.16, a closed flotation circuit
was tested. REO recovery was 87.0 % at a grade of 62.1 %.

2.2.8 Mountain Pass Rare Earth Deposit

The Mountain Pass mine in California used to be the largest rare earth concentrating
facility in the world. However it was closed in 2003 due to environmental restric-
tions and international competition. The ore body contains bastnaesite rich in
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Fig. 2.16 Flowsheet of a simplified flotation circuit for the MN Maoniuping rare earth deposit

cerium group REEs as well as monazite. Associated with the bastnaesite are barite,
calcite, strontanite, and silica as well as small amounts of apatite, hematite, galena,
talcum, and phlogopite.

Flotation was used to separate the Mountain Pass rare earth ore. As shown in
Fig. 2.17 (Johnson 1966), the ore was crushed and ground to minus 100 mesh and
sent to conditioning at 55 % solids slurry. The staged conditioning was done in
four stages of agitated tanks. Steam was injected to the first stage tank to raise the
slurry temperature to 60 °C. Soda ash was added to control the pH at 8.95. Orzan,
a kind of lignin sulfonate, was added as depressant in the second stage where
temperature was raised to 80 °C using steam. The third stage was used to raise the
slurry to boiling and to add N-80 oleic acid as collector and promotor. The fourth
stage conditioner was used to cool the slurry to 60 °C for pumping to rougher
flotation. One stage of rougher flotation, four stages of cleaner flotation, and one
stage of scavenger flotation were used to concentrate the REO to 60 %. The
overall REO recovery was between 65 and 70 %. The flotation concentrate could
be sent to leaching using 10 % HCI. Lime was leached out and the bastnaesite
stayed in the solids. Thickening and filtration were then used to remove excess
water. REO at 70 % grade was produced after drying the leached solids. Calci-
nation was also used to decompose the carbonate and obtain 90 % grade REO
product.



2.2 Rare Earth Ore Beneficiation 41

Ore with 7% REO

Crushing/Grinding

Staged Conditioning

}

Rougher Flotation

v
Cleaner Flotation1 Scavenger Flotation

}

Cleaner Flotation 2

|

Cleaner Flotation 3

A 4

A

Cleaner Flotation4

' v

60% REO Concentrate Flotation Tails <+———

Fig. 2.17 Mountin pass rare earth concentrating process

2.2.9 Mount Weld

The Mount Weld deposit is located in Western Australia and is a deeply weathered
volcanic carbonatite structure that contains approximately two million tons of rare
earth oxides at an average grade of 20 % (Guy et al. 2000). Two main types of ore
are identified as limonitic siltstone (CZ) and nodular limonitic ironstone (LI). The
lower grade LI-type ore overlies the higher grade and more extensive CZ-type ore.
The deposit contains a complex association of carbonates, phosphates, and iron
oxides. The rare earth minerals include monazite, cheralite, cerianite, rhabdophane,
florencite, and bastnaesite.

Two processing options for treatment of CZ-type ore were explored by
Lynas Corporation Ltd. for pilot plant consideration. Option 1 includes gravity
concentration and flotation. Option 2 includes finer grinding and four stages of open



42 2 Rare Earth Beneficiation and Hydrometallurgical Processing

circuit cleaner flotation. The Option 1 flowsheet is shown in Fig. 2.18. Typical
metallurgical results are a final concentrate grade of 49 % with recovery of about
35 %.

The Option 2 flowsheet is shown in Figure 2.19. The Option 2 process has
similar metallurgical results. The Mount Weld mine officially opened in 2011. The
process used is not public information. It is probably a hybrid of the two process
schemes, incorporating the best features of each. Mount Weld intends to supply
11,000 ton REO in phase I and 22,000 ton REO in phase II. Full capacity production
from phase I is expected in 2012 (Latimer 2011).

2.2.10 Summary of the Rare Earth Beneficiation Processes

The unit operations used in rare earth mineral processing are well-known and
conventional. However, the above flowsheets demonstrate that for rare earth min-
eral processing these are employed in unusual and often complex arrangements. In
addition, the rare earth mineral processing reagents tend to be specific to this
industry and, as always, the optimal unit operations and reagents are specific to
each mineral deposit, so their selection requires skilled testwork. Increasing
demand for rare earth minerals, coupled with uncertainties over the reliability of
supply from China, are expected to drive an increased effort to discover and process
rare earth minerals around the world. However, a significant portion of the new
discoveries belongs to challenging low grade deposit which will need the develop-
ment of innovative processing technologies including specialized equipment and
selective reagents.

2.3 Hydrometallurgical Processing of Rare Earth
Mineral Concentrate

The processes for rare earth extraction include the decomposition of rare earth
minerals, and the concurrent or subsequent leaching of the rare earth elements from
the decomposed minerals. Ore beneficiation concentrate can be decomposed by, for
example, acid roasting, caustic cracking, and chlorination. The rare earth elements
can be selectively extracted. The nature of the rare earth extraction process depends
on the type of minerals in the concentrate, the grade of the concentrate and the
targeted products. This section reviews rare earth element extraction from the major
rare earth minerals, including bastnaesite, monazite, xenotime, ion-adsorption clay,
allanite, cerite, and eudialyte.

Different with the physical beneficiation introduced in Sect. 2.2, rare earth
extraction is chemical processing, which converts the rare earth mineral concentrate
to a rare earth compound which is either an end product or an intermediate product
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for the subsequent production of individual rare earth elements or other compounds.
The rare earth extraction process uses one or more reagents to decompose the
minerals and to leach the rare earth elements into solution. The rare earth element
separation process uses solvent extraction, ion-exchange, or chemical precipitation
to produce either mixed rare earth oxides or individual rare earth oxides. The
varieties of rare earth extraction methods use many different reagents. These
reagents are mainly inorganic acids, alkalis, electrolytes, and chlorine gas.
The commonly used acids include sulfuric acid (H,SO,), hydrochloric acid
(HCl), and nitric acid (HNO3). Sodium hydroxide (NaOH) and sodium carbonate
(NayCOs3) are the most common alkalis. Electrolytes include ammonium sulfate
((NH4),SO4, ammonium chloride (NH4Cl), and sodium chloride (NaCl). HCI,
HNOj;, and H,SO,4 are commonly used to extract RE from silicate ore minerals
such as gadolinite, eudialite and allanite. The alkalis and H,SO,4 are mainly used to
leach rare earth elements from phosphate ore minerals like monazite and xenotime.
The carbonatite rare earth minerals such as bastnaesite are treated using either
H,S0, or alkalis. HNO; is mainly used to leach eudialyte and apatite. The extrac-
tion of rare earth elements from ion-adsorption clay deposits uses electrolyte
solutions. Chlorine gas (Cl,) is exclusively used in the chlorination process which
can be used to treat most of the rare earth minerals. In the following sections, the
decomposition and leaching of rare earth mineral concentrates are described.

2.3.1 H,S0,Acid-Roasting and Water Leaching

Acid-roasting is a major RE mineral decomposition process, classified into
low-temperature roasting (<300 °C) or high-temperature roasting (>300 °C). The
low-temperature process, formerly used in the 1970s to treat low-grade RE con-
centrates, is normally followed by long and complex processes to remove impuri-
ties from the leach solution. To inhibit the generation of soluble impurities, the
high-temperature acid roasting process was developed in the 1980s to treat high-
grade RE concentrates (Shi 2009). Currently, the majority of acid-roasting RE
extraction operations use the high-temperature process. The high-temperature
acid-roasting process is relatively simple but generates potentially hazardous
exhaust gases such as hydrogen fluoride (HF), sulfur dioxide (SO, sulfur trioxide
(S03) and silicon tetrafluoride (SiF,). Normally, a water scrubber is used initially to
capture most of the exhaust gases. A mixed acid containing HF, HSO,, and H,SiF¢
can be recovered in this initial scrub. A second scrubber using diluted sodium
carbonate solution is used to purify the exhaust gas before it is released.

A general acid-roasting and leaching process for bastnaesite and monazite is
shown in Fig. 2.20. It consists of grinding, mixing, roasting, leaching, and solid—
liquid separation. The RE mineral concentrate is normally ground to less than
100 pm (150 mesh) before mixing with concentrated acid. A rotary kiln is
employed for the acid roasting. Either a filter or thickener can be used to separate
the leach solution from the residue. At higher acid/ore ratio more REEs plus
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thorium are solubilized. A lower ratio permits selective dissolution. With the
increase in temperature higher than 300 °C, the decomposition rate is compromised
but the leaching of thorium is also reduced due to the formation of insoluble
ThP,O,. This is utilized to leave the thorium in the residue in some rare earth
processing plants.

The REEs, thorium, and uranium are converted to soluble sulfates during H,SO,
acid-roasting. The major reactions include (Chi and Wang 1996):

2RECO;F + 3H,S0, = RE,(SOy); + 2HF | 42C0O, | +2H,0 (2.3)
2REPO, + 3H,S0, = RE,(SOy4), + 2H;PO,
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ThO; + 2H,SO, = Th(SO4), + 2H,0 | (2.5)
2U30g4 + O, 4+ 6H,S0O4 = 6UO0,S04 4+ 6H,O T
RE;0O;3 + 3H,SO4 = REQ(SO4)3 +3H,0 1

The major side reactions include:

CaF, + H,SO; = CaSOy + 2HF | (2.8)
Fe,05 + 3H,S0, = Fe,(S04); + 3H,0 1 (2.9)
Si0, + 2H,S0,4 = H,Si0; + H,0 | +280; | (2.10)
4HF + SiO, = SiF, 1 +2H,0 1 (2.11)
H,Si0; = Si0, + H,0 1 (2.12)
2H3PO, = H,P,0; + H,0 | (2.13)
Th(SO4), -+ HyP,07 = ThP,0; + 2H,S0, (2.14)

At the Saskatchewan Research Council, numerous H,SO, roasting and leaching
tests have been conducted. Normally the acid/concentrate mass ratio is between 1/1
and 2/1 depending on the grade of the rare earth mineral concentrate and the gangue
minerals occurring in the concentrate. When the grade is high, the acid consump-
tion is relatively low. Acid consumption will increase if the content of carbonate,
fluoride and/or iron minerals is high. As well, the acid consumption is affected by
roasting time and temperature. A higher roasting temperature and shorter roasting
time can be used to reduce acid consumption while maintaining the same decom-
position efficiency. However, higher roasting temperature may reduce the conver-
sion of rare earth elements to soluble sulfates and reduce the rare earth recovery. A
white or reddish color of roasted sample is one of the indicators of over-roasting.
However, a dark green color indicates under-roasting. Roasting between 180 and
300 °C for 24 h is often successful.

The solubility of rare earth sulfates will also drop with an increase in leaching
temperature. Therefore, water leaching is normally performed at ambient temper-
atures. To reduce dissolved rare earth loss from adsorption in the leach residue, the
leach is relatively dilute, at a water/concentrate mass ratio between 7 and 15.

In addition to bastnaesite and monazite, the acid-roasting and water leaching
process can also be used to process xenotime, aeschynite, and RE silicates.

2.3.2 HCI Acid Leaching

Dilute HCI is used to dissolve calcium carbonate and concentrated HCI is used to
decompose bastnaesite. The major reaction of the latter type is shown by Eq. (2.15).
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3RECOsF + 6HCI1 = 2RECI; + REF; | +3H,0 4 3CO;, | (2.15)

RE fluorides remain in the residue after HCI decomposition. After an initial solid—
liquid separation, NaOH is used to convert them to RE hydroxides as shown by
Eq. (2.16).

REF; + 3NaOH = REOH | +3NaF (2.16)
After a second solid-liquid separation, the RE hydroxides are combined with the

RECI; solution from the major reaction and are dissolved by the excess HCI. This
process is diagrammed in Fig. 2.21.
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Concentrated HCl is also often used to decompose allanite, cerite, and gadolinite.
The reaction between concentrated HCI and gadolinite is expressed by
Eq. (2.17).

RE,FeBe; (Si04),0, + 12HCI = 2RECI; + FeCl, 4 2BeCl, + 28i0, + 6H,0
(2.17)

HCI can also be used to dissolve rare earth oxide, rare earth carbonate and other rare
earth intermediate products in subsequent process stages.

2.3.3 HNO; Acid Leaching

Eudialyte is a rare earth silicate. A eudialyte mineral concentrate can be
decomposed using 30—-50 % nitric acid (HNOs3). In addition to rare earth elements,
zirconium (Zr), tantalum (Ta), and niobium (Nb) can also be recovered from
eudialyte.

REEs can enter the crystal matrix of apatite through isomorphous replacement.
The rare earth content in apatite is normally very low. However, apatite is one of the
important rare earth element sources because it is a relatively common and widely
occurring mineral. Apatite can be decomposed by HNO3, HCl, or H,SOy,, releasing
rare earth elements into the leach solution. Apatite readily dissolves in 50-60 %
HNOs acid at 60-70 °C as shown in Eq. (2.18).

Cas(PO,)F + 10HNO; = 3H;PO; + 5Ca(NO3), + HF (2.18)

2.3.4 Na,COj; Roasting

Low grade (20-30 % REO) bastnaesite and monazite concentrate can be
decomposed through 350-550 °C roasting with sodium carbonate at a mass ratio
of concentrate to sodium carbonate from 6:1 to 3:1. The reactions during roasting
include (Huang 2006):

RECOs;F = REOF + CO, | (2.19)

1
2CeCOsF + 502 = Ce,O3F, +2CO, T (2.20)

With an increase in roasting temperature to 600-700 °C, the following additional
reactions will occur.
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2REOF + Na;CO; = RE,0; + CO, | +2NaF (2.21)
Ce,03F, + Nay,CO3 = 2CeO, + 2NaF + CO, 1 ( )
2REPO, + 3Na,CO; = RE,(CO3), + 2Na;PO, (2.23)
2REPO, + 3Na,CO; = 2RE,0; + 3CO, | +2NasPO, (2.24)
CaF, + Na,CO3 = CaCOj3 + 2NaF ( )
BaSO, + Na,CO3; = BaCO; + 2Na,SO, (2.26)
Ca3(POy4), + 3Na,CO3 = 3CaCO3 + 2NazPO;4 ( )

After roasting, the soluble salts can be washed out using water or dilute acid. The
rare earth oxide will stay in the solids and the grade can be increased from 20-30 %
to 50-60 %.

2.3.5 NaOH Decomposing

Concentrated NaOH solution (>50 % by weight) can be used to decompose rare
earth mineral concentrates. When it is used to decompose bastnaesite and monazite,
the following reactions occur (Chi and Wang 1996):

RECO;F + 3NaOH = RE(OH), + NaF + Na,CO;3 (2.28)
REPO, + 3NaOH = RE(OH); + NasPO, (2.29)

At 140 °C and a mass ratio of NaOH/rare earth concentrate of 1.2—1.4, over 90 %
rare earth elements can be extracted within 5 h. The concentration of NaOH
solution has significant effects on the extraction kinetics and alkali consumption.
For example, the reaction time can be reduced from 5 h to less than 1 h with NaOH
concentration increased from 50 to 60 %. Concurrently, the NaOH consumption is
reduced from 1,200-1,400 to 800-900 kg/t concentrate. Particle size and agitation
can also play important roles. For example, in monazite decomposition 100 %
passing 325 mesh or 43 pm and sufficient agitation are necessary due to the fact that
the produced RE hydroxide attaches to the surface of the concentrate particles and
forms a layer around the reacting core thus increasing the mass transfer resistance
and the reaction time. Furthermore, the increase in reaction temperature improves
the subsequent RE(OH)3 dissolution in hydrochloric acid.

Rare earth mineral concentrate can also be decomposed with fused NaOH at
higher temperatures of approximately 350 °C or higher. However, the rare earth
products of fused NaOH decomposition are difficult to dissolve. For this reason, this
process has been abandoned by the rare earth industry.

To reduce cost and improve operational safety, an alternating electric field
NaOH decomposing process was developed in 1980s by the Beijing General
Research Institute of Nonferrous Metals. The major improvement with this process
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is using electrode heating to replace steam heating of NaOH. The decomposition
reaction time is reduced from 6—12 h to 2 h. As well, the alkali consumption is low
in comparison with the traditional NaOH decomposing process.

2.3.6 Chlorination

The chlorination process uses chlorine gas (Cl,), at high temperatures
(600-1200 °C) in the presence of carbon (C), to decompose RE mineral concen-
trates. The REEs and some other elements are converted to chlorides. SiCly is used
as required to remove fluorine through the formation of gaseous SiF,. The major RE
mineral decomposition and chlorination reactions during chlorination include
(Zhang et al. 2002a; Zeng et al. 2007):

RECO;F = REOF + CO; | (2.30)
1 1
REOF + C + Cly + 7 SiCly = RECI; +  SiF; | +CO | (2.31)
1 1 1, 1

REOF + 5C + Cly + ; SiCly = RECl; + ; SiFy T +5CO, | (2.32)
1 1 1

REPO, +C + Cly = 7RECI; + 3 POCI; T +CO | (2.33)
1 1 1 1 1

REPO, +2C + Cly = 2RECL; +3POCl;  +5CO, 1 (2.34)

As well, some gangue minerals also undergo chlorination reactions.

1 2

5F6203 +C+Cl, = gFCClg +CO T (2.35)

lF O+1C+Cl —2FC1+1CO T (2.36)

3 €20U3 ) 2 = 3 ell3 ) 2 .

BaSO4 + C + Cl, = BaCl, + CO;, T +S0; T (2.37)
1 1

CaF, + ESiCL; = CaCl, + ESiF4 T (2.38)

The resulting chlorination products have a range of melting and boiling points. The
lower boiling point products, such as FeCl, will exit the process in the exhaust
gases, while the higher melting point products will remain in the solid residue. The
chlorides of rare earth elements, Ca, Ba, and other alkali earth metals are collected
as melts, which go through impurity removal, separation, and purification to
produce rare earth products.
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The major stages of the chlorination process are feed preparation, chlorination,
and separation of chlorides. The reaction rate of chlorination increases with
temperature.

Chlorination can also be performed using ammonium chloride as shown by the
following equation (Shi and Zhou 2003).

RE,0; + 6NH,Cl; = 2RECI; + 6NH; T +3H,0 7 (2.39)

Chlorination can be used to treat a variety of rare earth minerals like bastnaesite,
monazite, xenotime, allanite, cerite, euxenite, fergusonite, and gadolinite. The REO
grade of chlorination products is relatively high. However, rare earth mineral
concentrate chlorination products still require subsequent extraction and separation
processes. Currently, there is no industrial application of the rare earth chlorination
process.

2.3.7 Leaching of Ion-adsorbing Type of Rare Earth Clay

An ion-adsorbing type rare earth deposit is normally the weathered crust of a
magmatic-type primary deposit. The rare earth elements are adsorbed on the
surface of clays in the form of ions. The rare earth elements are not soluble or
hydrolyzed in water but follow ion-exchange laws (Lu et al. 1997; Tian and Yin
1996; Li 1993; Chi 1989).

[A138i,05(OH),] _ x nRE + 3nMe™ = [ALSi;O5(OH),]  x 3nMe + nRE**
(2.40)

where, Me could be Na* or NH,".

The ion-adsorption type of rare earth deposit has unique features: (1) Mining is
simple due to the shallowness of the deposit; (2) No grinding is required since the
rare earth elements are adsorbed and concentrated on the surface of the silicate
clays; (3) Rare earth element grade is low from 0.05 to 0.3 %; (4) Almost all of the
rare earth elements can be found in the ion-adsorbing type of deposit and HRE
accounts for approximately 40 % of the TRE; (5) There is a low concentration of
radioactive impurities. These features of the ion-adsorbing type of deposits make
them a very important and an economical REE source, especially as a HREE
source.

The processes for REE extraction from the ion-adsorption type of deposits
include heap leaching, agitated leaching and in situ leaching (or direct leaching).
In heap leaching, the ore is stacked to about 1.5 m in height on a solution collection
membrane. An electrolyte solution such as NaCl or (NH4),SOy is sprayed onto the
stack and trickles down through the stack to the collection membrane. In the stack
Na* or NH** exchanges the RE®* to the solution. Temperature and pressure have no
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significant impact on the ion exchange efficiency. The ion exchange rate is affected
by the concentration of the electrolyte solution, pH, and solution wash rate. The ion
exchange rate between Na*/NH,* and RE®* increases with electrolyte concentra-
tion and wash rate. A pH4 electrolyte solution is normally employed. A higher pH
causes RE hydrolyzation thus decreases the leaching rate while a lower pH will
dissolve more impurities such as aluminum and iron.

If the deposit is mined by a wet process, the permeability of the ore required for
heap leaching will be destroyed. In this case, agitated leaching will be used as the
extraction process. Because ion exchange is a reversible process, the extraction
efficiency with agitated leaching is normally lower than with heap leaching.
However, both agitated leaching and heap leaching involve mining a large amount
of material and producing large amount of tailings, which pose a serious environ-
ment protection challenge. In-situ leaching was developed and implemented as the
second generation leaching process to reduce the environmental impacts associated
with the development of ion-adsorption type of rare earth deposits. The overall
resources utilization was also improved from no more than 50 % in agitated
leaching and heap leaching to over 70 % in in situ leaching (Tang and Li 1997).

2.3.8 Summary

The decomposition and leaching of rare earth mineral concentrates involve the use
of relatively large amounts of reagents and highly specific, relatively high cost
reaction conditions. Except for the leaching of ion-adsorbing type of clay, the lack
of selectivity of decomposition and leaching of RE minerals makes the subsequent
impurity removal and rare earth element separation from the leaching solution of
low grade rare earth mineral concentrate with higher reagent consumption than the
processing of high grade concentrate. Therefore, the rare earth mineral concentrate
grade plays a significant role in the economics of a rare earth extraction process.
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Chapter 3
Solvent Extraction in Metal
Hydrometallurgy

3.1 Solvent Extraction Basics

The rare earth produced from different ores or solutions is a mixed product
containing various individual rare earth elements. To separate them to individual
elements presents one of the most challenging separation tasks in metal hydrometal-
lurgy. In comparison with the complex and lengthy processes such as fractional
precipitation and crystallization, solvent extraction, also called liquid-liquid extrac-
tion, offers a more flexible approach that allows for the production of individual rare
earth elements at required purities and quantities. Solvent extraction is currently the
dominant technology to separate and purify the individual rare earth elements.

Like the solvent extraction of all other metals, the solvent extraction of rare earth
utilizes the partition of rare earth elements between two immiscible phases to
realize the separation and concentration of one or one group of rare earth elements
from the others. A basic solvent extraction process includes extraction, scrubbing/
washing, and stripping.

3.1.1 Extraction

The ability of metal ions to distribute themselves between an aqueous solution and
an immiscible organic solution has long been utilized by hydrometallurgists to
transfer the valuable metals from the aqueous solution to the organic solution and
leave the unwanted metals and impurities in the aqueous solution.

The aqueous solution, normally the feed, contains the valuable metals, free acid,
and impurities dissolved in water.

The organic solution usually contains an extractant and a modifier dissolved in
diluent or carrier. Diluent or carrier is the liquid or homogeneous mixture of liquids
in which extractant and modifier are dissolved to form the major component of the
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Fig. 3.1 Schematic representative of solvent extraction principle (a) Extraction and (b) Stripping

organic phase. The majority of diluents used in solvent extraction are crude oil
fractions with various proportions of aliphatic, naphthenic, and aromatic components.

The extractant is the active component primarily responsible for the transfer of
the metals from the aqueous solution to the organic solution. In order to transfer the
metals from the aqueous solution to the organic solution, metal-extractant complex
is often formed to increase the solubility of the metal in the organic solution.

The modifier is added to improve the solubility of the metal-extractant complex
in the diluent to improve phase disengagement. A third phase between aqueous and
organic phases is often formed in solvent extraction operation which is related to
the solubility of the metal-extractant complex in the organic solution. The third
phase can cause significant processing challenges and lead to organic loss. The
addition of a modifier to the organic phase is an effective approach to minimize the
formation of the third phase.

The principle of extraction is shown in Fig. 3.1a. The beaker contains two phases
of liquids. The top (lighter) one is generally organic solution (o), the bottom
(heavier) one is generally aqueous solution (a). The solute is initially dissolved in
the aqueous solution but eventually distributed between the two solutions. When
the solute distribution between the two solutions reaches equilibrium, the solute is
at the concentration [S(,)] in the aqueous solution and at the concentration [S,] in
the organic solution. The distribution ratio (D) of the solute is expressed by Eq. 3.1.

(3.1)

The distribution ratio is also referred to as the distribution coefficient or distribution
factor. The difference of distribution ratios of solutes allows the separation of one
from the other. The objective of extraction is to partially or entirely transfer the
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valuable solute from the aqueous solution to the organic solution and leave the
undesirable solutes in the aqueous solution. A solute with a higher distribution ratio
is easier to be extracted. A single stage extraction requires one time of contact
(or mixing) of organic and aqueous solutions. A two stage extraction requires two
times of contact of the two solutions. A multi stage extraction needs multi times of
contact of the two solutions in order to complete the extraction of the valuable
solute. The organic solution will be loaded with the valuable solute after extraction
and usually is called pregnant organic solution. There will be only a trace amount of
the valuable solute left in the aqueous solution after extraction. The aqueous
solution containing only undesirable solutes and impurities is called raffinate.

3.1.2 Scrubbing/Washing

Following extraction, a scrubbing stage, sometimes also called washing stage, is
always performed by contacting the pregnant organic solution to remove any
undesirable solutes that are entrained in the organic solution. Scrubbing can
improve the purity of the valuable metal. Normally scrubbing is undertaken with
water, dilute acid or base solution. The scrubbing solution may contain a relatively
high amount of valuable metal. For this reason it is normally recycled back to
extraction and mixed with the feed aqueous solution.

3.1.3 Stripping

The general principles established for extraction apply to stripping. It is the reverse
operation of extraction. As shown in Fig. 3.1b, it is used to transfer the metal from
the pregnant organic solution to a stripping solution. A stripping solution normally
contains concentrated acid, alkaline, or salt in order to attract the metal from the
organic solution. The valuable metal is stripped from the organic solution and is
concentrated in the stripping solution. The organic solution can be reused for
extraction. The metal in the stripping solution can be recovered as the final product
after a series of downstream treatments. The objectives of stripping are to transfer
the valuable metal from the pregnant organic solution to the stripping solution as
completely as possible and to concentrate the metal to a higher concentration.
A metal with a lower distribution ratio is easier to be stripped. Similar to extraction,
stripping can be performed by one stage, two stages, or multi stages.
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Fig. 3.2 Basic aqueous—organic solvent extraction separation process

3.1.4 Basic Solvent Extraction Separation Process

Solvent extraction separation is the process where the valuable metal(s) are par-
tially or entirely transferred from the original aqueous solution to the organic
solution and then stripped to an aqueous solution for recovery. To achieve the
separation of one valuable metal from the unwanted others in a continuous manner,
extraction, scrubbing, and stripping are performed in conjunction. An example of a
solvent extraction separation process is shown in Fig. 3.2 for the separation of M1
and M2. It includes extraction, scrubbing, and stripping.

In extraction, the valuable solute M1 is extracted from the aqueous feed solution
to the organic solution. The organic solution leaves extraction as pregnant organic
loaded with M1 and some entrained M2. The aqueous solution leaves extraction as
raffinate with no M1 left.

In scrubbing, the entrained M2 in the pregnant organic is washed. The pregnant
organic leaves scrubbing with purified M 1. The scrubbing solution leaves scrubbing
as scrubbing raffinate with M2 and some M1.

In stripping, a stripping solution strips the M1 from the organic solution. The
organic solution leaves stripping as barren organic which will be recycled to
extraction to start the next cycle of solvent extraction separation. The stripping
solution leaves stripping as pregnant stripping solution loaded with M1 which can
be recovered as the final product after a series of downstream processes.

3.1.5 Cascade Solvent Extraction Process

To achieve the targeted separation results, multiple stages of extraction are often
used. A solvent extraction process with multiple stages is called a cascade extrac-
tion process. According to the configurations of organic flow and aqueous flow, a
cascade extraction process is commonly classified as countercurrent extraction,
cross flow extraction, fractional extraction, and recirculating extraction.
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Fig. 3.5 Representation of fractional extraction process

As shown in Fig. 3.3, in countercurrent extraction, aqueous solution and organic
solution flow in opposite directions to each other. Countercurrent enables the
contacts of low concentration aqueous solution with low concentration organic
solution and high concentration aqueous solution with high concentration organic
solution. A greater amount of extraction can be obtained because countercurrent
maintains a slowly declining concentration difference.

Figure 3.4 shows the concept of cross flow extraction. The feed is passed from
the first stage to the last stage in series. Fresh organic solution is fed to each stage in
parallel.

In the fractional extraction process as shown in Fig. 3.5, the feed is introduced in
a middle stage while the organic solution and scrubbing solution are fed from each
end stage.

As shown in Fig. 3.6, a recirculating extraction process is the fractional extrac-
tion process with a portion of pregnant stripping solution recycled back to the last
stage of extraction along with scrubbing solution.
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Fig. 3.6 Representation of recirculating extraction process

3.2 Liquid-Liquid Equilibrium
3.2.1 Equilibrium and Nernst’s Distribution Law

Solvent Extraction utilizes the distribution of solutes in two immiscible phases to
realize separation. The distribution of solutes between the aqueous phase and the
organic phase is a dynamic competing process. At equilibrium, the system is in a
condition that all competing influences are balanced. In a heterogeneous system
comprising solutes and phases, the conditions for thermodynamic equilibrium are
the temperature (T'), pressure (P), and chemical potential (x) of each component
being uniform throughout the system (Rydberg et al. 2004; Kislik 2012).

Distribution law or Nernst’s distribution law at equilibrium was given by
Walther Nernst in the 1890s. It gives the distribution of a solute between two
immiscible solvents at equilibrium. As expressed by Eq. 3.2, it states if a solute M
distributes itself in two immiscible solvents A and B at constant temperature and the
solute is in the same molecular condition in both solvents, then the ratio of the
concentrations of the solute M in solvents A and B is a constant at equilibrium. The
constant is called the distribution constant or the partition constant.

[Ma)]
[Mg)]

Ky = (3.2)

where K, is the distribution constant, [M )] is the concentration of the solute M in
solvent A at equilibrium, and [Mg,] is the concentration of the solute M in solvent
B at equilibrium.

Strictly, this is only valid with immiscible pure solvents. However, in reality, the
solvents always contain molecules of each other. In a typical aqueous—organic
extraction system, the aqueous solution is saturated with the organic solvent and
the organic solution is saturated with water. Also, the solute M may exist differently
in the two solutions. The distribution law is valid only when the mutual solubility of
the solvents is negligible and the activity factors of the system are constant.
Therefore, the distribution ratio is not the distribution constant.
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3.2.1.1 Distribution Constant and Distribution Ratio

At constant temperature and pressure when the distribution of solute M in the two
solvents A and B reaches equilibrium, the chemical potential (u) of the solute M in
the two solvents must be equivalent.

Ha = Hp (3.3)
The chemical potential of the solute M is related to its activity (a) in each solvent.

Ha = i + RTInay (3.4)
pg = g + RTlnag (3.5)
where )} and uj; are the standard chemical potentials of solute M in solvent A and B.

The activity of solute M in each solvent is the product of the mole fraction (x)
and the activity coefficient (y).

AN = XAV A (3.6)
B = XBYB
In a IM (or mol/L) system,
[Mp)]  xs
Therefore,
K, = IA _ o (Ham) /RT _ —[M(A)]“ — kA (3.9)
aB [M(A)]VB 7B

where K7 is the Nernst distribution constant at thermodynamic equilibrium.

Strictly, only when the ratio of the activity coefficient of the solute M in the two
solvents is independent of its total concentration, K, is a real constant from a
thermodynamics perspective.

In industrial solvent extraction, the deviation from the Nernst’s distribution law
can lead to considerable errors for new solvent extraction process development. The
distribution constant has to be distinguished from the distribution ratio. The distri-
bution constant cannot be obtained directly. However, the distribution ratio can be
measured at defined conditions. If a system contains various solute species, the
distribution ratio is defined as:

Total Solute Concentration in Organic Phase, »_ [M (0)]

- on (3.10)
Total Solute Concentration in Aqueous Phase, [M (a)]

The distribution ratio is not a constant. It is affected by various system variables like
solution acidity, temperature, flow rate, free ligand, impurities, etc.
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3.2.2 Distribution Data

Distribution data or liquid-liquid equilibrium data are the basis of solvent extrac-
tion process development and design. There are two approaches to obtain the
distribution data: distribution isotherm method and mathematic model method.

3.2.2.1 Distribution Isotherm Method

Distribution isotherm is the equilibrium relation between the solute concentration in
organic phase and the solute concentration in aqueous phase at constant tempera-
ture and other conditions. It is expressed as a function:

[Mo)] = f[M)] (3.11)

The isotherm of a solvent extraction system can be measured directly and presented
as an isotherm curve with two dimension coordinates. A representation of an
isotherm curve is shown in Fig. 3.7. The development of an isotherm curve is
normally done by varying the organic/aqueous phase (O/A) ratio from 1/10 to 10/1
in separation funnel shaking out tests (Ritcey and Ashbrook 1979). For example, an
organic solution and an aqueous solution are contacted at a predetermined O/A ratio
until equilibrium is reached. After phase disengagement, they are separated and
analyzed for the concentration of the solute. The same procedures are repeated until
all shake out tests are completed at the predetermined O/A ratios. The solute
concentrations in the organic phase and the solution concentrations in the aqueous

[M(o)]=f[M(a)]

M)

Fig. 3.7 Representation of distribution isotherm curve
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phase can be used to construct the distribution isotherm curve as shown in Fig. 3.7.
Based on the isotherm curve, the loading capacity of the organic solution at the
testing conditions can be obtained. The solute concentration in one phase can be
determined based on the concentration in another phase. The distribution ratios can
be calculated using the isotherm data.

3.2.2.2 Mathematic Model Method

Extraction equilibrium data can also be obtained by computation based on mathe-
matic models. The empirical model, chemistry model, and thermodynamic model
are most often used in solvent extraction process simulation and optimization
(Zhang and Zhang 1995).

Empirical models are developed purely on data by considering physical and
chemical equilibrium. For example, an empirical model for the rare earth solvent
extraction using D2EHPA was developed to calculate the individual rare earth
element equilibrium data:

[M(O)] =a [M(a)]azeaz o |y s astiscott”) (3.12)

where [M,] and [M,)] are the rare earth concentration in organic and aqueous
solutions, respectively; H is the acidity in terms of hydrogen ion concentration and
o;—o5 are coefficients to be determined.

Chemistry models are developed based on the data of extraction tests and mass
balances under specified conditions. It is the expression of the solvent extraction
distribution constant. It is often used to simulate the steady-state solvent extraction
process.

Equilibrium models are the mathematic models of the equilibrium distribution
constant. It correlates the solvent extraction reaction enthalpy, solute distribution
ratio, as well as activity coefficients of each component in two phases.

3.2.3 Separation Factor

Under the same solvent extraction conditions, the ratio of the distribution ratios of
two solutes M1 and M2 is defined as their separator factor (f5):

Dy
= — 3.13
Puiymz Dura (3.13)

where fBu1/m0 1s the separation factor of solute M1 and M2, D,,; and Dy, are the
distribution ratios of solute M1 and M2. The higher the separation factor is,
the easier the separation of M1 from M2. If the separation factor is 1, it means
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the solutes M1 and M2 have the same distribution ratios. They cannot be separated
by solvent extraction under the conditions where they have the same distribution
ratios.

3.2.4 Extraction Percentage and Extraction Ratio

In practice, extraction percentage (Eq. 3.14) is often used for designing separation
schemes. It is the percentage of the valuable solute extracted into the organic phase
out of the total valuable solute in the system.

Solute M1 in Organic Phase

E %= =
% Total Solute M1 in Organic and Aqueous Phases 1+ D

x 100

(3.14)

The distribution ratio curve and extraction percentage curve as a function of a
system variable can be constructed by experiment measurements. As shown in
Fig. 3.8a, normally the distribution ratio curve is plotted on a logarithmic scale. The
extraction percentage curve, Fig. 3.8b, is very useful in solvent extraction process
design. The pH of the system is always used and denoted as pHg s or pH;,, where
extraction is 50 % or the distribution ratio is 1. The system variables can be acidity,
extractant concentration in organic phase, free ligand concentration, or salt con-
centration in aqueous phase.

Different from the extraction percentage, extraction ratio is defined as the ratio
of the solute M in organic phase to the solute M in aqueous phase.

a b
10
100
75
b 1 E% 50
25
01 0
System Variable System Variable

Fig. 3.8 Representations of (a) Distribution ratio curve and (b) Extraction percentage curve
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_ Solute M in Organic Phase (3.15)
7= Solute M in Aqueous Phases '

When the organic phase equals to the aqueous phase, the extraction ratio (g) equals
to the distribution ratio (D).

3.3 Solubility Rules in Solvent Extraction

Solvent extraction is a competing distribution process of a solute or solutes between
the aqueous and organic solutions. It is not only related to the solute—solvent
interaction but also the solvent—solvent interaction. An understanding of the general
rules of these interactions is of great value in choosing a solvent extraction system
for the separation of metals.

A solute will dissolve in a solvent with similar chemical properties or structure to
itself. This is often referred to as “Like dissolves Like.” For example, polar solute
will best dissolve in polar solvent and nonpolar solute will best dissolve in nonpolar
solvent.

3.3.1 Classification of Solvent

The van der Waals force and hydrogen bonding are the two cohesive forces
between liquid molecules. The van de Waals force exists between any molecules.
It is proportional to the product of the electric dipole moments of the molecules and
is inversely proportional to the sixth power of the mean distance between them. A
hydrogen bond is stronger than van der Waals force. The formation of a hydrogen
bond requires that the liquid has an electronegative element B which can donate
electrons and an A—H bond that can accept electrons. A solvent can be classified
into one of the four different groups according to the interactions between mole-
cules (Xu and Yuan 1987).

3.3.1.1 N Type of Solvent

N type of solvent is inert solvent which cannot form a hydrogen bond. van der
Waals force is the cohesive force of the liquids. Examples are alkanes, benzene,
carbon tetrachloride, carbon disulfide, and kerosene.
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3.3.1.2 A Type of Solvent

A type of solvent can accept electrons such as chloroform. It can form a hydrogen
bond with B type of solvent:

B+H-—CCl; < B---H— CCly (3.16)

3.3.2 B Type of Solvent

B type of solvent can donate electrons. Examples include ethers, ketones, alde-
hydes, esters, and tertiary amines, etc. They can form a hydrogen bond with A type
of solvent:

R1R20+H—A<—>R1R20'-'H—A (317)
RIR,C=0+H-A<RRC=0---H—A (3.18)
R1R2R3N+H—A<—>R1R2R3N"'H—A (319)

where, Ry, R,, and Rj; are the hydrocarbon groups of the solvent.

3.3.2.1 AB Type of Solvent

AB type of solvent can donate and accept electrons. It includes three sub-types:

1. AB1 type that can form cross chain hydrogen bonds includes water, polyhydric
alcohols, and polymeric carboxylic acids etc.

2. AB2 type that can form straight chain hydrogen bonds includes monohydric
alcohols, carboxylic acids, and amines.

3. AB3 type that can form internal hydrogen bonds. Due to the formation of
internal hydrogen bonds, AB3 type solvents lose their ability to accept electrons
and become B type of solvents.

3.3.3 Solvent Miscibility

In many situations, a mixed solvent is required. The miscibility of different types of
solvent is different depending on the increase in the number of hydrogen bonds or
the intensity of hydrogen bonds after mixing. The miscibility of different types of
solvents follows the general relationship as shown in Fig. 3.9 (Xu and Yuan, 1987).
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Fig. 3.9 Miscible
relationship of solvents

—— Completely miscible

——— Partially miscible

Immiscible

N solvents are completely miscible with A and B (and AB3) solvents and
partially miscible with AB2 solvents. N solvents are immiscible with AB1 solvents.

A solvents are completely miscible with B (and AB3) and AB2 solvents. A
solvents are partially miscible with AB1 solvents.

B (and AB3) solvents are completely miscible with all other solvents.

ABI solvents are completely miscible with AB2.

3.3.4 Water-Solvent Mutual Solubility

The aqueous—organic solvent extraction system is most applied in metal hydromet-
allurgy. If a solvent has similar chemical structure as water, the solvent and water
will dissolve in each other to cause phase disengagement issues. A solvent less
miscible or completely immiscible with water will favor extraction. Table 3.1 gives
the mutual solubility of water and some organic solvents with low solubility in
water. Low mutual solubility is very important in solvent extraction. It will not only
favor extraction but also reduce organic and solute loss to raffinate.

3.4 Solute-Solvent Interactions

When a solute is dissolved in a solvent, it interacts with the solvent in terms of
solvation. If the solvent is water, the solute—water interaction is called hydration.
The solvation process will result in changes of some solute—solvent system prop-
erties such as energy, volume, fluidity, electrical conductivity, and/or spectroscopic
properties. In order to dissolve the solute, a cavity must be formed in the solvent.
The solute will fit in the cavity and is able to interact with its surrounding molecules
by coordinate bonds to form a new entity called “solvated solute.” The solvated
solute may further interact with its surrounding molecules.
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Table 3.1 Mutual solubility of water and some organic solvents (Rydberg et al., 2004)

Solvent in water Water in solvent

Solubility, Solubility,
Solvent wt% Temperature, °C | wt% Temperature, °C
c-Hexane 0.0055 25 0.0100 20
n-Hexane 0.00123 25 0.0111 20
n-Octane 6.6x1077 |25 0.0095 20
n-Decane 52x107% |25 72x107° |25
n-Dodecane 3.7x107° |25 6.5x107° |25
Decalin (mixed isomers) | <0.02 25 0.0063 20
Benzene 0.179 25 0.0635 25
Toluene 0.0515 25 0.0334 25
Ethylbenzene 0.0152 25 0.043 25
p-Xylene 0.0156 25 0.0456 25
Chloroform 0.815 20 0.093 25
Carbon tetrachloride 0.077 25 0.0135 30
1,2-Dichloroethane 0.81 20 0.187 25
Trichloroethylene 0.137 25 0.32 25
Chlorobenzene 0.0488 30 0.0327 25
1,2-Dichlorobenzene 0.0156 25 0.309 25
Carbon disulfide 0.21 20 0.0142 25
1-Octanol 0.0538 25 -
2-Ethyl-1-hexanol 0.07 20 2.6 20
Diisopropyl ether 1.2 20 0.57 20
Bis(2-chloroethyl) ether 1.02 20 0.1 20
Butyl acetate 0.68 20 1.2 20
Nitrobenzene 0.19 20 0.24 20
Benzonitrile 0.2 25 1.0 30
Quinoline 0.609 20 - -
Tri-n-butyl phosphate 0.039 25 4.67 25

3.4.1 Metal in Aqueous Solution

Due to their ionic nature, metal salts are strong electrolytes. Their molecules can
dissociate to ions partially or completely. When a metal ion is dissolved in water, the
electronegative oxygen in the water molecule is attached to the positively charged
metal ion to form a primary solvation shell of water molecules, the first hydration
shell. Through hydrogen bonding, the coordinated water molecules will be associ-
ated with other water molecules in a second shell. The water molecules in the first
shell exchange with molecules in the second shell and the bulk liquid. Take M** as an
example, the hydration of metal ion can be expressed by the following equation:

M** +xH,0 — [M(H,0) ]"" (3.20)
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where, x is the hydration number of the metal ion which can be determined by
various experimental methods.

When anions exist, the M “" ions are subjected to complexation. For example, in an
aqueous solution containing ligand anion A™, the following complexation can occur:

M7 + A" = MA™!
z—1 - z—2
MA™! + A~ = MA; (321)

MA==) 4 A7 = MAZ™

When 7n > z, a negatively charged metal complex is formed. The stability constant
of the metal-anionic ligand complex, $,, can be defined as:

h M, "] (3:22)

In the case of rare earth (RE), it can form complexes with halogen, nitrate, sulfate,
carbonates, etc. The rare earth—CI complex is not stable at low Cl concentration. As
well, the RE-NO; ™~ complexes are not stable. At high NO;™ concentration, they can
form complexes with negative charges. However, rare earth ions can form stable
complexes with SO~ to increase the solubility of rare earth salts in sulfuric acid
solution. The complexation between rare earth ion and carbonate can produce
stable negatively charged complexes.

Also, RE ions will form complexes with phosphorous ligands like H,PO,
PO,/ ™, P,O,’~, and HP;0,,"". The major phosphorous RE complexion ions
includes RE>P,0,"", REP,0, , RE(P>0,),°~, REHP;0,,", RE(HP;0,,),"",
and RE(HP;0,0);°~. The formation of cationic, neutral, or anionic species
strongly depends on pH (acidity) of the solution.

In order to extract the metal ions from aqueous phase to organic phase, the
hydration of metal ions must be destroyed to increase the metal’s hydrophobicity.
One of the most employed methods is to use extractant to react with the metal ions
to form neutral or less ionic species.

3.4.2 Metal in Organic Solution

Usually metal salts are not soluble in organic solvents. If the dielectric constant &
(also called relative permittivity) of a solvent is higher than 40, the solvent is highly
polar and has great ability to stabilize charges. Metal salts can be dissociated into
ions in the high polar solvents. When e < 5, the solvent is not good for charged
metal ions. However, metal ions can be rendered soluble by metal-extractant
complexes. In the complexation between metal ion and extractant, the bonds
between metal ion and water molecules are broken and the ionic charges of the
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metal ion are neutralized. The metal—extractant is a neutral species that can be
dissolved in the organic solvent. Generally, there are three types of extractants:

1. Acidic extractants or cationic extractants which have ionizable hydrogen atoms
that can be replaced by metal ions to generate a neutral species as indicated
by Eq. (3.22). Examples of acidic extractants in rare earth solvent extraction
include HEH/EPH, HDEHP, HBTMPP, naphthenic acid, and 1-(2-thienyl)-4,4,
4-trifluoro-1,3-butanedione. Acidic extractants are most effective for extracting
cations by exchanging the cations for their protons.

M'({; + zHL () = ML, (o) + nHZ:\) (3.23)
where M""* denotes a metal ions with +n charge, the subscripts (a) and (0) denote
aqueous and organic phases, respectively, and HL is acidic extractant, L is
hydrocarbon group of the HL.

2. Basic extractants or anionic extractants, which normally have high molecular
weight such as primary, secondary, and tertiary amines and the quaternary
compounds. They function by ion exchange mechanism to form ion-pairs with
anionic species to reduce the effective ionic charge of the latter.

+(n—2A"  (3.24)

n n—z

MAS" + (n — 2)RsNHA ) = [(RsNH), MA,]

(z=n)

n(a)
and R is the alkyl group of the amine.

3. Neutral extractants or solvating extractants often extract uncharged metal com-
plexes from aqueous solution. In this extraction, the metal species is coordinated
with two different types of ligands, i.e., a water-soluble anion and an organic-
soluble electron-donating functional group.

where, n >z and MA is the anionic species of the metal in aqueous solution,

MX(H,0),,,) + 1S = MX(H;0),, S, (o) + nH,0 (3.25)

m—nt=n

(

where, MX is metal ion pair and S is solvent.

3.5 Solvent Extraction System

There are many ways to classify a solvent extraction system. For example, a solvent
extraction system can be classified according to the type of extractant used, the
metal of interest, the nature of aqueous solution, etc. In this section, the classifica-
tion according to extraction mechanism is discussed considering the extractant
property, characteristics of metal, and nature of aqueous solution.
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3.5.1 Acidic Solvent Extraction

Acidic solvent extraction utilizes weak organic acid as extractants to extract metals
through cation exchanging as indicated by Eq. (3.23).
The weak organic acid extractants include:

1. Chelating extractants which have an acid functional group and a coordination
functional group. They can form chelants with metal ions to enter organic phase.

2. Phosphonic acid extractants which normally exist as dimers in nonpolar solvent.
They can form more stable chelants with metal ions by hydrogen bonds.

3. Carboxylic acid extractants.

The organic acid extractant can distribute in both aqueous phase and organic
phase:

HL() = HL(o) D = AL ] (3.26)
[HLw)]
In the aqueous phase, HL is subjected to dissociation:
HT[L7]
HL=H"+L K _Ae 3.27

where, K, is the dissociation constant.
Therefore, the two phase dissociation constant of the extractant can be defined:

_ K. [HTLT]
Kanr = D= m (3.28)

Same for the extractant distribution in both phases, the metal-extractant complex
also distributes in both phases.

ML, = ML Dy = M (3.29)
n(a) n(o) n [MLn(a)} .
Based on Eq. (3.23), the extraction equilibrium constant K is:
ML, | [HT]"
Kex = [L][]n (330)
[MLyw)] [HLo)]
Therefore,
[HL)]"
Dy, = Kex ———5— (3.31)

n [H+]n
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The metal complex distribution ratio (D,,, ) is proportional to the nth power of free
extractant concentration in organic phase [HL ] and is inversely proportional to
the nth power of hydrogen ion concentration in aqueous phase [H']. Normally,
Dy, > Dpr, > 11n a solvent extraction system, the concentration of extractant in
aqueous phase [HL,] and the concentration of metal-extractant complex in
aqueous phase [ML, )] can be neglected in the calculation of free extractant
concentration in organic phase. Therefore:

[HLio)] = [HL(o)]; = n[MLy)] (3.32)

where, [HL ,]; is the initial extractant concentration in organic phase.
The logarithmic form of Eq. (3.31) can be expressed as:

1gDyr, = 1gKex + nlg[HL(o)| + npH (3.33)

Equations (3.31) or (3.33) is the basic correlation of acidic solvent extraction
systems.

For an acidic solvent extraction system, lgD—pH curve can be plotted by
measuring the distribution ratios at various pH while maintaining the free extractant
concentration unchanged. Solvent extraction equilibrium constant K., can be
obtained from the 1gD—pH curve.

According to Egs. (3.31) or (3.33), the metal distribution ratio is subjected to the
effects of pH, free extractant concentration, and the solvent extraction equilibrium
constant. The solvent extraction equilibrium constant is related to many factors like
metal ion species, extractant property, diluent property, etc.

3.5.2 Ion Pair Solvent Extraction

The extractants used in ion pair solvent extraction system are normally amine
compounds. The feature of this type of solvent extraction system is that in aqueous
phase metals react with inorganic ligands to form negatively charged complexes
that can be extracted to organic phase by organic cations. The extraction process is
usually referred to as liquid anion exchange. For example, uranyl ions react with
sulfate to form negatively charged uranyl sulfate anions in sulfuric acid leaching
solution. The tertiary amines accept extra protons at low pH to form cations in
organic phase. The uranyl ions are extracted from the leaching solution in terms of
anions into the organic solution.

. .
U03,) + 2503, = U0(S0u)s, (3.34)
R3N() +H" = (RsHN) ;) (3.35)

2(R3HN) ) + U02(S04)3(,) = (RsHN),U0,804,) (3.36)
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The general ion pair solvent extraction is presented by Eq. (3.24). Its extraction
constant can be expressed by the following equation:

Ko = [(R3NH)n—zMAn(o)] [A_]niz (3.37>

{MAiZ(;)"q [RsNHA )"~

Assuming the aqueous phase contains all the stepwise metal-extractant complexes,
the distribution ratio of the metal complexes is:

Dy = [(R3NH)nszAﬂ(0)] (3.38)

> [MAI(IZ@;”}

Therefore,

(z—n) n—z
|:MAn(a) j| [R3NHA(0>]
Dy = Kex

Ay [l

In a system with high concentration of ligand anion A", the metal-anionic ligand

complex, MA;™", dominates in the aqueous phase where Z [MAS(;)W} can be

(3.39)

approximated to [MA,(lZ(;)")}. Equation (3.39) becomes:

Dy = Kex

[RsNHA(,)|" . ( [R3NHA<0)])“ (3.40)

AT ]
The metal distribution ratio is proportional to the (n — z)th power of free amine salt

concentration in the organic phase and is inversely proportional to the (n — z)th
power of free anionic ligand A~ concentration in the aqueous phase.

3.5.3 Solvating Solvent Extraction

The feature of the solvating solvent extraction is that a neutral extractant forms
neutral metal—extractant complex with a neutral metal salt species. One of the
major solvating extractants is organophosphine oxides with the functional group of:

|
—P=0
|



74 3 Solvent Extraction in Metal Hydrometallurgy

Other major solvating extractants are ketones, ethers, alcohols. They have the
functional group of:

I f
—C=0 or —C—0—
| \

Organophosphine oxides have a general formula of OPX3 where X = alkyl (R) or
alkyl oxygen (R—O). Organophosphine oxides can form coordination complexes
with water, acids, and metal salts. For example, it forms coordination complex with
water by hydrogen bonding:

XsP=0+H-O0O-H<X3P=0---H-0---H (3.41)
A generic reaction with acid HA is:
X3P=0+H-A<X;P=0---H-A (3.42)

The extraction of a metal salt by organophosphine oxide is to form a neutral
complex through a coordinate bond between the metal and the oxygen in the P-O
bond. The extraction capability is greater when the coordinate bond is stronger. The
coordinate bond is affected by the electronegativity of the X groups in X3P =O.
X3P =0 with more electronegative X groups has weaker extraction capability:

(RO)P =0 < (RO),RP = O < (RO)R,P =0 <R3P =0
A generic solvating extraction reaction equation is:

mX3P = Oy + M{i + nAG) = (X3P = 0),, x MA, ) (3.43)

The extraction equilibrium constant is:

(X3P = 0),, X MA,,))

%P = 0] [z ][4

Kex = (3.44)

Assuming the metal ion is M"* in aqueous phase, its distribution ratio is:

Dy — (X3P = 0),, x MAy(o)] (3.45)
g

Therefore,

Dy = Ke[XsP = 0(0)]" A3, | (3.46)
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Table 3.2 Examples of synergistic solvent extraction systems

Example

Extractant combination Denotation | Aqueous Organic

Chelating + solvating extractants | A+B Eu** /H,0— TTA +TBP in cyclohexane
HNO;

Chelating + ion pair extractants A+C Th** /HCI, LiCl | TTA+TOA in benzene

Solvating + ion pair extractants B+C PuO,**/H,0— | TBP+TBAN in kerosene
HNO;

Chelating + chelating extractants | A1+ A2 RE’* /H,0- HA +TTA in benzene
HNO;

Solvating + solvating extractants | B1+B2 RE** /H,O— TBPO + TOPO in kerosene
HNO;

Ion Pair + ion pair extractants Cl+C2 Pa’* /H,0-HCI |RCOR +ROH

Chelating + ion pair + solvating A+B+C | U0 /H,O— D,EHPA + TBP +R;3N in

extractants H,SO,4 kerosene

where [X3P = O] is the free extractant concentration in organic phase and [A@)] is
the concentration of anionic ligand of the metal salt in aqueous phase.

3.5.4 Synergistic Solvent Extraction

A synergistic solvent extraction system utilizes two or more extractants. The metal
distribution ratio is significantly higher than the combined distribution ratios when
only one individual extractant exists. This enhanced extraction is called synergism.
In contrary, reduced extraction is called antisynergism. The above three solvent
extraction systems: acidic solvent extraction, ion pair solvent extraction, and
solvating solvent extraction, can be employed separately or combined. Examples
of synergistic solvent extraction systems are shown in Table 3.2 (Xu and Yuan
1987). A mixed metal-extractant complex is formed in the synergistic system. The
mixed complexation follows the same rules as single-extractant systems. In prac-
tice, the chelating and solvating system with good synergism is more commonly
investigated than others.

3.6 Kinetics of Solvent Extraction

The kinetics of solvent extraction is a function of the diffusion of various species
and the reactions between the various species. It is the mathematic correlation
between the solvent extraction rate and the concentration of species under consid-
eration. The kinetic behavior of a solvent extraction system will dictate the size of
the solvent extraction plant and the volume of reagent.
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Metal solvent extraction involves three steps: (1) diffusion of reactants to the
reaction zone, (2) reactions between reactants, and (3) diffusion of products away
from the reaction zone. The slowest step is the rate determining step. The solvent
extraction can be controlled by either diffusion or reaction. The diffusion depends
on the interfacial area and the concentration of reactant or product species. The
reaction can take places in the bulk phase, at the interface, or in the interface region.
For reactions in the bulk phase, the reaction rate depends on the reactant solubil-
ities, distribution coefficients, ionization constants, and phase volumes. For reac-
tions at the interface and in the interfacial region, the interfacial area and reactant
activities are important.

3.6.1 Diffusion Controlled Solvent Extraction

Diffusion is the process where a solute moves from a region of high concentration
to one of low concentration. In a diffusion controlled solvent extraction system, the
extraction rate depends on the diffusion of species under consideration.

Fick’s first law of diffusion (Eq. (3.47)) relates the diffusive flux to the concen-
tration at steady state.

oC
J=-D>- (3.47)

where J, diffusion flux, is the amount of species flow through a small area in a small
time interval. D is the diffusion coefficient of the species under consideration with
unit of cm?/s. C is the concentration of the species with unit of mol/cm3, and x is its
position with unit of cm. The negative sign ensures that the flux goes from the high
concentration region to the low concentration region.

As shown in Fig. 3.10 for steady-state diffusion crossing a flat and thin diffusion
film of thickness 9, only one dimension can be considered and Fick’s first law can
be simplified by replacing differentials with finite increments and assuming a linear
concentration profile in the film of thickness d.

Fig. 3.10 Concentration Diffusion ———»
profile of a solute diffusing
across a film of thickness &
in contact with two regions c1
of different concentration

Region 1 Region 2

C2

SeATTTT e
A 4
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J=-D(Cs—C)/é (3.48)

In a system where steady state cannot be assumed, the concentration change with
time must be considered. Fick’s second law of diffusion predicts how diffusion
causes the concentration to change with time.

oc _dC

where, f is time.

3.6.2 Reaction Controlled Solvent Extraction

Assuming a chemical reaction occurs in the solvent extraction:
aA + bB — ¢C +dD (3.50)

The solvent exaction rate can be expressed as the formation rate of a product or the
consumption rate of a reactant.

diC] dD djA d[B
dc) dol da - d) s
dr dr dr dt
When the reaction is the controlling step, the reaction dictates the solvent extraction
rate. The rate law of the solvent extraction system can be presented as a function of
the system composition:

dic] _dp] _ dA]_ Al
S =S = S = S8 = kap() () I (3.52)

where £ is the extraction rate constant. Powers a, b, ¢, and d are the reaction orders
of corresponding species. For example, if a=1 and b =2, the reaction is a first
order reaction for species A and second order reaction for species B. It is affected by
variables such as concentrations of various species, temperature, solvent
characteristics, etc.

The rate law can be developed by measuring concentration variations as a
function of time or the initial rates as a function of the initial concentrations.
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3.7 Factors Affecting Metal Solvent Extraction

Metal solvent extraction can be affected by many factors. The type of extractant
normally dictates the extraction mechanism. The same factor can have different
effects on metal extraction in different extractant systems. Factors that have
significant effects on metal extraction are extractant, extractant concentration,
aqueous phase acidity, metal concentration in aqueous phase, salting out agent,
complexion agent, diluent, impurity in the feed solution, and synergistic extractant,
etc. These affecting factors are discussed in detail based on extraction systems in
Chap. 4.
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Chapter 4
Rare Earth Solvent Extraction Systems

As introduced in Chap. 3, a solvent extraction system can be classified according to
extractants, metals of interest, the nature of aqueous solution, etc. In this chapter,
rare earth solvent extraction systems are introduced according to the extractants.
The selection of extractant is critical in developing a rare earth solvent extraction
process. The rule of thumb in selecting an industrial extractants includes:

1. The extractant has at least one functional group that can form extractable
complex with metal ions. Common functional groups contain O, N, P, and/or
S elements.

2. The extractant has a relatively long hydrocarbon chain or contains benzene/
substituted ring. This is to increase the solubility of the extractant and metal-
extractant complex in organic phase.

3. The extractant has good selectivity towards the metal of interest.

. The extractant has good chemical and thermal stability.

5. The extractant has low tendency to form emulsion in extraction and stripping
operations. This requires the extractant to have low density, low viscosity, and
large surface tension.

~

The commonly used rare earth extractants include 2-ethyl hexylphosphic mono-
2-ethylhexyl ester (HEH/EPH, EHEHPA, P507), di-(2-ethylhexyl) phosphoric acid
(D2EHPA, HDEHP, P204), di-(2,4,4-trimethylpentyl) phosphinic acid (HBTMPP),
tributylphosphate(TBP), di-(1-methylheptyl) methyl-phosphonate (P350), Cyanex
923, naphthenic acid, and amines. These extractants can be used alone or together.

4.1 HEH/EHP Solvent Extraction System

One of the most widely used rare earth extractants is 2-ethyl hexylphosphic mono-
2-ethylhexyl ester, often denoted by HEH (EHP) or EHEHPA. P507, PC-88A, and
Tonquest 801 are the known trade names. HEH (EHP) and P507 are the two names
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frequently shown in publications. P507 is a phosphonic acid extractant. It is a
colorless or yellowish transparent liquid. Its chemical formula is (CgH;7),HPO3
with the following structure:

—o =0

\/\)io/
In nonpolar diluent, P507 exists as dimer which can be denoted by (HL);).

P507 has been used to extract rare earth ions in different inorganic acid solutions. It
is an effective extractant for individual rare earth element separation.

4.1.1 HEH/EHP-HNOj; System

Depending on the acidity of the solution, P507 acts in two different ways: (1) che-
lating extractant and (2) solvating extractant.

In low-acidic environment, P507 acts as chelating extractant. The extraction of
RE** follows cation-exchanging mechanism:

The extraction equilibrium constant is

‘o [RE(HL2)3(0)} ' [H&r (4.2)

[RE@} : [(HL)Z(O)] ’

The distribution ratio is

o [RE(HLz)_@(O)} s [(HL)M}3 43)

{RE@ } [H@J 3
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Therefore,
3
Log (D/ [(HL)Q(O)} ) — LogKex — 3Log [H(tl)} (4.4)

Shanghai Institute of Organic Chemistry—Chinese Academy of Sciences
conducted systematic research on the extraction of yttrium and all lanthanide
elements expect promethium by P507 in HNO; solution. The organic phase is
0.5 mol/L P507 diluted in n-dodecane. The aqueous phases with various acidities
contain 0.01 mol/L RE** and 1.0 mol/L (H, Na)NO5. As shown in Fig. 4.1, the slope

100,000 T ;
Y \Er Tb :
[ ’ Ho Lu :
v ]
Eu Tm
Sm Gd
10,000 | -
Nd
1,000 } Ce Pr
=
E y
= .
(=)
100 .
La
10 -
1 : ) 4
0.01 0.10 1.00

H* ( mol/L)

Fig. 4.1 Rare earth extraction using P507 at various acidities in HNO; solution at 25 °C and
1 mol/L (Na, HINO;
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3
of the Log (D / [(HL)z(o)] >~Log [H@)} curve of each rare earth element except La

is about —3. This is in agreement with Eq. (4.4).

When HNOj; is 0.05 mol/L, the average separation factor of rare earth (5,,,,,) by
P507 is 3.04 in HNO3-H,0-P507-kerosene system. Here z is the atomic number of
the rare earth element.

In high-acidic environment, P507 acts as solvating extractant to form neutral
metal salt-extractant complexes:

RE;

($+3N0@V+HHLE®V:REOKh%-4HM@ (4.5)

With the increase in acidity, P507 will extract HNOj3 and the dimer gets dissociated:
1
H* +NO;3 +H,0 + 3 (HL),(,) = HNO3- H,O - HL,) (4.6)

There is a transaction from cation-exchanging mechanism to solvating mechanism
with the increase in HNO; concentration (Li et al. 1985). Both P507 single
molecules and dimers are in the system. A general extraction reaction is expressed
by Eq. (4.7):

1
RE?&S +nNO, + (3 - 3”) (HL),,) = RE(NO3) - n(HL2)5_,

gn(HL)(O) FG-mH (47)

where n=0, 2, 3. When the extraction is cation-exchanging mechanism, n=0.
n increases with the increase in acidity. When the extraction is solvating mecha-
nism, n = 3. The extraction equilibrium of solvating extraction is

[RE(NO3), - 4HL )]

ex — — (48)
[RE}] - [NO I* - [(HL), |
The distribution ratio of the rare earth is
[RE(NO3), - 4HL ()] o
D= [REB3+} © = Kex - [1\103(:1)]’5 ’ [(HL)2(0)]2 (49)

(a)

where NOj3,, is the nitrate in solution and (HL),(, is the free dimer of P507 in
organic solution. According to Egs. (4.5) and (4.6), the free dimer of P507 is the
difference of initial and reacted dimer of P507:
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Fig. 4.2 Effects of
equilibrium aqueous acidity
on RE** extraction by P507
(Li et al. 1985)
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[(HL) ()] =5 [PSO7], — 2[RE(NO3), - 4HL ()] — 3 [HNOs* Hz0 - HL(y)] (4.10)

The free dimer of P507 will depend on the initial P507 concentration [P507];, the
rare earth equilibrium concentration in aqueous phase [RE3+(a)], and the acidity of
aqueous solution [H",)] at equilibrium. Figure 4.2 shows the 1gD ~1g[H"] relation-
ship of RE* in P507-HNO3-RE(NOj3), system. The distribution ratio decreases
quickly to its lowest value with the increase of [H*] in aqueous solution. However,
with the continuous increase of [H*], the distribution ratio of all heavy rare earth
including yttrium starts to increase but no light rare earth (La-Gd) can be extracted
in the HNO; concentration range of 2—11 mol/L.

There are no apparent effects of temperature on the extraction equilibrium of La,
Sm, Eu, and Gd. The equilibrium constants of Ce, Pr, and Nd increase slightly when
temperature is increased from 10 °C to 50 °C. The extraction equilibrium constants
of the other rare earth elements decrease with the increase in temperature
(Li et al. 1985). While the distribution ratio of light rare earths (La, Ce, Pr, Nd) is
almost unchanged, the distribution ratio of heavy rare earth including yttrium
becomes smaller at higher temperatures. The separation ratio is also slightly
decreased. Therefore, industrial rare earth solvent extraction is normally operated
in room temperature (Li 2011). In addition to the acidity, temperature, rare earth
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Table 4.1 Extraction equilibrium constant of Yb>* by P507 in different diluents

Equilibrium constant of extraction
Dielectric Cation-exchanging Solvating
Diluent constant mechanism mechanism
Kerosene 1.8 405 8.5x 1072
n-Hexane 1.9 300 6.3x107°
Carbon tetrachloride 2.2 27.5 28x%x 1073
Dimethylbenzene 2.4 22.6 2.6x107°
2-Ethyl hexanol 7.7 10.4 6.6x1073
Benzene 2.3 7.0 1.8x 1077
Dichloromethane 9.1 5.0 25%x1073
Chloroform 4.8 0.9 15%x107°

concentration in aqueous phase, and the diluent of organic phase also have impor-
tant impact on the rare earth separation by P507. In order to enhance the extraction
capacity and selectivity of P507, Li et al. (1985) investigated the effects of diluent
on the separation of Yb**. As shown in Table 4.1, the effects of diluent on
equilibrium constant are different depending on the extraction mechanism. How-
ever, the extraction equilibrium constant in kerosene is always the largest.

4.1.2 P507-HCI System

In HCI acid solution, the rare earth extraction by P507 follows cation-exchanging
mechanism (see Eq. 4.1). According to Eq. (4.3), the distribution ratio depends on
the concentration of free dimer of P507 and the acidity of the aqueous phase at
equilibrium.

The concentration of free dimer of P507 and the concentration of H' at equilib-
rium in HCI system can be expressed by the following Eqs. (4.11) and (4.12):

[(HL) ] = 5 [PSO7], — 3RE(HL,)y | = 1 [PSO7); ~ 3(REY], ) (4.11)
) = (), + 3(REL], ) @12)

where [P507]; is the initial P5S07 concentration in organic phase, [RE?;)]I the initial
RE** concentration in aqueous phase, x the equilibrium RE®* concentration in

aqueous phase, and [H&)] . the initial H" concentration in aqueous phase.
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Therefore, the distribution ratio D can be expressed by Eq. (4.13):
1 : 3
D =K (2[P5071,~ —3(RE}]; - x>) /(G +3(RES] —0) (4.13)

According to Eq. (4.13), the distribution ratio becomes smaller with the increase in
initial acidity and initial rare earth concentration. Li et al. (1987a) conducted
detailed investigation on the extraction equilibrium of individual rare earth element
in P507-kerosene-HCI-RECI; system. The investigation was conducted at the con-
ditions of 25 £1 °C, O/A=1/1, and [RE(JL:0.0S—O.?) mol/L in 1 mol/L P507-
sulfonated kerosene. The equilibrium data of individual rare earth in P507-kerosene-
HCI-RECI; system are shown in Table 4.2. Based on the investigation, Li
et al. (1987a) proposed a semiempirical model to correlate the distribution ratio
(D) with P507 concentration (Z), acidity (H ), and aqueous rare earth concentration
(X) at equilibrium:

D=cl-Z?% H? . x“ (4.14)

Based on the data shown in Table 4.2, the values of coefficients c1, ¢2, ¢3, and c4
are calculated and shown in Table 4.3. The semiempirical model is very accurate to
predict the P507-kerosene-HCI-REC]I; extraction system.

The study on kinetics of rare earth extraction in P507-kerosene-HCI-RECI;
system indicates that RE** extraction by P507 is a first-order reversible reaction
Eq. (4.15) (Sun 1994):

k¢

RE(y k‘@ RE () (4.15)
b
d[RE
VdREq) _ ki [RE(y)] — ko [RE(q)] (4.16)

A dt

where k¢ and k,, are the rate coefficients of forward reaction and reverse reaction,
V the volume of organic phase (mL), and A the interphase area (cm?).

At the beginning of extraction [REq,]; =0, the following integral equations can
be derived from Eq. (4.16):

[RE(Q):Ii - RE(a)]eln [RE(3>]1 B [RE(a)]e _ ékf[ (417)
[RE(y)] [RE@], — [REw], V
REw], | [REw],~ [REw], _4 (4.18)
[REy ),  [REw], - [REw], V

where [RE,)];, [RE,)],, and [RE(,)]. are the aqueous rare earth ion concentration at
beginning, at time ¢, and at equilibrium, respectively. ¢ is extraction time.
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Table 4.2 Equilibrium data of individual RE in P507-kerosene-HCI-RECIl; system

(Li et al. 1987a, 1987b)
[H(t;)]i X [HZZ)L‘ X [H(J:;)]i X
(mol/L) (mol/L) | D (mol/L) (mol/L) |D (mol/L) (mol/L) |D
La Ce Pr
0.0001 0.0363 |0.3774 |0.01 0.0305 |0.6656 |0.01 0.0259 |0.9305
0.0001 0.0844 |0.1848 |0.01 0.0763 |0.3106 |0.01 0.0725 |0.3793
0.0001 0.1345 |0.1152 |0.01 0.1232 | 0.2183 |0.01 0.1673 | 0.1955
0.0001 0.1835 |0.0899 |0.01 0.1708 |0.1710 |0.01 0.2648 | 0.1329
0.0001 0.2329 |0.0734 |0.01 0.2672 |0.1228 |0.03 0.0307 |0.6287
0.0001 0.2833 | 0.0589 |0.03 0.0350 |0.4285 |0.03 0.0776 | 0.2899
0.01 0.0395 |0.2658 |0.03 0.0785 |0.2739 |0.03 0.1736 | 0.1521
0.01 0.0881 |0.1351 |0.03 0.1280 |0.1719 |0.03 0.2730 | 0.0989
0.01 0.1367 |0.0973 |0.03 0.1752 |0.1416 |0.05 0.0349 |0.4335
0.01 0.1856 |0.0781 |0.03 0.2728 |0.0997 |0.05 0.0809 |0.2358
0.01 0.3846 |0.0541 |0.05 0.0355 |0.4113 |0.05 0.1299 |0.1547
0.03 0.0897 |0.1148 |0.05 0.0826 |0.2107 |0.05 0.2272 | 0.1004
0.03 0.1391 |0.0784 |0.05 0.1305 |0.1494 |0.07 0.0385 |0.2987
0.03 0.1883 |0.0621 |0.05 0.1780 |0.1236 |0.07 0.0864 |0.1574
0.03 0.2881 |0.0413 |0.07 0.2753 |0.0897 |0.07 0.1343 | 0.1168
0.04 0.0444 |0.1329 |0.07 0.0400 |0.2500 |0.07 0.2334 | 0.0711
0.04 0.0919 |0.0881 |0.07 0.0865 |0.1595 |0.10 0.0415 |0.2048
0.04 0.1413 |0.0616 |0.07 0.1351 |0.1103 |0.10 0.0901 |0.1099
0.04 0.1917 |0.0459 |0.07 0.1838 |0.0911 |0.10 0.1890 |0.0582
0.04 0.2883 |0.0388 |0.07 0.2811 |0.0672 |0.10 0.2888 | 0.0388
Nd Sm Eu
0.01 0.0239 |1.0921 |0.01 0.0115 |3.3522 |0.01 0.0405 | 1.4691
0.01 0.0683 |0.4641 |0.01 0.0480 |1.0829 |0.01 0.0849 | 0.7668
0.01 0.1170 |0.2821 |0.01 0.0944 |0.5890 |0.01 0.1318 |0.5175
0.01 0.1680 |0.1905 |0.01 0.1864 |0.3412 |0.01 0.2326 |0.2898
0.01 0.2637 |0.1377 |0.01 0.2371 |0.2653 |0.10 0.0164 |2.0488
0.05 0.0201 |0.7182 |0.05 0.0156 |2.2258 |0.10 0.0546 |0.8315
0.05 0.0757 |0.3205 |0.05 0.0556 |0.7986 |0.10 0.1000 | 0.5000
0.05 0.1722 |0.1614 |0.05 0.1035 |0.4493 |0.10 0.1473 |0.3578
0.10 0.0389 |0.2853 |0.05 0.1997 |0.5219 |0.10 0.2459 | 0.2200
0.10 0.1330 |0.1278 |0.05 0.2471 |0.2141 |0.20 0.0266 |0.8797
0.10 0.1807 |0.1068 |0.10 0.0219 |1.2831 |0.20 0.0683 | 0.4641
0.10 0.2320 |0.0776 |0.10 0.0623 |0.6051 |0.20 0.1142 |0.3135
0.10 0.2807 |0.0688 |0.10 0.1105 |0.3575 |0.20 0.2592 |0.1574
0.30 0.0478 |0.0456 |0.10 0.2073 | 0.2060 |0.30 0.1259 |0.1924
0.30 0.1464 |0.0246 |0.10 0.2572 |0.1688 |0.30 0.1739 | 0.1501
0.30 0.0189 |0.0566 |0.30 0.0408 |0.2315 |0.30 0.2703 | 0.1099
0.30 0.2957 |0.0145 |0.30 0.0842 |0.1876 |0.40 0.0424 |0.1792
0.50 0.0482 |0.0373 |0.30 0.1334 |0.1244 |0.40 0.0880 | 0.3664

(continued)
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Table 4.2 (continued)
[Hz;)}i X [Hz;)}i X [H?;l)]i X
(mol/L) (mol/L) |D (mol/L) (mol/L) |D (mol/L) (mol/L) |D
0.50 0.0976 |0.0246 |0.30 0.1814 |0.1025 |0.40 0.1336 | 0.1228
0.50 0.1968 |0.0163 |0.30 0.2782 |0.0784 |0.40 0.2314 | 0.0804
Gd Tb Dy
0.10 0.0125 |3.0000 |0.10 0.0049 |9.2041 |0.10 0.0221 |3.5249
0.10 0.0483 | 1.0704 |0.10 0.0319 |2.1348 |0.10 0.0575 | 1.6087
0.10 0.0924 |0.6234 |0.10 0.0735 |1.0408 |0.10 0.1037 |0.9286
0.10 0.1390 |0.4388 |0.10 0.1183 |0.6906 |0.10 0.1494 | 0.6734
0.10 0.1839 |0.3594 |0.10 0.1667 |0.4997 |0.10 0.1997 |0.5023
0.10 0.2360 |0.2712 |0.10 0.2142 |0.4006 |0.30 0.0106 |3.7170
0.30 0.0304 |0.6447 |0.30 0.0182 | 1.7473 |0.30 0.0409 | 1.4449
0.30 0.0709 |0.4104 |0.30 0.0538 |0.8587 |0.30 0.0802 |0.8703
0.30 0.1176 |0.2755 |0.30 0.0978 |0.5337 |0.30 0.1252 | 0.5974
0.30 0.1632 |0.2255 |0.30 0.1430 |0.3986 |0.30 0.2206 | 0.3599
0.30 0.2102 |0.1893 |0.30 0.2414 |0.2428 |0.50 0.0221 | 1.2624
0.30 0.2908 |0.1503 |0.50 0.0311 |0.6077 |0.50 0.0573 | 0.7452
0.50 0.0424 |0.1802 |0.50 0.0716 |0.3966 |0.50 0.0984 |0.5244
0.50 0.1347 |0.1136 |0.50 0.1166 |0.2864 |0.50 0.1414 04144
0.50 0.1808 |0.1062 |0.50 0.1653 |0.2099 |0.50 0.2369 | 0.2664
0.50 0.2301 |0.0865 |0.50 0.2594 | 0.1565 |0.70 0.0313 |0.5335
0.50 0.2791 |0.0749 |0.70 0.0395 |0.2658 |0.70 0.0710 |0.4085
0.70 0.0455 |0.0980 |0.70 0.0841 |0.1891 |0.70 0.1131 |0.3263
0.70 0.0928 |0.0776 |0.70 0.1289 |0.1637 |0.70 0.1586 | 0.2598
0.70 0.2377 |0.0517 |0.70 0.2257 |0.1077 |0.70 0.2517 |0.1919
Ho Er Tm
0.10 0.0070 |6.1429 |0.10 0.0121 |7.2645 |0.50 0.0226 |3.4248
0.10 0.0173 |4.7803 |0.10 0.0422 |2.5545 |0.50 0.0589 | 1.5467
0.10 0.0962 | 1.0790 |0.10 0.1731 |0.7331 |0.50 0.0891 |1.0182
0.10 0.1909 |0.5715 |0.50 0.0023 |7.6783 |0.50 0.1413 | 0.7693
0.50 0.0173 | 1.8902 |0.50 0.0113 |3.4230 |0.50 0.1835 |0.6349
0.50 0.0500 | 1.0000 |0.50 0.0388 | 1.5121 1.00 0.0239 | 1.0962
0.50 0.1338 |0.4948 |0.50 0.0800 |0.8746 |1.00 0.0568 |0.7921
0.50 0.2258 |0.3286 |0.50 0.2098 |0.4299 |1.00 0.0932 | 0.6094
0.75 0.0691 |0.4472 | 1.00 0.0113 |0.7699 | 1.00 0.1349 | 0.4826
0.75 0.1147 |0.3078 | 1.00 0.0301 |0.6611 1.00 0.1743 |0.4343
0.75 0.2055 |0.2165 | 1.00 0.1099 |0.3649 | 1.00 0.2206 | 0.3599
0.75 0.2551 |0.1760 | 1.00 0.2469 |0.2151 |2.00 0.0384 |0.3051
1.00 0.0364 |0.3736 | 1.50 0.0381 |0.3123 |2.00 0.0798 |0.2531
1.00 0.0786 |0.2735 | 1.50 0.0824 |0.2136 |2.00 0.1661 |0.2041
1.00 0.1688 |0.1848 | 1.50 0.1269 |0.1820 |2.00 0.2108 | 0.1860
1.00 0.2628 |0.1416 | 1.50 0.2074 |0.1219 |2.00 0.2571 | 0.1669
1.25 0.0854 |0.1710 |2.00 0.0199 |0.0500 |2.50 0.0422 | 0.1848

(continued)
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Table 4.2 (continued)

[H(Z)L X [H(J:;)L’ X [H(J;)]f X

(mol/L) (mol/L) |D (mol/L) (mol/L) |D (mol/L) (mol/L) |D

1.25 0.1786 |0.1747 |2.00 0.0894 |0.1186 |2.50 0.0859 | 0.1644
1.25 0.2260 |0.1062 |2.00 0.1852 |0.0799 |2.50 0.1774 | 0.1274
1.25 0.2744 | 0.0933 |2.00 0.2834 |0.0586 |2.50 0.2235 |0.1186
Yb Lu Y

0.50 0.0440 |2.4091 |0.50 0.0033 | 14.1515 |0.10 0.0470 |2.1915
0.50 0.0795 | 1.5157 |0.50 0.0099 |9.1010 |0.10 0.0857 | 1.3337
0.50 0.1239 | 1.0178 |0.50 0.0734 |1.7248 |0.10 0.1772 | 0.6930
0.50 0.1707 |0.7576 |0.50 0.1646 |0.8226 |0.50 0.0160 |2.1250
1.00 0.0369 | 1.7100 | 1.00 0.0099 |4.5556 |0.50 0.0445 | 1.2472
1.00 0.0681 | 1.2026 |1.00 0.0281 |2.5587 |0.50 0.0828 |0.8116
1.00 0.1092 |0.8315 | 1.00 0.0889 | 1.0222 |0.50 0.1214 | 0.6474
1.00 0.1934 |0.5512 | 1.00 0.1853 |0.6190 |0.50 0.2083 | 0.4402
2.00 0.0301 |0.6611 |2.00 0.0264 |0.8939 |1.00 0.0333 | 0.5015
2.00 0.0642 |0.5574 |2.00 0.0569 |0.7575 | 1.00 0.0694 | 0.4409
2.00 0.1037 |0.4465 |2.00 0.0953 |0.5740 |1.00 0.1108 |0.3538
2.00 0.1444 |0.3850 |2.00 0.1785 |0.4006 |1.00 0.1526 |0.3106
2.00 0.2316 |0.2953 |2.00 0.2226 |0.3477 |1.00 0.2416 |0.2417
2.50 0.0340 |0.4735 |2.50 0.0319 |0.5674 | 1.00 0.1984 |0.2601
2.50 0.0725 |0.3793 |2.50 0.0679 |0.4728 |1.50 0.0405 |0.2346
2.50 0.1152 |0.3021 |2.50 0.1073 |0.3979 | 1.50 0.0838 |0.1933
2.50 0.2031 |0.2309 |2.50 0.1923 | 0.3001 1.50 0.1753 | 0.1409
3.00 0.0385 |0.2987 |3.00 0.0341 |0.4665 |2.00 0.0908 |0.1013
3.00 0.0813 |0.2300 |3.00 0.0733 |0.3643 |2.00 0.1851 |0.0801
3.00 0.1705 |0.1730 |3.00 0.1596 |0.2531 2.00 0.2821 |0.0635

According to Egs. (4.17) or (4.18), lnw and time ¢ have directly
[RE ], - [REq],

%ﬁ:i:ﬁ: is plotted against time 7, a straight
line passing through the origin should be produced for the first-order reaction. The
kinetics data are measured and shown in Table 4.4 at the conditions O/A =1/1,
25 °C, [P507]; = 0.20 mol/L, pH = 3.0, and 0.20 mol/L NaCl. As shown in Fig. 4.3,
the direct proportional relationship between rare earth concentration and extraction
time can be obtained. This confirms the extraction is first-order reversible reaction.

The distribution ratio of each rare earth element becomes larger with the increase
in extraction time. However, there is slight decrease in separation factors of
adjacent rare earths with the increase of extraction time.

“Tetrad effects” is that the partition coefficients of REE complex against atomic
number form four contiguous curves, each curve consisting of four elements: La—
Ce-Pr-Nd, Pm-Sm-Eu-Gd, Gd-Tb-Dy-Ho, and Er—-Tm-Yb-Lu. Figure 4.4
shows the distribution ratio of different rare earth elements in terms of LgD.

proportional relationship. When In
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Table 4.3 Model coefficients "py " | 72 3 xed
of the P507-kerosene-HCI-

RECI, system RE cl c2 c3 c4 e, %
La 7.310 —12.61 0.0043 —1.007 2.0
Ce 7.110 —6.672 —0.082 —-0.974 2.2
Pr 1.510 —5.223 —1.467 —0.799 24
Nd 2.110 —6.097 —1.071 —0.808 9.6
Sm 2.510 —1.384 —1.120 —-0.777 2.9
Eu 9.310 0.3560 —2.169 —0.587 3.6
Gd 0.0211 0.6800 —2.477 —0.415 43
Tb 0.0776 1.1578 —2.644 —0.437 4.7
Dy 0.6760 1.9847 —3.161 —0.190 3.6
Ho 0.1616 0.6236 —2.140 —0.478 6.1
Er 0.4632 0.8341 —2.267 —0.364 4.5
Tm 0.7971 0.5160 —1.958 —-0.272 4.5
Yb 3.1371 0.8793 —2.180 —0.255 3.8
Lu 4.3700 0.9095 —-2.171 —0.269 2.9
Y 0.9776 1.1030 —2.496 —0.135 3.0

Clear tetrad effects can be observed at equilibrium and the beginning of the
extraction. The distribution ratio becomes larger with the increase in atomic
number in the same reaction time.

4.1.3 P507-H,S0, System

Similar to the rare earth extraction in P507-HNO; system, P507 acts as a chelating
extractant at low acidity and the extraction of rare earth follows cation-exchanging
mechanism. However, P507 acts as solvating extractant at high acidity to form
neutral complexes.

P507-octane extracting Er** in H,SO, acid solution was studied by Li’s team
(Li et al. 1988; Le and Li 1990). At low acidity (H,SO4 < 5 mol/L), the extraction
follows cation-exchanging mechanism but it is different with the extraction reaction
in HNOj solution:

3+
Er( 2)

5
+5 (HL)y() = ErL - (HL2),(,) + 3H(;, (4.19)
At high acidity (H,SO,4 > 5 mol/L), the extraction of Er’* follows solvating mech-
anism with the participation of sulfate ions:

3 _ 5
Eri; + 2—SO4 + 3 (HL)Z(O) =Er(SOy4), 5 - 4HL ;) (4.20)
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Table 4.4 Kinetics data of RE** extraction in P507-kerosene-HCI-RECI; system

4 Rare Earth Solvent Extraction Systems

Time (min)
RE Kinetic data 0 20 40 60 80 Equilibrium
La [RE],, mol/L 0.0196 0.0191 0.0188 0.0184 0.0180 0.0171
D 0 0.025 0.044 0.065 0.086 0.146
Ce [RE], 0.0208 0.0201 0.0196 0.0194 0.0190 0.0179
D 0 0.036 0.061 0.074 0.094 0.159
Pce/La 0 1.441 1.387 1.139 1.093 1.089
Pr [RE],, mol/L 0.0203 0.0195 0.0190 0.0188 0.0185 0.0174
D 0 0.043 0.069 0.082 0.096 0.163
Bpyce 0 1.195 1.131 1.093 1.021 1.026
Nd [RE],, mol/L 0.0203 0.0195 0.0189 0.0186 0.0184 0.0172
D 0 0.043 0.075 0.089 0.103 0.179
Bnapr 0 1.000 1.087 1.086 1.073 1.098
Sm [RE],, mol/L 0.0203 0.0191 0.0184 0.0182 0.0177 0.0154
D 0 0.056 0.103 0.118 0.148 0.315
Bsm/Nd 0 1.302 1.373 1.326 1.437 1.760
Eu [RE],, mol/L 0.0214 0.0201 0.0193 0.0190 0.0185 0.0159
D 0 0.065 0.104 0.125 0.154 0.343
Bewsm 0 1.160 1.010 1.059 1.041 1.089
Gd [RE],, mol/L 0.0220 0.0207 0.0203 0.0196 0.0193 0.0160
D 0 0.063 0.082 0.121 0.135 0.370
BGa/Eu 0 0.969 0.789 0.968 0.876 1.079
Tb [RE],, mol/L 0.0220 0.0202 0.0196 0.0190 0.0186 0.0147
D 0 0.088 0.121 0.156 0.178 0.492
Procd 0 1.397 1.475 1.289 1.323 1.330
Dy [RE],, mol/L 0.0202 0.0188 0.0178 0.0172 0.0166 0.0124
D 0 0.076 0.133 0.172 0.214 0.619
Poyro 0 0.864 1.099 1.103 1.202 1.258
Ho [RE],, mol/L 0.0197 0.0183 0.0172 0.0166 0.0160 0.0114
D 0 0.078 0.145 0.186 0.230 0.729
Prio/py 0 1.027 1.091 1.081 1.075 1.178
Er [RE],, mol/L 0.0207 0.0188 0.0179 0.0173 0.0167 0.0119
D 0 0.101 0.152 0.192 0.234 0.740
PEro 0 1.295 1.048 1.032 1.012 1.015
Tm [RE],, mol/L 0.0204 0.0186 0.0179 0.0171 0.0165 0.0114
D 0 0.096 0.139 0.194 0.237 0.792
Br/Er 0 0.951 0.914 1.010 1.013 1.071
Yb [RE],, mol/L 0.0191 0.0172 0.0159 0.0153 0.0147 0.0096
D 0 0.11 0.201 0.248 0.298 0.988
Byb/Tm 0 1.145 1.455 1.279 1.258 1.247
Lu [RE];, mol/L 0.0192 0.0167 0.0159 0.0152 0.0146 0.0095
D 0 0.149 0.209 0.266 0.317 1.025
Bpy/ce 0 1.355 1.040 1.073 1.064 1.037
Y [RE],, mol/L 0.0209 0.0195 0.0188 0.0178 0.0172 0.0126
D 0 0.073 0.114 0.173 0.214 0.660
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Fig. 4.3 First-order RE extraction reaction reflected by the direct proportional relationship
between rare earth concentration and extraction time

The extraction of tetravalent Ce(IV) is similar to the extraction of trivalent RE*". In
a low-acidic environment (H,SO4 < 5 mol/L), the extraction is cation-exchanging
mechanism. In a high-acidic environment (H,SO4 > 5 mol/L), sulfate anions par-

ticipate in the extraction to form neutral complexes by solvating mechanism
(Li et al. 1984):

Cef) + 3(HL),(,) = CeLy - (HLa)y,) + 4H{, (4.21)

Cef) + 3(HL),(,) = CeLy - (HLa)y,) + 4H{, (4.22)
Figure 4.5 shows the effects of H,SO,4 concentration on the extraction of Ce™*, Th*,
and RE** including Sc®* and Y>* by 0.94 mol/L P507 in kerosene. When H,SO, is
higher than 0.75 mol/L, the extraction of Ce** is higher than Th**. The extractability
in P507 follows the order of Sc** > Ce** > Th** > RE**. The difference of extract-
ability can be utilized to achieve the separation of Sc**, Th**, and Ce** from the
other RE** ions using P507-kerosene-H,SO, system.
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Fig. 4.4 Distribution ratios of rare earth elements in P507-kerosene-HCI-RECl; system

4.1.4 Saponification

When P507 acts as chelating extractant, the rare earth extraction is cation-
exchanging reaction. While the rare earth-extractant complex forms, H* is pro-
duced leading to the increase of acidity. As discussed in Sects. 4.1.1-4.1.3, the rare
earth distribution ratio and percentage of extraction decrease with the increase in
acidity of the aqueous solution. To overcome the issues related to acidity increase
and extraction reduction, saponification is used before extraction. As shown by
Eq. (4.23), saponification is to substitute the exchangeable H" of the extractant with
Na*, NH,*, Ca®*, or other cations. The available saponification agents include
NH,OH, NH,HCOj3;, NaOH, Na,CO;, and Ca(OH),. NaOH and Na,COs are strong
alkalis with a lot of heat generation during saponification that can cause equipment
failure and other operation issues. The commonly used saponification agents are
NH4OH and NH4HCO;. The disadvantage of ammonium-based saponification is
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Fig. 4.5 Effects of H,SO, on extraction of RE**, Ce**, and Th** by 0.94 mol/L P507-kerosene

the generation of large amount of waste water containing NH,". The dimer of P507
will dissociate to single molecules after saponification to form a surfactant:

NH,4OH + HL(O) — NH4L(0) + H,O (423)

Reactions in the saponified P507 system include

RE({g +3NHiL(y) = RELy() + 3NH; (4.24)
RE?ES + 3(HL),0) = RE(HL2)5,) + 3H(tl) (4.25)
NH4L(o) + H,) = HL(,) + NH,, (4.26)

As shown in Fig. 4.6 (Liu and Wang 2014), the extraction of Nd** increases from
50 to 98 % at the initial aqueous pH of 3.3 when P507 saponification increases from
0 to 40 %. However, to increase the P507 saponification to 50 % will cause
emulsion and difficulty of phase disengagement resulting in poor extraction. Also
when excessive ammonia is added, saponified P507 will form gel-like precipitates
with RE®* to negatively affect the extraction.
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Fig. 4.6 Effects of initial aqueous pH and degree of saponification on Nd** extraction

Table 4.5 Effects of saponification and H" on Dy/Tb separation (Shen et al. 1985)

1.5 mol/L P507-kerosene 1.5 mol/L P507-kerosene
[H*], mol/L (no saponification) (43 % saponification)
0.6 1.87 2.00
0.7 1.81 1.95
0.8 1.78 1.96

Saponification can also improve the separation factor of rare earth elements.
Table 4.5 shows the comparison of Dy/Tb separation factor in P507 and saponified
P507. Utilizing the improved Dy/Tb separation in saponified P507, Shen
et al. (1985) realized the Dy/Tb separation of the organic solution containing
Sm-Lu and Y to two groups: Sm-Dy group with 100 % Tb recovery and Dy-Lu
and Y group. The schematic separation process is shown in Fig. 4.7. In this process,
the saponified P507 is used to realize Sm/Nd separation of a mixed rare earth feed
containing mainly light rare earth elements. The aqueous phase containing
LaCePrNd is further separated to pure La product and mixed Ce-Pr-Nd product.
The organic phase containing Sm-Lu and Y is further separated to Sm-Dy group
and Dy-Lu and Y group.
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Fig. 4.7 Saponified P507-kerosene separation process of rare earth elements

Table 4.6 Composition of RECI; feeds and targeted product of separation (wt%)

Feed LayO3| CeO; | PrgOq; | Nd,O3 | Smy0;3 | EuyO5 | Gdy05 | TbyO7 | Dy,03| (Ho-Lu),05| Y505
1 32.0 |50.0 |42 125 0.8 0.11 |0.15 |<0.10|<0.10| <0.10 0.10
2 25.0 |50.0 |55 15.5 1.5 0.20 |0.50 |<0.10|<0.10| <0.10 0.20
3 225 1460 |54 174 3.0 <0.10/1.90 |0.30 |0.70 |<0.12 2.70
Product | 99.99 |99.99| 99 99.99 199.9 199.99 [99.99 |99.95 |99.9 99.99

4.1.5 Full Rare Earth Separation Using P507

Solvent extraction is well accepted as the most efficient commercial technology to
separate individual rare earth elements or groups of rare earth elements. However,
the rare earth solvent extraction processes are normally complicated due to the
chemical similarity of rare earth elements. It often needs hundreds of stages of
mixing and settling. The configuration of a solvent extraction process needs to
consider the specific feed composition and the targeted products. P507 has been
commercially used in many rare earth solvent extraction separation processes. All
processes are different in one way or the other due to the variation of feed
composition and targeted products.

Depending on the deposits, the rare earth feeds for separation are normally
different but they all can be separated to pure individual or groups of rare earth
elements. Table 4.6 shows three rare earth feeds with different compositions but
with the same targeted full rare earth element separation. Figure 4.8 shows the five
different separation processes to produce the targeted products (Ding and Chen
2001). In practice, most of the solvent extraction processes are designed to separate
a group of a few rare earth elements instead of a full set of rare earth elements.
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Table 4.7 Light rare earth feed and targeted product composition

Composition La,O3, % Ce0,, % PrsOq1, % Nd»O3, %
Feed 26.3 52.1 53 16.3
Targeted product 99.99 99.9-99.99 99.9-99.99 99.9-99.99

4.1.6 Light Rare Earth Element Separation Using P507

Bastnasite and monazite are the two most important industrial rare earth minerals.
They contain mainly light rare earth elements. Light rare earth separation is the
major process for these kinds of deposits. Table 4.7 shows the composition of a
light rare earth feed for separation and the composition of targeted products (Deng,
et al. 2003). Table 4.8 shows the separator factors when 1.5 mol/L P507 with 36 %
saponification in sulfonated kerosene is used to separate the aqueous solution
containing 1.5 mol/L REO at pH 3—4. There are A and B two separation options
as shown in Fig. 4.9. Separation process A is the traditional cascade separation
process. Separation process B is an optimized separation process with the applica-
tion of fuzzy separation technology. In process B fuzzy separation is used to
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Table 4.8 Separation factors in 1.5 mol/L P507-sulfonated kerosene at aqueous pH 3—4

ﬁNd/La ﬁCe/La ﬁNd/Pr ﬂPr/Ce
12.0 4.0 1.5 2.0
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LaCePr/Nd

LaCe/Pr La/CePr CePr/Nd
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’ CeO,

Fig. 4.9 Separation processes of mixed light rare earth

separate the mixed rare earths into two groups by utilizing the largest separation
factor between La and Nd to realize the complete separation of La and Nd as the
preliminary separation without worrying about the separation of middle elements
Ce and Pr. The application of fuzzy separation technology can significantly reduce
the reagent consumption and the storage volume of organic solution and rare earth
solution. Based on the processing of 1000 #/year mixed rare earth oxide, the major
process parameters of the two process options are compared and shown in Table 4.9
(Deng, et al. 2003).

4.1.7 Light and Heavy Rare Earth Element Separation
Using P507

It is common that heavy rare earth elements only account for a small portion in a
rare earth deposit. In order to separate the individual heavy rare earth elements,
light/heavy rare earth separation to two groups can be performed as the first step of
separation. Li et al. (1982) conducted detailed research on the separation of light/
heavy rare earth starting from Tb/Gd separation in HNOj solution. The rare earth
composition for separation is shown in Table 4.10. The REO extraction isotherm
curve at 25+ 1 °C in 1.0 mol/L P507-sulfonated kerosene is shown in Fig. 4.10.
Changing the O/A ratio from 1 to 2 and 4 can increase the separation factor of
Tb/Gd from 2.4 to 4.5 and 5.3, respectively. The Tb/Gd separation can be done at
O/A=3-4. Li et al. (1982) obtained good Tb/Gd separation using 10 stages of
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Table 4.9 Major process parameters of the mixed light rare earth separation process
Process B with fuzzy
Parameter Process A (traditional process) | separation
REO (#/year) 1000 1000
Feed concentration (mol/L) | 1.5 1.5
Organic phase 1.5 mol/L P507-sulfonated 1.5 mol/L P507-sulfonated
kerosene kerosene
Mixing time (min) 5 5
Mixer-settler ratio 1/2.5 1/2.5
Separation V ,; (L) x stage | Pr/Nd: 538 x 130 La/Nd: 260 x 26
Ce/Pr: 272 x 120 La/Ce: 288 x 32
La/Ce: 365 x 54 Pr/Nd: 470 x 120
Ce/Pr: 211 x 100
Organic storage (m*) 214.0 163.6
Rare earth storage (¢) 50.0 37.8
HCI consumption (#/t REO) |5.391 3.186
NH,4OH consumption 0.783 0.474
(t/t REO)
Total volume (m3) and 428 x 304 327 x 278
stages
Table 4.10 Rare earth composition of feed solution (wt%)
Feed La203 NdzO'; szog Gd203 Tb4O7 H0203 EI'203 Tmzo'; szO'; LUZO3 Y203
1 12.0 | 125 |5.0 12.1 |22 2.8 8.5 0.7 6.5 1.5 21.5
2 12.0 | 155 |47 115 |25 2.8 8.2 0.4 6.8 1.6 21.2

extraction at O/A =4 and 8-10 stages of stripping at O/A = 8. In raffinate, Tb,40-,
Dy,03, and Er,05 are less than 0.12 %, 0.1 %, and 0.18 %, respectively. No yttrium
is detected in the raffinate. In stripping solution, the Gd,O3 is less than 0.28 % and
no Sm and Nd are detected. After separation, the recovery and purity of the light
rare earth and heavy rare earth are both higher than 99 %.

4.1.8 Heavy Rare Earth Separation Using P507

Fractional extraction is to introduce the feed from a middle stage while the barren
organic solution and clean scrubbing solution are fed from each end of an extraction
circuit. P507-kerosene system is commonly used in fractional extraction to separate
heavy rare earth. To separate the feed shown in Table 4.11, fractional solvent
extraction can be used in three steps: (1) Ho-Er group separation and Er-Tm
separation, (2) Tb-Dy group separation and Dy-Ho separation, and (3) Gd-Tb
group separation and Tb-Dy separation (Li 2011).
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Table 4.11 Feed composition for heavy rare earth separation

RE Eu Gd |Tb |Dy Ho |Er Tm |Yb |Lu Y
Composition (%) |<03 |88 |3.0 |~50 (23 |143 |15 |67 |14 |2-10

As shown in Fig. 4.11, in STEP1 aqueous feed containing 1.0 mol/L RE** with
the composition shown in Table 4.11 at pH 2 is separated to Eu-Ho group in raffinate
and Er-Tm&Y group in organic solution. Er product with purity >95 % is produced
at over 95 % recovery from the loaded organic solution after multiple stages of
scrubbing and stripping. The raffinate containing Eu-Ho is fed to STEP2 separation
where it is prepared to a feed solution containing 1.0 mol/L RE** at pH 2. After
multiple stages of extraction, scrubbing, and stripping, a Dy product with purity
>99.9 % is produced at over 90 % recovery. In STEP3, the raffinate from STEP
2 containing EuGdTb is prepared to a feed solution with 0.8 mol/L RE*" at pH 2.
A Tb product with >99.9 % purity is produced at over 90 % recovery in STEP 3. Also,
a Gd-rich product (>80 %) and Dy-rich product (>80 %) are produced.

In solvent extraction, the rare earth in raffinate becomes less concentrated after
the separation of the easy extractable rare earth in previous steps.
Low-concentration feeds will cause low separation efficiency of the following
steps and also lower the equipment capacity. In industrial practice, evaporation is
normally adapted to concentrate the difficult extractable rare earth in feeds.
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Fig. 4.11 Heavy rare earth separation process using P507-kerosene-HCI system

Table 4.12 Typical composition of ion-adsorption deposit and target products (wt%)

Composition La,0O5 | CeO, PrO;; |Nd>,O3; |Sm,0O3 |Eu,053 |Gd,O53 |TbyO4
Deposit-1 26.5 2.4 6.0 20.0 4.0 0.8 4.0 0.6
Deposit-2 28.0 1.6 6.8 23.9 4.8 0.9 4.5 0.6
Targeted product | 99.9 99.9 99.0 99.9 99.9 99.99 199.99 |99.95
Composition Dy,O5; |Ho,03 |Er;O; |Tmy05 | Yb,O3 |LuyO3 | Y503

Deposit-1 4.0 0.8 1.8 0.3 1.2 0.1 27.5

Deposit-2 34 0.6 1.7 0.2 1.5 0.2 21.2

Targeted product | 99.9 - 99.9 - - - 99.999

4.1.9 Ion-Adsorptive Rare Earth Separation Using P507

With the increasing demand for middle and heavy rare earth elements, many
research and development works are done on the solvent extraction of
ion-adsorptive deposit. One of the major ion-adsorptive rare earth deposits is rich
in Eu content with moderate Y content. The distribution of light, middle, and heavy
rare earth elements is relatively even. Table 4.12 shows the typical rare earth
composition of these types of deposits and the targeted products (Yan,
et al. 1999; Zhong, et al. 2001). In these kinds of deposits, light rare earth accounts
for approximately 50 % with low Ce and Pr. Middle rare earth accounts for about
10 % with high Eu content up to 0.8 %. Heavy rare earth accounts for about 40 %.
Based on the composition, the separation must consider all light, middle, and heavy
rare earths. It is common to separate rare earth elements to light, middle, and heavy
groups by utilizing the tetrad effects. The point of separation is normally selected to
have large separation factors. But it is also important to consider the rare earth
distribution in the feed, the targeted products, process and equipment, as well as
operational factors.
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Yan et al. (1999) made detailed comparison of three processes for the separation
of rare earth shown in Table 4.12. In Fig. 4.12, Process a utilizes the large
separation factor of Nd/Sm and two-outlet process to get light and heavy two
groups of rare earth concentrates. The light rare earth is further separated using
three-outlet process to get >99.9 % La, >99.9 % Ce, >99.0 % Pr, and >99.9 %
Nd. The heavy rare earth in organic phase is directly fed to -Gd/Tb/Dy- three-outlet
separation process to get SmEuGd concentrate, Tb-rich concentrate, and Y-rich
concentrate containing Dy. Three products Sm >99.9 %, Gd > 99.9 %, and Eu-rich
(>50 %) concentrate can be produced using three-outlet process. The Y-rich
concentrate is further separated into high-purity Y >99.999 % and barren Y
heavy rare earth product in naphthenic acid system. Based on 2000 t REO/year
processing capacity and other design criteria as shown in Table 4.13, the detailed
process parameters of each separation circuit of Process a are designed and shown
in Table 4.14.

Nd/Sm separation is also first used in the Process b followed by La/Ce/Pr/Nd
separation and Dy/Ho separation. The separation of La/Ce/Pr/Nd is the same as that
in Process a to product La, Ce, Pr, and Nd products. Due to the large separation
factor between Ho and Dy and low Ho content in the feed, the Sm-Dy group only
contains <0.01 % Ho and no other heavy rare earths while the Y-rich concentrate
only contains <0.5 % Dy. Pure Dy >99.9 % can be separated from the Sm-Dy
group by three-outlet process while SmEuGd and Tb-rich concentrates are pro-
duced. The SmEuGd concentrate can be further separated to pure Sm and Gd
products and Eu-rich product. The Y-rich concentrate is further processed to
produce pure Y and Er products. In comparison with Process a, the Er processing
work is reduced. According to the design criteria shown in Table 4.13, the detailed
process parameters of each separating circuit of Process b are designed and shown
in Table 4.15.

Three-outlet process is utilized in Process c in the first step to produce light rare
earth group, Sm-Dy group with ~40 % Ho-Lu, and Y-rich group. The light rare earth
separation is the same as Process a and Process b. Dy/Ho separation is done on the
Sm-Dy concentrate to remove the Ho-Lu which is then combined with the Y-rich
concentrate. The following processing of the Sm-Dy group without Ho-Lu and the
Y-rich concentrate is the same as that in Process b. In comparison with Process b,
the Dy/Ho separation is simplified in Process c. According to the design criteria, the
process parameters of each separation circuit of Process c are designed and shown
in Table 4.16.

The Tb-rich concentrate and Eu-rich concentrate produced in the above pro-
cesses can be further processed to produce pure Tb >99.95 % and Eu > 99.99 %.

4.1.10 Ce* Separation by P507-H,S0, System

In the H,SO, leaching solution of roasted rare earth concentrate, the majority of
cerium is in its tetravalent state. Table 4.17 shows the typical composition of H,SO4
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Table 4.13 Design criteria of ion-adsorption rare earth separation

Processing capacity

2000 t REO/year

Operation days

300

Organic solution

1.5 mol/L P507-sulfonated kerosene, 36 % saponification

Rare earth loading
capacity

0.18 mol/L

Scrubbing HCI 3.6 mol/L

solution

Stripping HCI 4.5 mol/L

solution

Mixer-settler ratio 1/2.5

Mixing O/A ratio Organic flow/aqueous flow
Settling O/A ratio 1.2/1

Scale-up factor of 75-90 %

stages

Separator factors

ﬂCe/La = 60, ﬂPr/Ce = 20’ ﬁNd/La = 15, ﬁSm/Nd = 80, ﬁEu/Sm = 209
Beaen = 1.5, Pro/ca = 2.0, Poyre = 3.0, Prompy = 2.0, fymo = 1.5,
ﬂEr/Ho = 15’ ﬁTm/Er =25

Table 4.14 Process parameters of each separation circuit of ion-adsorption separation process A

Separation circuit

SmEuGd/
Items Nd/Sm La/CePr/Nd | LaCe/Pr La/Ce Tb/Dy
Feed (mol/min) 31.0 15.3 4.70 3.10 15.7
RE** in feed 1.70 1.50 1.30 1.20 0.14
(mol/L)
Feed composition | Sm: 51.0 Nd:36.0 Ce:35.0 Ce:21.0 Dy:84.4
xrg (%) Nd: 49.0 CePr:15.0 Pr:14.0 La:79.0 Tb:0.95
La:49.0 La:51.0 Sm-Gd:14.6
Product purity Sm:99.99 Nd:99.95 LaCe:99.95 | Ce:99.95 Dy-:99.95
Pre(%) Nd:99.99 CePr:49.0 Pr:99.95 La:99.95 Tb:45.0
La:99.95 Sm-
Gd:99.95
Extraction recov- Nd:99.8 Sm-
ery (%) Gd:99.95
Normalized 0.65 1.75 1.10 0.50 1.50
extraction, S
Normalized 0.14 1.39 0.75 0.29 1.65
scrubbing, W
VolVElVwIVs 112/18.2/2/ 149/10.2/ 28.7/3.61/ 8.61/2.58/ 131/112/
3.62 17.7/4.24 2.94/1.25 0.75/0.50 17.3/10.9
Vmixing (L) 600 700 150 50 1300
Number of stages |48 80 60 36 80

(continued)
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Table 4.14 (continued)
Separation circuit
SmEuGd/
Items Nd/Sm La/CePr/Nd | LaCe/Pr La/Ce Tb/Dy
Organic holding 65.7 126 20.1 3.98 238
(m*)
Rare earth hold- 8.98 16.5 2.5 0.42 34.9
ing (1)
HCI consumption | 2.08 13.2 2.6 0.79 22.0
(m*/day)
NHj; consumption | 1.48 1.97 0.38 0.11 1.73
(7/day)
Separation circuit
Items Sm/Eu/Gd Y/non-Y? Er/Tm Dy-Y/Er Dy/HoY
Feed (mol/min) 2.30 13.1 1.97 1.62 1.22
RE®* in feed 1.30 1.00 1.00 1.00 1.00
(mol/L)
Feed composition | Gd:44.5 Y:85.0 Dy-Er:82.2 | Dy-,Y:75.0 |Dy:77.0
xrg (%) Eu:9.2 Dy-:15.0 Tm-:17.8 Er:25.0 HoY:23.0
Sm:46.3
Product purity Gd:99.9 Y:99.999 Dy- Dy-,Y:99.5 | Dy:99.99
Pre (%) Eu:50 Dy-:99.5 Er:99.999 Er:99.95 HoY:99.5
Sm:99.95 Tm-:99.95
Extraction recov- | Sm:99.95
ery (%)
Normalized 2.80 1.60 0.95 1.20 1.40
extraction, S
Normalized 245 1.45 0.77 0.95 1.17
scrubbing, W
Vol VElVw/Vs® 35.8/1.77/ 105/13.1/ 10.4/1.97/ 10.8/1.62/ 9.49/1.22/
3.76/0.68 15.8/1.79 1.01/0.29 1.03/0.34 0.95/0.23
Vinix(L)© 200 600 80 80 70
Number of stages | 80 100 70 90 82
Organic holding 36.0 127 12.2 16.1 12.9
(m*)
Rare earth hold- 5.70 10.8 1.81 2.37 1.50
ing (1)
HCI consumption | 3.30 10.1 0.98 1.04 0.89
(m*/day)
NH; consumption | 0.47 1.54 0.14 0.14 0.13

(t/day)

“The separation of Y/non-Y is done by naphthenic acid-HCl system

bVO, VE, Vw, and Vg are flow rates of organic solution, feed solution, scrubbing solution, and
stripping solution (L/min)
“Vimix 18 the mixer volume
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Table 4.15 Process parameters of each separation circuit of ion-adsorption separation process b

Separation circuit*
SmEuGd/
Items Dy/Ho Tb/Dy Y/non—Yb HoYEr/Tm HoY/Er
Feed (mol/min) 15.7 3.46 12.3 0.98 0.59
RE®* in feed 0.140 1.25 1.00 1.00 1.00
(mol/L)
Feed composition | Ho-:78.0 Dy:28.9 Y:92.0 HoYEr:60.0 |HoY:41.0
xrg (%) -Dy:22.0 Tb:4.3 Ho-:8.0 Tm:40.0 Er:59.0
Sm-Gd:66.8
Product purity Ho-:99.5 Dy:99.95 Y:99.9999 HoYEr:99.99 | HoY:99.5
Pre(%) -Dy:99.99 Tb:50.0 Dy-:99.5 Tm:99.5 Er:99.95
Sm-
Gd:99.95
Extraction recov- Sm-
ery (%) Gd:99.95
Normalized 1.05 0.80 1.40 1.10 3.00
extraction, S
Normalized 1.27 0.55 1.32 0.70 241
scrubbing, W
Vol/VelVwiVs 91.6/112/ 15.4/2.77/ 86.1/12.3/ 5.99/0.98/ 9.83/0.59/
13.3/10.2 1.28/0.71 13.5/0.89 0.46/0.33 0.95/0.29
Vimix L) 1100 100 500 40 60
Number of stages | 80 80 100 70 90
Organic holding | 200 17.9 105 6.12 12.0
(m?)
Rare earth hold- 19.5 2.64 9.09 0.87 1.72
ing (1)
HCI consumption | 18.5 1.55 8.29 0.62 0.94
(m*/day)
NHj; consumption | 1.21 0.20 1.26 0.08 0.13
(t/day)

“The separation circuits of Nd/Sm, La/CePr/Nd, LaCe/Pr, La/Ce, and SmEuGd/Tb/Dy in Process
B are the same as those in Process A
®The separation of Y/non-Y is done by naphthenic acid-HCI system

leaching solution of a roasted Baiyun Obo rare earth concentrate (Li 2011). In order
to selectively extract Ce**, P507 can be used at acidity higher than 1.5 mol/L H,SO,
where RE* is not extractable in H,SO, system. At 3.0 mol/L H,SOy, iron is the
major impurity that can be extracted with the extraction of Ce**.

As shown in Fig. 4.13, the Ce** separation process consists of total 20 stages of
extraction, scrubbing, and stripping. The organic solution contains 1.0 mol/L P507
in sulfonated kerosene. The aqueous solution contains 55-60 g/l REO with
25-30 g/L >CeO,. The scrubbing solution contains 0.5 mol/L H,SO, and 5 g/L
Al;O3. The purpose of using H,SO,4 and Al,(SO,4); in the scrubbing solution is to
stabilize the F~ in the solution in terms of (AlFs)>~. Otherwise, F will be extracted
in terms of (CeF,)** and form CeF; precipitate during stripping to cause emulsion
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Table 4.16 Process parameters of each separation circuit of ion-adsorption separation process ¢

Separation circuit*

Items La-Nd/Sm-Dy/HoY-Lu Sm-Dy/Ho-

Feed (mol/min) 31 5.72

RE*" in feed (mol/L) 1.70 1.45

Feed composition xgg (%) Sm-Dy:11.1 Sm-Dy:60.0
-Nd:49.3 Ho-:40.0
Ho-:39.6

Product purity Pre(%) Sm-Dy:60.0 Sm-Dy:99.99
-Nd:99.99, Ho-:99.5 Ho-:99.5

Extraction recovery (%) Sm-Dy:99.99

Normalized extraction, S 0.80 1.10

Normalized scrubbing, W 0.48 0.70

VolVelVwiVs 138/18.2/9.92/8.27 35.0/3.94/2.67/1.91

Vmix (L) 850 250

Number of stages 54 80

Organic holding (m?) 104 45.0

Rare earth holding (¢) 11.2 5.6

HCI consumption (m*/day) 14.4 3.6

NHj; consumption (#/day) 1.82 0.46

“La/CePr/Nd, LaCe/Pr, La/Ce, and Sm/Eu/Gd circuits are the same as those in Process a. SmEuGd/
Tb/Dy, Y/non-Y, HoYEr/Tm-, and HoY/Er circuits are the same as those in Process b

Table 4.17 Composition of H,SO, leaching solution (wt%)

Leachate |REO |CeO, |Ce**/YCe |CaO |Fe,O; |ThO, |ALO; |P,0s |F H*

1 59.80 [27.95 |88.01 1.50 |0.51 0.20 |0.21 1.65 |2.01 |245
2 57.42 |28.59 |87.16 1.46 |0.53 0.20 |0.28 1.72 | 2.14 |2.60
3 59.40 [28.91 |89.62 1.31 |0.48 0.12 0.20 1.42 |2.01 |2.80

issue. The stripping of Ce** is done using 2.0 mol/L HCI solution. High-
concentration HCIl solution (6.0 mol/L) with the addition of H,C,0, and
NH4HCOy is used to strip the Fe and Th out of the organic solution before
recycling. H,O, and KMnQO, are used in different stages of the process to control
the oxidation state of Ce.

4.2 HDEHP Solvent Extraction System

Di-(2-ethylhexyl) phosphoric acid is another often used phosphorous acid
extractant in rare earth separation, often denoted by D2EHPA, DEHPA, and
HDEHP. The trade name P204 is frequently used in publications. It is a colorless
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Organic Recycling

Stripping Stripping
KMnO, Feed Scrubbing Solution Solutionl H,0, Solution2 KMnO,
o } I
1 2 3 4 5 6-9 10 | 11 | 12 13-15 16 | 17 | 18 | 19 | 20 —
Raffinate l ce™ Stripping Fe>* Stripping Solution
Scrubbing Solution v
Raffinate Precipitation
Roasting Waste Water
RE,(COs); l
CeO,

Fig. 4.13 Ce*" separation process by P507-H,SO, system (Li 2011)

or yellowish transparent vicious oily liquid. Its chemical formula is
(CgH70),PO,H with the following structure:

Similar to HEH/EHP, HDEHP exists as dimer in nonpolar diluent and can be
denoted by (HL),o,. It is an effective extractant for group rare earth separation and
individual rare earth element separation. In comparison with HEH/EHP, it is a
stronger acid with stronger extraction ability for rare earth elements.

4.2.1 HDEHP Extracting Rare Earths

In 1950s, the use of HDEHP was studied by Peppard and co-workers (1957; 1958a, b)
for rare earth fractional solvent extraction in HCI solution. They found that the
HDEHP exists largely as a dimer in the organic phase and each trivalent RE** ion
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in the organic phase is associated with three of these dimers. Based on this observa-
tion, a reaction between HDEHP and RE>* is concluded as follows:

RE} 4 3(HL),(,, = RE(HLy),(,, + 3H

(a) (4.27)

(@)
The extraction equilibrium constant is
3
[RE(HL2)y | - [H{, ]

Kex = (4.28)
] i

(a)

The distribution ratio is

’;
[RE(HLy)y | [(HL)y |

D= o = Kex 3 (4.29)

[RE(a)} [H@)]

Therefore,

lgD = 1gKox + 3lg [(HL)Z(OJ —3lg [HM (4.30)

The separation factor between two adjacent rare earths is

Dé 1 Kz+1

P = =1 (4.31)

The distribution ratio depends on the free HDEHP and the concentration of
hydrogen ions. Due to the fact that hydrogen ion concentration increases with the
increase of extraction, the distribution ratio varies during the different stages of a
solvent extraction system operating with HDEHP. To avoid significant change of
distribution ratio during the extraction, relatively high acid concentration in the
aqueous feed is normally used. Also, relatively low organic loading is adopted by
increasing the HDEHP concentration in organic phase to avoid excessive depres-
sion of the distribution ratios. At the same extraction conditions, the distribution
ratio increases with the increase in atomic number or the decrease of ion radium
with Y between Ho and Er. However, the separation factors do not change signif-
icantly. Table 4.18 shows the separation factors of rare earth elements in HDEHP-
HCI system (Song et al. 2009).

In H,SO, solution at low acidity, the RE** extraction is cation-exchanging
reaction as shown by Eq. (4.27). At high SO42_ concentration, RE** and SO42_
form sulfate complexes. The extraction of RE** is controlled by the dissociation of
the sulfate-RE complex:
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Table 4.18 Separation factors of rare earths in HDEHP-HCI system

p Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Y
La 2.17 1207 399 |2.76 |7.60 |[837 |9.03 |12.07 |16.37 |19.78 |18.10
Ce 095 |1.84 (266 |3.50 [3.80 |4.16 5.56 7.55 9.12 8.34
Pr 1.93 |2.79 |3.68 |4.05 [4.37 5.84 7.92 9.57 8.76
Nd 144 |190 |[2.10 |2.26 3.02 4.10 4.96 4.54
Sm 1.32 | 145 |1.57 2.09 2.84 343 3.14
Eu 1.10 |1.19 1.59 2.15 2.60 2.38
Gd 1.08 1.44 1.95 2.36 2.16
Tb 1.34 1.81 2.19 2.00
Dy 1.36 1.64 1.50
Ho 1.21 1.11
Er 0.91
RE* + nS0O?~ = RE(SOy)> " (4.32)

In the leaching solution of H,SO,4 roasted bastnasite, over 99 % of Ce is tetravalent.
The solution also contains F~ which exists with Ce** as (Cer)2+ complexes. It is
extracted to organic phase by the following reaction (Long et al. 2000):

(CeFa) + (HL), () = CeFaLy) + 2H, (4.33)

In industrial practice, sometimes grey white or yellow white precipitates are
generated in the HDEHP extraction system due to supersaturation:

nREJ) 4+ nRE(HL2)5 () = (REL3), + 3nH(,, (4.34)
The precipitate does not dissolve in diluent but dissolves in excessive HDEHP.
Therefore, the precipitate can be avoided at higher extractant concentration or O/A
ratio, lower rare earth feed concentration, and higher aqueous acidity. Where F~ is
removed before H,SO,4 leaching, HDEHP can be used to separate the Ce** with the
rest of rare earths to produce high-purity CeO, product (99-99.99 %) and rich La
rare earth product (Zhou et al. 1998).
In phosphoric acid solution, the rare earth extraction by HDEHP can be
expressed by Eq. (4.35):

RE§;§ + H3POy + 2(HL),(,, = RE(H2PO4)Ly(HL), () + 3Hj;) (4.35)

At high acidity, HDEHP exists as single molecules in organic phase. The P=0
bond of HDEHP acts as electron accepting group to extract H,PO,~ by solvation
mechanism. At low acidity HDEHP exists as dimer in organic phase. The rare earth
extraction follows cation-exchange mechanism. At moderate acidity, single mole-
cule and dimer of HDEHP exist together. There is a transaction between solvating
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and cation-exchanging mechanisms. Due to the partial dissociation of H;PO,4, some
H,PO,~ will form complexes with RE** which are extracted to organic phase. The
extraction of H,PO, ™ to organic phase in turn leads to more H;PO, dissociation and
the generation of more H (Wang et al. 2009a, b).

4.2.2 Factors Affecting Rare Earth Extraction with HDEHP
4.2.2.1 Aqueous-Phase Acidity

According to Egs. (4.29) and (4.30), the rare earth distribution ratio is reversely
proportional to the third power of the concentration of hydrogen ions at constant-
free HDEHP concentration. As shown in Fig. 4.14, at low-acidity plot 1gD against
1g[H™], a straight line with slope —3 can be obtained with interception of Ig K +2 Ig
[(HL),] for each rare earth element (Xu 2003; Li 2011). At higher acidity, the
distribution ratio becomes smaller for the same rare earth element in a system with
constant extractant concentration. The effects of acidity on distribution ratio can be
utilized to determine the aqueous acidity in order to separate a group or an
individual rare earth from the other by extraction or stripping.

According to Eq. (4.27), acidity will increase with the increase of extraction due
to the generation of hydrogen ions. The distribution ratios and separation factors are
all affected. In order to minimize the negative effects of acidity changes on rare
earth extraction, saponification is commonly used.

lg D
La Ce Pr Nd Sm Eu Gd Tb Dy [(Ho Er Tm Yb Lu

0.2
Ig [H*
VIR WY R N N VIR gl
Fig. 4.14 Rare earth distribution ratio vs. acidity. 1.0 mol/L HDEHP- C¢HsCH3-HCl system with
0.05 mol/L RECI;
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4.2.2.2 Saponification

Saponification can increase the loading capacity of HDEHP. Commonly used
saponification agents include ammonium hydroxide, ammonia gas, sodium hydrox-
ide, sodium carbonate, and ammonium bicarbonate. The following Egs. (4.36) and
(4.37) show the reactions between HDEHP and ammonium hydroxide:

(HL), + NH,OH = NH,HL, + H,0 (4.36)
NH,HL, + NH;OH = 2NH4L + H,0 (4.37)

Rare earth extraction by saponified HDEHP produces NH,* instead of H*. There-
fore, the acidity of the extraction system does not increase and the loading capacity
of the HDEHP is enhanced. However, excessive saponification will cause emulsion
issues. Figure 4.15 shows the HDEHP loading capacity as the function of degree of
saponification. The loading capacity of the HDEHP increases about 50 % at 30 %
saponification. However, there is phase disengagement problem at 40 % saponifi-
cation due to the formation of emulsion.

4.2.2.3 Diluent

The effect of diluent on HDEHP is similar to that on HEH/EPH. The extraction ability
of HDEHP will increase with the decrease of relative dialectical constant of the
diluent. Table 4.19 shows the extraction equilibrium constant of various rare earth
elements at 25 °C. The extracting ability of HDEHP in different diluent follows the
order n-CgH,4 > c-C4H,4 > CCl; > C¢H5sCH;3 > C4Hg > CHCI; (Chai 1998).

0.15
0.12
0.09

0.06

Loading Capacity (mol/L)

0.03

0 10 20 30 40
Degree of Saponification ( % )

Fig. 4.15 Effects of saponification on HDEHP loading capacity (Li 2011). Feed: 0.9814 mol/L,
pH =4-5; organic phase: 1 mol/L HDEHP; O/A = 1/1
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4.2.2.4 Rare Earth Ion Radius

For rare earth ions with same charges, smaller ions form more stable rare earth-
extractant complexes with higher distribution ratio. Due to lanthanide contraction,
the radius of rare earth ions becomes smaller with the increase in atomic number.
Therefore, as shown in Table 4.19, rare earth with higher atomic number has larger
extraction equilibrium constant when HDEHP is dissolved in the same diluent.

4.2.2.5 Feed Rare Earth Concentration

Rare earth distribution ratio decreases with the increase in feed rare earth concen-
tration when other conditions are maintained the same. As shown in Fig. 4.16, the
distribution ratios of Sm and Nd decrease with the increase in feed rare earth
concentration (Zhang et al. 1993).

Table 4.19 Extraction equilibrium constant of rare earths by HDEHP in different diluents

LgK (25 °C)

Diluent € Pr Nd Sm Dy Ho Yb

n-CgH4 1.88 0.885 1.545 1.799 3.622 4.130 5.245
c-CeH o 2.02 0.440 1.000 1.441 3.296 3.584 4.995
CCly 2.24 —0.116 0.300 0.622 2.502 2.635 4216
CeHsCH3 2.38 —1.249 —0.987 —0.423 1.257 1.503 2.713
CeHg 2.28 —1.881 —1.440 —0.868 0.700 0.993 2.562
CHCl; 4.81 —2.220 —1.503 —1.270 0.370 0.560 1.700

Sm

1 Nd

G\f}\e\@

150 170 190 210 230 250
RE*(g/L)

Fig. 4.16 Effects of feed rare earth concentration on distribution ratios
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4.2.2.6 Temperature

The rare earth extraction in HDEHP is exothermal. Higher temperature does not
favor extraction. Rare earth distribution ratio and extraction speed all decrease with
the increase in temperature.

4.2.3 Group Separation of Mixed Rare Earth

HDEHP forms stable complexes with heavy rare earths, especially Tm, Yb, and
Lu. It is difficult to strip the stable complexes from the organic solution. Therefore,
it is normally used for group rare earth separation and individual light rare earth
separation. Figure 4.17 shows a schematic solvent extraction process of group rare
earth element separation (Chen 1993; Li 2005). The feed contains 1.0-1.2 mol/L

1.0 mol/L HDEPH-Kerosene

Feed
1.0-1.2 mol/L REC,
pH 4-5 0.8 mol/L HCI Scrubbing Solution
v l 4
1 [Sm/Nd| 10 26
Light Rare Earths
2 mol/L HCl Stripping Solution
A A
1 10 | Tb/Gd | 26 —‘
Middle Rare Earths 6 mol/L HCl Stripping Solution
A4 \4

Organic Solution

Heavy Rare Earths

Fig. 4.17 Schematic process of group rare earth separation with HDEHP
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RECI; with pH 4-5. The organic solution is 1.0 mol/L HDEHP-kerosene. The first
step is group separation between Nd and Sm by 10 stages of extraction and 16 stages
of scrubbing. The volume ratio of barren organic solution/feed solution/scrubbing
solution is 2.5/1.0/0.5. The light rare earths will stay in the raffinate while the
middle and heavy rare earths are in the pregnant organic solution. The second step
is to use 2 mol/L HCI solution to strip the pregnant organic solution to realize the
group separation between Tb and Gd. A small stream of barren organic solution is
used to remove the entrained heavy rare earths in the stripping solution to purify the
middle rare earths. The volume ratio of barren organic solution/pregnant organic
solution/stripping solution is 0.25/2.0/0.25. The third step is to strip the heavy rare
earth out of the organic solution. High-acidity stripping solution containing
6.0 mol/L HCl is used to strip the heavy rare earths out of the organic solution
which will be recycled back to the process as barren organic solution.

In operation, it is important to control flow rates of aqueous solution and organic
solution as well as the rare earth concentration in them in order to control the rare
earth extraction percentage which is determined according to the feed composition
and separation target.

According to the rare earth distribution in the feed, an alternative group separa-
tion process is adopted using mixer-settlers with internal aqueous recirculation for
the middle-heavy rare earth separation. As shown in Fig. 4.18, high-acidity strip-
ping solution with 7 mol/L HCI is introduced in the 34th stage. Two heavy rare
earth concentrates are produced. Heavy rare earth concentrate rich in Y,0j3 is
produced from the 24th stage and heavy rare earth concentrate rich in Tb,O3
from the sixth stage. The group of middle rare earth is produced from the first
stage (Deng et al. 1990). Due to the strong extraction capability of HDEHP to RE**
and the high-level impurity in feed, saponification can cause emulsion issues.
Therefore, normally it is not used in Sm/Nd group separation.

In the “third-generation rare earth separation method” developed by the General
Research Institute of Nonferrous Metals in Beijing, China, purified rare earth
H,SO, solution is directly separated by HDEHP (Zhang et al. 1988). Following
similar schematic processes shown in Figs. 4.17 and 4.18, Sm/Nd group separation
is performed in H,SO, solution with <50 g REO/L at pH 4 to 0.315 mol/L H,SOy,.

Pregnant Organic from Sm/Nd Group Separation 7 mol/L HCI Stripping Solution
l Water
1| |6| |24| |34|35|36
SmEuGd Tb,05>30% Heavy Rare Earths Waste Water
(Eu,03>9%) RichinY (Y,05>80%) Barren Organic to

Saponification and
Sm/Nd Group Separation

Fig. 4.18 Middle-heavy rare earth group separation process



116 4 Rare Earth Solvent Extraction Systems

0.25-1.0 mol/L. H,SOy4 solution is used as scrubbing solution. HDEHP concentra-
tion in organic solution is 1.0-1.5 mol/L. Light rare earth group and middle rare
earth group can be produced directly from the H,SO, solution by adjusting the
acidity of stripping solution. Conversion of rare earth sulfate to rare earth chloride
and HDEHP saponification are avoided in this process.

4.2.4 Individual Separation of Light Rare Earth

HEH/EPH has been widely used in light rare earth group separation and individual
separation. However, HDEHP is still used in many light rare earth separation
processes due to its low cost in comparison with HEH/EPH (Qiao et al. 2002).
The group of light rare earths from Sm/Nd group separation can be further sepa-
rated using HDEHP. Table 4.20 shows an example of light rare earth composition
after Sm/Nd group separation. It contains over 50 % CeO, and less than 0.01 %
Sm,03. Figure 4.19 shows the schematic LaCe/PrNd separation process (Hou
2005). Using saponified HDEHP as extractant, the LaCe/PrNd in HCI solution
can be well separated into two groups with >99.95 % purity.

Pr/Nd separation is relatively difficult due to their small separation factor.
Saponification can improve the loading capacity of HDEHP, the distribution ratios
of Pr and Nd, and the separation factor between Pr and Nd. The separation factor of
Nd/Pr in saponified HDEHP is between 1.30 and 1.38. Where further Pr/Nd
separation is required, the separation process shown in Fig. 4.20 with staged
stripping can be used to produce pure Nd product with >98 % Nd,O; where a
small recycled organic stream is used to extract the Nd from the Pr stripping
solution. It includes ten stages of Nd extraction, ten stages of Pr stripping, and
ten stages of Nd stripping (Li 2011). Where low Sm,O3 impurity is required in the

Table 4.20 Composition of light rare earths from Sm/Nd group separation

L8.203, % CCOz, % Pr6011, % Nd203, % Sm203, %
28.17 51.61 4.29 15.93 <0.01
Organic Saponification Feed Stripping Solution
l l l Water
1 n n+1 m m+1 M
Waste Water  Raffinate PrNd>99.95%  Waste Water v

LaCe>99.95 Barren Organic

Fig. 4.19 LaCe/PrNd separation using 1.0 mol/L HDEHP-kerosene
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Saponified HDEPH Organic Recycling
1.0 mol/L HCI 3.0 mol/L HClI
Nd Extraction [* | PrStripping » Nd Stripping
I ,
Raffinate with PrNd Organic with PrNd Nd Precipitation
from LaCe/PrNd Separation ‘
Calcination
Nd,03>98%

Fig. 4.20 Pr/Nd separation using 1.0 mol/L HDEHP-kerosene with 30-31 % saponification

Saponified 1.5 mol/L HDEPH-Kerosene

Feed
1.45mol/LRE™, pH2-3  Scrubbing Solution Stripping Solution

| || |

l| Extraction | N | Scrubbing | N+M Stripping ’7

99-99.5% La,03 LaCePr Concentrate 99-99.5% Nd,03

Fig. 4.21 La/CePr/Nd separation process using 1.5 mol/L HDEHP in kerosene

Nd,O3 product, Sm extraction is normally performed on the Nd stripping solution
to remove Sm prior to Nd precipitation (Yang et al. 1998).

An alternative Pr/Nd separation process is shown in Fig. 4.21 using three-outlet
separation technology without LaCe/PrNd group separation. The feature of this
process is to add a rare earth saponification circuit to treat the LaCePr raffinate to
realize partial La/CePr separation. A La product is produced with purity between
99.0 % and 99.5 %. The Sm/Nd group separation raffinate with the composition
shown in Table 4.20 is the feed solution. The organic solution contains 1.5 mol/L
HDEHP in kerosene with 31 % saponification (Zang and Wang 1995).

HDEHP is also used for Nd recovery and purification from secondary resources
such as waste magnetic materials containing Nd (Fan et al. 2002). The Nd produced
from the secondary resources normally contains high non-rare earth impurities such
as Fe, Ca, and S. Totally 18 stages of extraction, scrubbing, and stripping are used in
the Nd purification process shown in Fig. 4.22. The organic solution contains
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Organic Solution NH,HCO; Feed Scrubbing Solution  Stripping Solution Water

I A S

Extraction (6) Scrubbing (4) Stripping (6) Washing(2)

Raffinate

NdCl,

Fig. 4.22 Nd purification process using 1.5 mol/L HDEHP-kerosene

Alkaline Solution LaCePrNd Feed: LaCePrNd Stripping Solution

Organic Organic
Saponification Saponification LaCePrNd/Nd Nd Stripping ‘_’
Waste Water Waste Water Nd
LaCe/PrNd
Alkaline Solution  Crude La Stripping Solution
Organic l l i Organic
*| saponification Saponlflcatlon La/CePr CePr/PrNd/Nd Nd Stripping >
Waste Water Waste Water
Crude La Ce Pr PrNd Nd

Alkaline Solution Crude La Stripping Solution

v

Organic Organic
Saponification Saponification La/Ca Transaction Ce/Pr Pr/Nd Nd Stripping
N_d

!

Waste Water Waste Water Crude La La

Fig. 4.23 Full separation of individual light rare earths using HDEHP

1.5 mol/L HDEHP in kerosene and the feed contains 0.6 mol/L RE**. HCl is used in
scrubbing solution and stripping solution at 2 mol/L and 4 mol/L, respectively. The
ratio of organic solution, NH4HCO; solution, feed solution, scrubbing solution,
stripping solution, and water is 15/3.75/2/1/1.1/0.25.

Yang et al. (2013) developed a full separation process to produce high-purity
individual light rare earth elements. As shown in Fig. 4.23, the process incorporates
many new technologies developed in rare earth separation in China including fuzzy
separation, combined linkage extraction, replacement extraction, three-outlet tech-
nology, organic feeding, scrubbing-stripping common feeding, and rare earth
saponification technology. In comparison with traditional light rare earth separa-
tion, significant reduction of reagent consumption and waste water generation can
be achieved to reduce rare earth production cost.

A feed with low Ce is separated by the process shown in Fig. 4.23 to produce
high-purity targeted products. Both feed and product composition are shown in
Table 4.21. The process parameters are shown in Table 4.22.
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Table 4.21 Composition of light rare earth feed for individual element separation

REO L3.203 CeOz Pr5011 Nd203 Sm203
Feed (Wt%) 4349 3.8-4.1 10-12 3641 <0.01
Product (wt%) >99.99 >99.99 >99.9 >99.9

Table 4.22 Process parameters of individual light rare earth separation

Number of stage Flow ratio
Scrubbing
Step | Circuit Extraction Scrubbing | Organic | Feed solution
1 LaCePr/Nd 10 50 70.37 14.66 5.50
2 LaCePr/ 20 20 73.66 12.81 3.74
CePrNd
La/CePr 30 50 37.83 8.45 2.82
CePr/PrNd/ 30 40 Organic 5.41
Nd feeding
3 Ca/La Scavenging |30 66.85 7.29 0.61
La
La/Ce 60 Transaction 6.56
Ce/Pr 35 25 1.16 6.17
Pr/Nd 30 50 1.95 5.83

Table 4.23 Composition of light rare earth feed for individual element separation

(La-Nd)xOy, % Smy03, % Eu,03, % Gd,03, % (Tb-Lu, Y),On, %
<0.015 46-66 6-12 2347 <0.005

4.2.5 Individual Separation of Middle Rare Earths

EHE/EPH has been widely used for individual middle rare earth separation since
1980s. However, due to its high cost, new research and development work using
HDEHP never stopped. A process using external reflux and three-outlet technology
was developed (Hao 1995; Hao et al. 1995) to separate the middle rare earths after
Sm/Nd group separation. The feed composition is shown in Table 4.23. The organic
solution is saponified HDEHP at 1.5 mol/L in kerosene.

As shown in Fig. 4.24, external reflux is used in the same stage as the scrubbing
solution. Reflux is to send partial stripping solution containing rare earth to the
stage where scrubbing solution is fed. The reflux can increase the product purity.
Without reflux, the reactions expressed by Eqs. (4.37) and (4.38) are the major
reactions occurring in the stripping:

Gd(HLy)y,) + 3Hj, = 3(HL), () + Gd{;] (4.38)
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Organic Feed Scrubbing Solution Stripping Solution

‘ l lv """"""" | l .
l_‘ 1 | | n| [I ‘ n+m |n+m+1 E | \_:ganlc
l i """"" Reflux

Sm,05 >99.9%

Eu,0; (~80%) Gd,03 >99.9%

Fig. 4.24 Sm/Eu/Gd separation process with external reflux

Eu(HLo)5 () + 3H(;) = 3(HL), () + Euy) (4.39)
With reflux of partial stripping solution containing Gd**, reaction Eq. (4.40) will
occur leading to the replacement of Eu by Gd in extractant-metal complexes in the
organic solution. The Eu to stripping stage is reduced consequently leading to the
improvement of Gd purity. Due to less Eu to stripping, more Eu is scrubbed to Eu
concentrate to increase its concentration:

Eu(HL,)5(,) + Gdj;) = Gd(HL,)5,) + Euj; (4.40)

4.2.6 Scandium Recovery

Scandium is classified as one of the rare earth elements due to its chemical and
physical similarity to lanthanides. However, scandium is distributed sparsely and
occurs in trace amounts in many deposits. Scandium is produced as by-product
from the extraction of other elements. The current world scandium production is
about 2000 kg/year in the form of Sc,03. About 50 % is produced in Baiyun Obo
Mine in China. Scandium can render special properties of functional materials.
However, the lack of reliable supply has limited its commercial application.
Therefore, the research and development of scandium extraction process is of
great interest.

He et al. (1991) conducted detailed research on the extraction mechanism of
scandium by HDEHP from HCI acid solution. At low acidity (HCl < 5 mol/L), the
extraction of scandium with HDEHP is cation-exchanging mechanism:

Sciy) + 3(HL)y ) = Sc(HLa)s () + 3H(, (4.41)
At high acidity (HCI > 6 mol/L), there is salvation and competing HCI extraction.

Due to the low concentration of scandium, the relative impurity concentration is
high. Therefore, the scandium concentrating and separation with other impurities
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Fig. 4.25 Sc extraction isotherm in 25 % HDEHP +modifier +60 % kerosene at 25 °C and
O/A =0.05

are important. Major coexisting elements include Fe, Ti, Mn, Cr, and V. In
0.05 mol/L HDEHP-kerosene system, the separation factors of Sc to other elements
are normally large in the order of 1000 (Wang 1998). At HCI concentration of
5 mol/L, separation factor of Sc/Ti is about 100 and Sc/Fe higher than 1000. Over
99.5 % scandium can be extracted with only about 9 % Ti forming stable complex
with H,O, in 0.7-1.8 mol/L H,SO, solution. HDEHP does not extract the Ti-H,O,
complexes. Therefore, the extracted Ti can be scrubbed by 4 % H,0,-1 mol/L
H,SO, solution. Due to the low extraction of Fe with Sc, low-alkaline solution
containing 0.2 mol/L. NaOH can be used to strip the Fe out of the organic phase.
Eventually, scandium can be stripped by 3.5 mol/L NaOH solution. Over 96 %
scandium can be stripped. Total scandium recovery is about 95.5 %.

As shown in Fig. 4.25, Tian et al. (1998) measured the scandium extraction
isotherms at room temperature and O/A = 0.05/1. It shows good distribution ratio of
Sc. Good separation of Sc with Fe and Mn is achieved at aqueous acidity of 4.0 mol/
HCI and O/A ratio = 0.05. At the above conditions, the distribution ratio, separation
factor, and percentage of extraction are measured and shown in Table 4.24.
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Table 4.24 Distribution ratio, separation factor, and percentage of extraction of Sc, Fe, and Mn

Element Distribution ratio Separation factor Percentage of extraction
Sc 2800 99.30

Fe 0.312 Pscre = 8970 1.53

Mn 0.320 Psenm = 8750 1.56

4.2.7 Th and Other Non-rare Earth Impurity Separation

It is common that the rare earth solution for extraction separation contains thorium
and other non-rare earth impurities. Precipitation method is normally used to
remove these impurities so that extraction can be used for further separation. In
addition to rare earth extraction, HDEHP is also used for impurity removal.

In HNOj solution, the extraction of Th** is considered as follows (Gaoetal.2012):

Thi,} +2NOj, + (HL),() = Th(NOs),Lo() + 2H(,) (4.42)

In HCI solution, the extraction of Th** follows cation-exchange mechanism:

Th{,} + 4(HL),,) = Th(HLo) () +4H(,) (4.43)
At 6 mol/L HCI and O/A = 4/1, the extraction percentage of Th** increases rapidly
with the increase of HDEHP concentration. However, the increase of Th** extrac-
tion becomes slower with the increase of HDEHP concentration higher than 5 %.
The percentage of Th*" extraction does not increase with the increase in HDEHP
concentration higher than 20 % where Th extraction reaches 97 % (Ding
et al. 2007). Solution with >0.5 mol/L. Na,COj; solution can be used to strip
Th. Over 96 % Th can be recovered by Na,CO; solution.

In rare earth operations where “third-generation rare earth separation method” is
used, HDEHP is commonly used for rare earth group separation in H,SO, solution.
Wang et al. (2002) investigated the non-rare earth impurity removal during the rare
earth separation in HDEHP-H,SO, system. The removal of impurities is performed
during scrubbing. Using scrubbing solutions with 0.2 mol/LH" at the O/A ratio of
3/1, Ca and Mg impurities are reduced significantly to 0.057 % and 0.023 % after
six stages of countercurrent scrubbing.

4.3 HBTMPP Extraction System

Bis(2,4,4-trimethylpentyl) phosphinic acid is a colorless to light amber liquid with a
molecular weight of 290. It is often denoted by HBTMPP or BTMPPA. Trade name
Cyanex 272 is commonly seen in publications. It has the chemical formula of
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C16H350,P with the following structure. It is totally miscible with common
aromatic and aliphatic diluents.

4.3.1 HBTMPP Extracting Rare Earths

HEH/EHP, HDEHP, and HBTMPP are acidic extractants. They all can be denoted
as HL. In comparison with HEH/EHP and HDEHP, HBTMPP has higher acid-
ionization constant. Therefore, extraction and stripping of metals can be done at a
relatively low acidity. Zhang and Li (1993) conducted investigation on the extrac-
tion of 15 rare earth ions in purified HBTMPP-octane-HCl system. The rare earth
extraction follows cation-exchanging mechanism. Equations 4.27-4.31 also apply
to the HBTMPP-RE™ extraction. The rare earth distribution ratio decreases with
the increase in aqueous acidity. Their extraction follows the order of
Le<Ce<Pr<Nd<Sm<Eu<Gd<Tb<Dy<Ho<Y<Er<Tm<Yb<Lu
They measured the separation factors as shown in Table 4.25 at the conditions of
pH=2.238, RE** concentration =4.0 x 1074 mol/L, and HCl concentration =
2.0x 1072 mol/L, O/A=1/1, and 25+ 1 °C. The average separation factor of
adjacent rare earths f.,;,, is 3.24 which is higher than that in HEH/EHP and
HDEHP systems. It indicates that HBTMPP has better selectivity towards different
rare earth ions. However, the actual separation is affected by many conditions such
as aqueous acidity, organic composition, aqueous composition, temperature, O/A
ratio. Liao et al. (2007) investigated the extraction of Nd and Y in HCl solution by
purified HBTMPP in n-heptane at the O/A = 1/2. The organic solution contains
0.102 mol/L HBTMPP in n-heptane. The aqueous solution contains 0.01 mol/L
NdCl; and 0.01 mol YCI; with 1.0 mol/L NaCl to maintain the ionic strength of the
solution. The separator factor between Y and Nd is 12-26 at pH 1-3 and temper-
ature 25-35 °C. With multiple stages of extraction, Y and Nd can be well separated.
Wang et al. (1995) compared the extraction of rare earth in HBTMPP-HCI
system and HBTMPP-HNO; system. The HBTMPP concentration in kerosene is
0.838 mol/L. The rare earth extraction in HNO; solution follows the same distri-
bution rule as in HCI solution. The extractability of HBTMPP in HNO; solution is
higher than in HCI solution. The stripping curves of heavy rare earths (Ho, Er, Tm,
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Fig. 4.26 Mixed heavy rare earth stripping by HCI solution and HNO; solution

Yb, Lu, and Y) by HCI solution and HNOj solution are shown in Fig. 4.26. The
percentage of stripping reaches maximum at 1.5 mol/L acid concentration. HNO;
has higher stripping capability than HCI. Kinetics study conducted on Er and Y
indicates that the extraction process using HBTMPP in HCI solution may be
governed by a mixed mechanism of diffusion and chemical reaction
(Lu et al. 1998a, b; Zhang et al. 1999a; Xiong et al. 2004; 2006a, b).

Using 60 % saponified HBTMPP by sodium hydroxide, El-Hefny et al. (2010)
investigated the extraction of Sm>" in HCI solution. Based on slope analysis, the
extraction is considered taking place as follows:

2Naf, +2(HL),, = 2NaL - 2HL (o) + 2H{,, (4.44)

Sm(OH){;) + 2NaL - 2HL ;) = Sm(OH)L, - 2HL o) + 2Na/;) (4.45)

4.3.2 HBTMPP Extracting Sc** and Fe’*

Ma and Li (1992) investigated the extraction and Sc>* and Fe** using HBTMPP in
HCI solution. The same as other rare earth ions, at low acidity the extraction of Sc**
follows cation-exchange mechanism. Equation (4.41) can be applied to the
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Fig. 4.27 Sc** and Fe** distribution ratio as a function of acidity

extraction by HBTMPP. Purified HBTMPP is diluted in n-octane to make
0.0196 mol/L organic solution. The aqueous solution contains 18 ppm of Sc**
and 24 ppm of Fe**. At various acidity and O/A = 1/1, the 1gD-Ig[H*] relation is
shown in Fig. 4.27. When HCl is between 3.5 mol/L and 4.0 mol/L, there is no Sc*
extraction. This can be utilized by stripping. At the conditions of Sc®* extraction,
there is no extraction of Fe**. This indicates that good separation between Sc** and
Fe* can be realized in a relatively large acidity range.

4.3.3 HBTMPP Extracting Th**

The extraction mechanism of Th** by HBTMPP in HCI acid solution was investi-
gated by Li and Li (1995). The effects of acidity on Th** extraction at different
HBTMPP concentrations and ionic strengths are shown in Fig. 4.28, where the
concentration of Th** is 90 ppm and O/A = 1/1.

In the system where ionic strength is not controlled, the IgD-pH lines have the
slope of 3. The extraction equilibrium can be represented by the following equation:

4 _
Th(,} + Cly,) + 3(HL),(,) = ThCIL; - (HL)5 ) + 3H; (4.46)
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Fig. 4.28 Th*" distribution ratio as a function of aqueous pH at equilibrium

When the ionic strength is controlled at 1 mol/L, the slope of 1gD-pH lines is 2. The
Th** extraction is deemed as follows:
4 _
Th@ +2Cl ) + 3(HL)2<0) = ThCl,L; - (HL)3(0) + 2H(+a) (4.47)
In either case, C1~ participates the Th** extraction in HCI solution by HBTMPP.
Slope analysis on the 1gD-1g[Cl ] relationship indicates that one or two Cl™ ions
participated in the extraction reaction. The investigation on temperature effects on

equilibrium shows that the Th** extraction by HBTMPP is endothermic. High
temperature favors the extraction of Th**.

4.4 TBP Solvent Extraction System

4.4.1 TBP Extracting Rare Earth

TBP is a colorless and odorless neutral organophosphate extractant with the chem-
ical formula of (CH;CH,CH,CH,0)3;PO with the structure shown below.
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It forms neutral complex with rare earth ions. The extraction follows ion pair
solvent extraction mechanism. In the extraction of rare earth nitrate salts, neutral
complexes of RE(NOj3); - 3TBP are formed through coordinate bonds (Eq. 4.48):

RE(NO3),,) + 3TBP(,) = RE(NO3),3TBP, (4.48)

The extraction equilibrium constant is

RE(NO3),3TBP,
Kex — [ ( 3)3 ( ):I 3 (449)
[RE(N03)3<a>} x [TBP()]
Assuming the following dissociation equilibrium exists
RE(NO3);(, = RE(; +3NO; (4.50)
The dissociation equilibrium constant is
[RE| x [NO ’
x [NO3 |
K,=L © (4.51)
|:RE(N03)3(¢1):|
Therefore, the distribution ratio of the rare earth is
[9RE(NOs) - 3TBP(;)| Koy BRE 3
D= =22 [NOg,, |- [TBP)] (4.52)

[RE(“)] K,

According to Eq. (4.47), the rare earth distribution ratio depends on the free TBP
concentration and the nitrate ligand concentration. At low HNOj concentration,
the concentration of NO; ™~ increases with the increase of HNOj3 concentration. The
distribution ratio of rare earth will increase. However, with the continuous increase
of HNO; concentration, the concentration of TBP-HNO3 complex will increase
resulting in the decrease of the free TBP and then the rare earth distribution ratio.
At high HNO; concentration, the rare earth distribution ratio increases due to the
salting effects of water where H and NO ™~ form hydration ions H (H,0), and NO3~
(H0)y. The consumption of free water molecules leads to the increase of effective
rare earth concentration in the aqueous phase and then the distribution ratio.
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Table 4.26 Separation factors of adjacent rare earth elements in 50 % (V/V) TBP-diluent

Aqueous REO Ce/ Pr/ Nd/ Sm/ Gd/ Dy/ Ho/ Er/ Yb/
g/L La Ce Pr Nd Sm Gd Dy Ho Er
460 1.7 1.75 | 1.50 [2.26 1.01 1.45 0.92 0.96 |0.81
430 n/a n/a n/a n/a n/a 1.20 0.96 0.65 n/a
310 n/a n/a n/a 2.04 1.07 1.17 0.94 0.82 |n/a
220 n/a n/a n/a 1.55 0.99 1.08 0.89 0.78 |n/a
125 n/a n/a n/a 1.58 0.82 0.92 0.83 0.72 |n/a
60 n/a n/a n/a 1.40 0.78 0.89 0.77 0.70 |0.63

Table 4.27 Separation factors of lanthanide elements to yttrium in 50 % (V/V) TBP-diluent

Aqueous REO g/ |Ce/Y |Pr/Y |Nd/Y |Sm/Y |Gd/Y |Dy/Y |Ho/Y |Er/Y |Yb/Y
460 n/a n/a 0.39 ]0.88 0.89 1.30 1.20 1.15 |0.93
430 n/a n/a 0.50 |n/a 1.14 1.37 1.31 0.85 |n/a
310 n/a n/a 0.69 1.41 1.51 1.76 1.65 1.35 |n/a
220 0.60 |n/a 1.30 ]0.02 1.99 |2.15 1.91 148 |0.83
125 0.75 |n/a 1.77  |2.79 229 |2.10 1.75 1.25 ]0.83
60 n/a n/a 4.08 |5.71 444 396 |3.03 |2.13 |n/a

In the separation of lanthanide-HNOj3 aqueous solution using 50 % V/V TBP
diluent, the separator factors of adjacent rare earth elements are shown in Table 4.26
(Wu 1988). At higher REO concentrations, the separator factors are higher. To
maintain a higher REO aqueous concentration favors the separation. However, the
separation factors of lanthanide elements to yttrium are higher at lower REO
concentrations as shown in Table 4.27 (Wu 1988).

In general, the distribution ratio increases with the increase of charges of cations
when TBP is used as rare earth extractant. The distribution ratio decreases with the
increase in radius of cations that have the same charges. In the separation of rare
earth elements using TBP, it is common to add LiNO3; or NH4NOj as salting agents
to improve rare earth distribution ratio or separation factor of adjacent rare earth
elements. For example as shown in Fig. 4.29, the extraction of yttrium increases
with the increase in LiNO5 concentration (Xu and Yuan 1987).

The effects of salting agents on rare earth solvent extraction are mainly due to
the ion hydration that reduces the free water molecules. The reduction of free water
molecules effectively improves the activity of rare earth ions by reducing their
hydration or the hydrophilicity. At the same concentration, cations with higher
positive charges have stronger salting-out effects. For cations with the same charge,
smaller ones have stronger salting-out effects due to their stronger hydration
tendency. As shown below, the salting effects of the cations follow the order:

APT > Fe’t > Mg?" > Ca’" > Lit > Na®™ > NH*" > K*
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Fig. 4.29 Effects of LiNO; on yttrium extraction by 100 % TBP

However, many other factors such as effects on product and next stage separation
have to be considered in the selection of salting agents.

As indicated by Table 4.26, the rare earth separation factors are not very high in
TBP extraction system. Therefore, its application is limited. However, it can be
used to concentrate La, Pr, and Nd. Using 50 % TBP-ShellsoA, three products of
98 % La, 90 % Pr, and 98 % Nd can be produced at the same time. La with purity of
99.99 % can be produced from La/Pr/Nd solution using 50 % TBP-Shellsol
extraction system (Ma 1989; Wu 1988). Molycorp used to produce 99-99.99 %
La,0; through TBP-RE(NOj3)3;-HNO; separation system. This system has large
separation factor but with high acid concentration (>10 mol/L HNO3). La purifi-
cation can also be done in TBP (kerosene)-NH;SCN-HCI system to produce
99.9-99.99 % pure lanthanum product. However, this system is not commercially
applied due to the safety concerns of ammonium thiocyanate (NH,SCN) (Xu 2003;
Li2011).

4.4.2 TBP Extracting Water and Acid

While TBP extracts rare earth in an acidic aqueous solution, TBP extracts water and
acid as well. As shown by Eq. (4.53), TBP reacts with H,O through hydrogen
bonding to form TBP-H,O complex. One liter TBP can dissolve about 3.6 mol
water:

TBP(,) + H,0 = TBP - H,0(,, (4.53)
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Table 4.28 TBP-inorganic acid complex species in 100 % TBP

Inorganic acid H,O0 equilibrium concentration, mol/L TBP-inorganic acid complex
HNO; <4.0 TBP - HNO; - H,O

HNO; >4.0 TBP - 2HNO; - H,O

HCI 3.0-5.0 (TBP),-HCl1- (H,O)¢

HCI >6.0-8.0 TBP-HCI- (H,0);

H,SO, <3.0 TBP-H,SO, - 2H,0

H,SO, >3.0 TBP-H,SO,-H,O

HF <3.0 TBP-HF

HF >3.0 TBP - (HF),_4

HCNS with HCI TBP-HCNS

TBP extracts not only organic acids but also forms complex with acids. Equation
(4.54) shows the formation of TBP-HNO; complex:

TBP(,) + HNO; = TBP - HNO;,, (4.54)

At high acid concentration (>4 M), TBP-2HNO; complex can form as follows:

TBP - HNO5 o) + HNO; = TBP - 2HNO; (4.55)

Table 4.28 lists the major extraction complex species of TBP-acid (Xu 2003;
Li 2011). The extraction of acid by TBP follows the order of:

HCOOH~CH;COOH > HClIO4 > HNO;3; > H3;PO4 > HCI > H,SOq4

This order is corresponding to the increase of hydration energy of the anionic
ligands. For example, TBP has low extraction for SO4*~ due to its high hydration
energy (Xu and Yuan 1987).

4.4.3 TBP Extracting Uranium and Thorium

It is common that uranium and thorium are present in rare earth solution. For

example in monazite processing, partial uranium and thorium are dissolved in nitric
acid solution through the following reactions:

Na,U,0; + 6HNO3; = 2U0O,(NO3), + 2NaNO; + 3H,0 (4.56)

Th(OH), + 4HNO3 = Th(NO3), + 4H,0O (4.57)

The extraction order of TBP for uranium, thorium, and rare earth is U022+ > Th**
>RE* and the separation factors of uranium and thorium decrease with the
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Fig. 4.30 Uranium, thorium, and rare earth separation process using TBP

increase of TBP concentration (Li 2011). Therefore, 5 % TBP-kerosene is used to
extract uranium first:

U035, + 2NO3,) + 2TBP o) = UO,(NO3), - 2TBP(ory) (4.58)

And then, 40 % TBP-kerosene is used to extract thorium:

Thy,) +4NOj,) + 2TBP(, = Th(NOs), 2TBP, (4.59)
Figure 4.30 shows the TBP solvent extraction process for the separation of uranium,
thorium, and rare earth (Li 2011). The feed solution contains 3.5 mol/L HNOs;. The
organic solution contains 5 % TBP diluted by kerosene. The organic/aqueous (O/A)
ratio is 1/1. Ten stages of countercurrent extraction are used to extract the uranium
from the solution. The organic solution containing uranium is scrubbed by 2 mol/L
HNO; solution at O/A of 5/1 to remove entrained thorium and iron impurities.
Uranium by-product is recovered after stripping and purification. The raffinate
containing thorium and rare earth is fed to thorium extraction where 40 % TBO
diluted by kerosene is used. The O/A ratio is 2-2.5/1. The organic containing
thorium can be washed using a small amount of water followed by water stripping,
concentrating, and crystallization to recover thorium by-product. The raffinate after
thorium extraction containing the majority of rare earth is fed to rare earth recovery
circuit.

The separation of uranium and thorium can also be done in HCI solution where
the extraction follows the order of Fe** >UO0,** >Th*" >RE®*". In low-acidic
solution, Fe** and UO,** can be separated very well from Th** and RE™.
Table 4.29 shows the distribution ratios and separation factors of uranium and
thorium at various conditions (Li 2011).



4.5 P350 Solvent Extraction System 133

Table 4.29 Distribution ratios and separation factors of uranium and thorium

Distribution ratio
TBP % | Salting agents Dy Dy, Separation factor Sy
5 HNO; (3 mol/L) 2020 48.8 42
5 NH4NO; (2.5 mol/L) 2200 28.4 77
25 HCI (4 mol/L) 8330 1.6 5200
25 HCI (2 mol/L) + NH,4Cl (2 mol/L) | 24700 2.7 9150
25 NH,Cl (4 mol/L) 1640 n/a

Aqueous solution: 1.01 g/L U and 1.45 g/L Th; O/A=1/1

Table 4.30 Distribution ratio of Sc in TBP-HCI system

Extractant HCI, mol/L 2 4 6 8 10 >11.5
100 % TBP at O/A =1/1 Ds. 0.02 0.08 1.9 41 125 >1100

The other TBP solvent extraction systems to separation thorium with rare earth
include TBP-NH,SCN-CHCl; system and TBP-NH,SCN-CCl, (Wang et al. 1989).
The former is mainly used to separate thorium and scandium and the latter is used to
separate thorium with lanthanides.

4.4.4 TBP Extracting Scandium

TBP is used to extract scandium from HCI solution. Its distribution ratio increases
with the increase in HCI acid concentration as shown in Table 4.30 (Xu 2003;
Li 2011). TBP can also be used to extract scandium from its HNOj3 solution.

Isogawa et al. (2015) reported that TBP is used as a modifying agent for Versatic
Acid 10 to improve the scandium separation from Sc**-Ti**-Zr** mixed solution.
With the presences of TBP, the Sc>* can be extracted at a higher pH 4.9. In stripping
by 2 mol/L H,SO, solution, the stripping of Sc** increased from 14 to 97 % when
TBP is added to Versatic Acid 10.

4.5 P350 Solvent Extraction System

Di-(1-methylheptyl)methyl-phosphonate, often called by its trade name P350, is
another important neutral organophosphate extractant commonly used in rare earth
solvent extraction. It was first synthesized in China in 1964 for rare earth solvent
extraction separation. It has a chemical formula of CH;PO(O(CH)CH;C¢H;5), and
its structure is shown below.
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The same as TBP, P350 forms neutral extraction complex with rare earth ions
through coordinate bonds. When P350 extracts rare earth nitrate, the following
reaction is generally considered to occur:

RE(NOs)y, + 3P350(,) = RE(NO3);  3P350,) (4.60)

The extraction equilibrium constant is

RE(NO;). - 3P350,,
Ko, = —RENOY); o] (4.61)

Assuming the same dissociation equilibrium (Eq. 4.50) exists with the same
dissociation equilibrium constant (Eq. 4.51), the distribution ratio of the rare
earth in P350 extraction system is

[RE(NO3);- 3P350()] Koy - - :
D= [Réﬂ 8= 25 INOS T - (P35O (4.62)
@ .

where Cp3so is the concentration of free P350 and Co; is the concentration of nitrate.
The same as TBP, as shown below, P350 also extracts water and acid while
extracting rare earth:

P350(0) + H,O = P350 - HzO(o) (4.63)
P350(,) + HNO;3; = P350 - HNO3,) (4.64)
The free P350 is the difference between initial P350 and reacted P350:

[P350(0)] = [P350(0)L. — 3[RE(NO3);- 3P350(0)] — [P350 - HZO(O)]
— [P350 - HNO3(0)] (4.65)
However, it was reported (Wang et al. 1986) that two P350 molecules formed

complex with rare earth nitrate at pH 1.0 and rare earth concentration between
0.3 mol/kg and 0.9 mol/kg:
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RE(NO3)3(a) + 2P350(0) = RE(NO3)3 : 2P350(0) (4.66)

This indicates that the rare earth extraction mechanism using P350 is affected by
reaction conditions. Li and Cheng (1990) reported that at pH 2.5, P350 and rare
earth react as follows:

RE(NO3)3(3) + nP350<0> = RE(NO3)3 : nP350(0) (4.67)

They found n < 2 when RE(NO3); concentration >1.0 mol/kg and n =2 when RE
(NO3); concentration <1.0 mol/kg.

4.5.1 Factors Affecting Rare Earth Extraction Using P350
(Xu 2003; Li 2011)

4.5.1.1 Acid

Rare earth ions are dissolved in acidic solution. The acid and its concentration have
important impact on the formation of rare earth-extractant complex and the rare
earth distribution ratio. P350 has good extraction for rare earth ions in HNO;
solution but almost no extraction for rare earth ions in HCI solution.

According to Egs. (4.60) and (4.64), the rare earth ions and acid are competing
for P350. The effects of acid concentration on the rare earth extraction are compli-
cated. As shown in Fig. 4.31, the distribution ratios of Tb** and Yb>* increase first
with the increase in HNO3 concentration and then decrease with the continuous

0.4 -

0.30 mol/L Th3*
0.3

0.2 -

0.30 mol/L La3*

0.23 mol/L Yb3*
0.1

O T T T T T T
0 1 2 3 4 5 6

HNO;, ( mol/L)

Fig. 4.31 Effects of HNOj; on distribution ratio of rare earth in 1.52 mol/L P350-kerosene-HNO3
system
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Table 4.31 Effects of acid on distribution ratio, separator factor, and percentage of rare earth
extraction

Feed aqueous solution D

RE, mol/L Acid RE La Pr Sm %E of RE PriLa
1.255 pHS5.5 0.390 0.284 0.499 - 43.9 1.76
1.285 pH 0.5 0.369 0.244 0.613 - 48.5 2.51
1.280 0.5 mol/L 0.324 0.204 0.448 0.658 39.3 2.20
1.238 1.0 mol/L 0.293 0.164 0.415 0.967 36.9 2.55
1.178 2.0 mol/L 0.201 0.125 0.248 0.512 28.7 1.98

increase in HNOj3 concentration. However, the distribution ratio of La>* decreases
quickly as the HNO; concentration increases in the same extraction system.

Table 4.31 shows the relationship between acid concentration and rare earth
distribution ratio, separator factor, and percentage of extraction. The distribution
ratio and percentage of extraction decrease with the increase of acid concentration.
When acid concentration (pH =5.5) is low, the rare earth distribution ratios and
Pr/La separation factor are high. However, rare earth hydrolysis is easy to occur at
low acid concentration resulting in slow phase disengagement (Li 2011). In prac-
tice, an optimal acid concentration is often determined by considering the overall
rare earth separation efficiency.

Without salting agent, the separation factor fBp,,, increases with the increase of
HNOj; concentration when P350 is used to separate La in HNO; solution. With the
presence of LiNOj salting agent, the largest fp,/, is in the HNOj3; concentration
range of 1.0-1.5 mol/L. With the presence of NH4NOj salting agent, the largest Bp,,
La 18 in the HNOj concentration range of 0.5-1.0 mol/L. Therefore, it is common to
use P350 to separate La in the HNOj; concentration range of 0.5-1.0 mol/L
(Xu 2003; Li 2011).

4.5.1.2 Salting Agent (Xu and Yuan 1987)

In rare earth solvent extraction process using P350, it is often to add NH,NOj; or
LiNO; as salting agent to enhance rare earth distribution ratio and separator factor
of adjacent rare earth elements. As shown in Fig. 4.32, the addition of LiNOj in
70 % P350-sulfonated kerosene-HNO; system improves the separator factor of
Pr/La significantly.

4.5.1.3 Rare Earth Concentration

It is hard to achieve good separation when the separation factor between two rare
earth elements is small. As shown in Fig. 4.33, separation factors vary with the
change of total rare earth concentration in aqueous solution. The separation factor
between Pr and La increases first and then drops after reaching its maximum value
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Fig. 4.32 Effects of salting agent LiNO;z on separator factors of fp,1, and fngpr in 70 %
P350-sulfonated kerosene-0.5 mol/L. HNO; system, O/A =2.5/1
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Fig. 4.33 Effects of rare earth concentration on separator factors of fp,1, and Sngpr in 50 %
P350-sulfonated kerosene-0.5 mol/L HNOj; system

with the increase of rare earth concentration. The separation factor between Nd and
Pr increases continuously with the rare earth concentration. At low rare earth
concentration, the separation factors are too low to render good separation. There-
fore, the separation of rare earth elements by P350 is always performed in an
appropriate rare earth concentration range. For example, good La/Pr separation
by P350 can be achieved when the feed solution contains 1.1-1.3 mol/L RE** in the
feed solution while good Pr/Nd separation can be done when the feed contains
2.3 mol/L RE*".
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4.5.1.4 P350 Concentration

According to Eq. (4.62), the rare earth distribution ratio is in proportional to the
third power of free P350 concentration in organic solution. When P350 concentra-
tion is lower than 50 %, rare earth distribution ratios are small for good separation.
With the increase in P350 concentration, the rare earth distribution ratio goes up
and favors separation. However, when P350 concentration is higher than 70 %, the
rare earth separation factors become smaller and are not favorable for good
separation. Also, high P350 concentration will increase the viscosity of the organic
solution and will have negative effects on operation. Therefore, P350 is normally
used in the concentration range of 50-70 %.

4.5.1.5 Other Factors

Other factors that have impact on the rare earth extraction by P350 include the
diluent, the addition of other extractants, and temperatures.

As a rule of thumb, low-polarity diluent is normally used in the organic phase.
The diluent has important impact on extractant and rare earth-extractant complex.
For example, the La distribution ratio is related to the permittivity of the diluent in
the P350 extraction system. Generally the rare earth distribution ratio becomes
lower when a diluent with higher permittivity is used.

Since extraction is normally exothermic reaction, low temperature favors the
formation of extractant-rare earth complex. Rare earth has larger distribution ratio.
However, at low temperature there are issues of high organic phase viscosity, slow
phase disengagement, and formation of emulsion. Therefore, rare earth solvent
extraction is normally performed at ambient or slightly heated temperatures.

The addition of a second extractant to enhance the rare earth separation is often
utilized in rare earth separation as synergetic solvent extraction. Synergetic solvent
extraction systems are introduced separately.

4.5.2 Production of High-Purity La,0;

P350 is mostly used to separate light rare earth elements in HNOj; solution. The
major rare earth solvent extraction process includes high-purity lanthanum process,
Pr/Nd separation process, and high-purity scandium process.

In China P350/kerosene-RE(NO;3);-HNOj3 system is mainly used to produce
high-purity lanthanum. Figure 4.34 shows the high-purity lanthanum process
using P350-HNO; solvent extraction system. The La,Oj3 in the feed accounts for
~50 % of the REO. The rest of REO are PrgO;; and Nd,O3 with minor amount of
CeO, and other rare earth oxides. The process starts with 38 stages of PrNd
extraction followed by 22 stages of scrubbing. The majority of lanthanum remains
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Organic Solution:70% P350-30% Sulfonated Kerosene

Feed Scrubbing Solution Stripping Solution Acid Solution
REO >320g/L, 0.5-1.0 mol/L HNO; 0.5 mol/L HNO, [ Water 1 0.5 mol/L HNO,
A4 l l
Extraction Scrubbing Stripping La Stripping PrNd Acid Saturation
—» > > —
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ontaining La e L
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>99.9% La,03

Fig. 4.34 High-purity La process using P350-HNO; solvent extraction system

in the raffinate with trace amount of impurity. High-purity La,O5 up to 99.99 % can
be produced from this raffinate. The organic solution after scrubbing loaded with
PrNd and a small amount of La is stripped by ten stages of water stripping to
recover La and ten stages of water stripping to recover PrNd. Before recycled back
to extraction, the organic solution goes through six stages of water saturation to
restore the extraction capability of the organic solution. In comparison with TBP,
P350 system does not need high feed acid concentration. Also, La recovery up to
99 % can be achieved using P350 as extractant.

4.5.3 Pr-Nd Separation Process

As indicated by Fig. 4.33, high separation factors can be obtained at high concen-
tration due to the self-salting effects of rare earth nitrate. Figure 4.35 shows the
Pr-Nd separation process using P350-HNO; solvent extraction system at high rare
earth concentration. The feed contains about 357 g/LL REO. The REO composition
18 50 % Nd, O3, 18 % PrsO11, 2 % CeOs, 2 % Sm;,03, and 20 % La,05. P350-HNO;
system is used to extract Nd first. After scrubbing, stripping, and a series of
treatment, Nd,O3 product can be obtained with about 85 % purity. The Nd extrac-
tion raffinate contains LaCePr and is extracted again to separate Pr. PrO;; product
can be produced with 95-98 % purity. The Pr extraction raffinate contains the
majority of remaining La and Ce that can be recovered as a mixed oxide or as feed
for continuous solvent extraction separation.

4.5.4 P350 Extracting Scandium

P350 has very good extraction capability and selectivity for rare earth in HNO;
solution. However, in HCI solution, P350 has almost no extraction for rare earth
elements. In solution with less than 6.0 mol/L HCI, P350 barely extracts scandium.
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Fig. 4.35 Pr-Nd separation process using P350-HNO; solvent extraction system

However, with the increase in HCl concentration over 6 mol/L, the scandium
extraction by P350 increases rapidly. The extraction of scandium by P350 from
HCI solution is considered as follows by Zhao and Li (1990):

Scis + 3Cly,) + 3P350() = ScCls - P350 () (4.68)

In HCI solution, P350 also extracts HCI and H,O:

+
3H<a)

+ 3Cl,) + 2H,0 + 3P350(,) = 3HCI - 2H,0 - 3P350 (,) (4.69)
Therefore, P350 can be used to remove Th and Zr from scandium HNOj solution to
produce 99.9 % Sc,0;3 product (Chen et al. 1981). It can also be used to extract
scandium from rare earth HCI leaching solution (Li 1987). Zhang et al. (1991)
conducted detailed investigation on high-purity scandium production by P350-HC1
extraction system. As shown in Table 4.32, the scandium distribution ratio
increases with the increase in P350 concentration, HCl concentration, and O/A
ratio. The distribution ratio and percentage of extraction decrease with the increase
of scandium concentration in the aqueous feed solution. However, phase disen-
gagement becomes slower at higher P350 concentration in organic phase and lower
scandium concentration in aqueous phase.

The extraction isotherm of Sc is shown in Fig. 4.36 at the conditions of 40 %
P350-60 % kerosene, O/A = 1/1, and 6.0 mol/L HCl. When the scandium concen-
tration reaches 20 g/L in the aqueous solution, the organic solution is close to
saturation. The system has very good selectivity for scandium with very good
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Table 4.32 Sc distribution ratio and extraction percentage in P350-HCI system

P350 in kerosene (%) Sc** in feed (g/L) HCl in feed (mol/L) O/A D WE
20 20.2 5.9 11 0.35 |26.03
30 20.2 5.9 171 0.64 |38.95
40 20.2 5.9 1/1 1.04 |50.92
50 20.2 5.9 1/1 1.10 | 58.30
40 1.0 6.0 1/1 499 |83.31
40 5.0 6.0 1/1 4.15 81.66
40 10.0 6.0 11 2.06 |67.32
40 20.0 6.0 1/1 0.92 |47.92
40 30.0 6.0 1/1 0.56 |35.90
40 20.0 4.1 1/1 0.28 |22.05
40 20.0 4.9 171 0.61 37.70
40 20.0 5.7 11 0.88 |46.81
40 20.0 6.8 1/1 1.21 54.74
40 20.0 6.0 1/1 0.77 | 27.80
40 20.0 6.0 2/1 143 | 74.06
40 20.0 6.0 3/1 2.54 | 88.35

12 -

10 -

Sc in Organic (g/L)
[}

T T
0 5 10 15 20 25
Sc in Aqueous ( g/L)

Fig. 4.36 Sc extraction isotherm in 40%P350-kerosene-6.0 mol/L HCI system at O/A =1/1

separation results for impurities such as Si, Fe, Mn, Mg, Pb, Ni, Al, Ca, Cu, and
Ti. As shown in Table 4.33, the scandium extraction percentage is higher than 98 %
after three stages of countercurrent extraction under the conditions 40 % P350-60 %
kerosene, 19.61 g/L of Sc in feed, 5.8 mol/L of HCl in feed, and O/A =1.9/1. The
purity of scandium product is higher than 99.99 %.
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Table 4.33 Three stages of countercurrent extraction by 40 % P350

Equilibrium aqueous phase Equilibrium organic phase

Run HCI, mol/L Sc, g/L Sc, g/L WE

1 5.68 0.310 10.142 99.30
2 5.59 0.396 10.113 97.98
3 5.65 0.396 10.113 97.98
4 5.60 0.327 10.149 98.33
5 5.62 0.293 10.167 98.51
6 5.60 0.268 10.180 98.63
7 5.65 0.261 10.182 98.65
8 5.65 0.264 10.182 98.65

4.6 Cyanex 923 Solvent Extraction System

Cyanex 923 extractant is a colorless mobile liquid. It is a mixture of four trialkyl-
phosphine oxides including trihexylphosphine oxide (R3P(O)), dihexylmonooctyl-
phosphine oxide (R,R’P(0)), dioctylmonohexyl-phosphine oxide (RR’,P(0)), and
trioctylphosphine oxide (R’3P(0)) where R is -(CH,)sCH; and R’ is -(CH,),CHs.
Cyanex 923 acts as a solvating extractant in metal extraction. The commercial
grade Cyanex 923 contains impurity acids that have reduction effects. In cases of
metal reduction to be avoided, Cyanex 923 can be purified. The purification of
Cyanex 923 can be done by washing with 2 % Na,CO; solution followed by
1.0 mol/L H,SO, solution washing and distilled water washing to neutrality
(Lu and Li 1999).

4.6.1 Cyanex 923 Extracting RE** in HNO; Acid Solution

Similar toTBP and 350, Cyanex 923 forms neutral complex with rare earth nitrate.
The extraction takes place on the interphase between organic solution and aqueous
solution. The following equilibrium exists in the purified Cyanex 923-n-octane-
HNO; system (Chu et al. 1998; Tong et al. 2003):

RE?$ 4 3NOj + 3Cyanex923(,) = RE(NO3); - 3Cyanex923,) (4.70)

However, there may be different extraction mechanisms depending on the extrac-
tion system. Ma et al. (2011a, b) reported that the La** and Y>* are extracted in
terms of RE(OH)** in unpurified Cyanex 923-n-octane-HNOj system. The extrac-
tion of La** and Y>* can be represented by Egs. (4.71) and (4.72):

La(OH)(; + 2NOj + 2Cyanex923(,) = RE(OH)(NOs), - 2Cyanex923,) (4.71)
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Y(OH){;) + 2NO;5 + 2Cyanex923 ) = RE(OH)(NO3), - 2Cyanex923,) (4.72)

El-Nadi et al. (2007, 2011) reported a different equilibrium reaction through the
study of La®*, Pr**, and Sm>" extraction in unpurified Cyanex 923-kerosene-HNO5
system. The reaction equation is expressed by Eq. (4.73):

RE?$ + 3NOj; + 2Cyanex923,) = RE(NO3); - 2Cyanex923 (4.73)

where RE** is La**, Pr**, or Sm>*.
The study of Pr’* extraction in Cyanex 923-kerosene-HNO; by Panda
et al. (2014) produced the following extraction reaction:

RE?; + 3NOj; + Cyanex923(,) = RE(NO3); - Cyanex923,, (4.74)

According to above extraction reactions proposed by different research groups, a
general equation can be used to descript the rare earth extraction in Cyanex-HNO;
system:

RE(, + 3NOj + nCyanex923 () = RE(NO;), - nCyanex923,) (4.75)

[RE(NO3); - nCyanex923 ]
Koo = [RE>*] x [NO; | x [Cyanex923,]" (476)
(a) 3 yanex (0>]

D =K., - [NO;]* - [Cyanex923,)]", n=1-3 (4.77)

According to Eq. (4.75), hydrogen ion does not participate the extraction. The
concentration of H* has no effects on the rare earth extraction by Cyanex 923. This
was confirmed in EI-Nadi and co-worker investigation on La, Pr, and Sm extraction
by Cyanex 923 where the concentration of H" has negligible effects on rare earth
extraction (EI-Nadi et al. 2007; El-Nadi 2010).

At 25 °C and pH 2.1-2.3, Chu et al. (1998) used 0.023 mol/L purified Cyanex
923 in n-octane to extract 15 rare earth elements from HNOj solution containing
0.5 mol/L NaNO; and 2.1 x 10~* mol/L RE**. The logarithm of distribution ratios
of the 15 rare earths is shown in Fig. 4.37. The extraction of the rare earths by
Cyanex 923 shows tetrad effects with Y between Ce and Pr but below middle and
heavy rare earths. La is at the bottom of the curve. The distribution ratio (IgD) curve
shows that La can be well separated from the others. Y can be well separated from
the rest of other heavy rare earths. The rare earth separation factors in Cyanex
923-HNOj; are shown in Table 4.34.
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Fig. 4.37 Distribution ratios of the rare earth elements in Cyanex 923-HNO; system

4.6.2 Extraction and Stripping of Yb from H,SO, Solution
(Wang et al. 2006)

From low-acidity H,SO, solution, the extraction of Yb>* by Cyanex 923 can be
represented by the following equation:

Yb(,) + SO, + HSOy, + 2Cyanex923 )

= Yb(SO4)(HSOy) - 2Cyanex923 ) (4.78)

Tonization of H,SO,4 occurs in the aqueous phase as shown below:

H,S0, L H* + HSO; (4.79)

HSO; 2 H* + SO (4.80)

where k,; = 10° and k, = 1071,
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In H,SO, solution, Yb** forms complexes with SO42_:
_p
Yb(,) 4 SO%,) & Yb(SO4) (4.81)
Therefore, the total concentration of Yb>* in aqueous phase is
3 3 3 2—
(o] = [yois ] + [ybsog, | = [yois] (144503, (4.82)
And, the extraction equilibrium K, is

B [Yb(SO4)(HSO4) - 2Cyanex923 )] x (1 + [SOi(’a)])

Kex = _ _ (4.83)
: [Ybig] x [Soi(a)] x [HSOy,] % [Cyanex923<o>}2
10K, — 1gD(1 s [soi(;)D — 2lg[Cyanex923,)] — g [504(;)}
~1g[HSO; | (4.84)

Figure 4.38 shows the comparison of stripping of Cyanex 923 loaded with Yb by
different acids at various concentrations. The loaded organic solution contains

H,SO,
100

80 HCl

60
HNO,

40

Percentage of Stripping ( %)

20

0.001 0.01 0.1 1 10
Acidity ( mol/L H*)

Fig. 4.38 Yb stripping by different acids at various acidities
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0.15 mol/L Cyanex 923 and 9.78 x 10~* mol/L Yb. The O/A ratio of stripping is
1/1. The stripping efficiency of different acids follows the order of
H,SO, > HCI > HNOs;. At 0.16 mol/L H,SO4, 97.4 % YD can be stripped.

4.6.3 Ce* and Th** Separation

In HNOj acid solution, the extraction of Ce*" and Th** is similar with the extraction
of RE** by purified Cyanex 923 (Lu and Li 1999):

Ce‘(“; +4NO;,) + 2Cyanex923,) = Ce(NO3), - 2Cyanex923,) (4.85)

a

Thi; +4NO3,) + 2Cyanex923,) = Th(NO3),  2Cyanex923,y  (4.86)

Cyanex 923 also extracts HNOs5:
H(tl) + NOj3,) + Cyanex923,) = HNO; - Cyanex923 ) (4.87)
In HNOj; solution, the extraction of Ce**, Th**, and RE** follows the order of:
Ced4+ >> Thd+ >> Gd>+ ~La’t

In purified Cyanex 923-n-hexane-H,SO, system, the extraction of Ce** and Th** is
similar to the extraction of RE** (Lu et al. 1998a, b):

Ce(,} + SO4,) + 2HSOy,) + 2Cyanex923 )
= Ce(S04)(HSOy), - 2Cyanex923 ) (4.88)
4 - _

Th,) + SOy, + 2HSOy ) + 2Cyanex923 )

— Th(SO4)(HSOy), - 2Cyanex923 ) (4.89)

1+>75 {804@}[

2
(503, | x [Hs0y | x [Cyanex923, ]

Kex =D (4.90)

where f; is the stability constants of metal ions with SO427. For Th**, p1= 10332
and f,=10>7°.

In the sulfuric acid leaching solution of bastnasite, F~ is always present and
participates the extraction (Liao et al. 2001a, b; 2002). The equilibrium reaction can
be represented by the following equation:
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Ce?; + S0j(,) + 2HSO, ) + HF () + 2Cyanex923 )
= Ce(HF)(S04)(HSO,), - 2Cyanex923 ) (4.91)

The H,SO, and HF not only participate in the Ce** extraction but also compete for
extraction. The extraction equations are as follows (Liao et al. 2001a, b):

H2304(a) + Cyanex923<0> = H,;SO, - Cyanex923(0) (492)
HF,) + Cyanex923,) = HF - Cyanex923,, (4.93)

Figure 4.39 shows the effects of H,SO, concentration on the extraction of Ce**, Th*,
La**, and Gd®". The extraction of Ce*" decreases with the increase in H,SO,
concentration in the range of 0.5-4.0 mol/L. With the increase in H,SO, concentrate
over 4.0 mol/L, there is formation of a third phase. The extraction of Th4+, Gd3+, and
La** increases with the increase in H,SO, concentration. In low-acidity H,SO,4
medium the extraction follows the order of:

Ce** > Th*" > Gd** > La’*t

Utilizing the difference of extraction in the purified Cyanex 923-n-hexane-H,SO,
system, a process to separate Ce** with Th** and the other RE** from leaching
solution of mixed bastnasite and monazite was developed by Li et al. (1998). The
schematic process flow is shown in Fig. 4.40. The bastnasite leaching solution
contains 14—60 g/L. CeO,, 0.01-1.0 g/L ThO,, 0-12 g/L F, 0.5-20 g/L H3BO;, and
0.5-3.0 mol/L H,SO,4. The CeO, accounts for over 20 % of the total rare earth oxide

100
/_\
80 - Ce**
—_ 60 - Th4+
fal 3+
= Gd
40 -~
La3+
20 A
0 T T T T T T T
0 1 2 3 4 5 6 7 8
H,SO, ( mol/L)

Fig. 4.39 Effects of H,SO,4 on extraction. Purified Cyanex 923 =0.11 mol/L in n-hexane, [Ce*t
]1=125%10"2 mol/L, [Th*1=1.38 x 10~ mol/L, [Gd**]1=2.20 x 10~* mol/L, [La**]=
2.34x 107* mol/L (Lu et al. 1998a, b)
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Fig. 4.40 Separation process of Ce**, Th**, and RE** from H,SO, leaching solution of mixed
bastnasite and monazite

in the solution. The first step is to use Cyanex 923 to separate the Ce** from Th**
and other RE**. The Ce** is loaded in the organic solution and the Th** and other
RE®" are left in the raffinate. H,SO, solution is used to strip the Ce™ out of the
organic solution before the organic solution recycled. The stripping solution loaded
with Ce** is precipitated and calcinated to produce 99-99.99 % CeO, product
which contains less than 0.01 % ThO,. The Th** in the raffinate is extracted by
an amine extractant to separate with other RE**. Less than 0.00001 % ThO, will
end up in the RE** product. Over 95 % Ce** and 99 % Th** can be recovered.

4.7 Naphthenic Acid Extraction System

Naphthenic acid is a by-product of petroleum refining. The major components of
the purified naphthenic acid used for rare earth extraction are cyclopentyl carbox-
ylic acids with the following structure:

R1 R2

R3 (CH,),COOH

R4
where 7 is normally less than 4. R1, R2, R3, and R4 are alkyl groups or hydrogen.
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It belongs to carboxylic acid. In comparison with HEH/EPH, HDEHP, and
HBTMPP, the major advantages of naphthenic acid in rare earth solvent extraction
are low cost, high loading capacity, and easy stripping. It has been used for
rare earth extraction since 1960s. It can be used for rare earth separation and
purification, impurity removal, rare earth recovery, and concentration from
low-concentration solutions.

4.7.1 Naphthenic Acid Extracting Rare Earth

Naphthenic acid as a weak organic acid can be denoted by HL. The extraction of RE>*
by naphthenic acid is cation-exchange mechanism:

RE?j) + 3HL(,) = RE(HLy)5 ) + 3H{,, (4.94)

Bauer and Lindstrom (1964) investigated the extraction of 15 rare earth elements
from H,SO, solution using naphthenic acid diluted with diethyl ether (DEE) and
n-hexanol. Figure 4.41 shows the effects of pH on percentage of rare earth extrac-
tion. The extraction increases with the increase in pH. At pH 7.6, rare earth
extraction reaches its maximum. However, as shown in Fig. 4.42 the increase of
pH does not affect the relative distribution coefficients between individual rare
earth significantly. Naphthenic acid is an effective extractant for rare earth

Fig. 4.41 Effects of pH on 100
percentage of rare earth
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Fig. 4.42 Effects of pH on
rare earth distribution
coefficient in naphthenic
acid system

Distribution Coefficient

0.32 mol/L Naphthenic Acid - DEE
Mole Ration of Naphthenic Acid/REO=6

0.01

La Ce Pr Nd Sm Eu Gd Tb Y Dy Ho Er Tm Yb Lu

Rare Earth Elements

extraction when diluted with DEE or n-hexanol. Serious emulsion will result in
difficult phase disengagement when benzene, xylene, kerosene, or hexane is used as
diluent. The addition of chelating agent of EDTA can increase the average separa-
tion factor of heavy rare earths to 2.2 while the addition of DTPA can increase the
average separation factor of light rare earths to 3.5. With the addition of EDTA and
pH below 8, Y is between Tb and Dy in the extraction sequence. When pH is
increased to 10, Y shifts to the position close to Nd. This provides the option for
pure Y separation by a two-step countercurrent extraction process using naphthenic
acid as extractant. The addition of DTPA makes Y extraction with Nd possible at all
pH values. Bauer and Lindstrom’s work also indicates that the anion of rare earth
salts has negligible effects on extraction efficiency of the naphthenic acid system.

In addition to the rare earth extraction, naphthenic acid can extract other metal
ions as well. A general extraction sequence is shown below (Fu 1991):

Fe’* > Th* > Z* > U* > In’* > Ti’* > Ga®* > U0,** > Sn** > AI** > Hg”*
> Cu®* >7Zn*" > Pb* > Ag" > Cd** > RE* > Ni** > Sr** > Co™* > Fe?*
> Cr** > Mn** > Ca** > Mg?* > Cs*

The rare earth extraction sequence in naphthenic acid-mixed alcohol-kerosene-
HCI system at pH 4.8-5.1 is as follows (Fu 1991; Tan 1997):

Sm** >Nd** > Pr’* > Dy’* > Yb** > Lu** > Tb** > Ho* > Tm** > Er’* > Gd**
>La’ > Y
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The direct rare earth extraction using naphthenic acid will generate H" to
increase the aqueous-phase acidity and consequently reduce the rare earth distri-
bution coefficient and extraction-stage efficiency. To overcome the acidity changes
and associated issues, saponification is often adopted (Li et al. 2010a, b). The
naphthenic acid saponification using ammonium hydroxide can be represented by
the following equation.

HL ;) + NH4OH = NHyL,) + H2O (4.95)
The rare earth extraction by saponified naphthenic acid is as follows:
RE*" + 3NH,L,) = REL;, + 3NH; (4.96)

Figure 4.43 shows the effects of pH on the rare earth distribution coefficient in a
naphthenic acid-mixed alcohol-kerosene-RECI; system with 80 % saponification
(Fu 1991). In comparison with the system in Fig. 4.42, the Y distribution coefficient
is the lowest in the pH range of 4.0-5.2. It is worth noting that the rare earth
extraction sequence in naphthenic acid extraction system is very complicated.
The extraction sequence can be altered by the changes of system parameters such

4.0

3.5
20% Naphthenic Acid-20% Mixed

Alcohol-60% Kerosene-RECI, System
3.0 | 80% Saponification

pH=5.4

2.5

2.0

1.5

Distribution Coefficient

1.0

0.5 ¢

i
0.0 T T T T T T
Y La Ce Pr Nd Sm Gd Tb Dy Ho Er Tm Yb Lu

Rare Earth Elements

Fig. 4.43 Effects of pH on rare earth distribution coefficient in saponified naphthenic acid system
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as degree of saponification, aqueous acidity at equilibrium, concentration of naph-
thenic acid, O/A ratio, and rare earth concentration. Therefore, strict process control
is very important in extraction processes using naphthenic acid.

4.7.2 Separation and Purification of High-Purity Y

There are many Y separation and purification systems. Some of them are summa-
rized in Table 4.35. Regardless of the extraction system, they all utilize the position
shifting of the Y distribution coefficient to achieve Y separation from other rare
earth elements. As a low-cost extractant with good chemical stability, naphthenic
acid is commonly used in high-purity Y separation and purification. There are
two-step extraction process and one-step extraction process to produce high-purity
Y using naphthenic acid as extractant.

Figure 4.44 shows the two-step extraction process (Dai et al. 1985a, b). The feed
contains about 1 mol/L mixed heavy rare earth chloride with >50 % Y at pH 4. The
organic solution contains 0.68 mol/L. ammonium-saponified naphthenic acid and
0.17 mol/L naphthenic acid diluted in kerosene with 15 % mixed alcohol. In the first
step extraction, the organic is fed into the 1st stage and the rare earth is fed in the
19th stage. Scrubbing solution is introduced to the extraction from the 30th stage.
The volumetric ratio is organic solution/feed/scrubbing solution = 3.5/0.46/1.0. A
crude Y product with >97 % purity and a non-Y product with less than 0.3 % Y,03
are produced. In the first step extraction, the Y is left in the raffinate and the non-Y
rare earths are extracted in the organic solution. The organic solution loaded with
non-Y rare earths is stripped and treated before recycling. In the second step, feed
preparation is performed to remove the excessive NH4Cl in the first step raffinate
and adjust the RE** concentration to about 1.0 mol/L. The same organic solution is
used to separate the crude Y product to a high-purity Y product with >99.99 %
purity and a secondary Y product with 65-70 % purity. In the second step, the
organic solution is fed in the 1st stage and the feed is introduced in the 32nd stage.
Scrubbing solution is fed from the 40th stage. The volumetric ratio of organic
solution/feed solution/scrubbing solution is 28.4/3.0/15.

The organic solution treatment after stripping includes the washing using
3.0 mol/L HCI solution at O/A ratio of 4/1 and the washing using deionized water
at the O/A ratio of 2/1 until pH >4. Ammonium hydroxide (NH,OH) solution is used
to neutralize the naphthenic acid before recycling. The separation of Y utilizes its
low distribution ratio in the system where it is the lowest among all of the rare earths.
Table 4.36 lists the distribution ratios and the separation factors of the rare earth in
the naphthenic acid extraction system. It can be seen that the distribution ratio of Y is
the lowest in both systems with various amounts of naphthenic acid and saponified
naphthenic acid. The average separation factor of RE/Y is about 3.0.

The one-step Y separation process also utilizes its low distribution (Dai
et al. 1985a, b). As shown in Fig. 4.45, the mixed rare earth is separated in one
step to a Y product with >99.99 % purity and a non-Y product containing
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Step 1 Organic Solution Feed 1.95-2.0 mol/LHCI 1.0 mol/LHCI Recycling
I I IR
l—{ 1 | | 19 | | 30 |—>| Stripping |—>| Organic Treatment
¥,0,/RE,0,>97% Y,04/RE,0, <0.3%
Step 2 ‘l
Organic Solution Feed Preparation 1.2 mol/LHd 0.5 mol/L HCI
1 | | 32 | | 40 |—>| Stripping Ii
Y,04/RE,0,>99.99% Y,0/RE,0, 65-70%
Fig. 4.44 Two-step extraction process of high-purity Y production
Table 4.36 Distribution ratio and separation factor in naphthenic acid extraction system
Organic phase Naphthenic acid 0.45 mol/L 0.13 mol/L
Rare earth 0.142 mol/L 0.240 mol/L
Aqueous pH 4.19 4.96
O/A 2/1 2/1
Temperature 25°C 25°C
Dgre Presy Dgre Prery
La 0.143 1.22 0.546 2.65
Ce 0.246 2.09 0.711 3.45
Pr 0.340 2.89 0.760 3.69
Nd 0.422 2.35 0.810 3.93
Sm 0.619 5.27 1.041 5.05
Eu 0.529 4.50 0.908 441
Gd 0.414 3.52 0.623 3.03
Tb 0.413 3.51 0.681 3.00
Dy 0.370 3.15 0.556 2.70
Ho 0.303 2.58 0.470 2.28
Er 0.261 222 0.441 2.14
Tm 0.251 2.13 0.492 2.39
Yb 0.253 2.15 0.532 2.52
Lu 0.232 2.19 0.500 242
Y 0.117 1 0.206 1

1.40-1.42 % Y,05. The organic solution loaded with the non-Y rare earth can be
stripped by 3.0 mol/L HCI solution in one stage. After HCI acid and water washing,
the organic solution contacts with NH,OH to get saponified before it is recycled
back to extraction. Volumetric ratio in extraction is organic solution/feed/scrubbing
solution = 25/3.9/7.0. The O/A in stripping is 20-30/1.
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3.0 mol/L HCI, Water, NH,OH
Organic Solution Feed 2.0 mol/LHCI 3.0 mol/L HClI

T

v
l—{ 1 | | 40 | | 50 |—>| Stripping |—>| Regeneration

Y,0;>99.99% Y,0; 1.40-1.42%

Recycling

Fig. 4.45 One-step extraction process of high-purity Y production

Three-outlet technology can be adopted in the one-step Y separation process to
produce a middle product rich in Er. Industry-scale testing was done by Lu and
Ye (1994). In a process with total 73 stages, pure Y (Y203 >99.99 %) is produced
from the first-stage aqueous outlet and non-Y heavy rare earth (Y,03 < 0.3 %) is
produced from the stripping outlet. A third outlet is opened around 53rd stage where
Er is accumulated. The Er product contains about 60 % Er,Os5 that can be used for
further high-purity product separation. In the heavy rare earth product, the Er,O;
content is less than 3 %. Extending the number of extraction stages to 110 will
produce fluorescent-grade Y product.

Normally, the Y content in the rare earth feed needs to be higher than 60 %
Y,03/REO, to enable effective separation. Xu and Yu (1989) reported that the Y
in the mixed rare earth medium Y content (about 30 %) and high La content (about
22 %) cannot be separated by the naphthenic acid-HCI-RECl; system. Due to the
low separation factor between La and Y, La/Y separation using naphthenic acid
system is not practical (Tian and Yin 1995). However, naphthenic acid can be used
to realize group separation of LaY from the others to produce a high-purity LaY
product that can be further separated to high-purity La product and high-purity Y
product using other extraction systems (Zhang et al. 1995).

High-purity Y has wide applications in fluorescence, laser, and magneto optic,
where higher purity of 99.999 % (fluorescent grade) is required. It can be
produced in the naphthenic acid system using extended number of extraction stages
(Yang and Liu 2004). As shown in Fig. 4.46, 117 stages are used to produce
fluorescent-grade Y. It is common that concentrated ammonium hydroxide is often
used for naphthenic acid saponification. However, where ammonium in effluent is
strictly regulated, naphthenic acid-sulfoxide-kerosene system can be used. Sodium
hydroxide is normally used for the saponification of the naphthenic acid in this
system. The addition of either mixed alcohol or sulfoxide is to improve the fluidity of
organic solution, to reduce the solubility of naphthenic acid in aqueous solution, to
improve the solubility of naphthenic salt in organic solution, and to avoid the
polymerization between naphthenic acid and salt.

The naphthenic acid-sulfoxide-kerosene system may be preferable due to the
strong odor of mixed alcohol. Tian and coworkers (Tian 1989; Tian et al. 2001)
compared these two systems. The comparison is shown in Table 4.37. Except for



4.7 Naphthenic Acid Extraction System 159

NH,OH Saponification <

Feed 2.0 mol/LHCI 6.0 mol/L HCI
l l Water
, l |
l—{ 1 | | n | | 98 | 99 > 100| | 110 | 111 : 112 | | 116 | 117
Y,05>99.999% Non-Y RE Waste Water

Fig. 4.46 Schematic fluorescent-grade Y,O3 production process

Table 4.37 Comparison of naphthenic acid-RECIl; systems with mixed alcohol and petroleum
sulfoxide

Phase
Extraction Loading capacity | Separation separation Relative viscosity
system (mol/L) factor frg/y (min) (mmz/S)
With petroleum 0.224 2.36 7.0 0.69
sulfoxide
With mixed 0.224 2.07 8.0 1.00
alcohol

odor, the system with petroleum sulfoxide has slightly lower viscosity and better
fluidity. Reliable production of 99.999 % Y,O; in naphthenic acid-sulfoxide-
kerosene system has been reported (Zhang 1998; Yang and Liu 2004). To ensure
product quality, the raffinate of naphthenic acid extraction containing high-purity Y
is always polished using HEH/EHP (Zhang 1998; Liu 2009).

4.7.3 Impurity Removal

Naphthenic acid is a weak organic acid. It has extraction ability for rare earth only
when the system pH >4.0 (see Fig. 4.41). However, in the feeding stage with low
acidity ([H'] < 0.01 mol/L), impurities like Fe>* and AI**will be extracted prefer-
entially and flow with organic solution. When the organic solution reaches scrub-
bing stages where the acidity is high ([H*] > 0.1 mol/L), they will be stripped and
flow with the aqueous back to the feeding stage where they are extracted again. This
will result in the accumulation of impurities like Fe** and AI**. At high concen-
tration, they will be hydrolyzed to form gel-like hydroxides. The gel-like pre-
cipitates are the major causes of O/W-type emulsions in operation. Another
important impurity is Si which exists as SiO327 or SiO,'xH,O and (H,SiO3),.
They are not extracted by naphthenic acid but they can react with Fe®* and AI’*
to form gel-like precipitates in terms of Fe(OH); SiO,:xH,O and Al(OH);
Si0,'xH,0. Mixing with organic solution and aqueous solution, these gel-like
precipitates will form a negatively charged gel film to prevent the contact between
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liquid drops resulting in O/W-type emulsion. Therefore, impurities like Al**, Fe*,
and Si** must be removed.

The major impurity removal method includes hydrolysis method and solvent
extraction method.

Hydrolysis method utilizes the lower precipitation pH of impurity to realize the
separation of RE** from Fe**, AI**, etc. Ammonium hydroxide solution is used to
raise the solution pH to 4.5-5.0 to precipitate the majority of Fe** and AI’* and then
NH4HCO, solution is used to raise the pH to 5.2-5.4 to complete the impurity
precipitation.

Solvent extraction using naphthenic acid is one effective Fe** and AI** removal
method. At O/A =1.5, AI>* distribution ratio is 4.035 in 0.25 mol/L saponified
naphthenic acid-iso-octyl alcohol-sulfonated kerosene-RECI;-HCl system. The
separation factor farg is 36.351. Single-stage Al removal is 85.8 % and
two-stage Al removal is 95.0 % (Zeng et al. 2012). However, the separation factor
Bayre is affected by the degree of saponification, feed Al’* concentration, feed pH,
O/A ratio, etc. Normally good Al/RE separation can be expected for feed solution
with low AI** concentration and low pH. For feed solution with high AI** concen-
tration, for example 4.0 g/L. at low pH, good Al/RE separation cannot be realized
(Li et al. 2010a, b). Emulsion issues occur when the AI** concentration is high for
example at 6.34 g/L in the feed solution. But AI’* can be effectively removed by
slowly adding NH,OH to the extraction system using naphthenic acid without
saponification. When the ratio of NH,OH/feed is >0.14, AIP* can be reduced
from 6.34 g/L to 0.02 g/L (Liu et al. 2012). Alternatively, chloronaphthenic acid
can be used to avoid emulsion issues for the separation of Al/RE in high Al feed
solution (Li et al. 2010a, b; Zhang 2011).

4.7.4 Rare Earth Recovery from Low-Concentration
Solution

One of the important applications of naphthenic acid extraction system is to recover
and concentrate rare earth from low-concentration solutions. The rare earth con-
centration in the leaching solution of low-grade rare earth ore or recycled secondary
rare earth materials is relatively low. For example, the HCI leaching solution of rare
earth mine mud contains 5.9 g/L RE**. It can be upgraded to 56.0 g/L using four
stages of countercurrent extraction and two stages of stripping with the extraction
system of 25 % naphthenic acid (22 % saponification)-15 % iso-octyl alcohol-60 %
sulfonated kerosene. The rare earth recovery is 96 % at O/A=1
(Zhang et al. 1999a, b). The major impurities in the mine mud leaching solution
are Mn?*, Ca®*, Mg?*, K*, Na*, etc. According to the metal extraction sequence by
naphthenic acid (see Sect. 4.7.1), the extraction of Mn?* is ahead of the others.
Therefore, the separation of RE**/Mn*" is the major consideration for this solution.
Extraction equilibrium indicates that an optimum aqueous pH is 4.2 where Dgg is
7.96. At a higher aqueous pH, the extraction of RE** and Mn** will all increase and
will not favor their separation. The saponification also has important impact on the
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Table 4.38 Typical chemical composition of rare earth phosphors (Tu et al., 2012)

Y203 El1203 Tb407 CeOz La203 A1203 S102 CaO MgO SO3 F6203
16.95 |1.50 0.86 1.08 0.07 69.04 |0.67 |0.18 |0.17 [0.15 |0.13

RE**/Mn?* separation. The rare earth recovery increases with the increase in
saponification. However, precipitation of rare earth and manganese will occur and
hinder the extraction. Good RE**/Mn>" separation can be expected at 22 % sapon-
ification. The rare earth stripping in naphthenic acid extraction system is easy. At
25 °C and O/A =1, two stages of stripping using 3.0 mol/L HCI solution can strip
99.8 % of the extracted rare earth.

The recovery of rare earth elements from recycled materials has drawn increas-
ing attention due to their relatively high rare earth content. For example, rare earth
phosphor as shown in Table 4.38 contains 16.95 % Y,03 and 1.50 % Eu,0s.

Solvent extraction system with 25 % naphthenic acid-20 % iso-octyl alcohol-
55 % sulfonated kerosene is used to separate the HCI leaching solution of the rare
earth phosphors at pH 4.5 and O/A = 1. A product with 98.57 % Y,05 and 1.21 %
Eu,03; is produced through six stages of cross-flow extraction.

4.7.5 Effects of Additives on Naphthenic Acid Extraction
System

Additives such as alcohols, TBP, petroleum sulfoxide, and ethers are always used in
the naphthenic acid-diluent extraction system. Without additives, emulsification
can cause serious phase disengagement problems. The additives do not extract rare
earth when used alone. However, apparent synergism or antisynergism can be
observed when the additives are added to the naphthenic acid extraction system.
For example, rare earth extraction first increases and then decreases with the
increase in alcohol concentration. Naphthenic acid as an organic weak acid exists
as polymers in nonpolar diluents. The addition of alcohol leads to the dissociation
of polymers due to the formation of hydrogen bond between naphthenic acid and
alcohol as shown in the following equation:

(LH : HL), + 27ROH = 2n(HL. - -HOR) (4.97)

where HL represents the naphthenic acid and ROH represents the alcohol.

The dissociation of naphthenic acid polymer leads to the increase of its effective
concentration and the corresponding rare earth extraction. However, the addition of
excessive alcohol will form more hydrogen bonds and reduce the extraction power
of naphthenic acid significantly. Correspondingly, the rare earth extraction
decreases at high alcohol concentration:

HL.--HOR + HOR = ROH. - -HL- - -HOR (4.98)
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Different additives react differently with naphthenic acid to form either synergism
or antisynergism. Currently, mixed alcohol is the major additive used in the
naphthenic acid extraction system.

4.8 Amine Extraction System

Amines are the organic compounds with a functional group that contains a basic
nitrogen atom with a lone pair. Amines are derivatives of ammonia normally
containing over 12 carbons with high molecular weight. According to the number
of hydrogen atoms replaced by substitute groups, amines are classified into four
subcategories: primary amines, secondary amines, tertiary amines, and quaternary
ammonium compounds. Their formula structures are shown below:

IF“
N N N N
e \\ 0 ~ 0
H \H \ "R \ "R
Rl H R1 Rz R1 Rz 3 R1 R2 3

Primary Amine Secondary Amine Tertiary Amine  Quaternary Ammonium

where Ry, R,, R3, and Ry are alkyl or aryl groups.
The extraction ability of amines is closely related to their alkalinity. In aqueous
solution, the alkalinity of amines is measured by alkalinity constant:

R3N + H,0 = R3NH* + OH" (4.99)
[R3NH'] - [OH]

Kgp=—r - 1 4.100

B RN (4.100)

where R3N is used to represent the amine.
In inert organic solvent, the alkalinity constant is expressed by the reaction
constant with acid:

R3N + HA = R3NH' + A~ (4.101)
_ [R3NH']-[A7]
Kb = 3N HA (4.102)

where HA represents an inorganic acid.

Metal extraction by amines in acidic media follows anion-exchange mechanism
(also referred as to ion-pair mechanism). As shown by the following reaction
equation, extraction takes place between the negatively charged metal complex
and amine-acid complex:

MA(Z*VO + (n — Z)R3NHA(0) = [(RSNH)nszA”]

N +(n—2Ay  (4.103)

(0)
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where z is the charge of the metal cation and n is the number of inorganic acid
ligand in the metal complex.

Based on the extractability of metal ions by amines, they can be classified into
four groups (Liu 1979).

« Group 1 metal ions such as Mo®", U, V>*, and Zr** can be extracted by
primary, secondary, and tertiary amines.

« Group 2 metal ions like U**, Th**, and Ti** can be extracted by primary and
secondary amines. Extraction by tertiary amines is difficult.

« Group 3 metal ions like V>*, Fe**, and RE** can be extracted by primary amines.
Extraction by secondary amines is difficult. They are not extracted by tertiary
amines.

« Group 4 metal ions like AI**, V**, and Cr** and most of the divalent cations like
Fe?*, Co**, and Ni** are not extractable by amines.

In the 1960s, Rice and Stone (1962) investigated the rare earth extraction with a
broad range of 41 amines. Favorable extraction is with some primary amines which
include heptadecylamine, dodecylamine, Primene 81-R, and Primene JM-T. The
only secondary amine with extraction for rare earth is n-benzylheptadecylamine
(BHDA). Primene 81-R is a mixture of primary aliphatic amines with highly
branched chains (t-C;,H,sNH, to t-C4H,9oNH,). Primene JM-T is similar to
Primene 81-R with greater molecular weight (t-C;gH37;NH, to t-C,;H43NH,).
There is no rare earth extraction with tertiary amines. The favorable extraction is
from rare earth sulfate solution. Extraction from chloride, nitrate, and perchlorate
solutions is negligible. As shown in Table 4.39, the rare earth separation factors in

Table 4.39 Rare earth separation factors in amine-sulfate solution system

Isopropyl ether
Amine Kerosene diluent diluent
Concentration RE** Separation | RE** Separation
Separation | Type (mol/L) pH | (mol/L) | factor (mol/L) | factor
Pr/Nd Primene | 0.2 1.6 |0.015 1.42 0.015 1.38
81-R
Primene | 0.2 1.6 0.015 1.32 0.015 1.29
IM-T
BHDA 0.2 1.6 |0.015 1.24 0.015 1.18
Sm/Nd Primene | 0.2 1.6 |0.015 2.09 0.015 2.18
81-R
Primene | 0.2 1.6 |0.015 1.62 0.015 1.51
IM-T
BHDA 0.2 1.6 |0.015 1.28 0.015 1.34
Ce(Ill)/La | Primene | 0.1 1.6 |0.005 1.39 0.015 1.37
81-R
Primene | 0.1 1.6 |0.005 1.41 0.015 1.45
IM-T
BHDA 0.1 1.6 |0.005 0.67 0.015 0.76
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the amine-sulfate solution system are mostly in the range of 1-2 which is not
sufficiently high to render good separation.

In order to increase the separation factors, a chelating agent such as diethylene-
triaminepentaacetic acid (DTPA) can be added to the amine extraction system. For
example, the addition of DTPA to Primene JM-T-kerosene extraction system can
increase the separation factors to as high as 5.4 for Ce/La, 8.0 for Pr/Ce, 3.7 for
Nd/Pr, and 7.0 for Sm/Nd (Bauer et al. 1968).

The acidity of the primary amine extraction system has important impact on the
molecular species in both organic and aqueous phases (Coleman 1963). At high
acidity, metal extraction is inhibited due to the formation of more stable amine
bisulfate:

(RNH3),S04 4 H,SO, = 2RNH;HSO, (4.104)

At low acidity, the rare earth ions precipitate due to hydrolysis and amine salt
reverts to free base:

(RNH;),SO04 + 20H™ = 2RNH, + SO2~ + 2H,0 (4.105)

Therefore, an appropriate acidity range needs to be determined for effective rare
earth extraction in the primary amine extraction system.

N1923 is an effective commercial extractant for separating rare earths, thorium,
and iron from sulfuric acid solution. It contains >99 % primary amine with the
following structure. Its molecular weight is 280.9 and nitrogen content is 4.99 %
(Li and Liu 1988).

N

R\CH/ \\H
/ H
RI

where R and R’ are all Co—C,; alkyl groups.
At appropriate acidity (0.0001 < H,SO,4 < 0.5 mol/L), N1923 reacts with sulfu-
ric acid to form amine sulfate which extracts RE** into organic phase:

RNH,(,) + 2H" + SO;™ = (RNH3),S04(,) (4.106)

1.5(RNH3),S04() + RE*" + 1.580;" = (RNH3);RE(SO4)5,)  (4.107)

where RNH, is used to represent N1923.
At high acidity (H,SO4 > 1 mol/L), as shown by Eq. (4.104) the amine sulfate is
converted to amine bisulfate. The extraction of RE®>* with amine bisulfate is

1.5(RNH3HSO,), ) + RE* + 1.5S03" = (RNH3);RE(SO4)5,) + 1.5H,S0,  (4.108)
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Lietal. (1987a, b) investigated the extraction of 15 rare earth elements with N1923.
The extraction of rare earth decreases with the increase in H,SO,4 concentration in
aqueous phase. At constant acidity, the extraction of rare earth decreases with the
increase in atomic number showing “reverse extraction sequence.”

The extraction of trivalent Fe** by N1923 from H,SO, solution follows the same
extraction mechanism as the extraction of trivalent RE**. The extraction reaction of
tetravalent Th** and Ce*" in sulfuric acid solution by N1923 is shown below:

2(RNH;),804(,) + M** + 280~ = (RNH;),M(SO4), (4.109)

where M** represents Th** or Ce**.
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Chapter 5
Cascade Solvent Extracting Principles
and Process Design

5.1 Introduction

The common rare earth solvent extraction systems are introduced in Chap. 4. After
the solvent extraction system is determined based on the separation factors and
distribution ratios of the rare earths, separation processes are to be designed
according to the feed characteristics, product specifications, and separation targets.
Cascade solvent extraction processes are commonly used for industrial rare earth
separation. This chapter introduces the rare earth cascade extraction principles and
equations developed by Professor Guangxian Xu (Xu and Yuan 1987; Xu 1995) at
the Peking University, China.

A cascade solvent extraction process involves multistage contacts of aqueous
phase and organic phase in order to achieve targeted separation of one or one
group of solutes from the other. According to the flow patterns of organic phase
and aqueous phase, the cascade extraction is normally classified into counter-
current extraction, cross flow extraction, fractional extraction, and circulating
extraction etc.

The research and development of rare earth cascade extraction process
focuses on the distribution of rare earths between organic phase and aqueous
phase in each stage at different process configurations and different process param-
eters so that the relationship between separation targets and process parameters can
be determined.

The nomenclature used in this chapter is summarized in Table 5.1.
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172 5 Cascade Solvent Extracting Principles and Process Design
Table 5.1 Nomenclature
Sign Name Unit
A Solute(s) easily extractable
A Mass flow rate of A in aqueous phase mmol/min or
g/min
A Mass flow rate of A in organic phase mmol/min or
g/min
Afrq) Mass flow rate of A in aqueous feed mmol/min or
g/min
[Ap@)] Concentration of A in aqueous feed mol/L or g/L
[Ai] Concentration of A in aqueous phase in stage i mol/L or g/L
[Ajo)] Concentration of A in organic phase in stage i mol/L or g/L
[A, 4] | Concentration of A in organic outlet mol/L or g/L
a Concentrating factor of A
B Solute(s) difficult to extract
B Mass flow rate of B in aqueous phase mmol/min or
g/min
B Mass flow rate of B in organic phase mmol/min or
g/min
By Mass flow rate of B in aqueous feed mmol/min or
g/min
[Br)] Concentration of B in aqueous feed mol/L or g/L
[Bja] Concentration of B in aqueous phase in stage i mol/L or g/L
[Bjo)] Concentration of B in organic phase in stage i mol/L or g/L
[B1()] Concentration of B in aqueous outlet mol/L or g/L
b Concentrating factor of B
Dy Average distribution ratio of A in extraction
Dg Average distribution ratio of B in extraction
D' Average distribution ratio of A in scrubbing
D'y Average distribution ratio of B in scrubbing
Ea Average extraction factor of A in extraction: Ex = A()/Ac)
Eg Average extraction factor of B in extraction: Eg = B(,)/B(,)
E's Average extraction factor of A in scrubbing: E' = A’ /A’
E's Average extraction factor of B in scrubbing: E'g =B’ (,)/B’ ()
En Average extraction factor in extraction: En; = (A ) + B(o))/
(A@ + By
E'm Average extraction factor in scrubbing: E'yy= (A’ (o) + B’ o))/
(A’ +B'w)
Ia Mole fraction of A in feed
f'a Mole fraction of solutes (A 4 B) in organic outlet
b Mole fraction of B in feed: fg = 1—fa
s Mole fraction of solutes (A + B) in aqueous outlet: f'g = 1—f" 5
i Stage i in extraction
Jj Stage j in scrubbing
Js Extraction reflux ratio: Js = S()/M )
Jw Washing reflux ratio: Js = W)/M, 1 o)

(continued)
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Sign Name Unit

M Mixture of A and B

M) Organic feed mass flow rate mmol/min or
g/min

ME Aqueous feed mass flow rate mmol/min or
g/min

[M ()] Concentration of A and B in aqueous outlet mol/L or g/L

[M,,}m©)] | Concentration of A and B in organic outlet mol/L or g/L

M Mass flow rate of A and B in aqueous outlet mmol/min or
g/min

M, 4 o) Mass flow rate of A and B in organic outlet mmol/min or
g/min

m Number of scrubbing stages excluding feeding stage

n Number of extraction stages including feeding stage

I NS Product purity of A in organic outlet

Pyo) Mole fraction of B in organic outlet: Pgo) = 1—Pa(o)

Py Product purity of B in aqueous outlet

Paq Mole fraction of A in aqueous outlet: P,y = 1—Ppgy

OA) Daily Production of A in organic outlet kg/day

OB Daily production of B in aqueous outlet kg/day

OF(a Daily capacity of feed in terms of REO kg/day

R Organic phase/aqueous phase ratio in extraction: R =V,/

R’ Organic phase/aqueous phase ratio in scrubbing: R'=V,/V,,

r Volume ratio of mixing/settling

S Maximum extraction of solutes (A and B) mol/min or
g/min

SB(o) Maximum extraction of B mol/min or
g/min

t Mixing time of extraction min

¢ Mixing time of scrubbing min

% Effective volume of mixing in each stage L

Vi Total volume of mixing and settling in extraction L

V' Total volume of mixing and settling in scrubbing L

Va Aqueous volume or flow rate mL or mL/min

Var Aqueous feed volume or flow rate mL or mL/min

Vor Organic feed volume or flow rate mL or mL/min

Vo Organic phase volume or flow rate mL or mL/min

Vw Scrubbing solution volume or flow rate mmol/min or
g/min

Wi Maximum scrubbing of solutes mL or mL/min

Ya A Recovery

Yy B Recovery

s Average separation factor in extraction: f=D,/Dg =EA/Ep

i Average separation factor in scrubbing: ' =D',/D'g =E'A/E'g

(continued)
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Table 5.1 (continued)

Sign Name Unit
N Extraction residual fraction of A in fractional extraction:
Pa=A/Ar
2% Extraction residual fraction of B in fractional extraction:
¢ =B1/Br
1—¢a Extraction fraction of A in fractional extraction:
1—pa =A mo)/Ar
1—¢g Extraction fraction of B in fractional extraction:
1_¢B = Bn+m(o)/BF
Wa Extraction residual fraction of A in countercurrent extraction
VB Extraction residual fraction of B in countercurrent extraction

5.2 Assumptions of Xu’s Cascade Extraction Principles

Xu’s cascade extraction principles are based on five basic assumptions for rare earth
separation:

1. Extractability of Rare Earth Elements
According to the order of extractability, rare earth elements are represented
by A, B, C ..., and so on. The two-outlet separation process only considers the
separation of A and B. A is the one or one group of rare earth elements with
relatively high extractability and B is the one or one group of rare earth elements
with relatively low extractability. For example, in the separation of LaCePr/Nd,
A will be used to represent Nd and B will be used to represent LaCePr.

In the three-outlet process, a middle component is also considered. For
example for the separation of La/CePr/Nd, Nd will be represented by A which
is easily extractable, CePr will be represented by B as the middle component,
and La will be represented by C which is relatively difficult to extract.

2. Average Separation Factor (f3)
Separation factor is defined as the ratio of distribution ratios of A and B in the
separation system.

Da
_ oA 1
Pass Ds (5.1)

Due to the variation of distribution ratios in different stages with slightly
different conditions, the A/B separation factors (f;) vary slightly in different
stages in a rare earth fractional extraction process. In cascade process design, the
average separation factor 4/ is used. When the separation factor in extraction
is different with the separation factor in scrubbing, two average separation
factors Ba/s and 5/ 5/p are used respectively.

3. Constant Extraction Factor (E)
The extraction factor £ in a continuous operation is defined as the ratio of the
mass flow rate of a solute in the organic phase to the mass flow rate of the solute
in the aqueous phase.
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__ Mass flow rate of the solute in organic phase

= 52
Mass flow rate of the solute in aqueous phase (5:2)

In rare earth separation, it is a common practice to control the rare earth
concentration in the organic phase in each stage to be as close as possible.
Therefore, the extraction factor Erg in extraction and E'rg in scrubbing are
approximately constant.

4. Rare Earth Composition in Feeding Stage
In the design of the two-outlet process, it is assumed that the aqueous feed and
aqueous phase in the feeding stage have the same rare earth composition. If it is
organic feeding, the organic feed and the organic phase in the feeding stage are
assumed to have the same rare earth composition.

5. Constant Flow Ratio (R)
It is assumed that the extraction stages and the scrubbing stages all have constant
organic flow to aqueous flow ratios.

5.3 Countercurrent Solvent Extraction Process

5.3.1 Extraction Residual Fraction ¢ and Recovery Y

For large volume operation and more efficient use of solvent, countercurrent
extraction is employed. As shown in Figure 5.1, the organic phase flows from
stage 1 to stage n while the aqueous phase flows oppositely from stage » to stage
1. The countercurrent operation conserves the mass transfer driving force and
renders optimal performance.

In rare earth solvent extraction of A and B, the objective of a countercurrent
process is to extract A to the organic phase and leave B in the aqueous phase.
However, in reality partial A is always left in the aqueous phase and partial B is
always extracted into the organic phase. The extraction residual fraction ¢ is

Organic Phase Extract
& Algo) Axo) Anao) Aniio) Ano)
v, —> > e, . 2 oy sy
° Bio) Byo) B-20) (o) (o) °
1 2 n-1 n hase (Feed)
Aqueous Phase (Fee

v, < P P fuie) o) A

Raffinate Bia Bata) B(a) B Bra) Br(a)

Fig. 5.1 Countercurrent extraction process and solute distribution. V,: organic flow rate; V,:
aqueous flow rate; A,): mass flow rate of A in organic phase; A,): mass flow rate of A in aqueous
phase; B(,: mass flow rate of B in organic phase; B(,): mass flow rate of B in aqueous phase
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defined as the ratio of the mass flow rate of A in the aqueous outlet to the mass flow
rate of A in the aqueous feed.

_ Mass flow rate of A in aqueous outlet [Ai@]Va B [Aiw] (53)
~ Mass flow rate of A in aqueous feed [AF(a)] Vi [Ap(a)] '

A

where [A(,] is the aqueous concentration of A and V, is the aqueous flow rate.
In stage 1 in Fig. 5.1, the mass balance of A is:

[Ao@)]Va = [A1w)] Va + [A19)] Vo (5.4)
The flow ratio R is:
Y
R = v (5.5)

o

The extraction factor of A in any stage i is:

En— [Aiw]Vo _ [Ai0)] , _ DAR (5.6)

[Ai]Va  [Aiw)]

Therefore, Eq. (5.4) can be expressed as:
[Asw)] = [Aiw] (1 +Ea) (5.7)
In stages 1 and 2, the mass balance of A is:

[As)] = [Aiw] + [As0)|R
= [Aiw] + [As)]Ea
= [Aiw] (1 + Ex +E}) (5.8)

In all stages, the mass balance of A is:

[Ak@] = [Aiw] + [Ano)] R
= [Ai@)] + [An@)]Ea
= [Ayw] (1 +Ex+EX +---+E}) (5.9)

Multiply E4, Eq. (5.9) can be converted to:

EslAr@) = [Ai@](Ea + EX + EX- -+ EXTY) (5.10)
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Therefore, Eq. (5.10) —Eq. (5.9)=:

(Ea = D[Ar@)] = [Ai](EX = 1) (5.11)
when E # 1, the extraction residual fraction is:

[Aiw] _ Ea—1

Pa = =— (5.12)
M Ar] BT
when E, = 1, the extraction residual fraction is:
[Aw] _ 1
N = (5.13)
b [Arw] nd
The same relationships exist for solute B.
Eg —1
= 5.14
¢B E%+l —1 ( )

The recovery of A is the ratio of its mass flow rate in organic outlet to its mass flow
rate in aqueous feed. Therefore,

v, = ooV _ [Ar]Va = [A]Va | (5.15)
[AF(Q)} Va [AF(Q)] Va

The recovery of B (Yp) is the ratio of its mass flow rate in aqueous outlet to its mass
flow in the feed. Therefore,

Yg = ey (5.16)

YB: Bzi_’&i]—EB (517)

5.3.2 Concentrating Factor and Purity

The concentrating factor of a solute is used to measure its purity change after
n stages of countercurrent extraction. For the easily extractable solute A, it is
defined as the ratio of the A/B ratio in organic outlet to the A/B ratio in aqueous feed.
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ye / [Bn(o)
[Ar@]/ [Br)
_ ([4rw] = [A1w]) R[ By
R[ Ap)] ([Brw] = [Biw])
_(1=¢y)
=5 (5.18)

The purity of A in the organic phase outlet is:

[An)] _ a[Ar)
[Ano)] + [Baio)] @[ Arw)] + [Brw]

Py = (5.19)

The concentrating factor of B is defined as the ratio of B/A concentration ratio in
aqueous outlet to the B/A concentration ratio in feed.

B/ [Aiw] _ e (5.20)
[Brw]/ [Arw] @
The purity of B in aqueous outlet is:
Py 1Biwl __ b[Bra) (5.21)

[Biw] + [Aiw] B[ Brw] + [Arw)]

5.3.3 Example of Application

Using P350 extraction system to separate La/Pr with the presence of salting out
agent, the separation factor fp, , =5.0. By manipulating the organic/aqueous flow
ratio R, the extraction factors of La and Pr can be controlled to E5 = Ep, = 2.5 and
Eg=FE;,=0.5. If the feed composition is 50 % La and 50 % Pr, what is the
expected La purity and recovery after ten stages of countercurrent extraction?
Assuming the stage efficiency is 90 %, the effective number of stages is:

n=10x90% =9

Then the extraction residual fractions of Pr and La are:

Ex—1 25-1
Eft—1 2501

oy = Pp = =157x107*
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Gra=¢p=1—Eg=1-05=0.5
The concentrating factor of La is:

y_ts_ 05

_ 3
T 3.18 x 10

The purity of La is:

b[ Bra] 3.18 x 107 x 50%

_ = 99.97%
b[Brw] + [Arw] 318 x 107 x 50% + 50% ’

Pra=

The recovery of La is:
Y.=Yg=¢g=1—Epg =50%

It can be seen that the La product has good purity but with low recovery. If 70 % La
recovery is desired for the same feed composition in the same extraction stages,
what is the expected purity?

To reach 70 % recovery, it will need to reduce the La extraction factor E to 0.3.
This can be easily done by changing the organic/aqueous flow ratio R. However, the
change of R will also affect the Pr extraction factor E 5. According to Eq. (5.6), Ea
and Epg are:

Ex = DAR, Ep = DgR
Therefore:
En  DaAR
Es DR Pasp
Assuming separation factor is constant, the Pr extraction factor will become:

EA :EBﬂA/B =03x5=15

Therefore,

Epn—1 1.5-1
¢Pr_¢A_EnA+l—l_l.510_1

Pra=¢g=1—Eg=1-03=0.7

=8.82x 1073
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S
C pa 882x 107
b[ Br(w] 79.3 x 50%

b[Brw] + [Arw] 793 x 50% +50% 98.75%

Py, =Pp=

It can be seen that the increase of La recovery from 50 to 70 % will reduce the La
purity from 99.97 to 98.75 % by the same number of extraction stages. If both 70 %
recovery and 99.97 % purity are desired for the same feed, can this be achieved by
increasing the number of extraction stages?

To reach 70 % La recovery with the same product purity, it will need Eg = 0.3
and the same concentrating factor b= 3.18 x 10°.

YLa:YB:¢B:1_EB:70%’ Eg =03

b=@=3.18x 103
N

Therefore,

¢ =07, py =22x107%, and E = 1.5
Es—1 1.5-1

= = =22x%x10"*n=18.06
Eft -1 15—

ba

The required theoretical number of stages is 18.06.

Assuming the same stage efficiency of 90 %, the actual number of stages is 21. It
indicates that increasing the number of extraction stages to 21, 70 % La recovery
can be achieved with the purity of 99.97 %. Another question is what is the
maximum La recovery with the same product purity? And how many extraction
stages are needed to reach the maximum La recovery?

Based on above analysis and calculations, to increase the La recovery will need
to reduce the La extraction factor Eg. Accordingly, the Pr extraction factor £ will
be reduced as well when the separation factor f5/p is constant. However, E 5 cannot
be less than 1. Therefore, Eg cannot be less than Ex/fap = 1/5=0.2. The maxi-
mum La recovery will be 1 —0.2 =80 %. When E5 =1, according to Egs. (5.13)
and (5.20), the extraction residual fraction @, and the theoretical number of
extraction stages are:

. 08 1
_ % _ - n = 3974
P = 38100 i1

If 90 % stage efficiency is used, it will need 4416 stages of extraction (3974
theoretical stages).

The example indicates that it is not practical to seek high product purity and high
recovery at the same time in rare earth separation by using only countercurrent
solvent extraction process.
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5.4 Cross Flow Solvent Extraction Process

The representation of cross flow solvent extraction processes is shown in Fig. 5.2. It
includes cross flow extraction, cross flow washing (scrubbing), and cross flow
stripping.

In the cross flow extraction process, fresh solvent contacts with the feed in all
stages as the feed flows from the first stage to the last stage. The purpose of cross
flow extraction is to extract the component A as complete as possible from the
aqueous phase to produce high purity B in the aqueous outlet. When the separation
factor /g is large, a pure B product can be produced. However, the recovery of B
is low and the consumption of organic solvent is large. Therefore, it is not
commonly used in industrial production.

S S S S
Feed
A A A, A
Va Ara) 1 1(a) > 5 Aya) n-2(a) -1 Bn lla)= n Bn(ai pure B
Bra) Baa) Baa) Boa(a) n-1(a) n(a)

Auo)l Bio) AuoiBz(o, An-uol Bo1(0) An(o;l Boo)

Cross Flow Extraction

F w W W
Solvent
A A A, A
Vo 1 1(0) 2 Ay mao) | g Bn o, Bmlo)I pure A
Bio) Bao) Bm-200) n-1(0) mio)

Al(a)l Bia) AZ(aiBzm Am-ltai Br-1(a) Am1ai Brn(a)

Cross Flow Washing

F SS SS SS
Solvent
A A A
Vo — 1 0,0, | Aoy . Aoz | p-1 LG —VBP(O) Solvent
Bio) Bao) Bp-2(0) Bp-1(0) plo)

Aua)l Bi) AZ(a)le(a; Ap-l(al Bptia) Ap(a)l Bota)

Cross Flow Stripping

Fig. 5.2 Cross flow extraction, washing, and stripping processes and solute distribution
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In the cross flow washing (scrubbing), fresh washing solution contacts with the
loaded organic phase in every washing stage. When the separation factor fa/p is
large, a pure product of A can be produced. However, the recovery of A is low and
the consumption of washing solution is large. It can be used for the separation of
rare earth elements and non-rare earth impurities.

The cross flow stripping is similar to the cross flow washing. Due to the high
consumption of stripping solution, it is only used in the production of those with
high purity or difficult to strip.

In industrial rare earth separation, cross flow processes are rarely used. There-
fore, cross flow process design and calculations are not discussed in this chapter.

5.5 Fractional Solvent Extraction Process

As discussed in Sect. 5.3, countercurrent solvent extraction process can produce
high purity product but cannot reach high recovery at the same time. In the 1980s,
Xu and coworkers developed rare earth cascade solvent extraction principles and
the methods for designing and calculating the optimum process parameters. These
principles and methods have been successfully used in industrial rare earth separa-
tion processes over 30 years. With the adoption of advanced computing technology,
the application of these principles and methods have been progressed and extended
to new rare earth separation process design and simulation. Xu’s rare earth cascade
solvent extraction principles and methods are discussed in details in the following
sections.

5.5.1 Material Balance of Aqueous Feeding System

Figure 5.3 shows the fractional extraction process with two solutes, A and
B. Organic solution is fed from the first stage and aqueous solution is discharged
from the first stage. The feed is introduced in the nth stage, which is referred as to
the feeding stage. The organic solution is discharged from the (n + m)th stage and
the scrubbing solution is introduced in the (n + m)th stage. The stages 1 to n are
extraction stages and the stages (n+ 1)to (n+ m) are scrubbing stages.

Assuming M is the mass flow rate of the total solutes (A + B), the organic phase
and aqueous phase have the following relations in any stage i.

Miuy = Ai) + Biay M) = Aio) + Bio) (5.22)

Using MFE to represent the mass flow rate of the feed and assuming Mg =1 mmol/
min or 1 g/min, the mole fractions or mass fractions ( f5 and fg) of A and B have the
following relationships:
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Mea)=1, Ve
Organic Inlet Organic Outlet
Aoy Ao Ailo) Ani(o) Ano) Ao Ajo)  Anmeao) Animio)
A Bio)  Biio) Bio) Boi(o) Boto) ) Bjio) n+m-1(0) Biymio) Vv,
-y = e -
My M) o) h-1(0) M) l-1(0) Mio)  Myimio) Mim(o)
1 i n J n+m
Ay Axa) Aia) Aia(a) Ana) Ana@ Al A Animia)
By B By Bii1(a) Ba) By Bia) Biye  Buemia)
V, <M77—<— - -t [ --- +—— Vy
Miga) b My Mt Mg Mo Mg Mt Myimia)
Aqueous Outlet Washing Inlet
Fig. 5.3 Fractional solvent extraction process with two solutes A and B
fA +fB = 17 MF:Ml(a)+ Mn+m(0) (523)
frm Al(a) + Antm(o) Fo= Bi(a) + Butm(o) 504
A=— 0 fe=— (5.24)
Mg Mg

The recovery of A in organic outlet (¥ 4) and the recovery of B in the aqueous outlet
(Yp) are:

An+m(o) Bl(a)
Yp=—>"=,Yp=—7+ 5.25
A f aMr ’ Mg ( )
The purity of A in organic outlet and the purity of B in aqueous outlet are:
AI’[ m AI’[ m B B
Animio) — o) - e » P, ® p (5.26)

Mn+m(0) B An+m(o) + Bn+m(0) ©o M, (a) B Al(a) + Bl(a)

Therefore, the mass flow rates of organic outlet M,, ., and aqueous outlet M,
are:

Auim(o) _ FAMEY A M — Biw _ feMrYs
- ) a) — -
Ay im(o) P Apm(o) Pg 1(a) PB'“‘)

Mn+m(o) =

(5.27)

Have f’5 as the solute fraction in organic outlet and f'g as the solute fraction in
aqueous outlet, then:

o Myiwo)y  fa¥Ya o 1) fBYB
fa= =5

= L= = 5.28
Mr  Pa,q o=y P Psy, (528)
According to Egs. (5.23) and (5.28),
/ / M}’l m + M
fatfp=—"00 0 o @ (5.29)

Mg
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When the organic product A and aqueous product B are all high purity, the
following approximate relations exist:

Prpney = 1 Py =1, Yam 1, Yp =~ L fa~farf5~fs (5.30)

In extraction, the mass balance is:
M) = Mio) + My, i=1,2,3---n—1 (5.31)

In scrubbing, the mass balance is:
M) =My =My, j=n,n+1, -, n+m—1 (5.32)

Equations (5.31) and (5.32) are operating line equations. Similar operating line
equations also exist for solute A and B:

Aisi(a) = Ailo) T At@)> Bivia) = Bi(o) + Bia) (5.33)
Ajti() = Ajto) = Antm(o)s Bir1) = Bjto) + Bum(o) (5.34)
The extraction factors of A, B, and their total are:

Aifo)
Aia)

=™

i M; Aio) + B
, Epi =2 | Fyy = 19— 1O T (5.35)
i(a) Miqy  Ai) + Biga)

Epi =

o

The maximum extraction of M to organic solution is detonated by S,. The maxi-
mum scrubbing of M to washing solution is detonated by W,. According to the
mass balance in scrubbing, S, and W, have the following relation:

Wa =S80 —Muimo) (5.36)
Since Mg is assumed as 1,
/ Mn mio !
fA - A; ©) = Mn+m(u)a Wa = So _fA (537)
F

The ratio of W,/M,, (o) is defined as washing reflux ratio and detonated by Jyy.

Wa W,

Fy=to =t
Mn+m(o) fA

(5.38)

According to Xu’s assumption of constant extraction factor, extraction factor in
scrubbing is:
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’ M; SO W +Mn m 1 1
By =20 20  TaT mwtm) _qy © or fy = —
M Wa Wa Tw B 1

(5.39)

M,y (i#1) in each stage of extraction is very close. Therefore, L, is used to
detonate M, (i # 1) in all stages with the same total solutes. Then, the total solute
balance in extraction can be expressed by:

Ly =S80 +M@) = Wat M, o) + My =Wy+1 (5.40)

The ratio of S,/M |, is defined as the extraction reflux ratio and detonated by Js.

So
Js = 5.41
Mo (5.41)
The extraction factor in extraction is:
M S, S, J E
Ey=—2=20___ 20 I8 gy M (5.42)
Mja Lia So+Myn 1+Js 1 —Em

According to above equations, the following relationships between Ey; and E'y; can
be obtained:

E/ /
By = 20a (5:43)
Ey — 1y
. Emfy
Ey = Ewls (5.44)
Em —fa
The following relationships between Jg and Jyw can be obtained:
_fa
I8
Jw :JSJ;B— (5.46)
fa

5.5.2 Material Balance of Organic Feeding System

The difference between aqueous feeding and organic feeding is illustrated in
Fig. 5.4. Figure 5.4a shows the distribution and material balance of solutes
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So S,
1 n
M) L=W,+1 w,
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b Me(o)=1
OrganicInlet
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1 n
Myg) W, W,

Aqueous Outlet
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Organic Outlet

n+m

B

Mn+m(o)

l

Washing Inlet

Organic Outlet

n+m

.

Mn+m(o)

i

Washing Inlet

Fig. 5.4 Material balance in aqueous feeding system and organic feeding system

(A and B) in the aqueous feeding system. Figure 5.4b shows the distribution and
material balance of solutes in the organic feeding system.

Based on the material balance in the organic feeding system in Fig. 5.4b, the
following relationships between Ey; and E'y; and between Jg and Jy can be obtained:

Ewm 1= tule _I?MfB
Ia

. 1—Euf

£, = IMfA
fB

Js :wa—,A— 1
fB

s

(5.47)

(5.48)

(5.49)

(5.50)
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5.5.3 Concentrating Factor

The concept of concentrating factor is introduced in Sect. 5.3 for the countercurrent
solvent extraction process. In fractional solvent extraction process, the same con-
cept applies. It is used to measure the separation of A and B.

The concentrating factor of A in fractional solvent extraction is the ratio of [A]/
[B] ratio in organic outlet to [A]/[B] ratio in feed:

[ An+m(o)]
[Akw)]

n+ _ 5
[Brw)) Ialfs 5-51)

a =

/ [Buimo)] P/ (1 —-P A,,+n,<o))
/

Therefore, the purity of A in organic outlet can be expressed by the A concentrating
factor and the mass fractions of A and B in feed.

af a
Phvi) = 7 (5.52)
MO af s g
The concentrating factor of B in fractional solvent extraction is the ratio of [B]/[A]
ratio in aqueous outlet to [B]/[A] ratio in feed:

b [Bl(a]; [Aw] _ PBl@/(l *PB‘“)) (5.53)

)/ [Aw
[ Bew)/ [Ar@)] fa/fa

Therefore, the purity of B in aqueous outlet can be expressed by the B concentrating
factor and the mass fractions of A and B in feed.

bfs
Pg, = ——— 5.54
B0 b+ fa 534
Total concentrating factor of A and B is defined as the product of a and b:
ab = Paveno e (5.55)

(1 _PAr1+r71(0)) (1 _PBI('A))

5.5.4 Extraction Residual Fraction

The extraction residual fractions of A and B are the ratios of mass flow rates of
A and B in aqueous outlet to those in feed.
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Al By

Pa = . g = , 5.56
A Ar B Br) ( )
The extraction fractions of A and B are:
Ai 1 B 1
1— ¢7A _ 1+m(0) , 1— ¢B _ n+m(o) (557)
AR Br)

Since the ratio of A/B equals to the ratio of [A]/[B] in each phase, the following
relations between concentrating factors and extraction residual factors exist:

1 —¢a ¢8
= b= 5.58
N (538)
a—1 b—1
Pr= P =1 (5.59)

In a fractional extraction process with high separation efficiency, it is common that
a>>1 and b> 1. Therefore:

1 1
~—, ~1—— 5.60
Iy el (5.60)
1 1
a~ , b~ — 5.61
1 —¢g N (5.61)

5.5.5 Example of Application

A rare earth solution contains 25 % PrgO;; and 75 % Nd,Oj; is separated in N263-
DTPA system by ten stages of extraction and ten stages of scrubbing. Two products
of 99.9 % Nd,O3 and 99.8%PrsO;; are obtained. What are their concentrating
factors, extraction residual fractions, total concentrating factor, and their
recoveries?

In the N263-DTPA extraction system, Pr is A that is relatively easy to extract
and Nd is B that is relatively difficult to extract. Therefore:

fa=0.25, fg = 0.75, Panimio) = 0.998, Py = 0.999

According to Egs. (5.51) and (5.53), the concentrating factors are:
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PAn+nl(o)/<1 - PAH-M(O)) - 0.998/(1 — 0.998)

- = 1347
a Fulfs 0.25/0.75
B PBI@/(l - PBM) _0999/(1-0999) _ ..,
fs/fa - 0.75/025

ab = 1347 x 333 = 4.48 x 10°

According to Eq. (5.60), the extraction residual factors are:

11
No=——=30x10""
Pa 3 =333 %
bs ~ 1 Lo L 0999
B™ T 1347

The recoveries of A and B are:

Ya=1-g,=1-0003=099.7%
Y5 = g = 0.999 = 99.9%

5.6 Extrema Equations

Based on the Xu’s assumptions for cascade solvent extraction and the principle of
material balance, Xu and coworkers developed the extreme value equations for the
fractional solvent extraction system in order to achieve effective separation of
A and B.

5.6.1 Aqueous Feeding System

The minimum extraction factor in extraction of an aqueous feeding fractional
extraction system is:

(Bf o +/8)(PB1 —[3)
(Bfa +fp)PB1 —fB

(EM)min = (562)

En must meet the following conditions in order to achieve effective separation.

(EM)pin < Em < 1 (5.63)
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When the aqueous outlet product is high purity B, Pg,) ~ 1. Equation (5.62) can be
simplified to:

(Bfa +f8)(1 = fB)
(Bfa+18) — B

i
p

(EM)min ~ *fA (564)

The separation factor E’y; in scrubbing must meet the following conditions to
achieve effective washing:

1 <Ey < (E’M)max (5.65)

BFatls P Biim(o)

When the organic outlet product is high purity A, Py ~ 0. Equation (5.66) can

n+m(o)

be simplified to:
(E;w) Nt (5.67)

When the product in aqueous outlet and the product in organic outlet are all high
purity products, there are five extreme value equations for the aqueous feeding
system.

fs

1> En > (Em)yp, & fa +22 5 (5.68)
| < Ey < (EM)  mffatt (5.69)
Is > Ushan = e~ S (70
S0 (Soia = Mo Us)pin ~ 5235+ (5.71)
W > (We)oiy = (Sohin = Mromto) = 5 (5:72)

where (So)min 1S minimum extraction and (W), 1S minimum scrubbing in com-
parison with the maximum extraction S, and maximum scrubbing W,.
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5.6.2 Organic Feeding System

Xu and coworkers also developed five extreme value equations for the organic
feeding fractional solvent extraction system that produces high purity products in
both aqueous outlet and organic outlet.

1> Ev > (Ey)o ~ m (5.73)

1 < Ey < (E;w)max m% ifB (5.74)

s> (Ts) =~ ﬁ (5.75)

0> oloin =foS)n = =5 (5.76)

W, > (Wa)min = (S0>min +fg =~ ﬁ_'_fB (5.77)

5.7 Number of Stages of Fractional Solvent Extraction

In the design of a cascade solvent extraction process, the most important parameters
are the number of stages and the flow rate of each phase. This section introduces the
calculation of the number of stages for different systems.

5.7.1 System with Constant Extraction Factor
of Individual Solute

As shown in Fig. 5.5, a fractional solvent extraction includes n stages of extraction
and m stages of scrubbing. The feeding stage is included in extraction for aqueous
feeding and it is included in scrubbing for organic phase.

According to Xu’s assumption about the feeding stage phase composition, it can
be assumed that the aqueous phase from the n + 1 stage and the organic phase from
the n—1 stage have the same rare earth composition as the feed. For the two
component system, this assumption can be expressed by the following equation:

[Arriw)] _ [Arw] _ [Ario)] (5.78)

Buiiw]  [Bew]  [Buoi(o)]
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[Ar@]
\Y
f [Bra)]
Vo l Vo (Pure A)
[Ano)]
\_, _______ L ,Vo net
[Boo)]
1 n n+l n+m
{[Am(a;]
....... l—Vw — .
[Bria(a)] Vi
VetVy
(Pure B)
n stages of counter-current extraction m stages of counter-current scrubbing

Fig. 5.5 Fractional solvent extraction process

The extraction with stage from 1 to n can be considered as an independent
countercurrent extraction system. Therefore, the equations of extraction residual
fractions of A and B in the countercurrent extraction process will be applicable here:

Ex—1
= 5.79
¢A EnA+1 1 ( )
Eg —1
=— 5.80
¢B Eg+1 1 ( )
According to Eq. (5. 20), the concentrating factor of B is:
Eg—1
T Efl —1)(1 —E
by BT (B 1)1y s

= ¢A T O Ex—1 T (Eg+l . 1)(1 _EA)

Ep-l
BT

Since Ep > 1 and Eg <1, E%™' >> 1 and Ef"! < 1. Therefore, the concentrating
factor b can be simplified to the following equation:

. EiN(1 — Ep) _ E!(Er — EgEn)
(Exn—1) (Ea—1)

~E! (5.82)

Therefore, the number of extraction stages can be obtained:
n = logh/logEA = logb/logBEg (5.83)

The scrubbing with stage from n + 1 to m can also be considered as an independent
countercurrent reverse extraction system. The concentrating factor of A can be
expressed by the following equation.
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(5.84)

Therefore, the number of the scrubbing stages can be calculated by the following
equation.

/

m= loga/logi, — 1 =loga/log 'B, -1 (5.85)
Eg N

Equations (5.83) and (5.85) are the two basic equations for the calculation of the
number of stages in fractional extraction. They apply to the systems with constant
extraction factors of individual solutes in both extraction and scrubbing. However,
the extraction factors of individual solutes are not constants in real production. Only
the extraction factors of total solutes are close to constants. The following are rela-
tionships between the extraction factor of total solutes and individual solutes:

_ Ew
p— (B —1)Pyy

r EM
EA = - DPag)

Ep = (5.86)

(5.87)

If B is the major component in the feed, the majority of the extraction stages has
Pg) > 0.90. Therefore, Eg ~ E\, is relatively constant. The number of extraction
stages calculated from Eq. (5.83) is reliable but the number of scrubbing stages
calculated from Eq. (5.85) is not sufficient. If A is the major component of the feed,
most of the scrubbing stages have Py, >0.90 and E, =~ E,,;. The number of
scrubbing stages calculated from Eq. (5.85) is reliable but the number of extraction
stages obtained from Eq. (5.83) will be low.

5.7.2 System with Constant Extraction Factor
of Mixed Solutes

5.7.2.1 Purity Equilibrium Line Equation

Based on Xu’s assumption of average separator factor, the separation factor can be
expressed by the following equation:

Exn  Aw B

= A0 C0 5.88
= m=a s (5.88)
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According to the definition, the purity of A in organic outlet and aqueous outlet can
be expressed by the following equations:

PA = — PA = — (589)

Therefore, the purity equilibrium line equations of A can be obtained from above
equations:

ﬂPA<a) PA(o)
Py = AW o p A 5.90
Aw) 14+ (B — 1)Pag Ao = g (= DPa, 50

Since Py =1 — Pg(oy and Pay =1 — Pp(a), the purity equilibrium line equations
of B can be obtained as follows:

Py pP B(o)
Pgp, =——7———, P, = —F—ni——— 591
B B—(B— 1)PB(a) B 1+ (p— 1)PB(0) ( )
5.7.2.2 Purity Operating Line Equation in Extraction
In extraction the operating line equation of A is:
Air1(a) = Aio) T A1) (5.92)

Since Ay 1(a) = Mit1(a)Pa Ajo) = Mi(o)Pa,

i+1(a) > M (0)
line equation can be expressed by purity and total mass flow rate of solutes:

Ay(a) = My(2)Pa,, the operating

Mi) M

PA1+ Q) PA,'O Aj(a 5.93
o Miniw " Mia) (35)

In extraction the operating line equation of total solute M is:
Mii 1@y = M) + M (5.94)

Therefore, Eq. (5.93) can be converted to:
Mi) ( M) )

Pa.w = Pay, +Pa (1 ———— 5.95
@ “Mis1) @ Mii1(a) (595)

For the system with constant extraction factor of total solutes, the extraction factor
can be expressed by the following equation:
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M)

Ev =
Mii1a)

(5.96)

Therefore, the purity operating line equation of A in extraction can be obtained
from Egs. (5.95) and (5.96).

Payy = EwPay, + Payy (1 — En) (5.97)

i+1(a)
For solute B, the same purity operating line equation in extraction exists:

Py = EuPg ) +PB1(3)(1 —EM) (598)

i+1(a) i(o
When B in the aqueous outlet is high purity, Py, ~ 0. Equation (5.97) can be
simplified.

P,

i+1(a)

= EnPay, (5.99)

5.7.2.3 Purity Operating Line Equation in Scrubbing

The operating line equation of B in scrubbing is:
Bj+l(a) = Bj(o) + Bn+m(0) (5100)

Since  Bjii(a) = Mjs1(a)PB,..» Bjo) = Mj(0)PBy» Bnsm(o) = Muim(o)PB, > the

operating line equation can be expressed as:

Mj(o)

Mn+m(o)
e PBf(‘))Mj+1(a) + Pp (5.101)

Py
nbm(o)
" M1 (a)

For a system with constant extraction factor of total solutes, the extraction factor in
scrubbing can be expressed by the following equation:

.M
Ey, =19 (5.102)
Mji1(a)

Therefore, the purity operating line equation of B in scrubbing can be obtained:
PBj+l(a) - E;\/IPB,(()) - (E;vl - 1)PB/1+m(o) (5'103)
For A, the same operating line equation in scrubbing also exists:

P = EvPay, — (EM B 1)PA"+m<o> (5.104)
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When A in the organic outlet is high purity, Pp ~ 0. Equation (5.103) can be

n+m(o

simplified:
P = E, MPBy) (5.105)
5.7.2.4 The Number of Extraction Stages
Combine Eqgs. (5.90) and (5.99), the following equation can be obtained:
EnP a;
Payy = EnPa, PEMP nits (5.106)

O T T+ (8= DPaia

The change rate of A purity with respect to stages in aqueous phase can be
calculated by the following equation:

APay _ Paio —Paw  PEwPai P (5.107)
Ai i+1—i 1+ DPa .
or
N 1+ (B = DPaiw) (5.108)

APy, (PEm —1Paiw) — (B — VPR,

When 7 is a large number, Eq. (5.108) is approximately equal to the differentiation
of stage with respect to purity:

di N Al _ 1+ (ﬂ - 1)PA(a) (5 109)
dPA(a) APA(a) (ﬂEM - 1)PA(a) - (ﬁ - 1)Pi(u)
Integrate Eq. (5.109); the following equation can be obtained:
n PAn (a) PAn(a)
_ J J dPaw + J dPa
(BEm — 1)Ppg) — (B — 1)P/2x<a) (PEm — 1) _p

0 Parg) Pai) B—1 Aa)
=n; +ny
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P n(a
T> aP,
ny =
(BEm — 1)Paw) — (B = 1P|
Paia)
1 PA“/(PZQ —PA,,a)
— - “ (5.111)
PEm PAl(m)/(PA(ﬂ) - PAI(a))
P ana) ®
* dPA(u) (PA(a) - PAI(a))
ny = oD =InJ— (5.112)
71 — Paw (PA _PA.)
PAl(a) (a) n(a)
o (ﬂEM - 1) (1 _EM)ﬂEMPAl(a) - (ﬂEM - 1) (5 113)

Aw T p—1 (BEm — 1) + (1 — Em) (B — 1)Pa,, I

where P:(a) is the intersection of purity equilibrium line and purity operating line.

Using Taylor series expansion, the following can be obtained:
PEM — 1 = InfEy (5.114)
PAn(u)/(P:(a) - PAn(u)) PAn(a)/(l - PAn(a) /PZ(.A))

- VAN (5.115)
PAl(a)/<PA(H) - PAl(a)) PAl(a)/(l _PAl(a) /PA(H))

Therefore,

PZ ) PAl(u)
n = logh/logfEy + 2.303log — 22—
PA(H) - Aﬂ(a)

(5.116)

Equation (5.116) is the equation for the calculation of the number of extraction
stages in fractional extraction with constant extraction factor of total solutes. The
following equation can be used to perform rough estimate of the number of
extraction stages.

n = logb/logfE\ (5.117)

5.7.2.5 The Number of Scrubbing Stages

Following the similar derivation in Sect. 5.7.2.4, the equation for the calculation of
the number of scrubbing stages can be obtained:
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/ K

Py = PBoe
m+ 1 = loga/log L+ 2.30310g 20—~ orimel (5.118)
EM B((,) - Bn(o)
. JE\ — 1 (1 —1/E)P "IE. — 1
PB :ﬂ/ M ﬂ ( / M) Bn+m(0) N/))/ M (5119)

O F—1 Byt (Ey-0)(F -1)Ps,,, -1

Equation (5.118) is the equation for the calculation of the number of scrubbing
stages. The following Eq. (5.120) can be used to perform rough estimate for the
number of scrubbing stages.

/

m = loga/log b

——1 5.120
e (5.120)

Equations (5.116) and (5.118) have been approved correct in over ten years of rare
earth production and in hundreds of simulating experiments.

5.7.2.6 Extrema of Extraction Factor

For a system with aqueous feeding, it can be assumed that the A purity (P, ) in the
aqueous phase of the feeding stage equals to the mass fraction of A in the feed (fa).
If P:(a) =Pa,, =fa,n— 00 according to Eq. (5.116). Therefore,
PZ(a)must be > f,. According to Eq. (5.113), the minimum extraction factor in

extraction can be obtained:
(EM)min =fa +/8/P (Aqueous Feeding) (5.121)

If Ev < (Ep)min 10 extraction, the targeted separation cannot be achieved. Follow-
ing the similar derivation, the maximum extraction factor in scrubbing can be
obtained:

(E;v[) = Bfa+fs (Aqueous Feeding) (5.122)

Similarly, if E'v;> (E'v)max in scrubbing, the targeted separation cannot be
achieved.

For a system with organic feeding, it can be assumed that the B purity (PE(OJ) in
the organic phase of the feeding stage equals to the mass fraction of B in feed (f3).
According to Eq. (5.118), P;(O) must be > f. According to Eq. (5.119), the maxi-

mum extraction factor in scrubbing and the minimum extraction factor in extraction
can be obtained:
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(E;w)max = m (Organic Feeding) (5.123)
(EM)min = m (Organic Feeding) (5.124)

5.8 Optimum Equations

5.8.1 Optimum Extraction Factor

In rare earth solvent extraction, the primary objective is to produce products with
high purity at high recovery. The secondary objective is to reduce the production
cost by increasing throughput. In extraction, the Ey; must be larger than (Enp)min.
The higher the E\;, the higher the B purity or the lesser the number of stages
required to achieve the same product purity. However, Jg will increase with the
increase of Ey resulting in capacity reduction of the same size facility. Therefore,
an optimum FE), is required to increase the facility capacity while maintaining the
targeted product purity and recovery.

If B is the major component of the feed, then P ) < P Aca)- Equation (5.116)
can be simplified to Eq. (5.117) but Eq. (5.118) cannot be simplified to Eq. (5.120).
In this case, the process is referred to as extraction controlled process. For an
extraction controlled process, the daily production of B can be expressed by the
following equation.

V [Biw]
— 1442 2] 12
Op t 1+R (5.125)

where Qg is the daily production of B with the unit of kg/day, V is the volume of
mixer of each stage (L), ¢ is contact time (min), R is phase ratio, [B;] is the
concentration of B in aqueous outlet (g/L).

Using Vg to denote the total volume of mixer and settler in extraction and r to
denote the volume ratio of settler to mixer, the volume of mixer of each stage can be
expressed by the total volume of extraction.

Vie

o)

(5.126)
According to Eq. (5.17), the following equation can be obtained:

[Bia)]
~1—Ep (5.127)
[Buw)]
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Substituting Egs. (5.126) and (5.127) into Eq. (5.125), we have:

Vie [Buw ] (1 — Eg)

=144 5.128
Os n(1+r)i(1 +R) ( )
Substituting Eq. (5.83) into Eq. (5.128), we have:
Vig [Buw ] (1 — Eg)InpEg
=144 5.129
O (1+7r)t(1 + R)Inb ( )
Differentiating Eq. (5.129) and making g%: =0, we gave:
1-E
InfEg = B (5.130)
Ep
Using Taylor series expansion, the following can be obtained:
1
lnﬁEB:(ﬁEB—l)—E(/)’EB—1)2+-~-¢wﬁEB—1 (5.131)

Substituting the approximation of Eq. (5.131) into Eq. (5.130), the following can be
obtained:

1
By = (5.132)

To maximum the daily production of B (Qg), Egs. (5.130) and (5.132) must be met
when the total extraction volume (V,g) and the targeted separation efficiency (b)
remain unchanged. Therefore, Egs. (5.130) and (5.132) are the optimum extraction
factor equations for extraction.

If A is the major component of the feed, Pg,,o) < P*B(O). Equation (5.118) can be
simplified to Eq. (5.120) but Eq. (5.116) cannot be simplified to Eq. (5.117). In this
case, the process is referred to as scrubbing controlled process. Following similar
derivation, the optimum extraction factor equation for scrubbing can be obtained:

E, = \//7 (5.133)

5.8.2 Optimum Reflux Ratio Equation

If B is the major component in the feed and B is the high purity product in aqueous
outlet, the B purity in most of the extraction stages are higher than 0.90, i.e.,
Pg>0.90. According to Eq. (5.86), in most of the extraction stages there is
Eg=FE\. Only in the stages close to the feeding stages, there is Eg < Enp.
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In extraction, the stages where Pg < 0.90 are not many. Therefore, E\y is only
slightly higher than the average Ey in extraction. In reality, the Eg obtained from
Eq. (5.132) is also slightly higher than its actual value. Therefore, it is reasonable to
make the following optimum extraction factor equation in extraction:

R
VB

According to Eq. (5.42), the optimum extraction reflux ratio equation can be
obtained:

En =Ep = (5.134)

Em 1
1—-Eq V-1

Js = (5.135)

If A is the major component of the feed and A is the high purity product in organic
outlet, the optimum extraction factor in scrubbing can be obtained:

Ey=Ey = \J§ (5.136)

Therefore, according to Eq. (5.39), the optimum washing reflux ratio can be
expressed by the following equation.

Jw= — = (5.137)

5.8.3 Controlling Conditions and Variables

In rare earth cascade solvent extraction process, the products purity increases with
the increases of Jg and Jw. However, the increase of the reflux ratio reduces the
production capacity. To ensure the high purity of product B, the extraction reflux
ratio determined by Eq. (5.135) should be used. To ensure the high purity of
product A, the washing reflux ratio obtained from Eq. (5.137) should be used.
However, Jg and Jy are not independent variables. To ensure the high purity of both
A and B, Jg from Eq. (5.135) should be used when it is smaller than Jw from
Eq. (5.137). The process is extraction controlled. Otherwise, Jy from Eq. (5.137)
should be used when it is smaller than Jg from Eq. (5.135). The process is scrubbing
controlled.

5.8.3.1 Aqueous Feeding System

The mass balance of an aqueous feeding system can be represented by the following
Table 5.2.
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Table 5.2 Mass balance of aqueous feeding system

Solvent § Feed My, Washing W
Stage 1 coeln—1 n n+1 ceeln+m
Organic So So So M, (o) —>
phase
Aqueous M W+ Mgy | Wa+Mp=S,+M| Wy=8—M, 1
phase

Extraction | Ey = ﬁ E;v{ = Ab;c
factor e P Mnim(o)
According to Eq. (5.46), the washing reflux is:
JWZJSfTB— =Js fB, -1 (5.138)
fa 1—fg

When Jyw = Jg, the mole fraction of solutes (A and B) in aqueous outlet fg is:

Sl 1
fo= 1t __VP (5.139)
1+2]s 1+Eu B+1

When:

/>1+JS_ 1 _ \/B
BT 1425 1+Ex VB+1

f (5.140)

The extraction reflux ratio is smaller than the washing reflux ratio: J; <J,. The
process is extraction controlled.
When:

/ 1+Js 1 N/

< = =
Ta 1+2Js 1+Evw VB+1

(5.141)

The washing reflux ratio is smaller than the extraction reflux ratio: Jyw <Js. The
process is scrubbing controlled.

5.8.3.2 Organic Feeding System

The mass balance of an organic feeding system can be represented by Table 5.3.
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Table 5.3 Mass balance of organic feeding system

Solvent § Feed M, Washing W

Stage 1 n—1 |n n+1 <o |n4+m
Organic phase So So + M) So + Mg M,y | —>
Aqueous M] (a) VVa VVa = So =+ M](a) Wa = SO + M]:(O)
phase ¢—— —M ()
Extracti = S ! SotMr)
: xtraction Em W Ey = T

actor

According to Eq. (5.50), the washing reflux ratio is:

Jw = fB, (Js+1) (5.142)
1 —fg
When Jyw = Js, the mole fraction of solutes (A and B) in aqueous outlet f§ is:
/ Js Ewm 1
= = = 5.143
fe =7 +2Js 1+Eu B+1 ( )
When:
/ J E 1
f S M (5.144)

> = =
B 142/ 1+Eyu VB+1

The extraction reflux ratio is smaller than the washing reflux ration: J; <J,. The
process is extraction controlled.
When:

s Buo 1
B o142l 1+Evw VB+1

f (5.145)

The washing reflux ratio is smaller than the extraction reflux ratio: Jw <Js. The
process is scrubbing controlled.

5.8.3.3 Determination of Optimum Extraction Factor

When the cascade solvent extraction process is extraction controlled, we have:
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/ 14+J 1
fg> s VP (Aqueous Feeding) (5.146)

B 1+2ls 1+Ew B+l

or:

o Js _ Bw
BT 1425 14+Exw VB+1

f (Organic Feeding) (5.147)

The extraction factors can be calculated by the following equations:

EM - > ( M)min (5148>
VB
, Emf,
Ey = LB/ < (Em),a  (Aqueous Feeding) (5.149)
Ev—fa
or:
’ 1 - E ' /
Ey = —,NUCA < (EM) (Organic Feeding) (5.150)
fB max

When the cascade solvent extraction process is scrubbing controlled, we have:

/ 14+J 1
fg < s VB (Aqueous Feeding) (5.151)

B 1+2JS_1+EM:\/B+1

or:

/ Js Em

1
< = =
Te 14+2)s 1+Eu B+1

(Organic Feeding) (5.152)

The extraction factors can be calculated by the following equations:

Ey= VB< (E’M)max (5.153)
E/ /
En= — MfA, > (EM)yn  (Aqueous Feeding) (5.154)
Ey —f3

or:

| _F f
Ey = 7MfB>(EM)

. (Organic Feeding) (5.155)
fa

min
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When the cascade solvent extraction process is in a middle point, i.e., Jg=Jw:

o 1+Js 1 VB .
7o 1+2Js 1+ Em \/B 1 ( queous Feeding) ( )
or:
' Js Em 1 . .
/B 152 T+Bw Vit (Organic Feeding) ( )
Then:
1
Ey = 5™ (EM) min (5.158)
Ey= \B= (E’M)max (5.159)

5.9 Application of the Extrema Equations

In Sect. 5.6 the derivation of extrema equations of the aqueous feeding system,
(Wa)min 18 a constant with the value of 1/(f—1) when the products in both outlets are
high purity. In organic feeding system (S,)min 1S @ constant with the value of
1/(f—1) when the products in both outlets are high purity. Xu and coworkers
defined the following two equations in the cascade solvent extraction process
design.

1
W, = ﬂk—l 0 <k <1 (Aqueous Feeding) (5.160)

1
So = ,W 0 <k <1 (Organic Feeding) (5.161)

Therefore, the following equations can be obtained:

/

Exi=fy —i—% (Aqueous Feeding) (5.162)

Ey =pfx+fs (Aqueous Feeding) (5.163)
1

Ey = ——— (Organic Feeding) (5.164)

“fo +Fa
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/ 1

= ————— (Organic Feedin 5.165
The reagent consumption is determined by the amount of extraction S, and the
amount of washing W,. When the throughput and mixing time are determined, S,
and W, also dictate the cost of cell filling of each stage. According to Egs. (5.160)
and (5.161), the increase of k£ will result in the decrease of S, and W,. Therefore, the
number of extraction stages (n) and the number of scrubbing stages (m) obtained
from Egs. (5.116) and (5.118) will increase. As a results of the decrease of S, and
W.,, the single stage reagent consumption will drop while the number of stages will
increase. The optimum k value can be obtained from Egs. (5.134), (5.136), and
(5.160, 5.161, 5.162, 5.163, 5.164, and 5.165). Although the optimum k& value is
related to the feed composition, feeding model, and separation targets, normally the
optimum k value is 0.70 based on the process design of hundreds of systems.
Therefore, different £ values between 0.5 and 0.9 can be used in actual process
design. Equations (5.116), (5.118), and (5.160, 5.161, 5.162, 5.163, 5.164, and
5.165) can be used to determine a series of process parameters for the determination
of single stage reagent consumption, cost, and capital investment. A final group of
optimum process parameters can be determined based on a full economic
assessment.

The above method has been approved reliable and valid in the process design of
many extraction systems such as naphthenic acid, D2ZEHPA, HEH/EHP, and other
acidic extraction systems.

5.10 Design Procedure of Optimum Rare Earth Cascade
Solvent Extraction Process

Figure 5.6 shows the general design procedures of the optimum cascade solvent
extraction process. It consists of (1) extraction system determination and separation
factor measurement, (2) separation target specification, (3) optimum process
parameter determination, (4) number of stage calculation, (5) flow ratio determi-
nation, (6) mass balance table construction, and overall process evaluation. In the
following sections, each stage of the design procedures is discussed.

5.10.1 Extraction System Determination and Separation
Factor Measurement

It is important to select a suitable extraction system by single stage testing to
determine organic phase composition, degree of saponification, feed concentration
and acidity, washing solution concentration and acidity, etc. Once a suitable
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Fig. 5.6 Design procedure
of optimum rare earth
cascade solvent extraction

process l
Specifiy Separation Targets

!

Determine Optimum Process
Parameters: Ey,E'y, So, W,

.

Calculate Extraction Stagesn
and Scrubbing Stages m

!

Determine Flow Ratio

|

Construct Mass Balance Table

v

Overall Process Evaluation

Determine Extraction System &
Measure Separation Factor

extraction system is determined, the average separation factor in extraction and
scrubbing are to be measured.

En , E,
LN 5.166
Eg P E; ( )

p

If § and f' are close, normally the smaller one is used in the process design.

5.10.2 Separation Target Specification

According to the feed composition, separation strategy is to be determined. The rare
earth elements are classified into to A and B based on their extractability in the
extraction system. A is the one or one group of rare earths that are easily extracted.
B is the one or one group of rare earths that are relative difficult to extract. The mole
fraction of A and B can be calculated.

_ Total mole of A _ Total mole of B
" Totalmole of Aand B’ ” B ™ Total mole of A and B

fa JSatfe=1 (5.167)
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5.10.2.1 A as Major Product

If A is the major product, specify the purity of A in organic outlet to be Py and

n+m(0)

the recovery of A to be Y 5. Then the concentrating factor of A can be calculated by
Eq. (5.51):

a—= [ n+m O ]/ [ ] _ PA»1+n1(0)/< PAn+mo ) (551>
[Ar@]/ [Br ] Falfe
The concentrating factor of B can be calculated by the following equation:
B A -Y
b — [ l(a)]/ [ l(a):l — a A (5168)
[Briw]/ [Arw]  a(l=Ya)
Then the B purity in aqueous outlet can be calculated by Eq. (5.54):
b
/5 (5.54)

P - __JB
TN

The A purity in aqueous outlet is Paja) =1 — Pgia).-
The solute fraction in organic outlet and aqueous outlet can be calculated by
Eq. (5.28):

Jala g ToTe = (5.28)

fa=

P Apim(o)

5.10.2.2 B as Major Product

If B is the major product, specify the purity of B in aqueous outlet to be Pg;, and
recovery to be Y. Then the concentrating factor of B can be calculated by
Eq. (5.53):

p— L)/ [Ay o] _ P/ (1P (5.53)

[BF<3]/[ ] Te/fa

The concentrating factor of A can be calculated by the following equation:

[ n+m ] [n+m ]: biYB (5169)

/
[Arw]/ [Bew)] b(1—Ys)

a =
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The A purity in organic outlet can be calculated by Eq. (5.52):

_ (5.52)

P =
An+m(a) afA + fB

The B purity in organic outlet is: Pg _ ~=1-Px .
The solute fraction in organic outlet and aqueous outlet can be calculated by

Eq. (5.28).

5.10.2.3 A and B both as Major Products

If A and B are both as major products, specify product purity separately that A
purity in organic outletis P, - and B purity in aqueous outlet is Py ). Then the A
concentrating factor and B concentrating factor can be calculated by Egs. (5.51) and

(5.53) separately. The recovery of A and B can be calculated by Eq. (5.25):

A;1+m(0) B, (a)
YA=—""™—,Yp="—7- 5.25
A f aMr ? Mg ( )

The solute fraction in organic outlet and aqueous outlet can be calculated by
Eq. (5.28).

5.10.3 Optimum Process Parameter Determination

Firstly, aqueous feeding or organic feeding needs to be determined. As shown in
Fig. 5.7, normally the first cascade solvent extraction process uses aqueous feeding
which contains multiple rare earth elements. The organic outlet of the first cascade
process with more than one rare earth elements can be fed directly to the second
cascade solvent extraction process.

Fig. 5.7 Example of Aqueous Feeding
multiple rare earth
separation C/BA
Organic Feeding
A 4
C B/A
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Table 5.4 Extraction factor determination from optimum equations

Aqueous / N/ . / N/ .
feeding Iffg > Vo it is extraction controlled. |If fi < /i it is scrubbing controlled.
Eym = ﬁ (5.148) E;VI =B (5.153)
, Eyf

' Ef Ey = 24 5.154
By = 20y (5.149) |Em= 7o 5-154)

Ewf; /

So = fTEMh; = 1%5[ , Wa=S,— Mn+m(0) =S, _fA

Organic If fis > # it is extraction controlled. | If f;a < ﬁ, it is scrubbing controlled.

feeding Vi

Ey — ﬁ (5.148) |E, = V@ (5.153)
RN _ B
EM = % (5150) EM = f; (5155)

50: EMMIZEMfB Wa:S0+17Mn+m(0):S0+17fiA:S0+f;3

Table 5.5 Extraction factor determination from extrema equations

In extraction In scrubbing

Condition (Ent)yy < Ewt < 1 (563) |1 <Ey<(Ey)py (5:65)
Aqueous feeding W, = /}%1, 0<k<l1 (5.160)
Mg = 1.0 (mmol/min)

So = W, +f’A(mm01/min)

Ex = 52 (5.170)
Ey = &
Organic feeding Sy = [ﬁ 0<k<l1 (5.161)

Mg = 1.0(mmol/min)
W, =S, + f(mmol/min)
s,

Em = 3 (5.171)
E;VI: Sot1

a

Secondly, the optimum process parameters are to be determined. The important
parameters include extraction factors in extraction and scrubbing, maximum extrac-
tion S, and maximum washing W,. They can be determined either by the optimum
equations in Sect. 5.8 or the extrema equations in Sect. 5.6. The summary of the
equations for the optimum extraction factor calculation is shown in Table 5.4. The
summary of the extrema equations for the determination of extraction factor is
shown in Table 5.5.
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Normally the &k value in Table 5.5 can be set at 0.70 for the calculation of other
parameters. However, a few different k values can be used to obtain a few sets of
other parameters for comparison in order to determine the optimum process
parameters.

5.10.4 Determination of the Number of Stages

The derivation of equations for the calculation of the number of stages is discussed
in Sect. 5.7.2. Table 5.6 summarizes the equations used to determine the extraction
stages n and scrubbing stages m.

5.10.5 Determination of Flow Ratio

In above procedures, S, and W, are calculated on the basis of Mg =1 m mol/min. If
the total rare earth concentration in the feed, in the organic phase, and the acid
concentration in the scrubbing solution are denoted by [Mg], [M ()], and [HA], the
feed flow rate, organic flow rate, and scrubbing solution flow rate will be:

MF )
Vi = ] (mL/min)
So .
V, = mL /min
(M) (ml/min)

Assuming 3 mol HA acid can wash 1 mol RE*", then V,, =
The ratio of Vg/V,/V,, is the flow ratio.

3{% (mL/min)

5.10.6 Material Distribution and Balance
Table Construction

A material distribution and balance table is always constructed to summarize all
process parameters, material balance, total rare earth and concentration in the two
phases of each stage, flow ratio, etc. Table 5.7 is a typical material distribution and
balance table of an aqueous feeding system.

Table 5.8 is a typical material distribution and balance table of an organic
feeding system.
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Table 5.6 Equations for calculating n and m

5 Cascade Solvent Extracting Principles and Process Design

B is the major component in feed and
B is the high purity product in aqueous
outlet

A is the major component in feed and
A is the high purity product in organic
outlet

n = logh/logfEm (5.117)

]7PA1(u

o
n = logh/logfEy + 2.3oslog% (5.116)
w_ (BEwm—1) (1=Em)BEmPa,
ho = peT T pEeT BT, ©O-113)
When PAua) is small,
# o (BEm—1)
PA(a) !
’ P —P ’
m+ 1 = loga/log 2 +2.303log 2" (5.118) | m = loga/logZ-— 1 (5.120)
Ey Piy ~Phe) Ey
¥ lfl/E/Mfl ﬂ/(lfl/E;vl)Pﬂnw(o)
By T 41 +/}/—E'M+(E'M—1)(ﬂ/—l)PB”M(o) (5.119)

When PB,,, o) is small,

. B /Ey—1
Py ==

/
§ -1

Table 5.7 Material distribution and balance table of an aqueous feeding system

So» Vo, [M(o)]

| !

M, F(a) — VF[M F(a)]

Wav Vw! [M(a)]

!

Stage |1 n—1 n n+1 n+m
M(o) SO'MF(a) SO'MF(a) SO.MF(Z) SD‘MF(a) f;\'MF(a)
M(a) f/B'MF(a) (Wa + 1)ZuF(a) (Wa + 1)]wl:(a) Wa'MF(a) Wa'MF(a)
[Mo)] % % % % fa ~AvdoF(a)
[M(a)] f;; M) (Wat+ )M (Wat )M Wa-Mg@) Wa-Mg@)
VitVw Ve+Vw VE+Vw Vw Vw

Table 5.8 Material distribution and balance tabl

e of an organic feeding system

SO’ Vo’ [M(o)]

| |

MF(O) = VF[MF(O)]

Wa, Vw, [M(a)]

!

Stage |1 n—1 n n+1 n+m

M, So"Mpo) SoME o) So+ 1) Mpey | (So+ 1) Mg fIA M)

M) fa-M F(o) WaMrey | WaME) WaMr() WaMro)

M) | o Sy |Gy | Gonl iy s
v, v, Vot Ve Vot Ve i

[M )] f;‘//\'l_wm Wa "ﬁ‘\”VF(o> Wa "ﬁ“”NF(w Wa‘%wo) %WF()
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5.10.7 Overall Process Evaluation

The determination of process parameters of a rare earth cascade solvent extraction
process are discussed in above Sects. 5.10.1-5.10.6. To achieve individual rare
earth element separation from mixed rare earth feed will need multiple rare earth
cascade solvent extraction processes. Therefore, multiple sets of process parameters
are to be determined. The configuration of the multiple cascade processes, product
purity and recovery, process/product flexibility, reagent consumption, capital
investment, and waste treatment must be evaluated together to determine the
optimum separation process.

5.10.8 Example of Optimum Rare Earth Separation
Process Design

The example is to demonstrate the application of the optimum process design of
rare earth cascade solvent extraction processes.

Example 1 An acidic extractant system is used to separate Eu,O5 and Gd,03. It is
required to reach 99.99 % Gd,Oj; purity. The feed material contains 99 % Gd,0O;
with major impurities of Eu,03; and Sm,0Oj3. The recovery target of Gd,03 is 90 %.
What are the process parameters to meet the separation objectives?

Step 1: Separation factors
For the acidic extractant system, the Eu/Gd separation factors are known:

Pewcd =P Ewca=1.46

Step 2: Separation Targets

In the acidic extractant system, the Eu,O3; and Sm,0O; are easily extractable
component A. Gd,Oj3 is relatively difficult to extract and is component
B. According to the feed, fB = 099, fA: 001, PBl(a) = 09999, PAl(a) = lfPBl(a)
=0.0001, and Y5 = 0.90. The concentrating factors can be calculated by Eqs. (5.53)
and (5.169):

PBua)/(l - PBI(a)) ~0.9999/(1 — 0.9999)
fs/fa B 0.99/0.01
b—Ys 101 —0.90
b(1 —Yg) 101 x (1 —0.90)

b= =101

=99

a =
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The aqueous fraction and organic fraction can be calculated by Eq. (5.28):

. _fn¥s_ 099 x090
B Pg,  0.9999

=0.89
=1 —fy=1-089=0.11

Step 3: Optimum Process Parameters
The optimum process parameters can be determined either by optimum equations

: : - Vb _ s _
or extrema equations. According to Table 5.4, = 0.89 > Gl Vido-1 =0.548

in an aqueous feeding system. The process is extraction controlled. Therefore, the
extraction factors can be calculated by Egs. (5.148) and (5.149).

1 1

Ey= —=—=0.828
MT VB V146
, Emf 82 .
E, - M B _08 8X089:1.026

Em—f, 0828—0.11

Therefore, the extraction and washing can be calculated.

Emfy  0.828 x 0.89 ,
= = =428, W,=8,—f,=428-0.11=4.17
S =T Ew  1-0828 2 =80~ /a
Step 4: The number of Stages n and m
Since B is the major component in the feed and B is the high purity product in
aqueous outlet, the number of extraction stages can be calculated by Eq. (5.117)
according to the equations in Table 5.6.

n = logh/logfEy = logl01/log(1.46 x 0.828) = 24.3

Therefore, the number of extraction stages is: n = 25
In the feeding stage, Ppu@) =f8=0.99, Pan@ =1 — Ppu@ = 0.01. Therefore,
the B purity in organic phase in the feeding stage can be calculated by Eq. (5.91):

PBu(a) B 0.99
B—(f— )Ppua) 146 — (146 — 1) x 0.99

Pgy,, = = 0.985

The A purity in the organic outlet can be calculated by Eq. (5.52):

af s 9.9 x 0.01

o _ = 0.09
Apim(o) afA +fB 9.9 x 0.01 + 0.99
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The B purity in the organic outlet is:

Py, 0= 1—Pa,,,=1-009=091
According to Eq. (5.119):
.« _PB/Ey—1 p(1—1/Ey)Ps,.,
B(O) ﬂ - 1 ﬁ - EM + (EM - l) (/} - 1)PB71+m(o)
~ 1.46/1.026 — 1 1.46 x (1 —1/1.026) x 0.91
1461 1.46 — 1.026 + (1.026 — 1) x (1.46 — 1) x 0.91

=0.995

Therefore, the number of scrubbing stages can be calculated by Eq. (5.118):

*

1 Py, —Pg,,.
m=—8% 1 2303l0g 200 g
logg—, By PBn(o)
M
1.46 0.995 — 0.91
— 1029.9/log— - 4+ 2.303log ———> """ _ 1 =176
0g9.9/logore + ©£0.995 — 0.985

Therefore, the number of scrubbing stages is: m =8

Step 5: Flow Ratio
In the acidic extractant system, the rare earth concentration in organic phase [M ] =
0.25 mol/L when the rare earth concentration in the feed [Mg(,,] = 1 mol/L. The acid
concentration in the scrubbing solution is [HA] = 2.1 mol/L.

Assuming Mg,y = 1 mol/min, the flow rates can be obtained:

Mo 1 ,
Vp= @ (mL/min)
[Mrw] 1
S, 428 .
°" M| 025 (mL/min)
W, 3 x4.17 .
Ve = =22 596 (mL
HA] 2.1 (mL/min)

Therefore, the rare earth concentration in each stream can be calculated:

FsMr) 0.89 x 1
My = _ —0.128 1/L
[Miw] Vet Ve  1.00+5096 (mol/L)
MF(a)+Wa_ 1+417

VeE+V,  1.00+5.96

[Miw] = ~ 0743 (mol/L)

i=12,--25
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W, 4.17
[Mj(a)] = Ve =506= 0.700 (mol/L)
j=2627,---33
f;\MF(a) 0.11
[M330)] = V=17 = 0:00643  (mol/L)

Step 5 and 6: Material Distribution and Balance Table, and Overall Process
Evaluation

The material distribution and balance table can be constructed based on the
above results and used for the overall process evaluation.

Example 2 The separation factors of an extraction system are: =’ = 2.00. Feed
composition is fa =fg = 0.50. A purity (P, + m()) 1S required to be 99.9 % while B
purity (Ppj()) is required to reach 99.99 %. Design the process parameters of a
cascade solvent extraction process to meet the separation target.

Step 1: Concentrating Factor

Since the separator factors are given and the separation targets are specified, the
design can start with the calculation of concentrating factors and the aqueous
fraction and organic fraction. The concentrating factors of A and B can be calcu-
lated according to Egs. (5.51) and (5.53).

 Paye/ (1 - PAW@) ~0.999/(1 —0.999)

a= : — 999
Falfs 0.5/0.5
B Po,.,/ (1~ Pay,) _0.9999/(1-09999) _ oo
Fo/fa 0.5/0.5

Since the product A and B are both high purities, the organic fraction and aqueous
fraction can be determined according to Eq. (5.30):

famfa=05 fu~fg=05

Step 2: Optimum Process Parameter Determination
1. Using Optimum Equations
According to Table 5.4,

VB V2
VBT V241

The process is scrubbing controlled. Therefore, the extraction factors can be
calculated using Eqgs. (5.14) and (5.15).

fe=05< =0.586
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Ey = /p=V2=1414

!

_ Ewfa _1414x05
Ey —fg 1414-05

Em =0.773

Therefore, the extraction and washing can be obtained:

¢ _ Emfy  0.773x0.5
® 1—-Eu 1-0.773

=1.703, W,=3S, —f/A =1.703 - 0.5 = 1.203

Since Pajy=1—Ppi@=1—0.9999=0.0001 and Pg, 4 m@oy =1 — Pan+m@) =
1 —0.999=0.001, the intersection of the purity equilibrium line and purity
operating line can be calculated by the approximation equation in
Egs. (5.113) and (5.119).

. _(PEm—1) 20x0.773 -1

Aw p—1 201 0-546
. %[}'/E;v[— 1_20/1414—1
Bo ™ g 20-1 '

According to Xu’s assumption regarding the feeding stage, the purity of A and B
in the aqueous phase is the same as that in the feed.

P, =05, Py, =05

na)

The B purity in organic phase in the feeding stage can be calculated by
Eq. (5.91):

PRy(a) 0.5
- - =0.333
Brw = g (B—1)Pgyay 20—-(20-1)x05

The number of extraction stage can be calculated according to Eq. (5.116):

P; - PA](u)
n = logh/logfEyn + 2.303log —2————
PA(,A) - PAn(a)

0.546 — 0.0001

The number of scrubbing stage can be calculated according to Eq. (5.118):
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Py, = Pb,
m+1= loga/logﬁf/ + 2.30310g%
EM PB((,) - Bn(o)
0.414 — 0.001

2.0
— 102999 /log———— + 2 303log ——— """ _ 5 6
02999 /log— + °80.414 — 0.333

/

The numbers of extraction stage and scrubbing stage are 24 and 21 based on the
optimum equations.

2. Using Extrema Equations
According to the Eq. (5.160) and Eq. (5.170) in Table 5.5, the washing and
extraction can be calculated:

11
-1 2.0%7 -1
So = Watfy=1601+05=2.101

Wa = 1.601

Therefore, the extraction factors can be determined according to Eq. (5.170) in
Table 5.5:

S, 2.101
En — - —0.808
M™T W.+1 1601 +1
.S, 2.101
Ey=22="""_1312
M7 w, 1.601

Therefore, the intersection of the purity equilibrium line and the purity operating
line can be calculated according to Egs. (5.113) and (5.119):

. _(BEm—1) 2.0x0.808 — I

~ = =0.616
Aw p—1 20—1

o BEw—1_20/1312-1

Bo™ g1~ 20-1 7
Therefore, n and m can be calculated:
Pj;(a) - PAl(a)
n = logb/logfEm + 2.303log ———
PA(a) - PAn(u)
0.616 — 0.0001
= 1089999 /1log(2.0 x 0.808) + 2.303log————— = 20.9

0.616 — 0.5
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' Py, —PB,.,
m41= loga/logEﬂ—, + 2.303log%

M B(D) - PBn(c)

2.0 0.524 — 0.001
— 102999 /log——— +2.303log —oer — "2 _ 174
02999 /log—5 + 80,524 — 0.333

Therefore, the numbers of extraction stages and scrubbing stages determined
through extrema equations are 21 and 17.

Example 3 This example and the question are the same as those in Example
2 except the feeding is organic. Design the optimum process parameters of the
organic feeding system.

Stepl: a, b, f}, and [
The same calculation can be done as above in Example 2.

Step2: Optimum Process Parameter Determination
The optimum process parameter can be determined either by optimum equations or
extrema equations.

For organic feeding system, according to Table 5.4,

/

fs

1 1
—05> = —0.414
VB+1T V241

Therefore, it is extraction controlled when organic feeding is used. The extraction
factors can be calculated by Eqgs. (5.148) and (5.150):

1

1
Ey= —=—=0.707
B V2
, 1 —Eyf, 1-0.707x0.5
E,— 1Ewa_ X2 1203
fa 0.5
The extraction and washing are:
Enfy 0707 x 0.414
s, — Ews _ X — 1.206

1—-Ey  1-0.707
W, = So +f = 1.206 + 0.5 = 1.706

The intersection of the purity equilibrium line and purity operating line can be
calculated by the approximation equation in Eqgs. (5.113) and (5.119).

. _(PEm—1) 20x0.707 1

P, = = =0.414
Aw p—1 201
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. /B —1_20/1293 1 ~ 0.546
B() F—1 20-1 '

Since it is organic feeding, the purity of A and B in the organic phase in the feeding
stage can be obtained according to Xu’s assumption about feeding stage.

Pa, =fa=05 Py, =f5=05

The purity of A and B in the aqueous phase in the feeding stage can be calculated by
Eq. (5.91):

[ PPy, ~20x05
B T T (- 1)Pg, 1405

Pay =1-Pp, = 1-0.667 = 0333

= 0.667

n(a) =

The number of extraction stage can be calculated according to Eq. (5.116):

Pj;(a) - PAl(a)
n = logb/logfEn + 2.303log ———
PA(a) - PAn(a)

0.414 — 0.0001

The number of scrubbing stage can be calculated according to Eq. (5.118):

&

' Py, —PB,..
m41= loga/logﬂ—, +2.303log — ul
EM PB(D) - Bn(o)
2.0 0.546 — 0.001
— 102999 /log———— +2.303log ———— """ _ 183
0g999/logy 53+ 270546 - 05

Therefore, the numbers of stages of extraction and scrubbing can be determined as
29 and 18, totally 47 stages.

Similarly, the numbers of stages can be determined by using the extrema
equations.

The flow ratio can be calculated based on the relationship between flow rates and
concentrations. Material distribution and balance table can be constructed and used
for the final overall process evaluation.
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5.11 Circulating Solvent Extraction

In rare earth cascade solvent extraction, it is not uncommon that a very long time is
required to reach steady state to produce targeted products for those rare earths with
low separation factors but with high purity requirement. In production practice, large
amount of low quality product can be produced in a long period. Therefore, circu-
lating solvent extraction is always used to start the process so that the time to reach
stead state can be reduced and the amount of low quality product can be minimized.
Circulating process includes full circulation and partial circulation. It is common to
start up a rare earth cascade solvent extraction process following the approach of:

Full Circulation — Partial Circulation — Normal Fractional Operation

5.11.1 Full Circulation

Full circulation solvent extraction is a cascade process with no feeding and no
discharge. In full circulation solvent extraction, the extraction equals to washing. It
meets the following conditions:

Mg =0, fo=fg=0, S =W,

EM:EMZI, Js—>OO, Jw—>OO

The material distribution and balance table of a full circulation solvent extraction
process is shown in Table 5.9.

5.11.2 Partial Circulation

Partial circulation solvent extraction is a cascade process with limited feeding and
only one end discharge. It includes scrubbing partial circulation and extraction
partial circulation.

Table 5.9 Material distribution and balance table of full circulation process

Mg=0 W.=S,

ne|-le— =

S|z +—
<

Stage i j n+m
M(o) So SQ f/A:()
M(a) =0 Wa Wa Wa
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Table 5.10 Material distribution and balance table of scrubbing partial circulation process

So Me<1 Wa=35S,
Stage 1 i n j n—+m
M(O) SU . So c So So ﬂa =0
M(a) fé:MF Wa Wa Wa Wa

Table 5.11 Material distribution and balance table of extraction partial circulation process

So MF<1 Wa:So
Stage 1 i n j n+m
M(o) So So So So fﬁ,\:MF
M fiSZO e Wa Wa Wa W,

Scrubbing Partial Circulation
In scrubbing partial circulation, product B is produced from the aqueous outlet (first
stage of extraction). There is no product A produced from the organic outlet. The
material distribution and balance of a scrubbing partial circulation process is shown
in Table 5.10.

In scrubbing partial circulation, there are the following relations:

Exi=So/(Wa+Mg) < 1, E'yy=So/Wy= 1, Js =So/Mg, Jy — 00

Extraction Partial Circulation
In extraction partial circulation, product A is produced from the organic outlet (the
n+ m stage of scrubbing) while no product is produced from the aqueous outlet.
The material distribution and balance of an extraction partial circulation is shown in
Table 5.11.

The following relations exist in the extraction partial circulation process:

Exi=So/(Wa+Mg) =1, E =So/Wa> 1, Js — 00, Jw = Wa/Mp

The reflux ratios in both full circulation process and partial circulation process are
all higher than regular fractional process.
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5.12 Process Design of Three-Outlet Process

In the previous sections of this chapter, the cascade process principles and design
are discussed based on the two-outlet process for a system with only A and B. On
the basis of the two-outlet process, Professor Chunhua Yan and coworkers at the
Peking University developed the three-outlet process.

One single two-outlet cascade process can only produce one pure product and
one mixed product from a feed containing more than two rare earth elements. The
three-outlet cascade process is a new process that can produce two pure products
and a concentrated mixed product in a single process.

This section discusses the principles of three-outlet process and its process
design. In three-outlet process, rare earth elements are classified into three compo-
nents: (1) A that is easily extractable and produced from the organic outlet (the
n+ m stage of scrubbing), (2) C that is difficult to extract and produced from the
aqueous outlet (the first stage of extraction), and (3) B that is a middle concentrated
product and produced from the aqueous phase or organic phase of a middle stage
between 1 and n + m.

5.12.1 OQutlet Fraction, Purity, and Recovery
5.12.1.1 Basic Equations

Different with the two-outlet process, the three-outlet process has three products A,
B, and C. The specifications include:

A Purity and Recovery: Py, . and Y

B Purity and Recovery: Pgy) or Pgj) and Y
C Purity and Recovery: Pcj,) and Y¢

The feed composition can be expressed by the mole fractions of A, B, and C.
fatfet+fc=1 (5.172)

If the third outlet is in the aqueous phase, there are the following equations:

fa =41 +A1@) + Antmo) (5.173)
fB = Bl(a) =+ Bl(a) + Bn+m(o) (5174)
fe=Ci@ + Ci@) + Crim(o) (5.175)

where Aj), Bia), Ci@ are the mole flow rates of A, B, C in the first stage
aqueous outlet, A;,), Bja), Ci) the mole flow rates in the third outlet or /th stage,
A tm(oy Brtm(oys Crtm(oy the mole flow rates in the last stage organic outlet.
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The outlet fractions f4, f4, and f¢ can be obtained:

fA = An+m(o) + Bn+m(o) + Cn+m(o) ( )

fs = At + Biw + Cia) (5.177)

fe=Aiw + B + Ciga (5.178)

Fatlotfc=1 (5.179)

According to the definition of purity and recovery, there are the following
equations:

A,
A/1+m(0) = 1+/m(0> (5'180)
fa
Bi)
PBI(a) = f’Ba (5181)
Ci
Pc,, = =& (5.182)
fe
A
Ya = ”Jj’”( ) (5.183)
A
Bia
Yp = % (5.184)
B
C
Yo = % (5.185)
C

Substituting the purity equations into the recovery equations, the recovery equa-
tions can be expressed by purity and outlet fraction:

WP
vy = A A (5.186)
fa
5P
yy =T B (5.187)
/B
P
ye =tcPow (5.188)
fe

Since A and C are normally high purity product, A4 ~ 0 and C,,(p) = 0.
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If the third outlet is in organic phase, similar equations exist.

fa =A@ T A10) + Ansmio) (5.189)
B = Bi(a) + Bi(o) + Bugm(o) (5.190)
fC = Cl(a) + C[(o) + Cn+m(0) (5191>
fs = A1) + Bio) + Ci(o) (5.192)

B
Py, = ) (5.193)

/B

P
vy =18 B (5.194)

/B

5.12.1.2 Separation Target Specification

There are total six separation targets for the three-outlet cascade process. Three
purity targets: P Py, or Pg, . Pc,, and three recovery targets: Y, ¥p, Yc.

n+m(o)

)
They can be represented more generally by P; and ¥, (A=A, B, or C). When
Ay~ 0 and C, o) ~0, it is only need to specify four targets and the other two
separation targets and outlet fractions can be calculated. There are total 15 different
combinations of specifying separation targets.

Combination: Y,, Py1, Y0, P>

1. Specifying Pa,,, - Ya, Pc,,, Yc, we have the following:

Fa=FaYa/Pa,
fe=rcYe/Pey,
fo=1-fa—fc

A[(a) =fa— An+m(o) :fA(l - YA)
Cl(a) =fc— Cl(a) :fc(l - YC)
Biay =5 — Ar) — Cr(a)

Ys = B /fB
Py, = Biw/fs

2. It Pg,,, Y, Pc,,» YcOr Py,
in a similar way.

YA, PB o Y§ are set, the others can be calculated

+m(o) °
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Combination: Yﬂl, PM, P227 Y/B

1. Specifying PAnm(o)* Ya, PBI(a)’ Yc, we have the following:

f,A :fAYA/PA11+)11(O)
Afw) =fa = Ansmo) =fa(l = Ya)
Cl(a) :fc - Cl(a) :fc(l - YC)

Buw::(Auw‘¥5ﬂw)Pmm/(14*Pmm)

fu = Af(a) + Bra) + Cra)

fe=1—f\—F3
PC](H) :fCYC/fIC
Ys = Bj(a)/fB

If Ye, Pc,,, Ya, and Pp, are set, the others like Yg, Pa,,, T4, f8, f¢ can be
obtained in a similar way.

2. Specifying Py Y, Py, Yc, we have the following equations:

n+m(o) ? a)?

fs =IsYs/Ps,,
Bia) =fpYs
Cia) =fc(1 =Yc)
Aitw) =/ = Bia) — Ciga)

Apimo) =fa — Aita)
YA =Apimo)/fa

Fa =FAYA P
fe=1—fy—Tg
Pe,, =Ycfclfe

If Pc,,, YB, Pp,,, and Y are set, Py, similarly Yc fa»fa, and f. can be

n+m(o)
obtained.
3. Specifying Py

Y4, Y, Pc,,, we have the following equations:

ntm(o) ? OK

f/A :fAYA/PAmm(o)
An+m(o) :fAYA
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Brim(o) =Fa — Ansmo)
B[(a) :fBYB
Bia) =f8 = Bia) = Buim(o)
Ci =fcYce
fe=Biw + Ci
fo=1-fa—fc
Py, = Biw/fs =fsY8/fp

Similarly, if Pc,,, Yc, Vs, and Py o are set, PBM), YA,fA’, fB’, andfcl can be

n-+m

calculated.
Combination: PAWI@ s PBI(a) X Pcl(a) , Yy
1. Specifying Pa, ., .,» P,y > Pc,, . and Y4, we have the following equations:

Fa=FaYa/Pa,
Ajwy =fa—F AP Anin(o)
Bn+m(o) :f/A (1 - PAn}m(o))
By =5 — A — Citw) = Bitw)/Pry — Artw) — Cita)
&@=ﬂ—&w—am=@m+0mﬁ%ﬁﬁ—%w)

Byt =fc = Cita) = Ciw/Peyy — Cigw
Ciw) =fc — Crpw)

Bl(a) = (fC - Cl(a)) (1 _Pcl(a))/PCl(a)

Since Bj(a) + Bia) = /B — Brtm(o)» Ciay can be calculated by the following
equation by substituting By, and By, into the B balance equation.

I8 = Buim(o) _fC(l _Pclw)/PCl(u) _AI(a)PBI<a)/(1 _PBl<a))
(1 —Pcl(a))/Pc](a) +PB,(3)/(1 _PBl<a>>
fa = Aiw + By + Cia)
fe=1~fa~1fs

Cia) =



228 5 Cascade Solvent Extracting Principles and Process Design

Yg = B /fB
Yo =Cyw/fc

2. Following the similar approach, Y 4,Y5, fA/, fB/, and fé can be calculated if P o
Py, Pc,,
3. If Py o PB,(ﬂ), Pc, s and Yp are specified, following the similar approach, Y4,

ntm
’

ntm(o) ?

and Y are specified.

YB, fa, f8, and fc cannot be solved. Therefore, another parameter must be
specified.
Combination: Y, Yg, Yc and P,

1. Specifying Ya, Y, Yc, and P4, , the others can be calculated by the following

equations.

f ,A =f AYA/ P Antm(o)
Att) =Fa —FaPA, e
Bn+m(0) :f,A(l - PAn+m<o>)
Cia) =fcYc
Bia) =fsYs
By =/ — Bia) — Buim(o)
fe=Biw+Ci)

s =1—fr—fc
Py, = Biw/fp
Pc,, = Cl(a)/f/c

2. If Ya, Yp, Yo, and P, are specified, Pa,,, .. Py, . fa. fa. and fo can be
calculated.

3. If Ya, Y, Y, and PB,(a) are specified, the others cannot be solved. Another
parameter must be specified so the others can be calculated.

From above equations of the three-outlet process, it can be seen that only four
separation specifications are independent in most of cases if the approximation is
introduced. For accurate calculation, at least five specifications must be determined
first.
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5.12.2 Amount of Extraction S,

In the three-outlet rare earth separation process, the required amount of extraction
S, is different with the different position and different phase of the third outlet. The
calculation method of the amount of extraction S, in three-outlet processes is
developed by Professor Yan and coworkers based on the characteristics of the
constant mixing ratio system.

5.12.2.1 Material Balance of Three-Outlet System

The material distribution and balance of the three-outlet system have eight different
situations depending on the feed, the phase of the third outlet, and the position of the
third outlet. The material distribution and balance of the extraction three-outlet
process are shown in Tables 5.12, 5.13, 5.14, and 5.15. For the scrubbing three-
outlet process, material distribution and balance are shown in Tables 5.16, 5.17,
5.18, and 5.19. Although there are eight different situations, the four with the
aqueous third outlet are often used in industrial practice.

Table 5.12 Aqueous feeding and aqueous third outlet in extraction

So MF(a): 1 Wa:So 7f1,A
Stage |1 2. 0-1 |1 I+1---n—1 |n n+1l---n+m—1 |n+m
M(O) So So So So So So f/’\
Mw |fe [Sotfe [Watl [Watl Wa+1 |W, W,
I8

Table 5.13 Aqueous feeding and organic third outlet in extraction

So fl,3 1‘4F(a):1 Wa:SO _fA_fé
Stage |1 |2---1-1 |1 I+1---n—1 |n n+1---n+m-1 |n+m
M(o) SO So So_f]/?» So_f]g So_f]/S So_f]/3 f/A
Ma | f& | Wetl |(Wet1|Wet1 Wot 1 |W, W,
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Table 5.14 Organic feeding and extraction aqueous third outlet in extraction

SO MF(o) - 1 VVa - So + 1 7fA
Stage |1 |2--: -1 |I I+1---n—1 |n n+1l---n+m—1 |n+m
Mo |So |So So | So So+1 So+1 A
M(a) f(,? So +fé Wa Wa Wa Wa Wa
I8
Table 5.15 Organic feeding and extraction organic third outlet in extraction
So f]’3 MF(O):1 Wa:SoJ’_f,C
Stage (1 |2-- -1 |I I+1.--n—1 |n n+1l---n+m—1 |n+m
M(O) SO So So_f]l?: So_f]é S0+ l_f]l.% S0+ l_fll?v fl/\
M(a) fé Wa Wa Wa Wa Wa Wa
Table 5.16 Aqueous feeding and aqueous third outlet in scrubbing
So M@y =1 Wa=So—fA
Stage |1 2---n—1 |n n+1---I-1 |1 I+1--n+m—1 |n+m
M(o) So So So So So So 1’\
M(a) fIC So +f(/1 So +fé1_1 So +fé_1 Wa Wa Wa
I8
Table 5.17 Aqueous feeding and organic third outlet in scrubbing
So MF(a): 1 fé Wa:Soff/,\ 7f£3
Stage |1 |2---n—1 |n n+1---I-1 |1 I+1---n+m—1 |n+m
M(o) So So So So So So —fé f/l%
Mo |fC |[Wa+1 Wa W, W, | W, W,
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Table 5.18 Organic feeding and aqueous third outlet in scrubbing

So MF(O)ZI Wa:SOJF lfffq
Stage |1 |2---n—1 |n n+1--0-1 |1 I+1.--n+m—1 |n+m
Mo, |So |So So So+1 So+1 | So+1 fh
M(a) fé So +fé So +fé So +flC Wa Wa Wa
Vi

Table 5.19 Organic feeding and organic third outlet in scrubbing

So MF(O):I f]/B Wa:So+fé
Stage |1 2.-.n—1 |n n+1--I-1 |I I+1---n+m—1 n+m
Mo |So |So So So+1 So+1 |So+1—fh A
M(a) fé Wa Wd Wa Wa Wa W’cl

5.12.2.2 Minimum Amount of Extraction Rule

In order to achieve the three-outlet separation, the targeted purity of the three
products must be met. Therefore, the follow relations exist:

Peyy > Peyyy (1= 1,2, n+m) (5.195)

Pay <Paiyy =12, n+m) (5.196)

(©) +1(0)
In order to meet above conditions, the system should have a minimum amount of
extraction. If the third outlet is in extraction section, the minimum amount of
extraction can be denoted as (Syin), When feed is organic and (Sy,;,). When feed
is aqueous. If the third outlet is in scrubbing section, the minimum amount of
extraction can be denoted as (S’ ,i,), When feed is organic and (S’ i), When feed is
aqueous.

According to the separator factors, separation targets, and feeding, the minimum
amount of extraction can be determined based on extraction equilibrium and
material balance.



232 5 Cascade Solvent Extracting Principles and Process Design

/ Pac 'PC1(m) ’ (1 —PCI(m)> — Pas 'PB,(a) 'PC,(a)
(Smin)a :fC

PCI(a) : |:ﬁAC : (1 _PC,(,A)) _PA,(a) _ﬂAB .PBI(a):|
(Smin)a = (Smin)o (5198)

—1] (5.197)

, fi“ (PArwnz<n> /Py — 1) . (ﬂAC “Payy + Pec oy, + PC'W)
(Smm) - (5.199)
? Pac- (1 - PAI(a)) - PC1(a) — Prc 'PC1<a)
a o

The above minimum amount of extraction is a function of separation targets, feed
composition, and separation factor. According the minimum amount of extraction,
the optimum location and phase of the third outlet can be determined. If
(Smin) 0 < (S;mn)o, the third outlet should be opened in extraction section otherwise
it should be in the scrubbing section. For the organic third outlet, its location can be
determined similarly. This is the “Minimum amount of extraction” rule for the
determination of the third outlet location.

It is known that the separation results are very poor at the conditions of minimum
amount of extraction. A large number of stages are required to meet the separation
targets. Therefore, the amount of extraction S, used in the actual process design
should be larger than the minimum amount of extraction in order to optimize the
process design.

5.12.3 The Number of Three-Outlet Process Stages

A three-outlet rare earth cascade solvent extraction process can be considered as the
combination of three countercurrent solvent extraction processes. Therefore, the
number of stages of a three-outlet process can be simplified to the number of stages
of three countercurrent processes. In the following section, the discussion is based
on the location of the third outlet.

5.12.3.1 The Third Outlet Located in Extraction

Figure 5.8 shows the basic separation process of the three-outlet processes with the
third outlet in extraction. Normally, it is required to produce two high purity
products in the two end-outlets with high recovery of A in the organic outlet.
Therefore, the A content in the third outlet is low.
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B/C  ——  (A/BO), (A/8,C),

Fig. 5.8 Representation of a three-outlet process with the third outlet in extraction

The three-outlet process can be divided to three sections:

1. 1 —1 extraction section where B/C is the major separation. / stage can be
considered as the feeding stage of the B/C separation system. Therefore, the
concentrating factor of C can be calculated by the following equation:

PCl(a)/(l _Pcl(a))

PCI(u)/(l - PC1(a))

(5.201)

The extraction factor is:

So

- (5.202)
W+ 1—fg

Enmi

2. I+ 1 — nextraction section where A/(B + C) is the major separation. n stage can
be considered as the feeding stage. (B + C),,) can be considered as the aqueous
outlet product. Therefore, the concentrating factor of (B 4 C) can be calculated
by the following equation:

(PBI(m) + PBI(m))/PAI(m)

bc = (5.203)
(fg +fc)/fa
The extraction factor is:
So
Evp = 5.204
o = (5204

3. n+1—n+m scrubbing section where A/(B + C) is the major separation. In
comparison with the / 4+ 1 — n section, C is very low in this section. Therefore, it
also can be considered as A/B separation. n can be considered as the feeding
stage and A, o) 18 considered as the outlet product of scrubbing. Therefore, the
concentrating factor of A is:
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PArH»m(o)/(l - PAn+m(0)>

a= (5.205)
fallfs +fc)
The extraction factor is:
/ SO
E, = — 5.206
n = (5.206)

The n and m equations summarized in Table 5.6 can be used to calculate the
number of stages of each section using the concentrating factors and extraction
factors obtained.

5.12.3.2 The Third Outlet Located in Scrubbing

The basic separation process when the third outlet is in scrubbing can be
represented by Fig. 5.9. It can be divided into three sections:

1. 1 — n extraction section where B/C is the major separation since A is low in this
section. n stage can be considered as the feeding stage. C,,) is the aqueous outlet
product. Therefore, the concentrating factor of C can be calculated by the
following equation:

PCI(u)/(l - PCl(a))

c= (5.207)
fe/(fa+15)
The extraction factor is:
S
Eyy=——2 (5.208)
Wa+1—fg

2. n+ 1 — I scrubbing section where (A + B)/C is the major separation. n stage can
be considered as the feeding stage. (A + B),) can be considered as product of

(A,B/C)y (B/A)

A,B/C

Fig. 5.9 Representation of a three-outlet process with the third outlet in scrubbing
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scrubbing. Therefore, the concentrating factor of (A + B) can be calculated by
the following equation:

b (PA[(O) + PBI(Q))/PCI(O)
ap =
(fa +rB)/fc

(5.209)

where PA[(O), PBI(O), and PC[(O) can be obtained through their equilibrium
relationship with Py, , Pg,,, and Pc, .
The extraction factor is:

Ey =—20 (5.210)

3. I+ 1 — n+m scrubbing section where A/B is the major separation since C is
low. Stage / can be considered as the feeding stage and Py, as the outlet

o)

product. Therefore, the concentrating factor of A is:

_ PAn+m(u)/(1 - PArH»m(()))

a= (5.211)
PAl(a)/(PBI(a) + PCI(a))
The extraction factor is:
! S
Ey, = W"a (5.212)

The n and m equations summarized in Table 5.6 can be used to calculate the
number of stages of each section using the concentrating factors and extraction
factors obtained.

5.12.4 Example of Three-Outlet Process Design

Example 1 The separation of Sm/Eu/Gd is to be done in an acidic extraction
system with aqueous feeding. The feed composition is Gd/Eu/Sm = 0.39/0.10/
0.51. The extraction system has the separation factors of Pggqp,=1.40 and

ﬂEu/Sm =2.00.

Step 1—Separation Target Specification
GdyO5 purity Py, =0.999, SmyO5 purity Pc,, =0.9999, SmyO; recovery
Yc=0.999, Eu,03 concentrate purity Pg, w > 0.40.
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Step 2—Process Parameters Determination

. fc¥e 051 %0.999
= = =0.509541
Je Pc,, 0.9999

Cia) =fcYe = 0.51 x 0.999 = 0.509490
Bi(a) = fc — Ci(a) = 0.509541 — 0.509490 = 5.09541 x 1073
Ciay = fc — Cia) = 0.51 — 0.509490 = 5.1 x 1073

- [(1 —f/C)PAW,(U) = Cia) _fA}

By =
1-p Aptm(o)
l——5 =
1(a)

(1 —0.509541) x 0.999 — 5.1 x 1074 — 0.39

= T = 0.099708
0.40

/ By  0.099708
fB = =

=7 R 0249270
Py, 040

At = f5 — Bita) — Cia) = 0.249270 — 0.099708 — 5.1 x 107> = 0.149052
fa=1—fg —fc=1-0249270 — 0.509541 = 0.241189
Anim(o) = fa — Ay = 0.39 — 0.149052 = 0.240948
Brim(o) =fa — Anim(o) = 0.241189 — 0.240948 = 2.41 x 10~*
Y = By /f = 0.099708/0.10 = 0.997080
YA = Auim(o)/fa = 0.240948/0.39 = 0.617815

A 0.149052
A = as = — = 0.599057
Aj@) + Biay + Ciay  0.149052 4 0.099708 + 5.1 x 10
B 0.099708
Py, = . = = 0.400738
Aja) + By + Cray 0.149052 + 0.099708 + 5.1 x 10~
C 5.1 x 107
Pc,, = @ a =2.05x 1074

Al + Bita + Crwy 0149052 + 0.099708 + 5.1 x 10

Step 3—Minimum Amount of Extraction

The minimum amounts of extraction in extraction and scrubbing are calculated by
substituting the values of PA[(a), PBM), Pc,(a),fc, Pajc, Paps into Egs. (5.197) and
(5.199).

, Pac 'PC1<a) : (1 - Pcl(a)) —Pas - PBI(a) : Pcl(a)

(Smin)a :fc
Pc,, [ﬁAC : (1 - PC,W) —Payy — Pas Py

— 1| =424.732
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Table 5.20 Number Number of stages
of stages at differept So 7 n m ntm ln S, % (n+m)
amounts of extraction

1.4000 |39 |22 |63 |85 17 119

1.5000 |36 |21 55 |76 15 114

1.7500 |32 19 (47 |66 13 115

2.0000 |30 18 (42 |60 12 120

22500 |29 18 (39 |57 11 128

2.5000 |28 17 |38 |55 11 138

(a)
ﬂAC . (1 *PA,(a)) 7PCI(a) —ﬂBC .Pcl(a)

/ PAﬂ+m0
fa (T” - 1) : (ﬁAc “Payy +Pec Pry, +PC:<a>>
= 1.23757

According to the minimum amount of extraction rule, the third outlet should be
opened in scrubbing. The actual amount of extraction should be higher than the
minimum extraction.

Step 4—Number of Stages
To calculate the number of stages, the process can be divided to three countercur-
rent solvent extraction processes. Following the procedures in Sect. 5.12.3, the
number of stages of each section can be obtained by setting the amount of
extraction to calculate the extraction factor in each section. For example: If
So=2.0000, W,=1.7588, n=18, m=42, I=30. Setting S, at different values
higher than the minimum amount of extraction, a series of number of stages of
each section can be obtained as shown in Table 5.20.

The separation process table can be constructed based on the results for further
evaluation. For example, Table 5.21 is the separation process table at S, =2.0000,
W,=1.7588, n=18, m=42, and I =30.

Step 5—Overall Process Evaluation

The purpose of the cascade solvent process design is to determine the optimum
process that requires the balance between capital investment and operating cost. For
a given feed with fixed composition, the unit production cost depends on the
normalized amount of extraction S,. If mixer-settlers are used, the major fixed
investment depends on the amount of organic holding and rare earth holding in
extraction cells. When mixing and settling residence times are determined, the
product of extraction amount S, and the total number of stages (n+m) can be
used as the indicator of the fixed investment. The curve S, X (n+m)—S, as
shown in Figure 5.10 is normally used to determine the actual process design. The
minimum fixed investment is close to the bottom of this U shape curve. Since there is
a minimum amount of extraction, the number of stages will dramatically increase
when S, is less than the minimum amount. When S, is too high, the amounts
of organic and rare earth holdings in cells are also too high. Therefore, the
actual process parameters are normally determined at slightly right side of the cure
bottom.
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Table 5.21 Example of separation process table

So=2.0000 M) =1.0000 fa=0.2412
Stage 1 18 30 60
M(O) So So So So So So A
M(a) fé So +fé So +flC Wa_flé Wa Wa Wa
f&=0.5095 f8=0.2493 Wa=So—fA
=1.7588
Fig. 5.10 Cost evaluation 150
curve of process design
140
— 130
g
+
£
X
o
“ 120
110
100
1 2 3 4 5

In this example at S, = 2.0000, the composition of outlet products at steady state
are calculated and shown in Table 5.22.

5.12.5 Three-Outlet Process Features

In comparison with the two-outlet process, the three-outlet process can produce one
extra pure product and one concentrated product for the multiple rare earth sepa-
ration. The third outlet concentrated product can be light rare earths like PrO;; and
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Table 5.22 Composition of outlet products at steady state

Stage
Component 1 (aqueous phase) 30 (aqueous phase) 60 (organic phase)
A: Gd,04 5.436 x 107° 0.5979 0.9991
B: Eu,0; 9.280 x 107> 0.4000 8.925 x 1074
C: Sm,0; 0.9999 2.046 x 1073 3.383 x 107

CeO, or middle heavy rare earths like Eu,O3 and Tb,O5. The third outlet product
always has high recovery. Therefore, it is particularly suitable for concentrating low
content but high value rare earths like Eu,05; and Tb,O; during multiple-rare earth
element separation.

Due to the concentration increase and consequent volume reduction of the third
outlet product, the following processing cost can be reduced significantly. It also
increases the process flexibility. If required, the third outlet can be closed and the
three-outlet process can be easily converted to two-outlet process.

It has been found that B concentration in stage / is normally lower than its
maximum value. The maximum B concentration in organic phase is behind one
stage than the maximum B concentration in aqueous phase.

Due to the open of a third outlet, the distribution and concentration profile of
other components are changed. It is difficult to reach the optimum separation by
only experience. Therefore, the continuous research and development of the three-
outlet process principle and design are important.

5.13 Fuzzy Linkage Extraction

5.13.1 Introduction

Due to the complexity of the three-outlet process, fuzzy linkage extraction was
developed by Jiankang Hu and coworkers (Deng et al. 2012). As shown in Fig. 5.11,
the schematic of fuzzy linkage extraction process. A feed with A, B, C can
be separated to individual components or multiple components. For example
for the rare earth feed that contains LaCePrNd/SmEuGdTbDy/HoYErTmYbLu,
A includes Ho, Y, Er, Tm, Yb, and Lu; B includes Sm, Eu, Gd, Tb, and Dy;
C includes La, Ce, Pr, and Nd.

One fuzzy linkage extraction process (A/B/C) is called one separation module.
The A/C separation is the first layer separation of the A/B/C module. The B/C
separation and A/B separation are the second layer separation of the A/B/C module.

A/C separation, the first layer separation, utilizes the large effective separation
factor between A and C. The separation target is to realize complete separation
between A and C. That means the A concentrate does not contain C and the C
concentrate does not contain A. The first layer separation does not consider the
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Fig. 5.11 Schematic of fuzzy linkage extraction process

distribution of the middle component B. B can be in A concentrate or C concentrate.
This is why the process is called fuzzy separation. Fuzzy separation is actually a
preliminary separation.

B/C separation and A/B separation, the second layers of separation, are the final
separation of B/C and A/B on the basis of A/C preliminary separation. The aqueous
outlet of A/C separation is directly fed to B/C separation and the organic outlet of
A/C separation is directly used by A/B separation. This is why the process is also
called linkage separation.

In conventional separation process, the scrubbing section and stripping separa-
tion are separated. The scrubbing section uses washing solution (V) and the
stripping section uses stripping solution (Vy). The stripping solution normally
contains high concentration of acid and will needs treatment before next stage of
further separation. Therefore, reagent consumption is high. However, in fuzzy
linkage separation process, the scrubbing solution and stripping solution are the
same. Only stripping solution is added strip the rare earth out of the organic
solution. Partial stripping solution that contains A will enter the scrubbing section
of the A/B separation as washing solution. Therefore, reagent consumption can be
reduced significantly.

5.13.2 Features of Fuzzy Linkage Separation Process

1. Xu’s cascade rare earth solvent extraction principles are applicable to the fuzzy
linkage separation process. Only flow configurations are different from case
to case.
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2. Production practice shows that reagent consumption can be reduced significantly
to 30 % in comparison with the conventional separation processes. A fuzzy
linkage process has lower amount of extraction (S,) and lower amount of
washing (W,) which dictate the operating cost of a cascade rare earth separation
process.

3. Phase contacts are increased in fuzzy linkage processes. For example in the
second layer A/B separation, the washing solution containing A will contact
with the organic solution containing B to have exchanges:

Bo) + A = Awo) T Ba

Similar phase contacts and exchanges occur in the second layer B/C
separation:

Co) +Ba) = Bo) + Cpa)

Increased phase contacts will increase the separation efficiency.

4. Solvent extraction cells have smaller size due to the direct aqueous feed and
organic feed from the first layer A/C separation to the second layer B/C and A/B
separations. The products of the first layer separation have higher concentration
than the feed and consequently smaller volume to handle for the remaining
processes.

5. Fuzzy linkage process can be used to simplify the three-outlet processes. A
three-outlet process can produce two pure end products and one middle concen-
trated product. But a fuzzy linkage separation module can produce three high
purity products with high recoveries. Also, the fuzzy linkage process eliminates
the impact of the third outlet that changes the rare earth distribution in the
process. Therefore, the operation is simplified. In comparison with three-outlet
processes, the fuzzy linkage process is simple and stable.
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Chapter 6
Rare Earth Solvent Extraction Equipment

6.1 Classification of Solvent Extraction Equipment

According to the structure and working principles, industrial solvent extraction
equipment can be classified into three categories: (1) stage-type extractors,
(2) column-type extractors, and (3) centrifugal extractors. In the following sections
each category of extractor is briefly discussed.

6.1.1 Stage-Type Extractor

In stage-type extractors, the organic phase and aqueous phase mix together to reach
equilibrium. The two phases are incrementally separated when one flows counter-
currently from the other. One of the most common stage-type extractors is mixer-
settler. A schematic representation of a mixer-settler is shown in Fig. 6.1. It consists
of a small mixing chamber followed by a large gravity settling chamber. Each
mixer-settler provides one stage of extraction. The aqueous phase and organic
phase are drawn into the mixing chamber where they are mixed by an impeller.
Extraction occurs during the mixing of the two phases. The extraction normally
takes a few seconds to a few minutes to reach steady state. The mixing solution
flows into the settler where the two phases are allowed to separate by gravity due to
their density difference. Normally the settling takes longer than the mixing. There-
fore, the settler chamber is larger than the mixing chamber. In rare earth separation
a mixer/settler ratio of 1/2.5 is commonly used.

Mixer-settlers are large and bulky with high stage efficiency. They can be used
in batch mode or in continuous mode by staging multiple units. Mixer-settlers can
form any number of stages with good phase contacting. They can handle high-
viscosity solvents. However, mixer-settlers take a large floor area with high capital
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Fig. 6.1 Representation of a mixer-settler. V,: organic flow, V,: aqueous flow

cost and operation cost. Mixer-settlers are used when a long settling time is required
and the solutions are readily separated by gravity.

The primary function of extractors is to mix two phases and subsequently to
separate the two phases. To achieve the separation of solutes, the right amount of
mixing is important. Sufficient mixing can create a large interfacial area to ensure
good mass transfer and stage efficiency. Less mixing will cause the formation of
large droplets and the reduction of the interfacial area. Overmixing can minimize
mass transfer resistance but can also cause the formation of very small droplets or
emulsions which are difficult to settle.

6.1.2 Column-Type Extractors

Common column-type extractors include packed tower, pulse column, rotating disc
contactors, tray column, etc. Column-type extractors are also called differential/
continuous contact extractors due to the continuous concentration gradient along
the height of the column. The driving force of solute transfer from one phase to the
other exists during the entire countercurrent contacting process. In comparison with
the stage type of extractors, column-type extractors maximize the utilization of the
mass transfer driving force. The stage retention time or the amount of materials to
complete a theoretical stage is only about 30 % of that in a mixer-settler when the
processing capacity is the same. Column-type extractors are of high efficiency with
small footage. However, they need high headroom and are difficult to scale up to
handle high flow rates and high phase ratios. It is less efficient to separate those
phases with a small density difference.

6.1.2.1 Packed Tower

As shown in Fig. 6.2, a packed tower is composed of three parts: (1) tower head,
(2) tower body, and (3) tower bottom. The phase separation occurs in the tower
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Fig. 6.2 Representation of
a packed tower
Light Solution

—

Heavy Solution

Light Solution

NN

Heavy Solution

-

head and tower bottom while phase mixing occurs in the void space of the packing
in the tower body. The packing is rested on support plates.

The heavy solution is fed from the top while the light solution is fed from the
bottom. The heavy solution fills in a large portion of the void space of the packing
as the continuous phase and flows downwards. The light solution is dispersed in the
remainder of the void space and rises upwards. The packing in the tower body
provides large interfacial areas for phase contacting which causes the drops to
coalesce and reform. Mass transfer efficiency in packed towers is 2—3 times higher
than that in spray towers which are similar to the packed tower but the tower body is
empty without packing. It is suitable for the separation of clear solutions with low
viscosity.

In order to provide large interfacial areas, the packing materials should be able to
be wetted by the continuous phase. The phase with lower viscosity is normally
chosen as the continuous phase. The phase with higher flow rate is chosen as the
dispersed phase to create more interfacial area and turbulence. In general, aqueous
phase can wet metallic surfaces and organic phases can wet nonmetallic surfaces.

6.1.2.2 Pulse Column

Packed towers have no moving parts and are simple to operate but they are not very
efficient for separation. Very tall columns are required to achieve good separation.
To reduce the height of the column, trays or perforated plates are used and a
mechanical force is applied to reduce the droplet size of the dispersed phase.
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Fig. 6.3 Representation of /J\
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A pulse column typically requires less than a third of the number of theoretical
stages as compared to a non-pulsating column.

Figure 6.3 shows a schematic representation of a pulse column. The same as the
packed column, solutions are fed to the column continuously and flow countercur-
rently. The difference is that mechanical energy is applied to pulse the solutions in
the column up and down. A reciprocating pump is commonly used to pulse the
entire content of the column at frequent intervals. A pulse amplitude of 5-25 mm is
commonly used at the frequency of 100-200 cycles per minute. The column is
installed with perforated plates to promote droplet formation as the dispersed phase
is pushed through the plates. The pulsating action causes the light solution to be
dispersed into the heavy solution on the upward stroke and the heavy solution to jet
into the light phase on the downward stroke. The droplet size of the dispersed phase
is reduced and mass transfer is improved by the pulsating action.

f ~—"—"—"—=————» Aqueous Solution

6.1.2.3 Rotating Disc Contactor

A rotating disc contactor is an agitated countercurrent extractor. As shown in
Fig. 6.4, the high-speed rotating discs provide agitation inside the compartments
that are formed by stationary stator rings. The rotating discs are in the center of the
column and are slightly smaller than the opening in the stationary stator rings.
Typically, the disc diameter is 33-36 % of the column diameter. There are three
flow patterns in the rotating disc contactor: (1) the countercurrent flows of the two
phases due to the density difference, (2) the outward flow of the liquids dispersed
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and forced by the discs, and (3) the inward flow of the liquids due to the resistance
of the wall and stator rings where quiet zones are formed and two phases are
allowed to separate. Due to the flow patterns, the efficiency of the rotating disc
contactor is much higher than packed columns. However, axial mixing is severe in
large-diameter columns and at large phase ratios.

6.1.2.4 Tray Column

Figure 6.5 shows the general arrangement of a tray column. The organic solution is
fed from the bottom passing through the perforation on the plate. The organic
solution is dispersed as fine droplets rising through the continuous aqueous solution.
The fine droplets coalesce into a layer under the plate and then are dispersed above
the plate. The aqueous solution is fed from the top of the column and flows
downward through the downcomers. If the organic solution is the continuous
phase and the aqueous is the dispersed phase, the downcomers will become
upcomers where the organic solution flows upwards. The aqueous solution will
be dispersed and coalesced through the plates. The perforations in the plates are
normally 3—6 mm in diameter and account for 15-25 % of the plates.

The advantages of the tray column are that the axial mixing is restricted in the
space between trays and mass transfer is improved by the dispersion at each tray.
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6.1.3 Centrifugal Extractors

Centrifugal extractors are high-speed rotary machines. Like mixer-settlers they are
discrete-stage units providing one stage of extraction per unit. Multiple units can be
linked together. Due to the centrifugal forces, the phase separation inside a centrif-
ugal contractor is faster and more efficient. The retention time is very short and the
process capacity therefore is large.

The advantages of the centrifugal extractors include high efficiency, high capac-
ity, and low material holdup. They can be used to separate phases with density
difference as low as 0.01 g/mL. They are suitable for the separation of phases with
high viscosity, high tendency of emulsification, and unstable chemical properties.
However, the capital cost and maintenance cost of centrifugal extractors are high
(Fig. 6.6).

6.2 Selection Criteria of Extractors

An ideal extractor will have fast mass transfer, good phase separation, high
throughput, simple structure, low cost, and easy maintenance. It is also flexible,
reliable, and operable. However, there is no such extractor with all these merits.
Each type of extractors has its advantages and disadvantages. In the selection of
extractors, factors to be considered include the following:
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Fig. 6.6 Schematic representation of a centrifugal contractor

1. Extraction System
The selection of the contactor device is essentially dependent on the physical
properties of the extraction system. The physical properties like density and
interfacial tension of the solvents have important impact on the phase mixing
and separation. For solvents with small surface tension and high viscosity,
external energy (forces) can be avoided in mixing to facilitate phase separation.
For those with high surface tension, they are difficult to mix well but can
separate easily. Mechanical energy is normally applied to get sufficient mixing.

For the reaction-controlled extraction systems, longer residence time is nor-

mally required. Mixer-settlers are good choices for systems that require long
residence time like 5 min. The extractors such as centrifugal extractors with very
short residence time are not suitable. However, centrifugal extractors are good
for the extraction systems with unstable chemical properties.

2. Extractor Capacity
Mixer-settlers and columns without agitation have low process capacity in
comparison with columns with agitation and centrifugal extractors.

3. Number of Stages
Another important criterion in selecting a contactor device is the required
number of theoretical stages. For the separation that requires a small number
of stages, all type of extractors can be considered. When a high number of stages
is required, high-efficiency columns or centrifugal extractors are preferred.
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Table 6.1 Summary and comparison of different types of extractors

Mixer- Columns without Columns with Centrifugal
Parameters settlers agitation agitation extractor
Separation High Poor Average High
efficiency
Mass transfer Average High Low High
Residence time | Long Average Average Short
Stage required Low Average High Average
Capacity Low Low High High
Capital cost High Low Average High
Operation cost High Low Average High
Maintenance Average Low Average High
cost
Plant headroom | Low High High Low
Floor area Large Low Low Moderate
Holdup volume | High Average Average Low
Reliability Good Good Good Average
Flexibility Good Average Average Good
Complexity Simple Simple Average Complex
Quick restart Quick/ Difficult Difficult Quick/easy
easy

4. Critical Constraints

It is common that the process or separation is restricted by actual operating
conditions and plant limitation. For the process with very high phase ratio,
mixer-settler or centrifugal contractors are normally considered to minimize
axial mixing. If there is a plant height limit, column-type extractors will not be
considered. For the plant limited by area, mixer-settlers are not a good choice.
Other constraints may include material properties, health and safety, and main-
tenance requirement.

. Project Economics

Overall the project economics will dictate the process design and equipment
selection. Some advantages of the extractors may be sacrificed and some disad-
vantages may be tolerated to make overall sound project economics.

Table 6.1 is the summary and comparison of the different type of extractors. In

general, mix-settlers are suitable for the easy phase-separating systems that require
a large number of theoretical stages. Columns without agitation are often used for
easy phase separation with a low number of theoretical stages while agitated
columns are suitable for the moderate phase separation with a large number of
theoretical stages. Centrifugal extractors are often used for difficult phase separa-
tion with a low number of stages.
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6.3 Basics of Extractor Design

6.3.1 Rate of Extraction (N)

Rate of extraction is the measurement of the mass transfer of a solute from one
phase to another in unit time. The rate of extraction directly affects the extractor
efficiency. The rate of extraction of a system is restricted by (1) the formation rate
of the extractant-metal complexes, or (2) the mass transfer rate of the complexes
from one phase to the other. For a simple molecule extraction system, the rate of
extraction is determined by the mass transfer rate of extractant-metal complexes.
According to mass transfer principles, the mass transfer rate of a solute from
aqueous phase to organic phase can be expressed by the following equation:

N=K/F(x—x") (6.1)
N =KF(y" -) (6.2)

where N is the rate of extraction (kg/h); F' is the interfacial area (mz); x is the solute

concentration in the aqueous phase (kg/m?); y is the solute concentration in the organic

phase (kg/m’); x* is the aqueous equilibrium concentration of y (kg/m?); y* is the

organic equilibrium concentration of x (kg/m>); K, is the mass transfer coefficient in

aqueous phase (m/h); and K, is the mass transfer coefficient in organic phase (m/h).
Equations 6.1 and 6.2 can be expressed by a general equation:

N = KFAC (6.3)

where K is the mass transfer coefficient (m/h) and AC is the concentration differ-
ence (kg/m3).

6.3.2 Height Equivalent of a Theoretical Stage

In the design of differential extractors, they are considered to consist of a series of
theoretical extraction stages. A height equivalent of a theoretical stage (HETS) is a
section of a tower or column height which equals to a theoretical extraction stage.
The HETS is considered as an indicator of extraction efficiency of a differential
contactor. Its value depends on the type of contactor, extraction system, and
operating conditions and can be determined by testing or empirical equations.

The effective height of a differential contactor can be calculated by the follow-
ing equation:

H = n - (HETS) (6.4)

where H is the effective height of the contactor (m) and » the number of theoretical
extraction stages.
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Fig. 6.7 Differential countercurrent extraction column
6.3.3 Mass Transfer Unit

In the design of differential extractors, a mass transfer unit approach is often used.
A mass transfer unit is a physical piece of equipment that performs a specific
function. However, there is no simple, clear-cut physical representation that can
easily be made as an example of a physical mass transfer unit. Therefore, Fig. 6.7, a
differential countercurrent extraction column, is used as an example to introduce
the concept of mass transfer unit.

As shown in Fig. 6.7, the height of the column is H with cross-sectional area of S.
The aqueous phase has the flow rate of V, and solute concentration of x. The organic
phase has the flow rate of V,, and solute concentration of y. In any section height of
dH, the solute concentration changes in organic phase and aqueous phase are dy and
dx, respectively. Assuming that the volume changes of the two phases are negligi-
ble, the rate of extraction in the section dH is

N = Vudx = Vody (6.5)

The interfacial area between the two phases in the section dH can be expressed by
the following equation:

F = aSdH (6.6)

where a is the interfacial area between the two phases in unit column volume and it
is often referred to as specific interfacial area.
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Substituting Eq. 6.6 into the extraction rate equation Eq. 6.1 gives
N = K,aSdH (x — x") (6.7)

Substituting Eq. 6.5 into Eq. 6.7 and integration gives

X

i V dx
(J)dH _ J (6.8)

K.aS x — x*

X1

obtained in terms of the aqueous phase:
X
_ Va J dx
K,aS Jx—x*
X1

(6.9)

Following the same approach, the height of the column can be obtained in terms of
the organic phase:

Y2
Vo J dy
KoaS y*_y

Y1

(6.10)

According to Egs. 6.9 and 6.10, the column height is the product of two items: (1)
X2 ¥y

KVI;S oIy aS and (2) J orJy s The former includes phase flow rates, mass

X1 N1

transfer coefficients, specific interfacial area, and cross-section area of the column.
The former is defined as the height of the mass transfer unit (HTU) and is denoted
by (HTU), or (HTU),. The HTU is normally determined by testing and is the
measurement of extraction efficiency. The latter relates to the solute concentration.
It is defined as the number of mass transfer units and denoted by (NTU), or (NTU),,.
Therefore, the height of the extraction column can be calculated by the following
equation:

H = (HTU), - (NTU), = (HTU), - (NTU), (6.11)
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6.3.4 Stage Efficiency

In stage type of extractors, one actual physical stage is rarely 100 % of the efficient
equilibrium stage or theoretical stage. Therefore, stage efficiency is used to quantify
the actual separation in comparison with the theoretical separation. Overall stage
efficiency is normally calculated by the ratio of the number of theoretical stages to
the number of actual stages to reach the same separation results:

_ Number of Theroetical Stages  nr
® " Number of Actual Stages 74

(6.12)

where E, denotes the overall stage efficiency, nt the number of theoretical stages,
and n, the number of actual stages.

For each individual stage, stage efficiency can be calculated by either the solute
concentration in organic phase or the solute concentration in aqueous phase:

Ye = Yo
E,=—— 6.13
’ Ye = Yo ( )
E =20 (6.14)
X0 — Xe

where E, and E| are the individual stage efficiencies expressed by solute concen-
trations in organic phase and aqueous phase, respectively. y and x are the solute
concentrations in organic phase and aqueous phase. The subscripts of solute
concentration, 0, ¢, and e, indicate the solute concentration at the beginning, the
solute concentration at time ¢, and the solute concentration at equilibrium,
respectively.

6.3.5 Axial Mixing

The back mixing of either phase in the column type of extractors reduces the
extraction efficiency. Many factors like column type, diameter, external forces,
flow rate, phase ratio, and fluid properties can affect the axial mixing. The effects of
axial mixing are considered by introducing an axial mixing factor (f;,) in the
extraction rate equation:

N = KFf,AC (6.15)

The negative effects of axial mixing on extraction efficiency cannot be neglected
for column type of extractors, especially for those large-size columns.
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6.3.6 Dispersed Phase Holdup

The mass transfer between the organic and aqueous phases in column-type extrac-
tors depends on the interfacial area between the continuous and dispersed phases
which is determined by the volume fraction or holdup of the dispersed phase as well
as the mean droplet size. It is therefore important, at the design stage, to predict the
dispersed liquid holdup for a given system, column geometry, and set of operating
conditions. It is defined as the volume ratio of the dispersed phase to the column.

6.3.7 Equipment Efficiency

In the comparison of the efficiency of different extractors, using the rate of
extraction (V) or the height of mass transfer unit (HTU) alone is not enough. It is
reasonable to consider the mass transfer and flow rate together. Therefore, equip-
ment efficiencies are defined as follows:

Vi/S 1

= (H];{F 3 == (Column type extractors) (6.16)
Vi 1

0= = —(Stage type extractors) (6.17)
Vslage T

where ¢ is the equipment efficiency, V; is the maximum flow of the two phases, S is
the cross-section area of the column, V. is the volume of a theoretical stage at the
maximum flow, and HETS is the height equivalent of a theoretical stage at the
maximum flow.

There are many factors that affect the equipment efficiency. They include
equipment geometry, throughput, phase ratio, flow rate, concentration, temperature,
fluid properties, and dispersed phase. For a given extraction system at determined
operation conditions, the equipment geometry and throughput are the major factors
that can be modified to improve equipment efficiency.

6.4 Design of Mixer-Settler

6.4.1 Number of Stages

Mixer-settler can be scaled up very well. The overall stage efficiency of a full-size
mixer-settler is very close to the stage efficiency of a small-scale testing unit.
The number of theoretical stages can be determined using Xu’s cascade solvent
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extraction principles. The overall stage efficiency can be determined by small-scale
testing. The number of actual stages is therefore determined by the number of
theoretical stages and the overall stage efficiency.

6.4.2 Design of Mixer

In the design of mixer, it is important to consider phase mixing and mass transfer.
The design of mixer also has a direct impact on settling. The parameters that have
important impact on the mixer design include mixing residence time, agitation, and
the impeller.

To ensure stage efficiency, the size of mixer should provide sufficient mixing or
residence time. The residence time depends on the extractant, agitation, impeller
diameter, etc. It is normally determined by bench testing or small-scale pilot testing.
In rare earth solvent extraction, a typical mixing time is 5 min. As shown in Fig. 6.8
the cross section of mixers is normally square shape. The effective cell volume
is determined by Eq. 6.18.

Vnixer = (Qy + Q,)7/60 = 1000xz (6.18)

r:X,L:y—f—Z:(]-i-l‘)Z (6.19)
z

where Vixer 1S the effective mixing volume (m3), 0O, the volumetric flow rate of
organic phase (m*/h), O, the volumetric flow rate of aqueous phase (m>/h), 7 the
residence time (min), x the length and width of the cell cross section (m), L the
height of the cell (m), z the height of liquid surface (m), y the distance between
the liquid surface and the top of the mixer (m), and r the ratio of the distance

Fig. 6.8 Dimension of a
mixer with square cross
section ~

N
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between the liquid and the top of the mixer to the height of the liquid. The ratio can
be determined in small-scale testing.

To ensure good mixing and mass transfer, proper agitation is necessary. Higher
speed agitation can improve mass transfer due to the reduction of droplet size of the
dispersed phase and the increase of turbulence of the continuous phase. However,
the mass transfer coefficient will decrease when agitation is too strong that
decreases the internal circulation in small droplets and reduces droplet collision.

There are many different impeller shapes. But the turbo impeller is most
common in mixer-settlers. A turbo impeller can generate large shear stress to the
fluid and cause large circulation speed. It is often used to mix immiscible liquids.
Open straight vane turbo impellers can generate the largest shear stress and
dispersion. When the viscosity of the liquids is high, curved vane turbo impellers
can be used to save energy. Currently, semi-closed turbo impeller with straight
vanes is commonly used in large mixer-settlers.

6.4.3 Design of Settler

The scale-up of settler normally follows the principle of constant phase separation
rate Rg (m*/(m? h)). The assumption is that the phase separation rate is constant for
the same extraction system with the same mixing in the same type of settler. The
area of settlers can be determined based on the phase separation rate which is
normally determined by experiments and testing:

Agettler = (Qo + Qa)/RS (620)

where Ageqer is the area of settler (m?), Q, the volumetric flow rate of organic phase
(m*/h), O, the volumetric flow rate of aqueous phase (m*/h), and Rg the phase
separation rate (m>/(m? h)).

After the area of the settler is determined, the ratio of length to width of the
settler is to be determined as well. For industrial mixer-settlers, the length/width
ratio is normally between 2 and 3.

It is common that the mixer and settler have the same width and height.
Therefore, the design of the mixer and settler should be considered together.

6.5 Design of Packed Column

The scalability of column type of extractors is not very good in comparison with
mixer-settlers due to many affecting factors such as HTU, HETS, and flooding rate.
In the scale-up of a column extractor, it is important to consider the physical
properties of the extraction system, operating conditions, mass transfer, equipment
structure, etc.



258 6 Rare Earth Solvent Extraction Equipment
6.5.1 Determination of the Dispersed Phase

For a given extraction system, the dispersed phase can be determined based on a
few criteria: (1) the phase with higher volumetric flow rate, (2) the phase with
higher viscosity, (3) the phase with weaker wetting ability for the packing materials,
and (4) the phase that is inflammable.

6.5.2 Packing Material

The packing material should be easily wetted by the continuous phase. The wetting by
the dispersed phase should be minimized. Generally, metal packing is easily wetted by
the aqueous phase while stainless steel packing can be wetted by both organic and
aqueous phases. Plastic and ceramic packing can be considered to avoid corrosion.

6.5.3 Column Diameter

The diameter of a packed column can be calculated using the following equation:

I
D= o (6.21)

where D is the inner diameter of the column (m), Q. the volumetric flow rate of the
continuous phase (m>/h), and v, the operating line speed of the continuous phase (m/h).

According to Eq. 6.21, the column diameter is smaller at a higher operating line
speed when the volumetric flow rate of the continuous phase is constant. However,
the operating line speed is limited by the flooding capacity of the column. Flooding
is the occurrence where one phase flows with the other with high operating line
speed. Flooding speed is the operating line speed that starts to cause flooding and is
the upper limit of allowed operating line speed. The actual operating line speed is
always lower than the flooding speed in order to maintain steady operation. The
following equation can be used to calculate the operating line speed:

Ve = mvg (6.22)

where m is the coefficient (m < 1) and v is the flooding speed.

The coefficient m is different for different types of contactors. For spray towers,
packed columns, and pulse columns, m is approximately between 0.5 and 0.6. The
flooding speed of a column can be estimated using empirical models.

The operating line speed can also be determined through testing. While steady
operation is maintained, higher operating line speed should be used.
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6.5.4 Column Height

According to phase equilibrium data obtained from testing and the process informa-
tion about feed, solvent, and raffinate concentrations and flow rates, the number of
theoretical stages can be determined by the HETS method. The height of the column
can be determined by the number of theoretical stages and HETS according to Eq. 6.4.

If the mass transfer coefficients can be obtained and the effective mass transfer
area is known, the HTU method can be used to calculate the column height using
Eq. 6.11.

6.5.5 Testing and Scale-Up

In the design of column extractors, testing is often performed in small columns to
confirm the estimated maximum throughput capacity, average drop size, and
equipment efficiency. The tray distance, pulse amplitude, and flow rate of unit
cross-sectional area are normally kept the same in the scale-up.

The HETS can be calculated by the following equation in the scale-up design:

(HETS) D\
s~ (o) 62

where the subscripts of 1 and 2 denote the testing column and the full scale column,
respectively. The power index 0.38 is not constant and will be adjusted based on the
extraction system.

The pulse frequency (SMP) can be calculated by the following equation:

(SMP)2 B D 0.14
(SMP), <D_l> (6:24)
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