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ABSTRACT

Separation of nuclear grade dysprosium oxide is a technically challenging task. The separation
process adopted is dual cycle counter current solvent extraction. The extractant is 2-ethyl hexyl
phosphonic acid mono-2-ethyl hexyl ester (EHEHPA). Scrubbing is incorporated to enhance the
separation performance of the cascade before the stripping operation. A 54 stage mixer-settler
cascade was operated in dual cycle mode. In the first cycle, Y, Ho and Er were separated from Dy
and lighter rare earths (LRE) and in the second cycle, Gd and Tb were separated from Dy. Salient
separation results including material balance are presented in this paper. Results show that high

purity product analyzing Dy,0,> 97%, Gd,0,< 0.2%, Tb,0,< 1% and Y,0,< 1% is obtained, as

required for nuclear reactor application.
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1. Introduction

Boron is often used for nuclear reactor control applica-
tions. But it has the disadvantage of accumulation of large
radiation induced damages caused by (n,a)-reactions
on B-10 isotope leading to helium formation and swell-
ing which causes fuel instability. As an alternative, rare
earths such as Dy and Gd involving (n,y) reactions are
considered to replace (n,a)-absorbers. In Russian power
water reactors (VVER-1000, MIR), boron carbide and
boron steel were replaced by dysprosium titanate [1].
To extend the fuel cycle length from 12 to 24 months of
PWRin France, Gd,O, was successfully used as burnable
absorber for controlling the increased reactivity due to
enriched U-235 in the reactor [2]. For TAPS 3 and 4 in
India, gadolinium nitrate has been used for reactivity
control through moderator liquid poison system as well
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as for reactor shut down system [3]. In India, the advanced
heavy water reactor (AHWR) was designed for a future
nuclear power program based on thorium-U-233 fuel
cycle [4]. Dysprosium oxide admixed and pelletised with
zirconium oxide, is considered for the AHWR central rod,
for the purpose of maintaining negative void coefficient.
Gadolinium is used as burnable absorber in PHWR be-
cause of its large thermal neutron absorption cross-section
of 49,000 barns while dysprosium with cross-section of
930 barns is preferred in AHWR as a slow burning ab-
sorber to reduce the thermal neutron flux generated on
voiding of the coolant.

The natural dysprosium consists of seven stable iso-
topes. Dy-156 with content of 0.06% has thermal neutron-
absorption cross-section of 33 barns. Similarly Dy-158
(0.1%) has 43 barns, Dy-160 (2.34%) has 56 barns, Dy-161
(19%) has 600 barns, Dy-162 (25.5%) has 194 barns, Dy-
163 (24.9%) has 124 barns and Dy-164 (28.1%) has 2840
barns [5]. The end products in a nuclear reactor are Ho
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and Er. All the radionuclides have a low gamma activity
and a short half-life period. Dysprosium oxide has a high
chemical resistance. It does not interact with cladding
material. Dy,0O, can be used in control rods as pellets
due to its favourable physical properties such as density
of 7.8 g/cc, high melting point 2340°C, radiation stability,
and simple fabrication. Dy,O, control rods can be used
safely for longer lifetime because the non-radioactive
waste produced after irradiation is easily reprocessed [1].

Dysprosium oxide for AHWR application needs to
conform to specifications such as lighter rare earths or
LRE (which include La, Ce, Pr, Nd and Sm) <0.1%, Gd,O,
<0.2%, Tb,O,< 1%, Dy,O, ~95%, Y,0,: < 3%, Ho < 0.5%
and Er <0.5%. The source material for feed is phosphates
which include monazite and also fertilizer phosphates
from which uranium and rare earths get co-extracted
by mixture of di-2-ethyl hexyl phosphoric acid and
tri-n-butyl phosphate, D2EHPA+TBP [6] and di-nonyl
phenyl phosphoric acid in combination with tri-n-octyl
phosphine oxide, DNPPA+TOPO, patented systems [7].
The overall difficulty of separation, for obtaining a pure
product from a given feed, can be indicated by a decon-
tamination factor (DF), which is defined as the ratio of
impurity to Dy,O, in feed, to the ratio of impurity to
Dy, O, in product. The DF values for required separation
of Dy,O, are shown in Table 1.

1.1. Separation flowsheet

The separation of individual rare earths element (REE)
with similar chemical properties is a challenging task. It
is achieved by using the process of solvent extraction (SX)
with a large number of separation stages in a complex

Table 1
Decontamination factors (DF) for cycle-1 and cycle-2

Rare earth Feed-1

element Feed (%)  Product(%) DF

LRE 0.3 0.12 12

Gd 4.6 0.18 119

Tb 44 0.95 22

Dy 20.9 97.60

Ho 1.8 0.45 19

Y 65.1 0.25 1216

Er 2.9 0.45 30
Feed-1A

LRE 0.12 0.11 1.20

Gd 0.11 0.09 1.34

Tb 1 0.95 1

Dy 88.77 97.60

Ho 1.5 0.50 3

Y 8 0.25 35

Er 0.5 0.50 1.10

process circuit. The overall separation scheme selectively
separates one REE after another, while producing by-
products that form feed-stock for further separations. The
separations are based on extraction of REE from an aque-
ous phase into an organic phase containing an extractant
of liquid cation exchanger type: 2-ethyl hexyl phosphonic
acid mono-2-ethyl hexyl ester (EHEPHA). The extraction
mechanism at low loading, [REE]/[EHEPHA] <0.14 and
<5M HCl in feed can be described as:

REE¥ ..oy * 3(HR) = REE (HR

where (HR), is the dimeric form of EHEHPA, REE* is
a trivalent rare earth ion and subscripts aqueous and
organic denote the phase in which species are present.

The sequence in which various individual REE are
extracted by EHEHPA is as follows:

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

3H*

aqueous 2 (organic 2)3 (organic) + (aqueous)

Extraction increases with decrease in ionic radii of
REE. This sequence provides the logic for development of
a’dual-cycle extraction’ process. It is schematically shown
in Fig 1. In this process the desired element of interest is
the Dy. The heavier rare earths or HRE (Ho, Y, Er, etc.)
have better extraction than Dy and are selectively extract-
ed in the first cycle. The Dy element along with lighter
REE (Gd, Tb etc) is left in the aqueous raffinate phase of
the first cycle, which forms the feed to a second cycle. Be-
tween the two extraction cycles, the operations of oxalate
precipitation, calcination to oxide and re-dissolution are
incorporated as needed for water and acidity control. In
the second cycle, the Dy**is preferentially extracted into
the organic phase while leaving the less extracted lighter
REE in the aqueous raffinate phase.

Each of the two cycles has cascades of counter-current
stages of extraction, scrubbing and stripping. The pri-
mary parameter governing the separation between two
rare earths (e.g. Dy and Tb) in the solvent extraction is
separation factor (B) defined as the ratio of distribution
ratio of individual rare earth elements (D, /D,,). Typical
separation factors are B, . =2.7 and BHO/Dy = 1.8 with
EHEHPA as an extractant [8]. As a result of low B, scrub-
bing in a number of stages is essential to back-wash the
co-extracted element into the aqueous phase. Scrubbing
medium is diluted hydrochloric acid (1-2.5 M). Where
very high purity is needed, scrubbing medium also
contains part of the pure product in an operation called
‘refluxing’. Refluxing is adopted in second cycle where
final product is obtained. This is considered when purity
needed is ~99% [9].

From a description of the generic process it is evident
that there are a large number of process variables that
need to be optimized. These include for each cycle of
operation:

1. Total rare earth oxide concentration in feed (TREOF)
2. Aqueous feed acidity (FA)
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Fig. 1. Generic dual cycle solvent extraction separation process for dysprosium purification.
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Mathematical models are used to aid process simu-
lation and optimization of complex REE processes. In
particular ‘artificial neural network’ (ANN) based models
have been tested and found superior to the conventional
models for predicting the equilibrium distribution ratio
as a function of aqueous phase composition in the field
of rare earths. The ANN models combined with material
balance models in a spread-sheet format such as Excel
have been earlier successfully demonstrated on industrial
scale for Nd-Pr separation [10]. Based on process model-
ling, the operation of separation cascades has yielded the
high purity oxides of required purity in bulk tonnage
amounts. Similar approach is adopted for Dy,O,. The
process parameters for the flowsheet are shown in Table 2.

2. Experimental
2.1. Materials

Mixed rare earths oxide containing Dy,O,: 20-25%,
Y,0,: 60-67%, Gd,0,: 3-4%, Tb,0,: 3-4%, Sm,O,: 1%,
Er,0,: 3-4%, Ho,O,: 2-3% were obtained from monazite

Table 2
Process parameters for purification of Dy

Parameter Cycle-1(feed-1) Cycle-1(feed-1A) Cycle-2
TREOF (g/l) 25 25 30
FA (HCI, M) 0.3 0.2 0.2
OAET 2.08 2.11 1.49
NET 12 8 8
SCA (HCL, M) 15 2.5 1.3
OASC 5.43 5.58 5.88
NSC 10 8 16
STA (HCI, M) 35 3.5 3.5
OAST 4.03 3.96 2.77
NST 4 4 4

processing unit of Indian Rare Earths Limited. This was
dissolved in concentrated HCI and diluted to obtain a
solution of 25 g/L total rare earth oxide (TREO) with 0.3
M free acidity, represented as feed-1 for the first cycle. The
raffinate solution obtained from the first cycle operation
was precipitated as rare earth oxalate and calcined to rare
earth oxide. This oxide was dissolved in concentrated
HCl and diluted to 30 g/L TREO with free acidity of 0.2 N
HCl for use as feed solution for the second cycle (feed-2).
During mixer settler operations with feed-1, we obtained
an off grade product consisting Dy,O, (< 89%), Y,O, (>
7%) and Ho,O, (> 1.5%). This was an alternative feed
material (feed-1A) for first cycle operations where Dy is
further purified with regard to Y and Ho. Commercially
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available EHEHPA of >95% purity was used as supplied
and diluted with aliphatic hydrocarbon diluent. All other
chemicals used were of analytical reagent grade. HCl
was used as the medium since it is cheaper than nitric
acid and EHEHPA works efficiently with this medium
for separation of rare earths [11]. Rare earths separation
in chloride media is a well established plant practice in
India, China, Japan, etc.

2.2. Equipment

First cycle experiments were carried out using poly-
propylene mixer settlers of capacity 800 ml settler and
200 ml mixer. Each mixer had a vari-speed DC motor. The
solutions were fed by peristaltic pump into four points of
the circuit. These solutions were feed, organic, scrubbing
and stripping solutions. Flow rates of aqueous and or-
ganic phases were maintained using electronic metering
pumps. The system stability was monitored by analyzing
for TREO in exit flows periodically. Bench scale experi-
ments were carried out using laboratory glass separatory
funnels fitted with motorized agitators for second cycle.

2.3. Analysis

Free acid content in rare earth chloride solution was
determined by precipitating it with sodium oxalate
followed by titration with standard NaOH using phe-
nolphthalein indicator. The TREO concentration was
determined by gravimetric method using oxalic acid as
precipitant. The individual rare earths were analyzed by
a sequential inductively coupled plasma atomic emission
spectrometer (ICP-AES). An instrument with high resolu-
tion of 0.005 nm, JY Ultima 2 was commissioned and used
for analysis. It enables superior analysis of the complex
spectrum of rare earths in rare earth matrix which has
several lines and has an intense background continuum.
In particular, it was found that Gd impurity could be
analysed to a detection limit of 0.01%.

3. Results and discussion

3.1. Separation factors

Separation factor is a complex function of equilibrium
composition of aqueous and organic phases. Acidity is
one of the factors. The extraction of TREO decreases with
increase in HCI concentration in aqueous feed solution.
The percentage extraction of TREO reported was 50%
with rare earth chloride solution similar to feed-1at 0.3 M
HCl free acidity using 1 M EHEHPA[12]. The optimized
feed acidity used in our experiments was 0.3 M HCI.
The stage to stage acidity was monitored in extraction
as well as scrubbing stages as shown in Fig. 2. In cycle-1
extraction, the stage to stage acidity varied from 0.2 to
0.7M HCI, which was suitable for separation of Dy and Y.
In cycle-1, the separation factors of Y with respect to Dy
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Fig. 2. Stage to stage variation of acidity and separation factor.

(By,p,) with IM EHEHPA were evaluated experimentally
and were found to decrease marginally with increase in
feed acidity. Typical B, ;, values observed were 3.78 and
3.05at 0.2 M and 1 M HCI free acidity respectively for a
feed containing of Dy,0,(65%) and Y,0,(20%). A similar
trend was observed in the stage to stage analysis of first
cycle of continuous operation of off-grade product as
shown in Fig. 2.

3.2. Cycle-1: separation of Dy from HRE

The primary objective of the first cycle was to purify
dysprosium with regard to holmium and yttrium. This
is achieved in 12-stage extraction and 10-stage scrubbing
in continuous mixer settlers under operating conditions
given in Table 2. The feed consisting Dy, O, (~21%) and
Y,0, (~65%) was fed to extraction stage at a rate of 2.22
I/h. Dysprosium and other LRE are scrubbed into aqueous
phase at a flow rate of 1.38 1/h which was mixed with feed
solution. The out going raffinate which was obtained at
the extraction end was found to consists of Dy,O, (~68%),
Y,0,(~0.15%), Gd,0, (~15%), Tb,O, (~14%) and LRE (<3%).
The stage-to-stage data with regard to percentage Dy and
Y after operation of over 400 h is plotted in Fig. 3. The
percentage recovery of Dy is ~94% and purity is ~68%.
Kilogram quantity of Dy,O, was thus produced for the
second cycle operation. The overall material balance for
the process is shown in Fig. 4. Interestingly, the strip solu-
tion obtained contains 92% pure Y,O,. This can be further
processed to obtain high purity yttrium for phosphor
application as developed in our laboratory [13].

Optimization of process parameters for feed-1A was
carried out to improve the purity of the off grade product
with respect to Y. Fig. 5 shows that at low acidity con-
siderable amount of Dy gets extracted and separation is
achieved with respect to Tb and LRE rather than Dy and
HRE. This is shown by the trend of Tb in raffinate which
is 5% at 1.5 M scrub acidity and also by Y in strip solution
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Fig. 3. Stage to stage variation of Dy and Y in cycle-1.

which is as low as 7.6%. As the acidity increases, bulk
of Dy reports into raffinate. This results in an increase
in TREO in the raffinate as well as percentage Dy in the
raffinate. It is accompanied by an increase in percentage

of Y in the strip solution. The final raffinate product ob-
tained also meets the required specification for AHWR.
This study illustrates experimentally the importance of
the control over the acidity of scrub solution in overall
process performance.

3.3. Cycle-2: separation of Dy from LRE

The raffinate of the first cycle consists of Gd,O, (~15%),
Tb,0O, (~14%) and LRE (<3%) apart from Dy,O, (~68%).
The impurities such as Gd and Tb are separated from
dysprosium in the second cycle. The separation factor
Poym = 282 is lower than B, (16.52). The required
decontamination factor (DF) of Gd with respect to Dy is
higher than Tb because the Dy product specification for
Gd and Tb are different which are Gd < 0.2% and Tb <
1%. Hence, there is a need for careful optimization and
experimentation. It is observed experimentally in counter
current 8-stage extraction, 16-stage stubbing, the scrub
acid played a major role in recovery and purity of product
obtained. A series of second cycle operations were car-
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Fig. 4. Material balance for 54-stage mixer settler cascade for separation of high purity Dy,O
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Fig. 5. Effect of scrub acidity on purity of Dy.

ried out by varying scrub acidity. The recovery of total
oxide in product decreased from 75% to 44% as the scrub
acidity increased from 1.3 M to 1.6 M HCI. Similarly, the
purity of Dy decreased from 97% to 90% with increase in
acidity. With the information thus available, the process
conditions were further optimized. A typical data of a
test run with SCA = 1.3 M HCI, OAET = 1.49 and OASC
=5.88, STA = 3.5 M HCI OAST = 2.77, NST = 4, shows
that TREO in loaded organic is almost constant after 60
contacts and the average value is 9.52 g/l. The analysis
for Tb in the scrubbing section of cycle-2 is important in
determining the overall purity of the product. The Tb in
aqueous phase of scrubbing cycle increased from ~3%
to ~24%. As a result Tb in the loaded organic decreased
to <1% from 10%. Equilibrium acidity remained almost
constant at 0.45 M HCI except in one or two stages of
scrubbing. The product thus obtained is Dy,O, (~97%)
pure with a recovery of ~99%.

4. Conclusion

A two cycle solvent extraction process based on
EHEHPA has been experimentally tested for producing
nuclear grade Dy,O, The percentage recovery of Dy,O,
in the first cycle raffinate was ~94% of purity ~68%. In the
second cycle, the product obtained was ~97% pure Dy, O,
with ~99% recovery. The overall recovery was ~93%. Ex-
perimentally, scrub acidity has been shown to be a key
parameter for efficient separation. Analytical methods
were developed to analyse Gd,O, and Tb,O, in Dy,O,
matrix and the purity of the product was confirmed. The
product samples are being further evaluated by the user
divisions of BARC.
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