
FULL PAPER

DOI:10.1002/ejic.201500509

Dissolution of the Rare-Earth Mineral Bastnaesite by
Acidic Amide Ionic Liquid for Recovery of Critical
Materials

John W. Freiderich,[a] Joseph J. Stankovich,[a] Huimin Luo,[b]

Sheng Dai,*[a] and Bruce A. Moyer*[a]

Keywords: Ionic liquids / Rare earths / Ion extraction / Environmental chemistry

Rare-earth elements provide the cornerstones to clean sus-
tainable energy and modern technologies such as computers,
communications, and transportation. As such, the recovery of
rare earths (REs) from minerals such as bastnaesite remains
important for modern times. As the light lanthanides (La–Nd)
constitute the majority (typically �98.7%) of the REs in
bastnaesite with the heavy REs (Sm–Lu) contributing the re-
mainder (approximately 1.3%), an enrichment of heavier
REs may serve as an effective means of assisting rare-earth
recovery. Such an extractive metallurgy process involving

Introduction

Rare-earth elements play an important role in modern
technologies including, but not limited to, high-strength
magnets and energy-efficient fluorescent lighting.[1] The
rare earths (REs) encompass 15 members of the 4f row (lan-
thanides, Z = 57–71) and a second-row transition metal,
yttrium (Z = 39). All of the rare earths occur in nature
except for man-made promethium (Z = 59). The lanthan-
ides and yttrium are all thermodynamically stable trivalent
ions in solution and the solid state. In addition, a phenome-
non known as the lanthanide contraction is observed. This
phenomenon displays an incremental decrease in the radius
of the RE3+ ion from La3+ to Lu3+. As a result of the stable
3+ oxidation state and the small changes in ionic radii be-
tween adjacent lanthanides, separating rare earths is chal-
lenging. In addition to lanthanides having such similar
solution chemistries, the rare earths also require their ores
to be processed, which has a number of industrial chal-
lenges.

The demand on industry to provide an accessible supply
of these materials is ever-increasing as rare earths continue
to play a more important role in applications related to
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ionic liquids (ILs) leads to an enrichment of heavy REs by
nearly an order of magnitude. The acidic IL N,N-dimethyl-
acetamidium bis(trifluoromethylsulfonyl)imide (DMAH+NTf2–)
in the IL 1-butyl-3-methylimidazolium bis(trifluoromethyl-
sulfonyl)imide (BMIM+NTf2

–) dissolves froth flotation
bastnaesite, synthetic bastnaesite analogues (RECO3F),
RE2O3, and RE2(CO3)3 minerals. An overall reaction for the
dissolution of bastnaesite is proposed for this IL system. This
IL system may provide the initial stages of a greater RE sepa-
ration scheme for bastnaesite froth flotation concentrates.

modern technology. As of 2011, the majority of world rare-
earth element production has occurred in China (95 %),
Australia (2%) and India (2.5%) contributed a little, and
Brazil and Malaysia brought up the remainder (0.47 %).[2,3]

In China and the USA, bastnaesite is the mineral of most
interest for rare-earth recovery. Bastnaesite, a rare-earth
carbonate fluoride (RECO3F) mineral, is approximately 7–
10% rare-earth oxide (REO) consisting mostly of the lighter
elements (ca. 98% La–Nd).[4]

Historically, bastnaesite has undergone a series of
physicochemical processes to produce a commercial prod-
uct. Considering the flow sheet for bastnaesite employed by
Molycorp,[5] the following simplified process may be writ-
ten:

Bastnaesite ore (7% REO) � crushing/grinding � conditioning
� series of flotation steps � leaching � calciner � bastnaesite
concentrate (90% REO) � separation plant

After this beneficiation process, chemical treatment of
either the crude ore or the bastnaesite concentrate may take
place. Kruesi and Duker of Molycorp developed one such
chemical treatment process.[1,6] The process involves the
bastnaesite being leached with hydrochloric acid, the re-
sulting rare-earth fluorides [REF3(s)] are treated with so-
dium hydroxide, and finally the rare-earth hydrolysis prod-
uct is solubilized by hydrochloric acid again. In general, this
process consists of the following steps:

3RECO3F + 9HCl � REF3 + 2RECl3 + 3HCl + 3H2O + 3CO2

REF3 + 3NaOH � RE(OH)3 + 3NaF

RE(OH)3 + 3HCl � RECl3 + 3H2O
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This chemical treatment process requires heating of the
ore and industrial solutions to roughly 95 °C for 4 h at dif-
ferent stages and the consumption of 2.5 kg HCl/kg of
RE2O3 and 0.73 kg NaOH/kg REO feed to achieve the final
product.

In this work, we strived to provide an alternative to the
use of aqueous solvents for the extractive metallurgy of rare
earths from bastnaesite by using ionic liquids. The desirable
properties of ionic liquids have been discussed exten-
sively.[7,8] In addition, the potential application of ILs may
be for the reduction/oxidation[9–12] of the RE species and/
or the promotion of more stable metal–ligand complexes[13]

for separation techniques. Ionic liquids have also been ex-
tensively used to dissolve metal oxides, minerals, and other
compounds.[14–29]

The BASILTM (Biphasic Acid Scavenging utilizing Ionic
Liquids) process, developed by BASF, displays the green
chemistry opportunities of ionic liquid applications by pro-
ducing photoinitiator precursor alkoxyphenylphosphines
and allowing the recycling of the IL post-process.[30] In this
work, the acidic amide IL N,N-dimethylacetamidium bis-
(trifluoromethylsulfonyl)imide (DMAH+NTf2

–) in 1-butyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide
(BMIM+NTF2

–) diluent was used to dissolve froth flotation
concentrate bastnaesite and synthetic bastnaesite analogues
[RE(CO3)F]. To recycle the DMAH+NTf2

– a strong min-
eral acid is required for reprotonation. For this process to
be industrially viable more research should be conducted to
develop cost-effective means of regenerating the IL. Fig-
ure 1 shows the structures of the synthesized ionic liquids.

Figure 1. Structures of the synthesized ionic liquids DMAH+NTf2
–

and BMIM+NTF2
–.

Results and Discussion

Dissolution of Bastnaesite-Type Solids

A series of rare-earth carbonate fluorides (RECO3F, RE
= La, Ce, Pr, Nd, Eu, Tb, Dy, Ho, Y) were synthesized
for use in these dissolution studies. In addition, bastnaesite
analogues containing RE blends were also synthesized (see
Table 1 in the Exp. Sect. for compositions). Figure 2 shows
no selectivity during the dissolution process for the synthe-
sized bastnaesite at 24 h (�). In Figure 2, the percentage of
RE dissolved in the IL phase is defined by the following
equation

% RE Dissolved =
[RE3+]IL

[RE3+]total
�100
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Figure 2. Dissolution of RE minerals by 2 mol/kg DMAH+NTf2
–

in BMIM+NTf2
– at 120 °C and 1000 rpm. [RE3+] shown at 1 h (�)

and 24 h (�) contact times. Δ represents the % RE dissolved at
24 h. Error bars are twice the standard deviation at 95% confi-
dence.

in which [RE3+]IL is the concentration of the RE3+ metal in
the IL phase, as determined through EDTA titration, and
[RE3+]total is the concentration of the RE3+ metal if all of
the RECO3F solid could be dissolved and exist in solution.
The RECO3F solids gave an average % RE Dissolved value
of 60� 6%, which is lower than anticipated. As expected,
the Nd2(CO3)3 and Nd2O3 solids were quantitatively dis-
solved at 24 h. An unexpected result was the slow dissol-
ution of LaCO3F, CeCO3F, PrCO3F, and NdCO3F com-
pared with the heavy-RE-containing RECO3F when the
media was analyzed at 1 h. This led to an investigation of
the structural identity of these materials.

Figure 3. PXRD patterns of the synthesized LaCO3F, CeCO3F,
PrCO3F, NdCO3F, and natural bastnaesite (La).
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The synthesized bastnaesite analogues were charac-
terized by using powder X-ray diffraction (PXRD). The
PXRD patterns shown in Figure 3 agree well with those in
the literature for LaCO3F and CeCO3F.[31–33] No literature
data was found for comparison with the PrCO3F or
NdCO3F solids. The prepared single-RECO3F solids all ap-
peared to crystallize as a bastnaesite-type structure with the
hexagonal space group P62c for RE = La, Ce, Pr, and Nd.
All four of the light lanthanides (La, Ce, Pr, Nd) show a
similar diffraction pattern to that of natural bastnaesite. For
the synthetic RECO3F solids with RE = Eu, Tb, Dy, Ho,
and Y, the XRD patterns showed amorphous structures.
Attempts to anneal these heavier RE solids, so a recogniz-
able XRD pattern could be collected, yielded a black pow-
der. The PXRD pattern of the black powder did not match
that of RECO3F and is believed to be REOF.

Because the PXRD patterns of the heavier RE solids
showed amorphous structures, FTIR-ATR spectroscopy
was used to qualitatively determine the coordination of the

Figure 4. (a) FTIR-ATR spectra of synthetic bastnaesite and
RECO3F solids. (b) Comparison of the FTIR-ATR spectra of
RECO3F with RE2(CO3)3 solids.
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CO3
2– anion in the RECO3F matrix. Figure 4a displays the

IR spectra of a series of synthesized bastnaesite analogues
containing single rare earths and blends of rare earths
and Figure 4b allows comparison of the spectra of the heav-
ier TbCO3F and YCO3F with those of Tb2(CO3)3 and
Y2(CO3)3. Although the heavy-RECO3F solids do not ap-
pear to be explicitly “bastnaesite-like”, it can be stated that
they are not RE carbonates either. A clear change in the
light- and heavy-RECO3F synthetic minerals occurs be-
tween Nd and Tb. The amorphous nature of the heavy-RE
minerals coupled with the change in CO stretching at
around 1500 cm–1 between NdCO3F and TbCO3F indicates
a change in the overall structure of the bastnaesite ana-
logues.

Role of Carbonate Chemistry in Dissolution

The dissolution of Nd2(CO3)3 was significantly slower
than that of Nd2O3 and the contrast between the dissol-
ution of carbonate and oxide species assists in providing a
further understanding of the chemistry responsible for the
dissolution of the bastnaesite structure in BMIM+NTf2

–.
As the dissolution of the Nd2(CO3)3 and Nd2O3 pro-

gresses at seemingly different rates, this raised the question
of the role of CO3

2– in the interaction of DMAH+ with
RECO3F. To further understand the role of CO3

2– in these
systems, two tests were carried out on HoCO3F, which had
already been shown to have a faster dissolution within 1 h.
The first test was to run the same experiment under the
same conditions, but instead cap the vial and create a closed
system. The second test was to flush a stream of CO2(g) over
the IL solution as the reaction proceeded. In both cases the
dissolution reaction was suppressed and only 8.2�0.4 % of
the HoCO3F dissolved within 1 h instead of the 53� 5%
(Figure 2) that dissolved in the open system. This appears
to be in agreement with the observation of gas evolution
through the IL; chemical intuition hints that this is most
likely CO2(g). So, the Nd2O3 is dissolved by the
DMAH+NTf2

– according to the following reaction:

Nd2O3 + 6DMAH+NTf2
– � 2Nd(DMA)3(NTf2)3 + 3H2O

whereas, most likely, Nd2(CO3)3 is dissolved in two reac-
tions:

Nd2(CO3)3 + 6DMAH+NTf2
– � 2Nd(DMA)3(NTf2)3 + 3H2CO3

3H2CO3 � 3CO2(g) + 3H2O
As a result of carbonic acid disproportionation in the IL,

it seems that this reaction slows down the dissolution pro-
cess as the system waits to expel CO2(g).

Rare-Earth Fluoride Precipitation

After each RECO3F dissolution experiment, solid re-
mained in the bottom of each vial. This solid was analyzed
by PXRD and determined to be REF3(s) (Figure 5). This
result was not all that surprising as dissolution of the RE3+

into solution would presumably liberate F– from the
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bastnaesite. A light (Nd) and heavy (Ho) RECO3F were
chosen for analysis, post-dissolution.

Figure 5. PXRD patterns of NdCO3F post-dissolution as NdF3

(blue) and HoCO3F post-dissolution as HoF3 (red) after 5 h.
Literature powder patterns for NdF3 and HoF3 are shown for com-
parison.

In addition to the formation of REF3 post-dissolution,
the RE3+ in the IL phase was also analyzed for varying
total amounts of RECO3F. The number of mmol of RE3+

in the IL phase was plotted versus the total number of
mmol of RECO3F(s) in the system (Figure 6) and yielded
slopes of 0.61�0.06, 0.58 �0.04, and 0.57� 0.07 for Nd,
Dy, and Ho, respectively, which shows that roughly 2/3 of
the RE exists in the IL phase after dissolution. The obser-
vation of REF3(s) coupled with the slope analysis for one
light (Nd) and two heavy (Dy, Ho) REs suggests that the
chemistry of dissolution of RECO3F is similar across the
rare-earth series.

Having established the above information, the following
points can be concluded:

1) Gas evolves as a result of DMAH+NTf2
– contact with

RECO3F, Nd2(CO3)3, and Nd2O3.
2) An open system allows the dissolution process to pro-

ceed whereas a closed system or a system flushed with
CO2(g) suppresses the dissolution of RECO3F.

3) The PXRD pattern of the resulting RE solid after
RECO3F is dissolved by DMAH+NTf2

– indicates that
REF3 is a product of dissolution.

4) Only 2/3 of the RE3+ in the system post-dissolution
exists in the IL phase. The other 1/3 exists as REF3 solid.

5) Acid dissociation constants in aqueous media (μ =
0.0 m, 25 °C) for HF (pKa = 3.17) and H2CO3 (pKa,1 = 6.35,
pKa,2 = 10.34)[34] suggest that carbonic acid forms preferen-
tially to hydrofluoric acid.
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Figure 6. Dissolution of NdCO3F (black filled square), DyCO3F
(blue filled diamond), and HoCO3F (red triangle) for varying total
amounts of RECO3F in a system in contact with 2 mol/kg
DMAH+NTf2

– in BMIM+NTf2
– at 120 °C and 1000 rpm for 5 h.

A dashed line with a slope of 2/3 is provided for comparison.

From these considerations, the reaction scheme shown in
Figure 7 is likely. The surface of the RECO3F reacts with
the H+ of DMAH+ to form soluble RE(DMA)2-
(NTf2)2F and carbonic acid (H2CO3). These two species re-
act by two different pathways. RE(DMA)2(NTf2)2F reacts
with other RE(DMA)2(NTf2)2F to form soluble RE-
(DMA)2(NTf2)3 and insoluble REF3, and H2CO3 produces
carbon dioxide gas and water, both of which leave the IL
at 120 °C. Although there remains unconsumed H+ in the
IL phase, in the form of DMAH+NTf2

– (pKa = –0.19 at
25 °C in sulfuric acid),[35] it seems that the remainder of H+

does not compete with RE3+ for F– and REF3(s) precipitates

Figure 7. Proposed reaction scheme for the dissolution process in
the IL system. Red circles indicate initial reactive solution species,
black rectangles indicate solid phases, purple circles indicate species
that exist in the system as gases, and blue circles indicate RE solu-
tion species.
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out of solution as a result. The following dissolution reac-
tions are proposed:

3RECO3F(s) + 6DMAH+NTf2
– � 3RE(DMA)2(NTf2)2F +

3H2CO3

3RE(DMA)2(NTf2)2F � REF3(s) + 2RE(DMA)3(NTf2)3

3H2CO3 � 3CO2(g) + 3H2O

3RECO3F(s) + 6DMAH+NTf2
– � 2RE(DMA)3(NTf2)3 + REF3(s)

+ 3CO2(g) + 3H2O

Solution Chemistry of Nd3+ in BMIM+NTf2
–

As the RECO3F mineral is dissolved by DMAH+NTf2
–,

the RE3+ species that is liberated from the solid phase be-
comes solvated by the constituents of the IL phase. In this
system, DMA, DMAH+NTf2

–, and BMIM+NTf2
– are pres-

ent in sufficient concentrations to accomplish the task of

Figure 8. (a) Absorbance spectra and (b) speciation of Nd3+ in
BMIM+NTf2

– at 120 °C. The following species are present: 0:
Nd3+; 1: Nd(DMA)3+; 2: Nd(DMA)2

3+; 3: Nd(DMA)3
3+; 4:

Nd(DMA)4
3+; 5: Nd(DMA)5

3+. Experimental Nd3+/DMA ratios
range from 1:0 to 1:7.25. Note: The Nd spectra are shifted in order
to display the features of each.
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RE3+ solvation. The following equilibrium was considered
for ascertaining Nd3+ speciation in BMIM+NTf2

–:

Nd3+ + nDMA i Nd(DMA)n
3+ (n = 1–5)

The final Nd3+/DMA species was found to be a 1:5 com-
plex in BMIM+NTf�2

– at 120 °C as no further spectral fea-
tures evolved as a result of increasing the Nd3+/DMA ratio
beyond 1:7. The best-fit stability constants for these Nd3+/
DMA complexes were determined to be log β101 =
2.12�0.05, log β102 = 6.72�0.05, log β103 = 8.76�0.05,
log β104 = 10.72�0.05, and log β105 = 9.70�0.05. Figure 8
shows the hypersensitive 4F5/2, 2H9/2 � 4I9/2 transition[36] of
the Nd3+ ion and the speciation of the metal as it is com-
plexed at increasing concentration of N,N-dimethylacet-
amide, the conjugate base of the acidic ionic liquid
DMAH+NTf2

–. For the dissolution process under the ex-
perimental conditions stated earlier, the average number of
ligands n bound to Nd3+ is 2.91; however, this does not
account for the number of potential DMA ligands that may
bind with Nd3+ as a result of partially dissociated DMAH+,
so the number may be greater.

In addition to the DMA titration of Nd3+,
DMAH+NTf2

– and HNTf2 were also used as titrants.
HNTf2 showed no interaction with Nd3+, whereas
DMAH+NTf2

– showed some interaction with Nd3+

through minor changes in the spectral features of Nd3+, but
no fit could be made of the data. However, it is not clear
whether the DMAH+ ion interacts with Nd3+ to form the
Nd(DMAH)4+ complex or the acid dissociates to a reason-
able extent allowing for Nd3+ and DMA to interact. If any
mode of interaction occurs, it is most likely the latter.

Dissolution of Bastnaesite and Synthetic Bastnaesite RE
Blends

The surprising result of a seemingly kinetically limited
dissolution of light-RECO3F compared with heavy-
RECO3F (Figure 2) prompted an exploration of the dissol-
ution process of natural bastnaesite. A froth flotation
bastnaesite product (enriched in RE) was provided by
Molycorp and two bastnaesite solids were synthesized as
well. The compositions of these synthesized materials are
presented in Table 1 in the Exp. Sect. The dissolution be-
havior of the synthesized bastnaesite materials containing
the entire range of RE was not particularly intriguing as
these solids dissolved in nearly the same ratios as their
chemical make-up.

As was observed with the single-RE bastnaesite solids,
the heavy REs in natural bastnaesite also dissolved more
quickly than the light REs. To observe this phenomenon
the temperature of the system was lowered to 45 °C with a
stirring rate of 700 rpm. The ratio of the total amount of
heavy- to light-REs was calculated to determine the en-
richment effect over time. The [RE] in the IL was deter-
mined by ion chromatography (IC). Each RE was cal-
ibrated by IC to be in the range 50 ppb–1 ppm by using the
following expression
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Fraction
Heavy

Light
=

ΣLu
Sm[RE]i

ΣNd
La[RE]i

in which ΣLu
Sm[RE]i is the contribution to the total heavy-

rare-earth concentration in the IL phase for RE = Sm, Eu,
Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and Y, and ΣNd

La [RE]i is
the contribution to the total light-rare-earth concentration
in the IL phase for RE = La, Ce, Pr, and Nd. Figure 9
shows the enrichment as a function of time. Although en-
richment of the heavy REs may occur near the beginning
of the dissolution process, over the course of time it appears
that a combination of events may occur such that the en-
richment then decreases again. These events are 1) the ki-
netically limited dissolution of the light REs finally catching
up the dissolution of the heavy REs and 2) the formation
of REF3 as a result of F– being liberated into the IL.

Figure 9. Enrichment factor [quotient (�) of the heavy to light ra-
tio in 2 mol/kg DMAH+NTf2

– in BMIM+NTf2
– divided by the ra-

tio of heavy to light REs in natural bastnaesite] as a function of
time. Conditions: 45 °C and 700 rpm.

Although the enrichment of the heavy REs (Figure 9) oc-
curs up to around 1 h, after this time the ratio of heavy
REs to light REs decreases quickly. The enrichment factor
changes throughout the dissolution process. This may be a
result of the light REs (La–Nd) finally starting to have a
greater uptake in the IL diluent. Increasing the scale of the
dissolution experiment by a factor of 60 yielded a higher
enrichment factor (0.37 heavy/light) than found on the
smaller scale. This factor was achieved after 15 min of the
ore being in contact with the heated ionic liquid. Figure 10
shows the fraction of heavy/light rare earths in the stripped
samples as time progresses. Over the course of 4 h there was
no substantial increase in the concentration of the rare
earths in the samples; after 4 h there was a 23% increase in
the concentration of the light rare earths and virtually no
increase in the concentration of the heavy rare earths.
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Figure 10. Ratio of heavy/light rare earths in 2 mol/kg
DMAH+NTf2

– in BMIM+NTf2
– diluent as natural bastnaesite is

dissolved as a function of time. Bastinite (3 g) was dissolved in
62.3 g of IL. Conditions: 45 °C and 700 rpm.

This set of experiments was motivated by the froth flo-
tation ore likely not being homogeneous and that increasing
the size of the starting sample would make consistency less
of a concern. The results demonstrate that froth flotation
bastnaesite is likely not homogeneous, also that upscaling
the process seems to affect the kinetics. The same weight
ratio of naturally occurring bastnaesite ore to IL was used
for both the small- and large-scale experiments. It is pos-
sible for this ionic liquid system to be used with other rare-
earth minerals and gangue minerals.

Conclusions

The dissolution process of bastnaesite-type solids in an
ionic liquid system has been demonstrated. The RECO3F
bastnaesite mineral was shown to consume two acidic pro-
tons during the dissolution process and to form both solu-
ble RE3+ and insoluble REF3. The heavy REs (Eu–Ho, Y)
dissolve faster than the light REs (La–Nd) in this IL sys-
tem, regardless of whether the materials are single-RECO3F
or natural bastnaesite, and the process allows heavy-RE en-
richment in the IL for a period of time. Although an IL
system has densely concentrated ions and shows potential
solvation capability and ionic interactions with the RE3+

ions, the precipitation of REF3 was not suppressed. In ad-
dition, the liberation of CO2 from the dissolution process is
necessary to push the reaction forward. The overall dissol-
ution reaction proposed for this IL system is as follows:
3RECO3F(s) + 6DMAH+NTf2

– � 2RE(DMA)3(NTf2)3 +
REF3(s) + 3CO2(g) + 3H2O. This work illustrates one of the
first uses of a purely ionic liquid system to dissolve rare-
earth minerals.

Experimental Section
N,N-Dimethylacetamidium Bis(trifluoromethylsulfonyl)imide
(DMAH+NTf2

–) Ionic Liquid: Batches of this ionic liquid were syn-
thesized by combining the neutralization and metathesis methodol-
ogies previously described by Luo et al.[37] At room temperature,
N,N-dimethylacetamide (4.03 g, 0.046 mol) was mixed with a slight
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excess of concentrated aqueous HCl. LiNTf2 dissolved in deionized
water was added in an equal molar ratio to this mixture. After
stirring, two phase were present with water on the top and
DMAH+NTf2

– on the bottom. The IL layer was separated from
the water and washed several times with deionized water to remove
any LiCl still in the IL. The resulting nearly colorless liquid was
dried under vacuum at 70 °C for 4 h and characterized by thermo-
gravimetric analysis and NMR spectroscopy, yield 94%. 1H NMR
(400.13 MHz, CDCl3): δ = 8.07 (br., 1 H), 3.33 (s, 3 H), 3.26 (s, 3
H), 2.48 (s, 3 H) ppm. 13C NMR (100.61 MHz, CDCl3): δ = 174.45
(C), 119.57 (q, JC,F = 320.1 Hz, CF3), 39.69 (CH3), 37.68 (CH3),
17.84 (CH3) ppm.

1-Butyl-3-methylimidazolium Bis(trifluoromethylsulfonyl)imide
(BMIM+NTf2

–) Ionic Liquid: BMIM+NTf2
– was synthesized ac-

cording to a modified procedure reported in the literature.[38]

Methylimidazole (20.0 g, 243.0 mmol) was allowed to react with 1-
bromobutane (34.0 g, 312.0 mmol) in dry THF under nitrogen. The
mixture was stirred vigorously at room temperature for 24 h and
the resulting white precipitate was isolated and washed repeatedly
with ethyl acetate (3 � 100 mL) to remove any unreacted starting
materials. The resulting BMIM+Br– salt was dried under vacuum
(yield: 90%). This BMIM+Br– salt (20.0 g, 105.0 mmol) was mixed
with LiNTf2 (45.0 g, 156.8 mmol) in water (20 mL) and the mixture
stirred overnight to obtain BMIM+NTf2

– as a colorless liquid. The
ionic liquid was dried in vacuo at 333 K for 24 h. 1H NMR
(400 MHz, [D6]DMSO): δ = 9.10 (s, 1 H), 7.75 (s, 1 H), 7.67 (s, 1
H), 4.19 (q, J = 7.2 Hz, 2 H), 3.85 (s, 3 H), 1.42 (t, J = 7.2 Hz, 3
H) ppm.

Synthesis of Rare-Earth Bastnaesite Analogues: Bastnaesite ana-
logues containing a single lanthanide or yttrium were synthesized
following the literature procedure of Janka and Schleid.[31]

(Y,Ln)(NO3)3·xH2O solid (15 mmol) was dissolved in H2O
(250 mL) and the mixture was continuously stirred. A solution con-
taining NaF (13 mmol) and NaHCO3 (13 mmol) in H2O (500 mL)
was added slowly to this Ln(NO3)3 solution over 6 h. The resulting
solid and supernatant were then stirred for 30 min, filtered through
0.2 μm Millipore filters and washed with 18 m H2O (3� 100 mL)
to remove remaining NaNO3 and unreacted Ln(NO3)3, NaF, and
NaHCO3. The resulting powder was collected and dried in an oven
at 120 °C.

A slight modification to synthesize bastnaesite analogues contain-
ing multiple REs was accomplished by blending the RE(NO3)3·
xH2O solids pre-synthesis. Table 1 shows the distributions of the
REs in each material.

Neodymium Bis(trifluoromethylsulfonyl)imide [Nd(NTf2)3]:
Nd(NTf2)3 solid was prepared according to the reaction Nd2O3

+ 6HNTf2 �2Nd(NTf2)3 + 3H2O. Nd2O3 (5.2 mmol, 1.74 g) was
suspended by stirring in deionized water (5 mL) at 20 °C as 80%
HNTf2 (10.9 g) was added to the solution. When no Nd2O3 re-
mained, the solution was heated to 120 °C under a blanket of Ar
to drive off excess HNTf2 and water. The resulting slightly-purple
solid was titrated to determine the Nd3+ content and identified to
be Nd(NTf2)3·2H2O. This solid was stored under Ar for later use.

X-ray Diffraction Analysis: Continuous θ–2θ scans were performed
with a PANalytical Empyrean diffractometer equipped with a Pix-
cel 3D detector from nominally 15 to 90° 2θ in 10 min using Cu-
Kα radiation (l = 1.5405981 Å) and the X’Celerator detector. All
the scans used 1/2° fixed slits and 1° anti-scatter slits. A search
match was conducted by using the “Jade” and/or HighScore soft-
ware and the International Center for Diffraction Data (ICDD) data-
base. “HighScore Plus”.[44]
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Table 1. Composition of synthetic bastnaesite analogues.

Rare-earth Bastnaesite – mountain Bastnaesite/10% heavies
element pass blend [%][a] blend enriched [%]

La 33.8 17.2
Ce 49.6 34.4
Pr 4.1 5.2
Nd 11.2 17.2
Sm 0.9 4.3
Eu 0.1 4.3
Gd 0.2 3.0
Tb 0 0.5
Dy 0 3.0
Ho 0 0.7
Er 0 2.2
Tm 0 0.3
Yb 0 1.5
Lu trace 0.3
Y 0.1 5.7

[a] Percentages based on the 2010 USGS Investigation Report.[43]

FTIR-ATR Spectroscopy: FTIR-ATR spectra were collected with
a Perkin Elmer Frontier FTIR spectrometer equipped with a dia-
mond ATR. Scans were performed in the range 4000–650 cm–1 at
a resolution of 4 cm–1. The crystal was cleaned in between runs
with 2-propanol.

Rare-Earth Dissolution: A 2 mol/kg DMAH+NTf2
– solution in

BMIM+NTf2
– was used to dissolve the bastnaesite analogues

Nd2(CO3)3 and Nd2O3. For each replicate, a 10-fold excess of acid
to RE was used to ensure completion of the reaction. This typically
involved the contact of RE solid (0.2 mmol) with IL solution (1 g)
in 4 mL boroscilicate glass vials. The IL solution was heated to
120 °C prior to contact with the RE solids and the suspended solids
were mixed at around 1000 rpm for 1 or 24 h, exposed to the atmo-
sphere. After the contact time, these samples were centrifuged at
3000 rpm for 40 min to ensure complete separation of remaining
solid from the IL.

To assess the kinetics of the system on the froth flotation of
bastnaesite, the temperature was set to 45 °C with stirring at
700 rpm. Aliquots of 30 μL were taken and quenched in dichloro-
ethane (DCE). This DCE phase was then contacted with a 2%
HNO3 phase in a 1:1 volume ratio and agitated for 10 min. Under
these system conditions, the RE was stripped into the aqueous
phase at �99% and the IL remained behind in the DCE phase.
These prepared nitric acid phases were injected into the IC.

To examine the kinetics of a larger scale version of this system,
bastnaesite (3 g) was dissolved in a 10-fold excess of 2 mol/kg
DMAH+NTf2

– in BMIM+NTf2
– solution (62.3 g) at a temperature

of 45 °C with stirring at 1000 rpm. Aliquots of 100 μL were taken
and quenched in DCE and stripped by using 2% HNO3. The
stripped solutions were diluted appropriately and investigated by
inductively coupled plasma mass spectrometry (ICP-MS; Thermo
Scientific Xseries 2 Q-ICP-MS).

Determination of the Rare Earth Concentration

EDTA–Ln Titrations: The resulting IL phases were titrated accord-
ing to previous literature on spectrophotometric RE determi-
nations in aqueous media.[39–41] Small aliquots (10–20 μL) of the
RE-containing IL phase were dissolved in 0.1 mol/L sodium acet-
ate buffer (5 mL; pH 5). These solutions were spiked with Xylenol
Orange in distilled water. A 0.01 mol/L Na2EDTA solution was
used to titrate the RE acetate solution. The solutions changed from
red to yellow to indicate that all the RE3+ in solution had been
complexed by EDTA.
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Ion Chromatography: To analyze several lanthanides simulta-
neously, a DIONEX DX-500 Ion Chromatograph with an AD20
Absorbance Detector and Pneumatic Postcolumn controller was
used. An IonPac CG5A Guard (P/N 046104) and CS5A Analytical
Column (P/N 046100) were used with the following eluent mixture:
63% 160 mm oxalic acid/100 mm potassium hydroxide/200 mm

tetramethylammonium hydroxide, 4% 160 mm diglycolic acid/
190 mm potassium hydroxide, and 33% degassed deionized water.
The flow rate was set to 1.2 mL/min with a back pressure of
1750 psi. The post column reagent used was 0.5 mm 4-(2-pyr-
idylazo)resorcinol (PAR, P/N 39672 in Met Pac PAR) postcolumn
reagent diluent (P/N 046094). Injections of 2% nitric acid contain-
ing RE/IL aliquots allowed for baseline resolution of RE peaks
(except Pr and Nd) in the chromatograms and linearity of the signal
response from 50 ppb to 1 ppm.

Inductively Coupled Plasma Mass Spectrometry: Six-point cali-
bration curves for all the rare earths were prepared for concentra-
tions in the range 0.1–100 ppb with correlation coefficients �0.999.
An indium internal standard at 6 ppb was used in conjunction with
a 2% nitric acid carrier for all samples. The instrument software
was used to determine the concentrations when the dilution factors
were input into the system. Dilution factors for all samples were
8000.

Spectrophotometric Titrations: The absorption spectra of Nd(NTf2)3

in BMIM+NTf2
– were collected with a 1 cm pathlength over the

wavelength range 500–900 nm with a USB4000-VIS-NIR spectro-
photometer (Ocean Optics, Dunedin, FL, USA) equipped with a
tungsten-halogen source and an Ocean Optics TP300-UV/Vis
Transmission Dip Probe. A 0.09 mol/kg Nd(NTf2)3 solution in
BMIM+NTf2

– was titrated with 6 mol/kg N,N-dimethylacetamide
in BMIM+NTf2

– at 120 °C. The stability constants for the Nd3+/
N,N-dimethylacetamide complexes were calculated by nonlinear
least-square regression in HypSpec.[42]
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