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A B S T R A C T

Following the initial hydrometallurgical extraction of rare earth elements from the eudialyte mineral, the residue
is known to contain additional valuable metals. In this reported study, a two-stage acidic treatment was in-
vestigated to extract Zr, Hf, Nb from the eudialyte residue. The objective was to obtain high recovery yields with
a low consumption of acid, so the proposed preprocessing step was sulfuric acid dry digestion, which was held
above the boiling point of water. The treated residue was then leached with water and H2O2 was added to
promote the leaching of Zr, Hf and Nb. It was found that the H2O2 increased the oxidation potential of the acidic
system, which assisted the decomposition of the mineral phases that contained Zr, Hf and Nb. In addition, the
H2O2 acted as a reaction promoter by providing O2

2– ions that formed complexes with the cations, shifted the
reaction equilibrium and inhibited hydrolysis of Nb(IV). The QEMSCAN, XPS and SEM analysis were used to
reveal the mineralogical characteristics of the solid samples. These characteristics demonstrated the chemical
changes that occurred during extraction and helped to explain the mechanisms at work during the processes. The
SEM analysis results showed that metals sulfate salts and quartz were present after the digestion process. The
treated eudialyte residue leached the soluble salts into solution, whereas the quartz remained in the residue.
After optimizing the treatment parameters by varying the process conditions it was found that the eudialyte
extract produced 89.1% Zr, 81.2% Hf and 71.2% Nb and the most suitable process parameters were: digestion
conditions: H2SO4/eudialyte residue: 25ml/100 g, water/eudialyte residue: 20ml/100 g, 110 °C, 4 h; leaching
conditions: L/S: 3:1, H2O2/eudialyte residue: 10ml/100 g, room temperature, 1 h.

1. Introduction

Eudialyte is a complex Na-Ca-zirconosilicate mineral that is gen-
erally rich in Fe, Al, Mn, Ti, K, Nb and contains attractive quantities of
rare earth elements (REE) (Giuseppetti et al., 1971; Borst et al., 2016;
Anthony et al., 2010). The typical empirical chemical formula for Eu-
dialyte is Na4(Ca, Ce, Fe)2ZrSi6O17(OH, Cl)2, but it displays a wide
range of chemical compositions (Johnsen et al., 2003; Zakharov et al.,
2011). Eudialyte is a potential REE resource, because of its good solu-
bility in acid, low radioactivity and relatively high content of REE
(Goodenough et al., 2016; Sadeghi et al., 2013; Sjöqvist et al., 2013). It
is expected that more eudialyte will be mined as an alternative REE
resource due to the popular demand for REE as essential materials for
modern technologies (Krishnamurthy and Gupta, 2015; Alonso et al.,
2012; Golev et al., 2014; Morais and Ciminelli, 2004). For example, the
current EURARE project is tasked with studying the exploitation of
promising REE resources in Europe including eudialyte minerals in

Norra Kärr (Sweden) and Kvanefjeld (Greenland) (Goodenough et al.,
2016; Balomenos et al., 2017).

Eudialyte can be directly decomposed by acid (Zakharov et al.,
2011). According to some previous research, H2SO4 may not be the best
candidate for REE extraction due to the formation of rare earth double
sulfates (Voßenkaul et al., 2016; Kul et al., 2008). Meanwhile, it has
been found that concentrated HCl can be used to efficiently extract REE
from eudialyte concentrate, which can preclude the formation of silica
gel (Voßenkaul et al., 2016; Davris et al., 2017), but only small quan-
tities of Zr, Hf, Nb were leached from the mineral by this REE extrac-
tion. The HCl technology was used to extract REE from eudialyte con-
centrate in the EURARE project. The elements Zr, Hf, Nb either
remained in the leach residue or were transferred back into the residue
by precipitation. The resulting residue contained high quantities of Zr
with trace amounts of Hf and Nb. The recovery of these metals from the
eudialyte residue would undoubtedly increase the economic efficiency
of the processing of this mineral.
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The best performance for extraction of Zr from eudialyte con-
centrate is ensured by the use of H2SO4. However, a sufficiently high
extraction efficiency of Zr can be only be achieved when a large excess
of acid is used (Zakharov et al., 2011) or by the introduction of po-
tentially toxic fluoride ions (Dibrov et al., 2002; Litvinova and Chirkist,
2013). For example, Lebedev reported on a technology that was based
on the two-stage decomposition of eudialyte concentrate using 50%
H2SO4, but it was found that the recovery of Zr was less than 82%
(Lebedev, 2003). Although the eudialyte residue in this study was in-
itially treated with HCl, its Zr extraction performance was similar to the
extraction from the eudialyte concentrate. In addition, extraction of Hf,
Nb from the eudialyte has not been previously reported.

This study, proposes a novel flowchart for the extraction of Zr, Hf,
Nb from the eudialyte residue with the goal of maximizing recovery
yields with a minimum consumption of acid. Highly concentrated acid
digestion represented the first step, which was followed by water
leaching employing H2O2 as a promoter. The effects of the various
parameters on the Zr, Hf, Nb recovery and the behavior of iron, alu-
minum and silica were studied. Moreover, the law of phase changes was
illustrated.

2. Experimental

2.1. Materials and analysis

As a resource for REE, Eudialyte ore has been mined in South
Greenland and the concentrated eudialyte used in this study was ob-
tained from the Geological Survey of Finland (GTK) after beneficiation.
Hydrochloric acid (HCl) was then used to leach REE from the eudilayte
concentrate. It was found that about 30% Zr and Hf were leached from
the mineral using the HCl. The remnant Zr and Hf were then treated like
impurities similar to Fe and Al by treating the leach residue through
neutralization using CaCO3. The mixture of the eudialyte leach residue
together with the impurity precipitation from the pilot-scale test was
the initial material used in this study.

Analytical H2SO4 (96 wt%), H2O2 (30 wt%) and distilled water were
used in the experiments. The composition of the solid samples was
determined by XRF analysis (X-ray fluorescence), the key elements in
the solid sample were analyzed after dissolving, and the elements
present in the test solutions were identified using ICP-OES analysis
(Peculiarity Optima 5300DV, Perkin Elmer). The mineral composition
was determined by QEMSCAN analysis (Quantitative Evaluation of
Materials by scanning electron microscopy). This analytical method
enables an X-ray-based quantitative chemical mapping of the sample
material and consists of a scanning electron microscope in combination
with two energy-dispersive X-ray spectrometers. More than 40 elements
were chosen for measurement base on prior conducted chemical ana-
lysis. The X-ray data were acquired and were assigned into suitable
phases with a specific concentration range for each phase using idis-
cover© software. The accuracy of phase boundaries was verified by
overlapping BSE images. For a better overview, phases with an amount
less than 1wt% and of minor interest were subsumed to other phases.
X-ray photoelectron spectroscopy (XPS) measurements were performed
on the samples using a monochromatic AlKα (hν=1486.6 eV) source
with a Thermo Scientific ESCALAB 250 spectrometer. The C1s peak
positioned at binding energy 285 eV was used to perform charge cor-
rection. High-resolution XPS scans were performed on the samples to
identify the oxidation states of iron. Lorentzian-Gaussian curve fitting
was employed to deconvolute the XPS spectra into separate peaks using
XPSPEAK 4.1 software. The microstructure of the solid samples was
examined using a Scanning Electron Microscope (SEM) – Jeo16380 LV.
Energy dispersive X-Ray spectroscopy (EDS) was utilized to reveal
elemental composition of the samples analyzed by SEM.

2.2. Extraction procedure

As shown in Fig. 1 the acid digestion process employing highly
concentrated acid represented the first step. It is well known that di-
gestion with concentrated acid at boiling temperatures always benefits
the extraction of metals during a hydrometallurgical treatment (Vieceli
et al., 2018; Davris et al., 2017). The mass of the eudialyte residue used
in each experiment was 200 g. Some water was also added to the
mixture to promote the ionization and diffusion of the sulfuric acid. The
mixture was then held in a pre-heated oven at a temperature 110 °C for
some time. Some of the reactions that occurred during the digestion can
be expressed as follows (Davris et al., 2017; Terry, 1983; Zhang et al.,
2016):
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+ + +
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2FeSO 3Zr(SO ) 26Si(OH)
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→ +Si(OH) SiO 2H O4(aq) 2(s) 2 (g) (4)

The relationship between ΔrGm
θand T of the reaction (4) is

ΔrGm
θ=−27.919-9.907E−4T, and the relationship between lg(pH2O/

pθ) and 1/T is lg(pH2O/pθ)=−4109.65/T+ 7.89 (ΔrGm
θ: the standard

reaction Gibbs energy, pH2O: the partial pressure of H2O (g), pθ: the
standard pressure) (Zhang et al., 2016; HSC chemistry 6.0). It is known
that high temperature in a water-starved system promotes Reaction (4).
Similarly, the compounds Hf(SO4)2 and Nb2O3(SO4)2 are expected to
form after the acid digestion. Specified amount of water was subse-
quently added to the treated residue, which produced the leaching of
Zr, Hf, Nb. During this leaching, some H2O2 was added to promote the
process. It is well known that H2O2 is a strong oxidant. As a result, Fe2+

will be oxidized by the H2O2 to Fe3+ in solution. Iron is always present
in the phases that contain Zr, Hf, Nb and Fe2+ is predominant species of
iron in the eudialyte residue. Therefore, H2O2 could promote the dis-
solution of Fe from the residue, which will impact the extraction of Zr,
Hf and Nb. Furthermore, O2

2– can form complexes with Zr4+, Hf4+and
Nb5+ in the solution (Bayot and Devillers, 2006; Gao et al., 2004;).
Fig. 2 shows the E-pH diagrams of various systems. The related ther-
modynamics data were obtained from HSC chemistry 6.0 (HSC
Chemistry 6.0, 2006) and metal compounds database (Smith and
Martell, 1998). As can be seen, Nb5+ is easy to hydrolyze even under
low pH, and the formation of the complexes can opportunely prevent its
hydrolysis. In terms of the Zr and Hf, the formation of complexes of
these metal ions can expand the stable region of dissolved Zr and Hf.

Eudialyte residue

Dry digestionConcentrated H2SO4

Treated residue

Leaching

H2O

Filtration

H2O

Leaching solution (Zr, Hf, Nb enriched) Solid Residue

H2O2

Fig. 1. Proposed flowchart for the acid recovery of Zr, Hf, Nb from eudialyte
residue.
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The reactions described by (5)–(8) are some of the possible reactions
that may occur in the oxidative leach stage (Bayot and Devillers, 2006;
Gao et al., 2004; Yang et al., 2015):

+ + → +
+ −4Zr(SO ) 20H O 2H O [Zr (O ) (OH) (H O) ] 8HSO4 2 2 2 2 4 2 2 4 2 16

8
4

(5)

+ + → +
+ −4Hf(SO ) 20H O 2H O [Hf (O ) (OH) (H O) ] 8HSO4 2 2 2 2 4 2 2 4 2 16

8
4

(6)

+ → + + +
− + −Nb O (SO ) 8H O 2Nb(O ) 8H 2HSO 3H O2 3 4 2 2 2 2 4

3
4 2 (7)

+ + → + +
+ + −2FeSO 3H H O 2Fe 2H O HSO4 2 2

3
2 4 (8)

After filtration and washing of the filter cake, a Zr, Hf, Nb enriched
solution and solid residue were obtained. The composition of the
leaching solution was analyzed to estimate the extraction efficiency.

3. Results and discussion

3.1. Characterization of eudialyte residue

The chemical composition of the eudialyte residue is given in
Table 1 which shows Zr, Hf and Nb accounted for 6.26%, 0.22% and

0.53%, respectively. The phase composition of the eudialyte residue
was complicated and some compounds were amorphous. The
QEMSCAN analysis can help identify the phase associations and per-
form elemental mapping of the sample. Fig. 3 shows the phase dis-
tribution of the eudialyte residue by false color imaging and the right
image is the BSE image. The results of the phase quantification are
summarized in Fig. 4. Eudialyte phase described here represents ZreNb
eudialyte group minerals as there is a group of minerals referred to as
eudialyte for which the crystal chemistry has substantial variation. As
can be seen from figures, 2.0% of the eudialyte phase was left in the
residue after the REE extraction. The major phase in the material was
partially leached eudialyte, which means that the eudialyte was not
completely decomposed during the REE extraction. Eudialyte leach
residue was the phase that remained after the decomposition of the
eudialyte together with compounds formed during neutralization.
These included siliceous secondary precipitation and hydrolysis

Fig. 2. E-pH diagram of the systems Fe-H2O, Nb-H2O, Zr-SO4
2−–H2O and Hf-SO4

2−–H2O at 298.15 K and low pH (Activities: Fe of 0.1, Nb of 0.01, Zr of 0.1, Hf of
0.01, SO4

2− of 1.0 and H2O2 of 1.0). Note: sulfur compounds with low oxidation state are ignored.

Table 1
Chemical composition of eudialyte residue.

Element Zr Hf Nb Al Fe Si Ca TREE

Content (% w/w) 6.26 0.22 0.53 4.98 3.21 25.52 2.19 0.2
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products. The qualitative major elemental compositions of the identi-
fied phases are presented in Table 2. The target elements, Zr, Hf and Nb,
were found primarily in eudialyte group minerals, partially leached
eudialyte and eudialyte leach residue.

Due to the presence of trace amounts of Hf and Nb in the eudialyte
residue, obtaining their elemental mappings is not informative for this
material. The element Zr is the main target of the extraction due to its
relatively high content and Zr elemental mapping of eudialyte residue is
shown in Fig.5. The field scan image of eudialyte residue showed that
Zr in the eudialyte residue was inhomogeneous and was present at a
maximum content of around 15%.

Based on the study of the crystal chemistry of eudialyte group mi-
nerals, the Fe atoms present in the eudialyte phase are mostly in the +2
oxidation state. However, partially hydrated samples of the eudialyte
phase appear to have a greater Fe3+/Fe content (Khomyakov et al.,
2010; Schilling et al., 2011). In Table 2, it can be seen that iron is
always present with the target elements in the main identified phases in
the eudialyte residue. Likewise, Nb appears in different valence states
while Zr and Hf only exist in +4 state. X-ray photoelectron spectro-
scopy (XPS) was performed to investigate the overall oxidation states of
Fe and Nb in the residue. As shown in Fig. 6 (a), the main and the

satellite binding energy positions of the Fe2p are closely related to
those reported in literature (Aronniemi et al., 2005). The 2p3/2 and
2p1/2 emissions can be attributed to contributions of Fe2+ and Fe3+.
The XPS peaks of Fe2p3/2 and Fe2p1/2 are located at central positions
~710 eV and ~713 eV, respectively, and the green and blue lines show
their satellite peaks. Furthermore, the area of the peak is positively
correlated with the content of the different states, thus it was concluded
that the Fe atoms were predominantly in +2 oxidation state in the
eudialyte residue. In the Nb3d spectrum (Fig. 6(b)), two distinct peaks
at binding energies of ~207 eV for Nb3d5/2 and ~210 eV for Nb3d3/2
are observed, which corresponds to the characteristic of Nb5+ ions in
their oxide form (Dai et al., 2015). Therefore, the Nb atoms were in +5
oxidation state in the eudialyte residue.

3.2. Preliminary results

Some preliminary tests were performed to compare direct leaching,
with water leaching after acid dry digestion. The parameters for these
comparative experiments are shown in Table 3. As shown, no acid dry
digestion was performed in experiments No. 1 and No. 2, but was
performed in experiments No. 3 and No. 4 with the same amount of
acid. In addition, the effect of H2O2 was also investigated preliminarily
by performing experiments with and without addition of H2O2 during
the leaching process. As seen from Fig. 7, experiments No. 3 and No. 4
exhibited a higher extraction efficiency for Zr than experiments No.1
and No. 2. These results mean that acid dry digestion at high

Fig. 3. QEMSCAN analysis of eudialyte residue before grinding (left: false color image, right: initial BSE-image) (K-Fsp: orthoclase and microcline).

2.0%

63.0%

18.9%

0.6%

6.3%

0.3% 8.6%

Eudialyte Group Minerals

Partially Leached Eudialyte

Eudialyte Leach Residue

K-Fsp

Amphibole

Other Silicates

Other Phases

Fig. 4. Phase distribution of the eudialyte residue.

Table 2
Major identified phases and their elemental composition.

Phase Major elements Minor elements

Eudialyte group minerals Si, O, Ca Na, Fe, K, Zr, Hf, Mn, Nb, REE
Eudialyte leach residue Si, O Na, Al, Ca, Fe, K, Zr, Hf, Nb
Partially leached eudialyte Si, O Na, Ca, Fe, K, Zr, Hf, Nb,
K- Fsp Al, O, Si, Na, K, Ca Fe, K
Amphibole Na, Si, Fe, O K

Fig. 5. Zr elemental mapping of the eudialyte residue by QEMSCAN analysis.
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temperature can enhance the extraction of Zr which represents the
main valuable element in the residue. Thus, it is possible to reduce the
consumption of acid with this pretreatment when compared to previous
research (Lebedev, 2003). Furthermore, the acid digestion can reduce
the dissolution of Si. The behavior of Si in these experiments agrees
with the results reported elsewhere for the extraction of metals from
materials with high silicon content (Kazadi et al., 2016; Zhang et al.,
2016). Comparing test No. 1 with No. 2 or test No. 3 with No. 4, it can
be seen that the addition of H2O2 produced positive results for the
extraction of Zr and Nb, and particularly for the Nb to give a nearly
fivefold increase in extraction efficiency. The effect of the main process
parameters were studied further as a result of these initial comparative

tests.

3.3. Acid digestion

3.3.1. Effect of acid quantity
As can been seen from Fig.8, extraction efficiency of the Zr, Hf, Nb,

Fe and Al increased with the increase in acid/solid ratio. The dissolu-
tion of Si was very low in all cases. It should be noted that the quantity
of sulfuric acid used represents one of the main process costs. Excessive
quantities of acid requires large quantities of a basic agent to neutralize
when recovering the metals from the leaching solution. Therefore, these
data indicate that the most suitable ratio of acid to eudialyte residue
should be 0.25ml/g, since a ratio higher than this produced no ap-
preciable increase in the extraction of Zr, Hf, Nb extraction.

3.3.2. Effect of water on digestion process
Some water is needed in the digestion process, because it can benefit

uniform mixing and promote the ionization and diffusion of the sulfuric
acid. Fig. 9 shows the experimental results for various H2O/eudialyte
(ml/g) ratios in the elemental extraction process. It was found that the
addition of water had little effect on the dissolution of the Nb, Fe, Si.
However, the efficiencies of the Zr, Hf and Al extractions increased with
the addition of water from 0 to 0.2ml per 1 g eudialyte residue. Further
increases in the amount of water added did not increase the extraction

Fig. 6. XPS spectrum of the eudialyte residue. (a) Fe2p core peaks. (b) Nb3d core peaks.

Table 3
Preliminary experiment.

No. Concentrated acid
digestion (110 °C, 4 h)

Leaching (L/S=2:1, 1 h)

H2SO4/
residue
(mL/g)

H2O/
residue
(mL/g)

H2SO4/
residue
(mL/g)

H2O2/
residue
(mL/g)

Temperature (°C)

1 – – 20/100 – 25
2 – – 20/100 20/100 25
3 20/100 20/100 – – 25
4 20/100 20/100 20/100 25

(H2SO4: 96 wt%, H2O2: 30 wt%)
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Fig. 7. Comparative results of preliminary extraction experiments.

Fig. 8. Effect of H2SO4/eudialyte (ml/g) ratio on the extraction of elements
from eudialyte, digestion conditions: 110 °C, 4 h, water/eudialyte residue:
20ml/100 g, leaching conditions: L/S: 3:1, H2O2/eudialyte residue: 10ml/
100 g, room temperature, 1 h.
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efficiency, but appeared to produce difficulty in mixing. Hence, a ratio
of 0.2 ml of H2O/ g eudialyte was chosen as the most suitable ratio for
water addition to the process.

3.3.3. Effect of digestion time
The effect of digestion time on the extraction was also determined

experimentally (Fig. 10). In these experiments the water/eudialyte re-
sidue ratio and H2SO4/eudialyte residue ratio were set at their optimum
values, and it can be seen from the results in Fig. 10 that the extraction
of all metals increased with prolonged reaction time. However, the
extraction of Si exhibited an inverse relationship to reaction time. These
results indicated that adequate dry digestion contributes to the che-
mical transformation of Si into the insoluble form, so a slow dissolution
of Si occurs during leaching. The extraction performance of the system
did not change with reaction times longer than 4 h, so the optimum
digestion time was chosen to be 4 h.

3.4. Leaching procedure

3.4.1. Effect of liquid-solid ratio
After H2SO4 digestion under the most suitable conditions, the effect

of varying the liquid/solid ratio during leaching was examined. As the
data in Fig. 11 show, the extraction efficiency of the metals increased
with the increase in the L/S ratio. The Zr extraction efficiency increased
from 80% to 89% when the L/S ratio was increased from 1:1ml/g to
3:1 ml/g, and above 3:1ml/g, no further increase was noted. Con-
sidering that producing large quantities of leach solution would be
detrimental to subsequent treatment, a L/S ratio of 3:1 ml/g was chosen
as the suitable parameter for the process.

3.4.2. Effect of H2O2 quantity
The experimental results shown in Fig. 12 verify that H2O2 played

the role of a promoter in the Zr, Hf, Nb extraction, and an increase in
the extraction of Nb by the presence of H2O2 was particularly note-
worthy. The dissolution of Fe was also increased by the H2O2. The re-
sults suggest that 0.1 ml H2O2 per gram eudialyte residue was sufficient

Fig. 9. Effect of H2O/eudialyte residue (ml/g) ratio on extraction of elements
from eudialyte, digestion conditions: 110 °C, 4 h, H2SO4/eudialyte residue:
25ml/100 g, leaching conditions: L/S: 3:1, H2O2/eudialyte residue: 10ml/
100 g, room temperature, 1 h.

Fig. 10. Effect of digestion time on the extraction of elements from eudialyte,
digestion conditions: 110 °C, water/eudialyte residue: 20ml/100 g, H2SO4/eu-
dialyte residue: 25ml/100 g, leaching conditions: L/S: 3:1, H2O2/eudialyte
residue: 10ml/100 g, room temperature, 1 h.

Fig. 11. Effect of L/S ratio on the extraction of elements from eudialyte, di-
gestion conditions: 110 °C, 4 h, water/eudialyte residue: 20ml/100 g, H2SO4/
eudialyte residue: 25ml/100 g, leaching conditions: H2O2/eudialyte residue:
10ml/100 g, room temperature, 1 h.

Fig. 12. Effect of H2O2 quantity on the extraction of elements from eudialyte,
digestion conditions: 110 °C, 4 h, water/eudialyte residue: 20ml/100 g, H2SO4/
eudialyte residue: 25ml/100 g, leaching conditions: L/S: 3:1, room tempera-
ture, 1 h.
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to produce a positive impact on the process, so that this amount was
considered to be the most suitable.

3.4.3. Effect of leaching time and temperature
In previously reported research (Zhang et al., 2016; Kazadi et al.,

2016) it was demonstrated that leaching time and temperature are not
key variables in the behavior of the treated material after acid diges-
tion, since this is mainly a process of salt dissolution. The experimental
results of this study suggested that the same situation existed in our

process. As shown in Fig. 13, the leaching efficiency of all the elements
reached their maximum values in short time and longer reaction times
did not increase the extraction efficiency. Thus 30min was enough time
for the water leaching process. Fig. 14 compares the results of leaching
at 25 °C (room temperature) and 80 °C. The results show that it is not
necessary to conduct the leaching at high temperature. Thus, room
temperature water leaching was the reasonable choice.

Fig. 13. Effect of leaching time on the extraction of elements from eudialyte,
digestion conditions: 110 °C, 4 h, water/eudialyte residue: 20ml/100 g, H2SO4/
eudialyte residue: 25ml/100 g, leaching conditions: H2O2/eudialyte residue:
10ml/100 g, L/S: 3:1, room temperature.

Fig. 14. Effect of leaching temperature on the extraction of elements from
eudialyte, digestion conditions: 110 °C, 4 h, water/eudialyte residue: 20ml/
100 g, H2SO4/eudialyte residue: 25ml/100 g, leaching conditions: H2O2/eu-
dialyte residue: 10ml/100 g, L/S: 3:1, 1 h.

Table 4
EDS analyses of the eudialyte residue.

Element (% w/w) Na Ca Al Fe Zr Hf Nb Si K Cl

Spot A 0.9 3.4 10.6 1.8 14.6 0.1 1.5 57.4 9.8
Spot B 14.7 0.4 1.6 26.2 – – – 52.7 3.2 –
Spot C 2.0 3.5 8.2 2.3 12.8 – 1.6 58.9 – 10.5

Table 5
EDS analyses of the treated residue after H2SO4 digestion.

Element (% w/w) Na Ca Al Fe Zr Hf Nb Si O S

Spot A – – 0.9 0.6 0.8 – – 32.6 53.6 2.7
Spot B – – 0.6 1.2 17.9 0.6 2.2 2.9 44 0.5 13.4
Spot C – – 10.1 0.5 2.0 – – 2.9 54.0 28.4

Table 6
EDS analyses of the final residue after water leaching.

Element (% w/w) Na Ca Al Fe Zr Hf Nb Si K S

Spot A 0.6 0.4 1.8 0.5 3.8 – 0.7 86.9 – 5.5
Spot B 14.7 0.4 1.6 26.2 – – – 52.7 3.2 0.3

Fig. 15. SEM image of the eudialyte residue.

Fig. 16. SEM image of the treated residue after digestion with H2SO4.

Y. Ma et al. Hydrometallurgy 181 (2018) 206–214

212



3.5. Morphology characterization and phase changes

Eudialyte residue, treated residue after H2SO4 digestion and final
residue after water leaching were all characterized in a similar manner
using SEM analysis. The changes in the morphology of the samples were
observed by the SEM, and the compositions of select regions of the
samples which revealed some changes in phase, were analyzed by EDS
(Table 4–6).

In Fig. 15, it can be seen that the particles of eudialyte residue had
irregular sizes and there was significant agglomeration of these parti-
cles This can be explained by the fact that silica precipitation occurred
during the HCl treatment. According to Table 4, Fe, Al, Ca, Na, Si were
found in all the particles, Spots A and C represent grains containing
eudialyte phase or partially leached eudialyte with high content of Zr,
Hf,Nb. In spot B. It can also be seen that there are some particles, which
could an amphibole based on the results of QEMSCAN. These particles
were wrapped by Fe/Al precipitate with some amorphous silica, and the
Fe content was very high.

The SEM images of the treated residue after H2SO4 digestion in-
dicated that distinct changes had occurred, as seen in Fig. 16. The
treated residue tended to be chunky with some grains on the surface.
Some crystals containing zirconium, hafnium, niobium sulfate salts

Fig. 17. SEM image of the final residue after water leaching.

Fig. 18. QEMSCAN of the eudialyte residue and the final residue after extraction of Zr, Hf, Nb.

0.2%

49.8%

0.3%

23.4%

1.5%
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Eudialyte Group Minerals

Quartz
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Eudialyte Leach Residue
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Amphibole

Other Silicates
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Fig. 19. Phase distribution in the final residue after extraction of Zr, Hf, Nb.
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were found, and other sulfate salts containing iron and aluminum ap-
peared to have formed as well (Table 5). The spot A consisted mainly of
Si and O, which could well have been classified as quartz. The images
also show that some grains were covered with a silica layer, which
could potentially hamper acid diffusion. This may explain the poor and
incomplete recovery of the Zr, Hf, Nb.

The SEM images and EDS analyses of the final residue after water
leaching are shown in Fig. 17 and Table 6. The particles maintained
their high content of Si. In the final residue the content of S was greatly
decreased and very little Zr, Hf and Nb were detected It was found that
needle grains (spot B) with high contents of Fe were present in the
residue, indicating that some amphibole may not have decomposed.

The distribution of minerals in the eudialyte residue and in the final
residue after water leaching were also compared (Fig. 18). As can be
seen in Fig. 19, the results of the QEMSCAN analysis corresponded with
the behavior of the Zr, Hf, Nb extraction. This indicated that a nearly
total decomposition had occurred in the eudialyte phase, partially
leached eudialyte phase, and the main phases in the final residue, were
quartz, eudialyte leach residue, and amphibole.

4. Conclusions

A two-stage process was developed to recover Zr, Hf and Nb from an
eudialyte residue after extracting the REE. The pretreatment, which was
dry digestion with concentrated acid, was found to enhance the re-
covery process with a significant improvement to Zr extraction. The
promotion of Hf and Nb extractions by the dry digestion is not sig-
nificant while the dissolution of Si was significantly decreased. Based
on the characterization of the eudialyte residue, H2O2 was chosen to
promote the leaching process, because it was found to increase the
oxidation potential of the system and affect the ionic forms of target
elements. The addition of H2O2 increased the extractions of Zr and Nb
but had no significant effect on Hf extraction. The results showed that
89.1% Zr, 81.2% Hf and 71.2% Nb can be recovered when employing
the most suitable process parameters (Digestion conditions: H2SO4/
eudialyte residue: 25ml/100 g, water/eudialyte residue: 20ml/100 g,
110 °C, 4 h; Leaching conditions: L/S: 3:1, H2O2/eudialyte residue:
10 ml/100 g, room temperature, 1 h). Using this process, the recovery
yield of Zr was higher than that from any of the eudialyte concentrates
that have been reported to date. The major phases formed after dry
digestion were quartz and metal sulfates, and the phases found in the
final residue after water leaching were quartz and some insoluble sili-
cate phases.
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