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A mixture of pure Ta,O5 and NboO5 was dissolved using two different fluxes,
namely NH.F-HF and Na,HPO,/NaH,PO4H50. Selective precipitation and
ion exchange were used as separation techniques. Selective precipitation
using p-phenylediamine in a fluoride matrix resulted in the isolation of 73(3)%
tantalum accompanied by 23(5)% niobium. A separation factor of 11(4) was
obtained. A single solvent extraction step using methyl-isobutyl ketone at a
4 M H,SO, yielded excellent Ta and Nb separation in the fluoride solution
with 80% of the Ta and only 2% Nb recovered in the organic layer. A two-step
extraction recovered 100% Ta at 0.5-4 M H,SO, with a separation factor of
~2000. A study of the extraction mechanism indicated that the stability of the
protonated compounds such as HyTaF;/H,NbOFj5 is in the extraction and
separation determining steps in this process. A K’ (double de-protonated
constant) of approximately 0.2 was calculated for HyTaF; Only 91.7% Nb and
73.4% Ta were recovered from anion separation using strong Amberlite resin
and 96.1% Nb and 52.3% using the weak Dowex Marathon resin from fluoride
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dissolution.

INTRODUCTION

Tantalum and niobium belong with vanadium to
group Vb on the periodic table. The two elements,
(Nb and Ta) are a congeneric pair with very similar
chemical properties. The major source of niobium
and tantalum is columbite-tantalite (coltan), with a
general chemical formula of (Fe,Mn)(Nb,Ta)sOg,
while pyrochlore (Na,Ca)oNboOg(OH,F) is a major
source of niobium. The two elements also exist in
more than 150 other minerals such as the metal
oxides (Ta/Nb),O5) and hydroxides, with the excep-
tion of behierite (Ta,Nb)(BO4) as borate mineral.
Niobium is extensively used in the nuclear and
super alloy industries,’? while tantalum plays an
important role in the production of cell phones and
laptop computers, while in the medical field it is
used for joint arthroplasty.®*

Dissolution and separation of the two main
elements are challenging due to the metal oxides’
(and therefore the minerals’) high resistance to
chemical attack® and similar chemical properties.
The major industrial processes for pyrochlore and
tantalite improvement involve the use of harsh
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6-14 which introduce halo-

experimental conditions,
7,15-17

gens into the reaction mixture. Fluorination
and chlorination®%!° of the primary material are
the most successful methods for dissolution and
subsequent separation techniques, which have led
to the development of industrial processes. The
conversion of the metal oxides to similar or different
kinds of halide complexes under identical experi-
mental conditions introduce sufficient differences in
the chemistry of the two metals to allow for their
separation. Chlorination is less favoured as an
improvement process due to the sophisticated
equipment required to avoid loss of volatile com-
pounds of interest, complications in the purification
process through boiling point interferences by com-
plicated mineral matrixes and the generation of
numerous volatile inorganic compounds. The
hydrometallurgical process involving fluoride disso-
lution is much simpler and more economical.'®
Current industrial processes make extensive use
of HF, unaided at elevated temperatures or in
combination with concentrated H,SO, or HCI, to
produce the much needed metal fluoride complexes.
The Ames process used anhydrous HF to induce
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mineral dissolution, followed by solvent extraction
(MIBK) to separate the two metals in the presence
of HySO, This method replaced the Marignac
process which utilized the solubility difference
between the tantalum and niobium fluoride com-
plexes.'” Agulyansky et al.?° reported the selective
extraction of Ta from a HF-H,SO, system with
H,SO, concentrations between 2M and 4 M.
Results obtained by Kabangu and Crouse®! indi-
cated the simultaneous extraction of the two metals
with 90% Ta and about 50% Nb (in tapiolite) from a
NH,F-HF-H,SO, system using 1l-octanol and
2-octanol as extractants at 2.0 M HySO,. Results
of another study indicated that a TaFs/NbF5 mix-
ture’> can be successfully separated using
p-phenylediamine (PPDA) as precipitating reagent.

These hydrometallurgical processes are success-
ful in the production of pure niobium and tantalum,
but have serious disadvantages.?® These include (1)
type and quantity of impurities in solution, (2)
expensive regeneration of fluorine and the substan-
tial loss of fluorine quantities in these processes, (3),
generation of large amounts of residue, (4) the
permanent loss of reagents, and (5) the environ-
mental and hazardous nature of HF as a reagent.
Recently, different alternative dissolution processes
involving fluoride containing salts have been inves-
tigated. Nete et al.?* selectively extracted Ta from a
NH,F-HF-H,SO, system using different organic
extractants while other fluoride salts such as KF-HF
and NaF?5?% showed various degrees of successful
tantalite and niobite dissolution.

All of the previous investigations lack a clear
understanding of the mechanism and basic chem-
istry involved in the extraction process as well as
the properties which allow for the separation of the
two metals. This study investigated the separation
of these two elements using a mixture of pure Tas05
and Nb2O5 as model to (1) identify the underlying
chemical properties that permit separation, (2) to
evaluate product mixture separation after dissolu-
tion using different fluxes (NH4,HF and Na,HPOy/
NaHy,PO4,H,0), and (3) to compare these results
with those observed in the mineral processing.
Selective crystallization wusing PPDA, solvent
extraction using MIBK and ion exchange using
both cationic and anionic exchangers were investi-
gated for separation of the Ta and Nb dissolution
products.

EXPERIMENTAL
Apparatus

Flux fusions were performed in a Thermo Scientific
Thermolyne Compact Benchtop Muffle Furnace. The
Boeco SP series adjustable volume pipettes and
polytetrafluoroethylene (PTFE) volumetric flasks
(Merck) were used for sample solution preparations.
Merck glass columns (height = 20 cm) with an inter-
nal diameter of 1.2 cm were used for ion exchange
separations. Centrifugation was performed in a

centrifuge supplied by MSE. Analytical determina-
tions were performed under constant experimental
conditions at 309.418 nm for Nb and at 240.068 nm
for Ta using a Shimadzu ICPS-7510 ICP-OES
sequential plasma spectrometer. The infrared (IR)
spectra were obtained with a Scimitar Series Digilab
spectrometer. The pH measurements were carried
out using a Eutech CyberScan pH 1500 bench meter.
The average values are based on at least three
replicate analyses and are reported together with
standard deviations to indicate the uncertainty in the
last digit of the value throughout the paper.

Reagents

High-purity Tas05 (99.99%), NboOs (99.9%),
Na,HPO, and NaH,PO,H>O were bought from
Sigma Aldrich. Ammonium bifluoride (NH,F-HF)
and p-phenylenediamine were sourced from Merck.
ICP standard solutions containing 1000 mg/L Ta
and Nb were also obtained from Merck. Methyl
isobutyl ketone (MIBK) was sourced from
Saarchem. Analytical grade HySO,4 (97%), H3PO,
(85%) and HCI1 (32%) were bought from Associated
Chemical Enterprises. Double-distilled water was
used in all cases. A strong basic anion exchanger,
Amberlite IRA-900 (16-50 mesh), and a weak basic
anion exchanger, Dowex marathon (350-450 um),
as well as a strong cation exchanger, Amberlite IR-
130C, resins were also purchased from Sigma
Aldrich. Clinobrite 814 zeolite (cationic filter med-
ium) was supplied by Pratley.

Sample Preparations and Measurements
Preparation of Standard Solutions

An amount of 2.0 g of the flux (NH,F-HF or 1:1
NasHPO/NaH,PO4H>0) was weighed in a plat-
inum crucible. The flux was heated to temperature
above its melting point (NH,F-HF = 200°C and 1:1
Na,HPO,NaH,PO4H,0O = 800°C) in a closed oven.
The molten salt was cooled to room temperature and
dissolved in 100 mL water. This flux solution was
used for matrix matching of the standards and
blank solutions. Standard solutions with concentra-
tions ranging between 1.0 mg/L and 20.0 mg/L Ta
and Nb were used for calibration of ICP-OES. The
blank solutions were prepared by diluting a 5.0-mL
solution of a flux melt in 10.0 mL H,SO,4 (or 1:1
Na,HPO,/NaH,PO4H,0 fusion melt in 5.0 mL 85%
H3PO, for phosphate fusion analysis) to the
100.0 mL mark of the volumetric flask with dou-
ble-distilled water and were used for background
correction.

Dissolution of (Ta/Nb);O5 Using Ammonium
Bifluoride Flux

A mixture of NbsOs and TayO5 (0.1 g each) was
dissolved using a NH F-HF flux fusion method;
details described in previous investigations.?*?® The
IR spectra of NboOs/NH4F-HF, Ta,O5 NH,F-HF and
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a mixture (Ta/Nb),Os/NH4F-HF fusion products
were recorded in the range of 4000—400) cm ! and
the following characteristic stretching frequencies
were obtained:

e Nb,Oy/NH,F-HF: v(M-F) 476 cm ! and 553 cm™?,
v(M-0) 892 cm !, §(M-O-M bridges and M-O bonds
in oxyfluorides) 697 cm ! and 1080 cm ™.

e Ta,05/NH4F-HF: v(M-F) 478 ¢cm ! and 547 cm ™!
0(M-O-M bridges and M-O bonds in oxyfluorides)
701 ecm ! and 1075 cm 1.

e (Ta/Nb);Oz/NH4F-HF: vM-F) 477 cm ™' and
558 cm !, v(M-O) 918 em !, 6(M-O-M bridges
and M-O bonds in oxyfluorides) 698 cm ! and
979 cm ! and 1084 cm 1.

Dissolution of (Ta/Nb)sO5 Using Phosphate Flux

Approximately 0.1 g (accurately weighed to 0.1 mg)
each of NbyOs and Tas05 (1.7:1 Nb:Ta mole ratio)
was thoroughly mixed with 4.0 g each of NayHPO,
and NaH,;PO4H50 (1:20 sample:flux mass ratio) in
a platinum crucible.'” The mixture was heated at
800°C for 30 min and cooled to room temperature.
The melt was dissolved with 30 mL water, quanti-
tatively transferred to a 100-mL volumetric flask
and diluted to the mark with double-distilled water.

Selective Precipitation of Nb and Ta
in Different Matrices

A5.0-mL aliquot of the fluoride solution (“Dissolution
of (Ta/Nb),O5 Using Ammonium Bifluoride Flux”
section) was transferred to a clean 50-mL beaker.
Approximately 0.06 g of PPDA was accurately weighed
and dissolved in 10.0 mL double-distilled water. The
PPDA solution was added to the Ta/Nb-containing
solution with an immediate colour change from colour-
less to blue and then precipitation formation. The pH of
the solution was determined to be 5.42. The white
precipitate was separated from the solution by cen-
trifugation and decanted. The filtrate solution was
acidified using 97% HySO,4 to match the standard and
blank solutions. The precipitate was dissolved in 10 mL
of 97% H,S0,4 and the solution was diluted in a 100-mL
volumetric flask with double-distilled water. Metal
concentrations were determined in both the filtrate and
precipitate solutions using ICP-OES. The precipitate
yielded recoveries of 73(3)% Ta and 23(5)% Nb while the
overall mass balances (total elemental recoveries of five
replicate analyses in both the precipitate and filtrate) of
97(3)% Ta and 101(3)% Nb were obtained. The follow-
ing IR stretching frequencies for the precipitate pro-
duct and PPDA ligand were obtained:

e Ta,O5/NH,F-HF/PPDA: 1419 cm™?,
832 ¢cm ! and 617 cm ™.

e PPDA: 1513 cm™!, 1260 cm™!, 823 cm™! and
574 cm L.

951 cm ™%,

The precipitation procedure was repeated with the
phosphate solution (“Dissolution of (Ta/Nb)2Os5
Using Phosphate Flux” section). No precipitation

Table 1. Average metal recoveries and extractions parameters after MIBK separation after one extraction at different HSO, concentrations
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or colour change was observed even after 12 h. The
pH of the final solution was found to be 6.89. The
experiment was repeated and the pH of the final
solution was dropped to 5.10 and below using 0.1 M
HsPO, solution. Even under these new set of
experimental conditions, no precipitate formation
or colour change was observed at the end of the 12-h
period.

Solvent Extraction and Subsequent Striping
of Ta and Nb in Different Matrices

Aliquots (5.0 mL) of the solution (“Dissolution of
(Ta/Nb)305 Using Ammonium Bifluoride Flux” sec-
tion) were pipetted into glass separation funnels
followed by the addition of 5-mL aliquots of a freshly
prepared H,SO, solution, which varied between
1 M and 8 M. Then, 10.0-mL aliquots of MIBK were
added to the different metal/acid mixtures and were
shaken for 5 min. Back extraction was accom-
plished using double-distilled water (10 mL). The
concentration of metals in the two liquid phases
(back extraction and original acidic solution) was
measured by ICP-OES and the average results of
three replicate analyses of this single extraction are
reported in Table I. The single extraction did not
provide quantitatively satisfactory Ta recoveries.
Therefore, the procedure was repeated for two
extractions (also in triplicate) and the results are
reported in Table II.

The solvent extraction procedure was repeated
with the phosphate solution (2.3.3). Analytical
results obtained in this study indicated that the
separation of Ta and Nb in phosphate medium by
solvent extraction using MIBK was not visible.
Maximum extractions of 0.75% Ta and 0.69% Nb
were obtained at 3.0-4.0 M acidity.

Ion Exchange Separation of Ta and Nb in
Fluoride and Phosphate Matrices

Two anionic exchange resins namely, Dowex
Marathon wba and Amberlite IRA-900, were sepa-
rately added to double-distilled water and stirred in
a 250-mL beaker to form a free-flowing slurry. The

slurry was transferred to the column of 1.2 cm
diameter packed to a height of 20 cm, and washed
with 20 mL 2.0 M HCI. A 5.0-mL volume of the
sample solution (“Dissolution of (Ta/Nb),Os Using
Ammonium Bifluoride Flux” section) was trans-
ferred to the column and sequentially eluted with
30-mL aliquots of different concentrations of HCl
ranging from 0.1 M to 6.0 M at a rate of 0.7 mL/min.
The typical elution curves are shown in Figs. 1 and
2 for the strong Amberlite and weak Dowex
Marathon anionic resins, respectively. It is impor-
tant to note that Figs. 1 and 2 only illustrate the
general trend observed during the elution of tanta-
lum and niobium and which were obtained from this
separation technique.

The ion exchange separation procedure was
repeated with Ta/Nb phosphate solution on a
weakly acidic clinobrite zeolite and strong Amber-
lite IR-130C cation resins as well as on weakly basic
Dowex Marathon resin. Elution was performed with
dilute H3PO, solutions (up to 4.0 M). The analytical
results of the cation exchange separation are pre-
sented in Table III.
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Fig. 1. Typical elution curve for Nb and Ta (in fluoride solution) as a

function of HCI concentration using the strong Amberlite IRA-900
anion exchanger.

Table II. Average recoveries of Nb and Ta in aqueous and organic portions and extraction separation factor

after two extractions using MIBK

% Recovery?

Aqueous
[HxS04] (M) Nb Ta
0.5 100(2) 2(1)
1.0 101(1) 2(1)
2.5 98(3) 1.3(6)

4.0 103(2) 0.79(5)

Organic
Nb Ta o
0.5(4) 100.4(7) 1010
1.0(2) 99(1) 1043
0.5(4) 100.8(8) 1079
1.2(5) 102.9(2) 2083

#Average and standard deviations are based on three sets of n = 2 extractions at each acid concentration.
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Fig. 2. Typical elution curve for Nb and Ta (in fluoride solution) as a
function of HCI concentration using weak Dowex Marathon anion
exchanger.

Table III. Ion exchange parameters for the
separation of niobium and tantalum by Amberlite
TRA-900 and Dowex Marathon exchangers in
fluoride matrix

Strong
Amberlite Weak Dowex
IRA-900 Marathon
anion anion

Parameter Nb Ta Nb Ta
t, (min) 30 30 30 30
L (cm) 20 20 20 20
W (min) 22.5 24 10 12
N 28 25 64 38
H (cm/plate) 0.71 0.8 0.31 0.53
k 4.00 4.00 4.00 4.00
o 1 1

RESULTS AND DISCUSSION
Sample Dissolution

Successful sample dissolution was accomplished
with fusion using both fluoride (NH,F-HF) and phos-
phate (Na,HPO/NaH,PO4H,0) as fluxes. Recoveries
0f100.4(9)% and 100(1)% for Nb and Ta were obtained
for NH,F-HF while Na,HPO,/NaH>PO,H50 yielded
99.9(4)% and 100.6(6)% recovery, with a precision of
0.4% and 0.6% RSD for Nb and Ta, respectively. The
elemental recovery using NH,F-HF is also very sim-
ilar to that obtained for the tantalite mineral,2%2¢
which recovered 100.3(5)% Nb and 100.0(9)% Ta. This
result clearly suggests that the two metal compounds
(oxides) are identical in both the two samples. The
literature®® predicts that fluoride compounds with
formulae (NH4)3sNbOFg, (NHy)2NbOF5, (NHy);TaF;
and NH,TaF¢ are formed during the NH4F-HF disso-
lution process. The formation of soluble linear poly

Nete, Purcell, and Nel

meta-phosphates is suggested®® during the phosphate
dissolution, arguably due the strong complexing prop-
erties of the phosphates. Phosphate, however, is much
better known to form insoluble products or precipi-
tates,?**! with few references of phosphates’ complex-
ing ability even on the spectrochemical series,?? and it
is anticipated that hydrated metal species are formed
during the dissolution of this melt.

Product Characterisation Using Infrared
Spectroscopy

Some of the stretching frequencies of the metal
oxides (especially in the 500—700 cm ! region) as well
as those for the pentafluorides were comparable to
those obtained in the fusion products suggesting
possible oxide-fluoride type of compounds. The com-
parison between the IR spectra of the starting
materials (Tas05, NbyOs, TaF5 and NbF5) with those
of the oxides/NH/F-HF fusion products also showed
that the compounds formed during this NH,F-HF
fusion digestion step were chemically different from
both the pentoxides and pentafluorides.

The stretching frequencies for the isolated Ta and
Nb products (in this study) were compared with that
literature'” stretching frequencies for the com-
pounds (NH,)sNbOFg and (NHy)3TaOFg, which
were obtained by a similar digestion procedure.
The stretching frequencies in the 476—477 cm ™!
region compared well with the recorded stretching
frequencies of 470 cm ™! for the Nb-F in (NH,)sNbOFg
and 465 cm ! for Ta-F in (NH,)3TaOF4 compounds.
The stretching frequency at 892 cm ' obtained in
this study was similar to the 910 cm ™! for the Nb-O
vibrations in (NH4)3NbOFg, while the stretching
frequencies at 553-558 cm ™' and 918 cm ™! regions
were similar to the frequencies of 550 cm ! for Nb-F
and 920 cm ' for Nb-O in the (NH,);NbOF5.'"

The IR spectrum for the Ta,O5/NHF-HF fusion
product displayed a stretching frequency at
547 cm ™!, which is similar to the literature®® value
of 550 cm ! for the Ta-F vibration in (NH4);TaOF.
The IR stretching frequencies in the 1396—
1406 cm ! region compared well with the vibrations
of NH,* ion as reported in the literature.>® The
strong stretching frequencies at 693—706 cm ! and
weak stretching frequencies at 975-1087 cm !
observed in all the spectra were similar to the
literature values for the vibrations of the M-O-M
bridges and the M-O bond of the metal oxyfluo-
ride'”?* indicating a possible mixture of fluorotan-
talates and oxyfluorotantalates in the case of the
TasOs/NH4F-HF reaction.

Selective Precipitation of Ta and Nb

Selective Precipitation of Ta and Nb in Fluoride
Solution

The addition of PPDA after the (Ta/Nb);Os/
NH, F-HF fusion yielded Nb recoveries of 19.8—
28.7% and 70.2-76.2% for Ta in the white
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precipitate (“Selective Precipitation of Nb and Ta in
Different Matrices” section) with the remaining
portion of the elements (mass balance) present in
the solution. The distribution coefficients (D) were
calculated as Dty = 3.377 and D) = 0.307 while
the separation factor () was calculated as 11(4). The
formation of the blue-coloured complex immediately
after the addition of the DPPA is indicative of the
formation of metal/PPDA complexes.?® Gross and
Kaim®® described the formation of the blue complex
as a result of the possible oxidative deprotonation of
the amino functional in PPDA. These intensely blue-
and red-coloured complexes, also known as Wurster’s
salts, are normally produced by one e~ oxidation
reaction and have been known for more than a
century.?*36 The formation of the blue complex in the
current study is most probably due to the oxidation of
the amine group through a loss of a proton, resulting
in the formation of PPDA anion. This anion can then
react with the MF5 complex to produce an intensely
coloured intermediate complex.

The results of this study clearly indicate that
PPDA reacted preferentially with Ta, even in the
presence of Nb, and thus has some potential as a
separating reagent when the oxides have been
digested and fluorinated with NH/F-HF. This
method may not be ideal for the separation of the
two main elements, but certainly has the potential
for Ta enrichment in mineral ores containing larger
concentrations of Ta.

In a previous study,’” more than 80% Nb were
selectively precipitated (and only 4% Ta) from a 50%
mixture of NbF5 and TaF5 using the same complex-
ing/precipitating agent. It is apparent from these
experimental results that the NH,F-HF dissolution
process results in the formation of Ta/Nb fluoride
complexes, which do not only behave differently
from the pentafluorides (different separation fac-
tors) but also produce different types of complexes
or the same complexes with substantially different
chemical properties (Nb precipitation versus Ta
precipitation).

The IR spectra of the precipitate product of
(TasOs/NH4F-HF with PPDA) and unreacted PPDA
were recorded and compared to determine if there
has been any chemical reaction between TasOs/
NH,F-HF and PPDA. The stretching frequencies of
1419 cm ! and 832 cm ! in the product (preci?itate)
correspond with the peaks at 1513 cm and
823 cm ! that were obtained for the PPDA ligand.
The appearance of two strong peaks at 617 cm '
and 950 cm ! in the product spectrum indicated
that a new product was formed during the reaction
between Ta,Os/NHF-HF and PPDA.

Selective Precipitation of Ta and Nb in Phosphate
Solution

The absence of any precipitation or a solution
colour change (“Selective Precipitation of Nb and Ta
in Different Matrices” section) with the addition of

(Ta/ N b) 205

Fusion digestion
(1:1 NazHPO4/NaH,PO4+H,0)
800 °C

y
Fusion melt

H,O

y

Solution PPDA

No precipitation/visible reaction

Fig. 3. Schematic presentation of the dissolution of a (Ta/Nb),Os
mixture and its possible reaction with and p-phenylenediamine.

PPDA to a Ta/Nb-containing solution after phos-
phate flux dissolution, emphasizes the importance
of the type of dissolution method in the subsequent
separation process. The use of the phosphate flux
produces soluble metal complexes which react com-
pletely differently (Fig. 3) from the products
obtained after dissolution with fluoride-containing
reagents.

The results illustrate the importance of the
digestion method on the identity of the chemical
products obtained and their applicability in the
subsequent separation methodology.

Solvent Extraction of Ta and Nb

Solvent Extraction and Solvent Stripping of Ta and
Nb in the Fluoride Matrix

Elemental recoveries obtained for the Ta/Nb
extraction with MIBK in the presence of different
H,SO, concentrations (Fig. 4) indicated excellent
element separation with one extraction step. The
quantitative results showed that Ta was the major
metal compound present in the organic solvent
(from 0.5 M to 4 M HySO,) leaving the majority of
Nb in the aqueous solution. More than 80% Ta is
extracted into the organic solvent at 4 M HySO,
while Nb remained in the original aqueous solution
(0.10-2.04% in the organic portion). The distribu-
tion ratios (D) for the extraction of both metal
compounds were calculated using different equa-

tions (g = (lﬁ)" and D = [M,/[M],,) at differ-

ent acid concentrations [using concentration (mg/L)
data for Table I] and excellent agreement between
the values using the two different equations were
found. The distribution ratios for Nb increased from
0.006 t0 0.016 in the 0—4.0 M H,SO4 range while the
Ta extraction ratios increased from 1.45 to 3.4 in the
same [HySO,4] range confirming the Ta enrichment
in organic extractant (Fig. 4).

Calculations also indicated (Table I) that the
number of extractions required to reduce the % Ta
in the aqueous layer to 0.1% (or 99.9% extracted),
decrease from 2.5 ([HySO4.=0.5M) to 1.5
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Fig. 4. Experimental and calculated (Eq. 6 for Ta) % extraction (for
n = 2) of Nb,Os and Ta,Os in MIBK as a function of [HoSO,).
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Fig. 5. Influence of the [H.SO,] on the number of successive
extractions (n) of Ta into MIBK.

([HoSOy4] = 4.0 M). This observation indicates the
acid dependence of the Ta complex extraction
process into the organic phase. These calculations
as well the results in Fig 5 predict that two or more
extractions (n = 2) are needed to extract Ta quan-
titatively under current experimental conditions
(0.0-4.0 M H,SO,) from the sample mixture. Linear
extrapolation of the graph in Fig. 5 predicts that ca.
6.0 M HySO4 will be needed to extract 99.9% Ta
with a single extraction step. A quantitative extrac-
tion of Nb on the other hand would require more
than 100 consecutive extractions from the mixture
using similar experimental conditions as described
in “Solvent Extraction and Subsequent Striping of
Ta and Nb in Different Matrices” section. Similar
results were reported during the separation of Nb
and Ta in a tantalite mineral also using solvent
extraction.?’ Tantalum was selectively extracted
into the organic phase for all five different solvents,
which were investigated leaving the Nb in the
aqueous phase.?’ The calculated distribution ratios
of 3.43 for Ta in pentoxide mixture (this study) and
3.66 for Ta in tantalite using MIBK are in excellent
agreement with one another. The distribution ratios
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Fig. 6. Influence of the [H*] of the distribution ratio of Ta (Dra).

obtained for niobium were extremely small [0.0122
in tantalite compared to 0.016 in (Ta/Nb),O5 for
MIBK] and indicates the inability of this element to
dissolve in the organic solvents at [H>SO4] between
0 M and 4.0 M. The results indicate the similarity of
the chemical behaviour between Nb and Ta com-
pounds in the mineral and that of pure Nb and Ta
pentoxides. This observation allows for the develop-
ment and validation of possible dissolution and
separation methods on the pure metal oxides, which
will be extremely relevant for separation of Ta and
Nb elements in minerals.

Results of the two-step extraction process (Table II)
showed that Ta was successfully separated (~100%
Ta in MIBK) from Nb by this solvent extraction
method. No extraction of the niobium complex was
observed in this HySO4 concentration range. The
distribution ratios for Ta (D,) were found to
increase with an increase in HySO,4 concentration
and a plot of Dt against [HySO4] produced a linear
curve (Fig. 6), which demonstrates the dependence
of the tantalum extraction efficiency on HsSO,
concentration.

This observation can be explained using Eq. 1
where D is expressed as a function of the distribu-
tion constant (Kp), the acid dissociation constant
(K,) of the Ta complex and the actual acid concen-
tration predicts that D ~ Kp®" at high acid concen-
trations ([H*] > K,). The acid dependence of D on
[H*] at these high HySO, concentrations (4 M)
suggest that the real/final distribution constant
(Kg) is still larger than the highest D value calcu-
lated in this study. The niobium distribution coef-
ficient on the other hand remains almost constant in
this HoSO4 concentration range (0.5—-4.0 M).

1
D=Kp|—+ (1)
1+
H)

Extraction Mechanism

A literature study'” indicated that NbOF52~ and
TaF,2~ are the most stable and probable metal
complexes that are formed after fluoride source
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Fig. 7. Schematic illustration of the tantalum complex distribution
between the organic and aqueous phases.

dissolution (such as HF/H,SO,4 or NH4F-HF'). These
species will be regarded as the main species in
solution for the rest of the discussion. Counterbal-
ancing of the negative charges on these metal
complexes by protonation is the key step that will
allow them to be soluble in an organic medium
(neutral species) as indicated in Eqgs. 2 and 3.

NbOFZ~ + 2H" ——=—=H,;NbOF; (2)

TaF2~ + 2H" H,TaF; (3)

The difference in either the solubility or the extent
of formation of these compounds (HoNbOF and
HyTaF;) holds the key to their extraction and
possible separation. The different steps in the
extraction process are illustrated in Fig. 7. The
extraction process involves the dissolution of HoSO,
(source of H*), the neutralization of the metal
compounds, TaF,;?~ in this case, with the formation
of the neutral HyTaF; complex in the aqueous phase
and its subsequent movement to the organic layer.
A close inspection of the different individual steps
(equilibrium constants) associated with the extrac-
tion process (K. or D), can shed light on the
importance of [H*] in the successful extraction of
the Ta product into the organic layer.

The distribution ratio, D, can be expressed as a
combination of the different equilibria illustrated in
Fig. 5 resulting in Eq. 4

KDKE [HZTaF7]org [HJr]gq (4)

KyuKj  [TaF3],,[H2SO04],,

org

D

where Pp, = [HySO4lore/[H2SO4laq) or solubility of
H,SO, in the organic layer, Ki =[H'I[HSO, I/
[H3S04] or dissolution of HySOy4, Kp = [HeTaF7]oe/
[HyTaF7]l,q or solubility of neutral tantalum
compound in the organic layer and finally
Ky = [TaF;2 1[H*1%[HyTaF;] or the stability/disso-
ciation of the neutral tantalum compound in the
aqueous layer.

It is anticipated that the solubility of the extrac-
tant (HoSOy, in this case), represented by Py, («1) in
Fig. 7, is extremely low in the organic layer. This
can easily be explained since H>SO, is a strong acid
and therefore dissociated completely to form H* and

HSO, [which is also favourable for extraction as
K, > 1 (K, for HySO,4)] and these polar or ionic
species will be highly insoluble in the organic layer.

The results in Fig. 4 (zero extraction of Ta with no
addition of acid) also demonstrate that no or very
little of the HyTaF; compound is present in the
aqueous phase and only with the addition of H*
(HS0O,) is formed in substantial amounts, which
can then migrate to the organic layer, therefore
suggesting a Ky value of substantial magnitude.
Alternatively, it indicates that HyoTaF; is a moder-
ately strong acid, which dissociates easily (poor
stability) in the aqueous layer. The extraction
results presented earlier in Table II indicate that
the neutral Ta species are easily extracted into the
organic layer, once they are formed, and hence a
favourable Kp value (Kp > 1 as calculated in
Table I). The easy stripping of this compound, in
the absence of additional H*, proves the tendency of
H,TaF; to dissociate very easily. It is essentially the
size of the Ky value in Eq. 4, which controls the
extraction and hence is the extraction/separation
determining step in this process. It is therefore
argued that the addition of H* to the reaction
mixture suppresses the dissociation of the HyTaF;
or enhances the formation of the compound and
shifts the equilibrium to the right hand side of the
chemical reaction as indicated in Fig. 7 and Eq. 1 to
afford the extraction of the Ta. The extraction
process is also be presented by Eq. 5, which involves
the stepwise protonation of TaF;%>~ anion and then
the product’s extraction into the organic layer.

+H* (K1)

B B +H"(K>)
TaF7,=—— HTaly,,

Kp
c = HzTaF7(0rg)

()

or

. L K (=KiKy)
TaF3,, +2H' =

K;
H2TaF7(aq) = H2TaF7(org)
(6)

with the formation of the neutral metal species
representing the extraction determing step. The
total equilibrium constant K” (= K{KyKp), taking
Eq. 6 as well as mass balance into account, can be
expressed by Eq. 7

%Ta = (%Tao + %Tax K" [H*]Z)/(l + K [H+]2)
(7)

where %Ta = amount of Ta at different [H*] and
%Tag the initial amount extracted into the organic
layer of %Taocc = amount at t = co.

A plot (calculated extraction curve in Fig. 4) of the
data in Table I (%Ta(rg versus [HyoSO4]) yielded a
K” value equal to 16(7) and a fairly good fit>? to the
experimental results (see broken line). The rela-
tively large error in K is not unexpected due to the
few data points in 0—0.5 M HySO, region. Using the
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Table IV. Average recoveries of Nb and Ta (in
phosphate matrix) from two cationic resins

% Recovery?

Amberlite
Zeolite (weak) (strong)

[H3PO,l

(M) Nb Ta Nb Ta
0.01 100.6(9) 100(1) 97(2) 98.3(2)
0.10 0.1(1D) 0.7(2) 0.5(3) 0.4(2)
1.00 0.7(5) 0.5(3) 0.35(4) 0.3(3)
3.00 0.5(2) 0.3(2) 0.2(2) 0.2(1)

#Average and standard deviations are based on triplicate elutions
with each acid concentration.

Ky value calculated at 4 M Hy,SO, (Kp = 3.4), a K
equal to 4.7 is obtained for the product of the two
protonation reactions (K1Ks). The inverse of this
value (Kp) is equal to 0.2, which indicates the
combined acid dissociation constant for the two
acids, (combined pK, = 0.69) confirming the moder-
ate nature of HyTaF; as predicted by the need for
additional H* for extraction ([Tal] ~0 at low
[HySO4]) and the easy stripping (dissociation) of
the acid from the organic layer.

Niobium of the other hand is only extracted at
much higher [H*] as seen in Fig. 4 and Table I
(increasing amounts of Nb in the organic layer) and
as reported in literature®*2* suggesting that Kp, is
also favourable for Nb extraction (Kp > 1 at very
high [H*]) with Py, and Kj, remaining the same in
the extraction process. Poor Nb extraction at lower
[H*] (04 M H,SO,) suggests that the Ky value for
Nb is much larger and that KoNbOF5 is extremely
unstable and dissociates very easily compared to the
Ta compound. A larger Ky value (stronger acidic
properties of Nb) suggests the formation of less
HyNbOF;5 with the addition of H* (equilibrium lies
far to the left in Eq. 1) and hence less Nb product to
be extracted into the organic layer. The key to the
separation of these two elements therefore seems to
be the difference in the K); values (stability of acid
dissociation constants) of the two compounds as
illustrated by the metal recoveries in Table II.

Extraction of Nb and Ta by MIBK from Phosphate
Fused Solution

Quantitative results obtained from the separation
of Nb and Ta in a phosphate environment showed
that solvent extraction using MIBK was ineffective
for the extraction of these metals. Elemental recov-
eries in the organic fraction were less 1.0% for both
Nb and Ta. This observation clearly shows the
difference in chemical identity and behaviour of the
Ta/Nb phosphate compounds towards MIBK extrac-
tion compared to the Ta/Nb fluoride and further
proves the importance of the selection of an

Nete, Purcell, and Nel

appropriate sample dissolution method to ensure
that the chemical yield is comparative with the
subsequent separation processes.

Ion Exchange Separation of Ta and Nb
in Different Chemical Environments

Anion Exchange Separation Using the NH /FF-HF
Fused (Nb/Ta)s05 Mixture

Two different anion exchange resins, namely,
Dowex Marathon wba (a weakly basic anion
exchanger, -N*HyCH3), and Amberlite IRA-900 (a
strongly basic anion exchanger, -N*(CHj)3), were
evaluated for possible separation of Nb and Ta from
a pentoxide mixture. The results of the elution of Ta
and Nb with HCI from the strong Amberlite anionic
exchange resin (Fig. 1) indicated ineffective separa-
tion between the two elements. Both Nb and Ta
were eluted simultaneously from the column with
HCI as eluate at concentrations ranging between
0.5 M and 4.0 M in this column. The weak Dowex
Marathon anion exchange column (Fig. 2) on the
other hand retains these elements to a greater
extent than the strong Amberlite anion column.
Total recoveries of 91.69% Nb and 73.39% Ta were
obtained from the strong Amberlite anion column
and 96.05% Nb and 52.34% Ta were obtained from
the weak Dowex Marathon anion exchange column.
The incomplete Ta recovery from these columns
is possibly due to the formation of stronger
TaF,2 -N*HyCHs-R interactions (Egs. 2 and 3) or
the presence of other Ta species in solution, which
results in poor Ta elution. Literature studies'”*®
have verified that the change of H* with K*
produces the slightly soluble K-salt (K;TaF;), which
was previously used to separate Ta from Nb.

Retention times and the column widths were
calculated from the experimental results and the
corresponding semi-quantitative parameters such
as distribution coefficients (&), separation factor («)
and the number of theoretical plates (IV) are
reported in Table III using Eq. 8.27

N=16 <%> i (8)

The %k value of 4.00 for both metals and the
corresponding « = 1 confirmed the ineffective sepa-
ration of Nb and Ta by these resins. Although the
separation of the two metals was not achieved by
these resins, the total recovery of the metals
indicated that Ta and Nb had different adsorption
properties towards these anionic columns. Ta was
the more retained element of the two, confirming a
slight difference in the chemical behaviour of the
products of the two elements. Similar results were
obtained for the separation of these elements in
tantalite (2 = 4.33 and W = 10 for Nb)** and the
inability of the ion exchange to separate Ta from Nb
required Ta removal via solvent extraction prior to
ion exchange.
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Cation and Anion Exchange for NaoHPO,/NaH,
PO,H50 Fused (Nb/Ta)sO5 Mixture

It is important to note that at this stage the type of
complexes formed between (Nb/Ta);05 and Na,HPO,/
NaH,PO,4H50 during flux fusion have not been prop-
erly characterized. Only the formation of insoluble oxy-
orthophosphate compounds (TaOPO4, and NbOPO,)
have been reported as products after the reaction
between phosphoric acid and the pentoxides.?*3!

The results of this study using cationic exchange
resins indicated that Nb and Ta were easily and
quantitatively eluted with dilute H3PO, solutions
(Table IV) from both the cationic clinobrite zeolite
and the strong Amberlite IR-130 cation resins. These
results indicate that the products formed during the
(Nb/Ta),Os/phosphate fusion step are not positively
charged and are simply eluted from the column without
retention/adsorption. However, results obtained from
the use of weak Dowex Marathon anion exchanger
indicated strong adsorption of both Ta and Nb phos-
phate complexes and thereby suggesting the possible
existing of negatively charged Ta and Nb species in the
phosphate matrix. The elution was investigated with
up to a 4.0 M H3PO, solution without any sign of Ta or
Nb been desorbed from the column.

CONCLUSION

The separation of tantalum and niobium after
NH4F-HF flux dissolution was investigated using
three different separation methods, namely selective
precipitation, solvent extraction and ion exchange.
Selective precipitation of Nb and Ta from a (Nb/
Ta);0s5/NH,4F-HF solution using PPDA as a chelating
agent indicated elemental recoveries of 73(3)% Ta and
23(5)% Nb in the precipitate. A separation factor of
11(4) was obtained. Quantitative extraction of tanta-
lum into the organic phase from a (Nb/Ta),Os/
NH/F-HF solution with two extractions with MIBK
was achieved at 4.0 M HySO,4. A separation factor of
~2000 was obtained. A single extraction would require
a 6.0 M HySOy solution for complete Ta extraction.

The use of the two anion resins, Amberlite IRA-
900 and Dowex marathon wba, for Ta and Nb
separation in a fluoride matrix showed some absorp-
tion differences. However, poor separation between
the two metals rendered these resins ineffective for
this purpose. Selective precipitation and solvent
extraction also proved to be highly ineffective after
phosphate flux fusion dissolution, confirming the
presence of different metal complexes in the solu-
tion. The cationic resins, Amberlite IR-130C and
Clinobrite 814 zeolite were also unsuccessful in the
separation of the two elements. Both Ta and Nb
phosphate complexes were strongly retained by a
weakly basic Dowex Marathon anion which indi-
cated the possible existence of negatively charged
Ta and Nb phosphate compounds in solution.

It is clear that the solvent extraction results
obtained in this study (NH,F-HF dissolution of the
pure metal oxides) produce Ta and Nb compounds

that behave similarly to those obtained for HF
dissolution. The results further showed very similar
chemistry between the pure oxides (in this study)
and the tantalite mineral, signifying the relevance
of using the pure oxides to develop or investigate
new beneficiation procedures.
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