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Abstract: Thallium (T1) is an extremely toxic rare metal to the eco-environment. Trace thallium
impurity in ammonium perrhenate is harmful to the high-temperature mechanical properties of
rhenium metal used for aeroengine single crystal blade. The di(2-ethylhexyl) phosphoric acid (P204)
extraction to remove thallium in ammonium perrhenate solution without additive was innovatively
proposed. The migration behavior of trace thallium with the concentration of P204, saponification
degree and organic/aqueous phase (O/A) ratio, distribution law of thallium in the extraction system
of P204, and mechanism of thallium removal were revealed. It was found Tl removal was rapidly
increased to 98.5%, at conditions of P204 0.75 mol/L saponified 70% by ammonia, T1 3.27 mg/L,
O/A1:1, T 298.15 + 2 K, 250 rpm, and 3 min. McCabe-Thiele Tl extraction equilibrium isotherms
indicates TI concentration of raffinate less than 18.7 ug/L, a theoretical extraction of two stages and a
theoretical stripping of two stages are required when both O/A work lines were at 1.0. Therefore,
the method of the P204 solvent extraction system can effectively extract Tl in the forms of T1A(org),
T1A3(org), TIOHA;(org), and TI(OH),A(org). Meanwhile, the new approach can be a promising
process for ammonium rhenate refining.
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1. Introduction

Thallium (T1) is a soft metal with a low melting point and tensile strength [1], and an
extremely toxic rare metal [2]. T] can enter mica, alunite, potassium feldspar, and jarosite
by isomorphic substitution, replacing K* owing to their similar ionic radii: 1.49 A for TI*
and 1.33 A for K*. The sulfur-binding property promotes the coexistence of Tl with Pb, Zn,
Cu, As, Sb, Fe, Hg, and Au in various sulfide minerals, where it is widely distributed, for it
is a lithophilic property [3,4].

Copper concentrate contains thallium [5-7]. Therefore, part of trace thallium turned
into soot in the copper smelting process [8] is migrated to dirty acid by acid washing, finally
to the ammonium rhenate solid by crystallization preparation [9]. Those trace thallium im-
purity characterized by low melting point and tensile strength is a hazardous material [10]
for high purity rhenium metals, characterized by high melting temperature (3180 °C), high
ductility, and high temperature tensile strength [11]. Rhenium metal is a candidate material
for typical commercial Ni-based superalloys, as known as high-temperature alloys with
v/v' two-phases structure, significantly critical for the manufacturing of turbine blades
in aero engines and industrial gas turbines (IGT) [12,13]. Therefore, it is very important
to study the removal of trace thallium from ammonium rhenate solution to guarantee the
mechanical properties of the material of the superalloy.
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The currently available techniques for the Tl removal from water mainly include
adsorption [14,15], ion exchange [14,16,17], oxidative precipitation [18,19], and solvent
extraction [20-22]. In conclusion, the removal of thallium by the four methods in aqueous
solutions mainly follows three kinds of mechanisms: electrostatic attraction, redox reaction,
and ion exchange. Among them, the adsorption technology and ion exchange are both
popular due to their simplicity of operation and quick emergency treatment capability.
However, there are several problems with the TI(I) removal from wastewater by adsorbents
and ion exchange [23]: (a) The Tl distribution coefficient is generally low, resulting in
low TI(I) adsorption efficiency in the presence of coexisting cations due to their severe
competition during the electrostatic attraction or ion exchange process. (b) The desorption
and regeneration after the TI(I) adsorption process are difficult. The remaining thallium
will further affect the microstructure and adsorption capacity of amorphous hydrous
manganese dioxide, resulting in inefficient adsorbent regeneration. Meanwhile, solvent
extraction technology is the popular one in the metallurgy field due to its high distribution
coefficient, treatment capability, and organic phase easy regeneration. At present, many
types of research focus on the treatment of thallium-containing wastewater. By contrast,
less attention has been placed on thallium removal in ammonium rhenate aqueous.

This paper is mainly focused on Tl removal in ammonium rhenate aqueous. We set
out to test the hypothesis that the di(2-ethylhexyl) phosphoric acid (P204, Figure 1) plays an
important role in extracting the thallium in ammonium rhenate aqueous. A hydrogen bond
dimer structure of P204 is used to mask the presence of its polar phosphate group, and is
usually also involved in the reaction in the form of dimer when complexed with metal ions.
Such extractant was extensively employed in extraction procedures of metals [24,25]. We
specifically pay attention to thallium and rhenium behavior, in order to find a new method
for purification and impurity removal from ammonium rhenate solution. It was shown that
high-tech industries need rhenium metal for turbine blades in aero engines and industrial
gas turbine manufacturing [12,13] and the thallium migration and enrichment through
solvent extraction is also important for environmental protection [26,27]. Herein, we carried
out experiments and an expression analysis of Tl removal by using P204 extraction for the
ammonium rhenate refining. As well, these results of the experiments establish a central
role of the Tl extraction in the organic phase.

Figure 1. P204 chemical structural formula.

2. Experimental
2.1. Materials
2.1.1. Ammonium Perrhenate Solution

Original crude ammonium perrhenate solid sample supplied by an ammonium rhenate
production plant. Its main impurity element composition was shown in Table 1. Take 30.00 g of
the above ammonium rhenate sample and dissolve it in 1.0 L of high purity water to prepare
ammonium rhenate solution for this experimental study, and its concentration of the main
element and the main impurity element of the solution is shown in Table 2.



Separations 2022, 9, 221

30f12

Table 1. Original crude ammonium perrhenate solid main impurity element composition.

o, o o Other Sum (N, H,
Sample Re/% TV % K/% Metals/% 0,5, P. )%
Content 69.06 0.0142 0.0048 <0.001 30.9191

Table 2. The concentration of the main value metal and main impurity element.

Sample Re/gL-1 Tl/mgL-1 K/mgL-1
Concentration 20.23 3.27 1.44

From Table 1, the Re content is 69.06%, and the theoretical rhenium content of ammonium
rhenate is 69.42%. It can be calculated that the purity of ammonium rhenate in this solid
sample is about 99.49%. The calculated Re /Tl mass ratio (Re 69.06% to T10.0142%) value is
4861.47, which is much less than the Re/T1l mass ratio of 999,999.00 required in 99.99% purity
rhenium metal [28]. Similarly, it can be calculated that the Re/K mass ratio (Re 69.06% to
K 0.0048%) is 14,387.77, less than a Re/K mass ratio of 199,980.00 required in 99.99% purity
rhenium metal [28].

The main impurities in crude ammonium rhenate are thallium and potassium. This
paper mainly studies the migration mechanism of thallium.

2.1.2. Solvent Extraction System

For the solvent extraction system, P204 was used as received (i.e., without purification, AR,
>95%, Luoyang Zhongda Chemical Co., Ltd., Luoyang, China), and the 260# (Shell Co., Ltd,
100% aliphatic diluent, Luoyang, China) was used as the diluent.

The ammonia saponified organic phase was obtained by stirring 0.5 h with the amount
of ammonia (NH;3.H,O, GR, 25-28%, Fuchen Chemical in China) required for the addition
of the P204 organic phase. The hydrochloric acid (HCl, GR, 36-38%, sinopharm Chemical
Reagent Co., Ltd, Beijing, China) was used as the stripping reagent.

2.2. Solvent Extraction Method

Both extraction and stripping experiments were carried out in a pear-shaped funnel
with an SXL-70 oscillator at 298 + 2 K.

The metal concentrations in the organic phase C, (mg/L) are calculated according to
Equation (1). The metal removal E (%) is calculated according to Equation (2).

GV —-CiWy

Cy 1)

x 100% )

where Cy and C; (mg/L) represent the metal concentration in the feed solution and the
raffinate solution, Vy, V1, and V; (mL) represent the feed volume, raffinate volume, and
organic volume, respectively.
The theoretical saponification degree S (%) of the P204 organic phase is calculated
according to Equation (3).
CNH40H X V3 0
S Cooos < Vi x 100% (©)]

where Cypson is the concentration of concentrated ammonia water settled as 14.0 mol /L,
Cp204 (mol/L) represents the P204 original concentration in the organic phase, and V3 (mL)
represents the feed volume of the concentrated ammonia water.

The P204 and T1 molar ratio B are calculated according to Equation (4).

Cp204 XV,
] 0, 4
ﬁ CTl X V, > 100% ( )
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where Cp; (mg/L) represents the TI initial concentration in the feed aqueous phase.
The TI concentration difference ACt; (mg/L) are calculated according to Equation (5).

ACr = CTl(org) - CTl(o) ®)

where Cry(yrg) (mg/L) represents the Tl concentration in the organic phase, and Cry) (mg/L)
represents the TI initial concentration in the feed aqueous phase.

2.3. Analysis

The content of metal elements in crude ammonium rhenate solid sample is obtained by
Inductively coupled plasma atomic emission spectrometer (ICP-AES, Atomscan Advantage,
Thermo Jarrell Ash, Boston, MA, USA) and inductively coupled plasma-Mass Spectrometry
(ICP-MS, Plasma Quant MS Q, Jena, Thuringia, Germany). The sum content of N, H,
O, S, P, and C elements is calculated according to the mass conservation of matter. The
concentrations of metal ions (Tl, K, mg/L) in the aqueous phase were determined by
Inductively coupled plasma-Mass Spectrometry (ICP-MS).

2.4. Mechanism of P204 Extraction Metals

The mechanisms of P204 extraction metals are shown as Equations (6)—(8).

HA(org) + NH4OH(M) = NH4A(org) +H* (6)
I‘lNH4A(org) + M = MeAn(O,g) + T’II\IvHég+ (7)
MeA,, (org) + TH™ = nHA 5pg) + Me"* 8)

where HA o) denotes the P204.

3. Results and Discussion
3.1. Effects of Factor Variables on Tl Removal
3.1.1. Saponification Degree of P204 on Tl Removal

P204 is an acidic extractant, and its extraction amount is very low. The amount of
metal extracted can only be increased by neutralizing the acid formed with the base. The
effects of saponification degree of P204 in the organic phase on Tl removal were studied,
and the results of the experiments are shown in Figure 2.
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Figure 2. (a) Effect of P204 saponification degree on Tl extraction; (b) Re concentration in raffinate

at conditions of Tl 3.27 mg/L in aqueous, P204 0.6 mol/L, O/A 1:1, T 298.15 &+ 2 K for 3 min, and
aqueous pH 5.6.

It is shown in Figure 2a that the Tl removal changes slightly when the saponification
degree of P204 increases. When the saponification degree of P204 is higher than 50%, the TI
removal is more than 90%. Moreover, when the saponification degree of P204 is higher than
60%, the Tl removal did not change significantly. It is shown in Figure 2b that at the same
time as the extraction of thallium, the rhenium concentration in the raffinate is basically
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unchanged, indicating that P204 extraction will not cause a large amount of rhenium metal
loss, which is beneficial for technical industrial applications. In order to keep the efficiency
of organic phase stable extraction of thallium, 70% saponification degree of P204 organic
was selected for the following experiments.

3.1.2. P204 Concentration on T1 Removal

The effects of P204 concentration on Tl extraction and Tl concentration in raffinate
were studied and the results of the experiments are shown in Figure 3.

25 1 —— 7 100
-O—Tl in raffinate _ 20
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2 [ o
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Figure 3. Effect of P204 concentration on Tl extraction, at conditions of Tl 3.27 mg/L, O/A 1:1,
ammonia saponified degree of the organic phase of 70%, T 298.15 + 2 K, 250 rpm, and 3 min.

As shown in Figure 3, the Tl initial concentration was 3.27 mg/L (0.016 mmol/L),
and P204 original concentration was 150 mmol/L, it can be calculated that the molar ratio
value of (3 is 9375 far larger than the theoretical stoichiometric mole ratio of P204 to T1 of
1.0. At the condition, the Tl removal was low, and reached 33.3%. Moreover, Tl removal
was rapidly increased to 98.5% (T10.049 mg/L in raffinate), when P204 concentration was
0.75 mol/L and the molar ratio 3 is 46,875. It was indicated that it is necessary to provide
a large amount of chemical energy, so as to increase the probability of collision contact
between the extraction agent and Tl impurity ions. It was revealed that P204 concentration
takes a positive role in Tl removal.

3.1.3. HCl Concentration on T1 Stripping

An organic loaded T1 3.02 mg/L, was used in the feed of stripping experiment. Here,
HCI solution was used as the stripping reagent. The effect of HCI concentration on TI
stripping was carried out, and the results were shown in Figure 4.
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Figure 4. Effect of HCI concentration on TI stripping, at conditions of T1 3.02 mg/L in ammonia
saponified organic phase, O/A 1/1, T 298.15 + 2 K, 250 rpm for 3 min.

As shown in Figure 4, Tl concentration in stripping aqueous was increased with the
HCI concentration increasing, when the initial HCI concentration was lower than 0.9 mol/L.
And Tl in organic was absolutely stripped, when the initial HCI concentration was higher
than 0.9 mol/L. It was indicated that HC] concentration should be more than 0.9 mol/L to
keep absolutely stripping Tl in organic.

3.2. McCabe-Thiele Extraction-Stripping Equilibrium Isotherms
3.2.1. Tl Extraction Equilibrium Isotherms
In order to achieve optimal extraction efficiency and resource efficiency, the effects of

phase ratio (O/A) on metal extraction efficiency were researched. The results are shown in
Figure 5.
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Figure 5. Effect of O/A ratio on TI extraction, at conditions of Tl 3.27 mg/L, P204 0.6 mol/L,
saponified degree of 70%, T 298.15 £ 2 K, 250 rpm for 3 min.

According to the results in Figure 4, when the O/ A ratio was larger than 0.2, with the
O/ A ratio increasing, the Tl removal was increasing, and the Tl concentration in raffinate
was decreasing. At the condition, the molar ratio 3 of P204 concentration (600.0 mmol/L)
to TI concentration (0.204 mmol/L) was 2941.2. It can be inferred that by changing the
molar ratio 3 values, the O/A ratio in the range from 0.2 to 0.5 takes an important role in
Tl removal which can be at a high level of 98%, when O/ A was larger than 0.5.

McCabe-Thiele Tl extraction equilibrium isotherms were drawn in Figure 6, according
to the experimental results (Figure 5) of O/A comparison conditions. As shown in Figure 6,
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when O/A works at 1.0, a theoretical extraction of 2 stages is required to obtain the T1
concentration of raffinate less than 18.7 ug /L.

14.00
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Figure 6. McCabe-Thiele T1 extraction equilibrium isotherms, at conditions of T1 3.27 mg/L, P204
0.6 mol/L, ammonia saponified degree of 70%, T 298.15 & 2 K, 250 rpm for 3 min.

3.2.2. Tl Stripping Equilibrium Isotherms

A 5.0 L capacity beaker was used to stir and mix the extraction according to the
above extraction conditions at a speed of 500 r/min to obtain a loaded phase containing T1
2.23 mg/L for stripping equilibrium isotherms experiments. It should be noted here that
due to the difference in stirring method and experimental scale, the Tl content of the load
phase obtained this time is lower than the mixed load phase contained Tl 3.02 mg/L of the
small oscillatory extraction. It is indicated that in industrial applications, it is necessary to
select extraction equipment with good mixing efficiency.

The effects of O/A on metal stripping efficiency were researched. The results are
shown in Figure 7. According to the results in Figure 7, when the O/ A ratio was larger than
2.0, with the O/ A ratio increasing, the Tl stripping was reduced, and the Tl concentration
in raffinate was increasing. When the O/A ratio was 2, Tl removal reached 97.0% (Tl
4.30 mg/L in stripping aqueous). When the O/ A ratio was 6.0, T] removal decreased to
12.1% (T11.62 mg/L in stripping aqueous).
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Figure 7. Effect of O/ A ratio on Tl stripping, at conditions of T1 2.23 mg/L in ammonia saponified
organic phase, O/A 1/1, T 298.15 &+ 2 K, 250 rpm for 3 min.
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McCabe-Thiele Tl stripping equilibrium isotherms of NHy-organic phase were drawn
in Figure 8, according to the experimental results of O/ A comparison conditions (Figure 7).
As shown in Figure 8, when O/ A works at 1.0, a theoretical stripping stage of 2 is required
to achieve the Tl removal larger than 95.5%. Here, after stripping stage 2, the residual T1
uneasily stripped in the organic phase was 0.02 mg/L, and the P204 organic phase needed
to be recycled by 6.0 mol/L hydrochloric acid solution to remove the residual trace TL

R =

5 4
o4
on E
E 41
9 3 £ — Tl concentration
< E
EREIR:
& 2 £
% E 1 //
& 2 1
.8 E — Work line
Z 1 £
&= v 0/A=1/1
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0 O ——— gt
0.0 0.5 1.0 1.5 2.0 2.5

Tl in organic phase /mg-L!

Figure 8. McCabe-Thiele TI extraction equilibrium isotherms, at conditions of Tl 2.23 mg/L in
ammonia saponified organic phase, O/A 1/1, T 298.15 + 2 K, 250 rpm for 3 min.

3.3. Saturation Capacity of Thallium in Organic Phase

In Section 3.1.1, the molar ratio 3 was 17,875, which is greatly larger than the theoretical
measurement ratio of 1.0. Therefore, the organic phase may accommodate a large amount
of Tl. Here, the same organic phase was used to extract the fresh aqueous phase of
ammonium perrhenate continuously until the organic phase becomes saturated (Figure 9).
The Tl removal performance of the same organic phase was evaluated by investigating the
extraction times.

20 100
18 90
_ 16 -@-Tl in raffinate Total Tl in oil 80 £ Tl removal
Eb 14 70 £
& °
.E 12 T;f ?0
g 10 -g‘ 50
é 8 = 40
8 6 30 A
=y 20 A
2 10
0 L L L g 0 Fropp g e |
0 2 4 6 8 10 12 14 16 18 20 22 24 26 0 2 4 6 8 10 12 14 16 18 20 22 24 26
Extraction number of times Extraction number of times

Figure 9. (a) Saturation capacity of thallium in the organic phase; (b) Effect of extraction times on T1
removal at conditions of T1 3.27 mg/L, P204 0.6 mol/L, ammonia saponified degree of 70%, T 298.15
=+ 2K, 250 rpm for 3 min.

As shown in Figure 9, at the second extraction of a fresh aqueous phase, where the
initial molar ratio {3 is 17,646, Tl removal reached 82.2% (T1 0.60 mg/L in raffinate), which
was reduced with the extraction times increasing. It was investigated that Tl removal was
low even at a large initial molar ratio 3. This may be due to the TI concentration difference
(ACry) between Tl initial concentration in the organic phase and TI initial concentration
in the aqueous phase. As calculated, the ACr; of the second time is —0.50, while the ACpy
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changed to 1.83 at the fourth time, and ACrj values of the rest times were 3.98, 5.47, 6.62,
7.36,7.87,8.26, 8.56, 8.78, 8.85 and 8.85, respectively.

At the seventh extraction of the new solution, the Tl removal was about 50%, and the
ACr value was 6.8. When the ACy; value was less than 6.8, the Tl removal was greater
than 50%. It can be deduced that the ACr) is the main factor in Tl removal, and the larger
the ACry is, the lower the Tl removal when the same organic was used to extract the fresh
aqueous. It can be seen in Figure 9 that after the 22nd extraction, the accumulated T1
concentration in the organic phase almost remained unchanged, and the loaded TI of the
organic phase tended to be saturated. Under experimental conditions, the saturated Tl
capacity of the organic phase was 12.1 mg/L.

3.4. Mechanism of Thallium Removal by Solvent Extraction

The ion species distribution of Tl and Re in aqueous solution at different pH values
drawn with software Medusa (Trial version, KTH Royal Institute of Technology, Stockholm,
Sweden) were shown in Figures 10 and 11. The extraction mechanism of Tl by P204 dissolved
in kerosene is cation exchange extraction, and can be described in Figure 12. It can be seen
in Figure 10 that Tl exists in the form of TI*, TI(OH)**, TI(OH),*" and TI**. The presence of
TI" concentration in the pH range of 0 and 12.0 is basically unchanged, and NH4A o) [29]
can be extracted in the form of T1A o) to remove thallium (Figure 11). In the pH range of
0-4.7, thallium is mainly present in the form of TI*, TOH)?**, TI(OH),*! and TI** (Figure 10),
NHiA(org) can extracts Tl in form of TlA(org), TlA3(org), THOH)2A (org) and TIOHA (o)
(Figure 12), TI* concentrations is higher than TI(OH)**, TI(OH),*! and TI3* ion concentrations
(Figure 10). it is speculated that TIA (o) is the main extract. It is indicated in Figure 10
that rhenium mainly exists in the form of ReO, ™ at the pH range from 1.0 to 12.0. Based on
the difference in charge properties between TI*, TI(OH)**, TI(OH),*! and ReO,~. P204 as
a cationic extractant, may be used to extract T1*, TI(OH)** and TI(OH),*! separating from
ReO4~ ion.

-“\ /

IIH s

o

Log C
l.

H(lH

[1(OH) Qo
TOH
-8 TWOH
1|

Figure 10. Tl ion species in different pH rage.

Infrared spectrum analysis was carried out on samples of unloaded organic of P204 +
kerosene mixed and TI loaded organic of P204 + kerosene + Tl mixed. The spectral diagram
is shown in Figure 13. The differences between the spectra of these organic samples are
absorption peaks at wave number 3371.62 cm ! and 1640.47 cm™! in the spectra of Tl
loaded organic phase of P204 + kerosene + Tl mixed, which is mainly caused by the
substitution of T1 for NH4* ion in the carbon chain of P204 for -NH stretching vibration
and -NH in-plane bending vibration.
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Figure 11. Re ion species in different pH rage.
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Figure 12. Mechanism of thallium removal by P204 (HA) solvent extraction.
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Figure 13. FTIR Spectra of different organics.

4. Conclusions

In this study, a novel method for Tl removal by solvent extraction with P204 was
proposed for ammonium perrhenate solution. By studying experimental mechanism
elaboration and factor condition experiment, the conclusions were as followed:

For thallium in ammonium perrhenate solution, P204 selective extraction of thallium
can be used to remove thallium effectively and separate rhenium, with the Re initial concen-
tration of 18.7 g/L, in an unregulated solution environment (pH, ligand, and temperature).

Under the experimental conditions of P204 0.6 mol/L, Tl 3.27 mg/L, O/A 1:1,
T 298.15 + 2 K, 250 rpm for 3 min, the Tl removal reached 96%, and rhenium was hardly
extracted. The main factors affecting the Tl removal were P204 concentration and the O/A
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ratio. when O/ A works at 1.0, a theoretical extraction stage of 2 is required to obtain the
Tl concentration of raffinate less than 18.7 ug/L. The organic loaded thallium 2.23 mg/L,
can be extremely stripped by 1.1 mol/L HCI solution with two stages, at conditions of
O/A1/1,T298.15 + 2 K for 3 min.

With 0.6 mol/L P204 saponified degree of 70% in the organic phase, the saturated T1
capacity of the organic phase was 12.1 mg/L. The extraction mechanism of thallium by
ammonia saponified P204 organic phase is ion exchange. The NH,4" ions in the organic
phase exchange with TI*, TI**, TI(OH),*!, and TI(OH)?* to achieve the migration of Tl
from the aqueous phase to the organic phase. Ammonia saponified P204 organic phase
NHjA(org), mainly extracts to remove thallium in the form of extract TIA(org).
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