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Preface

This dissertation work was carried out under the joint supervision of Professor Dr.
Isao Komasawa and Associate Professor Dr. Takayuki Hirai at the Department of Chemical
Science and Engineering, Graduate School of Engineering Science, Osaka University from
1996 to 2001.

The objective of this thesis is to develop the advanced liquid-liquid extraction system
for the separation and purification of rare metals. The design of the extraction process, based
on the equilibrium theories and precise material balance, was firstly carried out. Two types of
the advanced extraction systems, combined with the masking reaction or photochemical
reduction, were then employed. The variation in the distribution ratio can be predicted by the
proposed extraction scheme, enabling the separation process of the rare metals to be designed.
The author hopes that the results obtained in this work give some suggestions for the design of

liquid-liquid extraction system for the separation of rare metals on the industrial scale.
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Syouhei Nishihama
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General Introduction

Liquid-liquid extraction is one of the major methods for separation, purification, and
recovery of rare metals on industrial scale. The demand for rare metals, especially having
high purity, becomes higher in recent years, and thus the construction of high selective
separation process using liquid-liquid extraction technique becomes an important problem.
There are many investigations of the separation processes using the liquid-liquid extraction,
and the results have been summarized in several reviews.'’® The liquid-liquid extraction
technique is based on the difference in the ability for the complex formation between the
extractant and the metals, and thus, the extractability and separation ability depend on the

1119 Recently, molecular modeling for

structure of the extractant, especially the steric effect.
the extracted species using molecular mechanics (MM) calculation has been investigated.”>%
The knowledge obtained from these investigations is expected to develop the new extractants
with effective ligands for the separation of rare metals. In recent years, macrocyclic ligands
having the ion size selectivity, such as crown ethers® and calixarenes,?® have been studied as
possible candidates for the extractant in the industrial process.

The determination of the extraction equilibrium formulations is important for design
of the extractive separation process based on the equilibrium theory. One of the major
methods for the determination of the formulations is the slope analysis method. This method,
however, can only be used under conditions: (1) no polymeric species are formed in either
phase, (2) activity coefficients of the species are essentially constant, (3) the formation of
intermediate non-extractable complex can be neglected, (4) no adduct formation between
complexes and undissociated extractant molecules or the organic diluent or modifier takes
place, and (5) all hydrolysis reactions are insigniﬁcant.27 However, the formation of
aggregated species, at the high loading ratios of the extractant, was pointed out in 1976.%
There are few reports concerning the extraction equilibrium in such a high loading region,

2930 1 the industrial extractive

although it is very important from the industrial point of view.
separation process, a mixer-settler cascade is mainly used as the extraction equipment.*
There are two ways for the design of the separation process with the mixer-settler cascade, that
is, the McCabe-Thicle method and a simulation method. In the cation-exchange type
extractant system, however, two-dimensional coordinate cannot be used, because the extraction

curve changes with the equilibrium pH value, and three-dimensional coordinate must be used



in the McCabe-Thiele diagram.> The simulation method can be easily applied to the design of
extractive separation process in all extraction system, because it is based on the extraction
equilibrium formulations determined. The effect of the magnitude of the extraction
equilibrium constant® and the effect of the each equilibrium constant in the system™ have been
reported. Goto has investigated the simulation method based on the extraction equilibrium
formulations in a low loading region.>* The simulation method for the design of industrial
separation processes, however, should be carried out based on the extraction equilibrium
formulations over whole range of the loading ratios, which cover the conditions from inlet to
outlet of the mixer-settler cascade.

There are some metals for which a separation using such extraction system based on
the equilibrium theory is difficult. In these cases, the conversion of both aqueous- or organic-
phase species by functional chemical reaction during actual extraction has proved very
effective in improving the separation obtained for such metal species. In the case of the
aqueous phase species, (1) a redox reaction of the metal ions, (2) a masking reaction with
water-soluble complexing agents, and (3) a complexing reaction with salting out agents are all
possible feasible solutions. The redox reaction for metal ions has been widely applied in the
separation of U/Pu in the Purex process, employed commercially in the nuclear industry.*
Such reactions are based on the principle that metal ions, having different valences, behave like
different elements with respect to their extractability. In the case of the masking reaction for
the metal ions with a water-soluble complexing agent, a part of the metals in the aqueous phase
is complexed and thus hindered in the extraction. There are two ways for improving the
separation by combining the masking reaction with water-soluble complexing agent: (1) in
equilibrium state and (2) in non-equilibrium state. The separation abilities are based on the
difference in the ability for the complex formation between the metals and the agent in the
equilibrium state, and on the difference in the rate of complexing reaction in the non-
equilibrium state. Matsuyama et al. have briefly reviewed such extraction system, in the
presence of complexing agents, for separation of rare earth metals.>® Salting out agents are
generally used in amine and ammonium salt extractant systems, as a high selective separation
can be also achieved by a modification of the metal ion, using the salting out agent. A typical
extraction process consists of the separation of Co/Ni from chloride solution, with tri-n-octyl

amine (TOA).>” In this system, the extraction of Ni with TOA does not progress, since the Ni



does not form an anionic chloro complex. The selective separation of Co/Ni, therefore, is
achieved from the aqueous solution of high chloride concentration.

In the case of the treatment in the organic phase, there three differing reaction
possibilities may exist. These are (1) modification of the extractant or of the extracted species,
using the diluents and modifiers, (2) a synergistic effect, obtained by adding additional
extractants, and (3) a redox reaction for the extracted species. A diluent is normally employed
to decrease the viscosity of the extractant solution, to provide a suitable concentration for the
extractant, to decrease the emulsion-forming tendencies of the extractant, and/or to improve the
dispersion and coalescence properties of the solvent. A modifier may also be used in order to
overcome the formation of a third phase, of which formation is essentially a solubility problem
of the diluent. Both the diluent and modifier affect the extractant and extracted species, such
that the extractability or extraction equilibrium formulation is often made to change
dramatically. Synergistic extraction systems have been investigated widely in attempts to take
advantage of the synergistic effect, especially in the nuclear field with bis(2-
ethylhexyl)phosphoric acid (D2EHPA)/tri-n-butyl phosphate (TBP) and thenoyltrifluoroacetone

3943 The redox reaction for

(Htta)/TBP.*® The system was summarized in several reviews.
the extracted species was recently paid attention for the separation of rare metals.

The main purpose of this thesis is to develop the advanced liquid-liquid extraction
system for the separation and purification of rare metals by combining the functional chemical
reactions. Firstly, the method for the design of the liquid-liquid extraction process based on
the equilibrium theory was investigated. The advanced extraction systems, combined with the
masking reaction or photochemical reduction, were then employed for more selective
separation of the rare metals.

The thesis consists of the following three chapters.

In chapter I, the method for the design of the liquid-liquid extraction process with the
simulation method based on the extraction equilibrium formulations which are properly
determined is investigated. The separation and recovery of Ga and In from zinc refinery
residue is investigated as a case study. In the extraction of Ga and In, the co-extraction of
anions in the aqueous phase, chloride and hydroxyl ions, should be considered. The

extraction equilibrium formulations for the two rare metals, in which the effect of chloride and

hydroxyl ions is taken into account, are determined up to high loading ratios. The interaction



between the metals in the binary metal system was also investigated. The separation and
recovery process of the two metals from the zinc refinery residue with the counter-current
mixer-settler cascade is then investigated by using the simulation based in the extraction
equilibrium formulations and material balance.

In chapter I, the liquid-liquid extraction system, combined with the masking reaction
with water-soluble complexing agent, is investigated. The method for the determination of
the extraction equilibrium formulation is investigated, by considering the complexing reaction
between the metals and the agents. The design of the extraction process in the presence of the
water-soluble complexing agent is then carried out. In this work, the separation of rare earth
metals is carried out as a case study, employing ethylenediaminetetraacetic acid (EDTA) and
diethylenetriaminepentaacetic acid (DTPA) as the agent.

In chapter III, the liquid-liquid extraction system combined with the photochemical
reduction of the target metals is investigated. The mechanism of the extraction system is
made clear based on the Kinetic studies, enabling the variation of the distribution ratio with the
photoirradiation to be quantitatively expressed. In this work, the photoreductive stripping of
Fe(IIl) and photoreductive extraction of V(V) are carried out as case studies. In addition, the
applications of the extraction system for the selective separation of the Fe and the stripping of
Co, which is difficult in the stripping due to its auto-oxidation in the organic phase, are then
investigated for the demonstration of the usefulness of the photochemical reduction.

The results obtained in this work are summarized in general conclusions.



Chapter 1
Design of the Liquid-Liquid Extraction Process
Based on the Equilibrium Theory

~ Separation and Recovery of Ga and In from Zinc Refinery Residue ~

1. Introduction

For the design of the liquid-liquid extraction process based on the equilibrium theory,
with the simulation method, the extraction equilibrium must be formulated under the proper
ranges, which cover the commercial operations. The formulations, therefore, should be
determined up to high loading ratios. In addition, the interactions among the metals, such as
the co-extraction of metal species and other ions, should be included in the extraction
equilibrium formulations. In this chapter, the determination of the extraction equilibrium
formulations, which include the interaction between the metals in the binary metal system, up
to high loading ratios is firstly investigated. The design of the liquid-liquid extraction process
with the simulation method, based on the extraction equilibrium formulations, is then carried
out.

The separation and recovery of Ga and In from zinc refinery residue is selected as a
case study. The demands for Ga and In have increased in recent years because of their use as
semiconductor materials such as GaAs or InP. Kikuchi et al. investigated extraction from
sulfuric acid solution using octylphenyl phosphoric acid as extractant, and reported that the
optimum separation factor for Ga/In was 600 under appropriate conditions.*  Inoue
investigated the extraction of Ga and In from nitrate solution using several acidic
organophosphorus compounds as extractants.”” Extraction equilibrium formulations for each

metal and extractant were established at low loading ratios, and it was found that In was

extracted as InR,3(RH) with all extractants, and Ga was extracted as GaR,(RH) with acidic

phosphate and phosphonate while as GaR, with acidic phosphinate. Sato et al. conducted

the extraction of Ga and In from hydrochloric acid solution with bis(2-ethylhexyl)phosphoric
acid and pointed out that Ga extraction proceeds according to a cation exchange reaction at low

aqueous acidity, and a solvating reaction at very high acidity, as e:xpe:cted.46



One source for the two metals is zinc refinery residue, because both metals are

4148 The separation and recovery process of Ga and In from

contained as minor components.
the residue by liquid-liquid extraction has been considered for the commercial application. A
recovery process of the two rare metals from the Black Ore types of deposits (a mixture of zinc
blende, galena, and others) was considered.”  In this process, the leach liquor of the residue is
treated firstly using H,S gas to remove copper and arsenic, O; gas to remove Fe as hematite,
and then NHj3 gas to remove Al. The resulting liquor is extracted with Versatic 10 for the
recovery of Ga and In. The recovered Ga is separated from other metals by extraction with
ether, and In separated with TBP. This extraction process is rather complicated, and many
operations are combined. A simpler recovery process linked to a commercial application
must be studied.

In this chapter, the extraction of Ga and In with several acid organophosphorus
compounds, such as bis(2-ethylhexyl)phosphoric acid (D2EHPA), 2-ethylhexyl phosphonic
acid mono-2-ethylhexyl ester (EHPNA), and bis(2-ethylhexyl)phosphinic acid (PIA-226), was
investigated and the extraction equilibrium formulations were determined up to high loading
ratios, which is practical importance, by considering the formation of aggregated species. The
interaction between the two rare metals in the binary metal extraction systems was also
investigated. The scrubbing effect of the metal-loaded organic solution was carried out, and
the application of the extraction equilibrium formulations for the scrubbing treatment was
investigated. The separation and recovery of the two rare metals was then investigated, based
on the formulations which are verified experimentally. Major metal components other than
Zn can be removed from leach liquor by extraction with TBP. The remaining liquor then
contains the rare metals, Ga and In, and Zn. On the basis of the above equilibrium studies, a

simulation study for the separation and recovery of Ga and In from zinc refinery residue was

also carried out.

2. Experiment

2.1 Reagents.

Tri-n-butyl phosphate (TBP, marketed as TBP), bis(2-ethylhexyl)phosphoric acid
(D2EHPA, marketed as DP-8R), 2-ethylhexyl phosphonic acid mono-2-ethylhecxyl ester
(EHPNA, marketed as PC-88A) were supplied by Daihachi Chemical Ind. Co., Ltd., Osaka,



Japan, and used without further purification. Bis(2-ethylhexyl)phosphinic acid (PIA-226),
having a purity of 97 wt%, was synthesized as repor(ed.50 D2EHPA, EHPNA, and PIA-226
were diluted in kerosene. It has been shown by a vapor phase osmometric study that the
majority of acidic organophosphorus compounds are dimerized in nonpolar diluents such as

kerosene.!”!

The resultant extractant concentration was determined by potentiometric
titration method using an automatic titration apparatus (Hiranuma Comtite-550). All
inorganic chemicals were supplied by Wako Pure Chemical Industry as analytically pure
reagent-grade materials. Deionized water was purified by simple distillation. Aqueous
solutions of Ga, In, and Zn were prepared by dissolving GaCls, InCl3°4H,O and ZnCl,,
respectively, in (Na,H)Cl solution with ionic strength of 1.0 mol/l.  For the five metals system,
aqueous feed solutions, containing Ga, In, Zn, Fe(Il), and Al, were prepared by the dissolution
of GaCls, InCls*4H,0, ZnCl,, FeCl,*4H,0 and AlCl;° 6H,0 into water, without consideration
of ionic strength.
2.2 Procedure.
2.2.1 Extraction of Ga, In, and Zn.

Organic and aqueous solutions having an organic/aqueous volume ratio (O/A) of 1
were shaken for 2 hours at 298 K. The metal-loaded organic solutions were stripped using 6
mol/l HCI for the case of D2EHPA, and 3 mol// HCI for the cases of EHPNA and PIA-226 at
an O/A volume ratio of 0.5. The resulting aqueous samples were analyzed by ICP-AES.
Equilibrium aqueous pH values were measured using an Orion 920A pH meter equipped with a
glass combination electrode. The chloride ion concentration in the organic phase was
measured by a potentiometric titration method with AgNO; after stripping with H,SOs.
Infrared spectra of the metal loaded organic phase were recorded on an FI/IR-410 infrared

spectrometer (Japan Spectroscopic Co., Ltd.) at room temperature in an IR cell with TIBr/T1I
windows (KRS-5; Shimadzu). The loading ratio was defined as [_I\Z] /I(RH), Jees -

2.2.2 Removal of Fe(Il) and Al with TBP.

TBP was saturated with water prior to use, owing to its extractability of water. >
Organic and aqueous solutions having O/A volume ratios of 0.5, 1, and 2 were shaken for 6
hours at 298 K. The concentrations of each metal in the aqueous phase were analyzed by

using ICP-AES. The corresponding organic phase concentrations were determined by mass



balance.

3. Results and Discussion

3.1 Extraction and Separation of Ga and In.
3.1.1 Single Metal System.
3.1.1.1 Analytical Composition of the Extracted Species.

The analytical composition of the extracted species was investigated. This was met
only at high loadings of the extractant. The maximum loading of the extractant was achieved
by raising the equilibrium pH levels through adding NaOH solution. The maximum loading
ratios approached about 1.0 for the three extractants, suggesting that a complex containing the
dimeric extractant and the metal with the mole ratio of 1 : 1 may be formed at the extreme
conditions of maximum loading ratios of the extractants, and anions in the aqueous phase may
be co-extracted into the organic phase to compensate the positive charge of the metals. The

amount of chloride ion was determined from the observed chloride ion concentration, corrected
for the contribution of acid dissolved in the diluent. The ratios of [Cl]/[M] are plotted in

Figure 1-1.

1 ] ] ¥ Ll ' ’ 1] i L) I
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Figure 1-1  Effect of loading ratios on the ratio of chloride to metal in the
organic phase.



For PIA-226 system, the ratio is rather high in the very low loading region, indicating a
comparable amount of chloride ion is accompanied with the metal. The ratio decreases with
increasing loading ratio. For Ga extraction with the three extractants, the ratios approach
around 0.25, implying the ratio of chloride ion to metal tobe 1 : 4. For In, the ratios approach
around 0.5, implying the ratio of chloride ion to metal to be 1 : 2. The behavior of chloride
ion in Ga extraction is different from that in In extraction at high loadings of the extractant,
which is practical importance.

The loaded organic solutions were also studied by the infrared spectra. Figure 1-2
shows the IR spectra in the region of OH groups in the D2EHPA/Ga system. It is known that

the metal-OH is characterized by a sharp band at 3700-3500 cm™.>*

(@0

(b) 0.50

(c) 0.64

(d) 0.82

(e) 1.0

% Transmittance (a.u. )

|
3800 3600 3400

Wavenumber [cm™ |

Figure 1-2  Infrared spectra for metal loaded organic solution in D2EHPA/Ga
system. [Ga]/[(RH),]..q = (@) 0, (b) 0.50, (c) 0.64, (d) 0.82, and
(e) 1.0.



The Ga-OH stretching band appears at 3647 cm™ in the range of loading ratios greater than 0.5.
The hydroxyl ion is actually involved in the extract entities in the range of high loading ratios.
The ion may compensate the positive charge of the metal. Consequently, the stoichiometric

relations between the metal and other elements under extreme conditions of maximum loading

of extractant are most likely to be Ga,R;CI(OH), and In,R,CI(OH).

3.1.1.2 Extraction Equilibrium at Low Loading Ratios.

The slope analysis method was applied to determine the overall extraction equilibria
of Ga and In with organophosphorus acids. Figure 1-3 shows the effect of equilibrium pH
values on the distribution ratios of these metals. Straight lines with slopes of 3 are obtained
with D2EHPA and EHPNA. In the case of PIA-226, however, the slope is about 2, and the
positive charge of the metals is not compensated for by the anionic species of PIA-226 alone.
It is considered from the comparison with the results shown in Figure 1-1 that one chloride ion
is possibly involved in their extract entities to compensate the positive charge of the metal.
The PIA-226 extractant has the largest pK, value in the present three extractants, and is,

therefore, less dissociative than the other two.

L D2EHPA
10°F —— EHPNA
-~ PIA-226
key metal
_ 00 Ga
2 OmA In
Q 10°
,I
2 1 I -I
10 _2 1

Figure 1-3  Effect of aqueous pH value on the distribution ratio. [(RH),]s.s =
5.0 x 10" mol/l and [M]geq = 1.0 x 107 mol/L.
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The other anion, such as chloride, may be involved in the metal-PIA-226 complex in the
present chloride ion system. This behavior differs from that reported for the extraction of In>
and Ga®® with the acidic phosphinate type extractant from the aqueous nitrate solution. This
may arise from the difference of the media in the aqueous solutions.

As for D2EHPA and EHPNA, the extraction of Ga and In can be described by the

following extraction equilibrium formulation.

3+n
2

The distribution ratio can be described as Eq. (1-2).

M* +

(RH), < MR, (RH), +3H" (1-1)

3+n

D =K, [(RE),]? [HT 1-2)

The variation of D[H']’ with [(RH),] is shown in Figure 1-4.
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[ (RH)2 ] [ mol/l]

Figure 1-4  Effect of the concentration of dimeric extractants on normalized
distribution ratio. [M]gea = 1.0 x 107 mol/L.

Straight lines with slopes of about 2 are obtained, indicating that the extracted species is
MR,(RH). The dominant extraction equilibria of Ga and In with D2EHPA and EHPNA in

low loading ratios can, therefore, be formulated as follows.
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M* +2(RH), <= MR, (RH) +3H* s Kex.1 (1-3)
As for PIA-226, a metal-chloro complex, such as MC12+, is likely to be extracted, and

the extraction equilibrium formulation is as shown in Eq. (1-4).

2+n
2

MCI* +

(RH), <> MR,CI(RH), +2H" (1-4)

The distribution ratio can be described as Eq. (1-5).

2+n

D =K,[(RH),] * /H'T (1-5)
The variation of D[H*]* with [(RH),] is shown in Figure 1-4. Straight lines with slopes of

about 2 are obtained, indicating that the extracted species is [MR,CI(RH),]. The extraction

equilibrium with PIA-226 at low loading ratios can, therefore, be formulated by Eq. (1-6).

MCI* +2(RH), <> MR,CI(RH), +2H" ; Kex: (1-6)
This means that the metal to chloride ion ratio in the organic phase approaches to 1 in the low
loading region.
3.1.1.3 Extraction Equilibrium at High Loading Ratios.

The high loadings of extractants were brought about by increasing the feed metal
concentration and raising the equilibrium pH value. The distribution ratios are plotted against

equilibrium pH values in Figure 1-5. The distribution ratios are seen to approach maximum

values of 1.0 with all three extractants. The extracted species is now defined as GaR,(RH) at

low loading ratios, and as Ga,R;CI(OH), at high loading ratios for the extraction of Ga with

D2EHPA and EHPNA. It is necessary to express the extraction equilibrium formulation to

cover the whole range from low loading to maximum loading. The aggregated species,

Ga,R;CI(OH), , is assumed to be formed from GaR,(RH) as follows.

Ga™ +GaCl** + 30H™ + 2GaR,(RH) <> Ga ,R,CI(OH), +2H* ;K2 (1-7)
Considering the formation of metal-chloro complexes as shown in Table 1-1, total

concentrations of dimeric extractant ([(RH),].,), total chloride ([Cl];), and extracted Ga

( [65]) can be described as follows. In this calculation, the metal-chloro complexes in the

aqueous phase are estimated by using literature values listed in Table 1-1.°7
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Figure 1-5  Effect of aqueous pH value on the distribution ratio of Ga and In in
single metal system with (a) D2ZEHPA, (b) EHPNA, and (c) PIA-226.
Comparison of observed data with prediction shown by solid lines.

[(RH), ]y =5.0 x 107 mol// and [M]geeq = 1.0 x 10™ mol/.

Table 1-1 Formation of metal-chloro complexes and its overall formation constants

Ga* +Cl” < GaCl* ; logKk, . =-0.64 In* +Cl” < InC1* ; logk,,,, =2.49
Ga™ +2C1" = GaCl," ; logK,,q =-218  In* +2CI" < InCL," ; logK, ,,, = 4.03
Ga™ +3CI" © GaCl, ; logK,,q =390  In* +3CI" = InCl, ; logkK,,,, =3.53
Ga™ +4Cl" <> GaCl,” ; logK, o, =-5.74
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[(RH), ]Jieq =S +2[GaR,(RH)] + 4Ga,RCI(OH), ]

2K, ,[Gals* 4K, K. K, [Ga]'[CI"]JOH J’S*

ex,l ex,2" ™ a

T[H+ ]3 + T4[H+ ]8 (1—8)

[Cl], =[C1"]+[GaCl1**]+ 2[GaCl," ] + 3[GaCl, ] + 4[GaCl, ] +[Ga,R ;Ci(OH),]

' -1 K..’K._ . K .[Ga]’[CI"][OH J’S*
=[Cl-]+ T [Ga][CI ]+ ex,l ex,2 a,1[4 a] [8 ][ ] (1_9)
T T*[H*]

[Ga] = [GaR,(RH)] + 4Ga,R ,CI(OH), ]

_KlGalS* 4Ky K K,,[Ga]'[CI][OH T'S” 1-10)

T[H+]3 T4[H+]8
where [Ga], T and T' is expressed as Eqgs. (1-11)-(1-13).
[Ga] =[Ga*]+[GaCl* ]+[GaCl," ] +[GaCl;]+[GaCl,] (1-11)
T =1+K,,[CI']+K,,[ClI'} +K,,[CI'T +K, JCI'}* (1-12)
, dT - -12 -3

T'= M_—] = Ka,l + 2Ka,2[C1 ] +3Ka,3[Cl ] + 4Ka’4[C1 ] (1-13)

The most likely values of Kex; and K.x» are determined by the nonlinear least squares method
based on Egs. (1-8)-(1-10) to fit the experimental results. The results are shown in Table 1-2.
With these constants, and by use of Egs. (1-8) and (1-9), the values of [Cl] and the
concentration of free dimeric extractant, S, can then be calculated for each run, enabling the
distribution ratio and the metal concentration in the organic phase to be calculated by use of Eq.
(1-10).

For the extraction of In with D2EHPA and EHPNA, the aggregated species,
m , is assumed to be formed from m For the extraction of Ga and In

with PIA-226, the aggregated species, Ga,R;Cl(OH), and In,R,CI(OH), are assumed to be

formed from m)_z and m, respectively. The values of extraction
constants were determined by the same procedures employed for the extraction of Ga with
D2EHPA and EHPNA. The results are summarized in Table 1-2. The calculated
distribution ratios are shown by solid lines in Figure 1-5, and the experimental data are seen to

cluster on the respective lines. The extraction behavior of these metals with D2EHPA,
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EHPNA and PIA-226 can be expressed up to high loading ratios by the proposed extraction

schemes.

Table 1-2 Extraction equilibrium formulations and extraction equilibrium constants

extractant metal  extraction equilibrium extraction equilibrium constant
D2EHPA Ga Ga®* +2(RH), < GaR,(RH) +3H* Kex16.=2.54 % 10
Ga** + GaCl* +30H" + 2GaR,(RH) <> Ga,R,CI(OH), + 2H* Kexzca=2.95 x 10%

In In** + 2(RH), < InR,(RH) + 3H* Kex1;n=9.49 x10°
InCl** + OH" + InR, (RH) < InR ,CI(OH) + H* Koo =7.87 x 102
EHPNA Ga Ga™ +2(RH), <> GaR,(RH) + 3H"* Kex16. = 2.86 x 107
Ga™ + GaCl** +30H" + 2GaR,(RH) < Ga,R,CI(OH), +2H*  Kexz6a=3.52 x 10*

In In* + 2(RH), <> InR,(RH) + 3H" Kexipo =359 x 107

InC1* + OH- + InR, (RH) <> In,R,CI(OH) + H" Kexom =2.84 x 107
PIA226 Ga  GaCl* +2(RH), <> GaR,CI(RH), +2H" Ko =1.10 x 107

3Ga™ +30H" + GaR,CI(RH), + 2(RH), <> Ga,R,CI(OH), + 6H* Kexz0a=6.31 x 10™

In InCl1* +2(RH), < InR ,C{RH), + 2H" Key1n=5.64 x 107

In* +OH" +InR,CI(RH), < In,R ,CI(OH) Keoom =198 x 10

3.1.2 Binary Metal System.

The extraction of binary metal systems is firstly investigated on the assumption of no
interaction between Ga and In. The extraction of Ga and In is assumed to be expressed by the
extraction equilibrium formulations determined in the single metal system. The experimental
D values in binary metal systems are plotted against equilibrium pH values in Figure 1-6, and
compared with the values calculated with the assumption of negligible interaction between the
two metals shown by the dotted lines. Only in the extraction with D2EHPA, experimental
distribution ratios are seen to cluster on the calculation lines, indicating that the extraction from
binary metal solution can be expressed by the extraction equilibrium formulations obtained

with the single metal systems.
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Figure 1-6  Effect of aqueous pH value on the distribution ratio of Ga and In,
and on the calculated separation factor in binary metal system with
(a) D2EHPA, (b) EHPNA, and (c) PIA-226. Comparison of
observed data with predictions. Solid lines: mixed complex
considered, dotted lines: single metal species alone considered.

[(RH), ],; =5.0 x 10% mol/I and [Mi}seea = 8.0 x 10 mol/L.

For extraction with the EHPNA and PIA-226 systems, however, the experimental D values are
greater than those calculated with the assumption of negligible interaction, especially, at high
loading ratios. For extraction with PIA-226, the experimental D values are greater than those
calculated over the whole range of loading ratios. The deviation is likely to be caused by
formation of the mixed complex, in addition to the complex containing Ga or In alone, at low

loadings, as well as high loadings. Ga and In are possibly co-extracted by forming mixed
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complexes in the binary metal systems.

It is now necessary to have knowledge on the composition of the mixed complex.
One of the most popular approaches for the study of the composition of co-extracted species is
Job’s method.®  This method, however, can be applied only in the range of low loading ratios,
where the metals in the feed solution are perfectly extracted. Therefore, a continuous
variation method similar to Job’s method was employed. The mole ratios in the aqueous feed
solutions, of which total concentration of metals was kept constant, varied continuously, and
the metals were extracted to the maximum loading. If only a single complex is formed, the
quantity of extracted Ga into the organic phase may increase, and that of extracted In into the
organic phase may decrease with increasing mole ratio of Ga/In in the aqueous feed solution.
However, as shown in Figure 1-7, two straight lines with different slopes are actually seen with

the rise of mole fraction of Ga in aqueous feed solution.

0.06——T—T T 7T T T T T
key extractant
N OO EHPNA -
— B PiA-226
=
S v
& 004 -
I'e i ]
m — —t
IG 0.02
0.— —
0 0.5 1

[Galfeed/([Galfeed + [INlteed) [ -]

Figure 1-7  Determination of composition of mixed complexes containing both
Ga and In by continuous variation method at maximum loadings.

[(RH), ] = 5.0 x 10% mol/l and [M]; = 1.0 x 10 mol/L.

The inflection point of the plots of organic Ga and In concentrations and mole fraction of Ga in

aqueous feed solution can be related with the composition of Ga and In in the mixed complex.
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The mole fractions of Ga in the aqueous feed solution corresponding to the inflection points are
0.5 for the systems. Thus, mixed complexes with the mole ratio of Ga : In = 1 : 1 are
considered to be formed.

As for the EHPNA system, the formation of mixed species in the organic phase is,

therefore, assumed to be as shown by Eq. (1-14).

In** + InCl** +30H" +2GaR,(RH) <> Ga,In,R,CI(OH), +2H* ;K3 (1-14)
Total concentrations of dimeric extractant ([(RH),]..;), total chloride ([Cl];) and the

concentrations of Ga and In in the organic phase ([_é;] and [E]) can be described as follows.

[(RH), Jeed =S +2[GaR;(RH)] + 4Ga ,RCI(OH); ] + 2[InR ; (RH)]

+2[In,R ,CI(OH)] + 4[Ga,In,R ,CI(OH), ]

2K, c[GalS? 4K, . K. 0.Karc[Gal' [CI ][OH P S*

+
T [H'T T, '[HT

2K, [1S* 2K, K. 2K, W [In]*[CI"][OH ]S>

ex,1,In**ex,2,In""a,L,In

+
T.[H'T T, H'T

3K o1 [Ga)’[In]*[CI"][OH" T’ S*
TGazTIn ? [H+ ]8

4Kex,l,Ga 2K K
+ (1-15)

[Cl], = [C1"]+[GaCl** ]+ 2[GaCl," ] + 3[GaCl, ]+ 4GaCl, ] +[Ga,R ,CI(OH), |

+[InCI** ]+ 2[InCL,* ] + 3[InCl,] + 4InCl" ] + [In,R ,CI(OH)]

+4[Ga,In,R;CI(OH), ]

cr-1a S EMICT] | Koo Koo Kina[GaI'[CIJOH TS
SR To [H'T
! ! Ga

K, ,.K. ,.K, ., [In][CI"][OH"]S>

ex,L,In**ex,2,In**a,1,In

T, '[H']*

+

ex,3°*a,1,ln [Ga]z [In]2 [CI‘ ][OH- ]3 S 4

ch,l,Ga 2K K
+ 2 2 +18
TGa TIn [H ]

(1-16)
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[Ga] = [GaR,(RH)] + 4Ga ,R ¢CI(OH), ]+ 2[{Ga,In,R ;CI(OH),]

ex,1 ex,2

K_.[Gals* 4K, K, K, [Ga]'[CI"][OH J’S*
_K. N ,
T[H+]3 T4[H+]8

, 2Kesou KK, [Gal (10 [CIJOH TS (1-17)
To,’T, [H'T

[In] = [InR ,(RH)] + 2{In,R ,CI(OH)] + 2[Ga, In ,R ,CI(CH), |

ex,1,In**ex,2,In

Korn[m)S® 2K Ko 2nKaya[I]*[CI7][OH"]S”
1 N B
T [H'] T, [H']*

2K, . K. 5K, 1, [Gal[InJ’[Cl ][OH ]’ S*
. |

ex,1,Ga ex,3
2 2 +18
T Ga T In [H ]

(1-18)

The most likely value of K3 is then determined, by use of Egs. (1-15)-(1-18) and extraction
equilibrium constants determined in single metal systems, to fit the experimental results and

the results are shown in Table 1-3.

Table 1-3  Extraction equilibrium formulations and extraction equilibrium constants in binary

systems for mixed species

Extractant Extraction equilibrium Extraction equilibrium constant

EHPNA  In* +InCl*" +30H™ +2GaR,(RH) <> Ga,In,RCI(OH), + 2H* Kexs=7.86 x 10%

PIA-226  GaCP** + InCI** + 4(RH), <> GaInR,CL,(RH), + 4H" Kos =118 x 10°

Ga™ + OH™ + InR,CI(RH), <> GaInR ,CI(OH) + 2H* K.4=3.94 x 10°

In the case of PIA-226, the experimental D values are greater than those calculated
over the whole range of loading ratios, indicating that the mixed complexes are formed at low
loading ratios as well as at high loading ratios, and the extraction equilibria are assumed as Eqgs.
(1-19) and (1-20).

GaCl** + nCl** + 4(RH), <> GaInR,CL,(RH), +4H* s Kex 3 (1-19)

Ga™ + OH™ + InR,CI(RH), <> GalnR ,CI(OH) + 2H" ; Kexa (1-20)
The most likely values of Kex3 and Kex4 are determined by the same method for the EHPNA

system. The proposed extraction scheme in binary metal systems and extraction equilibrium
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constants are summarized in Table 1-3. The calculated values are shown by solid lines in
Figure 1-6 (b) and (c), together with the calculated separation factor, defined as Dy/Daga, for the
EHPNA and PIA-226 systems, respectively. The extraction behavior of the metals with
D2EHPA, EHPNA and PIA-226 is expressed up to high loading ratios by the proposed
extraction schemes. D2EHPA is most suitable for the separation of Ga and In, excepting at
very high loadings.
3.2 Design of the Separation and Recovery Process of Ga and In.
3.2.1 Removal of Major Components.

The extraction of Ga and In from the leach liquor was attempted at first using TBP.
A typical composition of the liquor then available for liquid-liquid extraction is reported to be
(3.0-4.3) x 10° mol/! Ga, (9.0-9.6) x 10° mol/! In, (2.3-4.6) x 10" mol/I Zn, (3.7-5.6) x 10"
mol/l Al, and (1.8-3.6) x 10" mol/! Fe.* The imitated liquor was first extracted with TBP to
move the two rare metals together with Zn into the organic phase, leaving other major

impurities in the raffinate solution. Al and Fe(Il) are expected to be separated from the two

rare metals with TBP.>>*°
| LR | L L L IR I |
10°:E @ O/A=1/2 :L(b) OA=11 TFE ()OA=21 3
I : : :
— 102 F g €13 : E
E | e
104EQ IR | 3 L. 13
0 05 1 15 0 05 1.5

[ HCl Jteeq [ mol/ ]

Figure 1-8. Extraction behavior for Ga, In, Zn, Fe(Il), and Al with TBP
extractant. [Galgeed = 3.0 x 10° mol/J, [In]seea = 9.0 x 10” mol/l,
[Z0)teea = 2.3 x 10" mol/Z, [Fe(I)]seeq = 1.8 x 10" mol/I, and [Al]tec
=3.7 x 10" mol/l. Al extraction: null
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Figure 1-8 shows the effect of the HCl concentration in the aqueous feed solution on the
resultant concentrations of each metal in the organic phase for experimental O/A volume ratios
of 0.5, 1, and 2. Al was not extracted to the organic phase with TBP at all. The
extractability of Fe(I) was extremely low in the low range of the HCI concentration. Thus,
Fe(I) and Al may be expected to be removed easily by TBP at a condition of low concentration
of HCL. Thus, Zn may be considered to be the only major impurity affecting the separation
and recovery of Ga and In in the succeeding operations.
3.2.2 Extraction of Zn with D2ZEHPA.
3.2.2.1 Extraction at Low Loading Ratios.

The slope analysis method was applied to determine the extraction equilibrium for Zn
at low loading ratios. The effect of both pH and D2EHPA concentration on the distribution

ratio is shown in Figure 1-9.
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Figure 1-9  Extraction equilibrium for Zn at low loading ratios with D2EHPA.
[Zn)teea = 1.0 x 107 mol/L.

For pH, a straight line with a slope of 2 was obtained, with the slope being independent of the

chloride ion concentration in the aqueous feed solution. The effect of dimeric D2EHPA
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concentration ([(RH),]) on the D[H'} also was given by a straight line relationship with a
slope of 2, thus indicating the extraction equilibrium formulation of Zn at low loading to be as

follows.

Zn* +2(RH), <> ZnR,(RH), + 2H" (1-21)

_ [ZnR,(RH),][H"]* (1-22)
T [ )(RE),P

3.2.2.2 Extraction at High Loading Ratios.
High extractant loading was brought about by increasing the feed metal concentration
and raising the equilibrium pH value. The experimental loading ratios obtained are plotted

against the corresponding equilibrium pH values in Figure 1-10.

¥ [ L r 13 l £ I
10°F E
‘T‘c N u
Q
L 107 F E
= F 3
T L ]
o -
— calculation
l>l 1 0'2 — pa—
['S = key [Cllteeq [mol/]
— F A A 9.0x107 ]
R A 20x10"
.3 L | L | i { i |
10 1 2 3 4

pH[-]

- Figure 1-10 Effect of aqueous pH value on the distribution ratio for Zn with
D2EHPA. Comparison of observed data with prediction shown by

solid lines. [(RH),]us = 5.0 x 107 mol/l and [Zn]ges = 1.0 x 107
mol/l.

The loading ratios are seen to approach an asymptotic value of 1.0 at high pH, thus indicating
the molar ratio of Zn to dimeric D2EHPA in the extract species to be 1. No significant

difference is seen between the data obtained for chloride ion concentration of [Cl] = 2.0 x 10™

22



mol// and 9.0 x 10™ mol/], in agreement with the previous results for the low loading ratio
range. An aggregated species is likely to occur with increasing loading ratios as well as in the
case of Ga and In. The extraction equilibrium formulation for Zn at high loading ratio is,

therefore, assumed as follows.

Zn** +ZnR,(RH), < Zn,R, + 2H* (1-23)

[Zn,R,)[H'

Koz = o™ R, RED. ] (1-24)

The total Zn concentration in the organic phase ([E]) and total concentration of dimeric
D2EHPA are expressed by Egs. (1-25) and (1-26), respectively, where the symbol S denotes the
dimeric concentration of free D2EHPA.

K 120Z0%18% 2K, 7. K.r7[Z0* P S?

% _ + ex,1,Zn*>ex,2,Zn 1'25

[Zn] [H'T [H*]* ( )
__ 2K 1 zlZ0™1S” 2K 17K 2 za[ 20 S

[(RE), Jouy = S +—= e (1-26)

[H'T [H]*
The most likely values for the extraction equilibrium constants were determined by the
nonlinear least square method, based on Egs. (1-25) and (1-26) to fit the experimental results,
as Kex1zn = 1.90 x 107 and Kexo7n = 8.39 x 10°. With these constants and the use of Egs.
(1-25) and (1-26), the loading ratios for Zn in the organic phase may be calculated. The
calculated loading ratios are shown in Figure 1-10 by the solid line. The experimental results
are seen to cluster very close to the prediction line, thus indicating that the extraction behavior
of Zn, up to the high loadings, is expressed successfully by the proposed scheme.
3.2.3 Extraction in Binary and Ternary Systems.
3.2.3.1 Ga/Zn Binary System.

Figure 1-11 shows the effect of the equilibrium pH value on the distribution ratio. If

negligible interaction between Ga and Zn is assumed, the concentration of Zn in the organic
phase ([Zn]) is given by Eq. (1-25) and that of Ga ([Ga]) is expressed as Eq. (1-27) using the

established formulations.
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Figure 1-11 Effect of aqueous pH value on the distribution ratio of Ga and Zn in
the binary system. Comparison of observed data with prediction
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[Ga] =[GaR ,(RH)] + 4Ga R ;Cl(OH);

Kex,l,Ga [Ga]S 2 4Kex,1,Ga 2I<ex,2,GaI<a ,1,Ga [Ga]4 [Cl— ][OH- ]3 S 4
= +
To[H'T T [H'TF

1-27)

The feed concentration of dimeric D2ZEHPA can be expressed as Eq. (1-28).

[(RH), )es =S +2[GaR ;(RH)] + 4[Ga ,R,CI(OH)] + 2[ZnR ,(RH), ] + 2[Zn,R, ]

, 2Ko1aalG21? 4K o100 Ken2aKancal GaI'[CIJOH T'S*
Tea[H'T Toa' H'T°

 KealZ01S”  2KenimKexpzalZ0” 'S
[H'T [E]*

(1-28)

The chloride ion concentration can be expressed as Eq. (1-29)
[C1], =[C1”]+[GaCl** ]+ 2[GaCl,* ]+ 3[GaCl, ]+ 4[GaCl,” ]+ [Ga,R;CI(OH)]

T'6:[Gal[Cl] | Koxron KenocaKunca[Ga]' [CIJOH T'S*

=[Cl" ]+
[ ] TGa TGa4[H+]8

(1-29)
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The calculated distribution ratios are shown in Figure 1-11 by the solid lines. The observed
data are seen to cluster on the prediction lines, indicating that negligible interaction between Ga
and Zn occurs in the extraction of either species from the mixture.

3.2.3.2 In/Zn Binary System.

The combination of In and Zn was then investigated. Figure 1-12 shows the effect
of the equilibrium pH value on the distribution ratio, together with the predictions, based on the
assumption of negligible interaction between In and Zn, as shown by the dotted lines. The
values of the experimental distribution ratios for Zn are greater than those calculated assuming
negligible interaction, especially, at high loading ratios. In the case of In, zero deviation is
observed even at high loading ratios, with In extraction being about 100 times greater than the
values for Zn extraction. The deviation in the case for Zn is likely to be caused by the
formation of a mixed complex of In and Zn at high loading ratios, in addition to the complex

containing Zn alone.
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Figure 1-12  Effect of aqueous pH value on the distribution ratio of Ga and Zn in
the binary system. Comparison of observed data with prediction
shown by solid lines. The dotted lines are based on the assumption

of zero interaction between the two metals. [(RH),]. =
5.0 x 10? mol/! and [Mi]seea = 1.1 x 10™" mol/L.
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The composition of the mixed complex was investigated by the continuous variation
method, and a mixed complex with a mole ratio of In : Zn = 1 : 1 is considered to be most
likely formed. The formation of the mixed species in the organic phase is, therefore, assumed

to occur as shown by Eq. (1-30).

InCl** + ZoR,(RH), <> InZnR ,Cl+ 2H"* (1-30)
InZnR ,Cl][H* ]
Kex,3,In/Zn = [ 7+ —4—][—]— (1-31)
[InC1™*][ZnR , (RH), ]

The concentrations of In ([ﬁ]) and Zn ([Zn—]) in the organic phase may be expressed as Eqgs.

(1-32) and (1-33), respectively.

[In] = [[0R ; (RH)] + 2[In ,R ,CI(OH)] + [InZnaR ,Cl]
K u[mS? 2K, . K. ,.K,,,[In]’[CI"][OH"]S*

ex,l,In**ex,2,In

+
TIn[H+]3 TInZ[H+]4

+ Kex,l,ZnKex,3,In/ZnKa,l,In [In][ZH2+ ][Cl- ]S2

To[H']* (1-32)

[Zn] = [ZoR,(RH), ]+ 2[Zn,R , ] + [[nZnR ,Cl1]

Kex,l,Zn[Zn2+]S 2 + 2Kex,l,ZnKex,2,Zn[Zn2+]zs 2
[H*]? [H*]*

+ Kex,l,ZnKex,3,ln/ZnKa,l,In [III][ZD2+ ][CI- ]S 2

T,[H']* (1-33)

The feed dimeric D2EHPA concentration can be expressed as Eq. (1-34).

[(RH), Jeeq = S + 2[InR ,(RH)] + 2[In,R ,CI(OH)] + 2] ZnR ,(RH),

+2[Zn,R,]+ 2[InZnR ,C]]

, 2Koxan[I? | 2Ky 10K ex 210K 10 [0 [CLJ[OH )5
Ty [T I, [H']"

2K ex,l,Zn[Zr1 2+]S 2 2K ex,l,ZnK ex,2, Zn[Zn 2+]2S 2
+ + -
[H']? [H*]
+ 2I<ex,l,ZnI<ex,3,In/Zn'Ka,l,In [In][Zn2+ ][CI_ ]S 2
TIn [H+ ]4

(1-34)
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The chloride ion concentration can be expressed as Eq. (1-35).

[Cl], =[CI"]+[InCI* ]+ 2[InCl," ] + 3[InCl, ] + [In,R ,C1(OH)] + [InZnR ,Cl]

Ty 0][C1 ] | 2K epioK ex 2K o (I ICL JIOH]S”

=[Cl"]+ T, Tmz[H* ]4

N K1, 20Kex 310/20Ka 1o [I0][Z0* J[C17]S° (1-35)
T, [H']*

The most likely value for the constant Ke3mzs Was then determined by the nonlinear least
square method using Egs. (1-32)-(1-35) and the extraction equilibrium constants determined in
the single-metal systems, to fit the experimental results, as Kex3mzn = 1.49. Using the
extraction equilibrium formulations for the single-metal and binary systems, the distribution
ratios for In and Zn can be calculated, and these are shown in Figure 1-12 by the solid lines.
The experimental values for both species are now seen to cluster excellently on the prediction
line, indicating that the proposed scheme when allowing for a mixed complex does express the
extraction behavior in the binary system well.

3.2.3.3 Ga/In/Zn Ternary System.

Figure 1-13 shows the effect of the aqueous equilibrium pH value on the distribution
ratio for Ga, In, and Zn from an aqueous solution, containing the three metals with identical
concentrations of 7.0 x 107 mol/l. The prediction lines are calculated on the assumption of
zero interaction among the three metals, and these are shown to be applicable to the extraction
schemes, determined in each binary system. There is, thus, no interaction between the three

metals, and the extraction schemes for the binary systems are, therefore, applicable to the

ternary system.

27



1005_ —E

107 F E

'T‘ -2 VAR

B key metal ]

3L o

10 3 O Ga 3

- calculation B n ]

B ' A zn ]

-4 1 1 L PR i i a1 I
107 1.2 1.4 1.6 138

pHI[-]

Figure 1-13 Effect of aqueous pH value on the distribution ratio for Ga, In, and
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[Mi]eea = 7.0 x 107 mol/I.

3.2.3.4 Scrubbing Effect of Metal-Loaded Organic Solution.

Figure 1-14 shows the experimental loading ratios in the organic phase for the three
metals after scrubbing with (a) metal-free and (b) metal-containing aqueous solutions.
Comparative values according to the proposed extraction scheme are shown by means of solid
The results show that with a metal-free solution both Ga and Zn are scrubbed off into
With a metal-

lines.
the aqueous phase, with most of the In remaining in the organic phase.
containing solution, the metal-exchange reaction between Ga and Zn in the organic phase and
In in the aqueous phase is shown very well by comparison with the concentration of the three
metals in the organic feed solution. The extraction of the more extractable In reduces the
concentration of the free extractant, thus causing a decrease in the extraction of the less
extractable Ga and Zn. This effect is, thus, notable at the high loading region for the
extractant. The experimental data are seen to cluster on the prediction lines, indicating that

the proposed extraction scheme is equally applicable to the scrubbing treatment as well.
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Figure 1-14
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3.2.3.5 Reduction of Zn Content.

A liquor containing 2.7 x 10° mol/l Ga, 9.2 x 10™ mol// In, and 2.3 x 10" mol// Zn
was prepared as the feed solution for the recovery of Ga and In. The quantity of Zn in the
feed solution is much larger than that for both Ga and In, with mole concentration ratios for
[Zn])seed/[ Galteea = 8.5 x 10 and for [Zn]geeq/[In}seea = 2.5 x 10. The order of extractability is In
> Ga > Zn, as apparently shown in Figure 1-13. Most of the Ga and In are thus to be extracted

into the organic phase, leaving as much Zn as possible in the raffinate, in order to reduce the Zn

content.

concentrations. The observed data are shown in Figure 1-15. In the case of 1.0 x 107 mol//
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extractant concentration, about 40 % of In is extracted at pH = 1.8, leaving most of the Ga and
Zn in the raffinate. In the case of 2.0 x 10 mol// extractant concentration, about 10 % of Ga
and 65 % of In together with 1 % of Zn are extracted at pH = 1.6, leaving 90 % Ga and 99 %
Zn in the raffinate. These are caused by the saturation of the extractant by In, the most
In the case of 5.0 x 10”2 mol// extractant concentration, about 90 % of

This

extractable component.
Ga and 99 % of In are extracted together with 9 % Zn, leaving 91 % Zn in the raffinate.
higher concentration of the extractant is thus used primarily to reduce the Zn content.
The solid prediction lines shown in Figure 1-15 are calculated using the extraction
scheme, as determined at a constant ionic strength of 1.0 mol/l, facilitated by adding (Na,H)Cl.
The observed data were obtained from the aqueous feed solution with an ionic strength of 7.6
x 10 mol/l.

good. The chloride ion concentration in the feed solution is the most important in the ionic

The agreement between the observed data and calculated values is surprisingly

strength and is involved in the extraction scheme for Ga and In.
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Figure 1-15 Effect of aqueous pH value on the concentration of Ga, In, and Zn in

the organic phase.
shown by solid lines. [(RH),]., = (@) 5.0 x 107 mol/, (b)

2.0 x 107 mol/l, and (c) 1.0 x 107 mol//, and [GaJseq = 2.7 x 107
mol/L, [In]seea = 9.2 x 10 mol/l, and [Zn]geeq = 2.3 x 10™ mol/L.
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An ionic strength of less than 1.0 mol// is considered to have little effect on the extraction of
the metals in the present system. The proposed scheme and formulations can, therefore, be
used for the simulation work for the separation and recovery of the two rare metals from zinc
refinery residue.
3.2.4 Simulation Work for the Separation and Recovery of Ga and In from Zinc Refinery
Residue.
3.2.4.1 Procedures.

A simulation of the separation and recovery of Ga and In from zinc refinery residue
was carried out based on the equilibrium studies with D2ZEHPA. A schematic flowsheet for a
counter-current mixer-settler cascade is shown in Figure 1-16. The equilibrium relationship
for Ga, In, and Zn in any extraction stage p is expressed by Eq. (1-36).

[M;], =[M;],D;,  (i=Ga, In, Zn) (1-36)

Org. output soin. Feed soln. ( F)

MP T [Mi]feed
N

Extr. stage P

Mip.1 T J, Mie

M, i Mo

Extr. stage p

M]pJ \l/ M,

mx | e

Extr. stage 1

Mo T l (M,

Org. soin. ( E) Raffinate

Figure 1-16 Schematic flowsheet for counter-current mixer-settler cascade.
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where D;p, the distribution ratio of each metal in stage p, is a function of the equilibrium pH
value in the stage. The mass balances for each metal species (i), chloride ion, and hydrogen

ion in extraction stage p are given by Egs. (1-37)-(1-41), respectively.

Fo Ml =F[M],+E[M], -E-[M], (1-37)
F-[Cl],,, =F-[Cl], +E-[C]], -E[Cl] (1-38)
F[H'],,=F-[H],-E-A[H'], (1-39)
[CI], = [Ga,R4CI(OH), ], +[In,R ,CI(OH)], +[InZnR ,Cl], (1-40)

A[H"], = 3([(38R3(RH)]p +[InR;(RH)], -[GaR,;(RH)], , -[InRs(RH)]p_l)

+2{Ga,R,CI(OH), ], +[ZnR, (RH), ], +[Zn,R , ], +[InZaR ,CI],

- [Ga,R,CI(OH); ], - [ZaR, RH), ], , - [Zn,R ], , - [ZaR ,C1], , )

+(,R,CI(OH)], - [In,R ,CI(OH)], ,) (1-41)
The overall mass balances of the each metal and chloride are as given in Eqgs. (1-42) and (1-43).
F[MJget +E-[M;], = F[M;], +E-[M,], (1-42)
F -[Cl],,, +E-[Cl], = F -[Cl], + E-[C]], (1-43)
3.2.4.2 Zn Reduction Section.

The calculation results based on the feed concentration of 3.0 x 10 mol/l Ga,

9.0 x 10 mol/l In, and 2.3 x 10! mol/l Zn are listed in Table 1-4 as Ex. #1. Overall
fractional recoveries, Py g = (E -[ﬁ:]m)/(F ‘M, Jis) > 0 9.07 x 107, 9.93 x 10" and 8.39

x 107 were obtained, respectively, for Ga, In, and Zn. For stripping of a metal-loaded organic
solution, the use of lower concentrations of hydrochloric acid is preferable, because the
separation of Ga and In is affected by the chloride ion concentration, as shown in the extraction
equilibrium formulations. A high ratio of organic solution to stripping solution is also
preferable, because the metal concentrations are increased in the stripping stage. Effective
stripping can be carried out with 3.98 x 10 mol/! of hydrochloric acid, a flow ratio of F/E =
1/3, and a counter-current cascade of 2 stages. Numerical values pertinent to this simulation
are summarized in Table 1-4 as St. #1. The resultant stripping solution following Zn

reduction is then suitable to be used for the separation of In from Ga and Zn.
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3.2.4.3 In Recovery Section.
The recovery of In from the resulting solution following the Zn reduction operation
was also investigated. Figure 1-17 shows the organic phase concentration profiles obtained

for each metal based on the countercurrent cascade.
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Figure 1-17 Simulation of In recovery by 5.0 x 102 mol/l D2EHPA and counter-
current extraction with 10 stages and phaseratio F: E=1:1.

The input and output concentration values and operating phase ratio condition are summarized
in Table 1-4 as Ex. #2. Ga and Zn extracted at stages 1-3 into the organic. phase are returned
to the aqueous phase at higher stage numbers of the cascade. This is because the decreased
concentration of free D2EHPA caused by the extraction of In acts to reduce the extraction of
Ga and Zn. This exchange reaction is in accordance with the results shown in Figure 1-14(b).

The effective recovery of In is carried out with an overall fractional recovery,
Proex#2 = Prs# (E -[In],, )/(F -[In]; ), 0f 9.89 x 107

The scrubbing effect using a dilute acid solution was also investigated. The

simulation show that Ga and Zn in the organic phase are scrubbed effectively, such that In with
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a purity, [In]/([Ga]+[In]+[Zn]), of 1.00 is obtained, but in which overall fractional recovery
is lowered t0 Oy s (= Prpxso -[fn—]m /[ﬂ]md) = 8.44 x 10", The numerical results are

shown in Table 1-4, as Sc. #1.
3.2.4.4 Ga Recovery Section.

The separation of Ga from Zn by the countercurrent cascade with 10 stages and
1.0 x 10 mol/l D2EHPA was investigated. In this case, a lower concentration of extractant is
preferable. The concentration profiles for Ga and Zn in the organic phase are shown in

Figure 1-18.
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Figure 1-18 Simulation of Ga recovery by 1.0 x 102 mol// D2EHPA and
counter-current extraction with 10 stages and phaseratio F: E =1 :
1.

The extracted Zn is excluded to the aqueous phase by the progressive extraction of Ga. An

effective recovery of Ga with high purity was met, with an overall fractional recovery of
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(Pca,sm = PGa,x#2 NE '[§]P+l)

= = 8.79 x 107! and a purity of 9.91 x 10, The
PGa,ex#3 F-[Gal,, purity

results obtained are summarized in Table 2 as Ex. #3.

The proposed recovery process is a simple process, consisting of the extraction stage
using TBP and D2EHPA, which are familiar extractants used in the extractive separation
processes. The process makes use of the property of the extractant that the apparent exchange
reaction between more extractable and less extractable components becomes notable at high
loadings of the extractant. Zn after recovering Ga and In could also be recovered with high

purity.

4. Summary

The separation and recovery process of the rare metals with the liquid-liquid
extraction system can be designed using the simulation method, based on the extraction
equilibrium formulations up to high loading ratios and the material balance. The formulations
must cover the extraction behavior from low loading to high loading to meet the inlet to outlet
of the counter-current mixer-settler cascade. The interaction between the metals in the binary
metal system should be also included in the formulations. The separation and recovery of Ga
and In from zinc refinery residue was investigated as a case study, with following results.

(1) Extraction equilibrium formulations of Ga and In are established, employing

D2EHPA, EHPNA, and PIA-226 as extractants and kerosene as diluent. For both metals, the
extract entity is MR, (RH) with D2EHPA and EHPNA, while MR ,CI(RH) with PIA-226 at

low loading ratios. At high loading ratios, the extract entities, or at least the stoichiometric

relations of the metals, are Ga,R;CI(OH), and In,R,CI(OH) with the three extractants. In

the case of a binary metal system with EHPNA and PIA-226, the mixed complex, containing
both Ga and In with mole ratio of 1 : 1, must be taken into account. In is more extracted than
Ga with the three extractants. D2EHPA is most suitable for the separation of Ga and In.

(2) Extraction equilibrium formulations for the ternary system containing Ga, In and
Zn are now well established, when D2EHPA is employed as the extractant and kerosene as the
diluent.

(3) The scrubbing effect of a metal-loaded organic solution with both metal-free and
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metal-containing solutions was investigated. This showed that both Ga and Zn in the organic
phase may be scrubbed off effectively into the aqueous phase with both types of scrubbing
solutions. The scrubbing effect can also be expressed by the proposed extraction scheme.

(4) The separation and recovery process for Ga and In with D2EHPA has been
evaluated by simulation work based on the equilibrium studies and an equilibrium
countercurrent extraction stage formulation. The process consists of three sections: (i) Zn
reduction, (ii) In recovery, and (iii) Ga recovery. Ga and In are shown to be capable of

effective recovery with purities of 9.91 x 10™ and 1.00, respectively.

5. Nomenclature

D = distribution ratio [-1
E = flow rate of the organic phase in counter-current cascade [//min]
F = flow rate of the aqueous phase in counter-current cascade [//min]
Koy = extraction equilibrium constant

K, = overall formation constant

M = metal

(RH), = dimeric species of extractant

S = concentration of free dimeric extractant [mol/I]
P = overall fractional recovery [-1
[] = concentration of the species in the brackets [mol/I]
<Subscripts>

aq = équeous phase

feed = aqueous or organic feed solution

i = component (Ga, In, or Zn)

org = organic phase

p = extraction stage number

P = total number of extraction stages

t = total value

<Superscript>

= organic phase species
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Chapter 11
Liquid-Liquid Extraction Process Combined with the Masking Reaction
~ Separation of Rare Earth Metals ~

1. Introduction

For the effective separation of rare earth metals, various modifications of the
extraction system are needed. One of the effective methods for improving the separation is to
modify the aqueous phase by adding a water-soluble complexing agent. In the presence of the
water-soluble complexing agent, a part of the metals in the aqueous phase is complexed and
thus hindered in the extraction by a masking effect with the agent. The magnitude of the
masking depends on complex formation constants, the agent concentration, and pH value of the
aqueous phase. The separation of the metals should thus be improved, when the above
conditions can be properly combined in the extraction system. The most popular water-
soluble complexing agents are amino poly acetates, such as ethylenediaminetetraacetic acid
(EDTA) and diethylenetriaminepentaacetic acid (DTPA).

There are several reports concerning this extraction system, especially for the rare
earth metals, when combined with a masking reaction with amino poly acetates at the
equilibrium state. Hirai et al. have reported the separation of rare earth metals with tri-n-
octylmethylammonium nitrate (TOMAN) and TOMAN/a-acetyl-m-dodecylacetophenone
(LIX54) in the presence of EDTA.®' In this case, the separation is improved by adding EDTA,
since the extractability of the rare earth metals with TOMAN decreases with atomic number.
The extraction behavior can be expressed using an extraction equilibrium formulations,
determined on the assumptions that (1) all the EDTA in the équeous phase forms a 1 : 1
complex with the rare earth metals and (2) the complexed rare earth metal is inactive in the
subsequent extraction.

Recently, crown ethers have been studied as the ion size selective masking reagents
acting in the aqueous phase in separation of alkaline earths and rare earths.®*®>  1-Phenyl-3-
methyl-4-benzoylpyrazol-5-one (HPMBP)/tri-n-octylphosphine oxide (TOPO) was used for the
separation of alkaline earth metals and D2EHPA/TOPO for the separation of rare earth metals,
in the presence of 18-crown 6-ether (18C6) or 15-crown 5-ether (15C5). A combined effect
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between the chelating extractants and crown ethers can be obtained in the rare earth metal
system, since the stability of the complex formed, between the crown ethers and the metal ions,
decreases with increasing atomic number. Sasaki et al. have synthesized sulfonated crown

6465 since for the

ethers, which are more hydrophilic than the conventional crown ethers,
conventional crown ethers, such as 18C6, the distribution of the ether into the organic phase is
not negligible.

It is known that the rate of extraction is decreased by the addition of DTPA or EDTA
to the extraction system.® A separation process, under non-equilibrium state, can therefore be
constructed, using this property. Minagawa et al. have investigated a non-equilibrium
separation process for Y from other rare earth metals, using acidic organophosphorus
compounds.”’” Matsuyama et al. have also investigated the effect of the addition of an organic
acid, such as citric acid or lactic acid, on the non-equilibrium separation of Y/Er, using Cyanex
272 (bis(2,4,4-trimethylpentyl)phosphinic acid).®® Under these conditions, rate of extraction
is increased considerably, although the selectivity (ratio between the extraction rates) is
decreased from 5.8 to ca. 3.5.

One of the problems encountered in an extraction system concerns the recovery of
both the complexed metals and the agents from the raffinate aqueous solution. It is well
known that the metal-EDTA complex is dissociated in high acidic solution, since EDTA exists
as the HysL form in such solution. The recovery of metals complexed with EDTA in the
raffinate solution, following dissociation of the metal, can therefore be achieved, using TBP,
which is active in such high acidic region.61 In addition, the protonated EDTA (H4L) also
tends to precipitate, under such conditions, which thus enables the EDTA to be recovered.
Matsuyama et al. have synthesized new hydrophilic chelating polymers, functionalized with
EDTA,® and have applied them to the extractive separation of heavy rare earth metals, using
Cyanex 272."° The chelating polymers synthesized are precipitated in the presence of rare
earth metals, suggesting that the recovery of the agent from the extraction system is thus
feasible.

The extractability of rare earth metals with acidic extractants, such as acidic
organophosphorus compounds, generally increases with increasing atomic number of the rare
earth metals and the complex formation constants for most complexing agents also increase

accordingly.71 The combined effect between extractant and complexing agent is, therefore,
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hardly obtained in an extraction system with such acidic extractants. The extractability of Y
with acidic organophosphorus compounds, however, lies between the values for Ho and Er,
whilst the magnitude of the complex formation constant for Y with EDTA is the lowest of the
three metals. Y, therefore, may be expected to be selectively extracted from Ho/Y/Er mixture
by combining complex formation with EDTA into the extraction system. In addition, the
separation of heavy rare earth metals is expected to be improved by adding DTPA, because the
complex formation constants from Dy to Lu decrease with increasing atomic number.”!

In this chapter, the liquid-liquid extraction process, combined with the masking
reaction with water-soluble complexing agent at the equilibrium state, is investigated. The
selective separation of rare earth metals in the presence of EDTA or DTPA is carried out as a
case study. First, the extraction equilibrium formulations of rare earth metals with EHPNA or
2-ethyl-2-methylheptanoic acid (VA-10) in the presence of the agent are investigated up to high
loadings, which is practical importance. The simulation work for the separation of rare earth
metals with counter-current mixer-settler cascade is then carried out based on the formulations

determined.

2. Experiment

2.1 Reagents.

2-Ethylhexyl phosphonic acid mono-2-ethylhexyl ester (EHPNA, marketed as PC-88A
by Daihachi Chemical Industry Co., Ltd., purity: 95.9 wt%) and 2-ethyl-2-methylheptanoic acid
(VA-10, marketed by Shell Chemical Co.) were used as received. The extractants were
diluted in kerosene. All the inorganic chemicals were supplied by Wako Pure Chemical
Industries as analytical grade reagents. Ethylenediaminetetraacetic acid (EDTA, disodium
salt) and diethylenetriaminepentaacetic acid (DTPA) were supplied by Dojin Chemical
Industries. Deionized water was purified by simple distillation prior to use. The aqueous
rare earth chloride solutions were prepared by dissolving the oxides in heated hydrochloric acid
followed by removing the excess acid by evaporation. The ionic strength of the aqueous
solution was held constant at 5.0 x 10" mol// by adding (Na,H)Cl. The organic solutions
were prepared by diluting each extractant in the diluent.
2.2 Procedure.

The aqueous feed solutions were prepared by adding appropriate concentration of

40



complexing agent and NaOH to rare earth chloride solution, in order to achieve a required
equilibrium pH value. The organic solutions were prepared by diluting the extractant with
kerosene, and the resultant extractant concentration was determined by potentiometric titration
using an automatic titration apparatus (Hiranuma Comtite-550). Organic and aqueous
solutions having volume ratios of 1 : 1 were shaken and equilibrated at 298 K. Weighed
organic samples were stripped with HCl with an O/A volume ratio of 0.5. The resulting
aqueous samples were analyzed by using a Nippon Jarrell-Ash ICAP-575 Mark II emission
spectrometer. The aqueous phase pH value was measured with an Orion 920A pH meter

equipped with a glass combination electrode.

3. Results and Discussion

3.1 Extraction Equilibrium Formulations in the Absence of the Water-Soluble
Complexing Agent.
3.1.1 EHPNA System.

The extraction equilibrium formulations for rare earth metals with EHPNA at low

loading region has been reported by several investigators as shown in Eq. (2-1).

Ln* +3(RH), <> LaR,(RH), + 3H* ; Kex1 (2-1)
Figure 2-1 shows the relationship between the loading ratio of the organic phase and the

apparent extraction equilibrium constants, Kex;, assuming the concentration of free dimeric

extractant S =[(RH), };..q —3[5]. The apparent values remain constant up to the loading

ratio of about 0.25, indicating that monomeric species, LnR,(RH),, exist at loading ratios less

than 0.25. The values then increase with increase in the loading ratio, and the loading ratios
approach 0.4. This indicate that a complex containing the dimeric extractant and rare earth

metal with mole ratio of 5 : 2 is formed at high loadings. Thus, the formation of aggregated

species, (LnR,),(RH),, in the organic phase is assumed, as shown by Eq. (2-2).

Ln* +LnR,(RH), + 2(RH), <> (LaR,),(RH), +3H" ; Kex2 (2-2)
The most likely values of Ke; and Kex 2 are determined by the nonlinear least square method to

fit the experimental results, and these are summarized in Table 2-1.
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Figure 2-1  Relationship between loading ratio of organic phase and apparent
extraction equilibrium constants, Kex;. [(RH), ],y =5.0 x 107
mol/! and [LnJseq = 1.0 x 107 mol/l.

Table 2-1 Rare earth metals extraction equilibrium constants

Ho Y Er
Kex1 1.05 x 10 1.62 x 10 226 x10
Kex2 8.12 6.26 9.23

With these constants and by use of material balance equation for the dimeric extractant, the
concentration of free extractant concentration can be calculated, enabling the distribution ratio
to be calculated. The experimental distribution ratios are plotted versus equilibrium pH value
in Figure 2-2, and compared with the predicted values shown by solid lines. The behaviors of
single rare earth extraction by using EHPNA are successfully expressed up to high loading

ratios by the proposed scheme.
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Figure 2-2  Effect of equilibrium pH values on distribution ratio of rare earth
metals in single metal systems. Comparison of observed data with

prediction shown by solid lines. [(RH), s = 5.0 x 107 mol// and
[LnJtees = 1.0 x 107 mol/L.

The results obtained with single metal extraction are then extended to the extraction
from Ho/Y/Er ternary solution. If an interaction among the three metals is negligible, the

concentration of each rare earth metal in the organic phase is expressed as Eq. (2-3).

[Ln;], = [Ln;R,(RH),]+2[(Ln;R;),(RH),]

_ Kex,l,i [Lni3+ ]S3 Kex,l,iKex,Z,i [Lni3+ ]2 SS
= ; +2 6 (2-3)
[H'] [H']

The concentration of feed dimeric extractant is expressed as Eq. (2-4).

[(RE), Jieg =3 [LnR; (RH), ] +5 3 [(Ln,R ), (RH), ]+ [(RH), ]

=3z

With the extraction equilibrium constants determined in the single metal systems and by using

[H'P [H'T

1

K, ,;[Ln*]s’ K., K., [Ln>]S°
ex,l,l[ i ] ]+52( ex,Li ex,2,x[ i ] +S (2_4)

Eq. (2-4), the concentration of free dimeric extractant, S, can be calculated, enabling the

distribution ratio to be calculated by using Eq. (2-3). Experimental distribution ratios are
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plotted in Figure 2-3, as a function of pH, together with the above predicted values, shown by
the solid lines. The data are seen to agree well with the prediction, thus indicating that the
extraction equilibrium formulations obtained in each of the single metal system can also be

used in the ternary metal system, in the absence of EDTA.

A L} T ! 1 T ¥ I 1] I
101 | =
Q i calculation -
i key metal |

O Ho

o Y

102 A Er
o L L 1] 1 L 1 I L i 1 i I 1 h

0.5 1 1.5

PH[-]

Figure 2-3  Effect of pH on distribution ratios for rare earth metals in the ternary
system. Comparison of experimental data with prediction, as

shown by solid lines. [(RH),};.q =5.0 x 102 mol/! and [Lnj]teea =
3.0 x 10 mol/L.

3.1.2 VA-10 System.
The extraction equilibrium of heavy rare earth metals (Y, Er, Lu, and Yb) at low

loadings is formulated as Eq. (2-5) by using the slope analysis method.

Ln* +3(RH), <> LoR,(RH), +3H" ; Kex1 (2-5)
This formulation is consistent with that reportéd previously." The high loadings of the
extractant were brought about by increasing the feed metal concentration and by raising the
equilibrium pH value. The maximum loading ratios approach about 0.66, suggesting that a
complex containing the metal and the dimeric extractant with a mole ratio of 2 : 3 is likely to

be formed at the extreme conditions of maximum loading ratios of the extractant. Therefore,



the formation of aggregated species, (LnR,), , in the organic phase is assumed, as shown in Eq.

(2-6).

Ln> + LnR,(RH), <> (LnR,), +3H" ; Kex2 (2-6)
The extraction equilibrium constants are determined by the nonlinear least square method, and
are summarized in Table 2-2. The distribution ratios are then predicted with these constants
and by using the material balance equations for the concentration of rare earth metal in the

organic phase and the feed concentration of the dimeric extractant, as previously shown in

EHPNA system.

Table 2-2 Extraction equilibrium constants for rare earth metals
Y Er Yb Lu

Kexa 2.92 x 10 5.30 x 10™ 5.11 x 10™ 9.09 x 10™
Kex2 1.84 x 107 459 x 107 1.85 x 10 1.95 x 10

10°

10"

D[-]
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key metal

TG TTT]
raanl
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Figure 2-4  Effect of equilibrium pH values on the distribution ratios in single
metal systems. Comparison of observed data with prediction

shown by solid lines. [(RH), ], =2.5 x 102 mol/! and [Ln]ses =
5.0 x 10 mol/L.

45



The experimental distribution ratios are plotted in Figure 2-4, together with the predicted lines.
The extraction behavior of these rare earth metals in single metal systems can be expressed up
to high loadings by the proposed extraction scheme.

The results obtained in single metal systems are extended to the extraction in Y/Er and
Yb/Lu binary systems. The experimental distribution ratios of each metal in each binary
system are plotted in Figure 2-5 (a). If the interaction between the two metals is negligible,
the distribution ratios of each metal can be calculated using the extraction equilibrium
constants determined in the single metal systems. The predicted distribution ratios are shown
in Figure 2-5 (a) by solid lines. The experimental data except for the low loading region are
seen to cluster on the predicted values, indicating that the extraction scheme obtained in the

single metal system also describes the binary metal system.
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Figure 2-5  Effect of equilibrium pH values on (a) distribution ratios and (b)
separation factor in binary systems (Y/Er and Yb/Lu). Comparison

of observed data with prediction shown by solid lines. [(RH),]..,=
2.0 x 107 mol/I and [Ln;]geeq = 1.0 x 10 mol/L.
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The deviation between the experimental and predicted values at low loadings may be due to
limitations of the ICP-AES analytical, caused by the interaction between the two metals during
analysis. The experimental and predicted separation factors, defined as the ratio of
distribution ratios, are also shown in Figure 2-5 (b). In the case of the Y/Er system, the ratio
of Kex > for the two metals is larger than the ratio of K.y 1, thus enhancing the separation factor
with increasing loading ratio. In the case of the Yb/Lu system, however, the separation factor
is almost independent of the loading ratio, because the ratio of K, for the two metals is
slightly lower than the ratio of Key 1.
3.2 Extraction Equilibrium Formulations in the Presence of the Water-soluble
Complexing Agent.
3.2.1 EHPNA System in the Presence of EDTA.

It is known that the ability of EDTA (H4L) to complex with rare earth metals depends
on the pH value of the aqueous solution, since only the dissociated ligand of EDTA (L") forms
a complex with the rare earth metal. The formation of the dissociated ligand of EDTA, as a

function of pH, and the corresponding overall formation constants are expressed by Egs. (2-7)-

(2-10).
H* + 1" < HL> ; B = 10" (2-7)
2H* +L* < H,L* ; By = 10'5% (2-8)
3H* +L" < H,L ; B3 =10'8% (2-9)
4H* +LY < H,L ; By = 10%°% (2-10)

The complex formation reaction between any rare earth metal, Ln;, and EDTA is expressed by
Eg. (2-11).

ILn>* +L* < InL" ;K (2-11)
The concentrations for total EDTA and for the total rare earth metals are expressed by Egs. (2-
12) and (2-13), respectively, for the case of three rare earth metals (Ho, Y, and Er) and EDTA,
contained in aqueous solution.

[EDTA] = [L*"]+[HL* ]+ [H,L* ]+ [H,L'] + [H,L]+ ¥ [Ln,L"]

= U+ B[H' ]+ B[H T + B5[H'T + B,[H'T' + ¥ Ky, [Ln, " DIL™] (2-12)
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[Ln;}, =[Ln;”]+[Ln,L7] (2-13)
The concentrations of the individual free rare earth metals are expressed by Eq. (2-14).

(Ln*]= 1 +[z:[]tL4_] (2-14)
Literature values for the complex formation constants, K¢;, for Ho, Y, and Er are given by
1018'60, 1018'08, and 1018'83, respectively.71 Using these constants in combination with the use
of Egs. (2-12) and (2-14), the concentration of the dissociated ligand of EDTA, [L*], can be
calculated, also enabling the concentration of the free and complexed rare earth metal to be
determined using Eqs. (2-13) and (2-14).

With EDTA, the rare earth metal, when complexed with EDTA as Ln;L, is assumed
not to take part in the extraction, and, thus, the distribution of each rare earth metal between
aqueous and organic phases is determined only by the free rare earth metals in the aqueous

phase, Ln;**. The material balance of each rare earth metal in the extraction system in the

presence of EDTA is expressed as Eq. (2-15).
[Ln;Jes =[Ln;], +[Ln;],

=[Ln;”"]+[Ln,L"] +[LoR , (RH); ]+ 2[(LaR ,), (RH), ] (2-15)
The distribution ratio for each rare earth metal in the presence of EDTA is also expressed as Eq.
(2-16).

o],  [La],

R T B @-16)
[Ln;], [Ln,” ]+ [Ln;L"]

Based on the above assumption, an apparent distribution ratio, D, ;, defined as [Ei] /[Ln>],
can be calculated, enabling a predicted value of the distribution ratio, D;, in the presence of
EDTA to be calculated. The effect of pH on the distribution ratios for Ho, Y, and Er in the
ternary system, in the presence of EDTA, is plotted in Figure 2-6, together with the calculated
distribution ratios, as shown by the solid lines. The experimental data are seen to cluster on
the respective predicted lines, thus indicating that the proposed extraction scheme can be used
to describe the extraction system, in the presence of EDTA. As shown in Figure 2-6 (a) for
[EDTA] = 5.0 x 10° mol//, the distribution ratios for Ho and Er are suppressed more than for Y
with a masking effect occurring at the high pH region. With an increased concentration of 1.0

x 10 mol/l EDTA (Figure 2-6 (b)) reversed, as compared to Figure 2-3, and enhances the
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selective extraction of Y.

Figure 2-6
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Effect of pH on distribution ratios for the rare earth metals in the
ternary system in the presence of EDTA. Comparison of
experimental data with prediction, as shown by solid lines.
[(RH), Jsed = 1.0 x 102 mol/! and [LnyJgeea = 5.0 x 10° mol/Z, and

[EDTA] = (a) 5.0 x 10° mol/l and (b) 1.0 x 10 mol/I.

3.2.2 VA-10 System in the Presence of DTPA.

In the case of DTPA, it is also generally known that a rare earth metal formsa1:1

complex with the dissociated ligand of DTPA (L) as shown in Eq. (2-17).

Ln* + 1’ < Lal™ ; Ky 2-17)
The literature values of the complex formation constants of DTPA, K, for Y, Er, Yb, and Lu
are 10°%% , 1022‘74, 1022‘62, and 1022‘44, respectively.71 Figure 2-7 shows the distribution ratios
of Y in the presence of DTPA or EDTA. In the presence of the complexing agent, the
distribution ratios become lower than those in the absence of the agent as expected. The
distribution ratios in the presence of the complexing agent are predicted by combining the
extraction equilibrium expression and the complex formation reaction between the agent and

rare earth metals in the aqueous phase.

lines in Figure 2-7.
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Figure 2-7  Effect of equilibrium pH values on the distribution ratios of Y in a
single metal system in the presence of DTPA or EDTA.
Comparison of observed data with prediction shown by lines.
Solid line: based on 1 : 1 complex, dotted line: based on 1.5 : 1

complex. [(RH),]pq =2.0 x 102 mol/l, [Y]geea = 2.0 x 10 mol/J,
and [complexing agent] = 1.0 x 10 mol/l.

In the EDTA system, the experimenta] data are seen to cluster on the predicted values based on
the assumption of a 1 : 1 complex. In the DTPA system, however, the experimental values
are lower than those predicted based on the assumption of a 1 : 1 complex. The predicted
values for the DTPA system should be equal to those for the EDTA system, because both
complexing agents are completely dissociated and form a 1 : 1 complex with rare earth metals
in this pH region. The deviation of experimental values from predicted values in the DTPA
system may be caused by a change in the molar ratio of rare earth metal and DTPA in the
complex. Several calculation runs were carried out assuming various molar ratios of rare
earth/DTPA in the complex. The predicted values based on the molar ratio of rare earth to
DTPA of 1.5 are shown in Figure 2-7 by the dotted line. The experimental data are seen to
cluster on the predicted line based on a 1.5 : 1 complex at pH < 6.15, but are located between
the predicted lines based on the ratios of 1 : 1 and 1.5 : 1 at pH > 6.15. In the case of binary
systems (Y/Er and Yb/Lu), most of experimental data also fall between the predicted values

with the ratios of 1 : 1 and 1.5 : 1, suggesting that the average of the molar ratio of rare earth to
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DTPA in the extraction system with DTPA varies between 1 and 1.5. Figure 2-8 shows the
distribution ratios of each rare earth metal in the binary systems (Y/Er and Yb/Lu) in the
presence of DTPA.
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Figure 2-8  Effect of equilibrium pH on (a) distribution ratios and (b) separation
factor in binary systems (Y/Er and Yb/Lu) in the presence of DTPA.

[(RH),]py = 2.0 x 102 mol/, [LnJgeea = 1.0 x 10 mol/l, and
[DTPA] = 1.0 x 10 mol/L.

In the case of the Y/Er system, the order of extraction between Y and Er is reversed by the
masking effect with DTPA. The effect increases with increase in the equilibrium pH value,
making the distribution ratio of Er decrease, and thus improves the selective extraction of Y.
In the case of the Yb/Lu system, however, the separation is hardly changed by the presence of
DTPA, although this is expected by the masking of Yb, which is the less extractable
component. This is due to the fact that the ratio of rare earth metal and DTPA changes from
1:1to1.5:1. In this system, thus, the masking effect with DTPA is hardly expected, and the

separation factor decreases with increase in the loading ratios. The following investigation
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was carried out in only EHPNA/EDTA system, because the extraction equilibrium
formulations in VA-10/DTPA system cannot be determined quantitatively.
3.3 Scrubbing Effect of Metal-Loaded Organic Solution.

The metal-loaded organic solution was then contacted with an aqueous scrubbing

solution. The resulting loading ratios are plotted against pH values in Figure 2-9.
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Figure 2-9  Effect of pH values on the loading ratios of rare earth metals after
scrubbing of organic phase with (a) metal-free and (b) metal-
containing scrubbing solution. Comparison of observed data with

prediction shown by solid lines. [(RH), .., = 5.0 x 10 mol/L.

The experimental values are seen to cluster on the prediction shown by solid lines, based on the
extraction equilibrium formulations, in both systems with metal-free and metal-containing
scrubbing solution, indicating that the metal exchange reaction is also expressed by the
proposed extraction scheme. For both systems, the effect of scrubbing is not obvious, since

the amount of heavier metals is too small to enhance the separation. Figure 2-10 shows that
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the loading ratios following scrubbing treatment with EDTA containing aqueous solution,
together with the prediction shown by solid lines based on the established extraction

equilibrium formulations.
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Figure 2-10 Effect of pH values on the loading ratios of rare earth metals after
scrubbing of organic phase with (a) metal-free and (b) metal-
containing scrubbing solution in the presence of EDTA.
Comparison of observed data with prediction shown by solid lines.

[(RH), l4es =5.0 x 102 mol/! and [EDTA] = 5.0 x 10 mol/!.

The experimental data are seen to cluster on the respective prediction lines, indicating that the
scrubbing with EDTA containing aqueous solution is also expressed by the proposed extraction
scheme. The loading ratios of each metal after scrubbing with EDTA containing solution
much decreased than those with EDTA absent solution because of complex formation reaction.
In both cases, Er and Ho are effectively scrubbed off into the aqueous phase with remaining Y

in the organic phase, especially at high pH region. Therefore, separation of Y from Ho/Y/Er
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mixture solution is expected to be attained with the selective extraction of Y and effective
scrubbing of Ho and Er by adding EDTA in the aqueous phase.
3.4 Separation Process of Rare Earth Metals in the Presence of EDTA.

Based on the above equilibrium studies, a simulation study of the separation of Y from
aqueous solution containing Ho/Y/Er at identical concentrations of 1.0 x 10" mol/I was carried
out. Firstly, the effect of the aqueous feed solution concentration of EDTA, on the selective
extraction of Y, was investigated. Figure 2-11 shows the effect of EDTA concentration on
the calculated distribution ratios obtained for each metal and the corresponding separation

factors between Y/Ho and Y/Er at an equilibrium pH value of 1.5.
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Figure 2-11 Effect of EDTA concentration on distribution ratio and the
separation factor in the ternary system. [(RH), J,..; = 2.0 x 102 mol/!
and [LniJfeea = 1.0 x 10Z mol/l, and pH = 1.5.

The separation factors for Y/Ho and Y/Er both increase with EDTA concentration due to the
enhanced masking effect for Ho and Er. The distribution ratio for Y, however, decreases for
EDTA concentration greater than 2.0 x 10 mol/l. An EDTA concentration of 2.0 x 107
mol/l was, therefore, used thereafter.

A simulation of the separation of Y from Ho/Y/Er mixture solution by counter-current
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mixer-settler cascade can be carried out, using the extraction equilibrium formulations and the
material balance formulations for the each component. A schematic flowsheet for a counter-

current mixer-settler cascade is shown in Figure 2-12.
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Figure 2-12 Schematic flowsheets for the counter-current mixer-settler cascade
with (a) extraction only and (b) combined extraction and scrubbing
sections.

Firstly, separation with only an extraction section (Figure 2-6 (a)) was carried out. In this
simulation, the input values of F (= 1 //min), E (= 1 I/min), [Lni]gfed (= 1.0 x 107 mol/l),
[Ln, g, (= 0 mol/l), [H*]g,1, [EDTA] (= 2.0 x 102 mol/l), and [(RH),].; (= 2.0 x 10”2 mol/)
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were applied. The calculation was done as described in Chapter I, as follows. When
temporary values of [Ln; ]z, and [H"];, are given, D;; is calculated using Egs. (2-14)-(2-16),
and then [Ei]ﬁ,l is calculated. The values of [Ln;Jg, and [H"];, are thus calculated based

on the material balance formulations in each stage. These calculations are carried out in a

similar way from stage 1 to P repeatedly, until the resulting value of [Ln;]; .., becomes equal
to the given [Ln;]z.., by changing the value of [Ln;];, based on the material balance

formulations in the cascade.
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Figure 2-13 Simulation studies for separation of Y from a Ho/Y/Er mixture by a
counter-current mixer-settler extraction cascade with 10 extraction

stages for the conditions: F : E=1:1. [(RH),]., =20 x 107
mol/l, [Ln;]g feea = 1.0 x 10 mol/l, and [EDTAJg = 2.0 x 10” mol/L.

Figure 2-13 shows the resulting organic phase rare earth concentrations for the case of a ten-
stage extraction cascade. With an aqueous feed pH value of 1.57 (Figure 2-13 (a)), the pH

values in stages 5-10 hardly deviate from the feed value and the overall fractional recovery of Y,
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py =E Y] gp/ F [Y]geq » Obtained is of low order. For a feed pH value of 2.92 (Figure 2-13

(b)), the pH values increase with increasing stage number, and an effective overall fractional
recovery of py = 491 x 10" can be obtained. In addition, the masking effect for Ho and Er
increases with the increasing pH, making the concentrations for Ho and Er in the organic phase
decrease slightly with increasing stage number for stages 3-10. However, the overall

decontamination factor, f = py /(Py, + Pg ), is not increased drastically, thus indicating that a

scrubbing section is needed in the extraction cascade in order to achieve an effective separation
forY.

The effect of an additional scrubbing section was therefore ihvestigated. Figure 2-12
(b) shows the schematic flowsheet for both extraction and scrubbing sections. In this

simulation, values of F (= 1 [/min), E (= 1 /min), C (= 1 ¥/min), [Lni]g feea (=2.0 x 10 mol/l),
[Lny]cseed (= 0 mol/l), [Ln, I, (= O mol/l), [H']g s, [EDTAJ (= 4.0 x 107 mol/l), [EDTA]c (=

8.0 x 10° mol/l), and [(ﬁ)—z—]feed (=2.0 x 10% mol/l) apply. The calculated rare earth metal
concentrations in the organic phase for a cascade of ten-stage extraction stages and a single
scrubbing stage are shown in Figure 2-14. In this simulation, the pH value at the output of
the scrubbing section, [H*]c,p, was set equal to that at the input to the extraction section,

[H']g11- Although the fractional recovery value, py (= E -[?]C,Q HEF “[Y]g s +C " [Ylceea) )s

was decreased to 1.11 x 10, the recovery efficiencies for Ho and Er were decreased
substantially to 3.99 x 107 and 5.40 x 107, respectively, due to the scrubbing effect obtained
with the EDTA containing solution and resulted in an effective separation with the overall
decontamination factor f= 1.18 x 10. 'With increasing in scrubbing stage number from one to
two, the separation of Y is much improved with f = 6.33 x 10, while the recovery decreased

with py =4.90 x 107 (where pHc;s = 1.675).
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Figure 2-14 Simulation studies for separation of Y from a Ho/Y/Er mixture by a
counter-current mixer-settler cascade with 10 extraction stages and a
single scrubbing stage for the conditions: F : E : C=1:1: 1.

[(RH), ]y = 2.0 x 102 mol/l, [Li]g eea = 2.0 x 10”2 mol/l, [EDTAJg

= 4.0 x 10 mol/l, [Ln;Jc.feea = 0 mol/l, and [EDTA]c = 8.0 x 107
mol/L.

4. Summary

The liquid-liquid extraction system, combined with the masking reaction with water-
soluble complexing agent at the equilibrium state, was investigated. @The extraction
equilibrium in the presence of the agent is formulated up to high loading ratios by taking the
complexing reaction between the metals and the agents into account. The extraction process
combined with the masking reaction can be designed using the simulation method, based on the
extraction equilibrium formulation and the material balance. The separation process of heavy
rare earth metals in the presence of EDTA or DTPA was investigated as a case study, with
following results.

(1) Extraction equilibrium formulations for rare earth metals with EHPNA and VA-10
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are established and extraction equilibrium constants are determined employing kerosene as

diluents. LnR,(RH), is mainly formed at low loading ratios in both extractant systems, and

then the aggregated species, (LnR;),(RH), in EHPNA systems and (LnR,), in VA-10 system,

appear with increasing loading ratio of organic phase.

(2) In EHPNA system, the extraction behavior in the presence of EDTA can be
expressed satisfactorily, by assuming that the rare-earth metals when complexed with EDTA do
not take part in the extraction. The extraction of Ho and Er in the presence of EDTA is
suppressed compared to Y by a masking effect and the selective extraction of Y enhanced.

(3) In VA-10 system, the distribution ratios of each metal are decreased by the
masking effect. In the Y/Er system, the order of the extractabilities of Y and Er is reversed
and the selective extraction of Y is improved especially at high pH values, while the separation
is little changed in the Yb/Lu system. The ratio of rare earth metal and DTPA in the rare
earth-DTPA complex is not 1 : 1, but varies between 1 : 1 and 1.5 : 1 in the extraction system.

(4) Based on equilibrium extraction studies, a simulation study for the separation of Y
from a Ho/Y/Er mixture of initially identical concentration using a countercurrent mixer-settler
cascade was carried out. This showed that an organic solution with an overall
decontamination factor of 11.8 can be obtained using a cascade of 10 extraction stages and
single scrubbing sfage using an aqueous feed solution with equal concentrations of all three
metals. Increasing the number of the scrubbing stages from 1 to 2 enabled the separation of Y
to be improved, with an overall decontamination factor of 6.33 x 10 being achieved, although

the recovery of Y obtained decreased.

5. Nomenclature

C = flow rate of the aqueous phase in the scrubbing section [//min]
D = distribution ratio ' [-]
E = flow rate of the organic phase [Z/min]
f = overall decontamination factor, py/(ouo + PEr) [-]
F = flow rate of the aqueous phase in the extraction section [!/min]
Kex = extraction equilibrium constant

K = complex formation constant
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L = dissociate ligand of EDTA or DTPA
Ln = rare earth metal

P = total number of extraction stages

Q = total number of scrubbing stages

(RH), = dimeric species of extractant

S = concentration of free dimeric extractant
S.F. = separation factor

B = overall formation constant

P = overall fractional recovery

[] = concentration of the species in the brackets
<Subscripts>

aq = aqueous phase

C = scrubbing section

E = extraction section

feed = aqueous or organic feed solution

i = component

org = organic phase

t = total value

<Superscript>

= organic phase species
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Chapter 111
Liquid-Liquid Extraction Systems Combined with the Photochemical

Reduction and Its Application for Hydrometallurgical Processes

1. Introduction

Generally, the ions with different valences behave like different metals with respect to
their extractability.”® There are several reports, concerning the difference in the extraction
behavior between metals with different valences, for example, Fe(I/II),”>" Cu(I/I),"*"
Co(I/IID),”® Eu(I/II)," Ce(I/IV),” Np(IV/VI),”® and Pu(II/IV/V).” Selective extraction
(stripping) can be carried out, in which the redox reaction is accompanied during the actual
extraction (stripping) process. There are three possible ways, for producing the redox reaction,
which progresses in an aqueous or organic phase. These are (1) chemical reaction, (2)
electrochemical reaction, and (3) photochemical reaction.

In the case of the redox reaction in the aqueous phase, the most simple method is the

74758086 Thig type of the redox reaction,

chemical reaction using the chemical reagent.
however, makes the extraction system further contaminated by the reagents, and thus, other
procedures to the redox reaction, such as electro- or photo- chemical reaction, are favored.
Several reports concern the case of the extraction system combined with in situ electrochemical
redox reaction. These include for V(IV/V).Y Ce(V),*¥ Eu(/m),*® and
Am(II/IV/VD).’>*  In most of these extraction systems, a two-compartment cell separated by
a cation exchange membrane was used as a laboratory reactor. Industrial scale

d.>* In the case of a photochemical redox

electrochemical reactors have also describe
reaction in the aqueous phase, a weak chemical redox reagent is sometimes needed.”®  Hirai
et al. have investigated the separation of Eu from Sm/Eu/Gd mixture by photoreductive
stripping of the Eu in D2EHPA/xylene system.”” The photochemical reduction of Eu in the
organic phase does not progress in this case, as the diluent, xylene, shows a large absorption
band in the UV region, in which the charge-transfer (C-T) band of Eu is included. The use of
a two-compartment type cell was, therefore, required in order for the Eu to be photoreduced in
the aqueous phase.

A redox reaction for the extracted species in the organic phase is also as effective as
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for the metal ions in the aqueous phase. There are several reports concerning the effect of the

98-100 Mg,101,102 and

auto-oxidation of the extracted species on the distribution ratio for Co,
Ce!%1% with chelating extractants. Oxidation of the Co(II) to Co(IIl), in the organic phase, is
especially important, as the oxidized Co(Ill) complex is inert for stripping by the mineral acid
solution and known commonly as so-called cobalt-poisoning. There are no reports, however,
applied the oxidation reaction of the extracted species in the organic phase for the separation
process. The reduction reaction, especially photochemical reduction, is very effective for the
separation of rare metals with high selectivity. Hirai et al. have investigated the
photoreductive stripping of Eu from Sm/Eu/Gd mixture in the DZEHPA system.'®1%  The
photochemical reduction of Eu in the organic phase proceeds well when cyclohexane or hexane
are used as diluent, but does not proceed in the organic phase with xylene as the diluent

7 A high selective separation with a Eu purity of about 99 % can be carried out from

system.
a Sm/Eu/Gd aqueous mixture of equal metal concentrations by the single extraction-
photoreductive stripping process. Hirai et al. have also investigated the separation of V/Mo

107109 A quantitative expression for

with photoreductive stripping of V in TOMAC system.
the difference in the distribution ratio of the metal ions has not been so far obtained. In recent
years, however, a relativistic density functional study for Pu(II/IV/VI)-Htta has been
presented.110 Further investigations, in this field, may throw light on the difference in the
extractability of such metal ions. There are also relatively few reports concerning the
mechanism for extraction, when combined with a photochemical reaction.

In this chapter, the liquid-liquid extraction systems combined with the photochemical
reduction of the target metal are investigated. The photoreductive stripping of Fe(IIl) and
photoreductive extraction of V(V) are carried out as case studies. The properties of the
photochemical reduction of the metals in the separate aqueous or organic solutions are firstly
investigated. The reaction is then combined into the extraction system, and the distribution
ratios of the metals are controlled. The mechanism of the systems are investigated based on
the kinetic study. The effect of wavelength of the irradiated light on the reaction and the
possibility for the reuse of the organic phase were also investigated. The extraction systems,

combined with the photochemical reduction for the target metal, are then applied for the

separation of Fe(Ill) and the cobalt-poisoning problem.
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2. Experiment

2.1 Reagents.

2-Ethylhexyl phosphonic acid mono-2-ethylhexyl ester (EHPNA, marketed as PC-88A
by Daihachi Chemical Industry Co., Ltd., purity 95.9 wt%), bis(2-ethylhexyl)phosphoric acid
(D2EHPA, marketed as DP-8R by Daihachi Chemical Industry Col, Ltd., purity 96.6 wt%), 2-
hydroxy-5-nonylacetophenone oxime (marketed as LIX-84I by Henkel Hakusui Co., Ltd.), and
2-hydroxy-5-nonylbenzophenone oxime (marketed as LIX-65N by Henkel Hakusui Co., 1td.)
were used as extractants without any further purification. All of the inorganic chemicals, n-
dodecane, and formic acid (90 %) were supplied by Wako Pure Chemical Industries as
analytical-grade reagents. Deionized water was purified by simple distillation, prior to use. In
the cases of Fe and Co systems, an aqueous feed solution was prepared by dissolving each
metal chloride into the diluted HCl solution. In the case of V system, the aqueous feed
solution was prepared by dissolving either NaVO; or VOSO-nH,O into the diluted H,SO4.
The organic solution was prepared by diluting the extractants with either n-dodecane or
kerosene.

2.2 Procedure.

The extraction equilibrium data were obtained by the conventional procedure, at an
organic/aqueous (O/A) volume ratio of 1, at 298 K. The photochemical reaction of metals in
both single aqueous and organic solutions and the photoreductive stripping or extraction were
carried out using a beaker-type glass bottle (32 mm in diameter). A 500 W xenon lamp
(Ushio, UXL-500D-0) with irradiation intensity of 580 kW/m” was used as the light source in
the case of Fe and V systems, and a 500 W halogen lamp (Eikohsha Co., 1td., EHC-500) with
irradiation intensity of 706 kW/m® was used in the case of Co system. The wavelength of
irradiated light was adjusted by virtue of the Pyrex glass material of the reaction bottle (greater
than 300 nm) or by using appropriate cutoff filters. The concentrations of metals in the
aqueous solutions were analyzed using an inductively coupled argon plasma atomic emission
spectrometer (Nippon Jarrell-Ash ICAP-575 Mark IT). The absorption spectra were measured
using an UV-vis spectrophotometer (Hewlett-Packard HP 8452A). The water concentration
in the organic phase was determined by Karl Fischer titration using a Kyoto Electronics MKS-1.

The photointensity was measured by thermopile (The Eppley Laboratory, Inc.).
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3. Results and Discussion

3.1 Extraction Equilibrium Formulations.

Figure 3-1 shows the effect of the equilibrium pH value on the distribution ratios of
Fe with EHPNA in n-dodecane and V with D2EHPA in n-dodecane. In the case of Fe, the
distribution ratio for Fe(Il) is much lower than that for Fe(Ill) in all pH range investigated in
accordance with the valences, which are identical to positive charge. This extraction behavior,
therefore, indicates that the selective stripping of Fe may be expected to progress by combining
reduction during the stripping process. The slope analysis method revealed the extraction

equilibria for Fe(Ill) and Fe(Il) being expressed as Egs. (3-1) and (3-2), respectively.

Fe** +3(RH), <> FeR,(RH), +3H* (3-1)

Fe?* +2(RH), <> FeR,(RH), + 2H" (3-2)
In the case of V, however, the distribution ratio for V(V) is smaller than that for V(IV), which
is contrary to the valences. This may be because V(V) and V(IV) exist as VO," and VO** in

such acidic solution with pH value of 0-2.'"!

key metal
® Fe(ll)
O Fe))
A V(v
A V(V)

pH[-]

Figure 3-1 Effect of the aqueous pH on the distribution ratio for Fe with
EHPNA and V with D2EHPA. [(RH),],., = 5.0 x 10" mol// and

[M]geea = 1.0 x 107 mol/l.
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The selective extraction of V is thus expected by combining reduction during extraction,
especially at high pH region. The slope analysis method revealed the extraction equilibria for

these metals being expressed as Egs. (3-3) and (3-4).

VO," +(RH), <> VO,R(RH) +H" s Kexvony = 112 x 107 (3-3)

VO> +2(RH), <> VOR,(RH), +2H*  ; Kexvav) =3.79 x 10 (3-4)
3.2 Photochemical Reduction of the Metals in the Aqueous or Organic Solutions.

3.2.1 In the Aqueous Solution.

The photochemical reduction of Fe(IlI) in an aqueous solution using a xenon lamp was
performed in the presence of formic acid, as a radical scavenger. Formic acid is known to
scavenge the hydroxyl radical produced by the photochemical reduction of V'® and Eu.!%
Figure 3-2 shows the effect of photoirradiation on the absorption spectra for the aqueous

solution containing Fe(IIT), hydrochloric acid, and formic acid.

Absorbance [ -]

—
I T ) T T I T T T T I ) T T

' ' 1 1 I i)
300 400

Wavelength [ nm ]

Figure 3-2  Absorption spectra for an aqueous solution containing 1.0 x 107
mol/l Fe(Ill) before and after photoirradiation. The dotted line is

the spectrum of the solution containing 1.0 x 10 mol/! Fe(Il).
[HC1] = 1.1 mol/l and [HCOOH] = 1.4 mol/l. Reference: air.

The absorption band at 335 nm appears in the presence of hydrochloric acid, and this band may

show the charge-transfer (C-T) band between Fe(IIl) and chloride ion. The absorbance of the
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band decreased with photoirradiation time. The absorption spectrum of an Fe(II) aqueous
solution containing hydrochloric acid and formic acid is also shown in Figure 3-2 by the dotted
line. These spectra indicate that in an aqueous solution Fe(IIl) is photoreduced to Fe(Il).
Without formic acid, no change in the absorption spectra of Fe(IIl) was observed during the
photoirradiation. Thus, the mechanism of the photochemical reduction of Fe(Ill) in an
aqueous solution is shown to occur by electron donation from water, with the hydroxyl radical
produced being scavenged by formic acid. This is shown in Egs. (3-5) and (3-6), which is
identical with that of the photochemical reduction of Eu, as found in other studies.''?

Fe** +H,0 — Fe** + H* +-OH (3-5)

*OH + HCOOH — H,0 +-COOH (3-6)

In the case of V(V), the photochemical reduction occurs without radical scavenger,
and an absorption at around 768 nm appears, which is attributable to V(IV).107 The rate of
photochemical reduction of V was then investigated, following Ar bubbling in order to purge
dissolved oxygen. Figure 3-3 shows a pseudo-first-order kinetic plot for the variation in the

aqueous concentration of V(V), with respect to irradiation time.

| [} ! 1 I 1 ! I
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Figure 3-3  Pseudo-first-order plot for the concentration of V(V) in the aqueous
solution during photoirradiation. [NaVOj3]geeq = 1.0 % 102 mol/l.
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A linear relationship is observed between the ordinate value of and photoirradiation time and
which is also independent of both pH and sulfuric ion concentration. The rate of
photochemical reduction of V(V) in aqueous solution is therefore first order with respect to

V(V) concentration, and can be expressed as Eq. (3-7) below, where k,v = 3.58 x 107 min™.

-- LN v 37)

a,Vv

The aqueous phase photochemical reduction of V(V) is likely to occur by electron donation

from the water, as indicated in by Egs. (3-8)-(3-10).

VO,(H,0),” +H,0 - VO,(H,0), +H" +-OH (3-8)
VO,(H,0), + 2H* = VO(H,0),* (3-9)
1 1
-OH — EHZO + ZOZ (3-10)
The overall reaction is thus shown by Eq. (3-11) which is identical to that found by Jeliazkowa
et al.'?
VO0,(H,0)," + %Hzo +H* = VO(H,0),” + %02 (3-11)

If the reduction of V(V) is the rate-determining step as shown by Eq. (3-8), then the overall
reaction rate may also be expressed by means of Eq. (3-7).
3.2.2 In the Organic Solution.

The photochemical reduction of Fe(Ill) in the single organic solution was investigated
using an ESR spectrometer. Fe(Il) is known to be ESR silent at room and liquid-nitrogen
temperature owing to its short spin-lattice relaxation time."'* Figure 3-4 shows the ESR
spectra of Fe(Ill) when extracted with EHPNA/n-dodecane. A signal at g = 1.97 is observed
with an intensity which is nearly proportional to the Fe concentration. The ESR spectrum for
3.0 x 10 mol/! Fe(Ill) in EHPNA/n-dodecane after photoirradiation for 5 h is also shown in
Figure 3-4 by means of a dotted line. When compared with the spectrum for 3.0 x 10™ mol/!
Fe(IIl) without photoirradiation, it is noted that the intensity is not changed, thus indicating that
the Fe(IIl) concentration in an organic solution is not affected by photoirradiation. It is
therefore established that no photochemical reduction of Fe(IIl) occurs in an organic solution,

and this is probably due to the lack of an electron donor, such as water.
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Figure 3-4  ESR spectra for Fe(Ill) loaded on EHPNA in n-dodecane. The
dotted line is the spectrum for 3.0 x 10° mol/l Fe(Il) following

photoirradiation. [(RH),],., =1.0 x 10" mol/L.

The photochemical reduction of V(V) in organic solution was also investigated.
V(V) is photochemically reduced in the organic solution, and again an absorption at around 768
nm, attributable to V(IV), appears. The rate of photochemical reduction of V was then
investigated, following Ar bubbling in order to purge dissolved oxygen. Figure 3-5 shows
the corresponding pseudo-first-order plot for the concentration of V(V) in organic solution as a
function of irradiation time. A linear relationship is again observed between and the
photoirradiation time, which is independent of extractant concentration, thus indicating that the
rate of photochemical reduction of V(V) in organic solution is first order with respect to V
concentration. The rate of photochemical reduction is therefore expressed as Eq. (3-12) where

kov =9.84 x 10? min™.

roy ==L (V) (12

The photochemical reduction of V(V) in organic solution is likely to occur via electron

donation from water dissolved in the organic solution.
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Figure 3-S5  Pseudo-first-order plot for the concentration of V(V) in the organic
solution during photoirradiation.

A plot of the concentration of the dissolved water versus the concentration of the
extracted V(V) or Fe(Ill) is shown in Figure 3-6. In the case of V(V)/D2EHPA system, the
quantity of water in the organic solutions much larger than that of V(V), and thus the
photochemical reduction progresses in the separate organic solution. In the case of
Fe(IIT)/EHPNA system, however, the quantity of water is smaller than that in the V system.
This difference in the quantity of water is likely to affect the ability of photochemical reduction
in the organic solution between the two metals, together with the redox potential. The overall

reaction is shown by Egs. (3-13) and (3-14).

VO,R(RH) + H,0 — VO,R(RH)" +H"* +-OH (3-13)

VO,R(RH)™ + (RH), + H* = VOR,(RH), + H,O (3-14)
If the reduction of V(V) as shown by Eq. (3-13) is the rate-determining step, the overall rate
equation can be expressed simply by means of Eq. (3-12). The hydroxyl radical produced in
the reaction is likely to be scavenged by the diluent, as was found prc:viously.109 The
photochemical reduction of V in the extraction system is expected to progress mainly in the
organic phase, since the rate constant for photochemical reduction in the organic phase is much

greater than that for the aqueous phase (ko/ka = 275).
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Figure 3-6  Effect of the concentration of Fe(Ill) and V(V) extracted on the
concentration of water in the organic phase. [(RH),]e.s =

5.0 x 10" mol/L.

3.3 Mechanism of the Extraction Systems Combined with the Photochemical Reduction.
3.3.1 Photoreductive Stripping of Fe(IIl).

The photoreductive stripping of Fe(Ill) was then carried out. In this, EHPNA in »n-
dodecane containing Fe(IIl) was contacted with the 2.4 x 10 mol/! HCI solution (pH = 0.79) at
a volume ratio O/A = 1, where the stripping of Fe(III) was not expected, as shown in Figure 3-1.
The mixture was then photoirradiated by the xenon lamp with agitation produced by a magnetic
stirrer.  Figure 3-7 shows the time-course variation in the aqueous phase Fe concentration.
Photoreductive stripping of Fe into the hydrochloric acid solution is seen to progress without a
radical scavenger. For the case of zero bubbling treatment, the photoreductive stripping of
Fe(IIT) was delayed and only started following an induction period of 120 min. In the case of
bubbling O,, this induction period was prolonged to 540 min, whereas in the case of Ar
bubbling, photoreductive stripping was seen to start immediately. Donohue has reported that
in the case of the photochemical reduction of Yb or Sm in a methanol solution no reaction was

d.ll5

found to occur until most or all of the oxygen was exclude Moreover, Fe(Il) is easily

oxidized to Fe(IIl) by the dissolved oxygen.''®
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Figure 3-7  Effect of Ar or O, gas bubbling on the photoreductive stripping of
Fe(Ill) in EHPNA/z-dodecane system. [(RH),].., = 2.4 x 107

mol/l, [Fe(l)],., = 1.0 x 10? mol/, and [HCl]ges = 2.4 x 107
mol/l.

In addition, following the initial induction period, no difference was seen in the rate of
stripping for all three cases studied here. Therefore, during the induction period, the dissolved
oxygen suppresses Fe(Ill) to be reduced to Fe(Il), and the stripping only starts to progress when
all of the oxygen in the extraction system has been consumed.

It is necessary to establish at which phase the photochemical reduction of Fe(IIl)
occurs. In this case, the rate of agitation with the magnetic stirrer was kept at 500 rpm in
order to maintain a flat interface. In addition, each phase was shielded separately from the
photoirradiation by aluminum foil. Photoreductive stripping hardly occurred in the case of
irradiation to the aqueous phase alone. In the case of irradiation to the organic phase alone,
however, photoreductive stripping was seen to occur, and the reaction progressed at a rate that
was almost identical with that in the case of irradiation to both phases. Because
photochemical reduction is found not to occur in the organic solution, Fe(Ill) is likely to be
photoexcited in the organic phase and to be reduced at the interface by electron donation from

water. Thus, Fe(Ill) is photoreduced at the interface according to the same reaction scheme as
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shown by Eq. (3-5), and the reduced Fe is then stripped into the aqueous phase. The hydroxyl
radical produced will then be scavenged by the diluent, as found in the case of V.1

A kinetic study of the photoreductive stripping of Fe(Ill) was carried out, using dilute
HCl solution as the stripping agent, to suppress the stripping efficiency without
photoirradiation less than 5 %. The initial Fe(Ill) concentration in the organic phase was kept
constant at 1.0 x 107 mol//, and the aqueous and organic solutions were agitated by a magnetic
stirrer with an agitation rate of over 4000 rpm. The photointensity was held constant at 5.80
x 10° W/m®. The rate of photoreductive stripping was independent of the agitation rate and

the photo intensity in this range.
Figure 3-8 shows the pseudo-first-order plot for the variation in the concentration of

Fe(III) in the organic phase with respect to irradiation time.
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Figure 3-8  Pseudo-first-order plot for the concentration of Fe in the organic
phase in the EHPNA/z-dodecane system. [(RH),].., = 1.0 x 10™

mol/l and [Fe(lD)],.., =1.0 x 10 mol/L.

At the start of photoreductive stripping, a linear relationship is observed between
ln([_IEEe_]fe.,:d /[ﬁ]) and photoirradiation time, indicating that the rate of photoreductive stripping

is of first order with respect to the Fe(Ill) concentration in the organic phase. The rate of
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photoreductive stripping can, therefore, be expressed as shown in Eq (3-15), using an apparent

rate constant, kg, '.

_d[Fe]
dt

The deviations between the experimental data and the straight lines at 180-300 min are caused

= kg, '[Fe] (3-15)

rFe

by the change in the photointensity of transmitted light during the photoirradiation, which will
be described later in this section. The effects of the initial hydrogen ion concentration and the

free dimeric EHPNA concentration, on the apparent rate constant k' are shown in parts a and

b of Figure 3-9, respectively. In this, only the experimental values obtained before 120 min

were used, because the values at 180-300 min deviated from the straight lines. Linear

relationships are shown between both In[H'] and Ink.,', and In[(RH),] and Ink;, ', with slopes

of 1 and -0.5, respectively. These results thus indicate that the rate of photoreductive

stripping of Fe(Ill) in the EHPNA/n-dodecane system can be expressed as

_d[Fe] _, [Fe][H']
di " [(RH),]”

- (3-16)

Fe

where kg = 2.75 x 102 I°mol *>min™.
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Figure 3-9  Effects of (a) initial hydrogen ion and (b) initial free dimeric

EHPNA concentration on the apparent rate constant, k' for Eq. (3-
15).
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Figure 3-10 (a) shows the effect of photoirradiation time on the concentration of Fe in
the aqueous phase as compared with the calculated value based on Eq (3-16). The changes of
the concentrations of free dimeric extractant and hydrogen ion during the reaction were taken
into account in the calculation, using the stoichiometric relationship based on Egs. (3-1) and (3-
2), respectively. The magnitude of the experimental values agrees well with the calculated
values during the initial part of the run but with increasing irradiation time become greater than
the calculated value. This deviation becomes notable in the run with the solution of lower

hydrochloric acid concentration.
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Figure 3-10 Effect of photo-irradiation time on (a) the concentration of Fe(IIl) in
the aqueous phase and (b) the transmitted photo intensity in the
EHPNA/n-dodecane system. Comparison of the observed data

with prediction is shown by the solid lines. [(RH), ], = 1.0 x 10
mol/l, [Fe(Ill)],., =1.0 x 10” mol/L.
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Figure 3-10 (b) shows the time-course variation in the photointensity of transmitted light. In
the case of low hydrochloric acid concentration at 4.7 x 10 mol//, the transmitted light
intensity increased as the photoreductive stripping of Fe(IIl) progressed, and the photoreaction
progressed more effectively than that predicted based on the initial photoreductive stripping
rate. Parts a and b of Figure 3-11 show the time course variations for the aqueous Fe
concentration for the D2EHPA in n-dodecane and kerosene systems, respectively. Assuming
the rate of photoreductive stripping to be expressed by the same equation as that for the
EHPNA system, rate constants were calculated as 1.30 x 10?2 *’mol®min™ for the n-

dodecane diluent system and 1.66 x 102 1*°mol >

min™ for the kerosene diluent system. The
corresponding calculated values for aqueous Fe concentration are as shown in parts a and b of
Figure 3-11 by the solid lines and such that the experimental values agree well with the
calculation, thus indicating that the rate of photoreductive stripping of Fe in the D2EHPA

system can also be expressed by Eq. (3-16).
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Figure 3-11 Effect of photoirradiation time on the concentration of Fe in the
aqueous phase in (a) the D2EHPA/n-dodecane system and (b) the
D2EHPA/kerosene system. The comparison of the observed data

with prediction shown by the solid lines. [(RH),].., = 1.0 x 10™
mol// and [Fe(Ill)],, = 1.0 x 10 mol/L
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The overall reaction mechanism for the photoreductive stripping of Fe(Ill) can be
divided into two reaction stages, the photochemical reduction of Fe(IIl) to Fe(Il) in the organic

phase, followed by the stripping of Fe(Il) into the aqueous phase, as follows.

FeR,(RH), + H,0 <> FeR,(RH), +(RH), +-OH | (3-17)

FeR,(RH), + 2H* <> Fe** +2(RH), (3-18)
This reaction scheme is deduced on the assumptions that the rate-determining step is the
photochemical reduction of Fe(IIl), as shown by Eq. (3-17), and that the rate of distribution of
the reduced Fe(Il) is fast.

The Fe(Ill)-extractant complex is found to be excited in the organic phase and to be
donated an electron from the water at the aqueous/organic interface. Assuming the extractant
to exist as a monomeric species at the interface, as was found in the case of D2EHPA," the

elementary reaction of Eq. (3-17) can be expressed in more detail as Egs. (3-19)-(3-24).

(RH), < 2RH Kk (3-19)
FeR, (RH), <> FeR, (RH), * : Kore (3-20)
FeR, (RH),* <> FeR,(RH), * T (3-21)
FeR, (RH), *+H* <> FeR(RH), +RH Koo (3-22)
FeR,(RH), +H,0—>FeR,(RH), +H*+-OH  ;kin (3-23)
FeR, (RH), — FeR, (RH), + RH (3-24)

If the rate-determining step is the photochemical reduction of Fe(IIl) as shown by Eq. (3-23),

the overall reaction rate equation can be expressed by Eq. (3-25).

o= -k [FeR, (RED, )
_ kureKor Ko Kope [FeR;(RH),JH'] _,  [Fe][H"] (325)
K,” (RE),]™ 7 [(RH),]* -

This agrees with the result from the kinetic study, as shown by Eq (3-16).
3.3.2 Photoreductive Extraction of V(V).

The photoreductive extraction of V was also carried out. In this, the extractant

D2EHPA in n-dodecane was contacted with the aqueous solution, containing NaVOs;, at a
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volume ratio of O/A = 1. The mixture was then photoirradiated following Ar bubbling with
agitation by magnetic stirrer. Figure 3-12 shows the effect of photoirradiation time on the

distribution ratio for V under conditions of vigorous stirring at over 4000 rpm.
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Figure 3-12 Effect of photoirradiation time on the distribution ratio for V.
Comparison of the observed data with predicted values, shown by

the solid lines. [(RH),]..; =5.0 x 10™ mol// and [NaVOs]secq = 1.0
x 10 mol/l.

In the extraction system, the time-course variation of the distribution ratio can be predicted,
when assuming that the rate of the reaction is dominated by the photochemical reduction of V
in the aqueous and organic phases, and the distribution of both V(V) and V(IV) between the
two phases is attained immediately. Such predictions, however, lead to much lower values for
the distribution ratio than for the experimental results. This difference may be caused by
photochemical reduction of V at the interface between the aqueous and organic phases, as was
also found in the case for the photoreductive stripping of Fe(Ill). The photochemical
reduction of V(V) at the interface may be thought to‘ be expressed by the mechanisms indicated

in Egs. (3-26)-(3-29).

VO,R(RH) <> VO,R(RH) s Kiv (3-26)
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VO,R(RH) +H,0 — VO,R(RH) +H'+OH ; k' (3-27)

VO,R(RH) +(RH), +H* — VOR,(RH), + H,0 (3-28)

VOR, (RH), = VOR, (RH), (3-29)
If the rate of photochemical reduction at the interface is first order with respect to the
concentration of V(V) at the interface, as in the case of reduction in aqueous and organic

solutions, then the interfacial surface rate equation can be expressed by Eq. (3-30),

ry'= -2 LN (V) = K, ok TIOV) (3:30)

where Q and A are the volume of organic phase and the area of interface, respectively.
Assuming the interface area to be constant, the overall rate equation at the interface can be
expressed as Eq. (3-31).
A4 I

Ty =5 '" k;v[V(V)] (3-31)
The overall rate constant for photochemical reduction of V at the interface was determined as
kiv = 1.75 x 10" min”", by nonlinear least squares fit to the experimental results. The change
in the concentration of V(V) and V(IV) in the aqueous and organic phases for a time interval At
lying between time ¢ and ¢ + Af can be calculated from a knowledge of the values of the rate

constants, k, v, ko v, and k; v, as indicated in Egs. (3-32)-(3-35).

[VV)]ia = % (3-32)

[VAV)],.a = VAV, +{[VOV)], ~[V(V)],.a} (3-33)

V). - (—:T+%-1)[WV”)], (3-34)
e (Vi

[V@V],.a = VAV)], +{VOV)], ~ [V, } (3-35)

Assuming that an equilibrium distribution of both V(V) and V(IV) between the phases is
attained immediately, the distribution ratio at the new time (¢ + Az) can be calculated using the
extraction equilibrium formulations previously determined. Repeated calculation, until the

values of the distribution ratios and the proton concentration converge, enables the apparent

distribution ratio, D = ([V(V)]+[VAV)D/([V(V)]+[V(IV)]), to be determined.
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These predicted values according to the above method are shown in Figure 3-12 by
means of the solid lines. The experimental data are seen to fall well on the prediction lines,
thus indicating that the photochemical reduction of V progresses both in the aqueous phase, the
organic phase, and at the interface. Figure 3-13 shows the time-course variation in reduction
yield for each phase, Y, defined as the ratio of the concentration of V(IV) reduced in the
appropriate phase to that of the feed V(V) concentration. The photoreductive extraction
progresses mainly via photochemical reduction at the interface and in the organic phase, with

the reduction in the aqueous phase hardly contributing to the overall photoreductive extraction.
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Figure 3-13 Effect of photoirradiation time on the distribution ratio and reduction
yield in each phase. [(RH),l.., =5.0 x 10" mol/l, [NaVOs]teea = 1.0
x 107 mol/l, and pHieeq = 1.02.

3.4 Effect of the Wavelength of the Irradiated Light.

Figure 3-14 shows the effect of the wavelength of the irradiated light, when varied by
the use of appropriate cutoff filters, on the time-course variation in the photoreductive stripping
of Fe(IIl) and photoreductive extraction of V(V). In the case of Fe, the reaction hardly occurs
when the irradiated light less than 400 nm is cut off. This may be caused by the ability for

photoabsorption of the extracted species.
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Figure 3-14 Effect of the wavelength of the light source on the time-course
variation in (a) photoreductive stripping of Fe(Ill) and (b)
photoreductive extraction of V(V). (a) Fe/EHPNA system,

[(RH), ..y =1.0 x 107 mol/l, [Fe(IM)],., = 8.8 x 10 mol/J, and
[HCl]feea = 2.4 x 10 mol/l, and (b) V/D2EHPA system, [(RH), ];...
=5.0 x 10" mol/l, [NaVOs)seeq = 1.0 x 107 mol/l, and pHieeq = 1.52.
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Figure 3-15 Absorption spectrum for organic solutions containing (a) Fe(III) and
() V(V). [(RH),].., =1.0 x 10" mol/l. Reference: air.

Figure 3-15 (a) shows the absorption spectrum for the organic solution with and without

Fe(Il) and indicates that the absorption band, caused by Fe(Ill), appears at 200-350 nm. In
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the case of V, the absorption band, caused by V(V), appears at 300-500 nm, and the reaction
hardly occurs when the irradiated light less than 500 nm is cut off. These results thus indicate
the photochemical reduction of the metals in the organic phase and at the interface progresses
following photoabsorption at the absorption band for the metal extracted.

3.5 Reusability of the Organic Phase.

The reuse of an organic solution following photoirradiation was also investigated. In
the case of Fe, the aqueous feed solution and organic solution were contacted at O/A =1. The
weighed organic solution was then contacted with 3.6 x 10" mol/I of HCI solution with O/A =
1 and were photoirradiated for 300 min. In the case of V, the aqueous and organic solutions
were contacted at O/A = 1 and were photoirradiated for 60 min. The resultant organic
solution was then stripped using 6 mol/l of HCl at O/A = 0.5. These resultant organic
solutions were then used for repeated processing after washing with 3 mol/l of HCl and then
water. Figure 3-16 shows the concentration of Fe or V in the organic phase during the
repeated extraction-stripping processing. The results thus show that the organic phase
possesses a sufficient loading and stripping capacity for use in repeated processing and confirm

the possible reuse of the organic phase following photoirradiation.
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Figure 3-16 The concentration of (a) Fe and (b) V in the organic phase following
the repeated extraction-stripping processing. [(RH),]..q = (a) 1.0

x 10" mol/l and (b) 5.0 x 10™ mol/l, [Mzea = 1.0 x 107 mol/l, and
PHseed = (2) 1.47 and (b) 0.86.
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3.6 Application of the Extraction System Combined with the Photochemical Reduction.
3.6.1 Separation Process.

In chapter I, the separation and recovery process for Ga and In from a zinc refinery
residue, containing both rare metals as minor components and Fe, Zn, and Al as major
components, was studied. The proposed process consists of two parts, the removal of the
major components by use of TBP and the separation and recovery of the two rare metals using
D2EHPA. In the first step, all of the Al was left in the aqueous phase. Fe(II) was removed
only at low hydrochloric acid concentration conditions in the aqueous phase, and a reduction of
Fe(III) to Fe(II) was needed prior to the extraction with TBP. The simple Fe removal process
was, therefore, investigated by combining photochemical reduction in the extraction step with
D2EHPA, following the TBP extraction step, in which the Al had already effectively been
removed. Two possible operations are to prevent Fe extraction in the extraction step and to
strip the Fe selectively from the loaded organic solution, as established in the previous section
of the present study. '

Thus, photochemical reduction is here combined in the extraction step to prevent the
extraction of Fe and to enhance the extraction of the two rare metals. A feed liquor containing
1.8 x 10 mol/l Fe(Ill), 3.0 x 10 mol/! Ga, 9.0 x 10> mol// In, and 2.3 x 10" mol/I Zn was
prepared as the feed solution, with a pHgeq Oof 1.61. Figure 3-17 shows the effect of
photoirradiation time on the concentration of each metal species in the organic phase. The pH
value fell from 1.61 to values of less than 0.8 in all cases, because of the extraction of metals at
the very beginning part of the extraction. The extent of pH reduction obtained depended on
the quantity of metals extracted and also on the use of formic acid as a radical scavenger.

For 5.0 x 107 mol/! dimeric D2EHPA without formic acid, the Fe concentration of the
organic phase remained constant for up to 24 h (Figure 3-17 (2)). D2EHPA at 5.0 x 10” mol/l
can extract less than half of Fe(IIl) in the feed solution, and therefore more than half the Fe(IIl)
remains in the aqueous phase. The extraction and photoreductive stripping processes for Fe
thus progress at the same time, because no photochemical reduction of Fe(IIl) occurs in the
aqueous phase without the presence of radical scavenger. At 2.0 x 10" mol// dimeric
D2EHPA, in the absence of formic acid, the organic phase Fe concentration decreases rapidly,
whereas the concentrations of the two rare metals and that of Zn increase with photo-irradiation

time (Figure 3-17 (b)). In this case, most of the Fe(II) present in the aqueous feed solution is
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extracted into the organic phase during the very early part of the operation and only then does
photoreductive stripping progress. After 20 h of photoirradiation, most of the Fe is removed
to the aqueous phase (the concentration of Fe in the organic phase being less than 1 ppm) and

an effective recovery of the Ga and In is achieved.
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Figure 3-17 Effect of photo-irradiation time on the concentration of Fe, Ga, In
and Zn in the organic phase. [Fe(Il)]geeq = 1.8 x 107 mol/l, [Galeea
=3.0 x 107 mol/l, [InJsees = 9.0 x 10° mol/l, [Zn]geeq = 2.3 x 10™

mol/l, pHgea = (2 and b) 1.61, and (c) 0.580, [(RH),l..s = ()

5.0 x 10 mol// and (b and c) 2.0 x 10™" mol//, and [HCOOH]teeq = (a
and b) 0 mol/l, and (c) 3.41 mol/l.

The hydroxyl radical produced by the photochemical reduction of Fe(Ill) is likely to be
scavenged with the diluent. The effect of the radical scavenger on the removal of Fe was then
investigated, where the addition of formic acid accelerates the removal of Fe from the organic
phase as shown in Figure 3-17 (c). After 12 h of photo-irradiation, most of the Fe is removed
into the aqueous phase (the concentration of Fe in the organic phase being 1.1 ppm). The pH
value of the aqueous feed solution was lowered by the addition of formic acid. The removal

rate of Fe into the aqueous phase becomes faster with an increase in the hydrogen ion
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concentration in the aqueous phase, as shown by Eq. (3-16). In addition, the rate of
photochemical reduction, as shown in Eq. (3-23), may be enhanced by the reductive effect of
the formic acid. The photochemical reduction of Fe(Ill) can, therefore, be combined both in
the extraction step, and in the stripping step to achieve removal of Fe for the
hydrometallurgical process. Although a long period of photoirradiation is needed for removal
of the Fe, the reaction time can be shortened by using a photochemical reactor with high
photoefficiency.

3.6.2 Stripping of Co Loaded on Hydroxyoxime Extractant.

It is well known that Co(II) when extracted via commercial chelating extractants, such
as hydroxyoxime type extractants, is difficult for recovery by conventional stripping procedure,
owing to cobalt—poisoning.us'120 This occurs because the Co(Il)-extractant complex formed is
easily oxidized to the trivalent state under atmospheric air and is then stabilized in the organic
phase. Effective stripping may therefore be expected to be carried out, if the oxidized Co(IIl)
complex can be photoreduced within the organic phase.
3.6.2.1 Extraction Equilibrium Formulations.

The extraction equilibrium formulation for Co with LIX-841 or LIX-65N as extractants,

when diluted with n-heptane, has been investigated and expressed according to Eq. (3-36).121

Co® +2RH <> CoR, +2H" (3-36)
Figure 3-18 shows the effect of the equilibrium pH value on the distribution ratio, for the n-
dodecane diluent system. Linear relationships with slope of 2 were obtained in the present
systems as for the reported n-heptane system, thus indicating that only divalent Co takes part in
the extraction.

Figure 3-19 shows the effect of the HCI concentration on the stripping efficiency for
Co at an O/A volume ratio of 0.5. The extraction-stripping was carried out using both Ar or
O, bubbling and also without bubbling. For both zero bubbling and bubbling with O,, the
stripping efficiency obtained with 6 mol// HCl was at most about 80 %, and thus quantitative
stripping, by the conventional method, cannot be achieved using either extractant system. In
the case of Ar bubbling and thus the absence of oxygen molecules in the system during the
extraction-stripping process, the stripping is substantially improved and quantitative stripping
is achieved at 6 mol// HCl. These results, thus, indicate that the Co is stabilized in the organic

phase by the presence of oxygen and which thus suppresses quantitative stripping.
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v0l%, and [Co],_, = (a) 6.76 mmol/! and (b) 7.13 mmol/.
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3.6.2.2 Mechanism for the Oxidation of Extracted Species.

The extracted species of Co using LIX-841 was analyzed by an ESR spectrometer.
Co(IIT) is known to be ESR silent, because it is not paramagnetic. Figure 3-20 shows the
ESR spectra for Co-LIX-841 complexes, prepared by extraction under sets of differing
conditions. In the case of Ar bubbling, a broad signal caused by Co(II)-LIX-84I complex,
shown by spectrum (a), is observed. However, by contacting it with air, new split sharp
signals, as shown by spectrum (b), appear. For both zero bubbling and for O, bubbling, only
the sharp signals are observed, spectra (c) and (d), and the broad signal corresponding to the
resulting Co(II)-LIX-84I complex is no longer observed.
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Figure 3-20 ESR spectra for Co loaded on LIX-84I in n-dodecane. The Co-
LIX-841 complexes were prepared by extraction under the differing
conditions with (a) Ar atmosphere, (b) Ar atmosphere but measured
following exposure to air, (c) air atmosphere, and (d) O, atmosphere.

[RH],, =30vol%,and [Col,, =(a)7.34 x 10 mol/l, (b) 7.32
x 107 mol/l, (c) 7.38 x 107 mol/l, and (d) 7.35 x 10~ mol/l.
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Co(II) complexes are well known to add easily to an O, molecule, and to be oxidized to Co(I),

to form a superoxo complex as expressed by Eq. (3-37).121%

Co(II) + 0, = Co(IIl)-0-O- (3-37)
The split sharp signals are thus caused by the superoxide anion added to Co, thus indicating
that the Co(II) molecule is oxidized to the trivalent state by electron attraction with O; in the

extraction system. This superoxo complex is reported to react further with a second Co(Il) to

form a p-peroxo complex, as shown by Eq. (3-38).125

Co(IlT) - O - O - + Co(I) — Co(III) ~ O — O - Co(II) (3-38)
3.6.2.3 Photoreductive Stripping of Co.

The photoreductive stripping of Co was then carried out, using both extractant systems.
In this, the extractant-n-dodecane solution, containing Co, was first contacted with HCl
solution at an O/A volume ratio of 1. The mixture was then photoirradiated following Ar
bubbling with agitation by magnetic stirrer. Figure 3-21 shows the time-course variation in
the stripping efficiency for Co, in the LIX-84I system, with 3 mol// of HCl, under the

conditions of vigorous stirring with photoirradiation at three differing wavelengths.
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Figure 3-21 Effect of the wavelength of the light source on the time-course
variation in the stripping efficiency for the LIX-841 system.

[RH],,, =10 vol%, [Co],., = 7.64 mmol/, and [HCI] = 3 mol/L.
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The photoreductive stripping of Co into HCl solution progresses successively, with the
concentration of Co in the aqueous phase increasing with irradiation time. In addition, the
rate of the photoreductive stripping of Co appears to be insensitive to the wavelength of the
irradiated light. Figure 3-22 shows the absorption spectra for the organic solutions containing

Co-LIX-841 complex.
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(c) 7.64x 107"
(b) 251 x 107" 7]

Absorbance { - ]
N

Wavelength [nm]

Figure 3-22 Absorption spectra for the organic solution containing LIX-841 and
Co. [RH],., =2.5vol%, and [Col,,, = (a) 0 mol/, (b)2.51 x 107
mmol/l, and (c) 7.64 x 107" mmol/l. Reference: air.

A large absorption band, caused by the Co-LIX-84I complex is seen at 400-800 nm. These
results indicate that the photochemical reduction of Co occurs following photo-absorption at
wavelengths of 400-800 nm, and thus the photoreductive stripping progresses with
photoirradiation of visible light as well as of UV light.

The effect of HCl concentration on the photoreductive stripping of Co with
photoirradiation of wavelength greater than 550 nm in LIX-84I and LIX-65N systems is shown
in Figure 3-23 (a) and (b), respectively. Successive stripping also progresses in the LIX-65N
system as well as for LIX-84I system. The photoreductive stripping of Co is improved by
increasing concentration of HCI in both systems, and a stripping efficiency of about 90 % can

be achieved with 3 mol/! of HCI following photoirradiation for 3 h.
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Figure 3-23 Effect of the HCl concentration on the time-course variation of
photoreductive stripping in (a) LIX-84I and (b) LIX-65N systems.

[RH],., = 10 vol%, and [Co],,, = (a) 6.53 mmol/l and (b) 9.37
mmol/.

Figure 3-24 shows the effect of photoirradiation on the ESR spectra of the Co-LIX-841
complex. Spectrum (a) applies for the case without Co being present, with the appearance of
the signal seeming to indicate addition of oxygen to the extractant. Spectrum (b) applies to
the case of organic solution containing 8.2 x 102 mol/l Co. Here the spectrum differs from
spectrum (a) in that it is split, indicating the electronic state of the oxygen to be different for the
case of superoxide anion added to Co-LIX-84I complex for spectrum (b) as compared to that
for oxygen added to LIX-84I in spectrum (a). Spectrum (c) applies to the case of the solution
containing Co-LIX-84l, stripped with 6.0 x 10" mol/! HCI with photoirradiation for 12 h, and
containing a residual 3.0 x 102 mol/l Co. In this case, the broad signal caused by Co(II) as
shown by the spectrum (a) in Figure 3-20 is absent, although the conditions provide sufficient
time for the Co in the organic phase to be reduced to the divalent state. Spectrum (d) applies
to the case where 3 mol/l HCI was used for the stripping and most of the Co was stripped into
the aqueous phase. Here the spectrum (d) shows both the absence of Co(Il) and the absence
of superoxide anion added to the Co(IIl)-LIX-84I complex, leaving only a sharp signal, of

which the shape is identical to that observed for oxygen added to extractant, as in spectrum (a).
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Figure 3-24 Effect of photoirradiation on the ESR spectra for Co loaded on LIX-
841 in n-dodecane. [RH],.., =30 vol%, [Co] = (a) 0 mol/l, (b) 8.2

x 107 mol/l, (c) 3.0 x 10”2 mol/Z, and (d) 1.1 mmol//, and [HCI] = (c)
6.0 x 10" mol// and (d) 3 mol/L.

The reduced Co is, therefore, immediately re-oxidized by the oxygen in the organic phase,
unless stripped into the aqueous phase.
3.6.2.4 Reusability of the Organic Phase.

The possible reuse of the organic solution following photoirradiation was also
investigated for the case of the LIX-84I system. 3 mol/l HCI solution and Co-containing
organic solution were contacted at an O/A volume ratio of 1 and were photoirradiated for 5 h.
The resultant organic solution, after washing with water, was then used for extraction and the
extracted organic solution then again used for repeated processing. Figure 3-25 shows the
concentration of Co in the organic phase for the repeated extraction-photoreductive stripping
processing. The results thus show that the organic phase possesses sufficient loading and
stripping capacity for use in repeated processing and confirm possible reuse of the organic

phase.
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Figure 3-25 The concentration of Co, obtained in the organic phase, following
the repeated extraction-photoirradiation processing. [RH],., = 10
vol% and [Co*Jgeea = 1.0 x 107 mol/L.

4. Summary

The liquid-liquid extraction system, combined with the photochemical reduction of the
target metal, is investigated. The mechanism of the photoreductive stripping of Fe(IIl) and
photoreductive extraction of V(V) were investigated as case studies, and the results were
applied for the separation and purification of the metals and the stripping of Co loaded on the
hydroxyoxime extractant, with following resulits.

(1) The extraction equilibria for Fe(Ill) and Fe(Il) with EHPNA and D2EHPA and
V(V) and V(IV) with D2EHPA are established. For Fe(Ill) and Fe(Il), the extracted species

are FeR;(RH), and FeR,(RH),, respectively. For V(V) and V(IV), the extracted species

are VO,R(RH) and VOR,(RH), , respectively.

(2) The photochemical reduction of Fe(Ill) occurs in the aqueous solution in the
presence of formic acid as a radical scavenger, but no reaction occurs in the organic solution
for the Fe(IIl)-extractant complex.

(3) The photochemical reduction of V occurs in both aqueous and organic solutions, at

a rate which is first order with respect to the concentration of V in the respective solutions.
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The rate constant for photochemical reduction in the organic phase is much greater than that for
the aqueous phase.

(4) The photoreductive stripping of Fe(Il) progresses following an initial induction
period because of the dissolved oxygen in the extraction system. The Fe(II)-extractant
complex is photoexcited in the organic phase and is photoreduced at the interface by electron
donation from water. A kinetic study of the photoreductive stripping of Fe(IIl) reveals that the
photochemical reduction of Fe(IIl) is the rate-determining step.

(5) In V extraction system, reduction also occurs at the interface between the aqueous
and organic phases. The photoreductive extraction is mainly contributed by the
photochemical reduction at the interface and in the organic phase. The variation in the
distribution ratio with respect to photoirradiation time is expressed successfully by the
proposed reaction scheme, in which the photochemical reduction of V is the rate-determining
step.

(6) The removal of Fe from a simulated zinc refinery residue solution can be carried
out effectively by photoirradiation during the extraction step. Ga and In are recovered
effectively into the organic phase, leaving almost all of the Fe in the aqueous phase.

(7) The photoreductive stripping of Co progresses by photoirradiation, using the
wavelengths of visible light. The photoreductive stripping is improved by increasing
concentration of HCI, and a stripping efficiency of about 90 % can be achieved following
photoirradiation for 3 h.

(8) The organic solution following photoirradiation is reusable for repeated extraction-

photoreductive stripping or photoreductive extraction-stripping processing.

5. Nomenclature

A = interfacial area ' [dm?]
D = distribution ratio [-]
g = g value for ESR measurement

kre = rate constant [lo 3 molo'smin'l]
ky = rate constant [min™!]
ke = rate constant for Eq. (3-23) [min™]
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kg, = apparent rate constant for photoreductive stripping of Fe [min™']
k.v' = rate constant at the interface [dm min'l]

K = equilibrium constants for the elementary reaction

K.« = extraction equilibrium constant

Kiv = equilibrium constant for V between organic phase and interface

0 = volume of the organic phase {7
TFe = rate of photoreductive stripping [mol 7! min™]
rv = rate of photochemical reduction [mol /™! min™"]
ry' = rate of photochemical reduction at the interface [mol dm™ min™"]
(RH), = dimeric species of the EHPNA and D2EHPA

Y = reduction yield [-]
[ 1 = concentration of the species in the bracket, mol/L

* = excited species

<Subscript>

a = aqueous phase

feed = aqueous or organic feed solution

i = interface

0 = organic phase

<Superscripts>

= organic phase species

= interface species
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General Conclusions

This work described the separation and recovery processes of rare metals with
advanced liquid-liquid extraction system. First, the design of the liquid-liquid extraction
process, with the counter-current mixer-settler cascade, based on the equilibrium theory was
investigated with the simulation method. Two types of the advanced extraction systems were
then employed. One is the system combined with the masking reaction with a water-soluble
complexing agent at the equilibrium state. The extraction process with the counter-current
mixer-settler cascade were designed using the extraction equilibrium formulations, which
include the complexing reaction between the metals and the agents in the aqueous phase.
Another is the system combined with the photochemical reduction for the target metals. The
mechanism of the extraction system was made clear, enabling the variation of the distribution
ratio to be predicted.

In chapter I, the design of the liquid-liquid extraction process with the simulation
method based on the extraction equilibrium formulations determined and the material balance
was investigated. The separation and recovery process of Ga and In from simulated zinc
refinery was carried out as a case study. The extraction equilibrium formulations of Ga and In
were established, with the slope analysis method and the investigation for the analytical
composition of the extracted species. In the three extractants used, D2EHPA is most suitable
for the separation of Ga and In, and thus, the extraction equilibrium formulation in Ga/In/Zn
ternary system was also determined. The formulation can be applied for the scrubbing
treatment of metal-loaded organic solution. These experimental results on the extraction
equilibrium show that the extraction equilibrium formulations determined is worthy of using to
the simulation work. The separation and recovery process for Ga and In with D2EHPA was
then evaluated by simulation work based on the equilibrium studies and an equilibrium
countercurrent extraction stage formulation. The process consists of three sections: (i) Zn
reduction, (ii) In recovery, and (iii) Ga recovery. Ga and In were shown to be capable of
effective recovery with purities of 9.91 x 10 and 1.00, respectively.

In chapter II, the design of the extraction process combined with the masking reaction
with the water-soluble complexing agent was investigated. The separation of rare earth
metals in the presence of EDTA or DTPA was carried out as a case study. The extraction

equilibrium formulations for rare earth metals, in the absence of the complexing agent, with
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EHPNA and VA-10 were established. In the EHPNA system, the extraction behavior in the
presence of EDTA can be expressed satisfactorily, by assuming that the rare-earth metals when
complexed with EDTA do not take part in the extraction. The extraction of Ho and Er in the
presence of EDTA is suppressed compared to Y by a masking effect and the selective
extraction of Y enhanced. A simulation study for the separation of Y from a Ho/Y/Er mixture
of initially identical concentration using a countercurrent mixer-settler cascade was carried out.
This showed that an organic solution with an overall decontamination factor of 11.8 can be
obtained using a cascade of 10 extraction stages and a single scrubbing stage using an aqueous
feed solution with equal concentrations of all three metals. Increasing the number of the
scrubbing stages from 1 to 2 enabled the separation of Y to be improved, with an overall
decontamination factor of 6.33 x 10 being achieved, although the recovery of Y obtained
decreased. In VA-10 system, the distribution ratios of each metal are decreased by the
masking effect. In the Y/Er system, the order of the extractabilities of Y and Er is reversed
and the selective extraction of Y is improved especially at high pH values, while the separation
is little changed in the Yb/Lu system. The molar ratio of rare earth metal and DTPA in the
rare earth-DTPA complex is not fixed at 1 : 1, but varies between 1 : 1 and 1.5 : 1 in the
extraction system.

In chapter III, the liquid-liquid extraction system combined with the photochemical
reduction for the target metals was investigated. The photoredﬁctive stripping of Fe(IIl) and
photoreductive extraction of V(V) were carried out as case studies. The photochemical
reduction of Fe(III) occurs in the aqueous solution in the presence of formic acid as a radical
scavenger, but no reaction occurs in the organic solution for the Fe(Ill)-extractant complex.
The photochemical reduction of V occurs in both aqueous and organic solutions, at a rate
which is first order with respect to the concentration of V in the respective solutions. The rate
constant for photochemical reduction in the organic phase is much greater than that for the
aqueous phase. The photoreductive stripping of Fe(Ill) progresses following an initial
induction period because of the dissolved oxygen in the extraction system. The Fe(IlI)-
extractant complex is photoexcited in the organic phase and is photoreduced at the interface by
electron donation from water. A Kkinetic study of the photoreductive stripping of Fé(III)
reveals that the photochemical reduction of Fe(Ill) is the rate-determining step and the

distribution of the reduced Fe(Il) is attained fast. In V extraction system, reduction also
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occurs at the interface between the aqueous and organic phases. The photoreductive
extraction is mainly contributed by the photochemical reduction at the interface and in the
organic phase. The variation in the distribution ratio with respect to time of photoirradiation
is expressed successfully by the proposed reaction scheme, in which the photochemical
reduction of V is the rate-determining step. The removal of Fe from a simulated zinc refinery
residue solution can be carried out effectively by photoirradiation during the extraction step.
Ga and In are recovered effectively into the organic phase, leaving almost all of the Fe in the
aqueous phase. The photoreductive stripping of Co progresses by photoirradiation, using the
wavelengths of visible light. The photoreductive stripping is improved by increasing
concentration of HCI, and the stripping efficiency of about 90 % can be achieved following

photoirradiation for 3 h.
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Suggestions for Future Work

The following studies are recommended to extend the results in this work.

(1) Design of the Photochemical Liquid-Liquid Reactor.

In the work of this thesis, the photochemical reduction was carried out in the beaker-
type bottle cell. However, a long period of photoirradiation time is needed for the
photoreductive stripping or extraction of the target metals. The investigation for the
development of the photochemical liquid-liquid reactor is needed for the design of the
extraction process on the industrial scale. A photochemical reactor, for the separation of the
elements from high-level radioactive waste solution using the photochemical reduction with
KrF excimer laser, has been reported.126 The reaction time is expected to be shortened by
using a photochemical reactor with high photoefficiency, since the rate-determining step of the
system is photochemical reduction of the metals in the extraction system, as shown in Chapter
II. The investigation for the design of the industrial process of the extraction system

combined with the photoredox reaction using such reactor is expected as a future work.

(2) Conversion of the Liquid-Liquid Process to the Solid-Liquid Process.

One of the disadvantages in the liquid-liquid extraction process is that large amount of
the organic solvent is needed for diluting the extractant. Recently, several attempts were
made for the capsulation of the extractant using microcapsule with polymers.'*”?® In the
microcapsule system, the liquid-liquid process can extend to the solid-liquid process, without
using the organic solvent. Using this system, the recovery and concentration of the metals
from the dilute aqueous solution is expected to be easily carried out. In addition, the high
selective separation can be achieved with the chromatograph with the microcapsule. The
design of high performance separation and recovery process of rare metals using the

microcapsule system is also expected as a future work.
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