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Abstract

The subject of this work is galliurn extraction from sulphate solutions  an additional
source of this metal from hydrometallurgical zinc production-- with organophospho-
rus acid reagents: di-2-ethyl hexyl phosphoric acid (D2EHPA) and OPAP, a mixed
extractant consisting of mono- and di-octyl phenyl phosphoric acids. Extraction pro-
ceeds via cation-exchange and Ga3t is the reacting species  Gallium is extracted
with D2EHPA mostly as GaRs - HR. The results for OPAP suggest existence of
four reactions, which form GaM,, GaM,;D, GaMD,, and GaDj, this explains and
allows prediction of ehaviour over a wide range of OPAP compositions  Sulphate
complexation causes decrease in concentration of the reacting species, and thus lower
Dg, values and extraction rates. Prior knowledge on gallum aqucous complexes is
used, and an algorithm developed, to allow quantitative prediction of complexation
effects on extraction. The model of mass-transfer with chemical rcaction, venfied
with several known criteria for reaction site determination, describes well the kinetic
data for the Ga-D2EHPA system. The model is further developed to account for
the stronger acidity and the monomer/dimer equilibria typical for the kind of extrac-
tants used. A detailed reaction mechanism is proposed and the first organic higand
addition is found as rate-limiting. The model parameters, estimated from extraction
kinetic data, are reasonable, when compared with those obtained for other metals
elsewhere. The model’s predictions agree with the results from stripping kinetics;
the equilibrium conditions (zero rate) can also be satisfactorily predicted, as found
by comparisons with the equilibrium data. Ga-D2EHPA and Ga-OPAP systems are
compared with an emphasis given to the potential for metal separation; the impor-
tance of the ligand exchange rate constant is illustrated with the example of Ga and

Al extraction/stripping and their separation based on different rates with D2EHPA.
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Résumé

1.’ éxtraction du gallium de solutions sulphate compose le sujet de ce tr vail-—uné
autre source de ce métal provenant de la production hydrométallurgique du zinc—
avec l'utilisation de réactifs d'acides organophosphoriques: acide phosphorique di-2-
éthyl héxyl (D2EHPA) et OPAP, un réactif composé d’un mélange d’acides phospho-
riques mono- el di-octyl phényl. L’ éxtraction est par échange cationique et 'espece
réactive est le Ga*t. Le gallium est éxtrait par ie D2EHPA surtout pat la tormmation du
GaR3-HR Les résultats pour POPAP suggére existence de quatre reactions formant
le GaM;, GaM,;D, GaMD),, et GaDj; ce qui explique et permet de prédire la conduite
sur une grande variation de composition d’'OPAP. La complexation sulphate crée une
diminution en concentration de I'espece réactive, baissant ainsi les vairurs Dg, et
les cours d’éxtractions. Des connaissances antérieures sur les complexes aqueux du
gallium, ainsi qu’un algorithme composé, sont utilisés pour permettre une prédiction
quantitative d’effets de complexation sur I’éxtraction. Le modele de transfer de masse
avec réaction chimique, vérifié par plusieurs criteres connus pour le décelage des sites
réactifs, decrit bien les données de cinétique du systeme Ga-D2EHPA. Le modéle est
plus développé pour tenir compte de plus fortes concentrations acides et d’équilibres
monomeres/dimeres typique pour les types de réactifs utilisés. Un méchanisme de
réaction détaillé et proposé et I'addition du premier ligand et limité par Je cours de la
réaction. Les parametres du modéle évalué des données de cinétique de réaction sont
raisonnables lorsqu’elles sont, comparées avec celles obtenues pour d’autres métaux
ailleurs. Les piédictions du modeéle sont en accord avec les résultats de cinétique de
rééxtraction; les conditions d’équilibre {(au cours nul) peuvent aussi étre bien prédit,
selon des comiparaisons avec des données d’équilibre. Les systémes Ga-D2EHPA et
Ga-OPAP sont comparé avec un intérét particulier pour la séparation des métaux;
I'importance du constant de cours d'échange de ligand est illustré avec I'example

du Ga et I'éxtraction/rééxtraction de I'Al et leur séparation basée sur des régime

différents avec le D2EHPA.
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Chapter 1

Introduction

Gallium belongs to the group of so-called ‘electronic metals’—used primarily for var-
ious electronic devices. The reason is in the specific band structure of its crystalline
compounds (mostly gallium arsenide). Such structure provides efficient optical tran-
sitions as well as high electron mobilities [1]. Hence, applications of gallium-based
devices range from semiconductor lasers and light-emitting diodes to superconduct-
ing magnets and digital integrated circuits. The growing importance of these devices
in today’s technology explains the increased interest in gallium sources, supply, and

recovery techniques.

Despite the fact that gallium is relatively abundant element in the earth’s
crust {more than tin or lead, for example) it is always present in extremely small
amounts compared to common metals (especially aluminum, zinc, iron) coexisting in
all primary and most secondary sources. This makes gallium recovery a difficult and
chailenging task.

Solvent extraction is one of the established methods for metal recovery. Its
ability to concentrate metals and to perform necessary separations has been exten-

sively demonstrated in process development work and commercial applications,

The most important source of gallium is the sodium aluminate solutions (from
Bayer process for aluminum from bauxite cres) which account for about 90 % of its

production [2]. Much of the efforts for gallium recovery have been focused in that




area. Here, solvent extraction is used to recover gallium from highly alkaline medium.,

Other important sources of gallium are leach residues and flue dusts. Although
their contribution in the overall supply of gallium is much less than fiom b(m)\itvs,.
they are significant as an additional, supplementary soutce [3]. Sulphuric acid is the
common leaching reagent used and galliuin, among other metals, reports mto the
sulphate solution. Solvent extraction is employed for metal recovery and the general

suitability of carboxylic and organophosphorus extractants has been recognized.

A major problem here is low gallium extraction at acidity levels of these leach
solutions. One approach is to neutralize the solution up to a suitable pH. The other
is to try to find extractants and conditions which would result m better extraction
This requires understanding the mechanism of the extiaction process and the main
factors affecting it. Gallium extraction from sulphate solutions has been reported
in several studies. There are, however, important questions hinking mechamsm and

performance, which need be addressed. Among them are the following

e What is the effect of the aqueous phase composition and complexation phe-
nomena on the equilibrium metal distribution and on the rates of metal phase

transfer

¢ What are the rates of extraction and stripping and how do they relate to the

nature of the metal in question and the extractant

e How this information can be applied to improve metal separation in this type

of systems

Given the increasing importance of gallium, it is timely and appropriate to address
these questions. Hence, this project was initiated with the purpose of studymng the
equilibrium and kinetic aspects of gallium extraction from acidic sulphate solutions
which will help in understanding the mechanism and phenomena involved and in

selecting extractants and conditions for improved gallium recovery.




Two organophosphorus extractants were sclected for this study—di-2-ethyl
hexyl phosphoric acid (D2EHPA) and octy! phenyl acid phosphate (OPAP}, a mix-
ture of mono- and di-octyl phenyl phosphoric acids. Both are commercially avail-
ablc and cheap (approximately 1S $3 per pound in large quantities). In addition,
D2EHPA is perhaps one of the most studied and used reagents for solvent extraction,
its physico-chemical properties are relatively well known and comparative data for

related extraction systems are available in the literature.

The material will be presented in the following order—in Chapter 2 published
research on gallium solvent extraction will be reviewed with an emphasis on extrac-
tion from acidic solutions pertinent to hydrometallurgy. Chapter 3 covers details on
experimentation while Chapter 4 is where the experimental results will be given and
the equilibrium aspects of extraction discussed. In Chapter 5 gallium complexation
in sulphate solutions and its effect on extraction performance will be described. Re-
sults from the kinetic experiments will then be used in elucidating the mechanism of
extraction, viewed as a sum of mass-transfer and sequential chemical reaction steps
(Chapter 6). The proposed model will be discussed, its predictions compared with
experimental data, and the implications for extractant selection and improved selec-
tivity presented. Finally, in Chapter 7 the overall conclusions from this work will be

given and suggestions for further investigations outlined.




Chapter 2

Literature survey

2.1 Introduction

In this Chapter, a general overview on gallium solvent extraction, from the perspective
of hydrometallurgical practice, will be presented. First, sources of this metal along
with relevant solutions into which gallium is transferred will be described, and existing
recovery processes will be noted. Secondly, extraction from alkaline solutions, which
has attracted the most attention, wiii he described. The rest of this Chapter will be

devoted to extraction from acidic solutions—chloride, sulphate and nitrate.

2.2 Sources of Gallium and Recovery Processes

Minerals, rich in gallium, are few and very rare. This requires gallium to be recovered
as a by-product of other processes. There is only one exception—the Apex Mine in
Utah, USA. This old copper mine was reopened in 1985 particularly for Ga and Ge
production [4]. Here jarosite is the main host for Ga, containing up to 0.7 wt%, and

the average concentration in the ore is 0.030-0.045 wt% [5].

Being similar to aluminum, gallium exists in most aluminum-containing ores
and minerals [6], with bauxites being of primary significance. Here, the amount of
gallium varies from 0.003 to 0.008 wt% [3]. It is also found in sphalerite within a

very wide concentration range depending on the origin of the deposit—from 0.001-
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0.005 up to 0.1 wt% [6]. Gallium tends to accumulate in flue dusts, generated during
elemental phosphorus production from phosphate rocks (0.03-0.05 wt% Ga [7]), or

aluminum electrolysis (0.13 % Ga as Ga;03 [8]), or from coal burning [4].

As a by-product, the potential for gallium rccovery from a particular source
depends on the demand for the main product. This is the case with both bauxites—

for Al, and sphalerites—for Zn.

Bauxites

-

In the Bayer process for aluminum production, the bauxite ore is first digested with
hot 3.5-4.0 M NaOH. Depending on the chemical and mineralogical composition of
the ore, this step is carried out at 90-95 °C or at higher temperatures (230-240 °C)
in autoclaves [6]. Aluminum and gallium go into solution as sodium aluminate and
gallate, respectively. Upon cooling, spontaneous precipitation of Al{OH)3 occurs,
accelerated by seed addition of previously produced hydroxide. The remaining so-

called ‘decomposed’ solution is fed back to the digestion step.

Although some gallium coprecipitation takes place, the metal as a whole re-
mains in the alkaline solution due to the higher stability of gallate.} In this way the
recycling solution is gradually concentrated in gallium and at 0.15-0.25 g/l Ga (as

Ga;03) is taken to the gallium recovery unit.

At this point, various methods for gallium separation and recovery have been
proposed—those based on partial destruction of the alkaline process solution in order
to decrease the aluminum content thus making selective gallium recovery more viable,
and those based on direct recovery, so avoiding the disadvantage of producing - non-
recyclable solution. One example of the former is the carbonation method [10], in-
volving selective precipitation of part of the aluminum content first, and then gallium

~oncentration by precipitation followed by redissolution in NaOH aud electrolysis.

1The reason 1s that galllum 1s more electronegative than aluminum [9) and as a result Ga(OH);
is more acidic than AI{OH),
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Direct recovery, without modification to the solution composition, has been
proven feasible in two cases—electrolysis using agitated merauy cathode [11], and |
solvent extraction with an alkylated 8-hydioxy quinoline as an extractant {12]. Thé
key element in the electrolysis method is to usc agitated mercury as a cathode Lecause
firstly, as soon as gallium is deposited it is dissolved into mercury thus forming a dilute
amalgam in such a way that gallium concentration on the cathode surface is kept low
allowing continued metal deposition.? Sccondly, the different solubihty of metals in
mercury contributes to increased overall selectivity of the process. Disadvantages of
the method are the high price of mercury (considerable amount is necessary for the
cathode), its poisonous vapours, and sensitivity to the presence of organic material
transferred from the ore to the process solution to the extent that this method has

been found inapplicable in processing North American bauxites {10}.

Sphalerites

Gallium recovery from zinc leach residues is a more complicated process than from
Bayer solutions and the reason is that many other elements are present—iron, alu-

minum, tin, cadmium, germanium, indium, vanadium, arsenic, etc.

Zinc calcine, produced from roasting the sulphide concentrate, is first subjected
to the so-called ‘neutral’ leach—with weakly acidic sulphuric acid solution [13]. Most
of the soluble zinc and other elements dissolve. The pll is raised to about § so that
ferric iron precipitates as hydroxide—thus removing, either by coprecipitation or
adsorption, most of the impurities including gallium. This precipitate is the starting

material for gallium recovery.

In the current gallium recovery practice, subsequent solubilization and precip-
itation steps [14] are first carried out in order to obtain more concentrated gallium

precipitates and remove impurities as rnuch as possible. The last solubilization is

2In order to have net metal accumulation, gallium concentration wn solution must be above 0 3 g/1
if solid cathodes are to be used [10], this 1s more than the actual concentration of 0 15 025 g/l
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with H,SO4, and SO, is added so that all iron be maintained as Fe(1l):
Ilgo + SOZ - "2803 (21).

2F€(OH)3 + HgSOa + HgSO4 4 2F€SO4 + SHQO (22)

The solution is neutralized to pH of about 3 with sodium or ammonium hydroxide and
metal hydroxides (presumably not gallium) which precipitate are filtered off. Solvent
extraction with Versatic 10 reagent (a carboxylic acid extractant, Shell Chemical)
is carried out, followed by stripping of the loaded organic with concentrated HCl.
Under these conditions, gallium is in the solution as GaCly, thus readily extracted
in the next step by a tertiary amine. The metal is then stripped into NaOH solution

and finally recovered by electrolysis.

This process has overcome a number of difficulties previously encountered—
tedious filtrations, considerable loss of product, extraction with highly flammable
reagents like ethyl ether, etc. Among the disadvantages is the need for neutralizing

the solution to a relatively high pH for efficient extraction [15].

Other sources

As mentioned earlier, the Apex Mine is the first and so far only mine primarily for
gallium (and germanium) production although not yet fully operational. The process
flowsheet [5] involves leaching with sulphuric acid in three counter-current stages
during which the elements initially present—Fe, Cu, Zn, As, Ga, and Ge report into
a 20-80 g/1 H,SOy solution. In the following metal recovery copper is first cemented
out with scrap iron, then Ge, As, and any residual Cu are precipitated as sulphides
by purging with H,S. Soda ash is added for neutralization. The filtrate contains
almost all of the gallium as well as Fe, Zn, and Al. Solvent extraction is used for
gallium recovery from the filtrate. The extractant is D2EHPA in kerosene with tri-
butyl phosphate (TBP) as modifier. In order to prevent simultaneous extraction of

iron, 5O; is sparged to reduce Fe(II1) to Fe(II) (cf. reactions 2.1, 2.2). Sulphuric acid




(approx. 80 g/l) is used to strip gallium. This solution is further refined, and final

electrolysis yields gallium metal.

Using HCI, Baldwin et al. {16] attempted to leach galhum from the mica
fraction (400 ppm to 800 ppm Ga) of certain pegmatite tailings. Acid consumption
was high, because gallium could not be leached selectively over the aluminum (and
potassium) content of the mica. Recently, gallium recovery from coal fly ash and
separation from vanadium was reported [17]. Sulphuric acid was used for leaching,
while solvent extraction with quaternary ammonium salt, and subsequently D2EHPA,

was employed for solution purification and metals separation.

Gallium recovery from flue dust generated in phosphorus production was tried
using a sodium carbonate fusion-water leach procedure {7]. Apart from gallium, this
material contains mostly alkali and alkaline-earth metals, and also Zn, Al, and Fe.
Upon leaching iron was not dissolved, but the solution contained up to 50 times
more Al than gallium. This aqueous system is therefuie roughly analogous to Bayer

solutions, but with very different sodium hydroxide concentrations.

Flue dusts generated in aluminum plants were the subject of another study
for gallium recovery [8]. Here, the major metals that gallium has to be separated
from, include Al, Fe, and vanadium. Several acids were investigated as leaching
reagents, and H,S0O, and HNOj; were found to be superior to HCL. D2EHPA along
with two amine extractants—tri-tso-octyl amine and Amberlite LA-1 (a sccondary

amine), were used for extraction and separation.

It should be emphasized that both studies on recovery from flue dusts were
on laboratory scale only, and no consideration was given to economic feasibility and
industrial implementation. Nevertheless, together with the other processes described,
they serve to illustrate the place and important role of solvent extraction among the

various unit operations involved in gallium recovery in general.




2.3 Extraction of Gallium from Alkaline Solu-
tions

It is generally accepted that Kelex 100 (Schering/Sherex) and Lix 26 (Henkel Corp.),
with alkylated derivatives of 8-hydroxy quinoline as the active component, are the
only commercially available extractants suited to direct gallium recovery from the
highly alkaline Bayer solutions for aluminum production. Here, solvent extraction
must separate small (100 ppm to 300 ppm) amounts of gallium from a large quantity
of chemically similar aluminum (40 g/1), these eiements being present as Ga(OH)y

and Al(OH); in the roughly 3.6 M NaOH soluticn.

Leveque and Helgorsky [12, 18] were the first to demonstrate gallium recovery

from Bayer solutions into Kelex 100 (HL):
Ga(OH); + 3HL (ory) = Gals (org) + OH™ 4+ 3H,0 (2.3)
Simultaneously, aluminum and sodium are extracted:
Al(OH); + 3HL (rg) = AlL3 (g + OH™ + 3H,0 (2.4)
Na* + OH™ + HL (o) = NaL (o) + H2O (2.5)

Under equilibrium conditions, partial selectivity toward gallium loading over that
of Al and Na results from relatively high distribution coefficients for gallium (Dg,).
Nevertheless only 3-4 % of the extractant’s loading capacity is then taken up by this
metal, and the reaction is slow. In a typical ‘shake-out’ test with 8.5 % Kelex 100 and
10 % decanol in kerosene, about 80 % of the gallium was extracted from a 270 ppm
feed, this requiring about 3 hours at 28 °C. Here, metal was loaded from ‘decomposed’
Bayer solution with an Al/Ga ratio of 147, which became about 6.5 in loaded organic
[18]. The decanol modifier was needed to avoid third phase formation during acid
stripping.

In a series of equilibrium and kinctic studies, Sato et al. [19, 20, 21, 22, 23]
confirmed the validity of reaction 2 3. Under non-equilibrium conditions, the preferen-

tial loading of Ga over Al from Bayer-type solutions has been attributed to relatively
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slow aluminum extraction {19], although an alternative interpretation is that Alis ex-
tracted first, then stripped by gallium in approaching an equilibtium ratio [24]. D,
values decrease with increasing temperature [18, 19, 20, 21}, and a shght reduction

results from 10 % decanol addition [18].

It has been suggested [20, 23] that the reaction path followed for gallium re-
covery depends on sodium hydroxide level. The rate-limiting step, in absence of
ma -transfer limitations,has been attributed to the slow interfacial formation of in-
termediate activated species such as Nat Ga(Oll); OH~ at below 1 M total sodium,
or NaJGa(OH); at high sodium levels, where gallium extraction is extremely slow.
As demonstrated by Pesic and Zhou [26] using synthetic and real Bayer solutions,

recovery rates also depend strongly on choice of diluent and modifier.

Given the relatively high Al and Na contents of the loaded organic, production
of a high purity gallium strip solution is promoted if Na and Al are selectively acid
stripped before gallium [18]. While several acid stripping procedures were investi-
gated, the best method is to strip first with 6 M HCI leaving only Ga in the organic,
held by protonated Kelex 100 as LHf GaCl]. Subsequently, Ga can be stripped with
2 M HCIL. This procedure avoids gallium loss into the primary strip solution, and

gives the lowest impurity levels in the secondary strip solution.

Over the years, there have been numerous improvements to the original sol-
vent extraction method for gallium from alkaline solutions with respect to long-
term extractant stabilility and improved kinetics To prevent gradual degradation
of Kelex 100 due to the high basicity of the medium, Helgorsky and Leveque sug-
gested [27] that alkyl- rather than alkenyl-substituted (as Kelex 100) 8-hydroxy quino-
lines be used instead. Tests, carried out with a 7-alkyl substituted (R = Cy;Hz3)
8-hydroxy quinoline showed stable and constant extractant performance even after
1000 hours of operation. However, the rate of gallium extraction with the suggested

extractant was not mentioned.

Oxidation of the substituted 8-hydroxy quinoline by atmospheric oxygen was
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another reason for decreasing extractant performance. Thus, it was proposed that at
least the extraction step be carried out under an inert (e.g., nitrogen) atmosphere [28].
A remarkable 90 % loss of hydroxy quinoline resulted after 500 hours continuous stir~
ring with Bayer solution under air versus only 7 % loss under nitrogen. These findings,
however, are somewhat confusing since no detectable degradation was reported in the
previous patent [27], when using the same extractant (7-alkyl substituted 8-hydroxy

quinoline, R = C;;Hj3) for a longer time, and presumably, under air.

A relatively new method for increasing zeaction rates, based on deliberate
creation of a ‘water-in-oil’ microemulsion in the organic phase, has been studied
for this system [24, 25, 29, 30]. Working with a pure, synthetic analogue of Kelex
100 in kerosene, Fourré et al. [29, 30] have shown that a microemulsion is produced
by adding a long chain alcohol (e.g., butanol) and the sodium salt of a long chain
carboxylic acid (e.g., octanoate). These additives, acting as surfactants, promote
solubilization in the organic phase of large amounts of 50-100 A water microdroplets
with a skin of alcohol, carboxylate and extractant molecules. Factors contributing
to increased recovery rates may include increase in interfacial area and, around the
skin of the water droplets, a higher local concentration of extractant molecules with
more favourable orientation towards extraction than exists in the continuous organic
phase |29, 30]. Loading rates up to 20 times faster than obtained by conventional
means were reported. Microemulsion formation and enhanced recovery from Bayer
solutions has also been demonstrated using Kelex 100, dodecanol and Versatic 911 in

kerosene [24).

Most probably, the formation of microemulsions was also the reason for accel-
erated gallium recovery in several other reported cases of Kelex 100 being used in a
mixture with various carboxylic [31] or organophosphorus acids [32, 33], organic sul-
phates or sulfonates [34], together with a long-chain alcohol. However, use of organic
acids in contact with highly alkaline Bayer solutions raises the question of increased

aqueous solubility and substantial organic losses, which in turn would lead to changes
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in composition of the mixture during continuous operation.

Attempts to find a reagent which loads gallium from Bayer solution both
more rapidly and with better selectivity than Kelex 100 have been unsuccessful.
Uhlemann and Mickler {35] have studied extraction by various bidentate ligands (e.g.,
(-diketones, 8 quinolinols), and concluded that only T7-alkyl 8-hydroxy quinolines
(Kelex 100) are suitable for highly alkaline solutions. Other work has focused on
changing the nature or substituent position of the alkyl group (fiom 7- to 5-) on the
8-quinoline structure [36, 37, 38]. When compared with Kelex 100, most of these
alternatives showed poorer selectivity for gallium recovery over that of aluminum,

while all were slower extractants.

Apart from 8-hydroxy quinoline extractants, others have also been proposed.
In the early 1970’s, Bretéque and Beerli [39] patented a process where acetylacetone
is used to extract gallium. The results showed fast and high gallium recovery from
Bayer solutions. However, possible aluminum co-extraction as well as extractant

losses due to aqueous solubility were not discussed.

2.4 Extraction of Gallium from Acidic Solutions

2.4.1 Chloride System

It has long been recognized that gallium is readily extracted from strongly acidic
chloride solutions. The reason is the formation of GaCly complex, extractable via
ion-pair association (anion-exchange), or by solvation as HGaCl, with several groups
of organic reagents—ethers, ketones, amines. Ferric iron forms analogous chloro com-
plexes and therefore is co-extracted if present. Aluminum forms AICI7 but this com-
plex can exist only in non-aqueous media becausc of hydrolysis [9]. Hence, aluminum

would remain unextracted.

In probably the first ever report on gallium solvent extraction, Swift {40]

showed that, from 6 M HCI, gallium can be loaded selectively into di-ethyl ether over
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virtually any probable co-existing elements, except Ge and Fe(III). Several ethers
(di-ethyl, wso-propyl, butyl, amyl, etc.) have been studied {41] for gallium extraction,
and maximum recovery is obtained at 6-7 M 1ICl. Beyond this acidity level, recovery

decreases due to competitive acid extraction [42, 43).

The high distribution coefficients achieved for gallium, fast kinetics and the
relatively good selectivity made cthers the first extractants introduced in commercial
operations in the 1940’s [44, 45, 46]. Di-ethyl ether extraction was also used in early
processes for treatment of zinc leach residues [14,46]). However, the high flammability
of ethers, low boiling point, and considerable aqueous solubility especially in strong

acids make them an unattractive choice as commercial extractants.

Gallium extraction with amines is in many respects similar to extraction by
ethers but without most of the disadvantages. In studies with several common alkyl
amines (e.g., tri-tso-octyl amine), Good et al. [47, 48], and Sato et al. {49] have de-
duced from extraction isotherms and analyses of fully loaded organic phases, that
gallium is loaded in the form of R;NHGaCl,. Both GaCl; and GaCly have been
postulated as being the principal extracted species although the latter is the most
probable alternative. Analysis of extraction equilibria in these systems is compli-
cated by simultaneous acid co-extraction and resulting polymerization in the organic

phase [50].

Gallium is also extracted [47, 49, 51] as GaCl] into quaternary ammonium

salts (e.g., tri-capryl mono methyl ammonium chloride—Aliquat 336):
GaCly + R3R'NCI (org) = R3R'NGaCly (org) + CI™ (2.6)

For both types of reagent, extraction is rapid, and increases with increasing chloride
concentration, Dg, reaching a maximum at between 6 M and 10 M chloride depending
on the extractant used. Of the reagents studied by Good and Holland [47], tri-n-hexyl
amine gave the highest recovery with Dg, &~ 100 at an optimum 6 M chloride when

extracting into 0.2 M tri-n-hexyl amine (in toluene).

The high distribution coefficients that can be achieved in extraction with
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amines, and therefore the opportunity to concentiate galliun, have made these extrac

tants suitable for application in gallium recovery aauits Such an example s T2EHA
(tri-2-ethyl hexyl amine) used for gallum extraction as a final punfication step be”
fore electrowinning in recovery from zinc residues. Here, Dg, values of about 101
5 M HCI have been achieved [14]). For the same purpose, MIBK (methyl 1so-butyl

ketone) was used in the gallium recovery process fiom Apex Mine ore [5].

Gallium is extracted with organophosphorus compounds by solvation, while
additionally, at low HCI concentrations, the acidic reagents among them extract via
cation exchange. Studies using tri-butyl pliosphate (TBP) [19, 52, 53, 5] establhished
that, with increasing hydrochloric acid level, Dg, rises to a maximum beyond which
a decrease is observed. Values of the optimum aadity and associated Dg, depend
on gallium and TBP concentrations in the aqueous and organic phases respectively.
At low acidity or neutral solutions, the extracted species is GaCly i the form of

hydrated solvates:
GaCl; + hH,0 + sTBP (o) = GaCls.hl1;0 sTBP (4 (2.7)

where h < 2, while s = 1 under conditions of organic saturation and s = 2 at low
extractant loading [35]. The rise in extraction with increasing acidity 1s due to the
additional formation of HGaCl, extracted as a tri-solvate [52. 53, 56]). At above

optimum acidity, acid extraction reduces availability of TBP for gallium

Recovery can also be enhanced by adding a chloride salt such as LiCl or
AlCL; [52, 49]. The eflectiveness of the addition increases with increasing charge
of the cation, and, for cations of the same charge, with decrease in jonic radius [52].
Recognizing the importance of the free chloride concentration, Reznik and Zekel [56],
and Judin and Bautista [57] have developed models allowing Dg, to be predicted over

a wide range of conditions for the gallium chloride/aluminuin chloride/hydrochloric

acid/TBP system.

Gallium extraction with tri-octyl phosphine oxide (TOPQ) [58, 59, 49] is sim-

ilar to TBP regarding dependence on acidity, although at a given level, Dg, for
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TOPO is greater than for TBP 49]. At low acidity, the principal extracted species
is GaCly.sTOPO where s = 1 or 2 depending on extent of extractant loading, while
HGaCl.3TOPO forms at high acidity [58].

With organophosphoric acids, the dependence of gallium extraction on HCI
concentration shows the opposite behaviour to that with TBP. As acidity increases
from low values, D¢, decreases to a minimum then rises with further acid addition [60,
61,49, 63]. Iu studies at low acidity (0.01 M to 2 M) with D2EHPA, Kimura {64, 65]
found that extraction was by cation exchange, a conclusion confirmed by Levin et
al. [60, 61] with supportive evidence from infrared spectra of the organic phase and
its very low chloride content. Subsequently, Sato et al. [49, 63] showed that reactions

in the low and high acid regions were, respectively:
Ga® + 1.5(HR); (org) = GaRy (org) + 3HY (<1MHC)  (28)

Ga®* + 3CI™ + L.5(HR); (org) = GaCls.3HR (g (> 1 MHCI)  (2.9)

Solvation reaction 2.9 is promoted by chloride salt addition. It has also been sug-
gested that, at above about 4 M acid, gallium may be extracted as HGaCl,.sD2EHPA
complex {60, 61].

Similar extraction behaviour has been observed when carboxylic acids are
used [66, 67). Cation exchange, with selectivity over many common metals, has been
demonstrated, but from very dilute acid solutions only (pH > 2.5). Due primarily
to the adverse relationship between Dg, and acid concentration, there have been no
actual or proposed processes involving gallium recovery from acid chloride solutions

using acidic organophosphorus compounds or carboxylic acids.

2.4.2 Sulphate and Nitrate System

Contrary to extraction from HCl solutions, the conditions in H,SO4 and HNOj; so-
lutions are much different. Extractants that are successfully used in acid chloride
medium performn poorly here. This is due to the large aquophilic tendency of sul-

phate and very weak metal-complex formation (if any) with nitrate ions [50]. The
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fact that gallium doecs not form extractable complexes with sulphate as readily as
with chloride has been indicated by analytical proceduies that require prior chloride

addition (68, 69, 70].

Nevertheless, the capability for recovery from acidic sulphate solutions, with-
out chloride, is necessary if solvent extraction is to be compatible with the sulphate
systems in the processing of gallium sources. Without a complexing additive, solvent
extraction in the sulphate system, using common metallurgical extractants, must rely
on cation exchange reaction where a major problem is low Dg, values at acid levels of
relevant process solutions. In addition, gallium recovery from nitrate solutions may

soon become important with increasing availability of scrapped GaAs chips.?

Levin et al. {60, 61, 62] have studied the potential of mono-2-cthyl hexyl
phosphoric acid (M2FHPA), pyro-2-ethyl hexyl phosphoric acids (P2EIIPA), and
D2EHPA as analytical reagents for separating gallium from a wide range of elements.
M2EHPA and P2EHPA were found to extract gallium at much higher acidities than
D2EHPA. Studies on extraction from nitrate solutions with several acidic organophos-
phorus reagents [71, 72, 74], including D2EHPA in kerosene or toluene, have shown

that gallium is loaded by cation exchange with extractant dimers forming GaR.sHR:

345

3+
Ga+2

(I{R)'Z org) = GaRa.sHR (o) + 317 (2.10)
{org) {org)

where s depends on the organophosphorus acid used and the loading level. The
absence of nitrate in the organic phase and the insensitivity of Dg, values to hthium

nitrate addition suggested that gallium is not extracted as nitrate complexes (74].

Tian Run-cang et al. [75] have described a series of solvent extraction steps,
tested in continuous operation, for recovering In, Ge, and Ga from 1,504 solution,
containing about 0.16 g/1 Ga, and derived from the treatment of a zinc leach residue.
Here, P204 (a compound similar to D2EHPA) fitst selectively extracts indmm at

relatively high acidity, giving a raffinate at pH 0.3 Germanium s then loaded using

3With nitric acid solution to dissolve their gallium content, the highly oxidizing leach conditions
would advantageously promote fixation of associated arsenic in insoluble forms
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20 % P204 with 1% of a synergist (YW 100) in kerosene, YW100 not being identified.

After necutralization of this second raflinate to about pH 1.4, and with a slight in-
crease in YW 100 concentration, gallium is recovered into germanium loaded organic:
Subsequently, gallium can be selectively stripped using 2.5 M H,SQy4. Problems with

co-extraction of iron can be avoided with prior Fe(IIl) reduction.

Kikuchi and Kamagami [76, 77] have reported gallium loading from 1 g/l so-
lutions into octyl phenyl acid phosphate (OPAP) and nonyl phenyl acid phosphate
(NPAP) in benzene with equilibration completed.in about 10 minutes. The potential
for practical application of OPAP has recently been shown by Judd and Harbuck [78]
who operated a continuous solvent extraction system to process 0.32 g/l Ga (20 g/l
iron) solutions at pH 0-0.5, and produced from the leaching of a zinc residue. Here,
0.3 M OPAP in kerosene with iso-decanol modifier was used, and the ‘milky turbidity’
and phase separation problems reported by Kikuchi and Kamagami were apparently
not encountered. It was also found that OPAP would load gallium at higher acidity
than was possible using D2EHPA. Despite prior ferric reduction with iron powder,
a small amount of residual Fe(Ill) was co-extracted but not totally removed by the
1.5 M H3SO, strip solution used. A phosphoric acid scrub of stripped organic con-
trolled its Fe(Ill) content to < 0.5 g/1 at which efficient gallium loading into recycled

organic could be maintained.

There have been only a few attempts to use chelating reagents for gallium
extraction from these acidic media. Inoue and Nakayama [73] found that recovery
from nitrate solutions into Kelex 100 was by cation exchange, but reaction rates are
even slower (several days to equilibrium at 30 °C) than with extraction from Bayer

solutions. A probable explanation is that Kelex 100 is a very weak acid.

It appcars that these problems can be overcome by using as chelating reagents
various aryl- and alkyl- substituted hydroxamic acids.* Zhou et al. [15] have proposed

a process for mr tal recovery and separation from zinc leach solution. Here a number

*This class of reagents has a Q =-E-- NH — OH group responsible for chelation through oxygen
from the hydroxy group and mtrogen [50].




of specially synthesized substituted hydroxamic acids were tried as extiactants for
gallium. Among them, a compound named 1106 (a mixture of neo-tri-decyl and neo-
penta-decyl hydroxamic acids) in kerosene showed close to a 100 % Ga extiaction (at
pH 1.0), and fast kinetics. Extractant stability was improved with a modifier addition,
and no degradation was found after 8 hours contact with 6 M HNQ;. However,
when contacted with 0.2 M KMnOy4 solution (strong oxidant) for the same duration,
degradation did occur resulting in about 30 % loss of extractant. This indicates that
longer contact times with the solutions of practical significance may be necessary in

order to reliably estimate the long-term stability of this class of extractants.

2.5 Summary

Concluding this overview Chapter, the following remarks are presented:

o tor gallium, the most important aqueous processing solutions are the alkaline
Bayer and the acidic sulphate solutions. Hydrochloric acid solutions are in
some instances used in intermediate purification stages. Increasing importance

of acidic nitrate solutions is anticipated.

o Solvent extraction plays a significant 10le in gallium recovery and for cach of
these media requires a specific type of extractants; those which work well in

one system would not do so in another—e.g., amine extractants.

e Alkylphosphoric (mostly D2EHPA) and carboxylic acids are currently used in
industrial practice for recovery from sulphate solutions. The potential of OPAP

extractant has recently been indicated.

» Despite its significance, few studies exist on the fundamentals of extraction
from sulphate (and nitrate) solutions. Little or no attention has L _en paid to
gallium extraction equilibria, kinetics and various associated aspects. This is

the subject of the present work.
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Chapter 3

Experimental Methodology

o

3.1 Introduction

The various chemical reagents and the methods of analysis that have been used will
be described in this Chapter. Detailed information on the experimental procedures

will also be given.

3.2 Reagents

All inorganic chemicals were of analytical grade. Stock aqueous solutions of Ga(III)
were prepared by dissolving a given amount of Ga,(SO4)3 or Ga(NQj3); in distilled
water. Both salts were from Aldrich Chemical Co., with at least 99.99 % purity.
Because they are hygroscopic the resulting gallium concentration in solution had
always to be determined. The respective concentrations of sulphates or nitraies were
then found from the stoichiometric formulae. In order to prevent possible hydroxide

precipitation, known amounts of acid were added.

Di-2-ethyl hexyl phosphoric acid (D2EHPA) was purchased from BDH Inc.
The product information sheet! gives 100 % purity. Analysis of several samples from
extractant ‘as received’, by potentiometric titration, showed 97.5-98.0 % D2EHPA
and 0.5-0.6 % M2EHPA content by weight. The very low M2EHPA content of

"Material Safety Data Sheet, Technical Services, BDH Inc , Toronto, Ontario, November 1988
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the BDH-supplied reagent has been noted by Slater [80]. Ao, the densities found
for purified D2EHPA [81] (973 kg/m® at 20 °C and 969 kg/n® at 25 °C) agree
well with the value of 971 kg/m? at 21 °C determined here. Thus, 1t was felt that
special purification steps (e.g., the copper-salt technique {81]) were not needed and the
conditioning of the stock extractant solutions was limited only to contacting several
times with sulphuric acid solution, then washing with distilled water, and finally
filtration through Whatman PS (silicone-treated) filter. Analysis of the extractant
solution then gave 0.2-0.3 % M2EHPA, which value is close to the erior level of
determination. Comparative experiments, carried out several times m the course of
this work, showed no noticeable difference in the results obtamed with newly prepared

and conditioned, or with recycled, extractant solutions.

Octyl phenyl acid phosphate (OPAP) was supplied by Albright & Wilson
Americas Inc. This reagent comes as a mixture of mono- and di-octyl phenyl phos-
phoric acids abbreviated in this work as mono-OPAP and di-OPAP (fig 3.1). From
the analysis by potentiometric titration it was found that OPAP consists of 61.5-
62.0 mol % mono-OPAP and 38.5-38.0 mol % di-OPAP. As a mixed extractant,
changes in its composition during continuous operation are likely to occur Hence, it
was necessary to be able to distinguish between individual contritutions from each
component to extraction, and a method to separate mono- from di-OPAP was needed.
A method has been recently developed [82] for separation of M2EHPA and D2EHPA
based on selective precipitation of the barium salt of M2EHPA. With some modifi-
cations, this method was adopted here t¢ separate mono- from di-OPAP. Detailed

description of the procedure is given in Appendix A.

Kerosene (Fisher Scientific) was used as a solvent for the organic solutions
throughout this work. While there were no problems with phase-separation or a third
phase formation for D2EHPA-kerosene solutions, such were experienced with OPAP
extractants in kerosene. Addition of a modifier was thus necessary and n-decanol

from Eastman Kodak Co. was used.
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Figure 3.1: Structural formulae of D2EHPA (formula weight: 322), di-OPAP (formula
weight: 474), and mono-OPAP (formula weight: 286).
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3.3 Analytical Methods

Acidity of the aqueous solutions was determined either by titration with NaOllor  in
the pH-range—with a pH electrode. Standard solution of 0.1 N NaOll (Fisher Certi-
fied) was used for acid-base titrations and was petiodically cheched aganst standard
0.1 N HCI (Fisher Certified) solution. All these titrations were carnied out with a
10 ml ABU 80 autoburette from Radiometer Copenhagen (thiee dedimal digits, pre-
cision £2.5 pl). Phenolphthalein was the indicator used in most cases. The pH was
measured with a PHM 84 Research pH meter fr;)nm Radiometer Copenhagen and an
ORION ROSS combination pH electrode. The fast response, minimal drift, and the
stable, accurate and reproducible readings of the ROSS series of electiodes, according

to the manufacturer’s specifications,?

were of primary importance m minimizing the
inherent lower accuracy of measurements in the region of pll 1. Calibrations of the
electrode were performed regularly with standard buffer solutions (Fisher Scientific,
Radiometer, or BDH) of pH values 1.00 and 4.01 for measurcments in low pH re-
gion (around pH of one), and buflfers 7.00 and 4.01 for higher plIl and potentiometric

titration. The slope was usually 98-101 % of the theoretical response (the Nernst

equation).

The pH measurement is very sensitive to even slight temperature variations
particularly in the low pH region. Care was taken, especially when measuring in
small sample volumes, not to heat the solution from unexpected sources—e.g., from
the magnetic stirrer. In general, corrections for temperature were done manually, if
necessary, according to the readings from a thermometer immersed into the sample

solution.

Metal concentrations in the aqueous solution were determined by flame atomic
absorption on a Instrumentation Laboratory spectrophotometer. The flame was ni-
trous oxide-acetylene mixture. Calibration solutions for galliurn were prepared from

995 ppm gallium standard solution in 0.1 % HNO; for atomic absorption, from Aldrich

2ROSS pH electrode, Instruction manual, Orion Research Inc, 1988
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Ga standards | measured
(ppm) absorbance Fitting equation:
Y A

0.0 0.001 Y = z¢ + 71.Ap + 72. A}
1.99 0.023

4.98 0.055 zo = 0.1218

7.96 0.091 z; = 79.7438

9.95 0.115 z, = 57.0270
19.90 0.217

29.85 0.305 corr. coeff. =0.9998

Table 3-1: Typical measured absorbance values of gallium standards.

Chemical Co. According to the specifications,? the linear response range (concentra-
tion vs absorbance) for Ga is up to 60 ppm. It was found, however, that in the upper
end of this range (above 35-40 ppm) significant deviation from linearity occurred,
thus requiring polynomial regression curvc fitting. At the same time, stable and lin-
ear response was observed for gallium concentrations below 10 ppm down to 1 ppm.
Therefore, standard solutions of up to 30 ppm Ga were prepared and used throughout
this work. All samples for analysis were prepared to match this range by appropriate
dilutions into 0.1 N HNQj;. Nevertheless, a second-order polynomial regression was
still used for the standard curve. A typical example of absorbance readings and curve
fitting parameters is given in Table 3-1. Background (blank sample) absorbance was
monitored during analysis, and if exceeding £0.002 units, recalibration was performed
and samples were reanalyzed. As a general rule, samples were analyzed at least twice
and readings of the standard solutions were taken at the beginning and at the end
of the session. Tests for possible interferences and matrix effects were also carried
out. Specifically, the presence and concentration levels of up to: 2.5 M H,SOy, or
8 M HNOj;, or 2000 ppm Na, or 2000 ppm Al, were checked. Of these, slight suppres-
sion of gallium absorbance was noted at 2 M H,SO, and the readings at high sodium

concentrations were not very stable. Therefore, for those gallium samples in strongly

3Galhum Determination by Flame Atomization, Instrumentation Laboratory Inc., July 1979.




acidic sulphate solutions, standards with a similar matiix were prepared.

Extractant concentrations in the organic phase were deternuned by potentio-
metric titration with standard 0.1 N NaOH solution. The autoburette, the pl meter
and electrode used are described above. The sample (usually 1 ml) was dissolved in
120 ml acetone (reagent grade) and 22 m! H,0 was added The titrant was slowly
added in small portions under continuous stirting  After each addition, readings
of the stable pH and volume of base were taken. In this manner, the well-known
S-shape titration curves were obtained when plotted in pH ws volume of base c»-
ordinates. The equivalent point was determined from the respective first-derivative
curve. The obtained results were highly reproducible. Presence of kerosene i the
sample had no effect, except that it required a 1elatively large amount of acetone
(120 ml), with regard to the sample volume, because of mutual solubility problems
(kerosene-acetone-water). The presence of n-decanol in samples of OPAP extractant
also had no effect on the titration result. Since mono-OPAP is a di-basic acid, two
equivalent points are observed—the first one corresponding to the total concentra-
tion of mono- and di-OPAP, the second one being proportional to the mono-OPAP
content. Figures 3.2 and 3.3 illustrate characteristic titiation curves for D2EIPA

and OPAP extractants, respectively.

3.4 Experimental Procedures
Equilibrium experiments

These experiments were carried out in tightly stoppered Erlenmeyer conical flasks
(125 ml volume) placed on a wrist-action shaker and at room temperature (21 1 °C).
Thus, possible losses of solution due to leakage during shaking were prevented. Most
of the experiments were performed at O/A (organic-to-aqueous) phase ratio of one.

In this case, the sample volume of each phase was 20-25 .

A few tests at specifically chosen conditions (two different levels of metal and
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Figure 3.2: Determination of D2EHPA concentration in the organic phase. Titration
curve (1), First derivative curve (2).
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Figure 3.3: Determination of mono-OPAP and di-OPAP concentrations in the organic
phase. Titration curve (1), First derivative curve (2).
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Figure 3.3: Determination of mono-OPAP and di-OPAP concentrations in the organic
phase. Titration curve (1), First derivative curve (2).




extractant concentrations, and pH) were cariied out in oider to check whether change
in volume of a given phase during equilibration would occur. No measurable differ-
ence was detected.! Thus, for the most pait, mmetal concentrations were determined
only in the aqueous phase—before and after extraction—and then the respective
concentration in the organic phase was calculated from the difference. Occasionally,
metal in the organic phase was analyzed after complete stripping into H,SOy4 solu-
tion. The results were in agreement with the mass-balance requirements within the

experimental error limits.

Problems with phase disengagement after mixing were not encountered.’ Nev-
ertheless, care was taken to ensure full separation before analysis. In particular, it
is obvious that for highly loaded extractant and low mictal concentration in the raf-
finate, the presence of small droplets of organic material in the aqueous phase may
lead to quite erroneous results. Normally, after an experniment, the content of the
flask was transferred into a separatory funnel, then the raffinate was filtered through

Whatman 2 and Whatman 42 filter paper, with the organic phase filtered through
Whatman PS.

Preliminary experiments showed that equilibrium was approached after 15 to
20 minutes mixing time. Considering, however, the strong dependence of rate on the
particular conditions, and especially pH, the flasks were usually left shaking for at

least 12 hours.

Kinetic experiments

Kinetic studies in this work were performed with a rotating diffusion cell (RDC).
This technique was developed and first applied for solvent extraction kinctics by
Albery and Fisk [83]. It has been used since for studies in several solvent extraction
systems—e.g., copper extraction with oxime [84], nickel, cobalt, and zinc extraction

with organophosphoric acid extractants [86, 87, 88, §9].

4The mintmum detectable volume difference was estimated to be 0 106-0 150 ml
SProvided that OPAP 1s used with addition of n-decanol
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Here, the two liquid phases come into contact through a thin porous membrane
glued to a rotating acrylic cylinder containing one of them and immersed into the
other. Part of the membrane may be rendered impermeable, thus producing an inner
circle with the desired interfacial area. Inside the cylinder is a specially designed

stationary cylindrical bafle made of teflon.

During an experiment, the baffle imposes the hydrodynamics of rotating disc
in the vicinity of the inside membrane surface [84, 85]. The flow ¢f the inner liquid
is shown schematically with arrows on fig. 3.4, which also gives a general picture of

the cell assembly used in this work.

At the beginning of each experiment, a new membrane (Millipore, 0.22 ym
pore size) is mounted on the clean and dry cylinder with acrylic glue (made of acrylic
turnings dissclved in benzene). Except for a small central circular area (from 8 to
15 mm for most experiments), the rest of the membrane is ‘cleared’ with solution [85]
containing 33 % 1,4 dioxane, 33 % hexane, 33 % 1,2 di-chloroethane, and 1 % water by
volume, and becomes transparent when dry. It is essential that this small uncleared
area is indeed a well formed and centered circle. The aqueous solution is placed in
the thermostated beaker, then the non-cleared area of the filter is wetted with a drop
or two of the solvent (kerosene), any excess removed, then the cylinder is lowered
until just touching the aqueous surface. The organic phase is added slowly to the
cylinder which is gradually immersed into the aqueous solution. The exact position is
adjusted so that the hydrostatic pressure of the two liquids is equal at the membrane

surface.®

The RDC technique has been applied to extraction kinetics of reactions in-
volving cation exchange, i.e., where for every g-ion of metal Me™*, extracted into the

organic phase, n g-ions of H* enter, in return, the aqueous solution:

Me™t 4+ nHR (org) & MeR,, (org) T nHt (3.1)

$Deternmuned by the difference 1n densities of the two solutions. The level of the lighter phase—
the organic, should be higher The exact height difference was found by trial and error. The change
m pressure when stirred was neglected
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Figure 3.4: Schematic picture of the rotating diffusion cell. 1-thermostated beaker;
2-acrylic cylinder; 3-baffle; 4-Millipore membrane; 5-teflon pulley; 6-hollow steel
rod; 7-mounting rod.
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Hence, the rate of the reaction is directly related to the pH change with time during
the experiment. The pH may be maintained constant by base addition (e.g., NaOH
solution) with a pll-stat. In this way, the rate of the extraction reaction can he
determined from the recorded rate of base added. This is the idea used in the kinetic
studies cited above. There, the pH was continuously measured, the signal fed to a
pH-stat, which in turn activated an autoburette for base solution delivery whenever

the pH fell below a preset value.

In order to use successfully this fairly simple and straightforward procedure,

the following conditions should be met:

e The maintained pH should be high enough so that very small changes in H*

activity are readily detected.

e The ohserved pH change should result only from the extraction reaction and

not be due to other chemical or physical phenomena.

o The solution chemistry of the aqueous phase should be known as to whether the

H* activity is (or may possibly be) affected by any reaction other than (3.1).

The first condition is well satisfied if pH is above 3.5-4.0. Problems with the sec-
ond condition may come from simultaneous physical distribution of the extractant
to the 2queous phase ard dissociation therein; another one may result from unpre-
dictable change in the liquid-junction potential of the pH electrode due to prolonged

continuous use and contamination, thus leading to erroneous readings.

Complications in connection with the third condition can be illustrated with

the example of sulphate/bisulphate equilibrium:
H* + SO,* = HSO,~ (3.2)

Clearly, some of H* entering the aqueous phase will react to produce HSO,~. The
situation may be complicated even further if the metal extracted is itself involved in

various complexation reactions in the aqueous solution.
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For the particular purpose here—kinetics of galhum extiaction from acidic
sulphate and nitrate solutions—the first and the third condition could not be satistied.
The pH range was from pll1 0.6 to pH 1.9, and not only 1eaction 3.2 would take place
but also gallium would be involved in complex formation 1cactions in the aqueous
phase.” Only the second condition could be met satisfactorily—because of relatively
high acidity the effect of possible extractant dissociation in the aqueous phase on
pH would be negligible, as would also be the effect of CO, coming from the air and
dissolving in the solution—a problem, recognized and solved by purging nitiogen in

the case of higher pH [86].

Due to these considerations, the procedure cmployed here had to be changed.
First, there was no need to purge nitrogen into the solution be cause of the low pll.
Second, the idea of following the extraction rate thiough the base addition had to
be abandoned—instead, reaction rate was determined from the amount of metal

extracted into the organic phase for a given period of time.

Each experiment was carried out under constant conditions—stirring, inter-
facial area, pH, metal and extractant concentrations, volume of the two phases (for
most experiments—50 ml organic and 250 ml aqueous phase), and temperature-- for

a specified time, usually 2400 or 3600 seconds.

After the experiment, an exact measured volume of the organic phase (48 ml)
was contacted with 2 M H,S0O, (usually 30 ml) for complete stripping of the metal.
Tests have shown that this stripping with sulphuric acid indeed gave complete back-
extraction. The metal concentration in the strip solution was determined by atomic
absorption either directly or after proper dilution, when necessary. From the result,
the total amount (in moles) of metal extiacted was calculated and then divided by
the known interfacial area and time to yield the flux of metal (moles per surface arca

per time) through the interface for the particular experiment.

This procedure, however, will only be coirect if the rate of metal extraction

?To be discussed n Chapter 5
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(i.e., the flux through the interface) is constant for the duration of the experiment. In

other words, regardless of the time petiod (up to a certain hmit, of course), the flux
must be the same under otherwise identical conditions. This was verified by carrying
out several experiments for times ranging from 20 minutes to 2 hours and plotting
metal extracted per surface area vs time. The result must be a straight line with zero

intercept, and a slope equal to the flux.

Such experiments, which will be called here ‘linearity’ tests, have been carried
out on several occasions under different conditions, and acceptably good straight lines
with practically zero intercepts have been obtained. Results from one typical example

are shown on fig. 3.5.

This linearity is not surprising, since during an experiment the amounts of
metal extracted and H* produced are very small when compared with their initial
amounts present in the aqueous phase.® In fact, because of the low pH, there was no
need to add base for pH correction. This constancy of reagent concentrations (also
in the organic phase) was a prerequisite for the observed linearity. In addition, such
tests served as proof of reproducibility of the RDC results. Viewed from another
angle, the information obtained by the described RDC method is gained with little
disturbance of the system, thus allowing it to remain in a quasi steady-state. This is

considered as one of its main advantages.

In the present work, the RDC method was also employed to study the strip-
ping kinetics of gallium from loaded D2EHPA. The initial primary purpese of these
experiments was to check the model developed based or the results for the extrac-
tion kinetics. The RDC technique has not so far been applied to studies of stripping
kinetics with one exception [84]). There, copper stripping kinetics were studied by
following the reduction of incoming Cu?* on a ring-disc electrode and measuring the

resulting current.

A similar procedure to that described for the extraction kinetics was used

3In the most favourable cases—high pH and high extraction rates—the change is no more that
1-1 5 % with respect to the imual
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Figure 3.5: RDC: Test for constant extraction rate. Gaggy = 2.29 x 10-2 g-ion/l,
D2EHPA = 0.28 F, pH = 148, t =22 °C.
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also for the stripping experiments. Here, the acidic strip solution was placed in the
thermostated beaker with the pre-loaded organic with known metal concentration in
the rotating cylinder. The main difference—and problem-—was with the analysis of
the stripped mectal. The resulting metal concentrations in the aqueous strip solution
were very low even for direct analysis by atomic absorption. Smaller volumes of
the aqueous phase and longer times (for the most part, 180 ml and 5400 seconds,
resp.) than in the extraction experiments were used, but these changes still were not

sufficient to obtain metai concentrations high enough for reliable analysis.

One option was to use solvent extraction as a pre-concentration step. How-
ever, such analytical techniques would require HCl medium or chloride addition (see
pages 12, 16). Spectrometric determination with rhodamine B, at these low metal
concentrations, would also require extraction prior to analysis [90]. Thus, it was de-
cided at this point to do the simplest thing possible—to obtain more concentrated

solution by slow evaporation of part of the water.

After an experiment, two parallel samples of 80 ml each were taken, placed
in two beakers, and left on a laboratory heater at a very low heating mode. Dur-
ing evaporation, some of the water vapour was condensing on the cold walls of the
beaker and re-entering the solution. After about 4 hours, the volume was reduced
to approximately 6-8 ml. The exact volume was measured by an Eppendorf digi-
tal pipette (three digits, range 0.100-1.000 ml, imprecision less than 0.2 %). Metal
determination in these samples was now possible. The results for the two parallel
samples were usually in good agreement, and if so, the average value was used in the
subsequent calculations. Although this technique is open to criticism, yet through
both reproduction of some of the experiments and successful application of ‘linearity’
tests (see page 32), which weie also carnied out here, a satisfactory degree of confi-
dence was gained. Nevertheless, a better analytical method should be found and used
to provide lower detecuon levels, such as, for example, inductively coupled plasma

spectroscopy (ICP).
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Chapter 4

Experimental Results

4.1 Introduction

The results from experimental work are the subject of this Chapter. First, those
regarding extraction equilibria will be presented and discussed. Based on them, sto-
ichiometry of the reactions and respective equilibrium constants will be determined,
and the two extractants—D2EHPA and OPAP—compared. Then, the results from

kinetic experiments will be presented.

4.2 Gallium-D2EHPA Extraction Equilibria
4.2.1 Basic Elements and Concepts

The overall gallium extraction reaction can be represented as:

n+s

3+
Ga+2

(HR); (arg) = GaRy - sHR (org) + nH* (4.1)

where s, the solvation number, depends on the nature of the organophosphoric acid,
HR, as well as on the loading level. The solvated metal-organic camplexes follow
formation of extractant dimers through hydrogen bonds in non-polar solvents [92, 93].
However, the extractant exists mainly as monomer if solvents capable of hydrogen
bonding, such as alcohols, are present—due to strong solute-solvent interactions. In

methyl alcohol, for example, both D2EHPA and M2EHPA are fully monomerized [94].
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The same has also been reported for M2EHPA in n-decanol [95). The thermodynamic

equilibrium constant of reaction 4.1 is given by:

n

a a
K = _“_R__‘"_';_f. (4.2)
a

2
Ga3+ A(HR),

Youn, .m,,* [GaR, - sHR][H’*]“

Kex =
[Ga3+)[(1IR),] *F*

(4.3)
7(;,3+ 7( HR);
where a denotes activities and y—activity coefficients. If the experimental conditions

are such that the product of activity coeflicients is kept constant, then the so-called

‘apparent’ equilibrium constant, K/ —

aie n
Koy = K ToseTomn (GaR, - SHIRY 2 (4.4)
YGaRn sHR [Ga3+][(HR),]®

can be used to describe the extraction equilibrium. Since activity coeflicients depend
on the ionic strength (1) of the solution, K, will always refer to a particular value of I,
at which it has been determined. Under such conditions, the distribution of metal
between the two phases—aqueous and organic—can be described by the distribution

coeflicient, defined as the ratio of total concentrations at equilibrium:

_ [GalE, s

De. = Ga]T,

If the only gallium species in the respective phases are GaR, - sHR and Ga®*, then

from eqns (4.4) and (4.5) follows that

n

a
K;x = Dca-——ii—;—;- (46)
[(HR),] %"
or, in the form of logarithms:!
log Daa = log K, + —— log [(HR);) + npH (4.7)

Equation (4.7) is well known and has been used for determination of reactions stoi-

chiometry and equilibrium constants {96]. When log Dg, is plotted vs pH at constant

*Throughout this work, it is adopted that loga refers to the logarithm of a with base 10, and
In a—to the natural loganthm of a
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free extractant concentration in the organic phase [(HR),], a line with a slope equal
to n should result—if no change in the mechanism occurs within the given pH range.
Similarly, when log Dg, is plotted vs log[(H1R),], at constant pll, the 1esulting line
should have a slope equal to (n+s)/2 In order to correctly apply this method several
conditions should be satisfied or tahen into account Firstly, the ionic strength has
to be same for all of the employed aqueous solutions and kept constant, so that the
activity coefficients of the species in the aqueous phase remain unchanged (and K.,
to be constant indeed). Estimation of activity coeflicients of the species in the or-
ganic phase is also needed. For solutions of D2EHPA in aliphatic diluents, deviations
from ideality have been attributed to weak dimer dimer interactions [97], which are
not affected by the particular aliphatic diluent, and the following relationship linking

YmR), and formal extractant concentration® has been proposed:
log YHR), = -0.83 1‘.'/2 (48)

Secondly, eqn (4.7) assumes (by inclusion of Dg,) that no gallium species other than
Ga®t exist in the aqueous phase, and accordingly, in the organic phase gallium is in
the form of GaR,, - sHR only. If this does not hold, then eqn (4.7) has to be modified
to account for the existence of other species. Thirdly, the extractant term i egn (4.7)
refers to the free concentration at equilibrium. It can be assumed equal to the mitial
concentration only if the latter is sufficiently large with the metal concentration low,

so that changes due to the metal extracted are negligibly small.

4.2.2 Preliminary Tests

The initial experiments showed that gallium is well extracted with D2EHPA When
125 ml solution containing 9.61 x 1073 g-ion/l Ga with pll of 2.16 was contacted with
125 ml 10 vol % D2EHPA in kerosene. gallium concentration in the raffinate was only
0.57 x 10~* g-ion/! after 40 seconds contact time (Table 4-1). In order to estimate

the time necessary to establish equilibrium, under given conditions, a similar test

2Formal concentration, or formahty, F, 1s the nunber of forinula weights, per lhitre of solution
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contact time | Ga in raffinate | pHl of raflinate | E %
seconds x10* g-ion/l

10 6.45 1.67 93.3

20 1.29 1.65 98.7

30 0.72 1.64 99.3

40 0.57 1.59 99.4

'able 4-1: Gallium extraction with D2EHPA. Gaye = 9.61 x 1073 g-ion/1, 10 vol %
D2EHPA, O/A=1, t = 21 °C.

contact time | Ga in raffinate | pH of raffinate | E %
minutes x10? g-ion/l
5 2.35 1.06 58.7
10 2.10 1.02 63.1
15 1.95 1.01 65.7
20 1.87 1.01 67.0
25 1.86 1.00 67.3
30 1.86 1.00 67.3

Table 4-2: Gallium extraction with D2EHPA. Ga,n, = 5.68 x 1072 g-ion/1, 10 vol %
D2EHPA, O/A=1,t =21°C.

was carried out, but with higher gallium concentration in the aqueous phase. The
results (Table 4-2) showed that in this particular case approximately 25 minutes were

needed.

Samples from the loaded organic from these tests were contacted with solution
of 1.5 M H,SO, for different times, and it was found that in 20 minutes, all gallium
was stripped.

Two loading tests for two different concentrations of D2EHPA—0.045 and
0.086 F, were performed. Small volume (15 ml) of the organic phase was contacted
several times with portions of 100 ml 0.06 g-ion/I gallium solution. Gallium loading in
the organic phase reached a level of 0.140 and 0.251 g-ion/I for the two D2EHPA con-
centrations, respectively. These values represent approximately 3:1 metal:extractant

molar ratio. Thus, it can be concluded that in fully loaded D2EHPA, the stoichio-
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metric formula of gallium complex is GaRj.?

For several samples of gallium-loaded D2EHPA, 1 M HCI solution was used to
strip the metal. Gallium was stripped but no sulphates were found in the resulting

solutions (test reaction with Ba?*). This showed that sulphates were not co-extracted.

4.2.3 Dependence on pH and D2EHPA Concentration. Re-
action Stoichiometry

A series of equilibrium experiments were carried out at different aqueous acidities and
constant extractant concentration in order to determine the dependence of gallium
distribution on pH (fig. 4.1). When log D¢, was plotted vs pH a straight line with a
slope of 3.47 resulted (correlation coefficient of 0.9947). This showed that there is no
change in the extraction mechanism within the pl mnterval. Ou the other hand, the
value of the slope was unexpected—as for a tri-valent metal, n should be equal to 3.

The difference was too large to be attributed solely to experimental uncertanties.

Eventually, the reason was found to be the following: the aqueous solutions
of gallium were prepared from Ga,(SQO,),, so that the metal concentrations for all of
them were the same, and H;SO4 was added to obtain solutions with incieasing acidity.
Thus, the solutions prepared would have had not only different acidities but also
different sulphate concentrations. If galhum could form complexes with sulphates,
as was later found to be the case, then eqn (4.7) would be no longer applicable-—
increased sulphate concentration would mean lower concentration of free Ga®t and
therefore less metal extracted, according to the equilibrium 1eaction 4.1. Hence,
these first extraction results served to stress the importtance of gallium complexation

in sulphate solutions.

In order to avoid, at this point, additional complications arising from sulphate

complexation, gallium nitrate solutions were prepared and their acidity was varied

3This, however, does not exclude possible existence under such conditions of polynuclear species
with the same monomer formula
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Figure 4.1: Extraction equilibrium with D2EHPA. Conditions: Gajp = 1.05%1072 g-
ion/l; 20 vol % D2EHPA; OfA=1; t = 22 °C; the acidity is varied by H,S0O, addition,
i.e., the total sulphate concentration increases with decreasing the pH.
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by addition of HNO3.* The ionic strength was maintained with NaNQy at 1 = 0.5.

The results fcr several concentiations of D2EHPA are shown on lig 1.2, The slopes
of all lines were from 2.94 to 3.05, ¢s determined by the least-squares method, with
correlation coefficients ranging from 6.9961 to 09995. Thus, the value of n was

accepted to be equal to 3.

The dependence of gallium distribution on D2EHPA concentration can be
determined from the results on fig. 4.2 as well. 1t is clear, that any vertical line
through the graph, crossing the pH axis at a given point, will give values of log Dga
for that particular pH. Also, the intercept, A, of cach line is cqual, according to

eqn (4.7), to:
n+s

A=logK! + log [(1IR),] (4.9)

Therefore, when the values of A are plotted as a function of log[{1R),], a line with a
slope of (n +5)/2 and intercept equal to log K should be obtained. The results from
this are shown on fig. 4.3. The obtained line has a slope equal to 2.04 and intercept

of —0.121 (correlation coeflicient of 0.9982).

Based on these results it was concluded that the value of s is equal to one
and K[, is cqual to 0.757 mol/l (for I = 0 5). Thus, the stoichiometry of the overall

extraction reaction was determined to be:
Ga®t + 2(HR); (org) = Gaky - HR (or) + 3H* (4.10)

Recently, the same stoichiometry was also reported by Inoue et al [71].

Another way to determine the reaction stoichiometry is based on the following

considerations: Assuming that a given gallium complex—GaR,, - sHR-—forms in the

“In all reviewed sources for galllum complexation n aqucous solutions (e g, references [118]
[125)) there was no evidence of possible existence of mitrate complexes For most metals, for which
stability constants, 3, are available, log @ 1s less than 0 5, and for many this value 1s negative-—e g |
Ni?t, Co®*, Fe3t [104] For In®**, the only metal sinular to Ga®* for which data are available,
log 8y = —043 (at I = 4) 1s given This low value implies that the eflects of any possible mtrate
complexation will be very small
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Figure 4.2: Extraction equilibrium with D2ZEHPA. Effect of pH. Conditions: Gajni =
5.59 x 1073 g-ion/l; O/A=1; t = 21 °C; the aqueous solutions are nitrate-based (do
not contain sulphates) and the acidity is varied by HNO; addition.
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organic phase,® then the free extractant concentration at equilibrium will be:

71+b

[(HR)z] = [(HR)z],,,, — ———[GaRy - sHR] (4.11)

Provided that the experiments have been cairied out at O/A ratio of one, then from

[Ga%t] = [Ga®t] _, — [GaR, - sHR] (4.12)

1t

it follows that
Dqa

[GaR,, - sHR] = [G 2’ ., (4.13)
Dga
When [GaR, - sHR] from eqn (4.13) is substituted into (4.11):
[(HR)] = [(HR)s] ~ 22202 (ga3t) (4.14)

wmit 2 D + 1

After substituting [(HR);]—from eqn (4.14) mto (4.7), and final rearranging, the

foowing expression is obtained:

log Dg, = log K., + plog (4.15)

a"/P
Ht

([( H R)Z].mt pD ot [Ga’3+lnmt)

where p = (n + s)/2. This equation differs from (4.7) in that here the free extractant

concentration, at equilibrium, is expressed with the known initial values.

The unknowns, n and s, can be determined by assuming for them, and there-
fore p, certain integer numbers, then calculating with these values the second term
¢ the right-hand side in eqn (4.15), and finally plotting the result vs log Dg,. If the
assumed values are the correct ones, the obtained slope should be equal to p. An ad-
vantage of this procedure is the account of the free [[HR);]). Unless the experimental

{(HR);] can be found

conditions are such that it can be assumed equal to [(HR)], ..,

only if the stoichiomet1y of the extraction reaction is known.
This technique was applied to the gallium-D2EHPA equilibrium data (fig. 4.2)
for different values of n and s. The 1esulting slopes, as found by the least square

method, for n = 3 and for s from 0 to 3, ate given in Table 4-3.

$Formation of polynuclear complexes in the organic phase 1s not considered here because of the
low metal concentrations i the aqueous phase and low loadmg levels used n the experiments
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assumed iitial D2EHPA (as dimer),

values for 0.043 0072 0103 0113 0180
S, p | obtamed values for p

1.59 1.62 1681 1.65 167

202 204 203 208 205

291 270 268 269 266

346 338 330 327 .22
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Table 4-3: Calculated slope (p = %32} values, n =3 Data from fig 42

The results show that for all extractant concentrations the dlosest match be-
tween assumed and found values of p is for n = 3 and s = 1, therciore confirming
the stoichiometry of the extraction reaction 4.10. For the case of s = 0, the obtained
values for p are relatively close to the assumed, and the difference increases with ex-
tractant concentration. The opposite trend is observed with the case of s = 3. These
two trends can be possibly explained by the foliowing considerations 1t is known
that the large excess of extractant with respect to the metal in the organic phase
favours formation of complexes of the type MeR,, - nHR. On thc other hand, when
the loading capacity of the extractant is approached, the molar extractant-metal ra-
tio is then close to n.1 [98, 99, 100] Thercfore, i the transition from Jow to high
metal loadings, there will be a gradual change in the distiibution of several possibly

existing metal-extractant complexes.

The results 1rom gallium equilibnum extraction with D2EHPA lead to the con-
clusion that gallium is extracted as GaRj - 1IR, according to the overall reaction 4.10.
This complex, however, should be viewed only as the predominant one (for the range
of experimental conditions) and not the only one that may exist in the orgame phase
The two trends, observed in the results in Table 4-3, appear to support the fact that
at very low metal loadings the predominant complex will be GaRky 3HR, while at

high loadings—GaRj3. The latter was also indicated in the loading capacity tests.




4.2.4 Effect of Sulphate Concentration

As it was noted carlicr, gallium complexation in sulphate solutions appeared to have
a significant effect on gallivin distribution between the two phases. Several series of
experiments were carried out at different sulphate concentrations. The amount of
sulphates were controlled by addition of Na,S0,, while acidity and ionic strength
(I = 05) were adjusted with HNOy and NaNQ;. The obtained results for two
different extractant concentrations and gallium solutions with and without sulphates

arc given on fig. 4.4.

The results clearly show that the presence of sulphates in the aqueous solution
leads to a significant decrease in gallium distribution coefficients Also, the apparent
slope of the lines for those experiments with sulphates is noticeably less than three.
Least-square curve fitting gave slopes close to 2.3 for lines 4 and 5 (2.36 and 2.25,

resp.), and slopes of 2.50 and 2.74—for lines 6 and 7, respectively.

The fact that linear dependence of log Dg, on pH is again observed with
the results for extraction from sulphate solutions means that there is no change in
extraction mechanism as compared with the case when no sulphates are present in
the aqueous phase. Thus the reason for lower extraction is probably due to gallium
sulphate complexation. Given the practical significance of sulphate-based process
~olutions for gallium recovery, gallium complexation and implications for extraction
clearly become important.

Due to complexation, eqn (4.7) will no longer be applicable since the total

T

aq Will not be equal to the concen-

gallium concentration in the aqueous phase, [Ga)
tration of free Ga®*, which is supposedly the rcacting species.® Hence, from eqns (4.4)

and (4.5) it follows that

v _p (Galg ey,
I\cx = DG&[G;«\:H'] {(HR)QP (416)

*In fact, Ga®* 1s hydrated and exists as [Ga(1120)6]** n aqueous solutions [9]
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Figure 4.4: Extraction equilibrium with D2EHPA. Effect of sulphate concentration.
line 1: Gajpe = 9.61 x 1072 g-ion/1, line 2: Ga,, = 4.02x 1073 g-ion /], line 3: Ga,y, =
9.32 x 107 g-ion/I, line 4: Gan = 6.17 x 1072 g-ion/l, line 5: Ga, = 1047 x
1073 g-ion/l, line 6: Gayy = 5.74 x 1072 g-ion/l, line 7: Ga,ny, = 9.32 x 107* g-ion/l,
O/A=1, t = 21 °C. The acidity 1s varied by HNO; addition, i e., the total sulphate
concentration (from Na,;S0O,) remains constant and does not change with pH.
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and accordingly
T
[Gal., (4.17)

log D = log I+ 21og (11R),] + 3pH ~ log =538

Equation (4.17) can also he written as

[Galf,

o (4.18)

lOg Dga = IOg DGao - ]Og

where Dg,, is the distribution coeflicient of galliuin obtained in absence of sulphates
and under otherwise the same conditions. Equation (4.18) shows that the decrease of
log Dg, in comparison with log Dg,, 1s due to the always positive log ([Ga]L/[Ga“])
term. Obviously, it will be equal to zero—and theiefore log Dg, equal to log Dgay—
only when no galhum complexation m the aqueous phase takes place, i.e., [Ga];fq =
[Ga’*]. On the other hand, this term docs not depend on the particular extractant
but only on solution chemistry and complex equibibria in the aqueous phase. Thus,
eqn (4.18) implies that the relative effect” of sulphate complexation on extraction
will be the same regardless of the particular extractant as long as the extraction

mechanism remains the same.

In order to correctly predict how Dg, will be affected by gallium complexation
in aqueous solutions, it is necessary to be able to find [Ga3*] as functions of the total
(analytical) gallium, [Ga]l,, and the total sulphate concentrations as well as other
properties of the aqueous solution—acidity, presence and concentrations of other

clements, ionic strength. These will be further discussed in Chapter 5.

4.3 Gallium-OPAP Extraction Equilibria

When considering gallium extraction with OPAP, it is important to remember that
OPAP is a mixture of two extractants—the di-basic mono-OPAP and the mono-basic
di-OPAP (fig. 3.1). The former may be 1egarded as analogous to M2EHPA and the

latter—to D2EHPA, with the difference being only in the nature of the hydrocarbon

"For Dga compared (0 Dg,,




radical. Due to similarities in structure, ihe physico chemucal properties of mono
OPAP and di-OPAP will be close to those of M2ENPA and D2EHPA, resp., while

the differences will be due to the different radicals

As mentioned earlier, addition of an alcohol modifier to OPAP, dissolved in
kerosene, is necessary for improved phase separation. In this work, the concentration
of the alcohol, n-decanol, in the orgamc phase was 126 vol %, which cotresponds
to approximately 0.66 mol/1.2 Although direct evidence about formation of QPAP
dimers in non-polar solvents and existence as mouomers 1 the presence of aleohols
is not available from the literature,® it is assumed this 15 the case, as is with other

alkyl and aryl mono- and di-basic organophosphorus acidic extractants 30, 94).

4.3.1 Aqueous Solubility of OPAP

Of the two OPAP components, mono-OPAP 1s expected to have the higher aque-
ous solubility, and this will have an effect on long-term performance and extractant

composition.

Parallel samples of OPAP in kerosene (contamng 12 6 % n-decanol) were con-
tacted several times at O/A ratio of 1/2 with successive equal portions of 0.1546 M
HNOj; solution with constant jonic strength of 0.5, maintammed with NaNQs  After
each contact the aqueous acidity and OPAP concentration m the orgamce were deter-
mined. The results, given on fig. 4 5, show that the gradual decrease in extractant
concentration is mainly due to the mono-OPAP component. The diop, as expected,
is most significant after the first contact caused pirobably i part by water-soluble
impurities, since the samples were intentionally taken from the non-conditioned ‘as

received’ extractant. In the following contacts, however, the decicase is shght

The effect of pH on extractant solubility 1s showi on fig. 4 6. Here, samples of

8This 1s almost three times more than the highest total (mouo- plus di-) OPAP concentrations
used in the experiments

%In fact, no data on any physico-chemical properties of the OPAP components were found n the
available literature sources
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Figure 4.5: Aqueous solubility of OPAP, ‘as received’.
t =21 °C.
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Figure 4.6: Aqueous solubility of OPAP. Effect of pll. O/A=1/2,t =21 °C.

51




the conditioned extractant were used and the aqueous solutions were with the same
composition as in the previous experiments, but with varying acidities. The results

arc consistent with the two-phase distnibution of a weak acid [50], HR:
HR gy = Ht+ R~ (4.19)

and accordingly
K, [HR]aq)

[11+]

where [HR]'{.Q) is the total acid concentration in the aqueous phase and K, is the acid

[HR](y) = [HR)@aq) + (4.20)

dissociation constant.

The scatter of experimental data was found, however, to be significant because
of the ver small differer~~ ‘- extractant concentiations involved. Hence, any quan-
titative interpretation based on these results would be uncertain and was therefore

not attempted.

4.3.2 Equilibrium Distribution of Gallium

Results for the obtained log Dg, values as a function of pH at different extrac-
tant concentrations for four compositions of OPAP are given on figures 4.7-4.10,
respectively.!® The gallium aqueous solutions—compositions and ionic strength—

were the same as those used for the extraction equilibria with D2EHPA (fig. 4.2).

The results showed a linear dependence of log Dg, on pH. The slopes of the
lines were found to be close to three, though in some cases slightly higher—even up
to 3.22. No relation, however, was observed between these higher slope values and
extractant concentration and/or composition.

When comparing diffetent extractant compositions under otherwise the same
conditions, the results clearly show increased extraction with increasing mole fraction,

z, of mono-OPAP in the extractant.

%The values of extractant concentrations, shown on the graphs, represent the sums of the for-
malities of mono- and di-QPAP, i e, the total concentranion, Cr
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Figure 4.7: Extraction equilibrium with OPAP. Effect of pH. Mole fraction of mono-
OPAP: z = 0.22. Ga,y = 3.93 x 1072 g-ion/l, O/A=1, t = 21 °C; nitrate-based
aqueous solutions, acidity is varied by HNO; addition.
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Figure 4.8: Extraction equilibrium with OPAP. Effect of pH. Mole fraction of mono-
OPAP: r = 0.43. Ga,pe = 3.79 x 1072 g-ion/], O/A=1, t = 21 °C; nitrate-based
aqueous solutions, acidity is varied by HNO; addition.
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Figure 4.9: Extraction equilibrium with OPAP. Effect of pH. Mole fraction of mono-
OPAP: z = 0.62. Gajpy = 3.63 x 1073 g-jon/], O/A=1, t = 2] °C; nitrate-based
aqueous solutions, acidity is varied by HNQO, addition.
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Figure 4.9: Extraction equilibrium with OPAP. Effect of pH. Mole fraction of mono-
OPAP: r = 0.62. Ga,,ie = 3.63 x 1072 g-ion/l, O/A=1, t = 21 °C; nitrate-based
aqueous solutions, acidity is varied by HNO; addition.
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Figure 4.10: Extraction equilibrium with OPAP. Effect of pH. Mole fraction of mono-
OPAP: z = 0.95. Ga;y = 4.00 x 103 gion/l, O/A=1, t = 21 °C; nitrate-based
aqueous solutions, acidity is varied by HNO; addition.
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4.3.3 Extraction Reactions with OPAP Extractants

Case of two paralle] reactions

Galliumn extraction with OPAP may be 1epresented by two parallel reactions—for
the two components, assuming, at this pomt, that only the complexes with general

formulae GaMj - s;HIM and GaD; - s;HD can form. 1espectively:!!
Ga® + (3 + s; )M (org) = GaMy s,1IM(g,q) + 31T (4.21)

Ga™ + (3 + 5:)ID gy = Gabs - 51D gy + 31° (4.22)

where HM denotes mono-OPAP (M = ROP(O)(OH)O~) and HD—di-OPAP (D =

(R0O),P{0)0~). Accordingly, the apparent equilibiium constants for reactions 4.21

and 4.22 will be: -
. » ,
» ; Y. 34 73:4 t [GaMg . SIHM] a .,
Kpey = EMex— = . 4.23
A (RTINS 429
for mono-OPAP, and
352 [GaDy-s,HD)] a3
Yourt 7 [GaDy -5,
]/! =K e Gad% ‘WD __ - nt .
o = o e [Ga DR 424
for di-GPAP. The distribution coeflicient of gallium is then:
_ [GaMs - s, HIM! 4 [GaD, - 5, HD)
DC& - [Gil3+] (425)
Thus, from equs (4.23), (4.24), and (4.25)., it follows.
log D, = log (I, [HMJ*** 4+ K, [HD[**2) 4+ 3pH (4.26)

Since the total OPAP concentration in the oiganic phase, C7, is the sum of [HM] and

[HD], and also [HM} = zC7 and [HD] = (1 = 2)Cr, eqn (4.26) can be written as:
log Daa = log (Kfge 2 CF ™ 4 Ky (1 = 2)*72C37%) + 3pH (4.27)

In this eqn (4.27), the respective equilibiium constants as well as the values of s; and

sy ate unhnown. Once they are determimed, galliuin extraction can then be predicted

"The two components are considered fully monomerized i the organic phase (see page 49).

{
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based on extractant composition and concentiation and pll. It should he also noted
here, that the possibility for mono-OPAP to act as a bi-dentate hgand for the metal,
1.e., to have hydrogens from both OH-groups exchanged, 1s unlihely  The fact that
the second equivalent pomnt in potentiometric tittations of OPAP 1« atound pH {1
(cf fig. 3.3 and Appendix A) suggests that the second dissociation constant of mono-
OPAP is much smaller than the first dissvaation constant Therefore, i extraction
reactions from acidic solutions mono-OPAP 15 hkely to act as 4 mono basic aaid, as

is the case also with M2EHPA [95].

As a first approximation, 8, and s; can be assumed equal, to s, and then
i )

eqn (4.27) becomes.
log Dg, = log (1\'{\[’“1‘3“ + 1\’{)_“(1 - .1‘)‘3'“) + 3+ s) lug 'y 3[)” (-1.‘28)

When the values of (log Dg, — 3pl) from the equilibiium data (fig 1 7-4 10) are
plotted vs log Cr, the slope should be equal to (3 + 5) and the mtercept  to the loga-
rithmic term, containing the equihibrium constants and the mole fraction (eqn 4 28)
The results are shown on fig. 4.11. 1t appears, from the calculated slope values, that
the stoichiometry of the comiplexes formed is GaMy and GaDy (e, s = 0), although

this does not explain why the slopes are less than thice

This procedure is similar to the one, followed for the gadlinn D2EHPA system.
There are, however, two importaut differences concermng the OPAP system firstly,
two extracting reagents are present and the behaviour of one maoy not be mdependent
of the other. Sccondly, because no information on actnity coethaents of the OPAP
reagents in the organic phase 15 available, they are assumed equal to une This is a
significant simplificat-on given the complenity of the orgame solution  three reagents
present with probable stiong solute-solute mteractions Letween n-decanol and mono-
and di-OPAP, and hydrogen bonding Thus, considerable deviation from wdeahty in

the organic solution can be expected.

If the only galhum complexes in the organic phase are GaMy and Gal)y, then
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Figure 4.11: Extraction equilibrium with OPAP. Plots of log Dg, — 3pH vs log Cr,

based on the data from figures 4.7-4.10.
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T A,

0.22 2903
043 4532
0.62  62.01
095 92,63

Table 4-4: Calculated values of Az using the experimental data (fig, 1.7 1.10) in
Dg. af” vs C3 coordinates.

according to eqn (4.28):
Dg,a, = A.C3 (4.29)
where
i = Kig o + Ky (1 ~ o) (4.30)
Hence, values of A, can be calculated fiom the cquiliiiunm data by plotting, in accor-
dance with eqn (4.29), Dg. afﬁ vs C3, for each OPAP composition (and, therefore, a
given value of 7). The results are givenin Table 4-4 Contrary to eqn (4 30}, however,

the obtained values of A, show clearly a first (and not a thitd) order dependence on .

The data from Table 4-4 yield the empirical equation
Ar = 96.33z + 8.79(1 — 1)

with correlation coeflicient of 0.9992. The two pumbers, 96.33 and 8§ 79, would have
the physical meaning of being the respective equilibrium constants, Ky x and Ky .,
but only for the two limiting cases of z = 1 and r = 0, in accordance with eqns (4.29)
and (4.30). Furthermore, of these two numbers ate used as Ny, and K, in
eqn (4.30) to calculate A, for 0 < z < 1, it is obvious that much lower values of A,
than those calculated from experimental data, and accordingly D, from cqn (4.29),

will be obtained. This 1s illustrated on fig. 4 12.
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Figure 4.12: Comparison between A, values from Table 4-4 and those calculated from
eqn (4.30) for Kyq., =96.33 and Kp . = 8 79.
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Apparent first order dependency of A, on .

Clearly now the question is why A, appears to be fust order dependent on o, while, at
the same time, Dg, is third order dependent on °;  In the search foo an explanation,
a number of probable options have been constdered  Fust, it 1s possible that s; and
57 are not equal, L.e., the gallhum complexes in the organic phase are GalMy -5 HM

and GaDj - s:HID Then the appiropriate equation, smfar to eqn (129), wall be
3 it 3+ +3 4] IEEYWARE K]
Doaa | = Kppep o7 Cp7% o+ Wy (1 = 1) 70 (o

From this eqn (1.31), by polynomial regiession using the equbibium data {(fig 17

4.10) with C1 bemg the independent and Dg, a;’” the dependent vanable, the two
coeflicients, Ny .2t and K, (1 = 2)***2, can be estimated for constant r and
given sets of s; and s,. The calculations showed, however, that for all combina-
tions (for values of s and s from 0 to 3), either negative coellicients or very low

correlations, or hoth resulted, with the only exception {or sy = &, =0

&

Another possibility is the existence of moie than two galhum species 1.e,
in addition to 5aMj and GaDs, the complexes GaM; - s HN and Gal)y soHD are

also present. Then an equation analogous to equs (1 29) and (1 31) can be sinlarly

derived:
De, a?w = (1"1’\1,.3,353 + Kp . (1 - 1)") ('} +
1\’&11'67(1:34'510%1’31 + I\rf)he‘(l . J‘)f-}sg(v'lh} Y} (432)

where Ky ., and Kp, . are the equilibnium constants for the second complexes,
GaM; - s;HM and GaDy - sHD, respectively  Again, as i the previous case, the
results from polynomial regression mdicated that these two additional complexes

were not present.

It is appropriate to recall, at this pomnt, that the apparent first order depen-
dence of A; on 7 is just that—an appatent otder  and 1t only 1eflects the overall

effect from two or more extraction 1cactions. The results mdicate, by the observed
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nearly third order dependence on Cy, that at least the two complexes GaM; and
Gal), do form On the other hand, the calculated lime from equ (1 30), as shown on
fig. 4.12, gives much lower values of A, than the shaight e based on those found
(Table 4-4), and the two hnes intercept each other at r = 0 and r =1 Furthermore,

the difference between the A, values, as they are given from the two lines, changes

with 7. The change is such that the difference appears to be proportional to the
product of x and (I — z), in other wotds—to the product of mono- and di-OPAP
concentrations.  This is possible only i case of formation of mixed complexes or

adducts.

Formation of mixed complexes

It is known that higher metal loadings with acidic extractants are obtained if the
extracted complex involves undissociated molecules of the extractant Formation of

such complexes 15 common 1m extraction with organophosphonc and carboxyhe acids

and they may be considered as adducts [50] The undissociated molecules are often
from a neutral extractant (e.g., TBP, TOPO) present. Varnous systems containing a
chelating, HL, or an organophosphoric acid extractant, HR, and a neutral extractant,
E. have been described [50, 96]. The enhanced extiaction results from formation of
onc or mote adducts having a general formula MeL,, eE— for the case of a chelating, |

and MeR, - sHR - ek -~for an organophospliotic acid extractant:

I\ICLn(org) + C‘I‘:(o,g) = Mel,, - CE(org) (433)
MeR,, « sHRor) + €E(org) = MeR, - sHR - eEgyy (4.34)

Adduct formation, in the case of organophosphotic acid, may also proceed by substi-

tution of one or more of the solvated HR molecules:

MeR,, - S“R(mg) + CE((,rg) = McR,, qlIR- CE(O,g) + (s — q)HR(org) (435)

If two similar extractants are together i the same organic phase, then mixed

complexes may form  For example, m the case of two chelating 1eagents, HL' and
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HL", formation of mixed MeL{L{, _

15 possible (50].

Me™ + allL{,,, + (n —a)HL{, ) = MeL/LY ol (136)

forg) at (0= a) (g

On the other hand, if the two similar reagents are organophosphotic or cathoxylic
acids, then mixed dimers (heterodimerization) m non polar solvernts are known to
form [50]. It seems, therefore, reasonable to suggest that m the case of mono- and

di-OPAP, mixed compiexes of the type MeM, Dy, may form

Four simultaneous extraction reactions

Since n can have values from zero to thiee for a tri-valent metal like gallium, there
are four possible complexes with their extraction reactions and equilibtium constants

defined as {ollows:

Ga** + 3HM(a,) = GaMy, + 317 (4.37)
[GaM,]a®
4 . i «
Naoe = taaaiivp (4:38)
Ga®t + 2HMorg) + HD (o1 = GaM, Dy, + 317 (4.39)
i [GaM,D] (I;J‘+ »
Y2ren T TGS IIM]A D) (140)
Ga* + HM(org) + 211D (org) = GaMD oy + 3H* (4.41)
[GaMD,]a?
] - Ht
Kue = vy (4.42)
Ga®t + 3UD ) = Gabl oy + 3H* (4.43)
{org) (vrg)

o= st 4.44
to3ex = TERATID] (1.44)

If these four complexes are the only ones, existing in the organic phase, then Dg,

will be:

_[GaMy] + [GaM D] + [GaMD,] + [GaD)y)

Dca (Gadt]

(4.45)
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&

1\’50‘“‘ = 9701 ]{(/)J,v\ = 12 87
K}, = 20131 Ky, . =106.99

Table 4-5: Calculated equilibrium constants of the four complexes.

From eqn (4.45) and eqns (4.38), (4.40), (4.42), and (4.44), after substitution for

[HM] and [HD] with Cr and z, the following equation is obtained:
Dg. af’{+ = A, C} (4.46)
where
A: = \,:,io,ex'rs + l\’;l.exrz(l - I) + [\’;2,exr(1 - x)Q + 1\’(,)3,ex(1 - I)3 (447)

Equation (4.46) 1s the same as eqn (4.29) but the expression for A, eqn (4.47), is

now different. After rearrangement for z, eqn (4 47) becomes:

_ ,t T} 71 I 3 st 21 14} 2
A-r - (1\12.“ + l\su,cx — Ngzex ™ l"Zl,ex) T+ (3]\03,ex + 1\21,ex - 21\12,“) z° +

(l{;Q.cx - 31\’(')3,“) T+ 1\’(')3.ex (448)

Using for A, the data from Table 4-4, the four coefficients, thence the values of the
equilibrium constants, can be determined by polynomial regression.}? The calculated
values for the constants are given in Table 4-5 With them, A, values are calculated
from eqn (4.48) and plotted as a function of z on fig. 4.13 where the data from
Table 4-4 are again given for comparison It is obvious fiom fig. 4.13 that eqn (4.48)
together with the respective values of the four equilibrium constants describes well
the data from Table 4-4. An apparent first order dependence of A, on r now becomes

clear once eqn (4.48) 15 written with the values of the constants substituted in it:

A, = —10.1823 + 25.942% + 68.38z + 12.87 (4.49)

12This, strictly speahing, 1s impossible since for determination of the four coefficients in eqn (4 48)
at least five observations are needed, while only four (Table 4-4) are available The problem was
solved by generating a few ‘artificral’ points between the expernental ones from Table 4-4, which
1s possible due to the low scatter of data and clearly displayed lmeanity
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Figure 4.13: Comparison between A, values from Table 4-4 and those calculated from
eqn (4.48).
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With these coefficients before % and 72, and r < 1, the contnibution of the second

and third order terms to the value of A, will be very small

Relative to each other, the obtained values for the four equilibrium constants
appear reasonable. Due to the higher aaidity of di-basic acids (e g., M2EHPA, mono-
OPAP), they extract better than their mono-basic analogues —D2EHPA, di-OPAP.
This is reflected in the higher values of the extraction equilibrinm constants for metal
complexes of the former. On the other hand, the constants for the two mixed com-
plexes, GaMD; and GaM;D, are higher than those for the ‘pure’ ones. This can be
explained n principle in terms of different probabilities for formation of a particular

complex [101, 102}.

Probability for a ligand to occupy a given site

It is obvious that the probability for three ligands of the same kind to combine with
the central metal cation, thus forming GaM; or GaDy, is less than the probability to
form a mixed complex, provided that the occupation of any given ligand site by M
or D is equally probable, regardless of whether or not other sites have been already

occupied.

If a1s the probability of finding M 1n a given site, then (1 - a) will be the
probability of finding D there. Therefore, if Ca, (org) 1s the total metal concentration
in the organic phase, then the concentration of each complex can be expressed based

on the probability o [102]:

[GHI\’I;;] = Cca (0,5)03 [GaD3] = Cca (mg)(] - 0)3
[Gdl\lgD] = 3CGa (org)(l - 0)02 [GaMDg] = 30(;., (0,5)0(1 - 0)2 (450)

Hence, the respective equihbrium constants, fiom eqns (4 38), (4.40), (4.42) and

(4.44), can be written, after substitution for complex concentrations from eqn (4.50),

as:
CGJ (org)03 a®

N! — Ht
Y0ex = ELSFIITM)? (4.51)
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1\.1’ -~ SCG& (()IF.)(I - “)“; ll;’{* (1 l")-))
bex [Gat)[HIM)IID) v

3C6. (g all - a)?al

1’, = nt 4.5
2.ex [Gad¥][HM][HID]2 (1.33)

C(]a {oig (1 - “)1“3
_ 8) H¥ (4.51)

<)

B R e TIVE
From eqn (4.52) it follows that

1\’§l‘ex ’ _ C(zia (un;)ab a:;+ (W(J‘d (('lg)(l - a)“ (l;:+
3 T (GattF[HMe [Ga% ][R

and therefore, according to equs (1 51) and (1 51)

. 3
K,
21.ex g - o
(T = N e Kusen (4.56)

Similarly, for K7, ., is obtained.

I ’
(—j—) = 00N G (4.57)

It can be proven from egns (4 56) and (1 57) that the equilibiium constant of 4 mixed
complex will always be greater than the smaller of K, and K,
When K3, ., and K, ,, are calculated using eqns (4.56) and (4 57) with K%, ,

and K, ., from Table 4-5, the following values are obtained
Kl o = 14843 Ky, = 75.70

Although smaller than those calculated in Table 4-5, they nevertheless illustrate why
higher equilibrium constants apply to the mixed complexes It is posaible that the
above values are smaller because the initial assumptions of equal prebability may
not always be correct—it is reasonable to expect that through available oxygen and
hydrogen, for example, attached M and D) hgands may interact  There may also

be steric reasons that will cause hindrauce o1 preference for a given site and hgand
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Furthermore, in systems of two chelating extractants, 1t 1s commonly observed that
the experimental values of the equilibnium constants for mixed complexes (cf reac-
tion 4.36) arc up to ten times higher than those found from probabihty considerations
alone [103]. It has been also obscrved that the more the two extractants differ in their
extraction abihty, the higher this difference is This condition is certainly true for
mono- and di-OPAP. Therefore, the values of K, | and K7i,,,, found smaller than

those 1n Table 4-5, are nov considered an unieasonable exception

With the obtained values of the four equilibiium constants (Table 4-5) from
eqns (4 46) and (4.47), Dg, can be 1ecalculated for given pH and extractant concen-
tration and composition. The results are shown on figures 4 14-4.17 (with dashed
lines) and compared with those fiom the experiments. It 1s scen that the calculated
lines describe the experimental data reasonably well The greatest deviations are for
the case when x =0 62

One reason for the observed deviations 1s that the calculated lines follow an
exact third order dependence on Cr, according to eqn (4 46), while the experimental
data show different order dependencies—fiom 2 73 to 3.02 for the different extractant

compositions (fig. 4.11).

As noted earlier, it is assumed that the activity coeflicients of all species in the
organic svlutions of OPAP are equal to one sice no data for this particular system
arc found in the literature, and this 1s obviously a considerable simplification. When
increasing the concentration of OPAP, the activity cocfficients of its components will
be expected to drop and, as a result, lower distiibution coefficients will be obtained.!?

Thus, the apparent dependence on extraction concentration will be less than three.

The activity coefficients in the OPAP sy stem will depend on the solute-solute
interactions between mono-GPAP, di- OPAP, and the alcohol present—n-decanol, and
also with the solvent. Therefore, as with mixed electiolyte solutions, a precise deter-

mination of activity coeflicients will be a complicated task.

Bprovided, however, that the metal loadings are always low, so that the same argument will be
less apphicable to the activities of extracted species
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Figure 4.14: Extraction equilibrium witl, OPAP. Comparison between experimental
and calculated data. Experimental conditions of fig. 4.7, = = 0.22.
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There have been various methods proposed for determination of activity co-
efficients in organic solutions. One example is the so-called imy.:ved Scatchard-
Hildebrand model [106, 107, 108], based on oune onginally developed for binary mix-
tures [105]. Here, the interactions between any two species, 2 and j, are accounted for
in the expression for activity cocfficient by fitting to the experimental data a series
of so-called terminal constants A,,. This is necessay because for more than two-
component systems, A,, are found to change with extractant concentration [109).
The model has been successfully applied for several extraction systems, with the
most complex among them being five-component [108] There are, however, two ad-
ditional aspects which would require further clarification. The first is with respect
to the change of A,, with extractant concentration—linearity is observed (thus it is
possible to extrapolate for a particular concentration), but since no precise reasons
are given for this, it is by no means certain that the same will hold for other more
complex systems. The second question is whether the thermodynamic equilibrium
constant for a given metal-extractant complex, determined using this method, re-
mains the same, as it should, regardless of the particular solvent system and other

species present.

Another proposed model is the universal functional activity coefficient (UNI-
FAC) model [110]. As the name suggests, this model regards each organic species as
a composition of functional groups, and its activity coefficient is estimated from the
structural parameters of the constituent groups and their interactions. Thus, three
classes of parameters are needed—volume and surface area of the groups, and energy
parameters of their interactions. Unfortunately, for many metal-organic complexes,

these parameters are not known [109].

A trend in the observed dependency of Dg, on extractant concentration with
composition may be noted. It scems that the order becomes closer to three as z
approaches either limil of one or zero (Table 4-6). This may be viewed as an indication

of existing mono-OPAP-di-OPAP interactions and their contribution to the overall



mole fraction  slope
022 302
0.143 273
0.62 2.82
0.95 291

Table 4-6: Extractant composition (mole ftaction) and dependence on extractant
concentration (slope values from fig. 4.11).

deviation from ideal behaviour of the organic solution. Therefore, higher deviations

will be expected for r close to 0.5.

Following the discussion on mixed complexes and adducts formation (see
page 63), it is also possible to suggest that complexes of the type GaM; s;HD and
GaDj3-s,HM may form. Such solvates, however, will have equal or . n0st equal prob-
ability of formation compared to GaM;-s, 1M o1 GaDy ;1D since interactions are
mainly electrostatic [50] through hydiogen bonding On the other hand, the existence
of all these solvates will be to some extent hindered due to the presence of alcohol.
As shown earlier (discussion on eqn 4.32), the assumption of two additional species
being present, namely GaMz-s;HM and GaDj-s;HD, does not explain the extraction
data. If the above mixed solvates are also included, an equation sinular to (4.32) can
be derived, but—again—the description of the experimental data is poor On the
other hand, it would be appropriate, once mixed species are considered, to include
also in such treatment the two mixed complexes-—GaM,D and GaMD,. However, the
assumption of their formation along with GaMj and GaD); describes the extraction
results well with the reasans for observed small deviations (figs 4.14-4.17) attributed

mostly to the non-ideal behaviour of the OPAP solution
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4.4 Gallium Extraction Equilibria: Comparison
Between D2EHPA and OPAP

As discussed cathier, extraction of metals by organophosphorus acid extractants, in-
cluding galhum with D2EHPA and OPAP, proceeds va cation exchange mechanism.
In these systems, the nature of interacvions between the metal cation and the organic
ligands is mainly clectiostatic [50). 1 erefore, the stability of a metal-extractant
complex, a measure for which is the relevant equilibrium constant, will depend on
the size and charge of the metal cation and the organic ligand. These extractants,
in regard to their acidic propertics, are tyy ical oxo-acids with the active group being
P-O-H. The metal cation acts as a Lewis acid, accepting election density from the

donor—a l.ewis base—the oxo-acid ion.

The magnitude of the electron density on the donor will be dependent on the
nature and the properties, with respect to it, of the adjacent groups in the molecular
structure of the extractant. This is directly related to the acidity of the extractant,
expressed by its acid dissociation constant in aqueous solution, K,. The acidity is
higher, i.c., the loss of the proton fiom P-O-1I is more favourable, when the positive
charge on the central atom in the active group (phosphorus) is higher {9]. In mono-
basic phosphoric extractants (e g., D2EHPA, di-OPAP}), the two hydrocarbon radicals
are bound to oxygen which, in turn, i1s bound to the cential atom. Thus, the absence
of one such oxygen in the phosphonic, and two in the phosphinic extractants is the

reason for decreasing acidity in that order.

The positive charge on the central atom is also affected by the nature of
the hydrocarbon radical. It is known that the presence of alkyl groups, which are
electron-donating {111], serves to decrease this chaige thiough inductive effects, while
aryl groups act oppositely since they arc election-withdrawing due to delocalized (and

stabilized through sp -hybridization) election density in the benzene ring [9, 111].

This explains why the di-basic extractants are moie acidic than their mono-



basic analogues. Accordingly, mono-OPAP will be more acidic than d-OPAP, and,
at the same time, the two OPAP extractants will be more acidhie than M2EHPA and
D2EHPA, respectively. It is, therefore, not surprising that mono-OPAP 15 a better
extractant for gallium than di-OPAP, and both of them are better than D2EHPA,
as found in this work. If, for example, log Dg, values are calculated usmg K
from Table 4-5 for z = 0, 1.e, extraction with di-OPAP alone, for the same condi-
tions and formal D2EHPA concentiations of fig. 4.2, then significantly higher gallium
distribution coeflicients than those with D2EHPA are predicted, as illustrated on

fig. 4.18.

Similar significant differences between D2EHIPA and di-OPAP (toluene used as
a diluent) have also been found in studies of promethium and curium extraction [112].
There, the logarithm of the extiaction equilibrium constant was approximately 3.5

for both metals in the case of di-OPAP, and about =2 2 in the case of D2EHPA.

The stability of the extracted metal complex will also depend on the space
availability around the central (phosphorus) atom 1 the extractant molecule. It is
obvious that increased branching of the hydrocarbon chain may cause steric hin
drance. Considering the structural formula of D2EHPA (fig. 3.1) it is possible that
the ethyl group may have such an effect  On the other hand, mcreasing the length
and branching of the chain leads to lower aqueous solubility of the reagent, which s
beneficial in decreasing extractant losses during continuous operation Mono- and di-
OPA! have higher formula weights (286 and 474, 1esp.) than M2EHPA and D2EIHPA
(210 and 322, resp.). Hence, it is expected that the two OPAP reagents will have
approximately the same or lower solubility in aqueous solutions than M2EHPA and

N2EHPA, respectively. This, combined with the supetior extraction performance
) P Y 1 I I )

would make OPAP preferable to D2EHPA and M2EIPA

The role of the alcohol, present in the OPAP organic solutions, should also
be taken into account. In general, its effect on extiaction varies from one extrac-

tant to another even if they are of the same class {96}, which makes proper selection

-1
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Figure 4.18: Comparison between the experimental results for gallium extraction

with D2EHPA (fig. 4.2) and those predicted for di-OPAP (z = 0), for the same

conditions,
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and prediction of side effects difficult  In the extraction of rare carth metals with
D2EHPA, several modifiers-—-wso-decanol, 2-c¢thyl hevanol, were found to have a de
pressant effect [96] On the other hand, it was suggested [113] that the mcreased
extraction with M2EHPA, when alcohol 1s present, was due to the monomernization
of the extractant thus making the hydrogen fiom the Oll-group more available for
cation exchange. In that sense, the extraction equibibriuin constanis reported for the
OPAP system (Table 4-5) are conditional- ~they include the effect of the 126 vol%
n-decanol concentration, which has been kept constant for all experiments, and found
to be the minimum required to ensure good phase separation. Incieasing the aleohol
level above this minimun, even if it leads to improved extraction, will be undesiable

because of its relatively high aqueous solubility.

4.5 Kinetic Experiments in the System Gallium-
D2EHPA

4.5.1 Extraction Kinetics

As described in Chapter 3, the kinctic experiments were carried out with a 1otating
diffusion cell (RDC). The effects of the following parameters on the gallium extraction

rate were determined:

o pH of the aqueous solution—for pH from 0.78 to 2.10

o Gallium concentration in the aqueous phase—in the range from 7.2 x 1079 to

2.8 x 1072 g-ion/1
e Concentration of sulphates in the aqueous phase- ranging from 0 to 0.12 g-ion/l
e D2EHPA concentration in the organic phase—from 0.01 to 0.28 I

¢ Temperature—f{rom 21 °C to 72 °C

-}
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ol

volume, ml Flux Ga, kmol.m=2s™!
aq. phase | org. phase (a) (b)
300 50 1.63 x 1978 | 590 x 161
275 50 1.65 x 1078 | 5.81 x 10~1°
250 50 161 % 1078|583 x 1071
225 50 157 x 1078 | 5.86 x 1071°
200 50 1.62 x 1078 | 5.79 x 10719

Table 4-7: Gallium extraction kinetics with D2EHPA. Effect of the O/A ratio.
(a) Conditions of fig. 4.19. (b) Conditions of fig. 4.20.

Effect of interfacial area, stirring, phase volume ratio

Sxperiments for different sets of the above parameters were also carried out for the
effects of interfacial area, stirring, and volume ratio of the two phases on the extraction

rate, in addition to the ‘linearity’ tests described previously.!

The results showed a linear dependence between the amount of metal extracted
per given time and the interfacial area (figs. 4.19 and 4.20). In such coordinates, the
rate of extraction (flux of Ga) can be obtained directly from the respective slopes.
One experiment from each series (fig. 4.19, 4.20) was repeated for several different
O/A ratios with the other conditions being kept the same.'® The results (Table 4-7)
showed no apparent dependence on the ratio of the two liquid phases. The results

also indicate the reproducibility of the experiments.

Several series of experiments were carried out with different sets of conditions
and variations in the rate of stirring. The results (fig. 4.21) gave no clear evidence
for the extraction rate being dependent on the rate of stirring within the range of

experimental conditions.

14Gee Chapter 3, page 32
1SExcept for very small variations in mterfacial areas
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Figure 4.19: Extraction kinetics with D2EHPA. Effcct of the interfacial arca. Gagag) =
1.11 x 1072 g-ion/]l, D2EHPA = 0.29 F, pll = 1.88, 250 ml aqueous phase, 50 ml
organic phase, rotation = 300 rpm, t = 22 °C.
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Figure 4.20: Extraction kinetics with D2EHPA. Effect of the interfacial area. Ga(aq) =
5.16 x 1073 g-ion/l, D2EHPA = 0.15 F, pll = 1.14, 250 ml aqueous phase, 50 ml

organic phase, rotation = 300 rpm, t = 22 °C.
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Figure 4.21: Extraction kinetics with D2EHPA  Effect of stirring. (a) Gagay) =
143 x 1072 g-ion/1, D2EHPA = 0.28 F, plI = 1.80; (b) Ga(uy = 1.41 x 1972 g-jon/l,
D2EHPA = 0.28 F, pH = 0.79; (c) Gaqy = 1.10 x 107? g-ion/), D2EHPA = 0.27 F,
pH = 0.98; t = 22 °C.
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Effect of plI, metal and extractant concentrations

As expected, the obtained results (figures 4 22, 4 23, 4.24) showed that the rate of
gallium extraction increases with increasing pli, metal and extractant concentrations.
For each serics it is possible to determine the power dependence of gallium flux on the
particular parameter, by plotting the data in log-log coordinates. Thus, the following
empirical equation is obtained:

kmol
m2.s

Flux Ga ( ) = 1.82 x 107° [Ga™*]; " [(HR)2]g Sorg) [H¥]5 ™ (4.58)

where the subscript o refers to bulk values. This equation describes well the ex-
perimental data for the region of low extraction rates, but gives higher than the
experimental values for relatively high rates The fact that non-integer numbers are
obtained implies that they probably 1eflect the contribution of both mass-transfer
and chemical reaction rates, i.e., neither of the two simultaneous processes can be

considered as being the only one rate-controlling step. This will be further discussed

in Chapter 6.

Effect of sulphate concentration

In the kinetic experiments described so far, the gallium aqueous solutions were nitrate-
based and with the same ionic strength (I = 0.5) as in the equilibrium tests. Several
series of experiments varying the sulphate concentration under otherwise the same
conditions, including the total gallium concentration in the aqueous phase, were per-
formed. The results (fig. 4.25) showed that the rate decreases with increasing sulphate
concentration. This obviously reflects again the effect of gallium sulphate complexa-

tion in aqueous solutions, which will be discussed in more detail in Chapter 5.

Effect of temperature

The results for the temperature effect on gallium extraction rate are shown on fig. 4.26

in the usual Arrhenius plot coordinates. The value of the apparent activation energy,

(o]
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Figure 4.22: Extraction kinetics with D2EHPA. Effect of pH. Gag,qy = 1.11 x 10~2 g-
ion/l, D2EHPA = 0.28 F, t = 21 °C.
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Figure 4.22: Extraction kinetics with D2EHPA. Effect of pH. Ga(aq) = 1.11 x 107 g-
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E,, of the reaction is directly determined from the slopes of the resulting lines.

It is known that for diffusion-controlled processes the values of E, are low due
to the small effect of temperature on diffusion coeflicients [114]. On the other hand,
for processes controlled by chemical reaction, [, values are much higher because of
the usually strong dependence of the intrinsic rate constant on temperature. Thus,
the values of K, obtained for a given process can serve as an indication whether
diffusion or chemical reaction is rate controlling. Usually values of E, less than
20 kJ/mol imply predominant diffusion control, while for more than 65-70 kJ/mol,

chemical control is considered predominant.

The values of F, obtained here indicate a mixed diffusion-chemical reaction
control of the overall process but close to the case of chemical control. In fact, fig. 4.26
reveals that the data for each series of experiments can be better correlated by two
straight lines (shown as dashed lines) having slightly different slopes, and therefore
E, values. This is to be expected, taking into account that at higher temperature
the diflusion lirnitations will be more pronounced, thus resulting in deviations from

linearity and lower values of E, [114].

Furthermore, it is rcadily seen that the values of F, decrease with increasing
pH, other conditions remaining the same. This can be again explained with the effect
of diffusion on the overall extraction rate—at higher pll the rate will be higher, as
shown on fig. 4.22, and therefore the whole reaction will become more controlled
by the mass-transfer. Hence, the value of the true activation energy (i.e., that of
the chemical reaction), as distinguished from the apparent activation energy, will be
closer to the value of E, obtained for low pH and low temperature region. There,

from line 4 of fig. 4.26, a value of 74.6 kJ/mol is determined.

The obtained values of the apparent activation energy compare well with those
reported for aluminum extraction with D2EHPA—79.4, 79.5 and 82.4 kJ/mol for
extraction from H,50,, HCI, and HNOj solutions, respectively {115, 116]. The higher

E, values for aluminum are piobably due to its lower extraction rate with D2ZEHPA
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Figure 4.26: Extraction kinetics with D2EHPA. Temperature effect. Gagyy) = 1.43 x
10~? g-ion/l, D2EHPA = 0.28 F, line 1: pH = 1.75, E, = 41.4 kJ/mol; line 2:
pH =1.26, E, = 60.9 kJ/mol; line 3: pH = 1.23, E, = 61.9 kJ/mol; line 4: pH = 1.00,
E, = 67.6 kJ/mol.
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in comparison to gallium (cf Section 6.5.2). On the other hand, for systems where the
extraction 15 known to be fast, the values of E, are much lower, indicating diffusion-
controlled processes. Such an example is the extraction of copper with hydroxyoximes
where E, of 25.1 kJ/mol was found in the case of Lix 65N and 14.65 kJ/mol for a

mixture of Lix 65N and Lix 63 cxtractants [117).

4.5.2 Stripping Kinetics

In the experiments for kinetics of gallium stripping from loaded D2EHPA, the effect

of the following parameters was investigated:

e Gallium concentration in the organic phase—from 7.2 x 10™* to 7.9 x 1073 g-
ion/l

o Free D2EHPA concentration'® in the organic phase—{from 0.01 to 0.30 F

o Acidity of the aqueous nitrate strip solution—{from 0.10 to 0.80 g-ion/l

e Temperature—from 20 °C to 71 °C

Before starting the experiments, the ‘linearity’ test was performed and the results
(fig. 4.27) showed that the rate of stripping remained constant within the specified

time interval, as was the case with the rate of extraction.

Tests for the effect of interfacial area and stirring were also carried out. The
rate of stripping was found proportional to the interfacial area (fig. 4.28), while a

slight dependence on stirring was observed, as shown on fig. 4.29.

Effect of aqueous acidity, free extractant and metal concentrations in the

organic phase

The rate of gallium stripping increases with increasing the acidity and the metal

concentration in the organic phase (figures 4.30 and 4.31, resp.), and decreases when

¥Defined as the total formal concentration minus the concentration corresponding to the amount
compleaed with the metal (see also Appendix C, page 243)
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Figure 4.27: Test for constant rate of stripping. Gagor) = 3.8 x 1073 g-ion/l,

D2EHPA = 0.11 F, [H*] = 0.87 g-ion/l, t = 20 °C.
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Figure 4.28: Stripping kinetics with D2EHPA. Effect of the interfacial area. Gajog) =
3.8 x 1072 g-ion/l, D2EHPA = 0.04 F, [H*] = 0.87 g-ion/l, t = 20 °C.
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Figure 4.29: Stripping kinetics with D2EHPA. Effect of surring. Gagygy = 3.8 x
1073 g-ion /1, D2EHPA = 0.04 F, [H*] = 0.87 g-ion/l, t =20 °C.
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the extractant concentration increases (fig. 4 32)  The 1esults show a very close to a
first-order dependence of the rate of stripping on metal concentration in the organic
phase and acidity, and an inverse fiist-order with 1espect to the concentration of
dimeric D2EHPA

As with eqn (4.58) for the extraction rate, the following empirical equation is

obtained here for the rate of stripping

kmol

Flux Ga(stnpping)( ):0.87x10~8[c;a]‘°3 [(HR):]5 o (H¥1G ™ (4.59)

m2.s 0 (o) 0 (org

If the two equations (4.58) and (4 59) were representing the intrinsic kinetics of the
extraction and stripping reactions, respectively, then the ratio of the two constants,
(1.82 x 107%/0.87 x 107") = 0.21, should be equal to the equilibnum constant, K,
which was found earlier to be 0.757 mol/l (sce page 41) Furtheimore, the order de-
pendence on the respective terms in the equation for K., for the overall reaction 4.10,
should coincide with the orders which result when eqns (4 58) and (4.59) are com-
bined under the condition of established equihbrium—the rate of extraction equal to
the rate of stripping The fact that differences are obscived implies that the two em-
pirical equations reflect just different overall effects of the ssimultaneously proceeding

mass-transfer and the chemical reaction for the extraction and stripping processes.

Effect of temperature

The results are presented on fig. 4.33 in Arrhenius plot coordinates. The deviation
from a straight line at higher temperatuies is evident. Hence, the data were correlated
by two lines—a value of 41.8 kJ/mol for E, was determined for the low temperature
region, and a value of 14.2 kJ/mol for the range of higher temperature Both values
of E, are lower than those obtained for the extiaction, which means that the rate of
stripping 1s less sensitive to temperature than the extiaction rate. Also, the lower
values imply a mixed diffusion-chemical reaction contiol, especially in the higher

temperature range.
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Figure 4.31: Stripping kinetics with D2EHPA. Effect of metal concentration in the
organic phase. D2EHPA = 0.18 F, [H*] = 0.50 g-ion/l, t = 20 °C.
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extractant | mole fiaction
notation | mono-OPAP, z

extr. M 0.937
extr. O 0623
extr. T 0.214

Table 4-8: Compositions of OPAP reagents used in the extraction kinetics experi-
ments.

4.6 Extraction Kinetics of Gallium with OPAP
Extractants

The kinetic experiments were carried out with three different compositions of the
OPAP reagent (Table 4-8), and in the same way as described for gallium extraction
with D2EHPA. The effect of the following parameters was determined:

o pH of the aqueous solution—for pH from 0.80 to 1.60

e Gallium concentration in the aqueous phase—in the range from 1.0 x 1073 to

5.0 x 103 g-ion/1
e Total concentration of OPAP in the organic phase—from 0.05 to 0.25 F
e Composition of OPAP (Table 4-8)

e Temperature—from 20 °C to 65 °C

The preliminary tests showed that the extraction rate increases lincarly with
the interfacial area (fig. 4.34) and is independent on the volume ratio of the two
phases. A slight dependence on stirring was observed (fig. 4.35). As was the case

with the other kinetic experiments, the ‘linearity’ tests again showed similar results

(fig. 4.36).
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Figure 4.34: Extraction kinetics with OPAP. Effect of the interfacial area. Ga(aq) =
3.9 x 1072 g-ion/l, OPAP = 0.14 F (extr. O), pH = 1.00, t = 20 °C.
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Effect of pH, metal and extractant concentrations

Results for the dependence of gallium extraction 1ate, with OPAP reagents, on pll,
metal concentration in the aqueous phase, and the extractant concentration are pre-
sent« . on figures 4.37, 4.38, and 4.39, respectively. As expected, the rate increases
with increasing pH, as well as the metal and extractant concentrations. Also, the
results show that the rate is higher for the OPAP reagents with higher mole fraction
of mono-OPAP. The observed respective dependencies appear similar to those for

extraction with D2EHPA.

Effect of temperature

The results for the temperature dependence of gallium extraction rate with OPAP

reagents are given on fig. 4.40. The following values of E, were determined:

E, =51.6kJ/mol, forextr. M
E, =57.1kJ/mol, for extr. O
E, =589kJ/mol, forextr. T

It is evident that the values are lower then those obtained for D2EHPA, and
also the reagent with highest mono-OPAP content (extr. M) has the lowest apparent
activation energy. This indicates that these values probably reflect mixed chemical

reaction with mass-transfer control.

It should be emphasized, however, that in the case of OPAP reagents, there

are several extraction reactions taking place simultaneously with the mass-transfer.

4.7 Summary

The experimental results on gallium extraction equilibria and kinetics with D2EHPA

and OPAP extractants, presented in this Chapter, can be summarized as follows:
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Figure 4.37: Extraction kinetics with OPAP. Effect of pH. Ga(ag) = 6.53 x 1072 g-
ion/l, OPAP: 0.116 F (extr. M), 0.101 F (extr. O), 0.107 F (extr. T), t = 20 °C.
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e Gallium is extracted with D2EHPA and OPAP by cation exchange for the
acidity range studicd at pll above 0 4-0.5. Sulphates from the aqueous solution

are not extracted.

o The overall stoichiometry of the extraction reaction of gallium with D2EHPA
is given by reaction 4.10 and K. is 0.757 mol/l (for I = 0.5). The predominant
complex 1s GaRy - HR  The results indicate possible formation of GaRj - 3HR
at low metal loadings (high excess of extractant), while, under corditions of
organic saturation or when the loading capacity is reached, the molar metal-

extractant ratio corresponds to the complex GaRj.

¢ The extraction of gallium with UPAP is described by four simultaneous re-
actions, leading to the formation of four metal-extractant complexes—GaM3,
GaD;, GaM;D, and GaMD,—with theii respective equilibrium constants given
in Table 4-5. Increasing the mole fraction of mono-OPAP in the mixtures of
the two OPAP reagents leads to increased gallium extraction. The presence
of alcohol, n-decanol, in the OPAP organic solution, is needed for improved
phase separation. At the same time, the alcohol serves to prevent extractant

dimerization and formation of solvated metal-extractant complexes.

¢ OPAP reagents extract gallium better and at lower acidities than D2EHPA.
This is explained by their more acidic nature in comparison to D2EHPA. Fur-
thermore, due to the higher formula weights of di-OPAP and mono-OPAP with
respect to D2EHPA and M2EHPA, their aqueous solubilities are expected to
be comparable to those of D2EHPA and M2EHPA, if not lower.

e The rate of gallium extraction increases with incieasing pH, metal concentration
in the aqueous phase, and extractant concentration. For OPAP extractants,
the rate increases with increasing mole fraction of mono-OPAP. The rate is also
strongly dependent on temperature. For extraction with OPAP, values for E,

from 51.6 to 58.9 kJ/mol are determined, depending on the extractant compo-
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sition (fig. 4.40) for otherwise fixed conditions. In extractions with D2EHPA,
the values of the apparent activation encrgy change significantly with the ex-
perimental conditions (fig. 4.26). This can be explained in terms of changing
contributions of both chemical reaction and mass-tiansfer to the rate control of
the process. For experimental conditions where the chemical rate is expected to
be controlling, e.g., low pH and temperatuie, E, of 74.6 kJ/mol is determined
and is considered to be close to the truc activation encrgy-—of the chemical

reaction.

The rate of gallium stripping from loaded D2EHPA increases with increasing
aqueous acidity and metal concentration in the organic phase. The rate de-
creases with increasing extractant concentration. For the effect of temperature,
the Arrhenius plot (fig. 4.33) shows that the apparent activation energy does not
remain constant within the studied temperature range, which indicates a change
from chemical to diffusion controlled process. For the low temperature region,
E, is determined as 41.8 kJ/mol, and for the range of high temperatures—-
14.2 kJ/mol. Both values are smaller than those for the extraction rate. A
more detailed discussion on the reaction mechanism, based on the kinetic data,

will be presented in Chapter 6.

The presence of sulphates in the aqueous solution has a significant effect on
both gallium equilibriurn distribution and extraction rate. Lower Dg, values
and extraction rates result when the sulphate concentration increases. This is
clearly due to gallium complexation in the aqueous phase. In Chapter 5, this
subject will be discussed in more detail, so enabling quantitative prediction of

this effect on the extraction performance.
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Chapter 5

Gallium Complexation in
Sulphate Solutions

5.1 Introduction

In the previous Chapter 4, the experimental results have shown that the presence
of sulphates in the aqueous solution has a profound effect on gallium equilibrium
distribution, expressed by Dg,, and the rate of extraction. It is therefore necessary to
take into account the complexation phenomena when describing the relevant processes

of gallium extraction from sulphate solutions.

Thus the purpose of the present Chapter is to develop a quantitative tool
for determining the concentrations of the reacting species, which are then related
to the extraction performance, from the aqueous solution parameters that can be
readily found. The result must be applicable to the solution conditions encountered

in hydrometallurgical practice, including sulphate concentrations and ionic strengths.

The following steps are considered in solving this problem:

e Identification of all possible existing galliuin complexes for the range of condi-

tions of interest.

¢ Collection of data for the mass-stability constants of the respective complexes

for different 1onic strengths.
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These two steps are based here on available information fiom literature sources. 1t is
obvious that the correctness of the collected data is crucial to the 1eliability and the

usefulness of the final results from the speciation study.

e Determination of the relationship between mass-stability constants of the com-
plexes and the ionic strength of the solution. This is necessary so that the

species distribution can be deterimined for the 1equired conditions.

o Development of the appropriate algorithm and computer program for the nec-

essary calculations.

> Interpretation of the obtained results. The coirectness is checked by comparing

their predictions with the experimental data fiom galliuin extraction.

All data on mass-stability constants of the complexes involved, at different
ionic strengths, are collected for 25 °C, and accordingly the speciation diagrams and
relevant discussion refer to that temperatute. Although not performed in the present
study, it is possible to extrapolate the data, using basic thermodynamic functions, to
higher temperatures. Thus, the distribution of species at a particular temperature

can be found, if needed.

5.2 Comnplexes and Stability Constants

In sulphate solutions, the available ligands for complex formation are OI-, SO3-,
and HSO7 —from the incomplete second dissociation of sulphuric acid Neutral water
molecules may also be present as ligands in the inner sphere around the central metal

cation.

The mass-stability constant (for ionic strength ) of any complex Mel,, is

defined as
_ [MeL,)]

Bn = ML (5.1)
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These two steps are based here on available information from literature sources. It is
obvious that the correctness of the collected data is crucial to the reliability and the

uscfulness of the final results from the speciation study.

o Determination of the relationship between mass-stability constants of the com-
plexes and the ionic strength of the solution. This is necessary so that the

species distribution can be deterined for the required conditions.

o Development of the appropriate algorithm and computer program for the nec-

essary calculations.

e Interpretation of the obtained results. The correctness is checked by comparing

their predictions with the experimental data from gallium extraction.

All data on mass-stability constants of the complexes involved, at different
ionic strengths, are collected for 25 °C, and accordingly the speciation diagrams and
relevant discussion refer to that temperature. Although not performed in the present
study, it is possible to extrapolate the data, using basic thermodynamic functions, to
higher temperatures. Thus, the distribution of species at a particular temperature

can be found, if needed.

5.2 Complexes and Stability Constants

In sulphate solutions, the available ligands for complex formation are OH~, SO?-,
and HSOZ —{rom the incomplete second dissociation of sulphuric acid. Neutral water
molecules may also be present as ligands in the inner sphere around the central metal

cation.

The mass-stability constant (for ionic strength I) of any complex MeL, is

defined as
_ [MeL,)]

b = ML)

(5.1)



according to its formation reaction:

Me + nL = Mecl, (

feb1 ]
h

o
N

Hydroxy complexes

Four complexes, Ga(OH)3~™ where n = 1,...,4 are known to exist in aqucous solu-
tions [118, 119]. In highly alkaline media, Ga(OH)J is predominant [118], although
possible existence of Ga(OH)Z™ and Ga(OH)}™ has also been suggested [120). In
concentrated gallium solutions (more than 0.1 g-ion/l Ga) one or more polynuclear
species with an approximate formula Ga,s(Ol1)§3™ exist at pll above 3 [118]. In
this work, acidic solutions with fairly low gallium concentratious (in general, below
0.01 g-ion/l Ga) are of interest, and therefore only the four mono-nuclear complexes

are further considered.

The data collected for the mass-stability constants of the four hydroxy com-
plexes for different ionic strengths are summarized in Table 5-1. It 1s scen that the
report =d values from various sources agree well for I = 0.1, and a significant disagree-
ment exists at higher ionic strengths. Two opposite tiends are observed as to how
the constants change with the ionic strength. For the data 1eported in the handbook
of Kotrly and Sucha [119], 8 decreases with I, while for those reported by Biryuk
and Nazarenko [123] and cited by Hogfeldt [104], the stability constants mcrease with
ionic strength. Such controversies are unfortunately quite common, and not only for
gallium, in the literature on stability constants (e g., refs. [124, 125, 126]). This is
the reason why it is always necessary to extract, when possible, information from the

original references.

The data compiled by Kotrly and Sucha {119] appear to have been taken from
the book of Baes and Mesmer [118] who have used the original data reported by
Nazarenko et al. [122] for the three complexes, Ga(OH)**, Ga(OH)F, and Ga(OH);,

and at I = 0.1 only, to extrapolate to other ionic strengths

It becomes clear now that the oviginal data, 1eported tater in vanous compila-
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tion handbooks (104, 119, 121], were obtained in the same laboratory using the same
method! by the same research group [122, 123]. In fact, the second study [123] extends
the previous one to gallium perchlorate solutions having different ionic strengths—
0.1, 0.3, 0.5, and 1.0. The results for I = 0 1 were found to agree well with those in
the previous report [122]. Because these values for the stability constants for several
ionic strengths have been obtained directly from experiment and not produced by
extrapolation, they are considered relatively more accurate than those found in the

other sources [118, 119], and therefore the former are selected for this work.

One disadvantage of the two studies [122, 123] is that neither takes into ac-
count the fourth gallium complex Ga(OH);. This is probably because the solutions
employed covered the pH range up to around 5. In the work here, data for this com-
plex are taken from Kotrly and Sucha [119], although it is obvious that its presence

in acidic solutions will be negligible.

Sulphate complexes

There are two sulphate complexes, Ga(SO4)* and Ga(SO4), known to form [127,
128, 129]. The data have been extrapolated to, and 1eported for I = 0 by the original
authors, using the extended Debye-Hiickel equation:

—22 A1

2oV ] 5.3
T+ Bodo/T | (5:3)

logy =

where 74 is the mean activity coefficient, z? is the sum of squares of ionic charges,
Ap and B, are the Debye-Hiickel constants, d, is the mean distance of approach of
the ions, and b, is an empirical constant accounting for the dielectric properties and

other effects of the medium near the ion.

The data are summarized in Table 5-1. The values for Ga(S04)* differ, as

given from the three sources [127, 128, 129]. This is probably because the analytical

1A spectrophotometric method, using systems of competing organic ligands, e.g , Pyrocatechol
Violet, Alizarin Red S, which form coloured complexes with hydroxide 1ons
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complex log 8 1 Reference
2,17 0 (127
2.59 0 [128]
Ga(50,)* 2.99 0 (129]
1.5 05 [130]
1.88 0.5 (132]
Ga(S0,); 2.71 0 [127]
114 0 (119, 121]
10.9 0.1 [122]
11.13 0.1 [123]
Ga(OH)** 11.52 0.3 [123]
10.8 0.5 (119]
11.7 0.5 [123]
10.6 1.0 [119]
12.22 1.0 (123
22.1 0 (119, 121]
21.5 0.1 (122]
21.46 0.1 (123]
Ga(OH)} 22.23 0.3 [123]
22.8 0.5 [123]
20.6 1.0 [119]
24.13 10 [123]
31.7 0 [119, 121]
30.9 0.1 [122]
30.93 0.1 [123]
Ga(OH); 32.31 0.3 [123]
33.36 0.5 [123]
29.8 1.0 (119]
35.85 1.0 [123]
Ga(OH); 39 4 0 [119, 121]
34.7 1.0 (119]

Table 5-1: Mass-stability constants for gallium complexes in sulpliate solutions.



methods used have been different—calorimetry [127], pressure-jump relaxation tech-
nique (128], and indirect spectrophotometry (129]. In the present work, the value of
log 8 = 2.77 for Ga(SO4)* has been chosen as an approximate average of the reported

constants.

Values for the mass-stability constants of the sulphate complexes for ionic
strengths other than zero have been found only for Ga(SO4)* and are given in Table 5-
1. In a series of studies Shishkova [130, 131, 132] reported data for log B at I = 0.5
for this complex in various aqueous and aqueous-organic solutions, determined by
ion-exchange. For the system Ga(ClO,),-H,0-Na,S04-HClOy, a value of log § =
1.55 has been found [130], and for Ga(ClO,),~H,0-H,S0,4~HClO, system—log 8 =
1.88 [132]. The author claims that the difference between the two values is not
significant. The absence of other comparative studies, however, makes it difficult
to estimate the reliabiiity of the reported data. Hence, the criterion for reliability,
accepted in the work here, is how well the results based on these data may agree with

experimental findings for the effect of sulphates on gallium extraction.

Bisulphate complexes

It is well known that in sulphate solutions bisulphate ions are also present:
HSO; = H* 4+ S0}~ (5.4)

and the second dissociation constant, K, is given by

+HISO2-
o= IEIS0E) o3
The reaction has been well studied and the values of K at different ionic strengths
and temperatures determined [133]. The following equation, based on the extended
Debye-Hickel equation, has been found to correlate well the obtained values of K,

with the ionic strength and temperature [133]:

Vi

log K; = log K3 + 4 x 0.509 ——————
: &Mz (1+ AV/I)

(5.6)
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where K2 is the value at [ = 0 (K9 = 1.03 x 1072 mol/kg), Ax = 094 at 25 °C, and
the concentrations of species in eqn (5.5) as well as | are expiessed on a molal scale.
Complete first dissociation of sulphuric acid 1s also assumed. The above equation (5.6)

was used in the present work.

Once HSOy ions are present in the aqueous solution, it appears probable “hat
gallium bisulphate complexes, Ga(IISO“)i*", may form Such complexes, as well as
mixed sulphate-bisulphate complexes, are known, for exaniple, for Fe?t (134, 135).

However, none of the above mentioned studies on gallium sulphate complexes
nor others, dealing with their stability and lability (rates of ligand exchange) e.g.,
refs. [136, 137, 138, 139)], have found evidence for existence of bisulphate gallium
complexes. In fact, in some sources the following complex formation rcaction has

been suggested {132, 136]:
Ga®** + HSO; = GaSO} +H* (5.7)

Aluminum forms similar, though more stable, sulphate complexes than gallium.? It
has been found from NMR and wwlar-volume studies of aluminum sulphate com-
plexes, that addition of hydrochloric acid to the solution results in decreasing the
peak corresponding to the Al(SO4)* complex {140, 141]. This certainly means that
the complex is sulphate- and not bisulphate-based, since with increasing acidity the

concentration of HSOJ increases.

Based on the above results and the similarities between gallium and aluminum
sulphate complexation, it is assumed here that gallium bisulphate complexes do not
form. It may be suggested that in very acidic sulphate solutions only, where HSOy

will predominate over $O3™, bisulphate complexes could form:
Ga’t + HSO; = GallSQ%* (5.8)

although this contradicts reaction 5.7 and there is no experimental evidence to sup-

port it at present.

2The same, however, does not apply to chloride coinplexes, see page 12
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Finally, it should be noted that the existence of such complexes as Ga(HSO,,)i—"

(n = 1,...,6) was indecd proposed and used to explain gallium and aluminum ex-
traction data from chloride-sulphate solutions with ketones {142, 143]. Unfortunately,
it was impossible to find the authors’ report in the specified journal (referred to in
their studics [142]), and containing the data for stability constants of the gallium

complexes, supposedly determined by them.

5.3 Stability Constants and Ionic Strength

As expected, the data collected for the mass-stability constants show that they change
with the ionic strength. Therefore, a relationship linking stability constants and
ionic strength is needed so that they can be calculated with sufficient accuracy at
a particular value of I. Such relationships are known—they reflect the change in
activity coefficients with ionic strength, and often are based on the extended Debye-
Hiickel equation. This equation can be written for the stability constant £, of the

complex MeL,, (reaction 5.2) as

Az2 AT
log B, = log B2 + ————~= + bI 5.9
gh ogh 1+ BDda\/i (5.9)
where z is the charge of species in
A22 = Z&ebn - Zglie - nzlza

The stability constant 2 refers to I = 0, b is an empirical parameter, and I is the

ionic strength expressed on a molar scale, i.e.,
! 2
I= -2-2 ¢,2, (5.10)
J

where ¢ is the molar concentration of species.

It has been proposed [144, 145] that for many complexes the value of d, can
be assumed to be constant (d, = 4.9A). Although a simplification, this assumption is

justified because the uncertainties involved in determination of stability constants of
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complexes in solution are much more significant than those for activity coetlicients.

Thus, eqn (5.9) becomes

A=A V]
1+ 1.6V1

in which b is the parameter needed to be determined from the data for 3, at different

log B, = log B, +

+ bI (5.11)

ionic strengths. Furthermore, eqn (5.11) can be used to check compatibility of data
reported by various sources for & given complex at different ionic strengths. Equa-
tion (5.11) predicts that a straight line with a slope of b should result when data are

presented in coordinates
A2 AT

log B, — —— 2V~
gh 14+1.6V1

Indeed, this has been the case for a number of complexes of different nature and
composition [145]). The equation has also been found valid for ionic strengths up

to 5.

Equation (5.11) was also adopted in this work for correlating the data for
stability constants at different ionic strengths. The value of b was calculated by
the least squares method for each gallium complex, except Ga(SOy4),, for which the
stability constant only at I = 0 was known (Table 5-1), and hence a value of b
equal to zero had to be assumed for that complex. Reasonably good correlation
coefficients were obtained when the selected values (fiom ref. [123]) of the gallium

hydroxy complexes were used.’

5.4 Algorithm and Program Development

The algorithm is based on the mass-balance equations for the metal, or metals, present
in the solution (in this particular case—gallium) in varicus complex forms, for sul-
phates, and the charge-balance equation—the condition for clectroneutrality of the

solution.

3With the exception of the Ga(OH); complex, since values for only two ionic strengths are
reported (Table 5-1).
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Derivation of the appropriate equations and description of the iterative pro-
cedure for determination of species distribution 1s given in Appendix B. Essentially,
the concentration of all species in solution can be expressed in terms of the three
unknowns—the concentrations of Ga®t, S02~, and H*—using the definition equa-
tions for stability constants of each complex as well as the equation for the second
dissociation of sulphuric acid (eqn 5.5) and the dissociation constant of water, K.
Thus, a system of three nonlinear equations with three unknowns is obtained. The
Newton-Raphson iterative method is selected as a computational method here be-

cause of its rapid convergence. A modified iteration formula is used, as it has been

suggested [146], in order to avoid negative roots.

Also included in the program is a second iteration loop for the ionic strength.
Once a solution for the system of equations is reached, the concentrations of all
species are calculated and thus the ionic strength. The stability constants of species
are then calculated for this value of I, and the computations are repeated—until the
difference between the two consecutive values of I becomes less than a pre-specified
small number (i.e., the requirement that the stability constants are calculated for the
true ionic strength of the solution is fulfilled). In this woik, 6-8 iterations have been

necessary before this condition is satisfied.

5.5 Results and Discussion

Two cases are considered for the distribution of species in gallium sulphate solutions.
The first is here called the ‘case of non-specified acidity’. The system is defined as a
mixed electrolyte solution of Gay(S50,), and 1,50, in water, and no other substances
are present. The total concentrations of gallium and sulphates are known. Next, the

concentration of free sulphuric acid (in mol/l) is defined as

[”2804] = [SO4]T - 15[G&]T

4R, also changes with ioni. strcngtll and this 15 taken mto account by correlating available data
for K. at different I [121] using eqn (5 11)




since 1.5[Ga}7 is the amount of sulphates originating from Gax(SO4),. It is obvious
that in this case, the acidity of the solution (i e., the concentration, or activity, of
H*t) as well as the ionic strength will be determined fiom the distribution of species

in the solution.

The second case will be called ‘case of specified acidity’. The system is de-
fined as consisting of gallium electrolyte (gallium sulphate or another salt with non-
complexing anion—e.g., gallium perchlorate or nitrate), a source of sulphates (e g.,
H;SO, or Na;S0y), and indifferent electrolyte(s)® (e.g., nitric or perchloric acids and
their sodium salts) which serves to pre-determine the acidity (pH) and the ionic
strength of the solution. This case is important, because 1t 1efers to the type of solu-
tions used in the gallium extraction experiments, Jesciibed in the previous Chapter.
The calculations for species distribution in this case are simpler than those outlined
in Appendix B for the case of non-specified acidity. The reason is that the concentra-
tion of one of the key components, [H*], and the ionic stiength are known in advance,

and also the charge-balance equation becomes unnecessary.

5.5.1 Case of Non-specified Acidity

The percent distribution of gallium species is presented here as a function of the free
H2SO, concentration at constant total gallium concentration, [Ga]T. Results for two

values of [Ga]T are given on fig. 5.1 and 5.2.

The speciation diagrams clearly show that gallium is significantly complexed
in aqueous sulphate solutions and the predominant species is Ga(SO4)*. At very low
(and zero) acid concentrations, the first galhum hydioxy complex, Ga(QH)??*, exists
to a noticeable extent, but disappears as soon as the acidity is further increased, even
slightly. This is the reason for the displayed maximum in the peicentage of free Ga®t

in this region of low acid concentrations

SHere, the electrolyte is considered indifferent only if its 1ons do not tahe part in complexing
reactions and, with respect to solvent extraction, they are not extracted 1 any form withun the
range under study
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A maximum is also found in the presence of the second gallium sulphate com-
plex, Ga(50,);. As expected, an increase in H,SO4 concentration leads initially to
increase in the concentration of the free SO}~. Accordingly, [Ga(S04); ] increases as
well. At the same tiine, however, acidity also incieases, thus causing gradual shift of
the sulphate/bisulphate equilibrium (eqn 5.4) towards formation of bisulphate. This
results in decreasing the percentage of the Ga(S0y4), complex, which apparently is
less stable than Ga(SO,4)*. It is obvious, however, that under conditions of con-
stant free H,504 concentration, an increase in the total concentration of sulphates

by addition, for example, of Na;SOy, will increase the percentage of Ga(SOy);.

pH and species distribution

As mentioned earlier, the resulting pH of the solution .eflects, in this case, the dis-
tribution of species. Hence, the measurement of pH may provide a convenient ex-
perimental tool for at least partial verification for the predictions of the speciation
diagrams.

For that reason, several mixed Ga,(SO4),-H,SO, solutions with constant
[Ga]T = 001 g-ion/l and vanable acid concentration from 0 to 0.1 mol/l H,SO,4
were prepared and their pH values measured. The results showed that the mea-
sured values were quite close to those predicted fiom the speciation. For example,
for 0 mol/l Hy;SO, the predicted pH is 2.72 (fig. 5.1), while pH of 2.75 is measured;
for the case of 0.1 mol/l H,SOy, the predicted and measured plI are 1.03 and 0.98,

respectively.

Notwithstanding the observed close agreement between predicted and mea-
sured pH values, it should be emphasized that it refers to relatively low acid concen-
trations and ionic strengths. Hence, the agreement itself can only be interpreted as
a proof that the values for the mass-stability constants of complexes involved, and
thercfore the distribution of species based on these values are probably correct for

the particular range of ionic strengths. This, however, will not necessarily be true
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for high acidities and ionic strengths. Except for the case of zero and close-to zero
free H,SO, concentrations, where the resulting pll s stiongly dependent on [Ga)l, it
appears that the pH remains very much the same for the same concentration of free
H,S0, regardless of [Ga]T. This is evident when the pH curves of figuies 5.1 and 5.2
are compared. In other words, for the range of high acid concentiations, the pl re-
flects mostly the sulphate/bisulphate equilibtium, while the effect of then relatively
low [Ga]T becomes negligible. Hence, this would lead to inconclusive results about

gallium complexation if pH is measured under such couditions.

Finally, it should also be remembeied that an additional uncertainty for the
speciation at high ionic strengths is introduced fiom the necessary assumption® that
the stability constant of Ga(504), complex *emains the same 1egardless of the ionic

strength.

5.5.2 Case of Specified Acidity

Here, the distribution of gallium complexes is presented as a function of pll at con-
stant [Ga]T, [SO4]T, and ionic strength. Figuies 5.3-5." show the speciation diagrams
for several differently chosen conditions.” The case of 0.01 mol/l Ga,(S04), dissolved
in aqueous solution of indifferent electrolyte, which serves to maintain constant ionic
strength of I = 0.1, is represented on fig. 5.3. How the distiibution clianges when the
ionic strength is increased for the same conditions of fig. 5.3 1s found by comparison
with the next fig. 5.4. The two following figures 5.5 and 5.6 illustrate the changes in
the distribution of complexes when [SO4]T is incieased for otherwise the same con-
ditions of fig. 5.4. A comparison between figures 5.5 and 5 7 yields the diffcrences in

species distribution due to increased total galliuvin concentration.

6See page 119
"Clearly, such diagrams can be produced for any paiticular conditions when needed
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Distribution of hydroxy complexes

The results clearly show the common tendency of increasing percentage of the hydroxy
complexes as pH increases. At the same time, the distribution changes slightly when
the total gallium concentration is increased (fig. 5.7). The predominant species among
the hydroxy complexes changes from the first, Ga(OI1)**, to the fourth, Ga(OH)y,
complex with increasing pll (fig. 53). Thus, the 1esults for the hydroxy complexes
alone, e.g., when the sulphate complexes are either not piesent or excluded from
consideration, are well in agreement with similarly constructed speciation diagrams
available in the literature [118, 122, 123]. This, of course, is not very surprising
since the mass-stability constants data for the hydioxy complexes used in this work

originate from the above mentioned sources.

This agreement alone cannot be taken as piroof of validity. For example, the
distribution of the hydroxy complexes appears to be strongly dependent on the ionic
strength of the solution. While the results for I = 0.1 (fig. 5.3) correctly predict the
known fact [118] that at high pH the predominant complex (if not the only one among
the mononuclear species) will be Ga(Ol);, those 1efeiring to a higher ionic strength
(e.g-, fig. 5.4) predict its percentage considerably decreased,® and Ga(OH); appears to
be the predominant complex instead. The reason 1s 1n the different dependence of the
respective mass-stability constants on the ionic stiength (Table 5-1)  Nevertheless,
these predictions for the high pH range are obviously doubtful because they will not

explain why gallium is soluble in such solutions.

This example serves to illustrate how uncertainties in the available data on
stability constants may lead to erioneous or at least doubtful 1esults  For the low pH
range, however, which is mainly of interest in the present work, these uncertainties

about Ga(OH)g complex will have a negligible impact.

8Since 1t is less than 1 % for the pll range of figures 54-57, the presence of Ga(Oll); 1s not
shown there
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Distribution of sulphate complexes

In the range of low pll, the predominant gallium complex is Ga(S04)*. Its corre-
sponding curve shows a maximum, the exact position of which (with respect to pH)
depends on the particular solution conditions (figures 5.3-5.7). The reason for this
maximum is that as acidity increases, the concentration of free SO3~, available for
complexation, decreases according to the sulphate/bisulphate equilibrium (eqn 5.4).
At the other end, above a certain pH, the formation of the hydroxy complexes be-
comes important. Thus, according to the speciation diagrams, at pH above 3.8-4.0

the presence of the sulphate complexes will be negligible.

As expected, increase in the total sulphate concentration leads to increased
percentage of both gallium sulphate complexes (figures 5.3-5.6). The presence, how-
ever, of the second complex, Ga(SOy), , appears to be less significant, especially at
lower pH. At high sulphate concentrations and in the pH range of 1.5-3.0, there
is competitive formation of Ga(SOy),, which aflects considerably the percentage of

Ga(50,)* (fig. 5.5 and fig. 5.6).

When the total gallium concentration in solution is increased (fig. 5.5 and
fig. 5.7), the presence of the two sulphate complexes decreases and, accordingly, the
amount of free Ga3* increases. These changes, however, in the distribution of species

appear to be slight.

The fact, that in the region of low pH (less than 0.5-0.6) the complexation
of gallium with sulphates becomes less pronounced, will be important for its solvent
extraction. The effect of sulphates on extraction will be less significant under more
acidic conditions, but for the same total concentration of sulphates. This, of course,
will be useful provided that there is a 1eagent which will be able to extract efficiently
from such acidic solutions. On the other hand, high sulphate concentrations, and
therefore the complexation, will have beneficial effect for the same acidity (activity

of H*) when stripping from the loaded extractant is considered.

Furthermore, the absence of bisulphate complexes with gallium can, 1n princi-
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ple, facilitate metal separations by extraction fiom this type of solution  One example,
where such potential may exist, are mined solutions with non(I1I1), which is known

to form such complexes [134, 135].

5.5.3 Sulphate Complexation and Gallium Extraction

With the program developed for calculation of species distribution, it is now possible
to check how its predictions may compare with the obtained results for the effect of
sulphate concentration on both the equilibiium distiibution of galhum (Section 4.2.4,

page 46) and the rate of extraction (Section 4.5.1, page 84).

Interpretation of extraction equilibrium results

As discussed in Chapter 4, Section 4.2.4, the piesence of sulphates has a negative
effect on Dg, (fig. 4.4). This effect can be mcorporated in the expression (eqn 4.17)

for log Dg, as a function of free extractant concentiation and plH at equilibrium:

[Ga ;lq

[Gad+]

log Dga = log K[, + 2log [(HR)2] + 3pH — log (5.12)

or written as (eqn 4.18):
[Gall,
[Ga3t)

log Dga = log D¢, — lug (5.13)

Essential here, when complexation is considered, 15 the logarithmic term, representing
the ratio of the total metal concentiation to the concentration of reacting species,
at equilibrium. This term has to be determined, which is now possible using the

speciation diagrams.

In a typical extraction equilibrium expetiment, the metal concentration (to-
tal) in the raflinate as well as the pll can be determined  Also known is the total
concentration of sulphates. The ionic strength of the solution is assumed to be the
same as that of the initial solution. This is justified because of the relatively small
amounts of metal initially present, and extracted, with respect to the concentration

of the indifferent electrolyte.
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With this information available, the texm log ([Ga];r(l/[Ga3+]) can be calculated
after the distribution of species for the particular conditions of each experiment is
found. Then, Dga,, the hypothetical distiibution cocfficient of gallium which should
be obtained if there is no complexation, can be calculated from eqn (5.13), using the

experimentally determined values of Dg,.

It is evident. that if the distribution of complexes has been correctly deter-
mined, then the calculated values of Dg,, from eqn (5.13) should coincide with those
values of Dg, found for the same conditions, but in absence of complexing sulphate

ions.

For the extraction equilibrium experiments of fig. 4.4, in the presence of sul-
phates, the values of Dg,, have been calculated and are given on fig. 5.8. Also
shown, for comparison, are the same data (Dg,) fiom fig. 4.4, for the experiments in

the absence of sulphates.

The results show that there is a reasonably good agreement between the cal-
culated Dg,, and experimental Dg, values. Also, the slope of the lines log Dg,, vs
pH is now very close to the expected value of 3, while for the original data in the

presence of sulphates the slopes are noticeably less than 3 (Section 4.2.4).

Analysis of the complexation results shows that in log D vs pH coordinates the
slope changes from 3 because of the log ([Ga]fq/[Gaa*’]) term, which is pH dependent.
With incrrasing pH this term also increases for the pH range of the experiments (0.4~
2.0). This reflects the observation, discussed earlier, that for the range of low pH the

complexation becomes less significant as pll decieases.

Hence, in the expression for log Dg, (eqn 5.12) there will be one term that
changes with pH.® It is obvious, therefore, that just plotting log Dg, vs pH, when
extraction is affected by complexation in the aqueous phase, will not yield the correct

value for the stoichiometry of the reaction with respect to H*. Furthermore, the term

®Another term 1n the equation that may indirectly change with pIl 15 the concentration of the
free extractant
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log ([Ga];rq/[Ga“]) changes gradually with pH and this is probably the reason why,
despite complexation, the experimental data are still well correlated by a straight line
in log D vs pH coordinates. The resulting slore, however, will be less than 3 because

of the increasingly negative impact of complexation on log Dg, as pH increases.

Extraction kinetics data

The experiments have shown that the rate of gallium extraction decreases with
increase in the total sulphate concentration in the aqueous phase (Section 4.5.1,
page 84).

From the parameters of the aqueous solutions used in the experiments for the
effect of sulphates (fig. 4.25), it is possible to calculate the respective concentrations
of free Ga3* using the speciation progiam. The results are given on fig. 5.9, where
the data for the rate of gallium extraction are the same as those on fig. 4.25 but

plotted vs the calculated values of [Ga3t].

The results, obtained in this way for the dependence of gallium rate on Ga®*
concentration in the aqueous phase, seem to be similar to those found in absence of
sulphates (fig. 4.23). In other words, the kinetic data for the effect of sulphates, after
the complexation has been taken into account, appear to become very close to those
for the cffect of metal concentration for otherwise the same conditions. This allowed,
in the subsequent modelling work (Chapter 6), sulphate complexation to be treated
as a special case when considering the eflect of metal concentration in the aqueous

phase on the rate of gallium extraction.

It should be noted, however, that the above treatment to account for sulphates
complexation and the effect on extraction rate refers only to the bulk properties of
the aqueous solution, 1.e., away from the aqueous/organic interface and the aqueous
diffusion layer. It is obvious that the distribution of species close to the interface
wiil depend on the local properties there—pH, metal, and sulphate concentrations—

which will be different from the respective bulk values Therefoie, in the determi-
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nation of concentration profiles for the 1eacting species (Chapter 6), the additional
eflect of complexation in the region close to the inteiface should also be considered.
This, however, has not been done in the present work mostly because additional as-
sumptions will have to be made,’® which will setiously undermine the anticipated
improvement. Also, the fact that the calculated data fiom the experiments for the
sulphates effect are in relatively good agreement with results for the effect of gal-
lium bulk concentration in the aqueous phase implies that further unprovements by
accounting for complexation in the aqueous diffusion layer will probably not yield

significantly different results.

5.6 Summary

In this Chapter, the problems associat »d with gallium complexation in a‘ ueous sul-
phate solutions and its eflects on extraction have been discussed. Using the available
literature data ¢n mass-stability constants of gallium species present in solution, a
program for calculation of species distribution has been developed Two cases have

been considered:

o Case of non-specified acidity. The system 1s Ga,(SO4);-H,S04~-H,0, the total
concentrations of metal and sulphate are known, and the distiibution of species

determines the acidity (pl) and the ionic stiength of the solution.

o Case of specified acidity This is a particular and simpler case of the previous
one because both pH and the ionic strength are predetermined from indifferent
electrolyte(s) present in the solution. This case coiresponds to the type of

gallium aqueous solutions used in the extraction experiments

The 1esults for the distribution of species as a function of fiee H,SO4 con-

centration (fig 5.1 and fig. 5.2) or pll (figures 5 3-5.7) have shown that gallium is

%For example, one problem will be that [Ga)l,, [SO4)L, are no longer constants but functions
of distance from the nterface, and dependent on the concentration profiles of all gallum- and

sulphate-contamng species
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significantly complexed in sulphate solutions.

From the available literatuvre on galbum compleaes, it has been concluded

U The absence of formation of

that gallium does not form bisulphate compleses
these species leads to a lower percentage of complexed gallium when pH is low and
decreases. Such absence may be potcntially uscful when metal separations fiom this

type of solution are considered

For the case of non-specified acidity. the obtained results from species distribu-
tion calculations were verified by comparing experimentally micasured and calculated
pH values for prepared gallium sulphate-sulphunic acid solutions Both values were
found to agree quite weli. The predictions of species distnibution program were used
in interpreting the experimental 1csults for the effect of sulphates on Dy, and the
rate of extraction. When this effect is taken mto account according to the calcu-
lated species concentrations, a reasonably good agiecment is found with the results
obtained under the same conditions but in absence of sulphates This means that by
using the results for distribution of complexes, it will Le possible to predict the extrac-
tion performance under particular conditions-—aadity, total sulphate concentration,

etc.

Hence, some of the important advantages (and limitations) of considering

metal complexation in solution are.

¢ Prediction with some degree of accuracy of extiaction hehaviour —how (and
presumably—how much) the concentration of the complexing higand will affect

metal loading and extraction kinetics

¢ More information can be obtamed abont the 1cacting speaes It is possible,
using the information fiom upecies distiihution, to verify a hypothesis that 4
certain species is the one that reacts, by coriclating the obtained experimental

data with properties particular to that species

1 The same appears to apply to alununum and indim as well (119, 121, 140, 141]
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e The principles and the algorithm on which thie calculation of species distribu-
tion is based remain the same, regaidless of whether one or more metals are
present in solution At the same time, fiom the respective speciation diagrams,

conditions for improved metal separation can be determined.

e The construction of species distribution diagiams can be extended to higher
temperatures using available thermodynamic data. This is of particular impor-

tance in leaching systems.

e Among the limitations in determination of complexes distribution, probably

the most significant when it occuis, is the lack of reliable data for the mass-
stability constants. Controversy is more of a rule than an exception. This
requires carcful examination of the originally reported data, cross-checking,

and eventually—comparison with what is experimentally observed.
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Chapter 6

Reaction Kinetics and Mechanism
of Gallium Extraction

6.1 Introduction

In this Chapter, the experimental results on gallium kinetics, presented in Clapter 4,
will be used in elucidating the reaction mechamsm as a seties of clementary steps.
The purpose is to describe them through a mathematical model based on physico
chemical properties of the extraction system, which would enable a better under-
standing and prediction of extraction behaviour, while on the other hand, provide
a basis for comparison with reported data on extraction of other metals in similar

systems.

First, relevant existing models will be bniefly outhned whete the distinction
will be made with respect to the locus of the chemical reaction Sccondly, the model of
mass-transfer with chemical reaction (MTWCR) found to describe well the extraction
data, will be presented with an emphasis on 1ts further developments believed to be
appropriate in this work. Then, model predictions will be tested by the comparison

with the experimental data from gallium-D2EHPA systrm

The implications of the important model patameters for metal extraction and
separation will then be discusscd, and specifically the 1ole of the rate constant of

ligand exchange will finally be illustrated with the example of galliuin/alummum
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separation based on different rates.

6.2 Extraction Models and Locus of the Chemi-
cal Reaction

A starting point in modelling the process of metal extraction is the determination
of the site of the chemical reaction. When the two immiscible liquids—the metal-
containing aqueous phase and the organic extiactant solution—are brought into con-
tact, there are, in general, three options for where the reaction may occur: in the
organic phase, at the interface, or in the aqueous phase. The first option is viewed as
impossible since the reacting metal species fiom the aqueous solution are insoluble

as such in the organic phase.

Thus, the two alternative options are evaluated when considering the mech-
anism of metal extraction. However, the selected site—at the interface or in the
aqueous phase-—and the reasoning behind its choice is often a subject of contro-
versy among different research groups. The main arguments favouring the interfacial

chemical reaction option are {149, 150]:

o Very low aqueous solubility of most extractants which, of course, is a pre-

requisite for successful commercial application.

o Clearly displayed interfacial activity by a large number of extractants includ-
ing various chelating reagents, sulphonic, carboxylic, organophosphorus acid

extractants.

On the other hand, reactions in the aqueous phase (extractant dissolving, even in
minute amounts, 1 the aqueous solution and reacting with metal theiein) have been
proposed and used to explam extraction results in several systems. lence, for the
same extraction system, contradictory mechanisms are often proposed One example

is copper extraction with hydroxyoximes, whete formation of the metal-extractant



complex is said to occur in the aqucous phase [151. 152, 153], while other studies [154,

155, 156] point towards interfacial chemical reaction

Undoubtedly, the propeities of the aqueous organic inteiface play a signifi
cant role in metal extraction, a fact recogmzed also by researchers holding the view
of predominant aqueous phase reaction [157]. Therefore, chemical reactions at the
interface cannot be excluded from consideration  On the other hand, many extrac-
tants do possess limited aqueous solubility. Thus, the possibility for the reaction to
proceed in the aqueous phase should not be ruted out cither. In this respect, the
general conicept of a chemical reaction at the interface that may also extend wito the
aqueous diffusion layer, adjacent to the intetface; depending on the properties of the
particular extraction system [158], sceimns to be mote accommodating and realistic

than concepts restricted to either inteifacial o1 aqueous phase chenucal reaction.

6.2.1 Interfacial Properties of Extractants

There have been a number of studies devoted to the mterfacial activity and other
properties of the aqueous-organic interface (fur example, adsorption/desorption phe-
nomena, interfacial viscosity, etc.) of commeicially used extractants, such as hydrox-
yoximes (e.g., refs. {159]-[163]) and organophosphorus acids [164, 165, 166] Among
the interfacial properties, the interfacial tension appears to hove beer studied the

most because of relative ease of measurement {167, 168].

It is well known that these 1eagents are surface active due to their amphi-
pathic nature—i.e., having in their molecules Loth hydiophobic non-polar hydro-
carbon groups and a hydrophillic polar functional group which takes part i the
cation-exchange extraction reaction Such molecules tend to adsorh at the mter-
face with their hydrophobic group oriented towards the bulk orgamc phase, and the
hydrophillic group to the aqueous phase  Thus, even at very low concentrations,
molecules of the extractant saturate the mteiface, fornnng an adsorhed monolayer.

This is evident from the dependence of the inteifacial tension, a,, on reagent concen-
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tration, C, [150]. In coordinates o, vs InC,, an inveise S-shaped curve is generally
displayed with three distinct regions determined by two specific values of InC,. The
first one corresponds to C)'™—-the ninimum bulk phase concentration required for an
ordered monolayer of extractant molccules to stait forming at the interface, and the
second (and higher) one—to the critical micelle concentration €€, when complete
saturation of the interface is achieved, and above which spontaneous aggregation of
extractant molecules and micelle formation! starts  For the mtermediate range of
concentrations C)'™ < C, < C7™¢ the interfacial tension decreases linearly with InC,

and can be described by Gibbs’ adsorption isotherm [170]:

r - _1_ do,
T RT OIHCJ T

where T, is the sutface excess (in number of moles per area) of the solute j, the

extractant in this case, R is the gas constant, and T 1s the absolute temperature.
This equation is the basis for experimental determination of C}"" as well as the area

per molecule of extractant at the saturated interface.?

The value of C)'"™ is often used as a measure for interfacial activity of the
extractant—the smaller C}''™ is the stiongei is the tendency for molecules to adsorb
at the interface, i e, the more surface active the reagent is The values of CFM€ are

usually from one to two orders of magnitude higher {150].

For hydroxyoximes C}*™ is in the order of 1077 in aromatic diluents (toluene)
and 107! mol/l in aliphatic diluents (hexane) [150]. In general, the values of oy
for organophosphorus acids are lower—for example, a value of CM" in the order of
1076 has been determined for di-hexoxy ethyl phosphoric acid in dodecane [164). For
D2EHPA in dodecane log C™™ vaties fiom —2 1 (in contact with 0.001 M HNO;
aqueous phase) to =3 6 (for 1 M HNO, solution) (164, 169, 171].

!These are often called reversed nucelles [169] since the hydroplillic groups orient themselves
towards the mterior (and mteract through hydiogen bonding) while the hydrophobic ones pomt to
the outer surface of the aggregate

20nce T, 1s deternuned experimentally, the area 1s calculated as (Na[‘,)’l, where N, is the
Avogadro number
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The interfacial activity depends on extractants' structure and reactivity as
well as the solvating ability of the diluent. Stronger solute-solvent interactions lead
to higher C}*™™ values. The interfacial activity increases in the order of increasing
acidity of the extractant: sulphonic acid > phosphoric acid > hydroxyoxime [150].
TLis has also been observed within the same class of reagents. Such an example 1s the
series of di-alkyl phosphoric acids (i.e., with similar spacial environment around the
hydrophillic group) where a very good linear correlation between log CY'™ and ph,
has been found [164]. On the other hand, interfacial activity increases mn the order
phosphoric < phosphonic < phosphinic extractants, despite decreasing acidity at the
same time. This has been explained by the increasing influence, from phosphoric
to phosphinic, of steric hindrance around the central phosphorus atom, and partic-
nlarly the oxygen atoms, due to orderly replacement of C-O-P with C P bonds
This inhibits extractant aggregation through hydrogen bonding {164]. Furthermore,
extractant monomers are expected to be more surface active than dimers and other
polymeric aggregates of higher order since their outer surface is hydrophobic (see
footnote 1). Hence, factors contributing to prevent extractant polymerization are

likely to cause increased interfacial activity {150].

Extraction models based on interfacial reaction

The models assuming extraction reaction occurring at the interface consider the over-

all process as a sequence of the following steps [155, 163, 166, 172]:

e Diffusion of reactants to the interface. Concentration gradient may exist in the

diffusion layer adjacent to the interface.

e Adsorption of extractant molecules at the interface. For the species on the
aqueous side of vhe interface, metal cations are not considered surface active, but
adsorption of H* is thought to be important —to the extent that it supposedly
hinders diffusion of reaction products and thus retards extraction [166] An

alternative explanation of this retardation effect, however, may well have its
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origin in the adsorption of extractant molecules with their polar OH-groups
oriented to the aqueous phase, and subsequent acid dissociation which will

raise [H*] in the region [164].

e One or more chemical reactions at interface to yield the final (and electroneu-

tral) metal-extractant complex.

o Desorption of the complex and diffusion to the bulk organic phase.

In order to describe the adsorption/desorption phenomena of surface active
species, most models [155, 173, 174] assume that they obey the Langmuir adsorption

isotherm [177]:
K*C,
TT 14 K+C,

where C, is the concentration of species 3, and 0, is defined as

number of occupied adsorption sites by j

0, =

total number of available sites

The rate of adsorption of j-species is proportional to C, and the fraction of non-
occupied sites (1 — 6,), and the rate of desorption—to the fraction of occupied sites
0,, accordingly. At equilibrium the two rates aie equal, and thus the expression

3 is obtained with the ratio of the two respective rate con-

for Langmuir isotherm
stants equal to K*—the equilibrium constant of the adsorption/desorption process

for species j. Furthermore, from the definitions of 0, and T, it follows that

r‘.J

J I‘;”

0

where l‘)°° is the surface excess at saturation of the interface. It is clear that for most

extractants 8, will become unity even at very low concentrations.

3The derivation assumies equal probability of site occupancy, not affected by whether or not other
sites have alrcady been occupied Other 1sotherns, e g, Ieundlich’s, Temhin’s, etc, can also be
used {161, 162, 163]
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Extractant species at interface

An important aspect of reaction hinetics concerns the forms in which the extractant
may exist and their distribution at the interface This question 1s of particular impor-
tance to organophosphorus acid reagents, hnown to exist predominantly as dimers
in the bulk organic phase, especially when the diluent is non-polar - With respect
to hydroxyoximes, dimerization has httle effect on mteifacial activity and extraction
kinetics, as expected [162].

When dimers, (HR),, are the predominant form of the extiactant, a number
of researchers include in the extraction model (e g , copper [175], zinc [178, 179], yt-
trium [180] extraction studies) adsorption of dimer molecules at the intetface, followed

by acid dissociation of the dimer, and 1eaction with metal cations:

(HR)2 @g) = (HR),2 (uay) (6.1)
(HR); (aay) = 1+ + HR; (6.2)
Me™t 4+ HR = MR 4 1t (6.3)

Similar reactions to those above for (HRR); have also been considered in extraction
models based on chemical reaction at interface, and extending into the aqueous dif-

fusion layer (87, 181].

However, the notion of extractant dimers existing at the interface, and even
distributing to the aqueous phase with subsequent dissociation and creation of the

acid anion HR7, should be viewed as quite unhkely

Firstly, the interfacial activity of the dimer is much less than that of the
monomer because the hydrophillic groups aie alicady engaged through hydrogen
bonding in the dimer structure [150, 164] Therefore, it 15 reasonable to expect that
it will be the monomer species that are predonnnantly adsorbed at the mterface.
This, however, does not necessarily exclude possible transport of dimers through the

diffusion layer on the organic side of the inteiface
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Secondly, even if interfacial properties are neglected, the existence of extrac-
tant dimers in the interfacial region is highly impiobable due to the presence of the
polar solvent there—water. If alkyl alcohols can cause monomeiization [94, 93], this
will be more so when water is present. Thus, it is expected that dimers’ hydrogen
bonds will be destroyed for preferential bonding with water molecules, an argument

suggested recently by other researchers {182, 183, 184] too.

Thirdly, the idea of a dimer molecule undergoing acid dissociation (eqn 6.2) in
aqueous medium, i.e., with breakage of the O-H bund in the hydroxyl group, while, at
the same time, the much weaker hydrogen bond keeping together the two extractant

molecules 1s left intact, is indeed doubtful.

Therefore, the reacting extractant species, regardless of where the locus of the
reaction is—at the interface or in the aqueous diffusion layer (or phase)—is considered
to be the monomer and/or the organic anion, R™, produced fiom the acid dissociation
of HR. This follows despite the fact that the dimer, (HR),, may be the predominant

species in the bulk organic phase.

6.2.2 Mass-transfer vs Chemical Reaction Control

Clearly, the rate of the overall extraction process can be limited by the diffusion
of reactants and products to and from the reaction zone (1egime of mass-transfer
control) or by the chemical reaction itself (1egime of 1eaction control), or by both

(mixed control kinetics).

The common and easiest (as a concept) criterion to distinguish between the
two regimes is by the rate dependency on stirring of the two liquid phases [167]. As
the rate of stirring increases, so do the mass-tiansfer cocfficients due to decreasing
thickness of the diffusion layers at the interface. Usually a ‘platcau’ 1egion can be
found, in rate vs stirring coordinates, where the rate of extiraction becomes indepen-
dent of the rate of stirring  Such independence is often considered as a proof that

the diffusional resistances are elimmated and the process is solely controlled by the
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chemical reaction alone. This, however, may not always be the case It is possible
that further increase in stirring simply does not dearease any more the thickness of
the diffusion layer (therefore iucreasing the mass-tiansfer coetlicients), thus sumulat-
ing a chemical kinetic regime {167]. Furtheimore, it has been shown {185, 186] that
such a pseudo-kinetic regime in a plateau region can be a consequence of simultane-
ous mixed kinetic and mass-transfer control Tot these reasons. st 1s appropriate, in
the mathematical description of the piocess, to include simultancously the equations
describing the diffusion and the chemical hinetics {167]. Such approach is followed in

this work too.

Another criterion that may give information on the contiolling regime is the
value of the apparent activation energy. E,, of the process [167]. This 1s based on the
generally much lesser dependence of diffusion coeflicients on temperature than rate
constants. However, in much the same way as for the critenon related to stirring,
where a ‘plateau’ region is a necessary but not a suflicient condition for a kmetie
regime, a low value of F, does not necessanly indicate purely diffusional control
because often chemical reactions 1 solvent extraction have values of 2, similar to

diffusional processes [167].

Therefore, in or 'er to evaluate the contiolling regime, more than a single
criterion must be considered together with the solution chenstry of the extraction
system. The interfacial properties and aqueous solulnhty of the extractant, as well as
the ligand exchange phenomena specific to the hydiated metal species are of partic-
ular relevance. These will also affect to a significant degree the site of the chemical

reaction.

6.2.3 Criteria for Determination of Reaction Site

In general, the site of the chemical 1eaction will depend not only on the interfacial
properties of the extractant (in a particular organic solution) but also on its aqueous

solubility as well as the chemistry of the aqueous metal complexes [163. 187, 188, 189].
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Thus, it seermns more relevant to discuss the reaction site m terms of relative contribu-
tions of both interfacial and aqucous diffusion layer 1cactions, instead of considering
one and neglecting the other. In other words, such a view corresponds to the idea of

reaction at the interface extending also into the adjacent aqueous diffusion layer.

A relationship between aqueous solubility of the extiactant and the contribu-
tion of reaction in the aqueous diffusion luyer lias been observed in several studies.
For example, while the extraction reaction of copper with 2 hydioxy 5-dodecyl ben-
zaldehyde has been found to occur mainly at the inteiface, the same reaction with
2-hydroxy 5-ethyl benzaldehyde proceeds exclusively in the aqueous phase [163]. The
latter extractant has higher aqueous solubility than the former, and an ethyl group in
place of the dodecyl group. Similarly, copper 1caction with benzoylacetone, another
chelating extractant with relatively large solubility in water, has been found [187] to
proceed mainly in the aqueous phase, although the inteifacial reaction also plays a

significant role.

The partition coeflicient of an extractant, HR, defined as

C
Pyp = —éﬁg (6.4)
or its distribution coefficient
C
Dip = 6.5
M= Chir + Cr- (6:5)

give information about extractant solubility in water (overbar denotes concentrations
in the organic phase). In general, most of the commercial chelating reagents aie less
soluble than the organophospliorus acid extractants as well as much less acidic. For
example, the partition coefficient of Kelex 100 is 3.31 x 10% and its I, is 4 x 10~
mol/l [79], and for 2-hydroxy 5-nonyl acctophenone oxime (the anti-isomer) these
values arc 7.4 x 10% and 2 x 107" mol/l [155], 1espectively. For benzoylacetore, an
extractant with larger aqucous solubility, Pyyg is 1087 and K, is 5.3 x 107° (enol form)

and 2.3 x 107? mol/] (keto form) [187]. The respective values for D2EHPA are given




diluent 1\’u P“[( 1\’,1 Reference
mol/l - I/mol
n-heptane | 3.1 x 1074 | 1600 | 3 13 x 10! [190]
n-heptane | 1.26 x 102 | 410 | 6 60 x 10 [182]
kerosene | 5.1 x 1072 | 3100 | 2.75 x 10* [191]
kerosene 800 |{1.26 x 10* | refs. [22] and [27] in [192]

Table 6-1: Physico-chemical propeities of D2EHPA.

in Table 6-1. There, K; denotes the dimerization constant defined as

c
Ky= G0 (6.6)

HR

Despite the apparent disagreement between constants for D2EHPA reported
by the various researchers, which may probably be due in part not ouly to differ-
ent analytical methods employed but also to assumptions which may not be correct
(for example, distribution of D2EHPA dimers to the aqueous phase 1s assumed in
ref. [191]), the data in Table 6-1 clearly show the inuch mote acidic nature of D2EHPA
in comparison with the above cited chelating reagents. On the average, the parti-
tion coefficient of D2EHPA is in the same order of magnitude as the cocflicient for
benzoylacetone, one reagent with a 1elatively higher solubility among the chelating
extractants. Of course, this is not to imply that D2EHPA has igh solubility in water,
but to emphasize that under sinular conditions the 1ole of the extraction reaction in
the aqueous diffusion layer will be larger for D2EHPA than for a less soluble (and

much less acidic) chelating extractant

Whether the chemical rcaction (when 1t is rate-limiting) occurs in the in-
terfacial region or in the bulk aqueous phase can be determined by canying out
experiments with different aqueous volumes at constant interfacial area and all other
conditions constant [167, 189]. Obviously, if the reaction is in the bulk aqueous

solution then the overall rate will be propoitional to the aqueous volume  and in-

40n the other hand, D2EHPA, as an alkyl phosphoric extractant, will be more wnterfacially
active than chelating reagents This mieans lower CM™ values for D2EHPA but not nccessanly
much different adsorption/desorption hinetics
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dependent of the interfacial area In contiast. if the chemical 1eaction occurs at the
interface, then the rate of extraction will be lincarly dependent on the interfacial area,
and accordingly— independent of the aqueous phase volume The problem s that the
same dependencies will also be observed 1f the 1caction is in the aqueous diffusion
layer adjacent to the interface [187, 193, 14 1] In order to resolve this problern, several

approaches have been proposed {167, 189, 194, 193] and will be outlined below.

Rate and extractant concentratior

This proposed criterion 1s based on the theoretically different dependence of rate on
extractant concentration when the concentiation becomes higher than C™¢ [167,
194]. If the rcaction is solely intetfacial, then the extraction rate should remain
constant beyond CMC) since further inciease in extiactant concentration will lead
only to micelle formation while the inteifacial concentration will be unchanged—and
so will be the extraction rate, for otherwise the samie conditions  On the other hand, if
the reactio  extends also into the aqueous diffusion layer, then the rate will continue
to lucrcasc for concentrations highet than CM€ because of the contiibution from the
aqueous layer reaction [167] The 1esuling curves fo: the two cases, in coordinates
rate vs extractant concentration in organic phase, ate shown schematically on fig 6.1,

)

taken from ref. [167].

Extraction rate constants and rate constants of water ligand exchange

Another possibility for distinguishing between the roles of interfacial and aqueous
diffusion layer reaction is by compating the experimentally obtained rate constants

for several metals with their known rate constants of water ligand exchange [189).

The exchange reaction of a water hgand in a hydiated metal complex can be

schematically repiesented as

[Me(H,0))"* + H,0" = [Me(I1,0),-, 1,0 + H;0 (6.7)
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Figure 6.1: Extraction rate vs extractant concentration in bulk organic phase.
(a) Interfacial reaction; (b) Aqueous and interfacial 1caction.
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and its rate constant denoted as k,.% It is hknown {9] that for homogeneous reactions

't and not so much

k, depends mostly on the nature of the cential metal cation Me
on the kind of the particular hgand. Small and highly charged cations form the most
inert complexes. Data for water hgand exchange rate constants are available for a

large number of metal cations [9, 196

In extraction kinetics, the formation of « metal-extiactant complex, which
eventually distributes to the organic phase, 1 conceived as proceeding through a
series of elementary Yigand exchange steps—water hgands replaced by organic ligands,
with one of them (in many cases it is the fust substitution) being rate controlhing.
Therefore, if reaction m the aqueous diffusion layer predonunates (which is also a
homogencous reaction) then the differences observed for expetimentally determined
extraction rate constants for several metals should be approximately of the same
order of magmtude as the differences between ther rate constants of water ligand
exchange. On the other hand, if the interfacial reaction is the predormnant one, then
such an analogy should not exist, and the extiaction rate constants should even be
similar. The reason is that at the interface. a viscous layer of structured water exists,
and in such an environment it is expected [189] that the 1ates of hgand exchange are

not any more cation-dependent.

Verification of this hypothesis has heen attempted with the example of cobalt,
nickel, and zinc extraction kinetics with D2EHPA 1w dodecane {189]. The reported
values for the extraction rate constants obtained for the three metals are indeed
similar, in contrast with their known wates ligand exchange rate constants. Thus,
the results appear to support theidea of cation-independent exchiange at the interface.
At the same time, however, these findings scem to contradict other extraction kinetics
results, obtained for the same metals and extiactant (but with heptane as a diluent)
where considerable differences in extraction 1ates for the three metals are reported [89,

181] Probably, more experimentation will be needed m order to obtain conclusive

5Reaction 6 7 represents the overall higand exchange process However, &, refers to a first (or
pseudo-first) order elementary reaction and has dimensions of 57!

—
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evidence for this hypothesis and subsequently to use 1t as a citenion for deternunation

of the reaction site.

Different ratios of (Cy./Cyr) at (CnCupr) = const

Mathematical analysis of models developed on the basis of mtetfaaal chemical re-
action [154] or reaction extendimg mto the agueous diffusion Layer [158] (MTWCR
model) have shown that for a fauly laige interval of expenmental conditions they

both may well describe the obtained results [195]

At the same time, however, this analy s1s has shown that the two models will be-
have differently if the product of metal and extractant concentrations, [T = (CrpeCin),
is kept constant but their ratio (Cp/Chr) 15 vaned  The mterfacial model predicts
constant rate as long as [[ remains constant  Insthe MTWCR model, on the other
hand, different rates are obtained when the concentiation ratio s changed even when
IT is set constant. Therefore, these differences i predictions give a relatively simple

way to select or verify an extraction model.

In the present work, based on the obtained 1esults for gallium extraction kinet-
ics and using the criteria to determine the reaction site outlined above, as well as the
considerations related to metal and extiactant solution chemistiy, 1t lias been con-
cluded that the MTWCR 1nodel, ongmally developed by Hughes and Rod [197, 158)
and applied for the case of copper extiaction with chelating reagents [198], can be
used for describing gallium extraction in the presently studied system. In the fol-
lowing section, the physical grounds of the model will be presented, aloug with some
further developments considered necessaty when organophosphorus aad extractants

are employed. The detailed mathematical derivations are given in Appendix C.
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6.3 Mass-transfer with Chemical Reaction Model
6.3.1 Basic Concepts and Assumptions

The model 1s based on the two-film theory of mss-transfer [199] Here, it is assumed
that close to the liqud-hquid mterface theie 1s a scagnan iilm of thickness 6 on both
sides. It is through this film that the transpoit process takes place by molecular
diffusion due to existing concentiation gradients there, while the conditions in the
bulk of each phase are considered to be constant  The effect of changing the hydrody-
namic conditions is reflected 1 changes of the thickness & Thus, the theoty predicts
that under the same hydrodynamic conditions, the physical mass-tiansfer cocflicient
(i.c., in absence of cheniical reaction) foi j-species, Y, should be proportional to the

molecular diftusivity D,, according to its defimtion as

k)= == (6.8)

However, this contradicts experimental evidence showing that &9 o« /D,, and in

some liquid-liquid systems, &9 1s proportional to the 2/3 power of D, [200] Other
theories (e g., penetration and surface 1enewal models of Highie and Danckwerts)
predict correctly the dependence of r\? on D, Nevertheless, the simphcity of the film
theory, which makes it possible to obtain exact mathematical solutions for a number
of problems only within its fiamewmk, together with its ability to descnibe well
the effects of chemical reaction on mass-tiansfer, make the film theory a useful and
powerful tool, despite the fact that it is cleatly an inappiopriate method to calculate
physical mass transfer coefficients. In fact, all thiee theoties—the film theory, the
penetration and the surface renewal theories—piedict with minor differences {199,
201] the ratio (x,/xY), wheie &, 1s the mass-tiansfer coefficient when a chemical
reaction tahes place, as a function of D, and the 1caction 1aic constant. When a
chemical 1eaction between components from the two liquid phases takes place, the
rate of ther mass-transfer is enhanced because they are consumed in the course of

the reaction and therefore the concentration gradients are mamtamed high Thus, &,
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will be greater than ).

The concentration profiles of speaes mnvolved i the extraction readtion, i
the vicinity of the interface, are presented schematically on fig 6 2, according to the
two-film theory, on which the MTWCR model s based  Also shown is the profile for
the dissociated organic anion, R™, for the o e Its presence, of course, will
depend on the acid dissociation constant, i and the solubility of the extractant as
well as the chemical reaction rate relative to the rate of mass-transfer In the speeial

case, when g — oo and also Paen, — o0, theit concentiations i the aqueous

phase are zero [158].

The differential equations, describing the simultancous mass transfer with
chemical reaction 1n a liquid phase can be wiitten, in a general forn for any reacting
species J as [200]:

- , ¢ ,
DJAZCJ =1L-VCJ+——,EJ-+1‘ (6.9)
{
where D, A,C, 1s the molecular transport term, windi s due to convection (the aV (',

term, where  is the velocity vector), accumulation (9C,/dt), and the production (or

consumption) of j due to the chemical reaction with rate r®

The film theory assumes that the process is at steady-state, henee theteis no
accumulation and therefore (9C,/dt) = 0. Also, it assumes that @ = 0, 1 e, there
is no convective transpoit of species (the diffusion layer s considered as stagnant).
Another simplification is that the interface 1s considered to be plane--this results
from the assumption that the radii of inteifacial curvatumies are mudh greater that

the diffusion layer thickness.
Thus, the general equation (6.9) is simplificd and becomes, when written in the
direction of the transport—along the z-axis, perpendicular to the mteifacial plane:

d*C
o =T (6.10)

Equation (6.10) forms the basis of the MTWCR model—it provides the tclationship

SEquation (6 9) 1s in fact the mass-balance of species 7 the elementary volume dV = drdydz
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Figure 6.2: Schematic representation of concentration profiles, near the interface, of
reactants and products, according to the film theory.



between the mass transport of species and the simultancously proceeding chemical

reaction.

6.3.2 Gallium Extraction: Reaction Scheme

The form of the expression for r depends on which 1s the contiolling step in the series

of elementary chemical reactions. The overall extiaction reaction of gallium with

D2EHPA (eqn 4.10, page 41):
Ga®* + 2(1IR); (g = GaRy - HR () + 5i1* (6.11)

can be presented as a sequence of the following clementary steps, involving partition-

ing of the extractant and its dissociation:

(HR)2 (org) = 2HR (1) Step |
HR(org) = HR Step 2
HR = H* + R~ Step 3

and then sequential formation of the galliuni-extiactant complex:

Ga3t + R~ = GaR** Step 4
GaR? 4 R~ = GaR{ Step 5
GaR} + R~ = Gali, Step 6

The complex GaRj, formed n step 6, may 1cact further with a HR 1nolecule; with

the product, GaRj - HR, subsequently distributing to the’organic phase:
GaR; + HR = GaRs - HR Step Ta
GaR3 -HR = GZle . ”R(‘,,g) Stl’p 8a

or, GaRj may first distribute to the organic phase and there GaRy- HR can be formed

through solvation reactions like the one shown in step 8b:
GaR; = GaRj; (org) . Step Th

" 2GaR3 (org) + (HR)2 (org) = 2GaRy HR(oy Step 8b
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Considering the fact, however, that the exact stoichiometry of the metal-extractant
complex, or complexes, depends an and dianges with the extent of metal loading,”
it is more hkely that GaRy - HR complex will be formed by solvation reactions in
the organic phase (step 8b) rather than in the aqueous phase (step 7a). Thus, the
reaction route from step 1 to step 6, and then steps b aud 8b, is assumed here to
represent the extraction reaction of galhum with D2EHPA| existing mostly as dimers

in the organic phase.

6.3.3 Dcvelopment of the Model

Assumptions

The following assumptions are considered in the model development [197):

0

e Any reactions in either bulk phase are sufliciently fast sc that the bulk concen-

trations of all species are in equilibrium
e The net flux of the extractant in all its forms is zero.

o The concentrations of the mtermediate complexes, GaR?* and GaRj, and their
fluxes in the diffusion layer, are ncgligibly low in comparison to those of the

other species.

The first assumption essentially limits the rate-determining reaction zone to the in-
terface and the diffusion layer, thus aliowing use of an equilibrium constant when
refer-ing to bulk concentrations. The experimental 1esults (Table 4-7), showing in-
dependesce of extraction rate on aqueous phase volume at constant interfacial area,

justify this assumption.

The second assumption follows the mass-balance requirements for the extrac-

tant, under steady-state conditions (8C,/dt = 0) and therefore absence of extractant

7See page 45
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accumulation.® It allows formulation then of the appropuiate mass-balanee flux equa-

tions,

The third assumption is reasonable because 1t tefers to 1eaction intermediates,
and will be even mote so if the rate-limiting step is the first organic hgand addition
(step 4). If step 5 or step 6 are rate-determinmng, then higher concentrations of
GaR? or GaRY, resp., may be anticipated [Zven in such case, however, they are
expected to be negligibly lower, and then respective fluses too, w compatison to the
other species. In the development of the onginal model [197] this third assumption
refers also to the dissociated organic anmon R™. Ay discussed carhier, while in the
case of a chelating reagent such assumption 15 1easonable, m the case of an acid

organophosphorus extractant like D2EHPA, 1t 15 considered mappropniate

It is also assumed that the partition coeflicient of GaRy. P, 15 equal to Pyn
With respect to gallium sulphate complexation in the aqueous phase, the assumption
is that it affects the bulk concentrations of species only  In other woids, the additional
effect of possibly changing sulphate concentration n the diffusion layer on distnibution

of species there is neglected.

Equations of elementary steps

As discussed in Chapter 4, the 1ate of extraction 1s expressed by the molar tux of the
product through the interface (moles galliumn extracted per arca per tune). Based
on the second assumption and the reaction scheme described above (steps 1-8b), it
follows that

Juw = = 3igun, (6.12)

*HR

where J,,, is the flux of extractant through the interface and J is the flux of

'GaRy

the pruduct, in the opposite direction. The number coefficient Lefore J follows

G nﬁJ

from the stoichiometry. The values of Jig,, are experimentally determined and

8The unsteady conditions of mitial accumulation of extractant at mterface by adsorption are
neglected—as mentioned earlier, the film theory assuies that the system s at steady-state
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numerically equal to the amount of metal transferied fiom one phase to the other
per unit arca and time (in hinol m~2s71), as explained m Chapter 3.

The cquilibria of steps 1, 2, and 3, are descuibed 1espectively by the extrac-
tant’s dimerization constant Iy, partition coefficient Py, and acid dissociation con-
stant K,. The equilibrium constants of the subsequent three higand-addition steps

are defined accordingly as:

, CGaR“
—_ A 6.13
M= om (6:13)

CCdR;

e 6.14
Commnr O (6.14)

1\’[1 =

CCdRJ
Caang Cn-

The distribution of tue product, GaRy, to the oiganic phase (step 7b) is described

K = (6.15)

by its partition coeflicient Pg.p,, and finally, for step 8b an equilibrium constant is

defined as: Y

C
1\’(3 = — GaRj; HR (6.16)

2
CGan, Cir),
which is in accordance with the assumption of established equilibrium in the bulk of
each phase. Similarly, for the aqueous bulk phase, the concentrations of reactants
and products are inter-related and this can be expressed by an equilibrium constant

K, defined as:

Caars Cii+
Koo = Zaks HY 6.17
a4 CGaiH' C]S{R ( )
From the definition equations for K, Ky, Ky, and Neg, it follows that
Keq = KiKpKi k2 (6.18)

Furthermore, the equilibrium constant of the overall extiaction reaction 6.11, K!_, is

related to Ng by
+3 70,2
KiK',

Kg = e

(6.19)
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where K’ is defined as

N (6.20)

and is also equal to

1;3 Keq (6.21)
HR

It should be emphasized that these relationships are valid only under equilibrium

conditions.

Rate equations

As mentioned earlier, the form of the expression for the 1caction m'lv rin eqn (6.10)
depends on which of the elementary steps 15 the rate-himiting one (RLS) Evidently,
different relationships will result based on a different jmtial choice of RLS Thus,
the comparison of the model predictions, following from a certamn chowe, with the

. . . A\ T
experimental findings can serve as a criterion to determune the RLS

The concept of an elementary step beiug the slowest one also imphes that all
others are at equilibrium—in other woids, a change in the concentration of reactants
and products, due to the RLS, results in a much faster adjustment of the equilibria
for the steps before and after the RLS, respecuvely Thus, it can be assumed that
the equilibria of all steps except the RLS are continuously mamtaimned

“*  The possibility for any of the steps 1, 2, o1 3, to be the rate-limiting one is

readily rejected on the grounds that if this were the case then the extraction rate

should not be dependent on metal concentration °

One of the organic ligand addition steps is usually rate-limiting, and in most
solvent extraction systems the RLS is the fust ligand addition (step 4 in the reaction
scheme here). This has been considered to be due to significant structural changes as-

sociated with the addition of thus first orgamic higand to the hydiated metal cation [50].

9Clearly, species taking part only 1n elementary reactions wlich are after the RLS, cannot affect
its rate {or more precisely—its rate n a forward duection)
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In this work also, the first ligand addition (step 4) is found to be the RLS, as it will

be discussed further.

If step 4 is rate-limiting then the reaction 1ate will be given by
r= k[ccd:u CR- - kbCGaR2+ (622)

where k¢ and k, are the rate constants of the forward and backward reaction, re-
spectively. By dcfinition, the equilibrium constant equals the ratio of the two rate
constants:

ke

K= (6.23)

and therefore, after substituting for Cr- in eqn (6 22) fiom the expression for K, it

follows that

. (Cca3+ Chr V- 1 C&R”) (6.24)

~ Cur X
From this cquation, when Cg,grz+ s substituted with Cgagr, using eqns (6.14) and
(6.15), then applying eqn (6 18), and after final 1eartangement, the following expres-
sion for r is obtained-—-for the case when step 4 1s rate-limiting:

. Chn 1 Caur,C+ '
e e — Lt 6.2
T rA C”+ (CG * I\Q(l Clsm ( 5)

Obviously, it reduces to

, CheCaou+
r=khK,———
Cu+

if the backward reaction is neglected, which, in principle, is possible in case of initial

(6.26)

extraction rates. [t should be emphasized, however, that even under such condi-
tions the 1everse reaction may have an effect on che overall rate due to the presence
of the metal-extractant complex i the 1eaction zone even though its organic bulk

concentration is virtually zerc [186, 198]

The appropriate rate expiessions, analogous to eqn (6.25), for the cases when

step & and step 6 are rate-limiting, can be similarly derived:

C} 1 Cgar,C}
L1 122 HR T e — GaRa Y+
r= k([\][\a CEH (C‘Ga-+ "—'—1\,(.“ *—Cﬂ——'—'R ) (6.27)
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when the second ligand addition is the RLS (step 5), and
r = iy Kea C”R ((7M+ _ L GG Y“"“‘C'a“) (6.28)
‘K C3, New  Ciir
when step 6, the third organic hgand addition, 15 rate-limiting.'* The above rate
expressions clearly show that r will be differently dependent on Cyy and Cyy+ for a
different ligand addition step being rate-limiting
Thus, combining the rate expression denived for the case of step 4 being the

RLS, and eqn (6.10), written for HR, the following equation results:

d’Cyn Chinr 1 Coun,C))
D = kK== [ Cgpe — e —22T U 29
HR™ 22 el % T LT Cin (6:29)

Differential flux equations and boundary conditions

In the aqueous diffusion layer (for x from 0 to §) thete is tiansport of reactant and
products of the extraction reaction. Their fluxes i the layer can be described by the

following differential equations:

dCiy dComs .
Dy+ g + 3Dga3+ i = 0 (6.30)

dCyr dCr- dCGan, .
Dur T + Dg- T B’DG.;I\J"T = (6.31)

dCyr dCgr- dCgas4 . ‘
Dyr iz + Dg- iz 3D+ — T = —Jyu = -5],(”“3 (6.32)

where D, is the diffusion coeflicient of j-species in aqueous medium

The above equations (6.30), (6.31), and (6 32), express the mass-balance re-
quirements for the components involved, and aie based upon the assumptions of the
film theory for steady-state conditions in the diffusion layer resulting in the absence

of species accumulation.

19The rate constant k¢ 1n eqns (6 27) and (G 28) refers to the respective RLS, the same notation
being used here only for simpheity
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Equation (6.30) reflects the fact that for every g-ion of metal diffusing to the
interface, three g-ions of protons, produced as a 1esult of the teaction, ditfuse in the

opposite direction.

It should also be remembered here that the term ‘metal concentration” implics
the concentration of the free (or, more precisely, the hydiated) metal cations. While
the effects of sulpliate complexation are alicady taken into account with respect to
the bulk values through the speciation program, additional chauges m concentration
profiles of H* and Ga®* duc to changing species distiibution within the aqueous

diffusion layer are neglected, as discussed in Chapter § (page 133).

Equation (6.31) follows the assumption that the net flux of the extractant in

all its fornis is zero. In this eqn (6.31) as well as m eqn (6.32) the term

dCqr-

Dr- dr

which describes the flux of the dissociated organic anion, can be neglected when the
extractant is a very weak acid, as it is in the case of most chelating reagents [197].
Equation (6.32) expresses the fact that the difference between the fluxes of extractant
(in dissociated and non-dissociated form) and metal is due to, and equal to the flux
in accordance

of extractant J,,, through the interface. The latter is telated to J

with eqn (6.12).

1Gaky

The differential equations (6.29)-(6.32) are valid within the aqueous diffusion

layer, and the following boundary conditions apply—at z = 0:

Cur = Cnm
Cu- =C, .
CGaRr, = Clc.na (6.33)

dCgar+ |
dz -
dCy+ \

() -
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where the last two result from the condition of ze10 tiansport thiough the interface

due to iusolubility in the organic phase. At z = ¢

Cur = Coyp
Cr- = Co,_

CGdRs = C’Oc;m3

CGa:H' = COG;3+ (6.34)

CH+ - COH"’

dCyur\ _
() =

dCgar
3} =90
()

where the subscripts « and o denote interfacial and bulk values, respectively. Also, in

the bulk aqueous phase, it follows from eqn (6.17) that

3
COGaR;, COH+

3
COG a3+ COnR

(6.35)

Keg =

The system of differential equations (6.29)-(6.32), subject to the boundary
conditions (6.33) and (6.34), provides the basis of the MTWCR model. The derivation
of the appropriate expressions to calculate C,_,, and C, , as well as Cyy, is given
in Appendix C. In order to do so, however, knowledge of the respective diffusion

cocflicients is also required.

Diffusion coefficients of species

The Wilke-Chang relationship is usually employed for estimation of diffusion coeffi-
cients of non-electrolytes in liquids [202]:

Dyp  1.4x1071V/sM
T V96

B,

(6.36)

where D, and Vj, are the diffusion coeflicient (in m?/s) and the molar volume at

boiling point of the solute 3, resp., while 4o, M. and s aie the viscosity (in cP),
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molecular weight, and association factor of the solvent, resp , and 71 the temperature

in Kelvin.

Direct use here of eqn (6.36) for estimation of D, for extractant-containing
species in the aqueous and in the organic solution is impossible, firstly because kero-
sene is not a single component diluent, and secondly, because the data necessary to

calculate V;, are not available for gallium, and thus for its species with the extractant.

On the other hand, diffusion coeflicients of D2EHPA, and also of its zinc
complexes, in n-heptane have been estimated [89] using the Wilke-Chang relationship.
For zinc, in particular, this is possible since data are available {202]. However, the lack
of needed information for cobalt and nickel—the other two metals in that study [§9]—
has apparently forced the authors to use for them the data for zine.

Taking into account that in comparison to n-heptane kerosene has higher vis-

cosity but also higher, on an average, molccular weight!!, and assuming the same
solvent association factor, it is reasonable to expect that the diffusion coeflicients of

species in kerosene will be approximately equal to those in n-heptane.

Thus, for D2EHPA, the diffusion coeflicients for the monomer and the dimer
are taken as equal to those in n-heptane, and for 1ts gallium complexes in kerosene
approximate values are assigned. These values, along with the diffusion cocflicients
of species in the aqueous solution, are given in Table 6-2, Although most of them are
just approximate, subsequent tests of the model have shown that the predicted flux
values are insensitive to variations in these diffusion coeflicients, which is even more
so whenever the ratio of the cocflicients appears instead in the respective formulas.!?

This seems to be also a feature of the original MTWCR modecl [158]

UGince kerosene is a mixture of C19-Cis hydrocarbons, 1ts average molecular weight 1s often
assumed to be close to that of dodecane. )

12This is the case with all of the expressions, presented 1n Appendix C, for calculation of species
concentrations
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species org phasc | ag. phase | Reference
D x 10° m*/s

HR 1.52 0.42 [89]

(HR), 1.003 — [89]
R~ — 082 1
GaRj 0.70 0.19 t
GaRj3-HR 0.60 — 1

H+ — 5.85 [202]
Gadt - 1.00 1

Table 6-2: Diffusion coefficients of species. tEstimated approximate values.
Approximate solution for two limiting reaction regimes

In gencral, an exact analytical solution of the system involving the differential equa-
tions (6.29)-(6.32), with the boundary conditions (6.33) and (6.34), is not possible
due to mathematical complexity. An appiroximate solution can be found assuming

that one of the two limiting cases holds [197, 200]:

e reversible pseudo-first order reaction

e instantancous reversible reaction

Clearly, the approximate solution would become exact for the respective limiting
case. The regime of reversible pseudo-first order reaction implies that the metal and
proton concentrations are high enough so that their bulk and interfacial values are

approximately equal:

Co ~C

Gad+t 1Ga3+

Co,, = C (6.37)

n+ th+

On the other hand, in the case of instantancous reaction the two reacting species
(metal and extractant) cannot coexist togethier and their concentiations at the re-

action plane are zero [200]. Furthermore, in the transitional regime between these
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two limiting cases C_ ,, and C, can be assumed to be constant, and equal to their

interfacial values, in the region close to the interface {200) because

(EGE‘“ ) =0 and ((—I—g—lg- = ()
dI =0 dl‘ =0

with these relationships being part of the boundary conditions (eqn 6.33).

Thus, in the case of reversible pscudo-first order reaction eqn (6 29) becomes

d*Cur Cur 1 Coun,C}
D =kK,=— |C,_,, — —F———1t 6.38
i dr? f aC'xH ot I\ﬂl CIJKR ( )
and in the case of instantancous reaction
d?Cur , Cur I Coou, (Y .
DHR-—JF— = k{]\a—é'—- C,C‘.H, - '1‘\,—: Tuj— (().39)
‘Ht ¢ iR

as shown in the original model [197]. If the backwaid reaction (1.e., the stiipping of

metal) is neglected, then eqns (6.38) and (6.39) become identical:

d*Cyr , Cigon
e

Ht

Dyur

Cur (6.40)

The integration of these equations and the resulting expiessions for J,,,  are

THR

given in Appendix C. In the case when initial extraction rates are considered, de-

scribed by eqn (6.40), the result then for J,,,, (equ C.57) is:

Dg-K 2

~-i\g

(DHR + —&——C‘m ) , Coay
]Cfl\a *

’DHRPﬁR C

it

S =

(Cro = PicC) (6.41)

'HR

which, in the case of weakly acidic extractant, i.e., when Ky — 0, will become

Dur, ,. Cioss (2 ,
Jiun = ke, =222 (C,  — P} Ce 6.42
HR JPlQlR C‘m ( HR HR Uun) ( )

The corresponding expressions, when steps & or 6 are rate-limiting, are given by

eqns (C.60) and (C.61), respectively.
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Computational procedure

The system of respective equations for 1eactants and products concentrations (equa-
tions C.7, C 11, C.15, C.31, and C.33), together with the appropriate equation for
J

Jus sclected for a particular rate-linuting step aud reaction regime assumed, has to

be solved simultancously for J,,,,.

The fitting parameters in the model ate the rate constant & of the slowest
step, K’ (or K.y), and the mass-transfer coefficients of Ga®* and H* in the aqueous
phase and those of species in the o1ganic phase. The rate constant kg is incorporated
in the parameter © defined as

ke

0= ———— 6.43
Diur Pir (6.43)

and the mass-transfer coeflicients of species in the organic phase are expressed by the

following relationships involving only 7} "

Koar, = 0.007yg
Rgaryur = 0.94Fpg (6.44)
Rury, = 0.76Fyp

which are derived based on their diffusion coefficients (Table 6-2) and the approximate
(2/3)-order dependence for the respective mass-tiansfer coefficients in liquid-liquid
systems [200].

The computational procedure involves an iterative non-linear least squares
method for estimation of the fitting patameters with an internal iterative loop, based
on the secant method, for solving the system of the above mentioned equations with
respect to J,,, for the current set of patameters’ estimates. It should be noted, how-
ever, that considerable sensitivity to imtial estimates thus causiug rapid divergence
of the procedure was experienced. Therefcre, it was necessary to find first, by trial
and error, a sufliciently close set of initial estimates, which would assuie convergence

of the solution thercafter.

171



il

6.4 Interpretation of Experimental Kinectics Re-
sults

6.4.1 Extraction Rates and Model Predictions

As discussed in Chapter 4, the preliminary approximate analysis of gallium extiaction

kinetics data has led to the empirical equation (4 58)

kmol

Flux Ga(

m2.s

) =1.82 x 1072 [Ga®*)5 " [(1IR),)8 (mg)[n*]u‘ " (6.45)

This was found to describe well the data but mostly under conditions of low extraction

rates.

Rate-limiting step

Comparison between the above eqn (6.45), with its empirical power coeflicients, and
the flux equation, for step 4 being rate-limiting, in the simplified form (6.42)--when
the backward reaction and the diffusion of R~ are neglected—suggests that the latter
may be relevant for describing the extraction kinctics results  Assummg, for exam-
ple, that bulk and interfacial concentrations are equal and diftusional 1esistances are
minimal, eqn (6.42) then predicts a half-order dependence on metal concentration,
a first-order on extractant monomer (which vittually means o half-order on dimer)
organic phase concentration, and an inverse half-order with respect to HY concen-
tration. Clearly, except for the dependence on acidity, eqgn (6.42) would yield power

orders quite close to those in the empirical equation (6.45).

Furthermore, this preliminary analysis ruled out the possibility for step 5 or
step 6 in the reaction scheme to be rate-limiting  While the respective flux equa-
tions (C.6C) or (C.61) predict the same dependence on Ga** and eqn (C.61) gives an
inverse one-and-a-half erder on H*, both predict a too stiong dependence on extrac-
tant concentration. Thus, a more detailed analysis; taling into account the reverse

reaction and possible diffusional resistances, has further shown that 1t is impossible
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to find a set of model parameters’ estimates with physically 1easonable values, as-
suming step 5 or step 6 as rate-hnmting, that would well describe all data on gallium
extraction kinetics with D2EHPA.

Therefore, based on the above considerations, it is concluded that step 4,
namely the first organic higand addition, 1s the slowest step in the series of elementary

chemical reactions.

Extractant dissociation and rate dependence on acidity

As mentioned above, the anticipatcd major disagieement between the flux eqn (6.42)
and the empirical eqn (6 45) is for the dependence on aadity Even when the full-
form flux equation for cither hmiting regime—eqns (C.48) or (C.56)—is ernployed,
the predicted galliumn extraction rate dependence on acidity differs significantly from

the one experimentally observed, as shiown on fig 6 3

Various options have been considered in o1der to explain the disagreement.
The only one, however, thought to be physically plausible and therefore offered here,
is that diffusion of the dissociated organic anion R~ cannot be neglected and must be
included in the relevant model equations when the extiactant is a relatively strong
acid. D2EHPA, as well as the two OPAP reagents, used in this study, are such

extractants.

One other option, which has been considered possible is that the reacting
species is not Ga**, but another gallium-containing complex. As the resu 's from
species distribution (Chapter 5) has shown, theie are several cationic species existing
in the pH range of interest. The sulphate containing GaSO} complex is certainly
not the reacting species—fiistly, because sulphates are not extiacted (see page 39),
and secondly because the extraction rate as well as Dg, should then mcrease with in-
creasing the sulphate concentration Thus, among the hydioxy complexes, the most
probable one is Ga(OH)** (e.g, sce fig 54). Using the speciation program and

the needed parameters from the conditions of the kinetic experiments, the relevant
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concentrations of Ga(OH)?** were calculated and then tried for explaining the above
disagreement. This was, however, unsuccessful. Under the acidic conditions of exper-
iments the increase in Ga(OH)?* is very small and cannot explain the experimentally

found rate dependence on pH (fig. 4 22).

The 1ange of low pH, which is important for gallium extiaction and studied
here, coincides with the region where the contnibution of R™ to the extractant’s dis-
tribution coeflicient (defined by eqn 6 5) becomes significant. Indeed, from eqn (6.5)

it follows that:

-EHR
Chr (1 + (’Tl;l“:)

Dyr = (6.46)

It is clear that eqn (6.46) would yield a different dependence of Dyr on acidity as the
latter changes. Thus, it can be approximated by two asymptotes. At low pHl Dy will
be independent of Cy+ while at high pll Dyg will decrease lineaily with decreasing
acidity. The intersection point of the two asymptotes obviously depends on the value
of I,, and this is the idea behind some of the methods for its determination [190, 191].
Figure 4.6, which refers to aqueous solubility of OPAP, can serve as an example for

the shape of the curve 1esulting fiom eqn (6 46)

Furthermore 1t 1s readily seen that the form of the observed dependence of
gallium extraction rate on pll in the case of D2EHPA (fig 4 22), as well as OPAP
extractants (fig. 4 37), closely 1esembles the one of fig. 4.6 and those related to
D2EHPA [190]. It is unlikely this is a mere coincidence. In addition, if the two
asymptotes are drawn for the curve on fig. 4.22, they will intercept at approximately
pH of 1.5, as illustrated (the dashed lines) on fig. 6.3, which is well within the range
of reported values of 1, for D2EHPA (Table 6-1). Such a direct comparison for the
case of OPAP extractants is not readily possible because of the mixed system and
absence of data for the respective I, values in the literature, but 1t 1s nevertheless

clear that the same argument will be valid for them too.

These apparent similarities are considered heie as suppoiting cvidence that

an extraction reaction, taking place i the aqueous diffusion layer, plays a significant
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Parameter Fetmated value
O 51w ii s
K’ 1010
KGad+ LI x 107" /s
K+ 3.8 x 107° nl/\
KuRr 2.5x 107" m/s
RGaR, T4 x 107 /s

Table 6-3: Estimated model parameters

role in the overall extraction mechanism. In addition, such similarities dearly suggest
that the flux of R™ cannot be neglected and has to be also taken mto account in the

model.

Model parameters and predictions

Thus, based on eqn (C 47) for J,,,, and the respective equations for spedies
concentrations, the model parameters that gine the best fit to the expenmental data,
have been estimated and are summarized in Table 6-3 The model predictions, as

compared with the experimental results, are presented on figures 6 4, 6.9, and 6 6

Virtually the same predictions are obtamed if equ (C.55), which is based on

reversible pseudo-first order hmiting regime, 1s used instead for J This is not

e *
surprising since the experimental conditions are such that the effects of the reverse
reaction on J,,, are very small, i.e., conditions of mitial 1ates. In such case the

expression for J,,, is the same for both limiting regimes (eqn C 57)

It is evident from figs. 6.4-6.6 that the model describes well the experimental
data for gallium extraction kinetics with D2EHPA The same also apphes for the effect
of sulphate complexation, as shown on fig € 7 following the discussion of fig 5 9 and

plotted in the same coordinates.

Although it 1s cleaily necessaty for the model to be able to descnibe the already
available data (on which basis it has been built. and fittiug parameters estimated),

this alone is not enough for considering it as conrect (with respect to the assumed
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mechanism) and for having confidence in its predictions, paiticulaily outside the

range of the currently mvestigated experimental conditions.

For these reasons, first the physical sigmnficance of the model parameters will
be discussed, then its predictions under stripping, ic., quite different from initial
extraction rates, conditions will be verified, and finally model bchaviour at near-

equilibrium conditions will be tested

The most sensitive parameters of the MTWCR model {158] aic O, because it
includes the rate constant kp, and the mass-transfer cocflicients, which are dependent
on the particular hydrodynamic conditions of the experimental set-up. With the
estimated value of © (Table 6-3) and selecting Pyjr = 1600 from Table 6-1 k¢ is

calculated from eqn (6.43):
ke = 5.5 % 10° m®.kmol™l.s™! (6.47)

This value of k appears to be reasonable when compared with those reported [181] for
other metal-D2EHPA systems using the same RDC technique, as shown in Table 6-4.
It should be noted, however, that the data for k¢ in Table 6-4 for all systems, except
vanadium-D2EHPA, have been obtained using a model which assumes that D2EHPA
“exists and reacts solely as dimer {181]. On the other hand, a different value for the
Co?*-D2EHPA system—7.9 x 106—has been reported®® by Dicisinger and Cooper
in their studies [89], using the RDC mecthod and the MTWCR model developed by
Hughes and Rod [158] Still, it is clear fiom Table 6-4 that the values of k; generally
obey the tendency of decreasing in the order Cu?* > Zn?* > Co?* > Ni** which
is explained primarily with the fact that it 1s in the same order that their respective
water ligand exchange rate-constants k, also deciease [9, 196]. Indeed, this can be
scen from the expiession for J,,, given by eqn (C.47). Accoiding to eqn (C.47), as

long as the extractant is the same, the differences in J,, . found for different metals,

ThR

obeying the same extraction mechanism, will be duc exclusively to their different

13The umits, s™1, given for tlus value in ref [89], are apparently nustaken since k¢ 1s a second-order
rate constant



System ky k
-1

m? himol ™t s

Cu?t-S0% /D2EHPA-heptane 246 x 10° ~ 1 x 108
Zn?t-S02~ /D2EHPA-heptane 247 x 107 ~ 4% 107
Co?*-S02%" /D2EHPA-heptane 105 %108 ~3x10°
Ni?*-S0Z~ /D2EHPA-heptane | 6 53 x 10° ~1x10!
VO*-502" /D2ENPA-hexane | 221 x 10° ~ 107

Table 6-4: Comparative data for k¢, taken fiom 1ef. [181] Data for k, are from
refs. [9, 196], except for vanadium [181].

values of k;. On the other hand, & refers to a ligand exchange reaction which will
undoubtedly involve removal of water ligands fiom the hydiated metal cation and
therefore will be directly related to k,. The two constants, however, cannot be

compared numerically because of their different units of measurement.

For Ga®*, k, has been found to be 1.82 x 10* s7! [137]. Thetefore, from the
comparison of this value with those for the other metals hsted in Table 6-4, the rate
constant k¢ for the extraction reaction of gallium with D2EHPA should be expected
to be similar to the one for nickel, for example, but less than the values of k¢ for the
other metals. This, indeed, is observed Although the difference, on the other hand,
between the value of & obtained here for gallium and the value for cobalt 1eported by
Dreisinger and Cooper [89], 1s rather small, considering their water hgand exchange
rate-constants, still the extraction reaction 1ate constant kg for gallium 1s regarded as
reasonably correct given the number of assumptions and approximations that have

been unavoidably required in the model development.

The aqueous- and organic-side mass-tiansfer coeflicents (k and %, resp.), de-
termined as fitting parameters, differ significantly in the vanious studies employing
the RDC technique and using the Hughes and Rod’s model for data inteipretation.
For example, for the first four extiaction systems suimnmatized in Table 6-4 the val-

ues of & are approximately about 7 x 10=°m/s, and 15 x 10™%m/s for %, while for



the vanadium D2EHPA system they aie 4 x 107°m/s and 7.4 x 107 m/s, 1espec-
tively [181]. For the zinc-D2EIPA system, the aqueous-side mass-transfer coefficient
for Zn?* has been found [89] to be approximately 2 x 107°m/s, and & for D2EHPA
dimers —4.2 x 107®m/s Furthermore, by applying the MTWCR model to the orig-
inal data of Albery and Fisk [83] on copper extraction kinetics studied by the RDC
technique, Hughes and Rod have determined [158] & and % to be 2.2 x 107°m/s and
1.0 x 10~%m/s, resp , noting, at the same tine, that they appear 1clatively small and

explaining this with possible resistances thiough the membrane.

Hence, from this review of available data on mass-transfer coefficients pre-
viously determined in studies with the RDC technique, it is seen that the values
found in this work (Table 6-3) are reasonably within their range Although this alone
cannot be taken as a proof for correctness, 1t nevertheless gives a certain degree of
confidence in the obtained data. Still, it should be remembered that, as fitting param-
eters, the mass-transfer coeflicients in the MTWCR models may implicitly include

other, unaccounted for, phenomena and processes.

Such an example is the mass-transfer coeflicient for D2EHPA monomer, ®yg,
for which a relatively high value has been determined here. First of all, Ky includes
possible effects of diffusion through the organic-impregnated porous membrane. Ob-
viously, this diffusion, and not only of HR but also of (IIR); and the metal-extractant
complexes, is part of the overall transport process. In this respect, the logical question
to ask is whether diffusion through the membrane may in fact be the rate-limiting
step. Dreisinger et al. [88] have shown that in such case the resulting flux J,,, would
still be about one order of magnitude higher than what is experimentally found, i.e.,

this diffusion cannot be the limiting step

Furthermore, if diffusion through the membiane limits in some way the trans-
port, then the membrane would be part of the organic diffusion layer [85, 87, 88].

The thickness of the membrane,! §,,, is appioximately 2 x 107% m [89] and therefore,

4Decfined as the actual thichness divided by the porosity of the membrane



assuming that it represents the organic diliusion layer and Dy, remains the same
inside, this yields for &jR:

, D
Ryr = —(—SE—B- =076 x 107> m/s

using the value for Dy from Table 6-2. Cleatly, &y is smaller than &y, which
means that the actual thickness of the diffusion layer is less than 6, and therefore

the membrane diffusional resistance can be regarded as negligible.

Another important aspect to consider, with tespect to the value of %y, is
how well the model describes the phenomena affecting the extractant’s monomeric
and dimeric molecules, and their concentrations in the diffusion layer and at the
interface. As mentioned earlier, the film theory, and theiefore the model too; defines
the interface as a plain boundary where the molecules of the two solvents (and of
the solutes therein) meet each other, and physical equihibrium of extractant and
metal-extractant species exists, following the 1espective partitioning coefficients  The
interfacial concentrations, C_, however, ate 1egarded only as 1esulting fiom diffusion

through the organic layer and, of course, the chemical 1eaction.

In the present model here, eflorts have been made to desciibe what really hap-
pens as fully as possible by including also the transpoit of dimer molecules. As men-
tioned in Appendix C, section C.3, a concentiation gradicnt for (HR), in the organic
layer is thought to exist—firstly, because due to tiansfer of HR to the aqueous side,
the dimers concentration will drop, following the monomer-diner cquihbrium, and
secondly because once in contact with water molecules at the interface de-dimerization
will be expected to take place. What is the extent of this second phenomenon and
how it can quantitatively be described is presently not known Therefore, the model
developed here takes into account the simultancous diffusion of dimers to the mnter-
face, but only assumes that monomet-dimer equilibtium exists there, defined by the

value of Kj.

Thus, it is clear that the actual interfacial concentration of HR will probably

be higher than what the model can ‘undeistand’. Furtheimore, despite its recognized
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significance, the effect of extractant’s inteifacial activity on U-ua is not taken into
account by the MTWCR model. At the same time, although the dimer itself is
considered to be much less interfacially active than the monomer, its contribution to

the value of C, through de-dimerization will still be important since the extractant

exist virtually as dimer (except, presumably, at the interface).

Following these cousiderations, it is obvious that the only way the model can
accommodate such possibly higher Eum values 1s by attributing them to a diffusional
resistance lower than what it really is. In other words, this means that the resulting
value for &y, as a fitting parameter, will probably be higher than the actual one.
These arguments may provide an explanation for the seemingly higher value of %y,

estimated here (Table 6-3).

The other fitting parameter in the model is K. In general, ' reflects the
equilibria in the bulk phases [158, 197]. It is related to Keq (equilibrium in the bulk
aqueous phase) by eqn (6.21), and also to g (equilibtium in the bulk organic phase)
and K, by eqn (6.19). Of all these constants, only K is known from experiment
(sec page 41). Also, it is assumed that Pg.r, = Pyr and this introduces an additional

uncertainty if K.q is to be calculated from K’ by eqn (6.21) or vice versa.
Using the estimated value for K’ from Table 6-3 and Pyr = Pgar, = 1600

from Table 6-1, the result for g is

3
. Pir
Keqg =

= KXK' =256 x 10'°
Pgar,

If true, this high value of K¢, means that in the bulk aqueous phase the equilibrium
(eqn 6.17) is shifted considerably to the side of the product, GaRs, which certainly is
not unreasonable to expect. Similaily, for Ng the following value is calculated using

eqn (6.19) and selecting gy = 3 13 x 10* 1/mol from Table 6-1:
Kg =1.77 x 10° 1/mol

Again, this resulting value of K'g may be viewed as an indication that the equilibrium

of step 8b is shifted to the solvated complex GaRg - IR, and only at high loadings

N

]

o8
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(when the concentration of (HR); is low) will GaR, complex become predominant,
as discussed in Chapter 4 (page 45). It should be ctphasized, however, that step 8b
and the equilibrium constant g, that desciibes it 15 just a 1epresentative example
of one or more solvation reactions in the organic phase, that may occur and lead to
the formation of GaR;-HR and/or other metal-extractant complexes thete. In other
words, step 8b should be regarded not as an clementary step (it certainly isn’t) but

as a possible net resalt of several other solvation reaction clementary steps

Several proposed criteria have been eailicr discussed as ways to distinguish
between the interface and the adjacent aqucous diffusion layer as 1eaction locus (see
pages 153-155). It is now appropriate to veiify how they can be applied to the

experimental results and the model predictions, and what conclusions can be reached.

From the first criterion, which is based on differently resulting dependence of
rate on extractant concentration (fig. 6.1), and comparing with the relevant exper-
imental data (figures 4.24 or 6.6), it can be seen that here, in the case of gallium
extraction with D2EHPA, the reaction in the diffusion layer 1s indeed significant. It
is evident from fig. 6.6 that even at high extiactant concentrations the 1ate continues
to increase, contrary to what should be expected if the 1eaction is occurting only at

the interface (fig. 6.1a).

According to the second criterion, the rate constants &y for reactions proceed-
ing exclusively at the interface, when compared for several metals, should not bhe
related to the respective rate constants of water ligand exchange. However, as al-
ready discussed above, the comparison Letween the values of & and &y, for gallium
and the respective values for other metal-D2EHPA systems (Table 6-4) clearly shows
that the order for the rate constants of water hgand exchange 1s dosely followed by
the order of the respective extraction 1eaction rate constants. This certainly indicates

that reactions in the aqueous diffusion layer predominate.

The third criterion compares whetlier o1 not the extiaction 1ate remains the

same if the product [] = (CyeCur), 1s kept constant but the ratio (Cy./Cyg) is
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(when the concentration of (HR), is low) will Gally complex become predominant,
as discussed in Chapter 4 (page 45) It should be emphasized, however, that step 8b
and the equilibnum constant Kg, that desciibes it; 15 just a 1epresentative example
of one or more solvation reactions in the organic phase, that may occur and lead to
the formation of GaRy - HR and/or other metal-extiactant complexes there. In other
words, step 8b should be regarded not as an elementary step (it certamly isn’t) but
as a possible net result of several other solvation 1caction elementary steps.

Several proposed criteria have been eatlier discussed as ways to distinguish
between the interface and the adjacent aqucous diffusion layer as reaction locus (see
pages 153-155). It is now appropriate to verify how they can bLe applied to the
experimental results and the model predictions, and what conclusions can be reached.

From the first criterion, which is based on differently resulting dependence of
rate on extractant concentration (fig. 6.1), and compating with the relevant exper-
imental data (figures 4.24 or 6.6), it can be seen that here, in the case of gallium
extraction with D2EHPA, the reaction in the diffusion layer is indeed significant. It
is evident from fig. 6.6 that even at high extractant concentrations the rate continues
to increase, contrary to what should be expected if the 1eaction is occurring only at

the interface (fig. 6.1a).

According to the second criterion, the rate constants k¢ for reactions proceed-
ing exclusively at the interface, when compared for several metals, should not be
related to the respective rate constants of water ligand exchange. However, as al-
ready discussed above, the comparison between the values of & and &, for gallium
and the respective values for other metal D2EHPA systems (Table 6-4) clearly shows
that the order for the rate constants of water higand exchange 1s closely followed by
the order of the respective extraction reaction rate constants. Tlus certainly indicates

that reactions in the aqueous diffusion layer predomunate.

The third criterion compates whether o1 not the extraction rate remains the

same if the product [] = (CpeCur), 15 kept constant but the ratio (Cype/Chr) is
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varied. If the reaction is predominantly in the aqueous diffusion layer then the rate
should not be the same. The tesult from applying this antenon to the expenmental
data cannot be seen by sinply comparing, for example, fig 6 5 and fig 6 6 (although
both refer to practically the same pll), because Cyr need to be found fust from
eqn (C.15) or (C.20). The application can be llustrated with the following examples:
let us select an experimental point from fig. 6.5, for example - the one at Gy, =
4.5 x 1073 g-ion/1 for which the flux is 10.9 x 107 kol m™2 571, after caleulation
of Cyr and then [] for the curient conditions, the value obtained fur [] can next be
used to find for what total D2EHPA concentiation, under the conditions of fig. 6.6,
the same value of [] would be found, the answer yields 0 01 I and this would result,
making the conclusion from fig. 6.6, in having flux of 31 x 107¥ kmmolim=257', which
is more than three times smaller than the first flux value; similaily, for the ne.t
experimental point on fig. 6.5, at Cp_,, = 7.7 x 107 g-ion/l for which the flux is
13.1 x 107° kmol.m™%s™!, the same valuc of [T will be obtamed for the point at

0.06 F D2EHPA on fig. 6.6, to which a valuc of 8 5 x 1072 kmol.m™¢ 57! for the flux

corresponds.

These examples show that the rate of gallium extraction does not remain
constant if [T is the same. In other words, this is another indication which unplies a

predominant role for reaction occuiting in the aqueous diffusion layer.

Finally, it should be noted that fiom the viewpoint of gallium solution chem-
istry and ligand exchange kinetics, it is reasonable to expect extraction under chem-
ical kinetic control, similar to that observed for other tii-valent metals [50, 167} with
relatively low values of k,, like Fe®t, Cr®*t, A3, In®t, ete. As a consequence of the
resulting generally lower extraction rates, a shift of the reaction zone to the aqueous
side of the interface (and in extreme cases—even further—to the bulk aqucous phase)

will clearly be more favourable.

In the next section the predictions of the model with the estimated parameters

(Table 6-4), which have been based on extraction kinetics data. will be compared with
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the results then obtained from the expernments on gallhum stripping rate from loaded

D2EHPA.
6.4.2 Model Verification: Stripping Conditions

Here, for the conditions of stripping, the modelling equations, for J, . and species
concentrations., as well as the computational algonithm oud program, remain the same

as for the case of extraction.

Minor changes in the form of the equation (C.15) for Cy,, are necessary, as
discussed in Appendix C (see page 239), follewing the condition of Co_ ,, = 0in the
bulk aqueous phase. However, subsequent comparative testing of the two equations,
(C.15) and 1ts modified form (C.20), have shown that they give nearly identical results

for Coyp -

Also, 1n the case of stripping, a moie preaise account for the distribution of
species in the bulk organic phase is requited As mentioned earlier, these species are
considered to be: IR, (1IR),, GaRj, and GaRj - HR. Under conditions of negligible
metal loading, the bulk concentrations Z?Oun and —éoum)z can be found simply from
the total extractant concentration and using the equation for 'y (eqn 6 6). However,
when metal loading is significant, as it 1s 1n the case of stiipping, all four species have
to be (.akm'l into account, with their respective equilibnia, described by the equations
for Ky and Kg The relevant equations are given in Appendix C, and for Kg, the

value found from the estimated I’ parameter, is used.

It 1s evident that mathematically the difference between extraction and strip-

ping, with respect to the interfacial flux J,, is only in its sign, and this reflects

HIR
the physical change in direction. Once a positive sign for J,,,, is chosen to denote
transfer of HR through the interface fiom oi1ganic to aqucous phase, then the flux in
opposite direction, which is the result of metal being stripped fiom the organic, has

to have a negative sign in the equations linking bulk and interfacial concentrations

of species. This physically means that the concentration piofiles, as schematically



shown on fig. 6 2 for the case of metal extraction, will be reversed e () wiil be

\nA‘.
greater than Cy_,, , etc Hence, when conadening the rate of gallium stapping, the
respective values for J, . ate introduced with a negative sign in the calculations of

concentration profiles.

The model predictions for the same conditions of the expetimental data, previ-
ously presented on figs 4 30 4 32, are compared with them and displayed on figs. 6.8

6.10, respectively.

Figures 6.8-6.10 show that the model predictions match closely the experi-
mental results It should be remembered that except for the additional developments
described above, relevant to stnpping hnetics,!” the model equations and estimated

parameters remain otherwise the same as for extraction.

Also, no additional fitting of the model to the data from stipping experniments
has been performed, although, if undertahen, 1t is possible that a better set of esti-
mates might have been obtained, as comparisons fiom figures 6 8 6 10 would suggest.
This, however, has not been done, because the primary purpose of cantying out the
stripping kinetics experiments has been to test the developed model  under consider-
ably different conditions. In this sense, the demonstiated ability of the model to give
reasonably adequate predictions for these conditions too is regarded as an indication

of its validity.

Finally, it should be noted that attempts to use in the model the other equa-
tion for J,,, (eqn C.55), derived for the case of reversible pseudo-first order fimiting
regime, and to apply it to the stripping kinctics data, with the same alicady esti-
mated parameters, were unsuccessful. While for the extraction kineties 1esults, both
models have yielded almost the same piedictions, attiibuted to the very small contri-
bution of the reverse reaction for these conditions, predictions in the case of stripping
rates are substantially different Furthermoie, 1t appeared impossible to find a set of

parameters’ estimates when eqn (C 55) is used, with which the model would give a

3The most significant 15 the calculation of species distribution n the orgame phase, but it s
based on known (K3} or alrecady estimated (Ng) parameters
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Figure 6.8: Effect of aqueous acidity. Compatison between model predictions (with
the parameters from Table 6-3) and the experimental results. Data and conditions
are those of fig 4.30
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reasonably good description of the experimental 1esults,

6.4.3 Model Verification: Near-Equilibriun Conditions

So far, the model has been found to closely desciibe the transfer hinetics of gallium
under non-equilibrium conditions deliberately favourmg cither extraction (figs. 6.4 -
6.6) or stripping (figs 6.8-6 10). It is obvious that these two dilferent conditions
characterize the two end- (or start-) points, so to speak, of the 1eversible gallium

extraction reaction.

Hence, a major consideration is the behaviowr of the model for the interine-
diate conditions—between these two extreme pomts, which will obviously include
those close to equilibrium. Therefore, going a step further, an important question is:
can the model predict under what conditions equilibrium will be established 1 the
system?

Needless to say, the ability of vaiious models, proposed in the literature for de-
scribing solvent extraction systems, to predict with sufficient accuracy the behaviour
of the system under near-equilibrium conditions is consideted to be of crucial impor-

tance for a model’s real usefulness and applicability.

According to Hughes and Rod, one significant advantage of their MTWCR
model [158, 186, 197, 198}, is that it is particulaily useful in describing rates near
equilibrium. Indeed, it has been shown [198] that the model predicts well the pace
of copper loading with time into hydroxyoxime reagents during extraction kinetics
experiments in a cell with vibrational mixing. It appears, however, that in the later
kinetic studies on the various solvent extractant systems which had used the RDC
technique and/or the MTWCR model for data mterpretation, the rates under strip-
ping as well as near-equilibrium conditions, and accordingly the model behaviour for
such conditions, had not been considered The only exception, when the model has
been applied to experimental data obtamed for a system wheie metal is transferred

from loaded organic to aqueous phase. seems to be the special case of exchange of
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pre-loaded copper in D2EHPA with zinc fiom aqueous solution [203], the experiments

being carried out in the same type of vibiational cell.

As mentioned in the previous section, the distinction between extraction and
stripping rates is expressed mathematically with the different sign for J,, in the
equations for concentrations of species, winch follows the physical condition of re-
versed concentration profiles Hence, in case of stripping C,, will be lower than
Coyn and therefore the term

(Chn = PirCl)

tHR

in eqn (C.47) will be negative. Also, the other term in eqn (C.47):

1- 1 C—{IG‘R:;C':;__‘*_
KN'¢C o

'Ga3+ T tHR

which reflects the eflect of the backward (stiipping) reaction, will be negative too,
provided that C,_,, is calculated coriectly and theiefore has a non-negative value.
Obviously, in the case of extraction, both these terms are positive. This means that
regardless of whether extraction or stripping is actually taking place, the calculated

value for J,

from eqn (C.47) will always be positive, or zero—at equilibrium.

It is thercfore clear, that judging only from the value of J,,,, calculated for
certain conditions, is not sufficient to decide which way the reaction is going, espe-
cially when no other information 1s available a priom. Thus, the decision has to be

based upon the signs of the two terms given above. In the present work, this has

been the criterion used in the computing program.

Now it is possible to perform simulated runs and follow the values of J,,,; that
the model will calculate under specified conditions Figure 6.11 shows the results
from a series of such runs. The total extractant concentration is the same for all
curves and each curve represents results for a certain constant acidity (or pH) of
the aqueous phase. The total amount of metal in the system is also the same for
all curves; what differs is the percentage P of this amount, assumed to have been

gradually transferred to the organic phase  Tlie calculated flux values are plotted
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as a function of this percentage. Tor any given curve, this is equivalent to having a
series of experiments carried out at identical conditions, except that for every one of

them the metal concentrations m the two phases are dhanged '

In this way of presentation, cach curve shows how the rate of tiansfer changes
as the reaction progresses in the direction of achieving equilibrium. In other words,
if the experiment is started at a given pll, which will be maintained constaunt, with
all gallium being initially in the aqueous phase, 1e.,, at P = 0 %, then fiom the
corresponding curve on fig. 6.11 for that particular pll, it can be seen how the rate of
extraction will gradually decrease as more and moie metal is extiacted  Qbviously,
at a certain point this rate will become equal to ze10, and this 15 the pomt, piedicted
by the model, which will cortespond to equilibiium being establishied in the system.
Of course, the same point will be achieved 1f the experiment has been started under
the same conditions but with all the metal bemg pre-loaded in the organic phase
(P = 100 %), or, more precisely, if the initial value of P has been higher than the

particular one at equilibrium.

It is evident that the results on fig. 6 11 aic consistent with the general ex-
perimental observations that the extraction 1ate incireases with pll, while the rate of
stripping decreases. Similar graphs may be gencrated for other values of total metal
and extractant concentrations. Figuie 6.12 illustiates one such example. The way
it is constructed is the same as for fig. 6 11, except that here each curve refers to
a particular value of total extractant concentiation, while pH 1emains the same for
all of them. Again, it is seen that the rates of extraction increase with extractant

concentration, while the stripping rates deciease, as expernimentally observed.

For each curve, the point of zero rate deternunes the equilibiium conditions of
the system. The ratio of the total metal concentiations i the two phases under such

conditions will represent, by definition, the distiibution cocflicient, Dg,. Figures 6.11

161§ 7 1s the total amount of gallium n g-10ns, Vag and 15,g-—the two volumes, C,, and Corg - the
total metal concentrations, resp., then T = Ca Vg + Cug Vg When P percents of T are in the
organic phase, this means CorgVorg = (001P) 7 and Cy (Vg = (1 -001P) 7T
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Figure 6.11: Model predictions: Changes in transfer rates of gallium as the reaction
progresses. Conditions: 0.2 F D2EHPA, V,, = 250 ml; V;; = 50 ml; total amount
of gallium in the system: the equivalent of 250 ml 0.005 g-ion/] gallium solution.
Numbers on lines represent the pH values.
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Figure 6.12: Model predictions: Changes in transfer rates of gallium as the reaction
progresses. Conditions: pH=1.0; V,, = 250 ml; Varg = 50 ml; total amount of gallium
in the system: the equivalent of 250 ml 0.005 g-ion/I galliuin solution. Numbers on
lines represent concentrations of D2EHPA.
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and 6.12 show that these points shift to higher values of P as pll and extiactant con-
centration increase. At the same time it is obvious that higher values of P would
also mean higher values of Dg,. Thus, it is scen that the results on figs. 6.11 and
6.12 are also consistent with the observations that Dg, increases with pH and ex-
tractant concentration. It becomes clear therefore that each figure represents and
links together, in a comprehensive way, the kinetic and equilibiium properties of the

extraction system.

Of course, it should be remembered that the results in figs. 6.11 and 6.12 are
the model’s predictions. They have been experimentally verified, as discussed in the
previous sections, for the regions of initial extraction and initial stiipping rates. In
order to determine whether the predic'ions are correct for near-equilibrium condi-
tions, what can be done is to run simulation tests, like those for figs 6.11 and 6.12,
with the known parameters—initial total metal and extractant concentrations, and
equilibrium pH-—of the experiments on gallium extraction with D2EHPA (fig. 4.2).
Once determined, the respective points of zero rate will yield the model’s predictions
for the equilibrium state, and therefore a value of Dg, will be calculated. This value

can then be readily compared with the experimental data from fig. 4.2

The results from these tests of the model are shown on fig. 6.13 along with the
data reported on fig. 4.2. It appeais that there is a satisfactory agreement between

experimental and predicted values.

In principle, the important parameter with respect to near-equilibrium condi-
tions in the main model equation (C.47) is I, as discussed earlier. There it replaces
the equilibrium constant K., which is totally unknown, from eqn (6.21). However,
K, the experimentally determined equilibrium constant of the overall 1eaction 4.10,
is not included in eqn (C.47); 1t is only used to find Ng fiom eqn (6.19) when K’
is estimated. Therefore, it is only through K that experimentally obtained infor-
mation, pertinent to the state of equilibiium, is included in the model (apait from

reaction stoichiometry, of course). Hence. the value of K/ will have little effect on



D2EHPA, F 0
H 0361
a0 0286 -
N 0217 0
-
O 0144 - 4
* 0087
- D A
predicted
]
A O
1 T' -
VAN
O O
Q
®)] - O
o) 0
| |
[} O
O A O
0 %
. o
A O *
i A o
%
-1 *
*
*
I | A l 'R J [ [ N l
0.4 0.6 0.8 1 12 1.4
pH

Figure 6.13: Model predictions of extraction equilibiium. Experimental data aud
conditions are those of fig. 4.2.

199



-

the estimated model paramecters. On the other hand, although K’ has a precise
physical meaning, it mathematically is just a fitting parameter. While for the other
fitting parameters in the model, certain conclusions about then values and whether
they are reasonable can be made, following comparisons with relevant data obtained

elsewhere, similar criteria with respect to K are rather difficult to apply.

In this sense, the ability of the model to predict 1easonably well the conditions
for equilibrium in the system is considered as another good indication for its validity.
Of course, viewed from another perspective, this also means that the experimental
data—with respect to extraction equilibnia and rates of extraction and stiipping—
obtained for the gallium-D2EHPA system fo1 diffeient conditions and with different

techniques, are inherently self-consistent, as indeed they should be.

6.5 Reaction Model and Mechanism: Equilibrium
and Kinetic Aspects of Metal Separation

6.5.1 Comparison between Gallium-D2EHPA and Gallium-
OPAP Systems

Application of the model to the data from gallium extraction kinetics with the OPAP
reagents has not been undertaken The reason is that the system is much too compli-
cated for the sparsely available information on physico-chenmical patameters. Accord-
ing to the conclusions of the equilibiium analysis of the system (section 4.3), there are
four simultaneously proceeding extraction reactions involving the two extractants—
mono- and di-OPAP, which lead to the formation of four metal-extractant complexes.
Hence, the model will inevitably be more complicated, although this is not expected
to be a significant problem. The real difficulties are anticipated to come from the lack
of available data, for example, on acid dissociation constants of the extractants, their
partition coeflicients as well as those of the complexes, and the diffusion coefficients of
the numerous species involved which are also unknown. In any case, of course, some

of these parameters would have to he approximately estimated, as was necessary for
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the gallium-D2EHPA system. The diffcrence is that when the OPAP reagents are
involved, the number of these unavoidable appronimations would be excessively large,

and is therefore considered unacceptable

Although these problems mahke a precise description of the system ditlicult,
it is in many ways similar to the gallium-D2EHPA system. For example, the same
arguments about acidity of the extractants and the 1ole of the dissodiated organic
anions will still be valid. Mono-OPAP is a stionger acid than di-OPAP, and both are
considered to be stronger than D2EHPA This is reflected m the results fiom entrac-
tion kinetics with these reagents and can be scen by comparing them  Figure 4.37
shows that the characteristic Flux vs pll cuive shifts to lower pHoand higher flux
values as the mole fraction of mono-OPAP m the extiactant maecases  This also
means that the hypothetical ‘resultant’ p /', value {or the mined system also changes

to lower values,

The comparisons between the kinetic results obtained for gallium extraction
with D2EHPA and with the OPAP reagents suggest that the extraction mechanism
remains probably the same, with the addition of the first o1ganic hgand to the metal

cation being the rate-limiting step in the 1caction scheme

When compared with gallium-D2EHPA extiaction kineties tesults for the same
conditions, it is clear that the rates obtamed with the OPAP reagents are higher.
This can be seen from fig. 6.14 where the 1espective experimental data from extrac-
tion with OPAP reagents, taken from fig. 4.37, aie given together with the model’s
predicted flux values for gallium-D2EIPA, calculated for the same conditions and

0.11 F D2EHPA.

At the same time, however, fig 6.14 shows that the differences hetween flux
values for D2EHPA and extractant T (see Table 4-8, page 100, for compositions and
notation) are slightly less than those between extiactants T and M Furthermore,
it can be expected, based on the results for extiactants M, O, and T, that the cor-

responding curve for di-OPAP extractant alone would be very close to the one for
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D2EHPA. In other words, the extiaction rates of gallium with D2EHPA aud di-OPAP
will be similar. Although the comparative example is given for Flux vs pll curves

(fig. 6.14), the same also applies to the other expernmental results

This conclusion is in contrast to those with tespect to gallium extiaction equi-
libria. There, significant differences are found between the corresponding log Dg,
values. The same apphes not only for D2EHPA s di-OPAP companisons, but also

between OPAP extractants with varying compositions.

Based on the developed model, the obscived differences between the extraction
rates with D2EHPA and the OPAP reagents may be explained, m prnciple, mostly
with the expected higher values of &, for mono- and di OPAP than for D2EHPA. The
lack of reliable data makes it impossible to analyze this aspect moie preasely. Nev-
ertheless, it is highly probable that these differences in extiactant’s aadity, possibly
in combination with other factors, such as different partition coeflicients, presence of
alcohol causing monomerization, etc , ate solely responsible for the observed different

extraction rates.

The implication of this conclusion is that the chemical reaction rate constant,
k¢, is probably the same, or almost the same, for galhum-D2EHPA and gallium-OPAP
systems, despite the fact that the extractants are different. Given the generally pre-
dictable effects of extractant’s acidity and pairtition coeflicient on the rate, followmg
the formulated model equations, together with the values for OPAP rcagents, rela-
tive to those for D2EHPA, it is highly unhkely that the different rates can be due, in

addition, to significantly different rate constants.

In principle, this should be anticipated fiom the well known atguments about
the rate constants of ligand exchange and then dependence primatily (in homogencous
kinetics) on the nature of the cation, and to a much lesser extent on the nature of the
ligand. What is significant, though, is that the conclusion here is based on specific
experimental evidence regarding D2EHPA and OPAP 1cagents, which are important

extractants for gallium.
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The conclusion about the almost equal 1ate constants also implies that in ex-
tractions with the mixed QPAP reagents, the respective dissociated organic anions,
from mono- and di-OPAP, arc kinetically the same. This means that fiom the view-
point of the metal cation species there will not be a particular Ainetic preference for
cither mono- or di-OPAP anions In that sense, when suggesting that in the mech-
anism of gallium extraction with OPAP 1eagents, the rate-limiting step is probably
the first organic hgand addition, it does not really matter whether this is the ligand

from mono- or di-OPAP.

What matters, of course, 1s how stable the finally formed metal-extractant
complex is. This, however, is a thermodynamic property and is therefore related
to the equilibrium state of the system, desciibed here by the respective extraction
equilibrium constants. It is there that the differences between mono- and di-OPAP,
and also D2EHPA, will be mostly manifested, following not only diflerent acidities,
but also different spacial intra-molecular environment leading to effects of certain

steric hindrance, or preference for the metal.

Following this discussion it becomes evident that while the observed distribu-
tion coeflicients for gallium are considerably diflerent depending on whether D2EHPA
or OPAP is the extractant, and within the OPAP 1eagents—on what is the mole frac-
tion of mono-OPAP, the respective rates of extraction are similar, although the order
of precedence remains the same. In other woirds, winle the equilibrium amount of
metal that can be loaded depends significantly on the particular extractant, the rate

at which this happens is much less dependent.

This has been attributed to neaily the same extraction rate constants, which
in turn is explained with the rates of ligand exchange being almost independent of
the naturc of the particular ligand. The 1easons for this ate found in the mechanism

of ligand substitution reactions.

The two extreme mechanisms in which the ligand X, piesent in metal’s coor-

dination sphere, can be exchanged with the incoming ligand Y, represented by the
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following schematic reaction
[MeXAs] + Y = [MeYAg] + X (6.48)
are the Sy1 dissociative mechanism:
[MeXAs] =5 [MeA;s]” 25 [MeYAs) (6.49)

where the slow step is the removal of ligand X fiom the coordination sphete thus
forming the intermediate activated complex [McAs]*, and the Sn2 associative mech-
anism:

[MeXAs) 5 [MeXYAs] =5 [MeYAy) (6.50)

where the attachment of the new ligand Y to [McXAsg] is the slow step {204]. Both
mechanisms include one bond making and one bond bicaking step; bond making is

rate-limiting for SN2 and bond-breaking—for Sy1 mechanism.

One criterion to distinguisk between the two mechanisms is fiom the exper-
imentally determined entropy of activation, ASE. For the Sn1 mechanism ASH s
positive (the expulsion of X leads to increased disorder in the system), and Ast s
negative for SN2 mechanism (increasing order). Another ciitenion, which has later
been made available by introduction of high-pressure NMR, is the change in activa-
tion volume AVY. Clearly, AV will Le positive for a dissociative mechanism, and

will have a negative value for an associative mechanism [205].

Most ligand exchange reactions, however, aie intermediate in character—
because bond making and bond hreaking occui simultancously. Those reactions
where bond breaking is predominantly 1ate-deterrmining are desciibed as proceed-
ing by an interchange dissociative mechanism (/y), which is therefore dose to the
Sn1 mechanism. Accordingly, when bond making is predominantly rate-determining,
the mechanism is described as interchange associative mechanism (/1,), close to the
Sn2 mechanism. The same arguments about ASY and AV will also be valid for Iy

and J, mechanisms.
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It is clear that if a reaction proceeds through a dissociative mechanism, then
its rate (and the rate constant) will be independent of the nature of the incom-
ing ligand—because it is in no way related to the 1ate-limiting step, as reaction
scheme 6.49 illustrates. However, it will be just the opposite if an associative mech-

anism is predominant.

A large number of water exchange (1eaction 6.7} o1 water substitution by an
incoming ligand reactions have been found to occur by an I; mechanism [204]. This
explains why the rates of these reactions are almost ligand-independent, as discussed

earlier.

There is some controversy about the exchange mechanism for gallium. Fiat
and Connick [137] have studied the water exchange reaction for gallium (and also alu-
minum) by Oxygen-17 NMR and have determined a negative entropy change value:!”
ASt = —92 Jomol~1 . K-, as well as the value of k,: 1.82 x 10% s~'. Thus, they
have concluded that the ligand exchange reactions for gallium follow the associative
Sn2 mechanism. Similar conclusions have been later reached [206], based on proton
NMR studies of ligand exchange reactions in methanol and ethanol solutions, be-
cause negative AS? values have been determined again. These findings would imply

ligand-dependent exchange rates.

However, « more recent study by Hugi-Cleary et al. [205] which has also
included pressure-jump experiments using Oxygen-17 NMR to determine AVI, has
found that AS! and AV? are both positive: Ast = +30 J.mol"'.K-?, avl =
45 cm3.mol~!. For the rate constant of water ligand exchange, k., the value found
is 4.03 x 102 s™'. If correct, these results would mean a dissociative, and therefore
ligand-independent, exchange mechanism.

It is possible that these latest findings are closer to the 1cal mechanism, not

only because their conclusions are based on additionally determined experimental

parameters, but also due to the fact that the authois have taken into account effects of

17 A1l values refer to 25 °C
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side reactions (contributions fiom hydiolysed species [205]) that have been appatently
) Y 1 ] A

neglected before.

These studies [137, 205, 206] have also dealt with the ligand exchange 1eaction
for aluminum. In the case of aluminum, they all agice about a predominantly disso-
ciative mechanism of ligand exchange. The value of k,, for APt has been determined

to be 0.17 s™! by Fiat and Connick {137) and 1 29 57! by Hugi-Cleary ¢f al {205]

This difference of 2-3 orders of magnitude between the values of &, for Ga't
and AIP* can be explained with their different ionic 1adii:*® 0.62 A for Ga®* and
0.51 A for AP [9]. Nevertheless, the two metals are chemically very similar, which
makes their separation difficult. It is obvious, therefore, that the difference in their

ligand exchange rate constants may provide basis for separation

6.5.2 Separation Based on Different Exchange Rates: Case
of Gallium and Aluminum

In order to illustrate such a possibility, several series of experiments have been car-
ried out to determine the pace of simultaneous gallium and aluminum loading and
stripping in and from keroscne solutions of D2EIHPA under different conditions as

well as tests for aluminum and galhum equihbrium distiibution **

From the comparison between the distribution coefficients for galhum and alu-
minum, obtained under the same conditions (fig 6 15), it 1s clear that their values
are close—approximately 0.3 log D units difference—and thaefore no significant sep-
aration can be achieved if extraction is cartied out to equilibrium. Such a difference
between Dg, and D, means that a scparation factor, Sp = (Dga/ D), of approx-
imately 2 will be obtained. It also mecans that the 1espective equilibnium constants

will have close values too.

18The rate constant k. decreases as the charge of the central metal cation increases and ils size
decreases [204].

19Complete results, under the title *Gallium/Alunnnum Separavion from Sulfate Solutions by
Solvent Extraction Using D2EHPA’, were presented at ISLC’90, July 16-21, 1990, Kyoto The
proceedings are presently still in press
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Figure 6.15: Gallium and aluminum extraction equilibrium with 10 vol% D2EHPA
in kerosene. Ga;y;, = 0.006 g-ion/l, Al,,;, = 0.006 g-ion/l.
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These similarities between the extraction equilibrium parameters for two met-
als are considered to result from their similai chemical behiaviour in general, Hence,

it is reasonable to expect that they will also follow the same extraction mechanism.

Results for the rate of extraction (fig. 6.16) display, however, quite a differ-
ent picture—despite the similar gallium and aluminum loadings at equilibrium, it is
reached at much different rates for the two metals The same is similatly valid if the

process is to start from organic phase pre loaded with the metals (fig 6.17).

The rates of gallium extraction and stiipping appear to be much higher than
those for aluminum, even though for the results on fig. 6.16 the initial galliuin concen-
tration in the aqueous phase is 22-23 times less than the one for aluminum. In fact,
fig. 6.16 also shows that the equilibrium for gallium is estabhished approximately in
the first 5 minutes of phase contact, for the particular conditions. Siinilar conclusions

can also be made for the rates of stripping.

The results from figs. 6.16 and 6 17 cleaily demonstiate that the extraction
and stripping rate constants for the two metals are considerably different. It is highly

probable that this is due to their different 1ate constants of ligand exchange.

Furthermore, these observations—higlier 1ate constants for the gallium ex-
traction and stripping reactions (i.c., forward and backward reactions, resp.) to-
gether with the similar extraction equilibrium constants-- are all inter-1elated and
self-consistent: from the definition of an equilibrium constant as the ratio of the two
rate constants (cf eqn 6.23) it follows that as long as the equilibriumn constants for
two metals are equal, or similar, the ratio of theit forward reaction constants will be
equal, or similar, to the ratio of their backward reaction rate constants This is what

is indeed observed.

If now the conclusions and compatisons made with respect to gallium extrac-
tion equilibrium and kinetics with D2EIIPA and OPAP 1cagents aie brought together
in the same perspective as those for gallium and aluminum extraction with D2IEHPA|

it can be seen that the resulting phenomena pertinent to the latter system are, in
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a sense, reciprocal to those in the former In gallium extractions with D2EHPA
and OPAP, considerably different equilibiium states, depending on the extractant,
are achieved—but at similar rates. On the other hand, for the two chemically sim-
ilar metals, gallium and aluminum, the equilibiium states established for the same

extractant (D2EHPA) are close, but they are achieved at significantly different rates.

These remarks serve to emphasize the point that while the kinetics of the
process is especially dependent on the metal itself, the established equilibrium state
depends much on the extractant. The stability of the metal-extractant complex will
depend on the strength of electrostatic interactions [50] between extractant and metal
species as well as their suitability to fit into a close ‘hLost’-‘guest’ [207] match, the

uniqueness of which will be directly 1elated to extractant’s selectivity.

Since their extractive abilities aie mostly based on electiostatic interactions,
the organophosphorus acid extractants are not paiticularly selective, as compared
with the class of chelating reagents. Thus, tl.e above observations and conclusions
are viewed as important for metal separation in the context of the type of extractants
employed in this work. It is seen how existing difference in rate constants of ligand
exchange can be used to facilitate separation— not only during extraction, but also
during stripping, which is especially valuable if the two metals in question happen to

be of similar nature, like gallium and aluminum.

It may well be expected that similar difference in rates will be observed if
another alkylphosphoric acid extractant is used instead of D2EHPA, as long as the
extraction mechanism remains the same. This will be especially the case if the two
extractants have similar acidity. Theiefoie, in doing so, not much improvement in
rates for a particular metal can be gained, if desited. Such results follow from the
role of the rate constant of ligand exchange and its minor dependence on the nature

of the extractant.

Furthermore, if equilibrium is to be established, the small differences existing

between gallium and aluminum loadings in such conditions are likely to remain simi-
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lar, if OPAP reagents, for example, arc used instead of D2EHPA Thetefore, n order
to achieve separation in the difficult cases of chemically sinular metals, taking, full
advantage of their possibly different rates should be considered, especially when this

type of extractants is to be employed.

6.6 Summary

The subject of this Chapter was the quantitative description of the 1eactions involved
in gallium solvent extraction with organophosphorus acid 1eagents, and in particular
D2EHPA, which would lead to better undeistanding of this type of systems, hence

prediction of their behaviour.

Existing models, and particulaily theit 1casoning when assuming an interfacial
or aqueous phase chemical reaction, for solvent extraction systems, were reviewed
with an emphasis given to the available ciiteria and arguments for determination
of reaction site from experimental data. This was necessary 1 order to sclect as
accurately as possible the model which would presumably most closely approach the

real physico-chemical processes in the system

Based on the experimental results on gallium extiaction kinetics with D2EHPA,
the above-mentioned criteria, and the considerations about the metal and extractant’s
solution chemistry, the model of mass-transfer with chemical rcaction (MTWCR), de-
veloped originally by Hughes and Rod for the case of copper extraction with chelating

reagents, and based on the two-film theory, was sclected as the most appropriate.

The model was further developed to account for the much stionger acidic na-
ture of the organophosphorus extractants, in comparison with the chelating reagents,
as well as the extractant’s existence predominantly as dimer m the bulk organic phase,

but as monomer—at the interface.

The model’s parameters weie estimated, based on the extraction kinetics re-

sults for gallium-D2EHPA system llence, the model was able to describe these



results well. More importantly, when the estimated model parameters were com-
pared with those obtained in similar studies elsewhete in literature, they appeared to

have reasonable values.

The estimation of model’s parameters, based on extraction kinetics data, also
resulted in the conclusion that the first organic ligand addition is the rate-limiting

step in the reaction scheme.

A number of assumptions and approximations were by necessity incorporated
in the model. However, the most significant phenomenon that had not been quan-
titatively incorporated in the model, is the extent of extractant’s de-dimerization
in the interfacial region under the influence of polar water molecules there, which
is expected to be different from the known dimer/monomer equilibrium in the bulk

organic solution. At present, the model assumes equal extents.

Model’s predictions were tested for considerably different conditions—with the
experimental data from gallium stripping kinetics, and a reasonably good agreement
was found. Next, based on model’s predictions, diagrams were constructed depicting
the gradual change in reaction rate as equilibtium is approached—by extraction or
stripping of metal. Thus, the model-predicted state of equilibrium could readily be
identified. V.ien these model’s predictions were compared with earher experimental
results from gallium extraction equilibiia with D2EHPA, the agieement found was
satisfactory—and to some extent surprising. This was consideied as another indica-
tion for validity of the model. Alternatively, the agreement was regarded as a display
of consistency of the experimental data—since they reflect different aspects, and yet

of the same system.

The equilibrium and kinetic aspects of gallium extiaction with D2EHPA and
OPAP reagents were then discussed in terms of the model’s implications for separa-
tion of metals. These were further linhed with the importance of the rate constant
of ligand exchange for kinetics-based sepatation, patticularly for chemically similar

metals, illustrated with the example of gallium and aluminum and D2EHPA as an
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organophosphorus acid extractant.

In the next final Chapter, the overall conclusions from this work will be pre-
pter, I
sented, along with some of its contributions considered to be original. Suggestions

for further developments will also be offered.
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Chapter 7

Epilogue

The purpose of this work was to study the extraction of gallium from acidic sulphate
solutions, which are an important additional source of this metal, resulting from
hydrometallurgical zinc production. The organophosphorus acid extractants have
long been known as generally suitable, while D2EHPA is used in most of the existing
technological schemes involving gallium. Its main disadvantage is the relatively low
metal loadings at the acid levels of these solutions. In addition, the selectivity of this
class of reagents is not very good in comparison, for example, with most chelating
reagents. Many of the commercially available chelating extractants, however, have
been specifically designed for copper, and thus they are mostly unsuitable in solving

the above particular problems.

Hence, the present work emphasized on the equilibrium and kinetic aspects
of gallium extraction together with the sulphate complexation phenomena in the
aqueous phase, so aiming at their better undeistanding in order to allow prediction
of behaviour and suggestions for improved extraction and metal separation. D2EHPA

and OPAP were selected as extractants for this woik.

In this concluding Chapter, the important 1esults from the present work will be
summarized along with the relevant conclusions. While some are specific to gallium
extraction and solution chemistry, others are 1egarded as significant for extraction of

metals with this type of reagents, in geneial. The developments and contributions
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of this study, that are consideied new and original, wi'l then be presented. Finally,

suggestions for further investigations will be outlined.

7.1 Conclusions

Gallium is extracted from acidic solutions by D2EHPA and OPAP extractants via
cation-exchange mechanism and the chiemical reaction rate-limiting step is the fust
organic ligand addition (step 4).

Sulphates from the aqueous solution are not coextracted This nicans that
extraction by solvation does not take place for the acidity range (pll > 0.4) of exper-

imental conditions.

The .eacting species is the metal cation. The analysis based on distribution
of gallium species in the aqueous solution has shown that the rate of extraction
is directly dependent on the concentration of Ga®*, and not on any other gallium
containing species.

Reaction 4.10 represents the overall stoichiometiy that has been determined
for gallium extraction reaction with D2EHPA, dissolved in ketosene. From the equi-

librium data K was found to be equal to 0.757 mol/l (for I =0.5).

In accordance with reaction 4.10, GaRs - HR has been determined as the pre-
dominant gallium-D2EHPA complex. However, experimental evidence also suggests
that at high loading levels gallium exist as complexes with monomeric formula GaRy,

while at low loadings—as solvated species of the type GaR; - 3HR.

Since OPAP is a mixture of two extractants—mono- and di-OPAP, a method
was required and thus developed for separation of the two components This led to
UPAP reagents with varying compositions, thence a study of then eflects on extrac-
tive properties. Furthermore, this makes it possible to prepare a mixed extiactant to

achieve desired distribution coeflicients for a given metal

Addition of an alcohol modifier (hete, n-decanol) was 1equired for the OPAP

[
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systems in order to improve extractant’s solubility in the organic solution as well as
phase separation. At the same time, however, the alcoliol causes monomerization of

otherwise dimeric molecules of the extiactant.

The analysis of the results from gallium extraction equilibria with OPAP
rcagents having different compositions lead to the conclusion that there are four
simultaneously proceeding extraction reactions involving mono- and di-OPAP which
result in the formation of four gomplexes: GaM;, GaM,D, GaMD,, and GaDj; with
the respective reactions and equilibrium constants being defined by eqns (4.37)-(4.44)
and the values given in Table 4-5. The obtained values for the constants appear to
be reasonable and are in a good agreement with the predictions of the probability
theory for ligand occupancy of a given site. Similal reactions are expected for other

metals in the same system.

Based on the four extraction reactions, it is possible to describe well and
predict the resulting values for Dg, for variable extractant compositions, as well as
their concentrations and pH of solution. Small changes in composition do not affect
significantly the extraction performance Becausc of different aqueous solubilities of
its components, this is especially important in the case when OPAP is to be used in
continuous operation. Due to higher formula weight, it is not expected that OPAP
reagents have much higher solubility than D2EHPA in water, even though they are

more acidic.

The Dg, values increase with incieasing mole fraction of mono-OPAP in ex-
tractant’s composition. Comparisons between D2EHPA and di-OPAP show that
significantly higher values for Dg, aie obtained for di-OPAP under otherwise the

same conditions.

Gallium complexation in aqueous solutions, when sulphates are present, has a
significant effect on the equilibrium and kinetics of gallium extraction. The values of
Dg, as well as the extraction rate decrease considerably as the sulphate concentration

is increased because it leads to deciease in concentiation of the reacting species.

o
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The effect of complexation on extraction remains the same regardless of the
extractant as long as the mechanism and the reacting speaes are the same  In order
to be taken into account quantitatively, the concentration of the reacting species has

to be known.

Based on available literature data on gallium complexes in aqueous sulphate
solution, an algorithm was developed for determination of complenes distribution un-
der conditions and solution parameters that can be readily found The principles
remain the same whether one or more metals are present in the solution. The algo-
rithm takes into account two gallium sulphate and four hydioxy complexes as well
as the second dissociation reactiou of H,504. The calculated distiibutions allow for
changing ionic strengths of the solution which is ciucially important for solutions
in practice. The calculated distributions always vefer to a constant temperature of
25 °C; if necessary, the algorithm can be further developed to cover the range of

higher temperatures.

The results from species distribution were checked with available experimental
data for the effect of sulphates on gallium extraction ecquihbria and extraction rates
with D2EHPA. Reasonably good agreement was obtained. The crucial point in any
such problem is the reliability of available data fo1 the complexes; ciitical evaluation
and caution is required. When reliable, the results may be used as an additional tool

for identification of the reacting species.

The model of simultaneous mass-transfer with chemical reaction (MTWCR)
was found to describe well the kinetic results in the gallium-D2EHPA system. The
model was further developed to account for the stiongly acidic natuie, in comparison
to most chelating reagents, of the organophosphorus acid extractants like those used
in this work, as well as thei1 existence in non-polai solvents predominantly as dimers

but distributing to the aqueous phase as monomers

Among the estimated model parameters is the chiemical 1eaction rate constant.

Its value (k; = 5.5x 10° m*®.kmol~!.s7}) compares well with those obtained in similar
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studics for other metals, available in literature, taking into account the data for the
respective rate constants of water ligand exchange. These data are also consistent
with the other results pointing towards a predenunant chemical 1eaction controlling
regime—independence of the rate on stinting, high values of E,.

The model’s predictions were verified with the experimental data from gallium
stripping kinetics with D2EHPA  The obtained values were in a reasonably good

agrecment with those predicted by the model.

Simulation diagrams, depicting the pace of the reaction and based on model’s
predictions, were constructed thus allowing for precise determination of equilibrium
conditions. Such diagiams made it possible to compare the model’s predictions of
the equilibrium state (defined as a condition of zero rate) with the results on gallium
extraction equilibria with D2EHPA The compaiisons showed a satisfactory close
agreement, and were regarded as another indication for the model’s predicting ability.

Although the model was not applied to gallium-OQPAP kinetic results, the
apparent similarities with the data for D2FHPA suggest the reaction mechanism
remains the same.

The differences in extraction rates between OPAP with varying compositions
as well as between D2EHPA and OPAP 1eagents aie due to, and can be explained
mostly with their different acidity.

These differences in rates ate relatively smaller in comparison to those found
between the respective values of Dg,. The reason is in the same, or almost the same,
value of the chemical reaction rate constant k. This, in turn, is considered to result
from the ligand independent rate constant of exchange.

While the established state of equilibiium differs significantly as the extractant
is chauged from D2EHPA to mono-OPAP, the rate at which it is achieved does not,
although the order of increase remains the same for both Dg, and extraction rates.

The possibility for separation of metals based on their different extraction

rates, following different water hgand exchange rate constants, was demonstrated
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with the example of gallium and aluminum.

The distribution coeflicients for gallium and aluninum with D2EHPA are very
close, which is explained with their generally similay chemical, and in particular
acid-base properties, which are of primaty importance in complex formation with

organophosphorus acid extractants.

Thus, using different extiaction rates, whenever possible, as a basis for metal
separation with this type of extractants becomes a valuable option, especially when
the metals in question have close chemizal properties. A similatity in extraction
equilibrium constants will then result in having almost equally different stripping
rates too, provided that the extraction mechanism remains the same, and this is an

additional option for separation of metals.

7.2 Claims to Originality

In the author’s opinion, this is the fiist woik to investigate and link together the
equilibrium and kinetic aspects and the associated complexation phenomena of gal-
lium solvent extraction with organophosphorus acid 1eagents fiom acidic sulphate

and nitrate solutions.

Among the novel developments in this work, those considered to be distinct

contributions to knowledge are the following.

e The analysis and interpretation of extraction equilibria of gallium with the
OPAP reagents with varying composition; they should be simlaily applicable

for other metals too

o The account of gallium complexation in aqueous sulphate solutions, which al-
lows its effects on extraction equilibrium and kinetics to be satisfactorily pre-

dicted quantitatively.

o The developments of the MTWCR model to account for the stiongly acidic

nature of most organophosphoius acid extiactants, and in patticular D2EHPA,
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as well as the dimerization of the extractant in non-polar organic solvents, but

distribution to the aqueous phase as monomer.

e The analysis, based on the developed model, which allows linkage of the results
referring to extraction and stripping rates with the equilibrium state of the

system.

o The usc of different extraction/stripping rates to separate chemically similar

metals with comparable distribution coeflicients.

¢ The application of the RDC technique for studies of extraction kinetics at very

low pH as well as for studies of stripping kinetics.

e The development of the method for separation of mono-OPAP from di-OPAP,
based in part on a previously known method for purification of D2EHPA from
M2EHPA.

7.3 Suggestions for Further Investigations

Following the developments on gallium extraction in this work, the appropriate next
step is to apply the results in further studies on extraction from acidic sulphate
solutions, but in presence of the metals found in the zinc production solutions—iron,

zinc, germanium, indium, etc.

The presence of iron is one of the main problems in treating these solutions.
While most of it is separated by precipitation (e.g., in the jarosite method), its
concentration is still significant in the solution for solvent extraction. The standard
approach is to reduce the ferric iron to ferrous and in such a form it is not extracted
by the organophosphorus acid extractants used. It is possible that profound effects of
ferrous iron on extraction of other metals present will not be observed. Whether ‘uhe);
exist and how they influence the extraction equilibria and kinetics, even indirectly—
by affecting complexation equilibria in the aqueous solution, should be one subject

of further investigations in the system.
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OPAP reagents extract more gallium and at lower acidities than D2EEHPA.
However, further studies should be focused on how this aflects the extractant’s selec-
tivity with respect to the other metals present in the solution during extraction as
well as stripping. One advantage of OPAP is that its extractive abilitics can be delib-
erately varied by changes in its composition. This may allow selection of an optimal
composition with respect not only to gallium loadings but also to the other metals
in order to obtain the best possible separation. Therefore, this approach should be
investigated as well. On the other hand, the same advantage of OPAP may also be

used for extraction of metals in similar systems too.

Important for process application of OPAP will be the results from prolonged
continuous operation with respect to extractant losses to the raffinate, and the costs of

their further treatment. The losses, however, are not expected to be more problematic

for OPAP than for D2EHPA and M2EHPA.

With the example of D2EHPA and OPAP, the present work has emphasized
the importance of extractant’s acidity (expressed by K,) for achieving high metal
loadings at equilibrium. The higher acidity of OPAP reagents has been explained
with the presence of the phenyl- instead of alkyl group as in D2EHPA and M2EHPA.
Furthermore, it is known that increase in selectivity for soine important metal cou-
ples (e.g., Ni/Co) is observed as the alkylphosphoric extractant is replaced with an
alkylphosphonic, and then with an alkylphosphinic reagent. However, extractant’s
acidity decreases in the same order, which leads to having the lowest metal loadings
with the best reagent in terms of selectivity. It can be expected that the same or-
der will be followed for extractants where the alkyl group is replaced with a phenyl
group as, for example, in OPAP. In other words, a phenyl phosphinic reagent will be
expected to yield similar selectivity to its alkyl counterpart (because the selectivity
depends mostly on the spacial environment around the central phosphorus atom)
but with higher loading levels. This is another approach following the present work,

that may be worth investigating, although it will have to employ extractants not
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commercially available at present.

Another potential possibility to improve selectivity with the presently avail-
able extractants suitable for acidic sulphate solutions, especially if based on different
rcaction rates, refers to employing the so-called ‘phase-transfer catalysts’. These are
rcagents which serve as a phase-bridge to facilitate the transport of the extracted
species from one to the other phase by reacting very fast with thein. These reagents
would certainly have selectivity on their own which can be used as an additional tool

for improved metal separation.
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Appendix A

Separation of mono-OPAP and
di-OPAP

The method is based on the fact that monoalkyl phosphotic esters can be separated
from dialkyl phosphoric esters by selective precipitation as barium salts [91]. The
procedure, adopted here, differs from the one proposed for D2EHPA and M2EHPA
separation [82] in the preparation of the homogencous OPAP contaming solution
before the addition of soluble barium salt solution as well as in trcatment of the

filtrate after precipitation.

A sample of 27 g OPAP is taken and fully dissolved in 300 ml acetone (reagent
grade) under continuous stirring. Then 180 ml distilled water are added. The ob-
tained solution is clear, with pH of 1.3-1.4. Small portions of 2 M NaOll are then
slowly added under stirring until pH reaches a value of 11.4-11.5 Up to this point,
the procedure is, in fact, a potentiometric titration of the OPAP sample, and it is
intended to be so, because the purpose is to obtain full dissociation of mono-OPAP.
The choice of end pH value here is based on pH of the second equivalent point—for
mono-OPAP (1e., pH 11.0-11.1), as determined fiom the titration curve (fig. 3.3).
Both di- and mono-OPAP dissociate, di-OPAP:

(CH3(CH,)sCH,CH,0),P(0)OH —» (CH4(CH,)6CH,Cel1,0),P(0)0~ + 11*
(A.1)
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and mono-OPAP—first,

CHa(CH,)sCH,Cell OP(0)(OH); — CHs(CH,)sCH,CsH,OP(0)(OH)O™ + H*
(A2)

and second dissociation:

CH;(CH,)¢CH,Csl1,OP(0)(OH)O~ — CH3(CH,)sCH,C¢H,OP(0)(0); + H*
(A.3)
The solution is still visibly clear though with a slight yellowish colour. Under con-
tinued stirring (but with pH electrode now removed), a slow addition of 60 ml 0.5 M
BaCl; solution starts. Immediately a white precipitate of barium mono-OPAP salt
forms. The amount of BaCl; is approximately half that required for full mono-OPAP
precipitation based on stoichiometry. If more is added, coprecipitation of the respec-

tive di-OPAP salt will become significant.

The precipitate is filtered (preferably with the help of vacuum) and collected
(precipitate I). Filtration here is difficult because of slow formation of viscous organic
liquid (‘third phase’), heavier than water, containing mostly di-OPAP. Its formation
is probably due to salting-out effects. It reports into the filtrate and can be then
readily separated. After doing so, a new portion of 0.5 M BaCl; solution is added to
the filtrate in order to precipitate completely the rest of mono- and di-OPAP. This

second precipitate is filtered more easily (precipitate II).

Each precipitate is transferred into a separatory funnel and then di-ethyl ether
is added in. Any water, if present, easily separates and is removed. The mixture in the
funnel is then contacted with 1 M HCI solution, the white precipitate disappears—
barium (and sodium) is stripped and the extractant is thus regenerated. A second
contact with HCl solution follows in order to assure complete stripping—the acid

solution is then checked for presence of Ba?* by testing with soluble sulphate.

The same procedure is followed for the organic liquid (‘third phase’), sepa-
rated from the first filtrate—it is readily dissolved into di-ethyl ether, and then the

extractant is regenerated by contacting with HCl solution.
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The ether solutions are then washed several times with distilled water in order
to remove any acid remaining. Finally, the ether is slowly evapotated to leave the

extractant, containing mono- and di-OPAP 1 different proportions.

Typically, the extractant regenerated from precipitate I contains more than
96 mol % mono-OPAP, and from the ‘thitd phase’--more than 85 mol % di-OPAP.
Precipitate II yields mono- and di-OPAP iu approvimately 1:1 molar ratio Examples
of potentiometric titration curves for the products are given on figmes A1, A2, A3,
respectively.

If a reagent with composition beyond the limits of those already obtained is
needed (i.e., > 96 mol % mono-OPAP or > 85 mol % di-OPAP), then the respective
reagent may be subjected to a second stage scparation by selective precipitation. Any
composition within the above limits can be produced by mixing the obtained reagents

in an appropriate proportion.
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Figure A.1: Potentiometric titration of OPAP produced from precipitate I. Compo-
sition: 97.1 mol % mono-OPAP, 2.9 mol % di-OPAP.
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pH d(pH)/ |
13 B (pH)/d(mi)
/-//'
12}
1100
1F 1
10 180
9t s
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/ . \\
— S—
3 [ [ £ A : 1 0
0.9 1 1.1 1.2 1.3 1.4 1.5 1.6

ml G.1 N NaOH

Figure A.2: Potentiometric titration of OPAP produced from the ‘third phase’. Com-
position: 13.3 mol % mono-OPAP, 86.7 mol % di-OPAP.
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Figure A.3: Potentiometric titration of OPAP produced from

Composition: 50.8 mo! % mono-OPAP, 49.2 mol % di-OPAP.

the precipitate II.



Appendix B

Equations for Species Distribution
in Solution

The data given in Table 5-1 refer to the mass-stability constants, defined according

to eqn (5.1) as

R e (B.1)
R Lot (B3)
By = I%E%]%{T)g]z (B.4)
b = [cgfsi(}([)ci);—]]s (59)
5, = JGa(0H)]] (B6)

"~ [Ga3t][OH-)*



For convenience, the second dissociation constant of sulphuric acid (eqn 5.5) is intro-

duced in the calculations as stability constant of the HSO; complex:!

[HSO;]

= FFSOT] (B.7)

B

i.e., 7 = K;'. Finally, the dissociation constant of water, K. is defined in its usual

form as

Ko = [H¥][OH"] (B.8)

If [Ga]T and [SO4)T are the total concentrations of galliuin and sulphates in
the aqueous solution, respectively, then the corresponding mass-balance equations

are:

[Ga]T = [Ga™] + [Ga(S04)*] + [Ga(SO4);] +
[Ga{OH)**] + [Ga(OH)F] + [Ga(OH)s] + [Ga(OH);] (B.9)

[SOT = [SOZ"] + [Ga(S0,)*] + 2[Ga(S0y);] + [HSO7]  (B.10)
From the condition for electroneutrality of the solution it follows that?

3[Ga®*] + [Ga(SO4)*] + 2[{Ga(OH)**] + [Ga(OH)I] + [H*] =
2(S0;"] + [HSOZ] + [Ga(S04);] + [Ga(OH);] + [OHT] (B.11)

After substituting for the complexes concentrations from eqns (B.1)-(B.8) into the
above mass- and charge-balance equations, and rearrangement, the following three
equations with three unknowns—the three key components—[Ga®t], [SO2~], and

[H*], are obtained:
[Ga®*] + B,[Ga>*)[SOF"] + B.[Ga*][S037]" +

B, KW [GaS|[HH]™" + B,K,[Ga3*)[H*]™? + B, K.[Ga®*)[H*]™ +
B KL [Ga*|[H*]™ — [Ga]T = 0 (B.12)

'Concentrations in molality units For further discussion see page 234
Wnitten for the case when the systenis Gay(504),-112504-11,0
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[SO]  + B.[Ga*|[S027] + 23,[Ga®*|[S0%]* +
3,802 )H*] — [SO4T = o (B 13)

3[Ga™] + £,[Ga**|[SO;) + 26,Ku[Ga*][H]™" +
BELIGHIHY? + Y] — 2[50%7] — K, [ -
Bk, [Ga |[HY] ™" — B[SO |MY] — B,[Ga**][SOT ] = 0 (B.14)

Thus, the problem is to solve the above system of three non-linear equations for
the three unknowns. For that purpose, the Newton-Raphson method is used with a

modified iteration formula in order to avoid negative roots [146).

Once this is achieved, the concentrations of all species in the solution are
calculated using the definition equations (B.1)-(B.8) and the values of the mass-
stability constants. The latter, however, are valid only for the initially assumed
ionic strength. Therefore, a separate iteration loop for I is required, where the ionic
strength, found from species distribution at the current step and using eqn (5.10),

hecomes the value used for the next step.

From the concentration of H* and the ionic strength, found from the distribu-
tion of species, it is possible to estimate the single ion activity of H*, and therefore—
the pH. The method, proposed by Das and successfully applied for sulphuric acid

solutions [147], was also used here. The single ion activity coefficient, yy+, is found

from
0.00I1M,) m
lo = 0.500V7 +0.0479] — log{ 1+ ,‘2 : (B.15
S I /A & 1~ 0.001 kM, mys 15)

where M, is the molecular weight of water, h is the hydration number of H' (A =4

n

is assumed by Das), m denotes inolal concentrations, and Zm, is the sum of the
1=1

molalities of all n-species present in the solution. The activity of Ht is calculated as

the product of v+ and mys.
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Equation (13.15) requires conversion of species concentrations from molarities
to molalities, and accordingly the ionic strength is expressed in terms of molality.

The following formula, written for species ¢, has been used [148] for the conversion:

m, = — 0000 (B.16)
10005 — Y¢, M,
=1

where ¢, m, and M denote molarity (moles per litre solution), molality (moles per kg
solvent), and molecular weight (in grams per mole), respectively, n is the total number
of species, and p is the density (in g/cm3) of the sclution. For this work, it has been
assumed that p is constant and equal to one. It is possible, however, to introduce the
density as a known analytical or empirical function of species concentrations or io. ic

strength.

Although not expiicitly discussed above, a similar conversion of concentration
units is also required, and is included in the computer program, whenever the con-
centration of HSOy is involved. The reason is that in t'e expressions for its stability
constant and dependence on I {eqns 5.5 or B.7, and 5.6), the concentrations are ex-
pressed in molalities (see page 117), and not molarities. Thus, based on eqns (B.7)
and (B.16) the expression for the molarity of HSOJ in terms of the molarities of H

and SO?~ becomes

1000
1000 p - Y ¢, M,

J=1

[HSO;] = 6;[H*][SO}"] (B.17)

Equation (B.17) is subsequently used to substitute [HSO7] in eqns (B.10) and (B.11)
and in the calculations further in the program. For simplicity, however, this is not
shown here in the resulting eqns (B.13) and (B.14), resp., in which the simple sub-

stitution from eqn (B.7) is used instead.
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Appendix C

MTWCR Model: Derivation of
the Equations

C.1 Introduction

The expressions for calculation of species concentration are derived from the appropri-
ate flux equations (6.30)-(6.32), written for the aqueous diffusion layer and subject to
the boundary conditions (6.33) and (6.34) These will be considered in the following

section C.2.

Similar flux equations but written for the organic diffusion layer with their rel-
evant boundary conditions and involving the metal-extractant complex, or complexes,
must also be included in the model thus allowing calculation of species concentrations

there. These will be presented in section C 3.

Finally, the expression for the flux of extractant through the interface, J,,,,
will be derived for the limiting cases of instantaneous reversible and reversible pseudo-
first order reactions for step 4 (first organic ligand addition) being the rate-limiting
step. The resulting expressions when step § ot step 6 are rate-limiting will also be

given.
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C.2 Aqueous Diffusion Layer

Calculation of C,,,

From eqns (6.30) and (6.32) it follows that

dCyr dCgr- dCh+
7 TP D

Dyr ~ Jun (C.1)

This equation can be integrated for = from zero to é, provided that the concentrations
of species involved are continuous functions of z 1n this interval With the respective

boundary conditions (8.33) and (6.34) introduced, the integration yields
Dk (Cou, = Cung) + D= (Cope = Copl) + Dits (Copy = Copy ) = = Jund (C.2)

As discussed in Chapter 6 (page 163), all reaction steps, except the rate-limitiug one,
are considered to be at equilibrium. This also applies to the acid dissociation of the

extractant, and therefore

CO CO - Cl Cl -
K= —8+_R- — Wt " C.3
COHR C‘HR ( )

After substitution for Co,_ and C,_ _ from eqn (C.3) into eqn (C.2) and rearrange-

ment, a quadratic equation for C, , is obtained:

K+
Dg- .
Cx25+ - 'AC'}H + D—m]\“C‘HR = 0 (C4)
where
Jy Dr-Coyy Ko D
A= COH+ + HR + R-Loyp A + HR (COHR Ct}m) (C 5)

KH+ DH+ Co“+ DH+

and xy+ is the aqueous-side mass-transfer coefficient for H

Du+
Rue = = (C.6)

Solving eqn (C.4) for C, , yields!

Dp- g Y
LA 42— 432 K,C

*ht 9

~

(C.7)

'Taking only the physically significant positive reot The other root would yield Ci,+ =0in the
case of Ny — 0 (see eqn C 9)
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Equation (C.7) represents the expression used to calculate the C, | values. Itis clear

fut

that in the case of weak acid extractant, i.e., when K, — 0, the expression for A4 will

become

Jiur 4 Dyr

A=C kil
0“+ + K}{‘# DH#

((‘Oxu\ - Cum) (C-S)
which, in such case, is equal to C, , because then eqn (C.7) transforms to

[} ,v?
c =4 +o\/,4

+

(C.9)

4

Finally, it should also be noted that most experiments have been carried out at
relatively high acidities since this is the area of mterest for galhum extraction. As a
result, the difference between Co , and the calculated €, was in most cases very
small, thus essentially justifying the simphfication assumption of the hmiting regimes
that C.H+ = Com.

Calculation of C

iGaa‘*

The expression for C,_,, is similarly derived. Integration of equ (6.32) for z from

z=0to z =6 yields

Ditn (Cogr — Cun) + D= (Cop- = Cip) = 3Daws (Cogrny = Cigans) = = i

(C.10)
After substitution for Co,_ and C,_ _ and solving for C,_, the following equation is
obtained:
J, DHR DR— K C CQ
C - __VwR Coue — C a MR HR C11
1Ga3+ COG..-'H BKGaiH +3DG33+ ( HR OHR)+ 3D(_}a‘” C',”+ (/‘0"4 ( )

where kGa3+ = (Dgas+ /6) is the mass-transfer coefficient for the metal in the aqueous

diffusion layer.

Again, when the extractant is a weak acid, and therefore K, — 0, eqn (C.11)

is simplified and thus becomes

Jiin + Dyur
SnGdu 3DG‘,3+

C (Ciye = Coug) (C.12)

1Ga3+ T 0G,34
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Calculation of C,

In the same way as outlined above, the integration of eqn (6.31) for x from r =0 to
z = 6 and then substitution for Co, _ and Cip- from eqn (C.3) gives
Di (Cons = )+ D e (22 = 22 4 3D, (Cun, = Cms) =0
(C.13)
The concentration of GaRj in the bulk aqueous phase, Co,,,, is then expressed from
eqn (6.35) and substituted into eqn (C.13). Furthermore, since steps 2 and 7b, which

represent the partitioning of HR and GaRj, resp., at the aqueous-organic interface,

are considered to be at equilibrium, as are all other steps except the RLS, it follows

that o
C 'y

PHR = JHR and PGaRg = — Safy (C.14

CIHR C'GARQ )

Thus, after substitution for C,,; and Cy,, from eqns (C.14) into eqn (C.13) and

rearrangement, the latter becomes

Dr-K, C—' Dr-K, 3Da. Sth
Cgun‘f'CoHRB('DHR-I- £ \)—B[—J&(DHR*— i )+ 2 Pal =0

Co,, Pur Cis Pgar,
(C.15)
where ,
Co
B= nr C.16
SDGaR;\ K eqCOG‘;H ( )

Clearly, in the particular case of weakly acidic extractant, when K, — 0, eqn (C.15)

will become

C, 3DGar;C,,
Coun + Coun BDur — B [P}:I: Dyr + ——732;—;;5—59-] =0 (C.17)

The derived eqn (C.15) for Cy,,, 1s a cubic equation of the type
3
" +pr+qg=0

and has one real root when




It is obvious from eqn (C.16) that B, and thercefore the term equivalent to p in
eqns (C.15) or (C.17), is always positive. Thus the condition & > 0 will be always

fulfilled. The one real root then is calculated as?

T = 3\/—%+\/«,5+€~g-'\/§

As derived, eqn (C.15) was used 1n the model to calculate Cy,y,, without any
problems as far as the extraction kinetics was concerned. However, when the model
was to be verified with the stripping kinetics experimental results, it appeared that
the form of eqn (C.15) with the expression for B, given by eqn (C.16), was not
appropriate. The reason was that in this case the metal concentration in the bulk
aqueous phase C‘Jc.3+ was zero. Hence, B — oo and eqn (C 15) could not be solved
for Cy,p in its present form. In the denivation of eqn (C 15), after substitution for

Coc.r, from eqn (6.35) into eqn (C.13) the result is

C c: K,
DHR (COHR _ C|HR)+DR'1\’¢: (COHR - __C_'"_R,) +3DCaRJ ( Ug.34 3OMR Veg _ C'(hRs) =0
Cou + C’u + COH +
(C.18)

and after rearrangement eqn (C.15) is obtained. In the case of stripping kinetics

experiments Co_ ,, = 0 and therefore eqn (C 18) simphfies to

COHR C!}m )
Zoun e} 3DG G =0 C.19
COH+ Cl“* (J RJ R" ( )

Dyr (Coyp — C,HR) + Dyr- K, (
Strictly speaking, in a typical expenment for stripping kinctics it is or ly ini-
tially that Gy ,, = 0, and according to the assumptions made and those of the film
theory, equilibrium between reactants and products in the bulk phase do exist. Nev-

ertheless, under such conditions Co, ,, will be so small (as well as Cy,, . m the first

place) that the respective term in eqn (C.18) can be assumed to be zero.

From eqn (C.19), following the same procedurc as for eqn (C.15) of substitution

for C,, and C

o . 3 > 3 N 1
GaR, from eqns (C.14) and rearrangement, the result for Cy,,, is

D“»— I\’a ) + 3DGHH;(‘"U,.H’

o

Coyr, = : - [P'”R (DHR + —— -} (C.20)
(DHR + ‘D"B"—'—Coﬂi\") HR C‘m

H

)
l(iaR;

2These are the Cardano’s formulae for solving cubic equations
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Clearly, eqn (C.20) will become

Z; DGdR Clc R
C = —HR 4+ 3 2 3 (C.21
MR T Pan Dun Poar, )

in the case of weak acid extractant with X' — 0.

Expression for J;,,

From the equation for the acid dissociation constant of the extractant

- CH* CR"

K
’ Cur
by differentiating with respect to z the following equation is obtained:

dCr- ,, 1 dCur ., Cur dCy+
— = | - Ko—3
Ci+ dr

dr \GCH+ dz (C22)

After substitution for (dCr-/dz) from eqn (C.22) into eqn (C.1) and rearranging, the

resulting differential equation is

Dr-K, ) dCur

Chu+ dz (C.23)

Dr-K,C dC
(DllR+ R-7 HR) H

+ ('D}u - 0}2“ Iz HR

Equation (C.23) is valid within the aqueous diffusion layer—from z = 0 to = = é.

Written for r = 0 it gives

'DR—]\’Q dC}m DR-]\'QC,HR dCH+ _
(Dun+ co )( . )I=0+(Du+ cz ) iz ).~ Jiur

(C.24)
According to the boundary conditions (eqn 6.33), however, at z = 0
(de) _ 0
dr | __,
and thus the following expression for J,,, is obtained from eqn (C.24):
DR- 1\’0 dCHR .
Jon = — (DHR + ) ( ) (C.25)
o C'll+ dr =0
When K, — 0 eqn (C.25) will then become
dCyRr
JIHR - = DHR( dr )1_:0 (C.26)
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which is the equation used in the original MTWCR model [197], and is justified since
the model there applies exclusively to extraction with chelating reagents. However, in
the present work eqn (C.25) is used, which is obviously more general and will reduce

to eqn (C.26) only in the particular case of a weakly acidic extractant,

C.3 Organic Diffusion Layer

One of the assumptions in the model development, discussed in Chapter 6, is that
four species exist in the organic phase, namely (HR)z, HR, GaR3j, and GaR; - IR,
which concentrations are inter-related by the equilibria of steps 1 and 8h. With
respect to the organic diffusion layer, the film-theory assumption of steady-state (i.e.,
no accumulation) implies that the combined flux of extractant mts both forms

monomer and dimer—from the bulk to the interface 1s equal to the flux of products-

GaR3, and GaRj3 - HR—in the opposite direction. Thus, the appropriate differential

equation to describe this is

D HR

— dC
: (HR),
2D
t2Pwur), —

— dC — AC ~
+ 3DGan, ;;Ra +4Dg.R, HR(_-_GII{A%LH-B =0 (C.27)

ey

where D denotes diffusion coefficients of species in the organic phase.

Calculation of C,

From the same assumptions above, it follows that J, . can be expressed with organic

HR

phase concentrations of the extractant [158]:

Jur = Rur (-C;om - 5.,,,) + 2E4R), (Eo(,mh - -C—'.(,mh) (C.28)

or with those of the reaction products-

S = — [375c;an3 (6OGAR3 ‘ac.na) + 4KGaR, 1R (Coc.,lJ wn ~ Cloan, ,m)] (C.29)

where % is the respective mass-transfer coefficient of species in the organic phase.®

Equation (C.28) expresses mathematically the argument that although extractant

3For the particular experimental set-up of the RDC techmque, the effects of additional diffusion
through the orgamc-impregnated porous membrane are reflected m the values of %
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dimers do not distribute as such to the aqueous phase, they nevertheless contribute
to the flux of extractant through the interface. This contribution is due to existing
gradient 1n dimer concentration in the layer following transfer of monomer through

the interface and dedimerization there.

Equation (C.29) represents the idea that once GaRj is formed in the aqueous
diffusion layer and/or the interface, its transfer through the interface® is followed by
formation and distribution of one (or more) other metal-extractant complexes, an
example of which is step 8b.

From eqn (C.28) after substitution for the concentrations of (HR), according

to tne equation for Iy (eqn 6.6) and rearrangement, a quadratic equation for b_,HR is

obtained:
Cl +—HR T _F=y C.30
HR 2E(HR); I, 'R ( )
where
— I3 — J
F=Ch +-—HR 7T _ P —
OHR 2K'(HR)2 l\d OHR zﬂ(HR)zl\d

with the positive root being

_ 3 1 R :
Con = — 7= 4 (——————“" ) +4F C.31

Equation (C.31) is used in the model to calculate -C;mn'

Calculation of C‘GaR3

From the equations for Ky (6.6) and K¢ (6.16) it follows that

Z'qcma.lm = Z:'-}mﬁcana\/ Kq4Kg (C.32)

which is valid also for concentrations within the organic diffusion layer because the
reactions involved are considered to be at equilibrium. Thus, after substitution for

and C, from eqn (C.32) in eqn (C.29) and solving for 5,0‘}{3 the

O0Gar; HR 1GaRy HR

iDescribed by Jigaryr Whichis related to J,,,, by eqn (6 12) J, . = — 3igar,
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following expression is obtained:

- — -~ s
U _ CUG;R3 (3"03[\3 + 4,‘Ga}{| HH( Oyr V I\JI\U) + Jum
'GaRy — — -~ X
o 3RGar, T 48 Gan, 1oy VNG

This equation (C.33) is used in the model for calculation of C

(C.33)
'GARj.
Gallium-extractant complexes in the organic phase

The concentrations of the four complexes in the bulk organic solution are related by
the monomer/dimer and step 8b equilibria, and described by eqns (6.6) and (6.16).

In addition, the following mass-balance equations are formulated:
T ral ral i
(Galorg = Caar, + Coun, nr (C.34)
for the total gallium concentration in the organic phase, and

[HR]], = 3C Gary + 4C Gars nr + Cn + 26(11[&)2 (C.35)

org

for the total extractant concentration in all forms Both [Gal),, and [HR]}, are

known or can be found.

Hence, eqns (C.34) and (C.35) together with eqns (6 f) and (6.16) represent a
system of four equations with four unknowns—the concentrations of the four species.
From these equations, after substitutions and rearrangement, the following expression

can be obtained:

T —
T _ [Ga]or . = C(HR) -
[HR),,, = - ch.(}m)z. (3 + 4\/1\00(“,{)2) + i, 2 +2C k), (C.36)

which is only with one unknown——?f—(}mb. Equation (C 36) can be solved for -CT(H“)z

by the secant method, after which the concentrations of the other species are found.

C.4 Flux through the Interface, J,

HR

The derivation of the equations for J,, for the two limiting regimes of instantaneous

reversible and reversible pseudo-first order reactions will be presented for the reaction
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scheme where the first organic ligand addition (step 4) is rate-determining as well as

the resulting analogous equations for steps 5 and 6.

To simplify the notation, in the following derivations D’ will be used to denote

the expression

D' = Dy + DR (C37)
Cis
Instantaneous Reversible Reaction
The respective equation for this regime is eqn (6.39):
&*Cur Chr 1 Ciu,Co,
— = kK, —— | C, - et .
Dir 0 rl\aC'M Ciguse K Co (C.38)
and it has to be integrated. For that purpose, a new variable, ¥, is defined:
_ dCyr
v= dr
and the following transformation holds:
d*Cur dy
dr? wdCHR (C.39)
Thus, eqn (C.38) can be written in a simplified form as
dy
D = .
HR"/)dCHR GCur (C.40)
where
Cicur. C3
G = kylfym— (c o e )
Cis Keq Con
The boundary conditions for ¥ are:
dCur i
t o= = = e e——
at £ =0 Y ( iz ), g (C.41)
following eqn (C.25) and
dC
atz =46 Y= ( C”“) =0 (C.42)
dr r=6

according to boundary conditions eqn (6.31).
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Thus, integration of eqn (C.40) for r from 2 =0 tox = §

0 COHR y N . .
DHR/ Pdy = Q/ Cyur dCin (C.43)
"(J'HR/D') Cipn
results in
D2 .
Jn = DHRg (C'blm - Cé}m) (C.44)

and after substitution with the expression for G and rearranging the following equa-

tion is obtained:

Dﬂ C, 1 C'G N C|3
t = 8 (ﬂ Gad+ _ aRj 'u+ ,2 _m ‘) .
Jun J 'DHR Lfl C,H+ (1 ]\,m C'("H C,'im) (C‘nn O}m) (( 40)

Substituting for C,,, and Cyg,,, from eqns (C 14) and introducing then K’ from
eqn (6.21), the result 1s

Dur Pir C T K'c T R

1
HY 1Ga34 ~ MR

D* C, I Cron,Cony | /o
Joun = keJ(,—8e (1 St | (T) = PG, (C.46)

or, when the expression for D' (eqn C 37) is substituted:

ral 3
1= 2 Coun G (G — PanCi)
! C 63 “THR HRY 0k

$Gad3+ T IHR
(C.47)

2
(DHR + —L—DC" K") .,
wt /g, et

DHRP}%R C

|H+

Jum =

Equation (C.47) is analogous to the main equation for the flux through the interface
in the original MTWCR model [158], but here it 1efers to extraction of a thiee-valent
metal with strongly acidic extractant. It is clear, that in the case of weak acid
extractant, when K, — 0, the term

DR— 1\’a
C

‘e

will be negligibly small compared to Dyy since Dy~ and Dyg are of the same order
of magnitude. Hence, eqn (C.47) will become the same as the onginally developed

flux equation {158}, but for a three-valent metal:

2 =3 THR
Fir C'"* 'cuH(’um

ki Ko Dyr C 1 Coon GO0\ = .
Jon = |~ 2o ZHR Zgyat (1 T D 'H*) (C2 - ”fmc&.u) (C.48)



oy

Pseudo-first Order Reversible Reaction

From eqns (6.31), (6.37), and (C.22) it follows that

Dy- K, \ dCyr dCgar, _
('Dm( + o ) ot 3DGaRr, = 0 (C.49)
Integrating eqn (C.49) for z from zere to 0 < z < é and solving for Cgar, yields
(Dun + 2&%‘—)
CG&R;; = ClGlR + i (C'HR - CHR) (C.50)
3 3D¢aR,

In the case when K, — 0 eqn (C.50) will become

D
CGaR; = ClGaRa + “RR (Ct}m - CHR) (C51)

Substitution of Cgagr, from eqn (C.50) in eqn (6.38), which applies to the

pseudo-first order reaction regime, gives

[Cicma + 3_1)%::; (Ciyn — Chr) c?

d’C}m C}m ‘ht
D = kK, C, - .
"R dxz { 1 C.H+ Cud+ ]\'eqcﬁﬂ (C 52)
and then after rearranging for Cyg in a convenient for integration form:
d*Cur 1 1
Diyr—5— = uCyr — V=5~ — .
HR™ ulCyRr vCﬁR + wCHR (C.53)
where
U= —‘I,aCtGas"'

v = kfI\’aC.zm, C’ N D,C!HR
I\’eq forRs 3DG&R3

kK, D'C?
— Ht
3DG aRj ]\’eq

Using again the same transformation of variables (eqn C.39), and boundary conditions

w

for ¢ (eqns C.41 and C.42) and Cyr (eqns 6.33 and 6.34) integration of eqn (C.53)
yields
Dy

4 2
‘]!g}m = Dir ((“HR - Cg:m

(C.54)

QD""U( 1 1 ) 2D%*w . Cp
)-— ' - + In
DH R CUH R Clu R Dl iR CON R
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From this eqn (C.54) after rearrangement, the result for J,,, is

DI2 Y . C"I 1 1 v
Jiyr = \, D [u (C:"HR - C'(S"HR) + 2wln 6—& - 2v (Co.m - C )] (C.59)

Oxn tHR

where, again, C,,, and C, can be substituted from eqn (C.14) and K, expressed

GaRjy
by K’, introduced from eqn (6.21). Also, in the case when K, — 0, eqn (C.55) will

become

C, 1 1 .
Jogn = \J'DHR [u (C?HR - C(?HR) +2wln E'—H—R— - 2v (-—C-;(—):; - )] (C.56)

Our THR
Finally, in the case when only the forward reaction is considered and the
backward reaction neglected, which is possible under conditions of initial extraction
rates, then the expression for J,

4r can be derived in the same way as eqn (C.47)

starting from eqn (6.40). After integration of eqn (6.40) the end result is

('D}m + .‘D_R:‘J"")2 C
C, , Cigsr (72
Join = B P,‘g: kK, C‘:* (Ch — PARC3.) (C.57)

Since eqn (6.40) is the same for both limiting regimes, it follows that the resulting
eqn (C.57) will also be applicable to both of them as far as the conditions of initial

extraction rates are met.

Steps 5 or 6 being rate-limiting

In a similar way, as demonstrated above, for the reaction schemes where step 5 or
step 6 are rate-limiting, the appropriate expressions for J,,, can be obtained from

the derived rate equations (6 27) and (cqn 6.28), respectively

Thus, for the imiting regume of instantaneous 1eversible reaction the following
equations result-—when the second organic ligand addition (step 5) is the rate-lirniting

step—

S’DHRP}%R a C THR Oun

‘Ht tGatt YR

12 Cl 1 CT' (/‘,3 R .
Jon = _273_—_—1&,1(11(2 Gl (1 ——-——“—‘l‘J—:.;i) (cJ - P3.C3 ) (C.58)



and in the case of third organic ligand addition (step 6) being rate-limiting:

D’2 k[l\,. Ct 3 1 Z/_‘t(; R C'ldq. =4
Jun = et - 2 ) (O — PARCE C.59
HR 2Dnn qum Kin Clsm J i Clc.3+ C:J;m ( HR HR OHR) ( )

The comparnison between the respective flux equations (C.46), (C.58), and
(C.59) for a certain step being RLS show that che main differences are in the depen-

dence of the flux J,,, on acidity and extractant concentration

Furthermore, when the backward reaction is neglected, i.e., initial extraction
rates are experimentally considered, then expressions for J,,. when steps 5 or 6 are
RLS can be developed in a way similar to the deiivation of eqn (C.57). Thus, when

step 5 is the RLS then the resulting expression for J,,, is

2DI2 C't 3 3
J. = ————-—-——-—kr[ﬂ 1\'3—G"Q 6, - P3 C3 CGO
HR \'3DHRP}:}R C?M ( HR Hi OHR) ( )
and when step 6 is rate-limiting:
D* kf]{eq C'G.H Vo 4 4
o = JQDHRPQR Km C3, (C”m - PHRCOHR) (61
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