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ABSTRACT 

Organophosphorus compounds are well known as solvent-extraction reagents. Two 

new reagents in this class are Cyanex 302 and Cyanex 301, the respective mono- and 

dithio analogs of the commercial extractant, Cyanex 272 (bis(2,4,4-trimethylpentyl)

phosphinic acid). The replacement of oxygen by sulfur in these reagents decreases their 

pKo' and enables extraction to be carried out at much lower pH than previously attained. 

A comparative characterization of Cyanex 272, Cyanex 302, and Cyanex 301 is 

undertaken. The aggregation and partitioning behavior of these reagents is determined. 

A comparison of the solvent extraction behavior of first-row transition-metal ions from 

manganese to zinc in acidic sulfate solution by these reagents is reported. Distribution 

coefficients shift to lower pH with increasing sulfur substitution of the extractant, the 

greatest effect being observed for soft Lewis acids. These reagents are found to be strong 

extractants for the transition metals examined, but poor extractants for alkaline-earth ions 

and manganese(II). Certain metal ions, in particular copper(1I) and silver(l), are, however, 

extremely difficult to strip, which may mitigate against potential applications. 

Stoichiometry of the extraction reactions and the nature of the metal complexes 

formed are postulated based on slope-analysis techniques and spectroscopic and 

molecular-mass measurements. Molecular modelling of the extractants and extracted 

species is presented. Some reasons for the enhanced stability of the complexes formed 

with certain metals are discussed in terms of d-electron effects, donor-I acceptor-atom 

interactions, ligand-field observations, and steric effects associated with the extractants. 



CHAPTER 1 

INTRODUCTION 

1.1 Solvent Extraction in Metallurgical Processing 
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Just over one century ago, Berthelot and Jungfleisch proposed a law governing the 

distribution of a metal species between two immiscible phases [1]. Since then, both the 

theory and practice of solvent extraction have progressed dramatically. In its most 

fundamental sense, solvent extraction implies one thing only: mass transfer across a 

liquid-liquid interface. Inherent in this basic concept is the technological definition of 

solvent extraction as a means of separation and purification, by combining mass transfer 

with phase separation [2]. 

Solvent extraction has been widely used since the last century for purifying organic 

pharmaceutical compounds. It has also found widespread use in the petrochemical 

industry for organic-organic separations, such as the separation of aromatics from 

aliphatics, and the extractions of lube oil, caprolactam and xylene [2]. Most of the 

original research in solvent extraction in inorganic systems derives from analytical 

applications. In the 1940s, the Manhattan project required the recovery and purification 

of radioactive metals such as uranium and rare-earth metals. The processes developed, 

using long-chain amine extractants, eventually led to the introduction of the first large

scale solvent extraction (SX) operations [3]. Following these Sllccesses, application to the 

hydrometallurgical processing of complex ores developed. A significant advantages of SX 
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over other separation techniques is the ability to tailor the extractant chemistry and 

extraction conditions to separate elements with very closely related chemical properties, 

such as adjacent transition metals or actinides, with high selectivity and specificity. The 

ease of scale-up from laboratory- to plant-scale operation is also of great benefit in 

developing practical extraction systems. 

The application and implementation of the unit operation of solvent extraction in 

metallurgical processing have increased steadily over the last two decades. Many 

extractant systems have been investigated for potential separation, purification and 

concentration of metal ions. Two main metallurgical applications exist: (i) recovering 

metals from dilute leach liquors produced from low-grade orcs, and (ii) refining metals 

in rich solutions prepared from concentrates. 

The first full-scale SX plants for the recovery of uranium were built and operated 

under government contacts associated with the Manhattan project, with commercial 

viability being assured through artificial price-fixing of the products. Affirmation of the 

genuine commercial promise of this unit operation, however, came in 196R when the 

Ranchers Bluebird Mine in Arizona brought the first base-metal SX system on line, 

recovering copper from acidic sulfate media using an oxime-type chelating extractant, LIX 

64N1 [4,5]. Since then, there have been steady improvements in engineering design and 

plant operation, as well as the development of improved extraction reagents [6, 71. As 

a dramatic indication of the growth of solvent extraction in the copper industry, Cooper 

reported in 1968 that 3% of the world copper producLion originated from hydro-

I LIX 64N is a registered trademark of I lenkel Corp., U.S.A. 
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metallurgical processing [8]; in 1991, Prasad [9] estimated that more than one third of 

free-world copper was produced in this manner, with more than 30 copper SX plants in 

operation, recovering over 7.5x105 tonnes of copper annually from a wide variety of leach 

solutions [10]. 

Today, increasingly stringent environmental regulations, decreasing ore grades, the 

need to process oxide rather than sulfide ores, and the necessity to recycle alloy scrap 

have led to renewed interest in SX for both primary and secondary metal recovery, 

purification, and separation. Successful commercial operations now exist on all habited 

continents, involving many elements, from beryllium and cesium to the platinum-group 

metals. Extractants range from cation- and anion-exchangers and chelating reagents, 

which form compounds with the extracted metal specie~, to those which operate by ion 

association, and to those in which the extraction mechanism involves solvation of the 

metal ion. SX plants range in size from less than 0.25 nl h'l aqueous tlow to operations 

processing about 1440 m3 h'l [6]. 

1.2 Design of New Solvent Extraction Reagents 

Organophosphorus solvent extraction reagents have been widely used in a variety of 

applications since the 1940s. According to the Hard-Soft Acid-Base concept [II] 

(discussed in detail in Section 2.2), the complexation of a soft Lewis acid, such as Ni(II), 

Cu(II), Co(II) or Zn(II), with a soft Lewis base should occur with high selectivity, Since 

the donor atoms of the 1110st common Lewis bases have decLronegaLi vi Lies increasing in 

the order S < Br < N < CI < 0 < F, sulfur substiLuLion of organophosphorus solvenL 
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extraction reagents is expected to prove beneficial to the extraction of these metal ions. 

With this objective in mind, the thiosubstituted organophosphinic-acid based 

extractants Cyanex 3022 and Cyanex 3012 were recently introduced by American 

Cyanamid Co. [12-15]. These extractants are the respective monothio- and dithio-

analogs of Cyanex 2722 (bis(2,4,4-trimethylpentyl)phosphinic acid) which has been 

commercially available for about a decade [12, 13]. The increased acidity imparted to 

these extractants, by substituting oxygen by sulfur, makes them particularly suited to the 

extraction of class b-type (soft Lewis acid) metals. The structural formulas and physical 

properties of the main components of these reagents are given in Table 1.1 [14]. 

Table 1.1 - Reagent structure and properties (24°C) of Cyanex 
organophosphinic-acid extractants 

Extractant Structural pKlI Dcnsity 
FomlU!;i in (g cm-) 

I-IP 

0 
Cyancx 272 II 6.37 0_91 

R2P01-i 

S 
Cyanex 302 II 5.63 0.93 

R2POH 

S 
Cyanex 301 II 2.61 0.95 R2PSH 

* R rcprcsents the 2,4,4-trimcUlylpentyl group: 

CII) ClI) 
I I 

CH) - C - CH2 - CH - CH2 -. 

I 
CH) 

Viscosity Molccular Aqucous 
(cP) Mass Solubility 

(g IllOr') (mg 1"') 

142 290 38 

195 306 3 

78 322 7 

2 Cyancx 272, Cyancx 302, and Cyancx 301 arc rcgistcred tradcmarks of Amcrican Cyanamid Co., U.S.A. 
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1.3 Rationale for Current Research 

1.3.1 Cobalt as a strategic metal 

Although cobalt is not regarded as a major industrial metals, either in terms of value 

or the tonnage consumed, it is classified both as a strategic and critical metal in the 

United States and Western Europe [16]. The major use of cobalt (40% of total U.S. 

consumption) is in superalloys requiring high-strength performance and corrosion 

resistance at high temperatures [17]. It is also important in the manufacture of magnetic 

materials, catalysts, and in paints [18]. 

In 1991, the consumption of cobalt in the U.S.A. was 7300 tonnes, having an 

estimated value of $241 million [19]. Domestic primary production of cobalt ended in 

1971, and refining of cobalt-nickel mattes was discontinued in 1985. Today, only 18% 

of its domestic cobalt requirement is produced within the U.S.A., all from the recycling 

of superalloy scrap. 

More than 70% of the world supply and reserves of cobalt originate in central 

Africa. During the past decade, economic and political instabilities have caused 

significant tluctuations in both the production and price of the metal [17, 19 J. The 

devastation in this region in recent years caused by the AIDS epidemic and severe 

drought has also decimated the labor force, and fUllIre production is uncertain. The U.S. 

Government has for some time maintained a stockpile of this strategic metal, estimated 

at two years' supply [19]. There has also been a concerted attempt to reduce import 

dependence, from close to 100% before 1984 to its 1992 value of 82%, by an increased 

concern with recycling. 
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Alternate sources of cobalt have also been investigated. The U.S. reserves of cobalt 

are estimated at 0.8 million tonnes [19]; most of this is, however, present in lateritic ores 

in subeconomic concentrations and is unlikely to be exploited. Ocean manganese nodules 

contain 0.1 to 1 % cobalt, and it has been estimated that 6x 109 tonnes of cobalt may be 

recovered from this source, should mining and extraction technology become available 

[20]. Seawater also contains cobalt in concentrations from 0.1 to 1 ppb. Another future 

source of many metals receiving serious consideration is space, with the feasibility of 

metal recovery from meteorites, asteroids, and lunar material under investigation [21]. 

Significant cobalt values are also present in the substantial volumes of copper leach 

solutions produced by the dump and heap leaching of low-grade copper ores and wastes. 

Another secondary source of interest is the bleed streams from copper electrowinning 

tankhouses. 

1.3.2 Potential for cobalt recovery from copper leach solutions 

During the last five years there has been a tremendous expansion in the 

hydrometallurgical production of copper by U.S. producers [9, 22J. Besides being an 

important source of copper, the leach solutions have significant byproduct potential r23, 

24]. Table 1.2 shows the compositions of these pregnant leach solutions (PLS), measured 

during a 1988 survey of Arizona copper leaching operations. In addition to cobalt, copper 

leach solutions also contain varying amounts of other metaLs. The pH of these solutions 

is between 2 and 3. Cobalt concentration ranged from about 0.0 I to 0.02 g I-I for the 

solutions sampled. Additional evidence indicated that one Arizona heap leaching 
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operation may have cobalt PLS values as high as 0.08 to 0.1 g r1. Mineralogical 

examination of these ores showed that cobalt is found. in intimat.e association with pyrite, 

which comprises the bulk of the sulfide mineralization. It is therefore expected that other 

large-scale dump leaching operations in Utah and New Mexico with similar mineralogical 

characteristics are also likely to contain significant amounts of cobalt in their leach 

liquors. 

Table 1.2 - Typical analysis of Arizona pregnant copper leach solutions 

Componelll Morencjf 
(g )"1) 

Cu 0.379 
Co 0.0125 
Fe 0.242 
Zn 1.250 
Ni 0.0051 
U 0.00036 
Al 0.850 
Mg 2.63 
SO]· 39.8 

* heap leaching operation. 
t dump leaching operation. 
t ill-silll leaching operation. 

Pilllo 
Valley! 

0.632 
0.0162 
1.550 
0.0240 
0.0067 
0.020 
5.62 
2.31 
79.9 

Ray! Ray Sierrita! Lakeshore' 

0.458 4.90 0.689 0.0233 
0.0190 0.075 0.0127 0.0085 
0.068 2.90 1.145 1.663 
0.135 0.21 0.285 0.030 
0.Dl12 0.048 0.0086 0.0041 
0.00032 0.0030 0.0071 0.00044 
0.690 9.30 2.83 2.92 
1.99 7.20 3.66 3.45 
32.0 101.0 48.5 45.4 

Although the cobalt concentrations in western U.S. copper leach solutions are 

relatively low, the extremely large volumes of solutions handled during these operations 

means that the total cobalt content is substantial. It has been estimated that the recovery 

of cobalt from a I m3 
S-1 stream could yield up to 1000 tonnes of Co per annum-a level 

of production which could satisfy about 20% of U.S. domestic consumption [23, 251. 
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1.3.3 Potential for cobalt recovery from copper electrowinning bleed streams 

Copper electrowinning (EW) tankhouses, which recover the metal from the rich 

electrolyte solution produced by the SX unit operation, are often associated with copper 

leaching operations. Cobalt sulfate is added to these electrolytes at a level of about 0.200 

g 1"1 [26, 27]. This prevents excessive corrosion of the Pb-Ca-Sn anodes by forming a 

passive film on their surfaces; lead contamination of the copper cathodes is minimized. 

Cobalt has also been shown to reduce the anodic overpotential for these anode materials. 

The lean acid-sulfate electrolyte is recycled to the stripping stage of the SX 

operation; prior to this, however, a waste stream is bled off at a rate of 0.0017 to 0.0033 

m3 
S-1 to ensure that the concentrations of unwanted metals do not accumulate in the 

liquor. At present, these bleed streams are not treated for metal recovery. The potential 

for cobalt recovery from this source is significant. 

The cobalt concentration in these bleed streams ranges from 0.05 to 0.15 g I-I. The 

other major components include copper at levels from 30 to 60 g rl, iron at abollt I g I-I, 

and 160 to 180 g ]1 sulfuric acid. Although the cobalt concentrations are much higher 

than those in solvent extraction raffinates from copper leaching, the volumes will be less; 

the rate of electrolyte flow in a typical EW system is 0.1 m3 
S-I. 

1.3.4 Review of previous work 

Despite the strategic importance of cobalt, the potential sources associated with 

copper hydrometallurgical operations have not received much attention. The major 

research thrust has been carried out by the U.S. Bureau of Mines, who has extensively 
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evaluated the possibility of recovering cobalt from copper solutions using an 

experimentally available chelating ion-exchange resin [25, 28-32]. In South Africa, the 

Council for Mineral Technology (Mintek) has also carried out studies on the recovery of 

strategic metals from mine waste waters by the use of selective ion-exchange resins [33-

35]. 

1.3.4.1 U.S. Bureau of Mines 

The proposed flowchart for the U.S.B.M. process is reproduced in Figure 1.1. After 

a preliminary evaluation of almost 200 reagents, the chelating ion-exchange resin XFS 

41953 (Figure 1.2) [36, 37] was selected as the most promising cobalt sorbent. The 

process subsequently developed consisted of three major unit operations: (i) coball 

extraction by ion exchange; (ii) purification of the primary eluate by solvent extraction; 

and (iii) separation and reconcentration of the cobalt and nickel by a further SX stage. 

Optimum extraction conditions were established using three sequential packed-bed 

columns and downflow loading. Elution with 50 g 1"1 sulfuric acid removed all metals 

except copper; a second elution with ammonium hydroxide removed the copper. 

Although excellent cobalt recovery (> 95%) was achieved, the eluate (pH 2.5) contained 

significant amounts of nickel, iron, zinc, and aluminum. Zinc, aluminum, and about 80% 

of the iron were then selectively removed in a SX unit using D2EHPA (di(2-

ethylhexyl)phosphoric acid) as the extractant and concentrated sulfuric acid for stripping. 

The raffinate from this stage (pH 1.8) was then contacted in a second SX unit with 

3 XFS 4195 and XFS 4196 arc registered trademarks of Dow Chemical Co., U.S.A. 
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Cyanex 272 to remove the remaining iron. The separation and reconcentration of cobalt 

and nickel from the purified eluate was then achieved using a further 3-stage solvent 

extraction unit. After increasing the pH to 5 by the addition of sodium hydroxide, the 

eluate was~" .acted with Cyanex 272, which has excellent selectivity for cobalt over 

nickel in this pH range [12, 13]. A sulfuric-acid strip produced a cobalt-enriched solution 

(25 g 1-1), which would be suitable for metal recovery by electrowinning. 

The final cobalt solution obtained in this process contained only 0.07 g I-I Ni, 0.1 

g .-1 Zn and < 0.001 g I-I of the other impurities. Despite some practical problems and 

the complexity of this process, persistent efforts have been expended by the Bureau on 

developing particularly the engineering aspects of this process [25, 31, 32J. An economic 

assessment carried out in 1988 [25] suggested that this process could produce cobalt at 

a cost of $11 per !<g_ This may be compared with the average spot price for cobalt 

cathodes in 1992 of $33 per kg [19]. 

1.3.4.2 Council for Mineral Technology 

In the Mintek investigations, Green and Hancock [33, 34J studied various ion

exchange resins to recover copper, nickel, and cobalt from mine wastes having 

compositions similar to those given in Table l.2. Since there is no resin that is selective 

for cobalt or nickel over copper, the metals were removed consecutively by judicious 

design of the resins and experimental conditions. A number of experimental resins 

containing the pyridylimidazole functional group attached to a polystyrene or polyethylene 

matrix were developed_ The most successful results were obtained with resins labeled PI I 
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Copper processing Sulfuric acid 
solution eluant 

Raffinate 

t------t (Cobalt-nickel) 

Depleted feed 
(Return to 
leach solution) 

(Cobalt, nickel, iron, 
zinc, aluminum) 

Iron, zinc, 
aluminum 
(Return to 
leach solution) 

PRIMARY ION EXCHANGE IMPURITY REMOVAL 

Cobalt 
solution 

Nickel 
solution 

SEPARATION AND 
RECONCENTRATION 

Figure 1.1 Schematic 110wsheet for the process proposed by U.S. Bureau of Mines for 
the recovery of cobalt from copper leach solutions. Adapted from [28]. 

(b) 

(a) 

~.\ 

t-Bu- ( ','-

polymer 

(c) 

Figure 1.2 Structures of the active functional groups of (a) Dow resin XFS 41Sl5, and 
Mintek experimental resins (b) PIl, and (c) PI4. From [34, 36]. 
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and PI4 (structures shown in Figure 1.2), which have properties similar to the Dow resins 

XFS 4195 and XFS 4196 [36, 37]. In the sequential process devised, copper would be 

removed first; nickel would then be removed following pH adjustment, and finally, 

cobalt could be extracted from the remaining zinc, iron, and manganese. 

In more recent studies, Jay et al. [35] developed a process for the selective extraction 

of cobalt from aqueous mine wastes at pH 2.5 in a continuous countercurrent ion

exchange (CCIX) circuit, producing a cobalt-rich eluate, again using the experimental 

chelating resin PI 1. The objective of the design was to achieve cobalt separation during 

loading, rather than during elution, as in the U.S.B.M. process. The final CCIX design 

comprised eight stages, divided into three sections. Metal recoveries were 100% for 

copper, 99.5% for nickel, and 99.6% for cobalt. The main impurities in the cobalt 

solution were Zn (1.4%) and Fe (6.2%). It was proposed that SX using D2EHPA could 

be used to remove the impurities. As with the U.S.B.M. process, this approach also 

suffers from many limitations: the method assumes no ferric ion present, clear feed 

solutions are required, and a number of further concentration and purification steps are 

required in order to obtain pure cobalt, copper and nickel products. 

1.3.4.3 Summary 

The main drawback of these processes is the large number or separation/purification 

stages required to remove impurities; cobalt selectivity is only achieved in the final stage. 

Considering the substantial solution volumes involved, the necessity to raise the pH from 

abOut 2 to 5 also has adverse economic implications. A fl,lrther factor of concern is that 
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the ion-exchange resin of choice in both processes, Dow XFS-4l95, has never attained 

commercial status. 

1.3.5 The present approach 

Since cobalt exists at such low concentrations in both the leach liquors and the EW 

bleed streams, potential recovery processes should involve both solution concentration and 

purification. Possible processes include solvent extraction, ion exchange, and advanced 

technologies in membrane separations and selective ion transport. At present, most 

copper leach solutions are treated by SX-EW for the removal of copper, followed in some 

instances by uranium recovery by ion exchange [38-40]. It is envisaged that a cobalt 

removal stage would be subsequent to these. Cobalt selectivity and dose-to-complete 

extraction in the typical pH range of the solutions (2 to 3) are considered priorities in 

developing a viable process. 

The new solvent extraction reagents, Cyanex 302 and Cyanex 30 I, exhibit much 

higher acidity than most commercially available reagents; metal extractions at lower pH 

are therefore expected to be possible. Besides the technical brochures, no information on 

these extractants was available in 1989 when this research was initiated. In view of 

potentially promising applications, it was decided to undertake a fundamental evaluation 

of the solvent extraction characteristics of these reagents, with particular emphasis on the 

properties required for commercial hydrometallurgical or environmental engineering 

operations. 

It is generally recognized that ion exchange is a more appropriate unit operation than 
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solvent extraction for the recovery of trace metals in very dilute solutions. Lacking ion-

exchange resins with comparable pK" values to these liquid ion-exchangers, a decision 

was made to evaluate these extractants from the point of view of the relationship between 

functionality and selectivity factors. Promising results obtained in a liquid-exchanger 

system could then be extended to a system with more favorable mass-transfer 

characteristics, such as a solid ion-exchanger or liquid-impregnated solid or membrane. 

These aspects are discussed in more detail in Section 5.5.3. 

1.4 Scope of Dissertation Research 

In this dissertation, a characterization of the organophosphinic-acid solvent extraction 

reagents Cyan ex 272, Cyanex 302, and Cyanex 301 is undertaken. The extraction 

characteristics of these reagents are then compared and contrasted, with particular 

reference to first-row transition metals commonly encountered in extractive metallurgy. 

Stoichiometries and structural geometries of the extracted metal species are proposed 

based on slope-analysis techniques, and supported by spectroscopic and molecular-mass 

data and computer-aided molecular-modelling calculations. A discussion of the relative 

selectivities and bonding considerations for the different complexes is presented. As 

practical considerations, the stripping behavior and long-term stabilities of the sulfur

containing reagents are assessed. 



CHAPTER 2 

LITERA TURE SURVEY 

2.1 Basic Concepts in Solvent Extraction Equilibria 

2.1.1 Extraction mechanisms 
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When a metal-containing aqueous phase is contacted with an organic phase, the metal 

is partitioned between the two phases. As discussed in the following sections, this 

distribution may be physical or chemical in nature. Extractions bd:sed on physical 

processes are governed by the Nernst distribution law; in most metal extraction systems, 

however, chemical reactions are involved in the extraction process. A metal usually 

exists in aqueous solution as a hydrated ion, with little tendency to transfer to an organic 

phase. To achieve extraction, the charge on the ion must be neutralized, or the hydration 

sheath replaced by hydrophobic molecules or ions. There are three basic mechanisms by 

which metal extraction occurs [3]: (i) formation of a neutral compound; (ii) formation 

of an ion-association complex; or (iii) solvation of the metal ion. 

2.1.1.1 Nernstian extraction 

When the metal distribution occurs solely as a function of physical properties, the 

Nernst distribution law is valid [41]: the distribution coefficient, D, depends only on the 

ratio of the solute concentration in each phase. No chemical interaction between the 

metal species and the organic phase occurs; the solute is in identical form in both phases. 

Consequently, the distribution coefficient is simply: 



D = 
solubility of M in organic phase 

solubility of M in aqueous phase 
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(2.1) 

Typical examples of systems dependent on physical mechanisms are the extractions 

of simple uncharged covalent molecules such as the halides of As(III), Sb(III), Oe(III), 

and Hg(II) into organic solvents such as carbon tetrachloride. 

2.1.1.2 Compound formation 

Most practical extractions occur by complexing the me~al with an ion of opposite 

charge to form a neutral species, simultaneously replacing the water of hydration around 

the metal ion. The general extraction reaction may be represented as: 

(2.2) 

where overstriking represents species in the organic phase. The essential process is that 

of ion exchange: cationic extractants may be either chelating or acidic in nature, while 

amine systems are the most common anion exchangers. The extraction is inl1uenced by 

the position of the equilibrium in Equation (2.2) according to the law of mass action. 

The pH is therefore an important experimental parameter. (It should be noted, however, 

that in most commercial operations it is undesirable to have large pH l1uctuations in the 

system; extractants are therefore generally utilized in the form of the sodium or 

ammonium salt.) Extractions of this kind are discussed further in Section 2.3. 

2.1.1.3 Ion association 

Ion association, or outer-sphere complexation, is a physical phenomenon resulting 
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from attractive forces between oppositely charged species. The general equation may be 

given as: 

(2.3) 

This phenomenon commonly occurs in more concentrated solutions (> 0.1 M), the 

thermodynamics and activity behavior of which are not yet well understood. Ion 

association is predominant in systems of low dielectric constant and high ionic strength, 

although a comprehensive theory does not exist. This mechanism is found, for example, 

in the extraction of uranium, as the U02(S04)j- ion, and of coball. as the CoCl;- ion, by 

protonated tertiary amine extractants. 

2.1.1.4 Solvation extraction 

This mechanism of extraction is based on the solvating power of oxygen-containing 

organic extractants, which increase the solubility of the inorganic species in the organic 

phase. The major extractant types include ethers (-C-O-C-), esters (-C(O)OR), alcohols 

(-C-OH), ketones (C=O), and alkylphosphate esters (=P=O). These strongly polar 

molecules compete favorably with water and can bc accommodated in the inner 

coordination sphere of the metal ion. Watcr is oftcn a ncccssary part or the complex, 

probably forming bridges between the organic and inorganic parts by hydrogen bonding. 

Very little theoretical basis for this mechanism of extraction cxists, mainly due to the 

strongly nonideal nature of the complexcs and their often nonstoichiomctric composition. 

The most well-known extractant is TBP (tri-n-butylphosphate), which has been widely 

used in the nuclear processing industry. Alcohols have been used for the extraction of 



40 

phosphoric acid, an(l methyl isobutyl ketone has been commercially employed for the 

separations of zirconium and hafnium, and niobium and tantalum [42]. 

2.1.2 Properties of solvent extraction reagents 

The general properties required by extractants for commercial-scale solvent extraction 

systems are: high selectivity, high loading capacity, rapid phase separation without the 

formation of stable emulsions or crud, rapid extraction kinetics, easy stripping and solvent 

recovery, low solubility in the aqueous phase and good solubility in an inexpensive 

organic diluent, good chemical, thermal and hydrolytic stability, low toxicity, volatility 

and flammability, and, of course, acceptable cost [3, 43, 44]. 

2.2 Theory of Hard and Soft Acids and Bases 

2.2.1 Basic principles 

In 1948, Irving and Williams drew attention to regular trends in the stabilities of 

metal complexes [45,46]. For a given ligand, the stability of complexes of divalent metal 

ions follows the order: Ba2+ < Sr2+ < Ca2+ < Mg2+ < Mn2+ < Fe2+ < Co2+ < Ni2+ < Cu2+ 

> Zn2+. This sequence follows a decrease in ionic radius and can be correlated with 

ligand-field effects, as discussed in Chapter 5. Pearson [II, 47-49] later formalized these 

and similar observations as his Theory of Hard and Soft Acids and Bases (HSAB). 

Although this treatment is largely descriptive [50, 51], it is nevertheless a useful approach 

to understanding the competition between metal ions for various ligands, and for 

predicting the relative stabilities of metal-ligand complexes. 
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The terms "acid" and "base" are used in their more general Lewis sense, where an 

acid (or electron acceptor) is a species having an atom with a vacant orbital in which a 

pair of electrons can be accommodated-in this case, the metal ion-and the base 

(electron donor) has at least one pair of valence electrons which are not already involved 

in covalent bonding-in this case, the complexing agent. Ligands and metal ions are 

classified as either class a or class b, depending on their preferential bonding [52]. Class 

a (hard) metal ions include the hydrogen ion, alkali and alkaline-earth metals, and lighter 

transition metals in higher oxidation states, such as Ti4+, Cr3+, Fe3+, and AI 3+, which 

contain few d electrons. Class b (soft) metal ions include those of the heavier transition 

metals in lower oxidation states, with 6 or more d electrons, such as Cu+, Ag+, Hg+, Hg2+, 

Pd2+ and Pr2+. Ligands are correspondingly classified as type a or b, depending on their 

relative preferences for the metal ions. This behavior may be summarized as follows: 

Tcndency LO complex Witil 

class a metal ions 

N» P > As> Sb 
0» S > Se > Te 
F> CI > Br > I 

Tcndency to complex with 
class" metal ions 

N« P < As < Sb 
0« S < Se - Te 

F < CI < Br < I 

A more detailed classification of ligands and metal ions is reproduced in Table 2.1 [52]. 

In general, the donor atom of a hard base tends to be small, only slightly polarizable and 

of high electronegativity, hard to oxidize, and associated with empty, low-energy orbitals; 

soft bases are larger, more polarizable, of low electroncgativity, easily oxidized, and have 

filled low-energy orbitals. In hard acids, the acceptor atom has a high positive charge, 



Table 2.1 - Classification of hard and soft acids and bases [52] 

Hard acids 
H+, Li+, Na+, K+, Rb+, Cs+ 
Be2+, Be(CH3)2' Mg2+, Ca2+, Sr2+, Ba2+ 
Sc3+, La3+, Ce4+, Gd3+, Lu3+, Th4+, U4+, UO~+' Pu4+ 
Ti4+, Zr4+, Hf+, V02+, C~+, Cr6+, Mo03+, W04+, Mn2+, Mn7+, Fe3+, C03• 

BF3, BCI3, B(ORb Ae+, AI(CH3h, AlCI3, AlH3, Gal+, Inl+ 
CO2, RCO+' ROPO;, As3+ 
S03' RSO;, ROSO; 
CJl+, Cf+, IS+, f+ 
HX (hydrogen-bonding molecules) 

Borderline acids 
Fe2+, Co2+, Ni2+, Cu2+, Zn2+ 
R1l3+, Ir+, Ru3+, OS2+ 
B(CH3h, GaHl 
R3C+' C6H;, Sn2+, Pb2

+ 

NO+' Sbl+, Bi3
+ 

S02 

Soft acids 
Co(CN)L Pd2+, Pt2+, Pt4+ 
Cu+, Ag+, Au+, Cd2+, l-Ig+, Hg2+, CH3Hg+ 
BI-I3, Ga(CI-Il)3' GaCI3, GaEr), Gall' TI+, TI(CI-I)) 
CH2, carbelles 
Pi-acccptors: lrillilrobenzclle, cllloroallil, quinoncs, tClracyanocthylcnes 
!-IO+' RO+' RS+' RSc+, Tc4+, RTc+ 
Br2, Br+, 12, I+, lCN 

0, CI, Br, I, N, RO', RO;; 
MO (metal atoms) and bulk metals 

Hard bases 
NI-I3, RNH~, NlI4 
!-I,O, OI-I", 0 2-, ROH, RO·, R,O 
CH)COO·, CO;·, NO;, PO~·, SO~·, CIO~ 
r,CJ" 

Borderline bases 
C6HsNI-I2, CsI-IsN, Nj, N2 
NO;, SO;· 
Ik 

Soft bases 
II" 
K, C2I-I4, C6I-I6, CN·, RNC, CO 
SCN·, R)P, (RO),P, R)As 
R2S, RSH, RS·, Sp~· 
I" 

42 
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small size, and its outer electrons are not easily exc;.ted; soft acids have acceptor atoms 

of low positive charge, large size, and several easily excited outer electrons. It should 

also be noted that hardness or softness is not an inherent property of an atom; the 

addition of soft polarizable substituents can soften a metal center, while the presence of 

electron-withdrawing substituents can reduce the softness of a site. 

2.2.2 Theoretical basis 

The pragmatic approach of the HSAB principle is that "hard acids prefer to bind to 

hard bases, and soft acids to soft bases." The theoretical reasons for this observation are 

still the subject of debate; some quantitative ideas arc presented below [47, 4R, 52]. 

Hard-hard interactions may be considered to be primarily electrostatic or ionic, since 

the metal ions involved are predominantly those which form ionic compounds. Since the 

electrostatic or Madelung energy of an ion pair is inversely proportional to the interatomic 

distance, the smaller the ions involved, the greater the stability of the interaction. 

The predominant soft-soft interaction is covalent, where the polarizing power and 

polarizability of d electrons are important. Of particular note as examples of soft acids 

are Ag+ and Hg2+, which both have dlO configurations. rr bonding also contributes to soft

soft interactions, particularly when acceptor d-orbitals are present on the ligands. London 

dispersion forces increase with increasing ion size and polarizability, and may also 

contribute to stabilizing soft acid-base complexes. 

In an attempt to quantify and theoretically justify the HSAB principle, Parr and 

Pearson introduced the concept of absolute hardness, 11 149]: 



where E = E(N,Z) = energy, 
N = number of electrons, 
Z = atomic number of the donor or acceptor atom, 
11 = chemical potential, 
X = -11 = Y2(l - A) = electronegativity, 
I = ionization potentiai, 
A = electron affinity. 
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(2.4) 

Qualitatively, chemical hardness can be expressed as the resistance of the chemical 

potential to change in the number of electrons. Hardness is one-half of the energy change 

for the disproportionation reaction: 

2 S ~ S+ + S·. (2.5) 

It can then be shown for a reaction 

A +:B ~ A:B, (2.6) 

that differences in electronegativity (chemical potential) drive the electron transfer, while 

the sum of absolute hardness parameters inhibits electron transfer. If both A and Bare 

soft, (11A + 11n) is a small number, and the change in energy due to charge transfer 

(essentially covalent bond formation) is large and stabilizing. Nalewajski resolved the so-

called "hard-hard paradox" of this approach [53], by extending the HSAB model to 

account for the stability of hard-hard interactions in terms of ionic-bond formation. 

2.3 Organophosphorus Solvent Extraction Reagents 

2.3.1 Introduction 

Phosphine (PH) was discovered as early as 1783, hut until American Cyanamid Co. 

began work in 1955, very little research had concentrated on replacing one or more of the 
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phosphorus-hydrogen bonds with a phosphorus-carbon bond. Rickelton and Boyle [13] 

presented an interesting review of the development of organophosphorus chemicals and 

their commercial and potential applications. Today, a wide range of industrial chemicals 

exists, with usage in pharmaceuticals, phase-transfer catalysts, flame retardants, fertilizers, 

and flotation reagents, as well as in solvent extraction systems [54]. Utilization of these 

extractants ranges from purely laboratory procedures. such as analysis and separation of 

radioactive tracers, to large-scale processes, including the recovery of uranium from leach 

liquors, and the isolation of transplutonides and fission products from highly radioactive 

wastes. 

An enormous body of research on the solvent extraction of transition-metal ions by 

various acidic organophosphates exists. Kolarfk [55] undertook an extensive review of 

the published literature up to 1978, and compiled a critically evaluated list of equilibrium 

constants for acidic organophosphorus compounds. These compounds may be classified 

into three structural groups: phosphoric-, phosphonic- and phosphinic-acid derivatives, as 

shown below: 

RO", ~O 
P 

./ '-, 

R'O OH 

phosphoric phosphonic 

R" ~O p/ 
./ " R' OH 

phosphinic 

where the Rand R' groups are usually branched alkyl or aryl hydrocarbon chains 

containing 8 to 10 carbon atoms in order to minimize solubility in the aqueous phase. 

The P(O)OH group is common to all members of this class of extractants, a fundamental 

property of which is the negligible tendency toward the formation of intramolecular 
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hydrogen bonds, and a marked tendency toward the formation of intermolecular hydrogen 

bonding [56]. Because of the presence of both electron-donor and -acceptor atoms in the 

P(O)OH group, it is typical of all acidic organophosphates to undergo specific interactions 

such as self-association and molecular complex formation with the diluent or other 

solutes. Knowledge of the mechanism of these interactions may enable efficient 

separations of closely related metals to be carried out by synergistic enhancements of 

extraction or by diluent modification. 

2.3.2 Extraction equilibria in organophosphorus systems 

2.3.2.1 Extractant equilibria 

The overall equilibrium of the distribution of an organophosphorus extractant between 

the aqueous and organic phases involves several individual equilibria, given by the 

following equations, and characterized by the associated equilibrium constants r56]: 

HA '" H++A acid dissociation constant Ka (2.7) 

qHA ... (HA)q aqueous-phase association constant Kq (2.8) 

aHA + b A '" H"A~~+b) K",11 (2.9) 

pHA '" (HA)" organic-phase (self-) association constant K" (2.10) 

HA '" HA extractant partition coefficient K_x (2.11) 

a HA+ b B '" aHA-bB K".b (2.12) 

where HA represents the acidic extractant, and B represents a second organic-phase 

component (if present). 

The most common method of studying these equilibria is the direct measurement of 
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the distribution coefficient, D, the ratio of the total concentration of extractant in the 

organic phase to that in the aqueous phase. This parameter takes into account only total 

concentrations in each phase, and does not consider the different forms in which the 

extractant may exist. 

C 
D= = 

[HA] + ~l P [(HA)p] + ~l ~l a [aHA·bB] 
(2.13) 

C [HA] + [A] + ~l q [(HA)q] + ~l ~l (a+b) [Ha~~+b)] 

In general, the last two terms in the denominator represent a negligible contribution 

to the aqueous-phase extractant concentration; if a second component in the organic 

phase is omitted, the last term of the numerator may also be neglected. By making the 

substitution: 

<p = + 1, (2.14) 

D may be expressed in terms of the aqueous-phase concentration of the organophosphate: 

D<p 
L P K KP C p

-
1 

1'=1 P e.l 

= Ke:r: + (2_15) 
<p"-1 

If HA exists primarily in dimeric form (p = 2), then the shape of the curve log D<p vs_ log 

(C/<p ) is uniquely determined, and Kex and K2 are readily computed. Kolarik [56J 

reported extensively on traditional methods of solving the problem from a practical point 

of view. A modern approach to the computation of extraction constants has recently been 

presented by Ke-an et al. [57], in which the aqueous-phase extractant concentration, C, 

is measured by inductively coupled plasma-atomic emission spectroscopy using the 2 I 3.6 

nm phosphorus emission line. The details of this method arc presented in Appendix A. 
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2.3.2.2 Metal-extractant equilibria 

In a similar manner, the extraction of the metal ion may be represented by a 

sequence of extraction equilibria [3]: 

MII++ A- ~ MA(n-l)+ stepwise formation constant KJ (2.16a) 

MA(II-l)+ + A ~ MA~'-2)+ K2 (2.16b) 

MA(II-2)+ + A ~ MNII-3)+ 3 K3 (2.l6c) 

MA(n-k+2)+ + A 
(k-2) ~ 

MA(,,-k+l)+ 
(k-l) Kk_J (2.16d) 

MA(II-k+l)+ + A 
(k-l) 

~ MA~'-k)+ Kk (2.l6e) 

for which the overall formation constant, ~k' for the mononuclear complex MA~'·k)+ is: 
k 

~k = K\K2····Kk.\Kk = 1] Kj • (2.17) 

Another eqUilibrium includes the partitioning of the complex between the two phases: 

partition constant (2.18) 

Metal complexation in the aqueous phase, such as hydrolysis or interaction with an 

anionic component, X, may also occur: 

(2.19) 

(2.20) 

It is generally assumed that the only organic-phase metal species is the fully 

cornplexed MAli" The distribution coefficient may then be written as: 

[MA~'·k)+ ] 

D = (2.21) 

This expression is readily simplified by making the following assumptions, based on the 
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requirements for a practical operating system [3]: 

(i) the concentration of extractable metal species in the raffinate is negligible; 

(ii) the pH is sufficiently low to prevent hydrolysis; 

(iii) ion association does not occur; 

(iv) adduct formation between metal complexes and undissociated extractant, diluent 

or modifier does not occur; and, 

(v) concentrations of intermediate metal complex species (Equation (2.16» are 

negligible. 

Equation (2.21) may then be written as: 

(2.22) 

or, by combining the constants: 

log D = log K + 11 log [HA] + 11 pH. (2.23) 

It is now readily appreciated that the extraction of metal ions in these systems is primarily 

affected by the organic-phase extractant concentration and the pH of the aqueous phase. 

Metal extraction is independent of the total metal ion concentration. This equation also 

shows that D depends proportionally on the stability of the metal complexes (Pk)' the 

distribution of the extractable metal species between the two phases, and the ionization 

of the extractant, and is inversely proportional to the solubility of the extractant in the 

aqueous phase l
. 

I This latter condition is somewhat controversial, sincc thc nccessity for the cxtractant to partition hetwccn 
the two phases suggests that the metal complex is fonned in a homogcncous aqucous-phase prnccss, and 
then transfers to the organic phasc, as illustrated in Eyuations (2.16a-e). Thc altcmativc is a hcterogeneous 
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Defining pHso as the pH at which 50% metal extraction occurs, D = I for a phase 

ratio of unity, since the organic and aqueous phases contain equal concentrations of the 

metal. Equation (2.23) then reduces to: 

pHso = -lin log K - log [HAl. (2.24) 

Since from Equation (2.22): 

K = (2.25) 
K" ex 

the following conclusions may be drawn: 

(i) the more easily ionized the extractant (the lower the pKa)' the lower will be the 

pHso value for a given metal extraction; 

(ii) the greater the stability constant, Pk' of the extracted metal complex, the lower 

the pH50 value; 

(iii) the higher the concentration of the extractant, the lower the pH50 value. 

2.3.3 Self-association in organophosphorus extractants 

It ha~ been well established that monoacidic organophosphorus compounds exist as 

dimers, due to intermolecular hydrogen bonding through the phosphoryl oxygen [3, 58-

66]. The most frequent explanation for the formation of dimers, as compared with 

possible higher degrees of polymerization, is the energetic stability of the R-membered 

reaction occurring at the interfacc of Ule two phascs, Ule hydrophobic portion of UlC cxtractant moleculc 
positioned towards the organic phase, and UlC hydrophilic (ionic) end protruding into UlC aqucous phasc for 
metal complexation to occur. The unchargcd complcx fonncd is tllcn solublc in UlC organic phasc. This 
mechanism of the metal-ion extraction rcmains highly dcbatcd and has bccn thc subject of many 
invcstigations. It is, howevcr, not discusscd further in this work. 
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ring thus formed. The accepted structure is: 

R, /'O-H ..... O~ /,R' 
P, P, 

/' '" /' , 
R' O ..... H-O R 

This structure has been confirmed in the solid state for di-f-butylphosphinic [66] and 

dibenzylphosphoric [67] acids using x-ray diffraction analysis. In infrared spectra of these 

compounds, two different types of hydrogen bonding are observed, due to the symmetric 

-
and asymmetric positions of the proton in the O-H-O linkage. In the former compound, 

the P-O bond lengths were found to be 15.20 and 15.21 nm, respectively-values 

intermediate between those usually obtained for P-O and P=O bonds. 

This self-association of oiganophosphorus acids is maintained when metal 

complexation occurs. In fact, many metal complexes undergo polymerization, with the 

extent of association dependent on both the metal concentration and the temperature [68-

74]. This polymerization is rellected as a change in organic-phase viscosity with 

increased metal loading. 

2.3.4 Commercial applications of organophosphorus extractants 

Historically, uranium has been one of the most economically significant metals 

recovered by solvent extraction. Today, most plants recover uranium in anionic form 

using protonated tertiary amine extractants; recovery of a cationic species by D2EHPA 

or refining of uranium concentrate by recovery of a neutral complex with TBP were. 

however, carried out on a large scale until the end of the last decade. Uranium in sulfate 
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or chloride solutions produced by the leaching of ores can be recovered by complexation 

with D2EHPA at pH 1 according to the reaction: 

uo~+ + 2 (HA)2 (2.26) 

where (HA)2 represents the dimerized form of the extractant. The ability of D2EHPA to 

extract uranium is often enhanced by adding a neutral organic ester of a phosphorus 

oxyacid as a synergistic reagent. The synergistic effect increases in the order (ROhP=O 

< R(ROhP=O < R2(RO)P=0, the order of increasing basicity of the phosphoryl oxygen. 

Feed solution for the uranium refining process to make a nuclear-grade product is 

prepared by dissolving uranium concentrates in nitric acid to yield a liquor containing 350 

to 400 g 1-1 U30 8• TBP is used to extract the uranium, predominantly as the anhydrous 

neutral complex U02(N03)f2TBP, by a solvation mechanism. Uranium(VI) may also be 

extracted by TBP as the thiocyanate species. 

Particular commercial success has also been achieved with respect to the SX 

separation of cobalt and nickel in weakly acidic sulfate media. Early work concentrated 

extensively on the use of D2EHP A, resulting in anum ber of patents and the commercial 

implementation of several processes employing this extractant [75, 76]. There have been 

many investigations of the selectivity, extraction stoichiometry, and structures of different 

organometallic complexes with D2EHPA [67-69, 71-73, 77-RO]. Ritcey et aI, [75] 

reported the selectivity order as a function of pH to be: Fe3
+ > Zn2

+ > Cu2
+ > C02

+ > Ni2
+ 

> Mn2+ > Mg2+ > Ca2+, The subsequcnt developmcnt of phosphonic- and phosphinic-acid 

extractants, in particular 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester (marketed 
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as PC-88A2 and SME 4183
) [76, 81, 82], and bis(2,4,4-trimethylpentyl)phosphinic acid 

(commercially available as Cyanex 272 from American Cyanamid Co.) [83], led to 

dramatic improvements in cobalt-nickel separation factors in the order: phosphoric < 

phosphonic < phosphinic acid. Excellent comparisons of the extmction characieristics of 

these reagents for cobalt and nickel have been documented by Preston [84, 85], Danesi 

et al. [86], and Yuan et al. [87]. 

The two main features controlling the different extractive behaviors of Co(ll) and 

Ni(II) with the organophosphorus reagents were found to be the different degrees of 

hydration of the extracted complexes and their different coordination geometries. Nickel 

complexes are generally more hydrophilic because several water molecules of the 

hexaaqua Ni(II) cation are retained in the structure; no water molecules were associated 

with the more extractable Co(II) complexes. Steric hindrance effects, introduced by 

branchings on the alkyl chains, also greatly reduce the extractability of Ni(II) since it 

forms octahedral complexes in the organic phase, while the extraction of Co(ll), which 

forms tetrahedral complexes, is less int1uenced by the structural variations of the 

extractants. The reduced stability of the nickel complexes increases when branching 

occurs close to the coordinating phosphoryl group. The differences in extraction 

characteristics of the phosphoric, phosphonic and phosphinic acids were ascribed primarily 

to the associated pKa values; however, steric effects arc also important. Removal of an 

alkoxy oxygen shortens the distance between the branched alkyl chains and the 

:! PC-88A is a trademark of Daihachi Chemical Co., Japan. 

3 SME 418 is a trademark of Shell Chemicals, The Netherlanus. 
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phosphoryl group; again, the effect is more significant for octahedrally coordinated nickel 

complexes. 

2.4 Sulfur-containing Organophosphorus Solvent Extraction Reagents 

2.4.1 Introduction 

Sulfur-containing organic compounds have widespread use in metallurgical processing 

as flotation reagents, exhibiting high specificity and selectivity for many minerals [88, 

89]. To date, however, no commercial use for sulfur-cont~ining extractants has been 

realized. 

The substitution of sulfur in organophosphorus acids gives different properties to the 

extractant molecules, as predicted by the HSAB principle [11]. The donor atoms of the 

most common bases have electronegativities increasing in the order: S < Br < N < Cl < 

o < F. Sulfur is therefore expected to be a strong extractant for soft metal ions, such as 

Ag(l), Hg(II), Cu(I), Au(I) and platinum-group metals. Hard Lewis acids, such as AI(IIl), 

Co(III), Fe(III) and Mg(II), form more stable complexes with more electronegative donor 

atoms (hard bases). 

Much work is reported on extractants that possess sulfur in the form of neutral 

compounds, such as dialkylsulfides and -disulfides, and sulfur-containing carboxylic acids 

[90-95]. Significant results have also been achieved using macrocyciic ligands such as 

pyridine derivatives and thiosubstituted crown ethers [96-98]. This literature review, 

however, concentrates on sulfur-containing organophosphorus exlractants. 



55 

2.4.2 Analytical and potential hydrometallurgical applications 

Although organophosphorus compounds containing the phosphoryl group (P=O) have 

been widely used as analytical extractants since the 1940s, it was only in the 1960s that 

studies on the corresponding sulfur analogs were initiated. Much of the early work on 

metal extraction by sulfur-substituted organophosphorus reagents for analytical 

applications was carried out by Handley and coworkers [99-104]. An excellent review 

of separations by organic compounds containing P=S and P(S)SH functional groups has 

been prepared by Handley [105]. 

Solvent extraction of several soft acids by various thiosubstituted organophosphoric 

acids has been widely studied, with particular regard to potential analytical applications; 

less work has been carried out on phosphonic- and phosphinic-acid reagents. 

Handley and Dean investigated the extraction of several metals from H2S04 and HCl 

by trialkylthiophosphates [99], a dialkylthiophosphoric acid [I () 1], and Jialkyldithio

phosphoric acids [100]. They found the extraction of silver(1) nitrate and mercury(1I) 

from nitric acid by tri-n-butylthiophosphate and LriisoocLylthiophosphate to be highly 

selective, achieving quantitative extraction at acid concentrations up to 6 M [99]. The 

extracted species were postulated to be 1: 1 neutral ion-association complexes, with 

bonding through the P=S group of the extractant. Tri-n-butylphosphine sulfide and tri-l1-

octylphosphine sulfide also selectively extract Ag(I), Hg(U) and Pd(U) r WO, IOI J. 

Several workers [100-106] have investigated the extraction of various metal ions from 

H2S04 , HCl and HN03 by di-n-butylthiophosphoric acid and -dithiophosphoric acid, and 

measured large distribution coefficients. The displacement series for the monothio 
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extractant is: Pd2+ > Au3+ > Cu+ > Hg2+ > Ag+ > Cu2+ > Be+ > Pb2+ > Cd2+ > In3+ > Zn2+. 

A similar order of extraction was determined for the dithio extractants. In addition, Sb3+ 

placed between Cu2+ and Bi3+, and Ni2+ just prior to Zn2+ in the series. 

Uranium(VI) and rhenium extraction by dibutyl- and di(2-ethylhexyl)dithiophos

phoric acids [107, 108], and the extraction of Hg(lI) by thiophosphorus reagents [109] 

have also been reported. The order of extractability of lanthanide ions (hard Lewis acids) 

by organophosphorus and -thiophosphorus compounds is [110]: R2P(O)OH > 

(ROhP(O)OH > (RO)2P(S)OH » (RO)2P(S)SH. 

In the late 1970s, the sulfur-substituted analog of D2EHPA, di(2-ethylhexyl)

dithiophosphoric acid (D2EHDTPA) became aVrlilable from Daihachi Chemical Co. 

Substitution of the two free oxygens of the phosphoric acid by sulfur increased the acidity 

of the extractant significantly, and selected base metal ions could be extracted 

quantitatively from concentrated (up to 10 M) sulfuric acid [Ill]. The kinetics of 

extraction were, however, rather slow, thereby limiting the usefulness of this extractant 

[112-115]. Kholkin et a/. [116] studied the extractions of Ni(II), CoOl) and Cu(ll) by this 

reagent. Nickel forms a square planar complex according to the reaction: 

(2.27) 

The labile coba1t(II) complex initially formed was rapidly transformed into the inert 

cobaIt(II1) complex in the presence or oxygen: 

(2.2R) 

In the presence of excess pxtractant, however, this complex was reduced back to the 

Co(ll) form on standing for a few hours: 
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(2.29) 

where A2 represents the disulfide derivative of the extractant. Similarly, copper(1I) 

formed extremely stable complexes with the extractant at pH values below O. Efficient 

stripping of these complexes with ammonia was claimed. 

Levin et al. [117] studied the application of this reagent to the extraction of metals 

in the copper, zinc, gallium, germanium, arsenic and iron subgroups. The extraction 

reaction was given as: 

(2.30) 

Based on the relative stability constants of the complexes formed, a method was proposed 

for the separation of indium from tin and arsenic. 

The extraction of platinum-group metals by diphenyldithiophosphinic acid has been 

reported by Kabanova and Usova [118]. The equilibria and kinetics of the extraction of 

cadmium from phosphoric acid by dialkyldithiophosphinic acids have been studied in 

some detail [119, 120]. 

During the last decade, interest has focussed on the implementation of these reagents 

in metallurgical processing. Cote and Bauer [43, 121] in 1986 and 1989 reviewed the 

extraction of non-ferrous metals by thiophosphorus extractants from this point of view. 

A long-term project has been carried out in France investigating the extraction of first-row 

transition metal ions by acidic organothiophosphorus compounds. It is believed that such 

extractants hold promise for the extraction of nickel and cobalt from acidic sulfate 

solutions produced by the leaching of low-grade oxide orcs, such as the laterites of New 

Caledonia [112-115]. Di(2-ethylhexyl)dithiophosphoric acid gave high extractions of 
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Ni(II) and Co(ll) at low pH, with selectivity from AI(III), Cr(lll), Mn(lI) and Mg(II), but 

with interference from Zn(II) and Cu(II). The presence of copper was particularly 

troublesome because it is not readily stripped. Copper also causes oxidation/reduction 

phenomena to occur, resulting in the formation of the Cu(l) complex and the disulfide, 

(ROhP(S)S-S(S)P(ORh. It was also demonstrated that Co (II) is readily oxidized by 

atmospheric oxygen to Co(III), forming a highly stable complex which is impossible to 

strip. Both Co(III) and Fe(III) are also capable of oxidizing the extractant to a disulfide. 

It has, however, recently been shown that mixtures of monothiophosphoric acids and 

oximes show synergistic effects for the extraction of Ni and Co [122]. The presence of 

an oxygen donor atom prevents the oxidation of Co(ll) to Co(III), and such mixtures are 

very readily stripped. Similar observations have been reported by Kholkin er (II. [116] 

and Jin-wang et al. [123]. Such systems show considerable promise for potential 

metallurgical applications. Cote and Bauer concluded that monothio- and 

dithiodialkylphosphoric acids are potentially useful for the recovery of borderline soft 

metal cations. such as Co(ll) and Ni(II) from sulfate media at low pH, Cd(I1) from sulfate 

or chloride media, and for some rare-earth operations. Neutral thiophosphorus extractants 

are attractive reagents for hydrometallurgical separations of Ag(l) and Pd(!I). 

2.4.3 General extraction properties of acidic thiophosphorus reagents 

It is generally recognized that the solvating power of extractants containing the 

phosphoryl group is due to the shift in ionic character from a p=o to P+ -() configuration. 

Similarly, the extraclion ability of sulfur-containing compounds depends partly on the 
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shift from a P=S to P+-S· configuration. The Pauling electronegativity difference between 

P and Q is 1.4; between P and S, it is 0.4 [124]. This translates into an ionic character 

of about 80% for the P=Q bond in the absence of electrophilic substituents; the 

corresponding ionic character of the P=S bond is only about 8% [lOS]. The ability to 

influence the extent of ionic character by changing the nature of the substituents is 

therefore far more significant for the P=S bond than for the P=Q bond. Many 

investigations have shown that P(S) bonds have, at most, an extremely small 11: 

component; it is therefore more accurate to represent the bond in a Lewi3 dot structure 

as P-~:, rather than as a conventional double bond. 

The general reaction for the extraction of a metal cation by mono- or dithio

organophosphorus acids may be written [121]: 

M"+ + (m+n)/p (HA)" +% MAII(HA)III + 11 H+. (2.31) 

In the absence of an oxygen or nitrogen donor additive. the extraction of most metal ions 

by dithiophosphoric or -phosphinic acids is characterized by the formation of metal 

complexes of the general formula MAli' where n is the valence of the extracted metal 

species. In general, the complexes do not contain the molecular form (HA) of the ligand. 

This observation is consistent with the fact that the dithio acids are monomeric in 

solution, in contrast to their analogs containing one or more oxygen atoms (see Section 

2.3.3). From a structural point of view, the dithio compounds therefore behave as 

chelating ligands in monomeric MAli complexes, but as both chelating and bridging 

ligands in polymeric complexes. 

Because of the similarities in the acid properties of the sulfur and oxygen acids of 



60 

phosphorus, the dialkylthiophosphinic acids exhibit structural tautomerism, as shown by 

Equation (2.32). Equilibrium does not favor either isomer [106]. 

(2.32) 

thiono thiol 

Baldwin and Higgins [106] carried out infrared studies on di-n-butylthiophosphoric acid. 

In carbon tetrachloride solvent, 90% of the acid was found to exist in the thiono form. 

On complexation with silver, however, the thiol form predominated, indicating a shift of 

the equilibrium and transfer of the reaction center. 

Infrared spectra of various phosphinic acids and their metal com plexes have also been 

determined. Anions of the type R2PSi and R2POi exhibit C2V symmetry, while R2PSO- has 

Cs symmetry [125-128]. 

The ligand field parameters of the (C2HshP(S)S- ion have been deduced from the 

spectra of the octahedral complexes of Cr(IIl), Rh(III) and Ir(III) by Kuchel1 and Hertel 

[125]. Cavell et af. [128] determined parameters for V(lII), Cr(IJI), Mn(II), Fe(II), 

Co(III), and Co(Il) in octahedral and tetrahedral coordination with variolls dithiophos-

phinates. These analyses give values of Ll (10 Dq) from 4700 to 25 000 em-I-relatively 

low ligand-field strengths. The position in the spectrochemical series reported in the 

the spectrochemical order of the ligands according to X was generally: F - OC2HS > CH3 

- C6Hs - CF3, with the 1t interaction between the substituent lone pair and the P-S {/rr 
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system apparently dominating the inductive effect of the substituent. 

2.4.4 Molecular structures of the metal complexes 

Identification of the extracted metal complexes in solvent extraction systems is 

usually carried out by a mass-action analysis of the distribution data. Such a treatment 

only provides information on the stoichiometry of the complexes. i.e., the values of the 

param~ters n, m, p and q of the general formula [MA.t(HA)IIIBpJq. A number of authors 

have, however, specifically investigated the crystal and molecular structures of 

dithiophosphate and dithiophosphinate complexes of metal ions. This section reviews 

some results from both approaches. 

A range of solid organometallic complexes of dialkylthio- and dithiophosphinic acids 

has been prepared and characterized by crystal structure determination [125, 12Y-145]. 

In all studies, it was deduced from the strongly covalent behavior of the compkxes that 

both donor atoms are involved in bonding and that they may be formulated as chelates 

of the form [125]: 

where X, Y = 0, S, Se, Te, 
11 = 1, 2, 3. 

The R2P(S)S· ions were found to behave as strongly reducing ligands. and therefore not 

well suited to the stabilization of higher oxidation states. Of the transition metals of 
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interest in this work, bis( diethyldithiophosphinato )cobalt(II) was found to exhibit 

tetrahedral symmetry, the corresponding nickel(II) complex was planar, while Cu(II) 

formed oligomeric complexes of the form [R2P(S)SCu]n' where n = 2 or 4. The structures 

[103] proposed the formation of the zinc complex [(RO)2PSShZn on reaction with di-n-

butyldithiophosphoric acid. Handley [101] proposed a similar structure for the 

corresponding monothio complex, [(RO)2PSO]zZn. Calligaris et al. [129] proposed 

similar structures for zinc(II) and cobalt(II) phosphinothionates, Zn(R2PSO}z, where R = 

Et, n-Bu, or Ph. Lawton and Kokotailo [130] found that the zinc(II) and cadmium(II) 

complexes with O,O-diisopropylphosphorodithioate were binuclear, having the structures 

Mz[U-C3H70)2PS2L, with each metal atom coordinated to four sulfur atoms in a distorted 

tetrahedral arrangement. Cavell et al. [128] characterized a number of complexes of the 

oeneral formula M[S PR 1 where M = Fe3+ Co3+ Mn2+ Fe2+ C()2+ Zn2+ Cd2+ and Ho2+ 
b 2 2Jn' "".", '=' ' 

R = CF3, CH 3, C6H5, OC2H5, and F, and n corresponds to the valence of the metal ion. 

It was found that trivalent complexes were monomeric and six-coordinated, whereas the 

divalent complexes were both monomeric and polymeric. Kuchen and Hertel r 125] 

postulated the formation of the complexes R2PS2Ag from the reaction of Ag+ ions with 

various dialkyldithiophosphinic acids, in which the silver is coordinated in a 4-membered 

ring through both sulfur atoms, thereby satisfying the preferred two-coordination of silver. 

Silver was also associated with two extractant molecules for the complex with the 

thiophosphinic-acid reagent, but more highly associated with the dilhio reagenl. 

Many of the bond angles and bond lengths determined in these studies were used to 
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Figure 2.1 Crystal structures of (a) [Ni(C3HgPS2)2], and (b) [Zn2{ (n-C3H7)2PS2}2]' 
Adapted from [121]. 
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provide input data for the computational chemistry calculations (see Section 3.5 and 

Appendix B). In general, NiA2 are square planar, CoA2, FeA2, MnA2 and ZnA2 

complexes are tetrahedral, and CoA3 and FeA3 are octahedral. 

Depending on the nature of the R-group, polymers and oligomers may also form, in 

which the metal is coordinated either linearly or tetrahedrally by sulfur. Polymeric 

complexes of the form: 

. t S S j -, / , 
P - (CH2) - P M /1 n, / 

S S 
R x 

M = Ni, Co, 
R = C6H5, cyclohexyl, 
n = 4,5. 

have also been isolated and characterized. Several thiophosphinic acids, and particularly 

their zinc and cadmium complexes, have been found to exhibit concentration-dependent 

association. The reaction is thought to involve the formation of ligand bridges: 

y 
/ , 

M, / PRz 
X 

n-l 

(2.33) 

This behavior was most common where X = S, Y = 0, and has been observed for M = 

Co (II), Zn(II), Cu(II) and Cd(ll). 

The nature of the donor atoms is important in association. The degree of association 
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> R2P(Se)Se". The dependence of the degree of association on the size of the donor atom 

and on the radius and hybridization state of the metal suggests that the association is 

mainly due to steric factors, where 4-membered chelate rings are replaced by less-strained 

ligand bridges; strain in the ring increases with decreasing radii of the donor atoms. 

2.4.5 Quantitative structure-activity relationships 

The steric and hydrophobic effects of substituents in extraction of a series of metal 

complexes with dialkyldithiophosphoric acids have recently been investigated [146]. The 

main conclusion of this study is that the formation constant of the metal complex, Pk 

(Equation (2.17», and the acid dissociation constant of the extractant, K(l (Equation (2.7», 

can be directly correlated with the steric and hydrophobic effects of substituents on the 

phosphorus atom. Since it is usually accepted that the inductive effect of alkyl groups 

is constant, it is assumed that changing the alkyl group should not significantly affect the 

energy of the metal-ligand bond; it may therefore be concluded that differences are 

primarily due to steric effects. The influence is also largely associated with solvent 

effects. An increase in anion size, as tile size of the alkyl group close to the donor atoms 

increases, leads to destruction of the water structure and results in an increase in solvation 

free energy. There is therefore an increase in stability constants with an increase in alkyl 

group size, essentially independent of the nature of the metal ion. 

Such correlations between the properties of the extractants and their structures allow 

a quantitative approach to the choice of proper reagents and an estimation of optimum 

conditions for the separation of different metal ions [ 1211. 
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2.5 Cyanex 272, Cyanex 302, and Cyan ex 301 

2.5.1 Cyanex 272 

Cyanex 272 was designed as a selective extractant for the separation of cobalt from 

nickeliferous solutions and is now used commercially for this purpose in four industrial 

plants [13]. To date, several fundamental studies of the extraction of cobalt and nickel 

using Cyanex 272 have been published. There is substantial agreement on the nature of 

these extracted metal species with respect to coordination stoichiometry and geometry 

under various operating conditions [84, 147-151]. At low metal loadings, cobalt exists 

as Co(HA2h, and nickel as Ni(HA2MHA)2' where (HA)2 rcprescnts the extractant dimer 

[84, 148]. These species have also been equivalcntly represcl1led as CoA2(HAh and 

NiA2"2(HAh, where dimerization of the extractant in the metal complex is not explicitly 

shown. The extraction reactions are: 

Co2+ + 2 (HA)?.,. Co(HA,), + 2 H+, - - - (2.34) 

(2.35) 

Preston [84] postulated the nickel complex Ni(HA2MHA).j at highcr metal loadings. On 

the other hand, it has been shown that at low extractant conce!1trations, watcr remains 

coordinated in the inner sphere. Thc nickel complex may thereforc be rcpresented by the 

Orive et al. [152] have developed a 1l0wshcet for treating sulfuric acid solutions. rich 

in Ni(II), Co(Il) and AI(III), which result from the leaching of spent alumina-based 

catalysts from dchydrodesulfuration processes. Cyanex 272 was shown to effectively 

separate these three metals as a function of pH in a two-step process. Aluminum, cobalt 
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and nickel sulfate solutions containing less than 0.1 % impurities were obtained, from 

which the metals could then be recovered using conventional means. 

Mass-transfer studies of cobalt and nickel extraction by Cyanex 272, carried out by 

Fu and Golding [149] and Dreisinger and Cooper [150], have shown that, as observed 

for phosphoric-acid systems (Section 2.3), the extraction kinetics are affected by changes 

in the viscosity of the organic phase as the loading increases. They also reported that the 

extent of pre-equilibration of the organic phase prior to extraction greatly affected mass

transfer rates. It appears that both cobalt and nickel extraction are favored by the basic 

(sodium) form of the extractant, rather than from the acid form. This observation has 

particularly beneficial implications for commercial operations, in which the extractants 

are typically pre-equilibrated with either sodium hydroxide or ammonia. 

Sodium extraction from sulfate solution by Cyanex 272 has been investigated by Fu 

et at. [153, 154] and by Sella and Bauer [155]. Fu et al. [153] showed that at low 

sodium loading, extraction took place via the formation of the tetramer NaA 3HA. At 

higher loadings, the metal/extractant ratio increased and extraction behavior was found 

to correspond to the formation of the complex NaAHA in the organic phase. Their 

research showed evidence of polymerization or aggregation of the extractant in the 

organic phase with increasing sodium concentration. At high sodium loading, this 

polymerization significantly affected the viscosity of the organic phase, and hcnce 

decreased mass-transfer rates for metal extraction [149]. A more dctailed study of this 

phenomenon has been carried out by Sella and Bauer l155 J, who demonstrated the 

existence of the organic species Na+HA; (or Na+A(HA)), Na+A, and (Na+A)p' where p 



68 

is about 13 for Cyanex 272. This work showed that under conditions where the sodium 

concentration in the aqueous phase exceeds the extractant concentration of the organic 

phase, the predominant organic species is (NaA)13' and the concentration of the dimeric 

acid, (HA)2' is negligibie. 

The extraction equilibria of ammonia in Cyanex 272 have been studied by Inoue et 

al. [156]. At concentrations up to 0.01 M ammonia, the formation of the extracted 

complex NH;·4HA was postulated; at higher ammonia concentrations, the results were 

interpreted by proposing the formation of the complex NH4A. As with sodium extraction, 

these authors also found an increase in organic-phase viscosity at higher ammonia 

loadings, with an associated increase in water uptake into the organic phase. This was 

taken into account by postulating that the organic complex consisted of micelles with 

water molecules trapped inside them. 

Cyanex 272 may also be used to extract other transition and lanthanide metals under 

appropriate conditions [157-169]. Sastre et al. [159, 160] investigated the extraction of 

cadmium, copper and zinc from nitrate solution by Cyanex 272. The general extraction 

reaction was given as: 

(2.36) 

The extracted copper complex was found to be CuA2(HAh. For cadmium and zinc, the 

formations of both CdA2(HA)2 and CdA2(HA)3' and ZnA2(HA) and ZnA2(HA)2 were 

postulated, the predominant species depending on the pH and on the extractant 

concentration. These authors gave no indication of the expected coordination geometry 

for their proposed complexes. 
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lron(III) extraction from nitrate solutions has been studied by Miralles et al. [169]. 

At low acidity, the reaction was found to proceed according to the ion-exchange reaction: 

(2.37) 

Extraction was controlled by a solvating mechanism at higher acidity: 

Fe3+ + 3 NO; + 3 HA.,. Fe(N03MHA)3. (2.38) 

This change in mechanism was explained by the fact that the nonionized form of the 

extractant predominates at lower pH values, thus favoring the extraction of solvated 

species. Structures of the extracted species were proposed, based on octahedral 

coordination of the ferric ion. Extraction efficiency from different media was found to 

follow the order: nitrate > chloride > sulfate, which is consistent with the observed 

stability of iron(III) complexes with these anions. 

Several studies concerning the use of Cyanex 272 for the extraction of indium and 

gallium have been documented [162-164]. Molybdenum [165, 166], chromium(III) [167], 

and iron [168] extractions from various matrices have also been reported. 

Freiser and coworkers [157, 158] studied Cyanex 272 for the extraction of trivalent 

lanthanides from chloride solution. The extraction of curopium(II) and europium(III) 

from chloride solution have been reported by Preston and du Preez [170, 171], and of 

neodymium and praseodymium by Inoue ef a!. [161]. The extraction stoichiometries 

proposed in these systems are: 

Ln3+ + 3 (HA)z .,. Ln(HAzh + 3 H+, 

Lnz+ + 3 (HA), .,. Ln(HA,),(HA), + 2 H+, - - - -

(2.39) 

(2.40) 

where Ln represents any lanthanide clement. As concerns actinide extraction. only the 
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recovery of uranium(VI) from groundwater, extracted as the UO~+ ion, by Cyanex 272 has 

been reported [172-174]. 

2.5.2 Cyanex 302 and Cyanex 301 

Cyanex 301 (bis(2,4,4-trimethylpentyl)dithiophos'phinic acid) was introduced as a 

developmental reagent by American Cyanamid Co. in 1985, for the selective extraction 

of low concentrations of zinc from low pH eft1uent streams containing calcium, such as 

those generated in the manufacture of rayon by the viscose process [13, 14]. Sulfate 

liquors of this type typically contain 1 g r1 Zn2
+ at pH 1 to 2; the objective is to recover 

zinc for recycle to the viscose (sulfuric) acid bath. The dithiosubstituted acid has an 

aqueous pKa of 2.6, and thus forms extremely stable metal complexes with soft Lewis 

acids. It is therefore difficult-to-impossible to strip the loaded metal without destruction 

of the extractant. Consequently, in 1988, Cyanex 302, the monothiosubstituted analog of 

Cyanex 301 and Cyanex 272, was made available. The intermediate acidity of this 

reagent (pKa 5.6) was expected to enable metal extraction at a much lower pH than 

Cyanex 272, but be more readily stripped than Cyanex 301. 

During initial testing of the thiophosphinic acids. it became apparent that these 

extractants also exhibited considerable potential for the extraction of cadmium from 

highly acidic solutions, such as wet phosphoric acid l175 j. Cadmium is a naturally 

occurring trace component of phosphate rock, from which phosphate fertilizers are 

manufactured. Due to the human and environmental toxicity of cadmium, many countries 

legislate a maximum cadmium concentration in these fertilizers. typically 50 to IO() mg 
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per tonne phosphorus. Rickelton [175] recently demonstrated that both Cyanex 301 and 

Cyanex 302 show promising results in treating this application, without many of the 

associated problems of current approaches. 

An unusual property of Cyanex 302 is its extraction selectivity for cobalt over 

manganese. A disadvantage of commercial cobalt-nickel separations by Cyanex 272 and 

similar reagents, is that impurities such as Mn2+, Cu2+ and Zn2+ need to be removed from 

the solutions first. Usually manganese is present in relatively small amounts, but in cases 

where it is a major solution component, its removal by conventional precipitation causes 

significant cobalt losses by coprecipitation. Such solutions may be re[l.dily treated using 

Cyanex 302 without prior removal of the manganese. 

In recent studies, the behaviors of Cyanex 301 and Cyanex 302 with respect to the 

extraction of several transition metals and metalloids have been examined. Because of 

the novelty of these reagents, much of the research of this dissertation has been 

simultaneously replicated in other laboratories around the world, with published data only 

recently becoming available in the open literature [176, 177]. 

Tait has reported the extraction of zinc, iron(II), iron (III), cobalt, copper, nickel, and 

manganese from sulfate solution by Cyan ex 302 and Cyan ex 301 and their binary 

extractant mixtures with Aliquat 336 in the acidity range from pH 10 to 8 M H2S0~ [178-

180]. Cyanex 301 was a more efficient extractant than Cyanex ~()2 and able to effect 

extraction at higher acidities. Since Cyanex 301 and Cyanex 302 are organic acids. they 

react readily with organic bases to form organic salts or binary extractants. Such 

extractants have the advantage of being able to coextract both the aqueous-phase cation 
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and anion. They can be used at lower pH and at higher temperatures than oxygenated 

extractants, and therefore exhibit enhanced kinetics. In combination with Aliquat 336, the 

extraction power of Cyanex 302 and Cyanex 301 was lowered, and in some cases could 

be suppressed appreciably. This observation is potentially useful in tailoring metal 

separations and affords greater control over the stripping process. 

In a comparison of the separation of cobalt and nickel from sulfate media by Cyanex 

272, Cyanex 302 and Cyanex 301, it was shown that cobalt selectivity is achieved with 

all three reagents [178, 179]. The separation efficiencies measured (pH~~ - pH~~) were 

1.1 for Cyanex 301, 1.7 for Cyanex 272, and 2.6 for Cyanex 302. The extractions were 

proposed to follow the equation: 

M2+ + 11 (HA)p" MAllpHllp,z + 2 H+. (2.41) 

Based on slope analysis, the extracted complexes proposed were: 

Cyanex 272: Co(HA2)z and Ni(HAzMH2A2)(H20), 

Cyanex 302: Co(HAzMH2A2)2 and Ni(HA2MH2A2)2 or Ni(HA2MHzA2MH20)2' 

Cyanex 30 I: CoAz and NiA2(HzO)z' 

A small-scale study employing an aqueous phase containing 2 g 1. 1 CoSO.j'7H20 and 100 

g }'l NiS0-t.6H20 showed that extremely good cobalt separation could be achieved using 

Cyanex 302 (separation factor = 126 at pH 6). 

Alguacil and coworkers [181, 182] have discussed the ZnSO~-Cyanex 302 

equilibrium system. In sulfate media [181], the suggested extraction reaction is: 

(2.42) 

based on the observation that one mole of sulfuric acid was liberated per mole of zinc 
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extracted. These authors also demonstrated that zinc extraction was slightly favored by 

using an aliphatic organic-phase diluent. Sulfuric acid (200 g 1-1) was an efficient 

stripping agent. In chloride media, the proposed extraction reaction is [182]: 

2 Zn2+ + (2+11) (HA)2 "" (ZnA2MHA)2 + 4 H+, (2.43) 

where some degree of association of the extractant is postulated: typically 11 = 1.5. 

Facon et ai. [183] have studied the extraction of antimony(III), bismuth(III), lead(IJ) 

and tin(IV) from hydrochloric acid solutions by Cyanex 301. All four metals were 

rapidly and efficiently extracted from aqueous phases containing up to 11 M HCI. The 

predominant aqueous-phase species for these metals are chiaro complexes; the extraction 

reaction may therefore be given by: 

MCl/"- i
)+ + 11 HA "" MAli + 11 H+ + i CL (2.44) 

The extracted species were identified as PbA2, SnCI 2A2, BiA3 and SbA3 from slope 

analysis. 

The recovery of indium(III) from mixed sulfuric-hydrochloric acid by Cyanex 301 

has been studied by Avila Rodriguez et af. [184], with particular attention to indium 

recovery from typical tlue-dust leaching solutions. It was found that In(III) is efficiently 

extracted by Cyanex 301 from both sulfuric and hydrochloric acid; extraction is, 

however, not at all selective with respect to As(III), Zn(II), Cu(II) ano Co(lI), which were 

the other major components of the leach solutions. The llowsheet proposed that As(III) 

and Cu(II) be removed from the solutions by cementation. while Fe(lIl) be simultaneously 

reduced to Fe (II) , which is not extracted by Cyanex 30 I under such acidic conditions. 

Only Zn(II) and Cd(II) then interfere with the indium extraction; these metals can be 
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separated by selective stripping. The extraction reaction for indium is: 

In3+ + 3 HA "" InA3 + 3 H+. (2.45) 

Potassium recovery from concentrated brines using Cyanex 301 impregnated on an 

immobilized resin has been reported by Belfer et al. [185]. 

Since many of these metal-extractant systems are studied in this work, further 

comparison and discussion of the results will be deferred until Chapter 5. 

2.5.3 Hydrolytic and thermal stability 

As discussed in Section 2.4.2, a commonly noted early problem with 

dialkyldithiophosphoric acids was their poor hydrolytic and thermal stability, some 

compounds exhibiting oxidation at temperatures as low as 35°C [100, 186, 187]. For 

example, the reduction potential of di-17-butyldithiophosphoric acid is +(147 V; in the 

presence of oxidizing agents such as HN03, H20" Br2, Fe(III), such compounds are 

readily oxidized to disulfides, (RO)P(S)-S-S-(S)P(ORh' 

Bode studied the decomposition of diethyldithiophosphoric acid in HCl and H2S04 

solutions [188-191], and reported the half-life at room temperature to be 250 h in 1 M 

HCI, but only 4.8 h in 10 M HC!. He noted that increasing the alkyl chain length 

decreases the aqueous-phase solubility and hence the tendency to hydrolyse. Cote and 

Bauer studied this effect in some detail, using reagents more suited to practical SX 

purposes [186]. Temperature was found to be the most important factor affecting 

decompOSition. They found that although bis(2-ethylhexyl)dithiophosphoric acid 

decomposed rapidly in 4 M HCl above 40°C. formation of the sodium salt stabilized the 
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reagent significantly against hydrolysis; when the nickel complex formed, the reagent 

was completely stable in acid media. Long-chain alkyl groups improved stability more 

than short chains, and alkyl groups were better than aryl groups. The decomposition 

products were identified as H2S gas, H3P04, 2-ethylhexanol, and the monothio analog of 

the starting material. Kuchen and Hertel [125] reported the formation of 

bis(diorganothiophosphoryl)sulfanes, R2P(S)-Sn-(S)PR2 (n = 1, 2, 3), on oxidation of 

dithiophosphinic acids. 

One of the attractive features claimed for the new dialkyldithiophosphinic acids is 

their considerable resistance to decomposition by hydrolysis, compared to their phosphoro 

analogs. Two informal studies of the hydrolytic stabilities of Cyanex 302 and Cyanex 

301 are documented in the literature [12, 181]. Researchers at American Cyanamid [12] 

contacted 100 g }"I Cyanex 301 in Exxsol D-804 with 300 g I-I H2S04 at 50°C for 470 

h; titrimetric analysis of the organic phase showed some degradation of the reagent 

occurring after 300 to 350 h. The observed degradation corresponds to an approximate 

plant residence time of 200 to 250 days. On contacting the organic phase with 75 g I-I 

HCl for 410 h, no extractant degradation was observed during the course of the 

experiment In a similar experiment, 160 g I-I Cyanex 302 was contacted with 300 g I-I 

H2S04 at 50°C for 640 h; gas chromatography of the organic phase showed no 

decomposition of the reagent. Caravaca and Alguacil [181] carried out experiments in 

which 5 and 10 v/o Cyanex 302 in kerosene were contacted with 200 g }"I H2S04 at 30 

°C for 500 h; no significant long-term stability problem was found. 

4 Exxsol D-80 is a trademark of Exxon Corp .. U.S.A. 
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2.6 Molecular Modelling 

2.6.1 Introduction 

The major challenges for modern computational chemistry are to characterize and 

predict the &lructure and stability of chemical systems, to estimate energy differences 

between different states, and to explain reaction pathways and mechanisms at the atomic 

level. Computational chemistry is a relatively new discipline, its development largely 

having paralleled improvements in computing power of the last few decades. The ease 

of access and speed of personal computers have made this field more accessible, and 

many computer programs which enable various types of calculations are now available 

[192]. A widely used earlier versions was a program called Alchemy;5 today, programs 

such as Biosym6 and HyperChem7 can be used to carry out sophisticated quantum 

mechanical calculations, provide enhanced graphical representations, and provide a basis 

from which experimental predictions may be made. Unfortunately, however, the 

widespread accessibility of these programs, has concurrently resulted in some poorly 

researched publications in this area, prepared with very little understanding of the 

underlying theory. The software tools for computational chemistry are often based on 

empirical information; it is therefore extremely important to carefully examine the 

database values, sources and use of extrapolated or interpolated values to ensure that these 

are truly representative of the system of interest [193]. The next section outlines some 

5 Alchemy is a trademark of Tripos Associates, U.S.A. 

6 Biosym is a trademark of BIOSYM Technologies, Inc., U.S.A. 

7 HyperChem is a trademark of Autodcsk, Inc., U.S.A. 
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basic theories underlying the approach used in this dissertation, with particular reference 

to the HyperChem software package. 

2.6.2 Theory and approach 

HyperChem can be used to carry out three types of calculations of potential energy 

surfaces [194]: 

(i) the single point calculation gives the static properties of a molecule, including 

the potential energy, electrostatic potential, molecular orbital energies, and the 

coefficients of molecular orbitals; 

(ii) geometry optimization determines the local potential energy minimum (most 

probable structure) of a molecule; and, 

(iii) molecular dynamics simulates the molecular behavior as a function of thermal 

energy, providing information on possible conformations, thermodynamic 

properties, and the dynamic behavior of molecules. 

These calculations use two types of empirical methods: molecular mechanics and 

semi-empirical quantum mechanics. Both methods rely on the Born-Oppenheimer 

approximation, in which the motions of electrons and nuclei are treated independently: 

. as a consequence or the much heavier mass of the nuclei, the electron distribution is 

assumed to be dependent only on the fixed positions or the nuclei and not on their 

velocities. 



2.6.2.1 Molecular mechanics 

Molecular mechanics force fields use the equations of classical mechanics to describe 

the potential energy surfaces and physical properties of molecules. Each molecule is 

described as a collection of atoms. whose interactions with each other are given by simple 

analytical functions; The general interaction system is known as a force field. For 

example, the potential energy, V, arising from the compression and stretching of a bond 

between two atoms is approximated as a harmonic oscillator and calculated using Hooke' s 

Law: 

V = Y2 Kr (I' - rY, (2.46) 

where Kr is the force constant, 
1'0 is the equilibrium separation of the atoms, 
l' is the distance between the atoms at any time. 

Similarly, interactions between atoms such as bond angles. torsion angles. van tiL'r Waa!' s 

and hydrogen bonding are taken into account using force field parameters. The potential 

energy of a molecular system is given by the sum of these contributions. In molecular 

mechanics, the absolute energy of a molecule has no intrinsic physical meaning since 

thermal motion is not considered; it is useful, however, for comparisons between 

molecules. Molecular mechanics does not treat electrons explicitly. These calculations 

are therefore unable to describe bond formation, bond breaking, or the electronic 

deiocalization or molecular orbital interactions that play a major role in determining 

geometry or properties. 



79 

2.6.2.2 Semi-empirical quantum-mechanical methods 

Nuclear motion is constrained by the interaction of nuclei and electrons: s~mi

empirical methods therefore consider the electronic potential energy as well as th~ nuckar 

potential energy discussed under molecular mechanical methods. Since the mass of an 

electron is so much lighter than those of nuclei, quantum mechanical methods are 

required. Various semi-empirical methods are available to calculate the electronic ~n~rgy 

by solving the Schrbdinger equation. 

These methods are attractive in that they require no information about the location 

or geometry of bonds in a molecular system. In addition, calculations of ekctronic 

charge and spin density functions, atomic charges, dipole moments, electrostatic pot~ntials 

and vibrational spectra are possible. The disadvantage or these methods at pr~s~nt is that 

approximate solutions to the Schrodinger equation are only available for sand p dectrons. 

Atoms containing d electrons are not simulated well, and significant approximations ar~ 

involved. This means that interpretation of transition-metal bonds must b~ treat~d 

cautiously. This asp~ct of the modelling is discussed further in Chapter 5. 

2.6.3 Previous studies of organic extractants 

Although many detailed publications concerned with molecular modelling of proteins. 

enzymes, nucleic acids and drug structures have app~ared, so far only one study has 

targeted organic extractants. Using the Alchemy program. Gatrone and Horwitz 11951 

determined the shapes and si!.~s of the structures of the minimum ~nergy conformations 

of several commercially available extractants. Space-filling models and Drl~iding 
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structures with indications of bond lengths were given. Among the extractants considered 

were Cyanex 272 and Cyanex 301. The calculated results presented for these extractants 

do not agree well with those determined in the present work, due mainly to the limitations 

of the algorithm and invalid lIser assumptions; this is discussed further in Chapters 4 and 

5. 



3.1 Reagents 

CHAPTER 3 

EXPERIMENTAL PROCEDURES 
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The extractants Cyanex 272, Cyanex 302, and Cyanex 301 were supplied by 

Cyanamid Canada, Inc., and were used without further purification. All other chemicals 

were of reagent-grade quality. Aqueous solutions were made up using distilled, deionized 

water of 18 MQ cm purity. 

The diluents were xylene (ACS grade, mixture of 0- and p-xylene) supplied by EM 

Science, hexane (ACS grade, mixture of aliphatic isomers) and chloroform (ACS grade) 

from Fisher Scientific, IES' (an ion exchange solvent comprising approximately 54% 

paraffins, 35% naphthenes and 11 % xylenes and Cg aromatics), and Escaid 1102 (a 

petroleum solvent containing approximately 99% CII to CIS saturated hydrocarbons and 

about 1 % CII aromatics) . 

3.2 Metal Distribution Equilibria 

3.2.1 Extraction experiments 

The equilibrium distribution of a particular metal cation between the organic and 

aqueous phases as a function of pH was det.ermined in a convenLional manner. Equal 

J IES is a trademark of Chevron U.S.A., Inc. 

~ Escaid 110 is a registered trademark of Exxon Co., U.S.A. 
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volumes (200 ml) of the two phases were contacted by rapid stirring, and the pH was 

adjusted by small additions of concentrated H2S04 or NaOH. The pH was measured with 

a calibrated glass combination electrode. The pH of the dispersion did not differ 

significa..11.tly from that of the stationary aqueous phase. Equilibiium was attained rapidly, 

usually 2 to 3 min, although a contact time of 15 min was typically allowed between each 

pH adjustment. Samples (5 ml) of each phase were then withdrawn, and the metal 

content of the aqueous phase determined. All experiments were carried out at room 

temperature (25 ± 1°C). Phase separation always occurred readily, making it unnecessary 

to add modifiers to enhance coalescence. 

Confirmation that the above experimental procedure did represent equilibrium 

conditions was ascertained by repeating several extraction experiments under batch 

conditions. In these cases, the pH of the aqueous phase was adjusted to an appropriate 

value prior to contact with the organic phase. Equal volumes (20 ml) of each phase were 

placed in 125 ml Erlenmeyer flasks and agitated for 1 h using a mechanical shaker bath. 

The phases were allowed to separate and analyzed for metal contenL. 

Initial aqueous phases contained 10-3 M of the metal cation, prepared from its sulfate 

salt. Unless otherwise noted, a constant ionic strength was maintained by the addition of 

0.5 M Na2S04 •
3 Metal concentrations in the aqueous phase were determined by atomic

absorption spectrophotometry (AAS) or inductively coupled plasma-atomic emission 

spectroscopy (lCP-AES). Since the volume changes of each phase were negligible, metal 

contents of the organic phase were determined by a mass balance. 

3 In the case of silver, all extractions were carried out in nitrate media. 
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The organic-phase concentrations quoted refer to moles per liter of the major 

extractant component, expressed in monomer units. The extractant concentrations were 

typically 0.1 M, although were varied from 0.01 to 1.0 M. Unless otherwise noted, the 

diluent was xylene. Before using the organic phase for extraction experiments, it was 

washed of water-soluble components and saturated with the aqueous phase by shaking for 

10 min with 0.5 M H2S04, using an aqueous:organic (A:O) phase ratio of 2. 

3.2.2 Stripping experiments 

Organic phases loaded with the metal of interest were prepared by contacting 10-3 

M metal in 0.5 M N~S04 with 0.1 M extractant in xylene (NO = I), by magnetic stirring 

for 30 min. The pH was adjusted using concentrated NaOH or H2S04 to ensure 

maximum extraction. The metal contents of the organic phase were determined by mass 

balance, following AAS analysis of the aqueous phase before and aftcr loading. 

Stripping experiments were carried out with H2S04 solutions in water, varying in 

concentration from 0.5 to 100 v/o. The loaded organic phases (10 ml) were contacted 

with the acid solutions (NO = 1) in a shaker bath for 1 h at 18°C. The phases werc then 

separated and the metal content of the aqueous phase determined by AAS. 

3.3 Long-term Stability Experiments 

3.3.1 Sulfuric acid experiments 

The aqueous phases contained 300 g 1-1 H2S04, while the organic phases contained 

10 vlo Cyanex 302 or Cyanex 301 diluted in Escaid 110. An equal volume (200 ml) of 
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each phase was contacted in a 500 ml flat-bottomed flask, and agitated by magnetic 

stirring. The apparatus was maintained at a constant temperature of 60°C in a waterbath. 

Condensers were attached above each flask to minimize solvent evaporation during the 

experiments. 

On a regular basis over a period of four months,S ml samples of the organic phase 

were removed for analysis; to maintain a phase ratio of unity, an equal volume of the 

aqueous phase was removed and discarded. After passing the organic-phase samples 

through phase-separating paper, the acid content was determined by potentiometric 

titration with 0.1 M NaOH in 75% aqueous propan-2-01. The organic phases were 

analyzed by gas chromatography and by infrared spectroscopy before and after the 

experiments to further detect the occurrence of extractant degradation or presence of any 

decomposition products. 

3.3.2 Nitric acid experiments 

These experiments were carried out in a batch manner. The aqueous phases 

contained HN03 ranging in concentration from 0.1 to 10 M, while the organic phases 

were 0.5 M Cyanex 302 or Cyanex 301 diluted in xylene. Equal volumes of each phase 

(10 ml) were contacted in 50 ml capped Erlenmeyer ilasks, and agitated at 25 DC for 1 

h in a mechanical shaker bath. The organic phases were then removed, filtered through 

phase-separating paper, and analyzed by infrared spectroscopy. 
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3.4 Analytical and Instrumental Methods 

3.4.1 Gas chromatography 

The purities of Cyanex 302 and Cyanex 301 were determined by gas 

chromatography (GC), using trioctylphosphine oxide (TOPO) (Aldrich, 99%) as an 

internal standard [12]. Prior to GC analysis, the acidic protons were methylated by 

reaction at 65°C for 1 h with N,N-dimethylformamide dimethyl acetal (Aldrich, 94%). 

Separation was achieved using a Supelco SPB-1 or similar fused-silica capillary column, 

and monitored on a Hewlett-Packard model 5880A instrument with a name-ionization 

detector (FID). The temperature was programmed to heat the column from 200 to 300 

°C at a rate of 0.25 °C S·l, and then maintain the column at 300°C for 300 s. The values 

of the relative response factors (RRF) of the FlO for R2PSOCH3 and R2PS2CH3 against 

TOPO were close to unity. 

Identification of the impurity species present in Cyanex 302 and Cyanex 30 I was 

carried out using a Hewlett-Packard model 5890 gas chromatograph and model 5970 

mass-spectrometric detector (GC-MS). Samples were prepared as for the GC-FID 

analyses. Each GC peak was scanned across the mass-spectral range from 30 to 550 

mass/charge (mlz) units. 

3.4.2 Phosphorus-31 nuclear magnetic resonance spectroscopy 

Phosphorus-31 nuclear magnetic resonance spectroscopy e1p-NMR) was carried out 

using a Bruker 250 MHz Fourier-Transform instrument, with proton decoupling enabled. 

H3P04 (85%) was lIsed as an external standard. Samples were prepared at concentrations 
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of 100 g r1 in CDCl3 or xylene and scanned across the range of chemical shifts from 0 

to 100 ppm. 

3.4.3 Ultraviolet-visible spectroscopy 

Electronic spectra of the loaded Cyanex extractants were recorded from 190 to 900 

nm using a Milton Roy Spectronic 1201 UV-visible spectrophotometer. Samples were 

diluted in xylene to give an absorbance of less than unity, and were contained in 

reference-matched quartz cuvettes with a 10 mm pathlength. The reference was the 

corresponding unloaded organic phase. 

3.4.4 Fourier-Transform infrared spectroscopy 

Fourier-Transform infrared spectroscopy (FTIR) in the retlectance mode was 

undertaken using a Perkin-Elmer Model 1725X instrument equipped with a horizontal 

attenuated total reflectance (HATR) accessory (ZnSc retlecting crystal). Retlectance 

spectra were measured using the appropriate diluent as the background and were typically 

averaged over 50 scans across the wavenumber range of 4000 to 600 cm· l
. 

3.4.5 Atomic-absorption spectrophotometry 

The metal contents of the aqueous phases were determined by AAS, using a Perkin

Elmer model 2380 instrument. Copper, cobalt, nickel, zinc, iron, manganese and silver 

were analyzed in this manner. Standard solutions containing metal concentrations 

corresponding to the Beers' Law absorption region were made up from lOaD ppm stock 
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solutions from Fisher Scientific. All standard solutions were appropriately matrix-

matched to the samples of interest. 

3.4.6 Inductively coupled plasma - atomic emission spectroscopy 

Aqueous-phase concentrations of calcium, aluminum, and magnesium were 

determined by ICP-AES, using a Leeman Labs. Inc. model PSlOOO ICP/echelle 

spectrometer. Matrix-matched standard solutions were made up from 1000 ppm Plasma-

pure calibration standards supplied by Leeman Labs. 

3.4.7 Molecular-mass determinations 

3.4.7.1 Vapor-pressure osmometry 

The extents of aggregation of the extractants in the organic phase were calculated 

from molecular-mass determinations by vapor-pressure osmometry (VPO). This 

colligative property technique is based on Raoult's Law. A standard apparatus design was 

used [196]. Ferrocene (MW 186.04 g molOI
) was used as the reference material; benzene 

(b.p. 80.1 0c) was the solvent. Initial extractant concentrations were approximately 0.1 

M. The systems were allowed to reach equilibrium at room temperature-about two to 

three weeks. The experimental molecular mass of the extractant, MWr, was determined 

from the relationship: 

where lJl.or 

mR 

MWR 

= 
= 
= 

mass of extractant (mg), 
mass of reference (mg), 
molecular mass of reference (g molOI

), 

(3.1) 



88 

Vx = volume of extractant solution (mI), 
VR = volume of reference solution (ml). 

3.4.7.2 Fast-atom bombardment mass spectrometry 

The molecular masses and fragmentation patterns of the metal complexes were 

determined by mass spectrometry using a fast-atom (cesium) bombardment excitation 

source (FAB-MS) on a Varian 311B instrument. The samples were dissolved in nitro-

benzylalcohol and subjected to impingement by atoms accelerated at 6 kV. Mass-spectral 

fragments having a mass-to-charge ratio up to 3000 were detected. 

3.4.8 Titrimetric analysis 

The purity of Cyanex 272 was determined by titration of the extractant in 75% 

aqueous propan-2-01 with standard sodium hydroxide [12]. The displacement reaction is: 

(3.2) 

The titrations were monitored potentiometrically using a calibrated glass combination pH 

electrode, and the endpoints were determined from the sign change of the second 

derivative, or more accurately from Gran plots [197,198]. In the latter statistical method, 

the titration data (volume of titrant, Vr, and pH) are converted from the usual sigmoidal 

plot to a straight-line presentation, thereby enabling the data to be treated by a linear 

regression analysis. For the titration of a strong acid with a strong base. the volume at 

the equivalence point, Ve, is given by [198]: 

(3.3) 



= initial concentration of acid, 
= volume of acid, 
= concentration of titrant. 

For VT < Ve, the Gran plot relation is given by: 

For VT > Ve, the relation is: 
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(3.4) 

(3.5) 

From a regression analysis of Fi = f(VT)' the volume of titrant at the equivalence point can 

be determined. 

3.4.9 Water analysis 

Water in the nickel complexes was determined by the Karl Fischer iodometric 

method, with the analyses carried out at Huffman Laboratories, Golden, Colorado. 

3.5 Molecular Modelling 

3.5.1 Choice of force fields and molecular-orbital methods 

3.5.1.1 Molecular-mechanics force fields 

Molecular modelling was carried out using Release 2.0 of HypcrChem, supplied by 

Autodesk, Inc. HyperChem has four force fields available: MM+, AMBER, BIO+ and 

OPLS. Each of these force fields has been developed for particular applications; none 

has complete general utility [199]. Associated with each force field are a set of atom 

types and parameter sets. Since the methodology used in each case is specific, parameter 

sets are not readily interchanged. 
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The MM+ force field is designed primarily for small organic molecules. The 

AMBER (Assisted Model Building and Energy Refinement) force field was designed 

primarily for macromolecules, such as proteins and nucleic acids. This is currently one 

of the most widely used force fields in academic research, and consequently has a large 

parameter set associated with it, although it employs mainly a united-atom approach [200-

202]. BIO+ is designed for macromolecules, but much of the parameter data is 

proprietary and only amino acids may be simulated in a satisfactory manner. OPLS 

(Optimized Potentials for Liquid Simulations) is similar to AMBER and designed 

specifically for nucleic acids and proteins. It is particularly useful in describing 

interactions in which a solvent is explicitly included [203-205]. In this work, the MM+ 

and AMBER molecular-mechanics force fields were found to be most suitable for 

representing the systems of interest. 

3.5.1.2 Quantum-mechanical methods 

HyperChem uses a number of approaches to solving the Schrodinger equation and 

describing the molecular orbitals (MOs) for a molecule: 

(i) Independent electron method-Extended Hlickel Theory (EHT): the motion 

and position of an electron arc assumed to be independent of those of the other 

electrons; 

(ii) Self-consistent field (SCF) methods-CNDO, INDO, MINDO/3, MNDO and 

AMI: these use an interactive approach and consider the effects of other 

electrons, such as spin coupling, differential overlap of orbitals. erc. 
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The MOs in each case are calculated by linear combinations of atomic orbitals (LCAO). 

Details of the specific methodologies are given in Reference [194]. 

In this work, semi-empirical methods were used to obtain electronic and nuclear 

charge distributions, and calculate the relative energies of frontier molecular orbitals 

(FMOs). The MNDO (Modified Neglect of Differential Overlap) method was found to 

be the most suitable for the molecules and ions under consideration. The restricted 

Hartree Fock (RHF) form of the wave function was used, since the molecular ground 

states are closed-shell singlet spin states (multiplicity = 1). 

3.5.2 Assumptions and database modifications 

The MM+ and AMBER force fields do not contain all the interaction parameters 

required to carry out molecular modelling calculations on the phosphinic-acid extractants 

of interest. For example, AMBER can treat phosphate-type molecules (4 oxygens bonded 

directly to phosphorus), but not phosphinates (2 carbons and 2 oxygens bonded to 

phosphorus). Similarly, MM+ has parameters to describe C=O, but not P=O or P=S 

bonds. It was necessary to modify the databases accordingly to more accurately represent 

the molecules. This was done in the following ways (in order of preference): (i) 

existing data parameters in one force field were converted to be compatible with another 

force field; (ii) bond lengths and bond angles were obtained from crystal-structure data 

for similar types of molecules; (iii) existing data were extrapolated to predict new values 

based on atomic radius, electronegativity and bond-strength considerations; and (iv) in 

the MM+ force field, default ("good guess") values determined by HyperChem were used. 
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The latter two methods are obviously the most inaccurate; Nevertheless they were used 

because of the paucity of data available for these types of molecules. 

An example of extrapolation of values is given by the determination of the P=S 

stretching force constant. It is well known that force constants may be approximately 

correlated with bond energies. The bond energies of P-O and P-S in diatomic molecules 

are tabulated [206], and the P=O force constant is known from AMBER data: the P=S 

force constant was therefore assumed to be related to that of P=O in the same ratio as the 

P-S/P-O bond strengths. The C-P, P-O, and P-S bond lengths, and the O-P=O, O-P=S, 

and S-P=S bond angles were obtained from crystal-structure data for similar compounds 

[129, 130, 137-145]. A summary of the database modifications and the sources of new 

parameter values is given in Appendix B. 

3.5.3 Procedures 

3.5.3.2 Minimization of conformational energy 

The extractants were built up from individual atoms using the ModelBuild function. 

The lowest energy configurations were then determined from gcometric optimization 

routines using a molecular-mechanics force field. Various permutations of the structure 

were evaluated to ensure that the configuration was at a global energy minimum. The 

electronic charge distribution of the molecule was then determincd by the MNDO semi

empirical quantum-mechanical method. The structure was thcn reminimizcd using first 

a molecular-mechanics method, followcd by thc scmi-cmpirical method. 



93 

3.5.3.2 Determination of electrostatic binding energy 

The electrostatic interactions between a metal cation and the ionized extractant were 

investigated using the AMBER force field, with experimental conditions as given in Table 

3.1. The two species were separated at a distance of 1000 times the atomic radius, and 

the energy of the ion measured. The two species were then allowed to approach each 

other from various angles, and the energy of the system minimized, again using molecular 

mechanics. The difference between the energy of the cation at "infinity" and in the 

binding site is then representative of the binding energy, based on purely electrostatic 

considerations. 

Table 3.1 - Experimental conditions for AMBER molecular-mechanics calculations 

Atom-type configuration 
Parameter set 
Dielectric 
Scale factor 
Electrostatic factor 
van der Waals factor 
Partial atomic charge 

all-atom 
:mlber3 

distancc-dcpcndent 
I 

0.5 
0.5 

detemlincd from MNDO 

3.5.3.3 Determination of FMO energies and electrostatic potentials 

The energy-minimized extractant ions were subjected to single-point energy 

determination using the MNDO semi-empirical method. The energies of the HOMO and 

LUMO (and other MOs) are then readily available, as is a contour plot of electrostatic 

potential of the ion. This represents the charge distribution which would be "seen" by an 

incoming positively charged ion, and indicates the most likely site of attack of the 

electrophile. 



CHAPTER 4 

RESULTS 

4.1 Characterization of the Reagents 

4.1.1 Reagent purity 
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The purities of each batch of Cyanex 272 (as received) were determined by 

potentiometric titration with standard 0.1 M NaOH. 'T'he reagent was found to contain 87 

to 88% of the monoacid and < 0.1 % diacid, depending on the particular batch. Acid 

contents of Cyanex 302 and Cyanex 301 were similarly determined. Typical titration 

curves are shown in Figure 4.1 (a); the Gran plot associated with the titration curve of 

Cyanex 272 is shown in Figure 4.l(b). 

The purities of Cyanex 302 and Cyanex 301 were determined by gas 

chromatography; typical chromatograms are shown later in Figures 4.41 and C.I. From 

peak area analyses, the different batches of Cyanex 302 were found to average 78 to 80% 

purity, and Cyanex 301, 75 to 83% purity. Because of the batch manufacturing process, 

the impurities present in these two reagents varied from lot to lot. The color of Cyanex 

302 also varied from pale yellow to dark green, depending on the amount of dissolved 

sulfur. Except in the case of nickel, extraction characteristics or these reagents appeared 

unaffected by the varying amounts of non-acidic impurities. This phenomenon is 

discussed in Sections 4.2.2 and 4.2.4. 
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Figure 4.1 (a) Typical results for the determination of reagent purity by potentiometric 
titration with NaOH for Cyancx 272, Cyanex 302 and Cyanex 301. (b) 
Titration curve for Cyanex 272 and its associated Gran plot. Expressions 
for F

J 
and F2 are given in Section 3.4.8. 
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4.1.2 Gas chromatographic-mass spectral analysis 

Identification of the components of the extractants was obtained by GC-MS analysis. 

The peaks of the GC spectra are assigned in Table 4.1. The analyses of mass-spectral 

fragmentation data are detailed in Appendix C. 

Table 4.1 - Peak assignments for GC spectra of extractants 

Extractant Relative retention 
. 

Species 

Cyanex 272 0.382 R~PO~CH3 
0.608 R3PO 

Cyanex 302 0.382 R2P02CI-13 
0.410 Unidcntitied 
0.471 R~PSOCI-13 
0.608 R)PO 

Cyanex 301 0.471 R2PSOCH3 
0.545 R~PS~CI-I3 
0.708 R3PS 

* with respect to TOPO. 

4.1.3 31p_NMR spectra 

The 31p_NMR spectra of Cyanex 272, Cyanex 302 and Cyanex 301 are shown in 

Figure 4.2. The major peaks in the spectrum of Cyan~x 272 (Figure 4.2(a» at 59.6 and 

59.9 ppm are due to the R2P02H dimer and monomer, respectively. Since the dimer is 

more symmetrical, it resonates downfield of the monomer. The major impurity is the 

corresponding phosphine oxide (R3PO), detected at a resonance frequency of 46.0 ppm. 

The dominant feature of the Cyanex 302 spectrum (Figure 4.2(b» is the triplet 

centered at 95.3 ppm, assigned to the species R2PSOH. This peak is thought to arise 

because of resonance tautomerism between the -P(O)SH and -P(S)OH forms of the 
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Figure 4.2 31p_NMR spectra of (a) Cyanex 272. (b) Cyanex 302, and (c) Cyanex 301. 
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compound. As shown in Section 4.1.5, the possibility of hydrogen-bonded dimerization 

between O-H .. ·O as well as O-H .. ·S of adjacent molecules also exists. The singlets at 

51.6 and 62.6 ppm are attributed to R3PO and R2PS2H, respectively. 

The Cyanex 301 spectrum (Figure 4.2(c)) shows peaks due to the R2PS2H monomer 

and dimer at 67.1 and 67.0 ppm, respectively. The phosphine sulfide (R3PS) impurity 

was detected at 46.2 ppm. The triplet at 97.0 ppm is due to the presence of the monothio 

species. The similarity between the Cyanex 272 and Cyanex 30 I resonance patterns is 

clearly apparent. Sulfur substitution of the phosphinic acid causes the peaks to shift 

slightly downfield as a result of the decreased electronegativity of sulfur relative to 

oxygen, and the consequent deshielding of the phosphorus nucleus. 

Analyses of the titration data, NMR spectra, gas chromatograms and mass-spectral 

data, together with a knowledge of the manufacturing processes and precursors involved 

(see Appendix D), enabled the extractant compositions to be determined as shown in 

Table 4.2. 

4.1.4 Fourier-Transform infrared spectroscopy 

FTIR reflectance spectra of the three reagents are shown in Figure 4.3, and the major 

peak. assignments are given in Table 4.3 [207-211]. Confirmation of the dimerization of 

Cyanex 272 and Cyanex 302 is obtained from evidence of intermolecular hydrogen 

bonding due to the broad stretching bands at 3200 and 3100 cm-1
, respectively [601. For 

Cyanex 272 (Figure 4.3(a», the typical O-H vibrations observed when the oxygen is 

attached to phosphorus arc seen as broad, weak bands in the regions 2700 em-I «P)-O-H 
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Table 4.2 - Compositions of Cyan ex 272, Cyanex 302 and Cyanex 30t 

Extractant Species Concentration (w /0) 

Cyanex 272 R2P02H 87-88 
R3PO 10 
Unknown -2 

Cyanex 302 R2PSOH 78-80 
R3PO 10-12 
R2P02H 2-3 
R2PS2H 2 
Unknowns -8 

Cyanex 301 R2PS2H 75-83 
R3PS 5-8 
R2PSOI-I 3-6 
Unknown -2 

stretch), at 2290 cm-! «P)-O-H out-of-plane bend), and at 1670 cm-! «P)-O-H scissors). 

The strong P-O-(H) stretch is evident at 955 cm-!, while the corresponding out-or-plane 

bend is discernible on the high frequency shoulder of this peak. The P=O stretch is the 

strong peak at 1166 cm· l
, which is split into a doublet by the adjacent vibration of the P-

CH2 interaction (1238 cm- I
). The hydrogen-bonded interaction with the oxygen of P=O 

is shown as a weak broad band at 1176 cm-I
• The medium band at 1410 cm·1 is attributed 

to the CH2-(P) scissors vibration; the high frequency sideband at 1380 em-I arises from 

the P-CH2 stretch. This is not readily see'1 uecause or the strong absorptions at 1370 and 

1390 cm· 1 due to the I-butyl stretching vibration. All other absorption bands arc readily 

assigned to other alkyl-chain vibrations. 

In Cyanex 302 (Figure 4.3(b)), the P-O-(H) stretch gives rise to a strong band at 920 

cm· l
, in addition to the characteristic weak (P)-O-H bands at 2200 and 1660 em· l

. This 

suggests that this species exists predominantly in the thiono (p=S) rather than thiol (P=O) 
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Figure 4.3 Fouricr-Transform infrared retlectance spectra of (a) Cyanex 272, (b) 
Cyanex 302, and (c) Cyanex 301. 

tautomeric form (see Section 2.4.3). This is confirmed by the absence of a strong band 

in the 1170 cn1'1 region, typically assigned to the P=O stretch. In Figures 4.3(b) and (c), 

the absorption bands at 7(){) and 730 cm·1 are assigned to the C-P-S bending mode and 

P=S(I) stretch. respectively. The P=S(I1) and P-S-(H) characteristic stretching frequencies 

occur at energies higher than 700 cnf l (the cut-off wavelength of the ZnSe retlecting 

crystal). and thus could not be evaluated. 



Table 4.3 - Major absorption band assignments for FTIR 
spectra of Cyanex 272, Cyanex 302 and Cyanex 301 

Extractant Frequency Intensity Absorption 
(cm- I ) 

All 2954 strong CH3 stretch 
')ON) 
~,.,vv weak, sharp CH2 asymmetric stretch 
2870 weak, sharp CH2 symmetric stretch 
1460 medium CH2 scissors 
1460 weak C-P-C bend 
1390 strong, sharp I-butyl asymmetric stretch 
1370 strong, sharp t-butyl symmetric stretch 
1380 weak P-CH2 stretch 
820 weak P-CI-[z bend 
794 weak, sharp C-P-C bend 

Cyanex 272 3090 broad, weak (P)-O-H H-bonding 
2700 broad, weak (P)-O-H stretch 
2290 broad, weak (P)-O-H out-of-plane bend 
1670 broad, weak (P)-O-H scissors 
1238 strong P-O-I-I bend 
1166 strong P=O stretch 
1176 strong II-bonded to p=o 
1020 very weak P-O-(l1) out-of-plane bend 
955 strong P-O-(l1) stretch 

Cyanex 302 2200 broad, very weak S-JI stretch 
1020 weak P-O-(l1) out-of-plane bend 
920 strong P-O-(l1) stretch 
840 weak C-P-S bend 
820 medium P=S stretch 
610 strong P-S-(H) stretch 

Cyanex 301 2536 weak, sharp S-H stretch 
940 weak CHz-(P,S) stretch 
730 weak C-P-S bend 
720 medium P=S stretch 
612 strong P-S-Ol) stretch 

4.1.5 Molecular-mass determination 
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The results of vapor-pressure osmometry molecular-mass determinations are given 

in Table 4.4. The accuracy of this experimental method is within about 10%; since the 

extractants are only about 85% pure, the degree of association may be estimated to one 
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significant figure. From the ratio of the measured to calculated molecular masses, it may 

be deduced that Cyanex 272 and Cyanex 302 exist primarily as self-associated species 

because of hydrogen bonding, and that Cyanex 301 exists as a monomer. 

Table 4.4 - Vapor-pressure osmometry analysis of extractants 

Extractant Calculated molecular Experimental molecular Ratio 
mass (g mo!"l) mass (g mo!"l) 

Cyanex 272 290 1560 5.4 
Cyanex 302 306 720 2.3 
Cyancx 301 322 286 0.89 

Further evidence for higher degrees of self-association was obtained from FAB mass-

spectrometric data (see Appendix C for spectra). Although this high-energy excitation 

source tends to break apart molecules and hydrogen-bonded interactions arc not expected 

to remain intact during this process, the data for Cyanex 272 showed about 10% 

abundance of the dimer and about 3% abundance of the trimer compared with the 

monomer concentration (Figure C. 7(a)). Similarly, the fragmentation data for Cyanex 302 

showed a 3: I ratio of the monomer to dimer species reaching the MS detector, and 

evidence for higher degrees of association (Figure C.7(b)). From these observations, it 

can be concluded that both reagents exhibit self-association in xylene diluent. It was 

confirmed that Cyanex 301 exists predominantly as a monomeric species (Figure C.7(c». 

Sulfur can act as a proton acceptor, albeit weaker than oxygen. The S-H group also 

exhibits relatively poor proton donor properties. These factors may explain the absence 

of aggregation in dithio organic acids. 

These results confirm those expected based on published data regarding similar 
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compounds. Zucal et al. [103] reported that di-n-butyldithiophosphoric acid exists as a 

monomer. Baldwin and Higgins [106] have shown that dibutylphosphoric acid exists as 

a dimer and dibutyldithiophosphoric acid is a monomer; the corresponding thio acid 

exhibits an intermediate degree of association. Cote and Bauer [43] and Levin et al. 

[117] have observed that dithiophosphoric acids are monomeric, while monothio-

phosphoric acids are usually dimeric. Tait [180] has determined that Cyanex 272 and 

Cyan ex 302 form dimers, but Cyanex 301 is a monomer. 

4.2 Metal Distribution Equilibria 

4.2.1 Effect of sulfur substitution in the phosphinic acid 

The extraction equilibria of Co(ll), Ni(II), Cu(U), Fe(III), Zn(II), Mn(II), Mg(II), 

Al(III) and Ag(1) by 0.1 M Cyanex 272, Cyanex 302, and Cyan ex 301 in xylene are 

shown in Figures 4.4 to 4.12, respectively. With the exception of Mn(II), the pH at 

which extraction of each metal occurs, decreases in the order: R2P(O)OH > R2P(S)OH 

The relative order of metal extraction as a function of pH also changes with 

increasing sulfur substitution of the phosphinic acid, as shown below: 

This data are quantitatively represented in Table 4.5, in which the pH dependence of 

extraction is represented by pH50, the pH at which SO% extraction is achieved. 
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Figure 4.4 Effect of sulfur substitution in the phosphinic acid on the extraction of 
cobaJt(ll). 
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Figure 4.5 Effect of sulfur substitution in the phosphinic acid on the extraction of 
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Figure 4.6 Effect of sulfur substitution in the phosphinic acid on the extraction of 
copper(II). 
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Figure 4.8 Effect of sulfur substitution in the phosphinic acid on the extraction of 
zinc(II). 
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Figure 4.9 Effect of sulfur substitution in the phosphinic acid on the extraction of 
manganese(II). 

Aqueous phase: 0.00 1 M Mn(II), 0.5 M Na2SO.\ 
Organic phase: 0.1 M extractant in xylene 
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Figure 4.10 Effect of sulfur substitution in the phosphinic acid on the extraction of 
magnesium(lI). 

Aqueous phase: 0.001 M Mg(II), 0.5 M Na2S04 

Organic phase: 0.1 M extractant in xylene 
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Figure 4.11 Effect of sulfur substitution in the phosphinic acid on the extraction of 
aiuminum(III). 
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Figure 4.12 Effect of sulfur substitution in the phosphinic acid on the extraction of 
silver(I). 

* 

Aqueous phase: 0.001 M Ag(l), 0.5 M NaN03 

Organic phase: 0.01 M extractant in xylene 

Table 4.5 - Effect of sulfur substitution on pHso values for the extraction 
of metal ions by bis(2,4,4-trimethylpentyl)phosphinic acid 
Aqueous phase: 1.0 x 10.3 M metal, 0.5 M Na2SO-t" 
Organic phase: 0.1 M extractant in xylene 

Ml!tal pH50 J t1pHm~·301) 

ion Cyanex 272 Cyanex 302 Cyanex 301 

Co(!J) 'i ') 4.0 0.85 4.35 
Ni(!J) 7.05 5.8 1.55 5.5 
Cum) 4.6 < -1 < -1 > 5.6 
FdlII) 1.6 1.0 0.0 1.6 
Znnl) 3.0 1.8 -0.4 3.4 
Mnm) 4.0 5.8 3.7 2.0' 
Mg(Jl)"" 5.05 - - -
Al(]I!) 3.4 3.0 2.6 0.8 
AgO)" 5.6 < -1 < -1 > 6.6 

0.5 /vi NaNO; for I\g eXlraction. 
** Cyanex 302 anti Cyanex 301 tlo not extract Mg in the pJI range 0 lo 7. 

6p]l,jijc.)lilr # 
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Alguacil and coworkers [181, 182] reported a slight selectivity of Zn(lI) over Fe(III) 

for Cyanex 302 in both sulfate and chloride media. The results of Tait [180] agree with 

those above with respect to the selectivity order for metal extraction under similar 

conditions by Cyanex 301; for Cyanex 302, he reported Fe(III) selectivity over Zn(H) 

and Mn(II) selectivity over Ni(II). 

Copper and silver extractions are most significantly affected by increasing sulfur 

substitution of the phosphinic acid, being completely extracted at pH 0 by Cyanex 302 

and Cyanex 301; aluminum extraction is least affected. It is significant to notice that, 

with the exceptions of silver(I) and copper(II), both of which are typical soft Lewis acids 

and therefore expected to bond very strongly with a sulfur donor ligand, the pH shift from 

R2P(O)OH to R2P(S)OH is much smaller than from R2P(S)OH to R2P(S)SH. This is a 

reflection of the relative ease of proton removal from the acid, and is in qualitative 

agreement with the pKa values of the extractants (Table 1.1). 

Cyanex 272 discriminates effectively against nickel at pH values below 6, but poor 

copper-cobalt selectivity is attained. Cyanex 302 rejects nickel at higher pH, and 

excellent copper-cobalt selectivity may be attained. Magnesium is rejected completely 

by Cyanex 302 in this pH range. At low pH, Cyanex 301 shows little selectivity for any 

of the metals studied, although manganese, magnesium and aluminum are not extracted. 

The order of transition-metal extraction by Cyanex 30 I is the same as that observed for 

D2EHDTPA [Ill], and is consistent with the order of stability constants of divalent metal 

complexes predicted by the Irving-Williams series [46]. 
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4.2.2 Effect of extractant concentration 

The capacities of these extractants for the metal ions under study vary from 70 to 100 

mg m1"l. The metal loadings in this work may therefore be regarded as representing 

equilibrium conditions, with little perturbation of the organic-phase concentrations. The 

effect of extractant concentration on the pH dependence of the extraction equilibria was 

investigated by varying the concentrations up to 0.5 M. Typical results for cobalt, nickel, 

zinc and silver, reported as distribution coefficients, are shown in Figures 4.13 to 4.16. 

Data for the other metals, averaged over a series of experiments, are given in terms of the 

pH50 values in Table 4.6. 

Table 4.6 - Effect of extractant concentration on the pH 
dependence of extraction 

Aqueous phase: 1 x 10.3 M metal as sulfate, 0.5 M Na2SO'/ 
Organic phase: Extractant in xylene 

Extractmll ConCH. pH.\()' 
(M) CoOl) Ni(II) Cu(II) Zll(lI) FeW!) Mll(II) 

Cyanex 272 0.05 5.5 7.4 5.0 3.4 2.0 5.0 
0.10 5.2 7.05 4.6 3.0 1.6 4.85 
0.20 4.85 6.6 4.35 2.75 1.25 4.4 
0.50 4.45 6.05 4.05 2.05 0.85 4.\5 

Cyanex 302 0.05 4.5 6.4 < -\ 2.25 \.4 6.0 
0.10 4.0 5.8 < -\ 1.8 1.0 5.8 
0.20 3.2 3.6 < -\ 1.3 0.6 5.55 
0.50 2.65 3.2 < -\ 0.8 D.\ 4.75 

Cyanex 301 0.05 1.3 - < -\ - - 4.25 
0.10 0.85 1.55 < -1 -0.4 0 3.75 
0.20 0.6 1.3 < -1 <0 0 3.5 
0.50 0.2 0.6 < -\ < -\ 0 2.t) 

t Ag in NaN03. 

* averaged values. 

Ag(l) 

5.65 
5.15 
4.5 
4.0 

-
-

-
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Figure 4.13 Effect of extractant concentration on the extraction of coba1t(II) by Cyanex 
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Figure 4.14 Effect of extractant concentration on the extraction of nickel(1I) by Cyanex 
272 (- ), Cyanex 302 C·····), and Cyan ex 301 (_ .. - .. ). 

Aqueous phase: 0.001 M Ni(II), 0.5 M N~S04 
Organic phase: Cyanex reagent in xylene 
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Figure 4.15 Effect of extractant concentration on the extraction of zinc(II) by Cyanex 
272 (- ), Cyanex 302 C· .. ·'), and Cyanex 301 (_ .. - .. ). 
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Figure 4.16 Effect of extractant concentration on the extraction of silver(1) by Cyanex 
272 (-). 

Aqueous phase: 0.001 M Ag(l), 0.5 M NaN~, 
Organic phase: Cyancx 272 in xylene 
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For all extractants, an increase in extractant concentration causes a shift to lower pH. 

For Cyanex 272 and Cyanex 301, increasing the extractant concentration by an order of 

magnitude (0.05 to 0.5 M) causes a shift of about 1 pH unit. For Cyanex 302, a shift of 

> 2 pH units is observed for all metals considered. 

The effect of extractant concentration on the extraction of Ni(II) by Cyanex 302 was 

unexpected, as shown in Figure 4.17. Extractant concentrations in the range 0.02 to 0.2 

M showed deviations from the conventional sigmoidal extraction plots. At higher 

concentrations, the complexes exhibited a red-purple color, while for the lower 

concentrations, the extracted complexes were bright yellow. The well-behaved curve 

shown in Figure 4.5 was obtained using a batch of Cyanex 302 obtained in June 1989, 

having a purity of 84%. The data of Figure 4.17 were measured using a sample obtained 

in July 1990. This second batch was a dark green color, compared to the pale yellow of 

the first batch, and its purity was measured to be 78%. The second batch also showed 

an increase in the number of impurity species, as determined by Oc. Discussions with 

personnel from Cyanamid Co. [212] confirmed that variations in composition did occur 

from batch to batch, and that the increased number of impurities in the second lot was 

due to a much larger scale process used in the manufacturing. It appears that more than 

one type of complex is forming. These results will be discussed further in Chapter 5. 

4.2.3 Effect of ionic strength 

The effect of the ionic strength was studied by the addition of sodium sulfate to the 

aqueous phase. The data for cobalt and copper extraction by Cyancx 272 arc shown in 
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Figure 4.17 Effect of extractant concentration on the pH dependence of nickel(II) 
extraction by Cyanex 302. 

Aqueous phase: 0.001 M Ni(II), 0.5 M N~SO~ 
Organic phase: Cyanex 302 in xylene 

Figure 4.18. An increase from zero to 1.0 M Na2S04 shifted the extraction equilibria to 

higher pH by about I pH unit. 

This observation may be partially explained in terms of the aqueous-phase complex 

equilibria: 

(4.1.) 

(4.2) 

These reactions effectively remove free protons from solution. thereby increasing the 

measured pH, and hence the pH at which extraction occurs. 

As discussed in Section 2.5.1, sodium is extracted by the organic phase, and exists 

as ion pairs and aggregates with the basic form of the extractant. Sella and Bauer [155] 
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Figure 4.18 Effect of ionic strength of the aqueous-phase matrix on the extraction of (a) 
cobalt(II), and (b) copper(II) by Cyanex 272. 

Aqueous phase: 0.0016 M metal in Na2S0~ 
Organic phase: 0.27 M (lOv/o) Cyanex 272 in rES 
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have shown that when the sodium concentration in the aqueous phase exceeds the 

extractant concentration of the organic phase, the predominant organic species in Cyanex 

272 is (NaA)13' 

As can be seen from Equation (3.2) and Figure 4.1, sodium extraction is also pH 

dependent; maximum extraction, however, only occurs above pH 9. This is confirmed 

by the data of Sella and Bauer [155] and Fu et al. [153]. It is likely therefore that 

transition-metal extraction does not involve sodium exchange with the extractant, but is 

controlled by proton exchange. With increasing extractant concentration, the degree of 

aggregation in the organic phase because of hydrogen bonding also increases; this 

effectively reduces the acidity of the proton by incorporating it more strongly into the 

extractant structure than when the extractant is merely dimerized. At higher ionic 

strengths of the aqueous phase, it therefore requires a higher pH for the metal-proton 

exchange to occur. 

The aqueous-phase solution compositions were modelled using the geochemical 

simulation program, PHREEQE [213]. The equilibrium species distribution of copper in 

sulfate media as a function of ionic strength is shown in Figure 4.19. Similar analyses 

for the other metals investigated showed that under the high ionic strength conditions 

used, the predominant species in the aqueous phase for all the divalent metals is the 

undissociated sulfate salt, MS04(aq)' The equilibrium between the ionic species, M2
+, and 

MS04(aq) is maintained as extraction of M2+ into the organic phase occurs. 



117 

1.0 

:l 
u 0.8 
0 

0 
->J 0.6 ..... 
0 

c 
0 0.4 

->J 

u 
0 
'-u.. 0.2 

0.0 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 

Ionic strength (M) 

Figure 4.19 Effect of ionic strength of the aqueous-phase matrix on the equilibrium 
distribution of copper species in sulfate media. Thermodynamic analysis 
carried out using the PHREEQE simulation program. 

Total [Cu] = 0.00 I M; pH = 4.0; E = 0.6 V 

4.2.4 Effect of metal ion concentration 

Figure 4.20 shows the effect of cobalt concentration on the pH dependence of 

extraction by Cyanex 272. Increasing the metal ion concentration over two orders of 

magnitude results in a shift of about I pH unit in the acidic direction. The mechanism 

of extraction discussed in Section 2.3.2.2, which assumes mononuclear complex 

formation, yields an extraction equilibrium constant that is independent of metal ion 

concentration (Equation 2.23). These results are therefore in contlict with this mechanism 

of extraction. In Section 5.1.2.1. evidence of multinuclear complex formation is 

presented. suggesting that the ligands bridge between two metal centers. Such behavior 

is consistent with the data of Figure 4.20. 
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Figure 4.20 Effect of initial metal concentration on the pH dependence of extraction of 
cobaJt(II) by Cyanex 272. 
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nickel(II) by Cyanex 302 at pH 3 and pH 4. 
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Further insight into the anomalous data shown in Figure 4.17 for the extraction of 

nickel by Cyanex 302 was obtained from a study of the effect of metal concentration. 

Figure 4.21 shows the total nickel concentration in the organic phase as a function of the 

initial metal concentration in the aqueous phase for a constant extractant concentration. 

The data obtained for extraction at pH 3 and pH 4 both exhibit apparent "saturation" of 

the organic phase at about 0.2 g Ni 1'\ corresponding to 3.4 mmol Ni 1. 1
• If it is assumed 

that three extractant molecules bind with each nickel ion (octahedral coordination), this 

gives a "saturation" concentration of approximately 0.01 mol 1-1, or about 2 wlo, of the 

extracting species. This concentration agrees with the R2P(S)SH concentration measured 

in Cyanex 302, as given in Table 4.2. This analysis provides further evidence that 

extraction of nickel by Cyanex 302 at a low pH is primarily due to complexation with the 

R2PSi species. 

4.2.5 Effect of organic diluent 

It is well known that in many SX systems the nature of the diluent can have a 

marked effect on the metal extraction characteristics [214]. In particular, the aromatic, 

aliphatic or solvating nature of the diluent can be important. Since industrial operations 

commonly use inexpensive kerosene-based solvents, the effects of solvent polarity and 

therefore solvation and hydrogen-bonding effects induced by donor atoms, such as 

oxygen, were not investigated in this study. 

Figures 4.22 and 4.23 show the effects or diluent on the extractions of cobalt by 

Cyanex 272 and manganese by Cyanex 272 and Cyanex 30 I, using (in decreasing order 
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Figure 4.22 Effect of organic diluent on the extraction of cobaIt(II) by Cyanex 272. 
Aqueous phase: 0.0016 M CoOl) 
Organic phase: 0.054 M Cyanex 272 in diluent 
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Figure 4.23 Effect of organic diluent on the extraction of mangancse(II) by (a) Cyan ex 
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Organic phase: O.lO M Cyanex 272 or Cyanex 301 in diluent 
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of aromaticity) the diluents IES, xylene, Escaid 110, hexane, and chloroform. These 

experiments indicate that cobalt extraction is essentially independent of diluent, and 

manganese extractions are slightly dependent on aromaticity. Copper extraction by 

Cyanex 272 (not shown) shifted to lower pH when xylene was used, compared to hexane 

and IES. It should be considered, however, that under the experimental conditions used, 

the large excess of extractant may swamp any diluent effect. Alguacil and coworkers 

[181, 182] have reported a negligible effect of diluent aromaticity on the extraction of 

zinc by Cyanex 302. 

4.2.6 Effect of other organic-phase additives 

Addition of a second component to the organic phase often leads to synergistic 

effects. Mooiman [215] investigated the extraction of aurocyanide by amine extractants 

and observed that the addition of sulfur-containing organic-phase additives resulted in 

gold extraction being shifled in the acidic direction by 2 pH units. The effects of similar 

additives on the extraction of cobalt(II) are reported in this section. 

Figure 4.24 shows the effect of the addition of Kelex 100' in a 1: 1 volume ratio 

with Cyanex 272 and Cyanex 302. With Cyanex 272, a slight synergistic effect (0.3 pH 

units) is seen; with Cyanex 302, extraction is shifted by I pH unit in the basic direction. 

The effects of other additives are summarized in Table 4.7. Most exhibit a slight negative 

effect on the pH dependence of extraction of Co(ll) and Cu(II); the pH shift is usually 

in the basic direction and of magnitude less than one pH unit. 

I Kclcx 100 is a r\!gistcred trademark of Ashland Chemical Co., U.S.A. 
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Figure 4.24 Effect of addition of Kelex 100 to Cyanex 272 and Cyanex 302 on the pH 
dependence of the extraction of cobalt(II). 

Aqueous phase: 100 ppm Co 
Organic phase: 2 vlo (total) extractants in IES 

Table 4.7 - Effect of organic-phase additives on the pHso of 
cobalt(II) and copper(II) extraction by Cyanex 272 and Cyan ex 302 

Aqueous phase: 0.016 M metal as sulfate 
Organic phase: 0.25 M extractant and 0.01 M additive in IES 

Additive Structare 

butyl sullide [CII3(CH~)3bS 

butyl sulfoxide rCII)CIl)J~SO 

hutyl sulfone [CII,(CII~ )31"SO" 

benzaldoxime <!>-CII=NOH 

'" pH5()I~xlracl;lIIl) - pH50kxlraCIJili + addiliw). 

+ no effect noted in pH range () to 5. 

Extractant 

Cyanex 272 
Cyanex 302 

Cyancx 272 
Cyanex 302 

Cyancx 272 
Cyanex 302 

Cyanex 272 
Cyan ex 302 

/lpHso /lpH50· 

Co(ll) Cu(lI) 

-0.30 0.35 
-0040 -t 

- -0.1 
-0.60 -

-l.l -0.30 
-0.95 -

0.50 1.25 
-0.30 -
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4.2.7 Comparison with other extractants 

In view of the long-term goals of this research, a comparison of the extraction 

characteristics of the experimental reagents Cyanex 302 and Cyanex 301 with those of 

vaiious commercially available extractants was undertaken. The results arc summarized 

in Table 4.8, given in terms of the pHso values for extractions of cobalt(II) and copper(II). 

In all cases, copper is selectively extracted over cobalt, and complete extraction of copper 

occurs 2 to 3 pH units lower than complete cobalt extraction. Only Kelex 100 showed 

significant cobalt extraction in the pH range of interest (l < pH < 5). A theoretical 

evaluation of the complexation stability constants of over 100 analytical chelating reagents 

[216] with Cu(II) and Co(Il) also showed that, for all reagents, the copper complex is two 

to three orders of magnitude more stable than the corresponding cobalt complex. These 

observations confirm those of Jeffers [29], who tested over 200 reagents for cobalt 

selectivity over copper during the development of the U.S. Bureau of Mines process 

discussed in Section 1.3.4.1. None was found to be suitable. 

Table 4.8 - Copper and cobalt extraction dependence on pH for some 
commercially available chelating solvent extraction reagents 

Aqueous phase: 0.016 M Cu(II), 0.016 M CoCIl) 
Organic phase: 10 vlo extractant in IES 

Extractant pH50 Cu pH50 Co Extractant pH5U Cu pH50 Co 

LIX 54 2.9 7.0 LIX 864 < 1 4.3 
LIX 64N < 1 5.0 Kelcx 100 < 1 2.8 
LIX 65N 0.7 5.2 Kclex 120 < I 3.7 
LIX 63ILIX 70 2.4 4.3 Acorga PSI OO~ < I 4.3 
LIX 622 < 1 3.8 Acorga P5300 < 1 3.8 
LIX 860 < 1 3.7 D2EHPi\ (20'/0) 2.1 2.8 

~ PS100 and P5300 are registered trademarks of ICI Speciality Chemicals. U.K. 
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4.3 Stripping Experiments 

Metal complexes which form at a low pH have high stability constants. Quantitative 

values for these parameters are reported in Section 5.1. For a solvent-extraction reagent 

to have praciicai appiication, it is necessary that it can be readily stripped and the 

extracted metal can be recovered into an aqueous phase for further processing. This 

section reports on the stripping capabilities of Cyanex 272, Cyanex 302 and Cyanex 301 

by sulfuric acid. 

Figures 4.25 to 4.29 show the percentage of metal stripped from each extractant in 

xylene as a function of acid strength. (Initial metal loading was approximately 1 % - see 

Section 3.2.2.) As expected, the relative order of stripping of the metal ions is the reverse 

of the order of extraction. Cobalt is readily stripped from all three reagents (Figure 4.25), 

requiring less than 2 M (10 V/o) H2S04 to strip Cyanex 272 and Cyanex 302 to greater 

than 90% in a single contact. Cyanex 301 is less readily stripped, requiring about 3 M 

acid to achieve 60% stripping. Repeated countercurrent contacts of the aqueous and 

organic phases may effect better stripping. These results provide further supporting 

evidence that the extraction experiments of Section 4.2 represent true equilibrium 

conditions. If Co(ll) were oxidized to Co(III) during extraction, stripping of the metal 

would be almost impossible, due to the extremely slow exchange kinetics of the higher 

oxidation state. 

Nickel is readily stripped from Cyanex 272 and Cyanex 302; as shown in Figure 

4.26, use of concentrated (18 M) sulfuric acid is required to strip Cyanex 301. Similar 

results are noted with iron(III) (Figure 4.28) and zinc(lI) (Figure 4.29). Copper(II) was 
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Figure 4.25 Effect of H2S04 concentration on the stripping of cobalt(II) from Cyanex 
272 (.), Cyanex 302 (.), and Cyanex 301 (.). 

Aqueous phase: H2S04 

Organic phase: 0.1 M reagent loaded with 0.001 M Co(II) 
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Figure 4.26 Effect of H2S04 concentration on the stripping of nickel(II) from Cyan ex 
272 (.), Cyanex 302 (.), and Cyanex 301 (.). 

Aqueous phase: H2S04 

Organic phase: 0.1 M reagent loaded with 0.001 M Ni(II) 
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Figure 4.27 Effect of H2SO.j concentration on the stripping of copper(II) from Cyanex 
272 (.), Cyanex 302 (~), and Cyanex 301 (.). 

Aqueous phase: H2S04 

Organic phase: 0.1 M reagent loaded with 0.001 M Cu(II) 
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Figure 4.28 Effect of H2SO.j concentration on the stripping of iron(III) from Cyanex 272 
(.). Cyanex 302 (~), and Cyanex 301 (.). 

Aqueous phase: H2SO.j 
Organic phase: 0.1 M reagent loaded with 0.001 M Fc(III) 
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Figure 4.29 Effect of H2S04 concentration on the stripping of zinc(II) from Cyanex 272 
(.). Cyanex 302 CA.), and Cyanex 301 C.). 

Aqueous phase: H2S04 

Organic phase: 0.1 M reagent loaded with 0.001 M Zn(I1) 

the only metal which could not be stripped under practical acid strengths. As shown in 

Figure 4.5, copper is completely extracted by Cyanex 302 and Cyan ex 301 even at pH 

O. This implies that extreme conditions would be required to shift the equilibrium in the 

reverse direction. Figure 4.27 shows that even the use of concentrated (18 M) H2S04 

does not strip any coppcr from Cyanex 3(J1, while 13.5 M acid was required to achieve 

a reasonable level of stripping from Cyanex 302. A further disadvantage of the use of 

such concentrated acids is their effect on tlie extractants themselves. It was observed that 

contact of 1()(JIk H2S04 with 0.1 M extractant resulted in discoloration and increased 

viscosity of the organic phase. Phase separation also deteriorated markedly. The 

decomposition and long-term stability of Cyancx 302 and Cyancx 301 in contact with 
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sulfuric and nitric acids are discussed further in Section 4.5. 

In summary, it has been established that reasonable concentrations of sulfuric acid 

(0.5 to 5 V/o) are adequate to effectively strip all cations from Cyanex 272. Cyanex 302 

and Cyanex 301 require the use of a more concentrated acid. Copper cannot be stripped 

from Cyanex 301 without destruction of the extractant. These experiments represent 

single contact results; complete stripping may be possible using multistage contacts. 

4.4 Characterizat,on of the Extracted Metal Complexes 

4.4.1 FTIR spectroscopy 

The FfIR spectra of the extractants complexed with Ag(l) are shown in Figure 4.30. 

The peak assignments corresponding to vibrations of the functional groups of the 

extractants are as given in Table 4.3. Further discussion of these results is deferred until 

Chapter 5. The infrared vibrations of primary interest in this work are those involving 

metal-oxygen and metal-sulfur bonds. Unfortunately, the energies of these vibrations 

occur at wavenumbers in the range 300 to 400 cm- I
, beyond the cut-off limit of the 

instrument available. 

4.4.2 UV -visible spectroscopy 

The electronic spectra of the loaded aqueous and organic phases are shown in Figures 

4.31 to 4.33 for cobalt, nickel and copper, respectively. The UV absorption bands for 

Fe(III) occur in the wavelength range around 350 nm and cannot be distingUIshed from 

the large xylene absorption which also occurs in this region. Mn(ll) and Zn(II) do not 
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Figure 4.30 FTIR rctlectancc spectra of (a) Cyanex 272, (b) Cyanex 302, and (c) 
Cyanex 301, fully compicxed with Ag(l). 
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Figure 4.33 Electronic spectra of copper(II) complexes with (a) H,O. (b) Cyanex 272, 
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exhibit spectral transitions in this energy range because of their respective half- or 

completely filled d orbitals. 

In the case of Co (II) (Figure 4.31), the spectra for all four species show 

characteristics typical of tetrahedral coordination [50]. Similarly, the nickel complexes 

(Figure 4.32) show evidence of octahedral coordination. The copper(lI) complexes of 

Cyanex 302 and Cyanex 301 showed extremely low absorption in the 700 to 900 nm 

wavelength range, compared with the spectra observed for the aqueous Cu(lI) species and 

the complex with Cyanex 272. The absence of electronic transitions in this range 

generally implies completely filled d orbitals on the metal center, as typical of the 

behavior of Zn(II). This observation is discussed in more detail in Section 5.1.2.3. 

Further implications of the UV absorption behavior for the geometries and stabilities of 

the complexes are discussed in Section 5.3. 

4.4.3 31p_NMR spectroscopy 

Figures 4.34 to 4.37 respectively show the 3Ip_NMR spectra of the coba1t(II), zinc(lI), 

copper(II), and silver(1) complexes of Cyanex 272, Cyanex 302, and Cyanex 301. Since 

cobalt(II) (d7 electronic configuration) has unpaired electrons in its outer shell, while zinc 

(dlO) does not, some of the resonance bands in Figure 4.34 are significantly broadened 

compared to those of Figure 4.2 (uncomplexed extractants--see Section 4.1.3) and Figure 

4.35. For Cyanex 272 (Figure 4.34(a», it is apparent that the cobalt ion forms a 

coordination complex with the R2P(O)OH component or the extractant, resulting in 

broadening of this peak at 57.5 ppm, while the peak due to the R3PO impurity at 47.2 
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Figure 4.34 31p_NMR spectra of cobalt(II) complexes with (a) Cyanex 272. (b) Cyanex 
302. and (c) Cyanex 301. (Approximately 25% loading.) 
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Figure 4.35 :\lp-NMR spectra of zinc(II) complexes with (a) Cyanex 272, (b) Cyanex 
302. and (c) Cyanex 301. (Approximately 25% loading.) 
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Figure 4,36 31p_NMR spectra of copper complexes with (a) Cyanex 272. (b) Cyanex 
3D2. and (c) Cyanex 3Dl. (Approximately 25% loading). 



~ -'(i; 
c 
Q) -c 
Q) 
> 

+= 
..Q 
Q) 

0::: 

(0) 

l-

I-

(b) 

I-

_ (c) 

~ 

A 

A ~ .~ 

Jv~ l 1 

100 90 80 70 60 50 40 30 20 10 0 
Chemical shift (ppm) 

137 

Figure 4.37 31p_NMR spectra of silver(I) complexes with (a) Cyanex 272. (b) Cyanex 
302. and (c) Cyanex 301. (Approximately 2SCk loading.) 
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ppm remains essentially unchanged, indicating no interaction with a species of unpaired 

spin. This provides evidence that the extraction mechanism involves proton exchange, 

and that no contribution to the extraction by solvation is occurring. Similar observations 

may be made conceming the Cyanex 272 complex with copper(II) (d 9
), shown in Figure 

4.36(a). The analogous peaks in Figures 4.35(a) and 4.37(a) do not undergo broadening 

as Zn(II) and Ag(l) have dlO structures; no unpaired electrons are present to perturb the 

local magnetic fields in the vicinity of the phosphorus nuclei. 

Similarly, Figures 4.34 to 4.37(b, c) show that the metal is coordinated primarily to 

the R2P(S)OH species in Cyanex 302, and to both the R2P(S)OH impurity and R2P(S)SH 

species in Cyanex 301. In all cases, the peaks of interest show a downfield shift due to 

deshielding of the nucleus. Splitting of the peaks also occurs because of local 

perturbations of the magnetic field in the vicinity of the phvsphorus atom when 

complexed. The peaks due to the R3PO and R3PS impurities remain relatively unchanged, 

indicating that the environments of the phosphorus nuclei in these molecules are not 

significantly affected. It can be deduced therefore that metal extraction is not inlluenced 

by the presence of these neutral organic species. Figures 4.36(b, c) provide insight into 

the nature of the complex formed between copper and the sulfur-containing ligands. 

Since Cu(II) has a ~ electronic configuration, it is expected that the peak in the vicinity 

of 90 ppm would exhibit significant broadening, such as that observed for the Cyanex 272 

complex (Figure 4.36(a» and for the analogous Co(ll) complex (Figure 4.34(b». The 

absence of such broadening indicates the lack of unpaired electrons on the metal center. 

This observation is discussed further in Section 5.1.2.3. 
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4.4.4 Molecular-mass determinations 

The molecular masses of the complexed species were determined from mass

spectrometric analysis by fast-atom bombardment (FAB-MS). The fragmentation patterns 

also give insight into the nature of the complexes, as discussed in Section 5.1.2. For ease 

of reference, the annotated MS spectra are reproduced in Appendix C. 

4.4.5 Water analysis 

The moisture contents of the nickel complexes of Cyanex 272, Cyanex 302, and 

Cyanex 301 were determined by Karl Fischer iodometric titration. The Cyanex 272 

complex was found to contain water corresponding to a 5:1 mole ratio with Ni(II). The 

yellow (high pH) complex with Cyanex 302 exhibited a H20:Ni mole ratio of 2.1: 1, while 

the purple (low pH) complex contained a ratio of approximately 34, indicating that the 

complexes differ in the amount of coordinated water. In the latter case, it appears that 

outer-sphere solvation of the complex by water occurred, since such a high ratio is 

incompatible with direct coordination. The Cyanex 30l-nickel complex only contained 

1.03 moles of water per mole of Ni(II). These results are discussed further in Section 

5.1.2.2. 

4.5 Long-term Stability Experiments 

4.5.1 Introduction 

As discLlssed in Sections 2.4.2 and 2.5.3, many sulfur-containing organic compounds 

are very susceptible to oxidation and decomposition, particularly in the presence of 
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mineral acids and strong oxidants. Consequently, the solvent extraction community has 

expressed concern regarding the long-term operating stability of these reagents. This 

study was undertaken to establish more comprehensively the extent of decomposition of 

these reagents which could be expected under normal plant operating conditions. 

4.5.2 Sulfuric acid experiments 

Figure 4.38 shows the results of base titrations of organic-phase samples of Cyanex 

302 and Cyanex 30 I, subjected to contact with 300 g 1. 1 sulfuric acid at elevated 

temperatures for up to 3()OO h. The slight increase in the concentrations of the active 

components at times greater than 2000 h can be attributed to solvent losses which 
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Figure 4.3!; Titrimetric analysis of the acidic components of (a) Cyan ex 302 (. ), and 
(b) Cyanex 30 I ( .. ) in Escaid 110 as a function of time of contact with 300 
g 1. 1 H2S0~ at 60 nc. 
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occurred after prolonged contact times, despite the use of ret1ux condensers. This was 

confirmed by measuring the volumes on conclusion of the experiment. 

Figures 4.39(a) and (b) compare the gas chromatograms of Cyanex 302 and Cyanex 

301 before and afier proionged contact with suifuric acid, respectively, whiie Tabie 4.9 

summarizes the relevant data. Within experimental accuracy, the composition of Cyanex 

302 remained unchanged; Cyanex 301 showed slight differences in the impurity 

distribution. Two minor components were eliminated during the experiment, while the 

concentration of the monothio species increased. It was also noted that the color of the 

organic phase changed from dull green to colorless within the first 300 h. This suggests 

that dissolved sulfur in the extractant, which is responsible for the color, reacts with small 

amounts of other impurities arising from the manufacturing process to form the monothio 

species (see Appendix D). 

Table 4.9 - Analysis of GC data before and after long-term exposure of 
extractants to H2S04 

Extractant Relative % of toutl peak area Species [217]1 
retention" 1=011 1 = 3000 h 

Cyanex 302 0.320 2.9 3.0 R~PO~CI-I3 
0.359 3.1 3.3 unidcntilicd 
0.429 81.0 81.3 R~PSOCH3 
0.576 13.0 12.4 R3PO 

Cyanex 301 0.320 3.5 0.0 1~})0~CH3 

0.378 3.6 0.0 unidcntilicd 
0.428 O.S " - 4.6 R~PSOCH3 

0.512 78.0 SI.4 R~PS~CI-I3 
0.683 14.1 14.0 R3PS 

* Witll respect to TOPO. 
+ acidic protons metlIylated for GC characterization. 
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Figures 4.40(a) and (b) show the infrared spectra of Cyanex 302 and Cyanex 301 in 

the wavenumber region of interest. Band assignments are as given in Table 4.3. 

Comparison of the data obtained before and after contact with the sulfuric acid clearly 

shows that no significant degradation of eiiher extractant occurred. 

4.5.3 Nitric acid experiments 

The decomposition of the organic phases on contact with concentrated nitric acid was 

immediately evident from the evolution of nitrogen peroxide, a brown gas with 

characteristic acrid fumes, al:cording to the reaction [51]: 

(4.3) 

The infrared spectra of the organic phases after contact with nitric acid of varying 

concentrations are shown in Figures 4.41(a) and (b) for Cyanex 302 and Cyanex 301, 

respectively. At acid concentrations up to 2 M HN03, the extractant spectra remained 

unchanged, but increasing the acid strength to 5 M and 10 M resulted in severe 

degradation. In Figure 4.41(a), destruction of the P-O-H stretch at 920 cm,l [206] can be 

seen. Large broad hydration peaks (3300 and 1150 cm'l) appear, as well as other 

unassigned absorption bands. 

For Cyanex 301, the appearance of absorption bands between 1200 and gOO em,l 

shows the formation of S-O linkages, suggesting the oxidation of the sulfide. (S-S 

disulfide linkages ean also form; these absorption bands, however, occur between 400 

and SOO em· I
.) There are also broad hydration peaks at 3350 and 1170 cm'l. The 

disappearance of the weak band at 2550 cm,l is due to destruction or the S-H stretch. 



144 

(0) 
1=0 h 

a> t 10% 
() 
c: 
c 
+-
() 
a> 

"f-
a> 

(b) ~ 

a> 
> I=Oh .-
+-c 
Q) 

0:: 

t 10% 

2000 1800 1600 1400 1200 1000 800 

Wavenumber (em-I) 

Figure 4.4() Fourier-Transform infrared rcllectancc spectra of (a) Cyancx 302 and (b) 
Cyanex 301 in Escaid 110 before and after contact with 300 g 1"1 H2S04 for 
3000 h at 60 0c. 



145 

Q) 
u 
c 
c -u 
Q) 

~ 
Q) 
),.. 

CJ) OM 
> -c 

O.IM Q) 

0::: 
1M 

2M 

5M 

cP cP cP 00 00 00 cP 00 00 00 C>..oo 
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ v 

Wavenumber (em-I) 

Figure 4.41 Fourier -Transform infrared retlectance spectra of (a) Cyancx 302, and (b) 
Cyanex 301 in xylene before and aftcr contact with various concentrations 
of HNO, for I h at 25°C. 
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Both reagents also exhibit signs of damage to the alkyl chains with increasing acid 

concentration, showing decreased intensities of the absorption bands at 2800 to 3000 cm-! 

(saturated CH3 and CH2 stretches), 1450 to 1500 cm-! (CH3 and CH2 hydrogen 

deformation modes), and 1370 and 1390 cm-! (t-butyl "umbrella" deformations). 

4.5.4 Summary 

The hydrolytic stabilities of the thiosubstituted organophosphinic-acid extractants, 

Cyan ex 302 and Cyan ex 301, have been evaluated with respect to their resistance to 

decomposition in the presence of sulfuric and nitric acids. Under typical sulfate plant 

conditions (300 g }"! H2S04), no significant deterioration of either reagent occurred aftcr 

prolonged contact at elevated temperature. The results from these accelerated tests 

confirm those obtained in other studies carried out under less extreme conditions, and 

suggest that both reagents have plant-life expectancies comparable to other commercial 

solvent-extraction reagents. In contrast, nitric acid at concentrations greater than 2 M 

causes rapid and severe oxidative decomposition of Cyan ex 302 and Cyan ex 301. Use 

of nitric acid is not recommended. 

4.6 Molecular Modelling 

4.6.1 Organic extractants 

Figure 4.42 shows the Dreiding and space-filling representations of the most stable 

conformations of the major components of Cyanex 272, Cyanex 302, and Cyanex 301, 

as determined by the HyperChem molecular-mechanics routine using the MM+ force 
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Figure 4.42 Dreiding and space-filling representations of the mlnlmUm energy 
conformations of (a) Cyanex 272, (b) Cyanex 302, and (c) Cyanex 301, as 
determined by the molecular-mechanics routine of HyperChem, using the 
MM+ force field. (The letters on the Dreiding structures represent the 
intramolecular distances given in Table 4.10.) 
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field. Some calculated bond lengths of the molecules are shown in Table 4.10, and may 

be compared to those found in the literature for Cyanex 272 and Cyanex 301, as 

determined by the Alchemy modelling program [195]. Some major discrepancies exist. 

Although Alchemy uses the MM2 algorithm, which is very similar to MM+, the database 

provides default values for unknown parameters. These may bear little resemblance to 

actual values, and no estimate of errors is available. The present models represent the 

molecules of interest in a more valid manner, since appropriate input parameters have 

been chosen (see Appendix B). 

The HyperChem results in Table 4.10 are self-consistent. As expected, the distances 

measured between different positions on the alkyl chains (a-b) do not vary much for the 

Table 4.10 - Comparison of molecule bond lengths as determined 
by HyperChem (MM+ force field) and Alchemy [195] programs 

Extractant Distance 
. 

I-Iyper- Alchemy Distmlce Hyper- Alchemy 
Chern (nm) Chern (nrn) 
(nm) (nm) 

Cyanex a-b 0.652 0.531 a-g 0.743 0.650 
272 a-c 0.613 0.549 a-h 0.738 0.656 

a-d 0.247 0.181 b-c 0.987 0.491 
a-e 0.332 0.421 g-h 1.012 0.385 
a-f 0.478 0.276 c-f 0.606 0.600 

Cyanex a-b 0.655 - a-g 0.682 -
302 a-c 0.694 - a-h 0.718 -

a-d 0.298 - b-c 0.965 -
a-e 0.525 - g-h 0.979 -
a-f 0.362 - e-f 0.586 -

Cyanex a-b 0.653 0.547 a-g 0.680 0.611 
301 a-c 0.693 0.566 a-h 0.770 0.500 

a-d 0.322 0.179 b-c 0.969 0.493 
a-e 0.527 0.295 g-h 0.976 0.523 
a-1' 0.362 0.427 e-f 0.5t)4 0.602 

* As shown on Dreiding representations of Figure 4.42. 
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three extractants. Distances involving the donor atoms (such as a-d, a-e, a-f) are 

consistent with sulfur having a larger radius than oxygen. Distances b-c and g-h decrease 

with increasing sulfur substitution, reflecting the increase in bond angle between the donor 

atoms due to their increasing size (see Table 4.12 q. v.), and the corresponding decrease 

in the bond angle between the two alkyl chains. 

Table 4.11 compares the conformational energy minima for the extractants, in both 

their neutral and ionized forms, as determined by an iterative process using the MM+ and 

AMBER molecular-mechanics force fields, with partial atomic charges determined by the 

MNDO semi-empirical routine. Table 4.12 compares the bond angle between phosphorus 

and the donor atoms, and gives the partial atomic charges, as determined by MNDO. 

Table 4.11 - Energies of the most stable conformations of the 
major components of Cyanex 272, Cyanex 302, and Cyanex 301 

Species MM+ AMBER 
(kJ mo!"l) (kJ mo!"l) 

R2P(O)OH 87.23 65.69 
R2P(O)O' 90.70 67.47 
R2P(S)OH 85.81 57.36 
R2P(S)O' 89.79 65.52 
R2P(S)SH 86.19 63.30 
R2P(S)S' 86.37 65.59 

Since the two algorithms used to determine the energies in Table 4.11 arc different, 

the data should not be compared directly; the absolute values of the energies, in fact, 

have no physical significance, although they can be correlated to the en thai pies. Although 

the trends observed for both force fields are similar, it is more useful to compare different 

molecules and different conformations of a given molecule within a single force field. 
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Table 4.12 - Summary of bond angles and partial atomic charges on donor atoms, 
X and Y, as determined by MNDO semi-empirical quantum-mechanical method 

1\ 

Species X y X-p-y o'x o·p o'y 
R2P(0)OH =0 -0 107.0 -0.679 0.897 -0.420 
R2P(0)0' -0 -0 115.3 -0.754 0.987 -0.753 
R2P(S)OH =S -0 112.5 -0.441 0.448 -0.334 
R2P(S)0' -S -0 118.4 -0.653 0.652 -0.708 
R2P(S)SH =S - S 110.5 -0.378 0.067 0.090 
R2P(S)S' -S -S 117.1 -0.591 0.240 -0.590 

MM+ uses an algorithm based on tabulated dipole moments between adjacent bonded 

molecules, while AMBER takes into account the partial charges on the atoms, as affected 

by the electronegativities of other atoms in the molecule. Since semi-empirical methods 

can readily determine electron-density distributions, the use of partial charges is more 

accurate. AMBER also simulates the effects of lone pairs on the sulfur atoms and the 

longer-range electrostatic effects of a solvent on the charge distribution. Since the 

interactions of interest in this study involve ions, AMBER is the preferred methodology. 

Table 4.11 shows that the energies of the extractant ions are slightly higher than 

those of the acid; Table 4.12 shows that the bond angle at phosphorus, between the two 

donor atoms, increases on ionization. The higher energy of the ions is therefore due to 

repulsion between the negatively charged donor atoms, as well as increased strain at the 

tetrahedral center. The measured partial atomic charges reflect expected trends.3 Since 

3 The partial charges on the oxygen and sulfur, as given in Table 4.12, do not, however, confoml to the 
expected difference in magnitude based on Pauling eleClronegalivity differences (see Section 2.4.3). This 
is because Ille Pauling values are based on the dipole moment of singly bonded diatomic molecules. Here 
the partial charges are detemlined semi-empirically, and therefore ret1ectthe influence of other atoms in the 
molecule, the presence of double bonds, and resonance delocalization of the eleclronic charge. 
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oxygen is more electronegative than sulfur, the sulfur-containing ions do not experience 

polarization to the same extent. This factor also accounts for the observation that the 

conformational energies of the ions decrease with sulfur substitution; the corresponding 

increase in bond angle is attributed to the larger ionic radius of sulfur (02
. = 121 pm; S2. 

= 170 pm; 1"sl1"o = 1,40) [52]. 

The energy differences between the extractants in their acid and ionized forms may 

be correlated with their ability to lose the acidic proton at a given pH, i.e., the pKa value. 

Figure 4,43 shows the relative energies of the HOMO and LUMO of each extractant, as 

determined by iterative energy minimization using MNDO. The energy difference 

between the HOMO and LUMO decreases in the order: R2PO; > R2PSo- > R2PS; Since 

the hydrogen atom contributes a single molecular orbital, the HOMO of the ionized 

extractant has approximately the same energy as the LUMO of the neutral extractant. 

This means that loss of a proton occurs more readily in the extractants containing sulfur. 
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Figure 4.43 Energy-level diagram showing the relative energies of the HOMO and 
LUMO of the extractant ions, and the LUMO of the hydrogen ion. 
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Supporting evidence for the predominance of the thiono tautomeric structure of the 

monothio extractant is also provided by semi-empirical modelling. Figure 4.44 illustrates 

the electron density plot ("1'2) for the HOMO of the R2PSO' ion, drawn with respect to a 

two-dimensional plane through the molecule. The greatest density is centered on the 

oxygen donor atom, rather than on the sulfur, as for the thiol configuration. This means 

that interactions involving exchange of electrons between the ligand and an incoming 

cation occur predominantly at the oxygen atom. The acidic properties of the extractant 

are also determined largely by the oxygen, in agreement with the observation that the pKa 

value of this species lies much closer to that of R2P02H than to that of R2PS2H (Table 

1.1). 

Figure 4.45 illustrates a contour map of the total charge density of the R2PS; ion, 

calculated using MNDO, showing the symmetry of the charge distribution between the 

two sulfur atoms. 

4.6.2 Extracted metal complexes 

The relative binding energies of various cations to the ionized extractants were 

determined according to the method outlined in Section 3.5.3.2. The results are 

summarized in Table 4.13. Since the current status of semi-empirical modelling is not 

fully able to consider the effects of d-electron interactions. the results must be intcrprcted 

with some caution. The effect is primarily electrostatic, although some stcric inllucnces 

are evident. 
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Figure 4.44 Representation of the electron density distribution (0/2
) of the HOMO of the 

R2PSo- ion, showing the predominance of the thiono tautomeric 
conformation. 

Figure 4.45 Contour map drawn in the plane of the S-P-S atoms showing the total 
charge density or the R2PS2 ion. as calculated by MNDO. 



Table 4.13 . Relative binding energies of various cations 
to the ionized extractants (AMBER force field) 

Ligand Cation Ionic Distance Energy 
radius4 to P (pm) (kJ mor l

) 

(pm) [52] 

R2P(O)O· H+ - 210 -1.506 
Na+ 95 322 -10.8 
Mg+ 82 272 -7.89 
Mg2+ 65 250 -18.2 
Ca+ 118 330 -5.67 
Ca2+ 99 313 -9.61 
Cu2+ 71 241 -20.2 

R2P(S)O· W - 306 -7.08 
Na+ 95 376 -6.72 
Mg+ 82 271 -8.86 
Mg2+ 65 272 -15.82 
Ca+ 118 379 -7.40 
Ca2+ 99 372 -12.50 
Cu2+ 71 325 -13.10 

R2P(S)S· W - 323 -6.766 
Na+ 95 398 -6.485 
Mo+ 

b 82 284 -8.544 
Mo2+ 

b 65 280 -15.10 
Ca+ 118 401 -7.184 
Ca2+ 99 394 -12.05 
Cu2+ 71 345 -12.53 
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The Coulombic (electrostatic) force is proportional to the product of the magnitude 

of the charges; the binding energy of a divalent ion should therefore be greater than that 

of a univalent ion. Comparison between energies of the Mg and Ca interactions with the 

ligands in Table 4.13 shows that this is observed. Similarly, the energy of interaction is 

4 The tabulated values of ionic radii arc given in Reference [52]. HyperChelll, however, docs not accoullt 
for the difference in ionic radii wilh differenl ionic charge, i.e., Ca(l) has tile same radius as Ca(l!) for 
calculalion purposes. The difference in binding energy between these two ions therefore rellects only 
electrostatic inlluences; for steric effects, it is more appropriate to compare different ions of the sallie 
valence, such as Mg(Il) and CaW). 
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inversely proportional to the distance separating the ions; therefore binding energy is 

expected to decrease with increasing ionic radius. This is not strictly observed, since the 

force of attraction between oppositely charged ions is offset at small separation distances 

by the repulsive forces acting between the electron clouds. 

Steric effects contribute to the equilibrium distance of the cation from the ligand. 

This is readily observed by comparing the data showing the position of the cation relative 

to the phosphorus atom for a given ligand. As the cation radius increases, its equilibrium 

distance from phosphorus increases. Similarly, for a given cation, a comparison of the 

three ligands shows that this distance increases with increasing size of the donor atoms. 

The major limitation of HyperChem in dealing with transition-metal ions is clearly 

indicated by comparing the apparent binding energies for Cu2
+ with the three extractants. 

The complexes are expected to be less stable with increasing sulfur substitution of the 

ligands, in direct contrast to the experimental results of Figure 4.6. Only electrostatic and 

steric interactions are considered. Since the partial charges on the sulfur donor atoms are 

smaller than those on the oxygens, and the atomic size of sulfur is larger, the Coulombic 

interaction between the ligands and copper decreases with increasing sulfur substitution. 

The gains in stability due to the effects of pi bonding and electron delocalization are not 

taken into account in this model. 



CHAPTER 5 

DISCUSSION 

156 

In this chapter, the experimental data are correlated such that the stoichiometry and 

coordination geometry of the extracted metal complexes may be postulated. Comparisons 

of the extractants for a given metal ion are made, and explanations are given in terms of 

d-electron effects and donor-acceptor atom interactions. Different theories of coordination 

chemistry are evaluated in terms of their validity and applicability in accounting for 

observed behavior. The periodic trends observed for metal complexation by each 

extractant along the first-row transition metals from Mn(l!) to Zn(ll) are also analyzed. 

The concept of ligand field stabilization energy and the nature or the metal-ligand honds 

formed are invoked in the interpretation of the experimentetl data. Finally. some potential 

applications and a discussion of practical operating considerations for these reagents are 

presented. 

5.1 Nature of the Extracted Species 

5.1.1 Slope analysis 

The conventional approach to establishing the nature of the extracted complexes is 

to use a technique commonly referred to as slope analysis. By relating various 

experimental parameters to one another through a mathematical analysis, postulations 

concerning the stoichiometry of the metal-ligand complexes can be made. 
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Assuming that a mononuclear complex is formed, the extraction reaction may be 

written as: 

(5.1) 

where p represents the degree of association of the organophosphorus extractant. The 

equilibrium constant for the reaction is then given by: 

K = (5.2) 

The distribution coefficient, D, is given by the ratio of the LOLal meLal col1lenL in the 

organic phase to the metal content in the aqueous phase: 

[MJ [MHI'III,"A,II" 1 
D = - = 

[MJ [M"+ 1 

Therefore, 

D [H+]" 
K = --' (5.4) 

[(HA)I' ]'" 

and 

log K = log D - 11 pH - /I) log [(HA)" 1. (5.5) 

At constant extractant concentration, a plot of log D against pH should give a straight 

line with slope 11. Since the extractant concentrations exceed the metal concentrations by 

two orders of magnitude under the present experimental conditions. this condition holds. 

Similarly, at pH51i' defined as the pH at which 50% metal extraction occurs. D = 

and log D = 0 for a phase ratio of unity. Relation (5.5) then becomes: 

11 pH5(J = - 111 log [(HAl" I - log K. (5.6) 
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A plot of pH50 against log [(HA)pl is linear with a slope -111111 and an intercept of -(log 

K)/n. These plots are shown for the three extractants in Figures 5.1 to 5.3. In agreement 

with the results of Section 4.1.5, it has been assumed that p ::: 2 for Cyanex 272 and 

Cyanex 302, and that p = 1 for Cyanex 301. For most of the metal-extractant systems 

considered, good linear correlation is achieved, and the data are well behaved. Deviations 

from expected trends are discussed in the following section. Further results of the slope 

analyses are summarized in Table 5.1. 

Figures 4.14 to 4.17 and Table 5.1 show that, in all three extractant systems, plots 

of log D against pH for cobalt, nickel, copper, zinc, manganese and silver have slopes 

Table 5.1 • Slope analysis of extraction data 

Ex traclaIll Mctal n min mt (-log K)/Il 

Cyancx 272 Co(ll) I.S 1.07 2 3.7lJ 
Ni(ll) 1.8 1.29 3 5.30 
Cu(Il) 1.7 1.06 2 3.30 
Mnm) 1.6 0.90 2 3.56 
Zn(ll) 1.8 1.19 2.4 1.46 
Fc(III) 1.7 1.10 2 0.26 
i\g(l) 0.9 1.52 2 3.15 

Cyancx 302 Co(ll) I.lJ 1.86 4 1.50 
Ni(ll) low' I.S 1.71 3.4 2.04 
Ni(lI) high' I.lJ 1.44 3 UI 
Mn(1I) 1.1 1.24 2.5 4.13 
Zn(ll) 1.7 1.47 3 -0.13 
Fc(lll) 1.1\ 1.43 2 -O.7 l) 

Cyancx 301 Co(ll) I.lJ 0.90 2 -0.052 
Ni(l]) 1.9 1.26 3 0.342 
MnO!) 1.5 1.31 2.6 2.52 
Zn(ll) 1.1\ - - -
Fc(l]I) 2.2 0.80 2 0.56 

* averaged valucs. 
t calculatcd asslIming Il = 2, cxn:ptll = I for Ag. 
# rcfcrs 10 cxtractant conccntrations abovc (high) and bclow (low) O. I M - scc Figurc 5.2. 
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Figure 5.1 Effect of extractant concentration on the pH50 value for the extraction of 
various metal ions by Cyanex 272. 
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Figure 5.3 Effect of extractant concentration on the pHso value for the extraction of 
various metal ions by Cyanex 301. 

very close to the expected value of 2 for divalent metal ions and 11 = 1 for silver. (With 

copper and silver, only Cyanex 272 data could be presented in this manner; Cyanex 302 

and Cyanex 301 show complete extraction above pH 0.) In the case of iron, the value 

of n was closer to 2 than to 3. 

Conditional equilibrium constants for the extraction reactions were calculated from 

Equation (5.6). Table 5.2 compares the values obtained in this work with the available 

published data. The results obtained for cobalt and nickel extraction by Cyanex 272 are 

in good agreement with those of prior investigations. There are, however, discrepancies 

between values measured for copper, zinc, and iron extraction by Cyanex 272 and those 

reported by Sastre et at. [159, 169]. An unconventional approach was used by these 

investigators, and their definition of the extraction constant is somewhat different to that 



Table 5.2 • Conditional equilibrium constants for the extraction of 
metals by Cyanex 272, Cyanex 302 and Cyanex 301 (25°C) 

Extractant Diluent Aqueous phase Metal log K Rcfcrcncc 

Cyanex 272 Esso DX3641 I 0.2 M Na2S04 Co(ll) -7.58 [1481 
Ni(II) -9.72 

toluene 0.3 M NH4NO) Co(ll) -7.22 [86] 
Ni(Il) -9.80 

Isopar-I-f 0.1 M NaNO) Cu(II) 1.50 [159] 
Zn(Il)" 1.9 
Zn(I1)t 4.5 

Isopar-I-f 0.1 M NaN03 
Fe(II1)"· 3.32 [1691 
Fc(III)tt 9.lJ4 

toluene 1.0 M (NH4)2S04 Com) -8.81 [1791 
Ni(li) -121 

xylene 0.5 M Na2S04 CoOl) -7.6 tllis work 
Ni(I1) -10.6 
Cum) -6.6 
Zn(H) -2.9 
Mnm) -7.1 
Fc(lII) -0.52 

xylcnc 0.5 M NaNO) Ag(l) -3.2 this work 

Cyanex 302 lOluene 1.0 M (NH4)2S04 Co(l]) -5.51 117<)1 
Ni(l]) -101 

kerosene chloride Zn(l]) -o.:nl [1~21 

sulfate Zn(ll) -O.4XI IlRl1 

xylcnc 0.5 M Na2S04 Co(ll) -2. t) this work 
Ni(II) low' -4.1 
Ni(ll) high' -7.6 

Mnm) -R.3 
Zn(ll) 0.26 
femI) 1.6 

I Esso DX 3641 is a tradcmark of Exxon Corp., U.S.A. 

2 Isopar-H is a product of Exxon Corporation, U.S.A. 
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Table 5.2 Cont. - Conditional equilibrium constants for the extraction 
of metals by Cyanex 272, Cyan ex 302 and Cyanex 301 (25°C) 

Extractant Diluent Aqueous phase Metal log K Reference 

Cyanex 301 toluene 1.0 M (NH~hSO~ CoOl) -1.3+ [ 17<)1 
Ni(II) -3.7+ 

xylene 0.5 M Na2S04 Co(Il) 0.10 Ulis work 
Ni(II) -0.68 
Mn(ll) -5.0 
Fe(III) -I.l 

* ZnA2(HA) t ZnA2(1IA)2 
** FeA3 tt FeA30IA).1 
# refers to extractant concentrations above (high) and below (low) 0.1 M - see Figure 5.2. * log K values not given explicitly in reference; estimated from original extraction data. * calculated as per authors' assumptions, jJ = I. 
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used here. Extraction constants for metal complexation with Cyanex 302 or Cyanex 301 

have not yet been explicitly reported in the literature; values of the constants given in 

Table 5.2 were estimated from published extraction data. 

5.1.2 Prediction of complex stoichiometry and geometries 

5.1.2.1 Cobalt(II) 

The slope analyses confirm those of Preston [84] and others with respect to the 

stoichiometry of the cobalt complex formed by Cyanex 272. i.e., p = 2 and III = 2 in 

Equation (5.1). UV -visible spectroscopy (Figure 4.31 (b)) provides further evidence that 

the metal is tetrahedrally coordinated as Co(HA2h. The FAB-MS data of Figure C.8(a) 

corroborate this postulation, but provide additional evidence of more highly associated 

complexes. Mass-spectral fragments for the species CoHA2, C02A2, Co(HA2)(HA), Co2A", 
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identified. The presence of the larger molecular-mass fragments with more than one 

metal center would explain the observation [149, 150] that the viscosity of the organic 

phase increases because of hydrogen-bonded aggregation with increased loading (sec 

Section 2.5.1). 

From the slope-analysis data given in Table 5.1, the predominant cobalt complex 

formed with the monothioacid, Cyanex 302, is postulated to be Co(HA2MH2A2)2' The 

electronic spectrum (Figure 4.31 (c» shows that the coordination or this molecule is 

predominantly tetrahedral, indicating that the complex must be solvated by two extractant 

dimers. The presence or electronic absorption in the 550 nm region. typically associated 

with cobaJt(II) octahedral com plexes. suggests that both octahedral and tetrahedral speciL~s 

exist with this extractant. Octahedral cobalt complexes typically exhibit a red-pink color. 

The loaded organic phase, however, has a blue-green color, because the molar extinction 

coefficient of the tetrahedral species is more than an order of magnitude greater than that 

of the octahedral species [50]. The FAB mass fragments identified for this complex 

(Figure C.9(a») again provide evidence for higher degrees of association. with peaks 

corresponding to the species CoAt. Co2A" and C04A6 • 

Since Cyan ex 301 exists primarily as the monomeric species (I' = I). the data in 

Table 5.1 suggest that the cobalt complex formed in this case is tetrahedrally coordinated 

CoA2• In the FAB-MS analysis (Figure C.IO(a». the major peak at II//~ = 7()1 

corresponds to this structure. Another peak of about S'if.' relative intensity occurs at II//~ 

= 1022, which would correspond to the species CoA,. It may therefore be concluded that 

although the predominant cobalt complex with Cyanex 30 I is tetrahedrally coordinated, 
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some octahedral coordination also occurs. The presence of COA3 also indicates that some 

oxidation of Co(Il) to Co(III) is occurring. This is undesirable since Co(III) is extremely 

inert, and stripping of this species from the organic phase is very difficult. Only very 

small amounts occur, however, so this is not an untenable situation, and could probably 

be eliminated by more careful control of experimental conditions. The strongly reducing 

nature of the R2P(S)S' ligand also helps prevent oxidation of the metal ion. The 

postulated structures of the mononuclear cobalt complexes are illustrated in Figure 5.4. 

The Co(ll) ion has a d7 electronic configuration. Three spin-allowed electronic 

transitions exist, these being clearly observed in Figure 4.31 (a). The relative strengths 

of the ligands under consideration in this study are illustratcd in Figure 5.5, superimposed 

on a simplified Orgel energy level diagram, with the transitions shown corrcsponding to 

the highest wavelength peaks in the electronic spectra (Figure 4.31). In a weak-field 

aqueous environment, the hydrated Co(ll) ion exists in an octahedral configuration: for 

purposes of comparison in this diagram, a small amount of chloride (a ligand favoring 

tetrahedral coordination in cobalt) was added. Cl- is the weakest ligand considered. and 

is therefore readily displaced by all of the extractant ions. From the order of extraction 

observed in Figure 4.4, however, it is expected that the spectral absorptions shirt to a 

lower wavelength (higher energy) and that the ligand field strengths of the extractant ions 

increase in the order phosphinate < thiophosphinate < dithiophosphinate. This is not 

observed. 

Two possible reasons for this apparent anomaly exist. First. it is possible that the 

peaks observed in each case do not correspond to the same spectral transitions_ In 
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Figure 5.4 Postulated structures of mononuclear cobalt(1I) complexes with (a) Cyanex 
272, (b) Cyanex 302, and (c) Cyanex 301. 

aqueous solution, the absorbances are well known to arise from d-electron transitions from 

the eg to the t2g level on the metal. When a sulfur-containing ligand is present, however, 

the energies of the p orbitals on the sulfur are similar to those of the metal d-orbitals; 

the observed transitions may therefore be from the metal eg level to an energy level of 

the sulfur atom. A second reason for the apparent lack of correlation between the 

observed UV-visible data and the extraction data could be that the inherent assumptions 
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Figure 5.5 Schematic Orgel energy level diagram for the Co (II) ion, illustrating the 
relative ligand field strengths of (a) CI', (b) R2P(O)0", (c) R2P(S)0", and (d) 
R2P(S)S' ligands in tetrahedral coordination with Co(II). The dashed lines 
represent the 4TJ terms before mixing. Adapted from [52]. 

and simplifications of ligand field theory (LFr) [218, 219] are simply inadequate to 

satisfactorily explain the relative stabilities of the complexes in these systems. It appears 

necessary to invoke the concepts of molecular orbital theory (MOT). This is discussed 

further in Section 5.3.2. 

5.1.2.2 Nickel(II) 

Ni(II) has a (f configuration and the electronic spectrum of Figure 4.32(a) is typical 

of octahedral complexation, showing three spin-allowed transitions. Based on slope 

analysis and visible spectroscopy, the nickel complex formed with Cyanex 272 appears 

to be Ni(HA2MHA)2 in an octahedral configuration, confirming the results of previous 
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investigators [84, 86]. At the high extractant metal ratio used in these experiments, the 

sixth coordination position of the nickel complex remains hydrated, as determined by Karl 

Fischer analysis (Section 4.4.5). The FAB-MS spectrum of Figure C.8(b) shows 

significant peaks corresponding to NiA3 and NiA2' supporting this postulation. The 

geometry of the postulated complex is illustrated in Figure 5.6. Mass fragments, 

identified as the species Ni2A, Ni2A2, and Ni2A3, were, however, also observed in Figure 

C.8(b), indicating complex dimerization. 

Nickel(II) is similarly postulated to form the octahedral complex NiA2(HA) with 

Cyanex 301. with one coordination site occupied by an undisplaccd H20 ligand. The 

FAB-MS spectrum (Figure C. IO(b» shows a large peak at I11/Z = 700, corresponding to 

NiA2' and smaller peaks at II1/Z = 1021 and 1022, corresponding to NiA3 and NiA2(HA), 

respectively. The peak at I11/Z = 1079 is the structure Ni2A3, suggesting the possibility of 

dimerization playing a role in this structure. Tait has proposed the structure NiA2(H20)2 

for the nickel complex formed under similar conditions [179]. 

For nickel complexation with Cyanex 302, somewhat unusual results were obtained 

in the slope analysis, with a large transition in the pH)/J values occurring at about 0.1 M 

R2P(S)OH (see Figures 4.18 and 5.2). The higher extractant concentrations formcd 

where A= 

Figure 5.6 Postulated structure of nickel (II) complex with Cyancx 272. 
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complexes having a red-purple color; for the lower concentrations, log D vs. pH plots 

exhibited unusual shapes, and the extracted complexes were yellow in color. This effect 

was reproducible. It appears that different complexes form under different conditions. 

It is well known that the kinetics of Ni(1I) inner-sphere substitutions are orders of 

magnitude slower than those of similar reactions for the other first-row transition-metal 

ions under consideration (see Figure 5.11(a), q. v.) [50]. The possibility that the 

experimental data for the Cyanex 302 extractions were measured under non-equilihrium 

conditions was considered; hatch shaker tests with I h eljuilihration (sec Section 3.2.1). 

however, showed the same effect. Since this effect was not observed with higher purity 

batches of Cyanex 302 (sec Section 4.2.1), the effect therefore appears to involve a 

contribution to extraction by an impurity species, in particular. the R2P(S)SH species. GC 

analysis of the first batch of Cyanex 302 showed that it contained < O.5lfr of the dithio 

species; later batches contained up to 2.3%. As shown in Figure 4.5. extraction or 

nickel(II) by Cyanex 30 I occurs at 5 pH units lower than that of Cyanex 302. The data 

of Figures 4.18 and 4.21 arc therefore readily interpreted in terms of extraction by the 

dithio ligand. As detailed in Section 4.2.4, with a Cyanex 302 concentration of 1.0 M, 

the amount of R2P(S)SH impurity is sufficient to extract the entire metal concentration 

(10. 3 M); as the extractant concentration decreases, a lesser portion of the metal is 

extracted in the low pH region. resulting in the plateau in the extraction curves of Figure 

4.18 and the apparent organic-phase saturation of Figure 4.21. When the concentrations 

of the extractant and metal ion arc comparable, all extraction occurs by complexation with 

the R2P(S)0" ligand at about pH 7. The color ditTcrences between the complexes can be 
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attributed to the increased concentrations of nickel complexation with the R2P(S)SH. 

Tait [179] has proposed that Ni(II) complexation by Cyanex 302 is characterized by 

different amounts of water coordinated to the metal ion; at lower extractant 

concentrations, two water molecules are coordinated into the inner hydration sheath, while 

at higher extractions, these are replaced by extractant ions. The present investigation 

shows, however, that at high extractant concentrations, significantly greater amounts of 

water were present in the organic phase than at low extractant concentrations. It seems 

more likely that the simple impurity reasoning is more appropriate to describe the 

experimental observations. The nickel(lI) complex formed with R2PS(} ligands alone is 

therefore postulated to be Ni(HA2MHAh(H20). 

5.1.2.3 Copper(II) 

From slope analysis and the data of Table 5.1, the copper complex formed with the 

dialkylphosphinic acid is predicted to bc Cu(HA2h. This agrees with the complex 

proposed by Sastre et al. [159], and is consistent with the four-coordination geometry 

preferred by Cu(II) [50]. Because Cu(lI) is a d9 structure, the J ahn-Teller effect is very 

strong, and the geometry of this complex is considered to be close to square planar 

(distorted octahedra!), confirm cd by the electronic spectrum of Figure 4.:n. In contrast. 

the aqueous species is Cu! (H20)6f+, alLhough the axial ligands are much further away 

from the metal center than the equatorial ligands. 

The possibility of copper forming multinuclear complexes was considered hecause 

bridging and polymeric-type complexes have been observed in analogous systems (see 
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Section 2.4.4). An attempt was made to elucidate the nature of these species by 

molecular-mass determination and comparison with that expected for the monomeric 

species. FAB-MS data (Figure C.8(c)) show species identified as CuA2, CuA,. Cu,A4. 

Cu4A2, Cu2A3, Cu3A3, and CU4A3 on complexation of copper with Cyanex 272, suggesting 

that the slope analysis may be providing an over-simplistic interpretation of the 

coordination chemistry. A possible structure is illustrated in Figure 5.7(a), in which a 

dinuclear system with planar geometry at the metal center is proposed. Many similar 

systems are known for first- and second-row transition metals. In some cases, the 

complex stability is enhanced by the presence of metal-metal bonds: it is not knmvn 

whether this is occurring here. 

Slope analysis of the extracted species formed with Cyanex 302 and Cyanex 30 I was 

impossible because of the extremely low pH at which extraction occurs. The electronic 

spectra, however, show similar characteristics for all three ligands (Figure 4.33), with 

broad weak absorption in the 700 to 900 nm wavelength range. It should, however, be 

noted that the absorbances measured for the Cyanex 302 and Cyanex 30 I complexes arc 

extremely small, suggesting that electronic transitions of this energy are spin-forbidden. 

and that the d orbital on the metal ion may be completely filled. The strong similarity 

of the copper extraction curves (Figure 4.6) with those of AgO) (Figure 4.12) also 

provides qualitative evidence for similarities in the outer orbital configurations of the two 

ions. 

The FAB-MS fragmenLation patterns of Cyanex :\02 and Cyanex :\() I (Figures C. L)( c) 

and C.lO(c), respectively) definitively illustrate the formation of multinucll'ar species and 
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higher degrees of association of the complexed species. The species CuA, CuA}. Cu2A2• 

Cu3A2, Cu2A3, Cu3A3, Cu4A3, and CU4A4 appear in the MS spectrum of Cyanex 302, while 

the species euA, CuA2, Cu3A2, Cu4A3, CUsA.p Cu6As, and CU 7Ac, are observed in the 

spectrum of Cyanex 301. The formation of species having a 1: 1 stoichiometric ratio 

between the extractant and metal provides evidence that copper exists in the organic phase 

as Cu(l), giving it a completely filled d subshell. This is energetically favored, since the 

4s electronic level lies above the 3d level at atomic number 29 [501. Further evidence 

for a CU(l) configuration is obtained from the 3Ip_NMR spectra shown in Figure 4.36. 

On complexation with the R2POi ligand, broadening of the peak is observed due to the 

presence of an unpaired electron spin; in the spectra of the R2PSCtand R2PS; ligands. 

however, the peaks appear similar to those of Zn(II) and Ag(1) (Figures 4.35 and 4.37. 

respectively), both of which have completely filled d shells. 

If the copper ion is reduced on extraction, then the extractant is expected to he 

correspondingly oxidized. As discussed in Section 2.4.2, Cote and Bauer 11211 have 

reported such observations in studies of dithiophosphoric acids. The MS spectrum for the 

copper-Cyanex 301 system (Figure C.1O(c» exhibits a large peak corresponding to 

disulfide formation of the extractant, R2P(S)-S-S-(S)-PR2• Similarly, the spectrum of the 

Cyanex 302 complex showed evidence of the species R2P(O)-S-S-(S)pR2 • formed from 

the thiol tautomeric form of Cyanex 302 and Cyanex 301 present as an impurity. These 

conclusions align with observations of earlier investigators who studied dithiophosphoric 

and -phosphinic acids having R = CH3 and C2Hs. Kuchen and Bertd 11251 noted that the 

various R2PS; species were strongly reducing and not suited to the stahilil.<ltioIl of higher 
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oxidation states. They also postulated the formation of oligomeric structures of the form 

[R2P(S)SCu]1I for copper complexes with dithiophosphinic acids. 

A dlO electronic configuration of Cu(!) would also explain the extremely high stability 

of these complexes in terms of the" 18-electron rule." Since the ion is coordinated by 

four sulfur (or two sulfur and two oxygen) atoms, each contributing an electron pair, the 

total number of electrons around the metal center adds up to eighteen, which is the 

closed-shell configuration most favored for a transition metal ion. 

The difficulty of stripping copper from the sulfur-containing extractants is also 

explained by the reduction of Cu(II) to Cu(!). Acid stripping is ineffective, since it is 

necessary to reoxidizc the metal ion to recover it. The proposed polymeric structure of 

the copper complex with the R2PS; ligand is shown in Figure 5.7(b). 
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Figure 5.7 Postulated structures of (a) dinuclear copper complexes with Cyanex 272, 
and (h) polymeric copper complex with Cyancx 30!. 
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5.1.2.4 Zinc(II) 

Slope analysis gives a non-integer value of m for zinc extraction by Cyanex 272, as 

shown in Table 5.1, indicating the formation of more than one species. Assuming III = 

2, the complex Zn(HA2h is predicted, while with 111 = 3, Zn(HA1)2H2A2 is expected. An 

alternate interpretation of the non-integer value of III is that the extractant itself is not 

fully dimerized and exhibits some intermediate degree of association. FAB-MS data 

(Figure C.8(d» show the presence of Zn(HA2)2' ZnA2(HA) and ZnA-t species, which are 

all consistent with the former structure. The geometry around the central atom is 

expected to be tetrahedral, similar to the analogous cobalt complex. Sastre eT al. [159 J 

have also postulated the formations of Zn(HA2h and ZnA2(HA), the former being the 

dominant species under the present experimental conditions. 

From the results of Table 5.1, the zinc complex with Cyanex 302 appears to be 

Zn(HA?MHA)? if dimer formation is assumed, or ZnA?(HA) for non-association of the - - - -

extractant. The FAB-MS analysis of this extractant was inconclusive, but thc presence 

of ZnA2 was clearly discerned. Caravaca and Alguacil have proposed the formation of 

the complex ZnA2 with Cyanex 302 in sulfate media [181], and the complex (ZnA2h in 

chloride media [182]· neolectin v the occurrence of self-association in the oroanic phase. ,;: b :;:. 

Slope analysis of the Cyancx 301 complex was not carried out because of the 

difficulties in obtaining data at the low pH values at which extraction OCCLlrs. FAB-MS 

data (Figure C.lO(d», however, suggests that ZnA3 and Zn2A3 are formed. 

Zinc(II) has a complctely filled d subshell, hence the absence of colored complexes 

and the absence of any ligand field effect. It is also this feature of the electronic structure 
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which gives rise to the essentially unperturbed 3Ip_NMR resonances observed for the 

complexed species in Figure 4.35. The stereochemistry of the complexes is therefore 

determined solely by considerations of size, electrostatic forces and covalent bonding. 

5.1.2.5 Iron(III) 

The iron complexes formed with all three extractants exhibited the orange color 

typical of Fe(II), and showed UV -visible absorption in the vicinity of 300 nm, similar to 

that of the Fe(H20)~+ species. PHREEQE modelling and the evidence of Table 5.1 also 

suggest that iron is present as Fe(II). According to Caravaca and Alguacil rU~ll and Tait 

[180], however, Fe(Il) is not extracted by Cyanex 302 or Cyanex 301. Since iron is 

readily extracted under similar experimental conditions in this work. the initial asslimptiull 

was that it must be present in the aqueous phase as Fe(lII). The pH at which extraction 

occurs (approximately pH 1 to 3) is also compatible with the existence of the trivalent 

species [220]. It is therefore possible that iron is extracted as the trivalent species and 

then reduced in the organic phase to the divalent species. These extractants are readily 

oxidized (see Section 2.5.3), so they probably act as reducing agents for the ferric iun. 

in a manner similar to the reduction of Cu(II) to Cu(I) discussed in Section 5.1.2.3. 

Examination of the FAB-MS data for the iron complexes formed with Cyanex 272, 

Cyanex 302, and Cyanex 301 (Figures CR(e)' C9(e) and CIO(e). respectively). shows 

a remarkable similarity in the fragmentation spectra. Apparently the complexing ligand 

in all cases is the R2P02 ion, allli that the presences of R2PSO and R2PS2 have liLtle l~l-rel'L 

on the extraction of iron. This agrees with the result noted from Table 4.6: sulfur 
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substitution in the phosphinic acid has almost no effect on the pH dependence of iron 

extraction. Since the extractant concentration exceeds that of the metal ion by lOa-fold, 

the impurity concentration of R2P(O)OH in Cyanex 302 is sufficient for complete iron 

extraction. The data of Table 4.2 show that Cyanex 301 does not contain this species. 

As in copper extraction, it appears that an oxidation/reduction phenomenon is occurring, 

with Fe(lII) reduced to Fe(II), accompanied by the corresponding oxidation of the 

extractant. Comparison of the FAB-MS spectrum of Figure C.lO(e) with those of the 

other metals complexed with Cyanex 301 shows that this is the only case in which the 

major peak occurs at m/z = 291, attributed to the presence of R2P(O)OH. (The peaks at 

m/z = 289 are due to R~P(S)', resulting from the loss of a sulfur atom from R~PS;.) This - - - -

provides further evidence of the oxidation of the extractant. 

The standard reduction potential of the Fe(III)/Fe(II) couple is +0.771 V [2211. Cote 

and Bauer have reported that the reduction potential of dibutyl-dithiophosphoric acid is 

+0.47 V [186]. Assuming that the reduction potential of the dithiophosphinic acid 

considered in this study has a similar value, the oxidationireduction scenariC) outlined 

above is thermodynamically favorable. 

The FAB-MS data also provide evidence that the extracted metal ion is divalent. 

since the major fragments are FeA2 and (FeA2h, where A = R2PO; for all three 

extractants. The species FeA, and Fe2A, arc also detected, however. showing that somc 

Fe(III) is still present, and that there is organic-phase aggregation in this system. Fe(I1) 

is expected to exhibit tetrahedral geometry, and Fe(III) to exhibit octahedral geomctry of 

the ligands around the central ion. 
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5.1.2.6 Manganese(II) 

The most conspicuolls attribute of the Mn(H) system is that the order of extraction 

of Cyanex 272 and Cyanex 302 is reversed, with the former extracting at a lower pH. 

As discussed further in Section 5.4, the energy differences giving rise to such selectivity 

considerations are only a few kJ mo}"l. Mn(H) and the sulfur-containing ligands arc not 

involved in energy stabilization by 1t bonding, so it is probably the symmetry of the 

R2PO; ligand that gives it a slightly enhanced extraction capahility ()VL~r LlK' R,PSO 

ligand. 

Coordination around MnCH) is expected to be tetrahedral. Although the slope 

analysis does not clearly indicate a coordination number of four, FAB-MS data for the 

Cyanex 272 complexes show the species MnA2• MnA3, and MnA4• all of which arc 

compatible with fragmentation in this manner (Figure C.8(f». 

FAB-MS data for the manganese complexes formed in the presence of Cyanex 3()2 

(Figure C.9(f) indicate that several mixed ligand species are formed. Again, an 

oxidation/reduction-type phenomenon is occurring. The MS-FAB spectrum shows the 

presence of the species MnAB, MnA2' MnB2' Mn2AB2, Mn2B3, Mn2A2B, Mn2A1 , Mn2AC1, 

and Mn2C,t, where A = R2PS(J, B = R2P()~, and C = R2PS2. Manganese is the llnly IllL~tal 

studied which shows this behavior. Although Mn(II) exhihits linear hehavior in Figures 

5.1 to 5.3, the slopes of plots of log D against pH give values of 17 that are lower than the 

expected value of two. In the complexes Mn2AB2, Mn2A2B. erc .. the formal charge OIl 

manganese is + 1.5. 

Figure 5.8 shows a detail or the FAB-MS rragmentation spectrum of thl~ complex 
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formed between Cyanex 302 and manganese. In Figure 5.8(a), the base peak occurs at 

mlz = 1008, corresponding to the structure Mn2(R2P02)(R2PSOh Figure 5.R(b) shows the 

spectrum of the same complex measured one hour later; now the base peak occurs at mlz 

= 922 (MniR2P02MR2PSO)), and the intensity of the peak at m/z = 976 (Mn2{R2P02),) 

has also increased significantly. This shows that the manganese complexes do not exhibit 

long-term stability, and that oxidation of the ligands occurs. Whether this effect is an 

artefact of the measurement is yet to be established in a more comprehensive study; this 

phenomenon is, however, not seen for any of the other metal complexes. The behavior 

of manganese in these complexes is not yet fully elucidated, and these illleresting 

observations provide incentive for further analysis. 

5.1.2.7 Silver(I) 

Figure 4.16 shows the plots of log D as a function of pH for sil vcr extraction by 

Cyanex 272. The average value of the slopes of these lines is O.t). close to the expected 

value of unity for Ag(l). The plot of pH50 against log [(HAhl is linear with a slope -min 

= -l.516. This yields a value of 111 = 1.35 in Equation (5.1). It is therefore deduced that 

silver forms a 1: 1 complex with the bidentate R2POi ion. The preferred coordination 

number of silver is two [50]; a 4-membered ring is therefore formed. FAB-MS data 

provide evidence that this complex is rather unstable as, even under conditions of 257, 

metal loading, no silver species were detected in the fragmentation spectrum. 

Figure 4.30 shows the FTIR spectra of the Ag complexes with Cyanex 272. Cyanex 

302 and Cyanex 30 J. Cyanex 302 shows a decrease in intensity of the strong P-O-{H) 
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stretch at 920 cm-), and the corresponding appearance of an absorption band at 1120 cm· l
• 

attributed to the P=O stretch (Figure 4.30(b». This provides strong evidence of a 

redistribution of electron density in the thiollthiono equilibrium of the extractant on 

complexation with Ag(I), such that the length of the P-O bond is decreased and the P-S 

bond length is increased. A similar observation has been reported for the t-butylthio

phosphoric-acid system [106] (see Section 2.4.3). Figure 4.30(c) (Cyanex 301) shows the 

disappearance of the S-H stretching band at 2250 cm· l
, as expected if the acidic proton 

was exchanged during extraction. Unexpectedly, the appearance of the p=o stretching 

absorption in this extractant is also noted. It is likely that this represents the initial stage 

of decomposition and oxidation of the extractant in the acidic nitrate media. Further 

details of this phenomenon are discussed in Section 4.5.3. 

Slope analysis was unable to be undertaken for the complexes with Cyanex ~02 and 

Cyanex 301, but insight into the nature of the complexes formed with these ligands may 

be obtained from an evaluation of the FAB-MS spectra. The fragmentation data provide 

strong evidence of I: I stoichiometry of silver with Cyanex ~02 and Cyanex ~() I. In 

Figure C.9(g), the species AgA. Ag2A2• AgJA2, AgJAJ, Ag.jA" and Ag)A.j are identified 

for Ag(l) complexation with Cyanex 302; similar fragments arc ohserved in the Cyanex 

301 spectrum (Figure C.lO(g). Previous studies of the solid-state structures of similar 

silver complexes by KlIchen and Hertel [136], involved reagents whose R-grollps were 

limited to the sterically unhindered -CH, and -C2H) groups. Since the R-groups of 111l' 

reagents of interest in this study arc considerably more bulky, it is unlikely that a more 

highly coordinated central metal ion would he favored. By analogy. the silver complexes 
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Figure 5.9 Postulated structures of siIver(I) complexes with Cyanex 302 and Cyanex 
301 (X = 0, S). (a) Dimeric 8-membered ring, and (b) linear chain-like 
structure. 

formed by Cyanex 302 and Cyanex 301 may be represented by the geometric structures 

shown in Figure 5.9. 

With a coordination number of two, the geometry would be linear, either from 

electrostatic considerations. or by proposing sp hybridization of the metal. Orgel has 

suggested that since the 4d orbital has nearly the same energy as the 5s and 5p orbitals, 

the d:, orbital can also hybridize in this manner to remove electron density from the 

ligands, thereby stabilizing the complex to some extent [52]. In thiophosphinate ligands, 

additional stability is imparted by IT bonding, discussed in Section 5.3.2. 
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5.2 Analysis and discussion of computational chemistry 

As discussed in Section 2.6, semi-empirical quantum-mechanical analyses are only 

strictly valid for elements with atomic numbers up to 17, in which only sand p orbitals 

are involved in the bonding interactions. Methodologies for taking into account the 

effects of d orbitals are still under development. Nevertheless, the molecular modelling 

undertaken in this work has provided some useful insights, particularly in considering the 

metal ions, Mg(Il) and Ca(ll). where the primary factors inlluencing the metal-ligand 

interactions are electrostatic and steric. 

The main difficulty in carrying out studies of this nature is the lack of measured data 

concerning the structures of the molecules; it is necessary to extrapolate, interpolate, and 

"guess" data. In this work, most of the bond-length and -angle data added to the 

molecular-mechanics databases (see Appendix B) were taken from crystal structure data 

of other dialkylthio- and dithiophosphates and phosphinates. and are helieved to he as 

valid as is currently possible. It should, however, be borne in mind that extrapolation of 

data for solids to the description of solvated molecules docs introduce errors. Values for 

the bending and stretching force constants were usually chosen hy comparison with 

similar molecules; however, torsion parameters and non-bonded interactions were orten 

chosen to be similar to molecules in which phosphorus was replaced oy caroon. Till' 

databases were kept as self-consistent as possible. 

From Figure 4.42, the relative sizes of the sulfur and oxygen atoms in the extractants 

are readily appreciated. The hond angles between the donor atoms in the cnergy

minimized (AMBER force field) ions arc: O-P-O. 115.3": O-P-S. 11 X.4": and. S-P-S. 
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117.1°, for Cyanex 272, Cyanex 302, and Cyanex 301, respectively. A four-membered 

ring formed with a metal ion is therefore expected to be less strained with the sulfur-

containing ligands. 

The HOMO of the thiophosphinate ion, iliustrated in figure 4.44, shows a 

concentration of electron density on the oxygen donor atom. (TC interactions between P 

and S are not considered in this model.) This supports infrared data as evidence of the 

dominance of the thiono tautomeric structure in Cyanex 302.:1 

The interaction of a metal cation with a negatively charged ligand involves: (i) a 

positive (attractive) Coulombic force (proportional to 1/,.2); (ii) a van der Waals force. 

typically given by the Lennard-Jones (6-12) potential, which is positive (attractive) at 

large interatomic separations and negative (rcpulsive) at small interatomic separations: 

and (iii) several more complex electronic forces which depcnd on specific characteristics 

of the interacting species. Molecular modelling accounts fairly well for the first two of 

these forces, but is a poor approximation of the third. The binding energy determined by 

modelling may therefore be used as an indication of the "percentage ionic character" in 

the bonding. Obviously, with increasing extcnts of TC bonding and redistribution of 

electron density, the model is less representative. Table 4.1) shows apparent bond 

energies (based only on electrostatics) for interactions between the ligands and metal ions 

of different charges and radii. By comparison of the values or the fl'L~c energy or 

formation of the complex, these values providc a semi-quantitative indication of the 

J HyperChem Release 3.0 enahles calculalion of the theoretical vihrational spectra of molecules; it wllulll 
be of inleresllo compare the theoretical and measured infrared spectra of the extractallls. 
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relative extents of ionic and covalent bonding in the complexes. 

The apparent extraction constants, given in Table 5.2, represent the overall extraction 

reaction. It is important to recognize that these calculated values of K are complex 

constants comprising several individual equilibrium constants: 

K = (5.7) 
KII 

ex 

with the variables as defined in Section 2.3.2. The acid dissociation constants for the 

ligands are known; if the partition constants for the acid and complex can be measured 

or estimated, then Pk can be determined. This constant is related to the free energy of 

formation of the complex by the thermodynamic relationship: 

!::"co = - RT In K, (5.X) 

where all parameters take on their usual meanings. The binding energies measured by 

HyperChem represent the equilibrium: 

MII
+ + 11 L- '" ML". 

By choosing an appropriate value for the dielectric constant. this interaction may be 

simulated in either aqueous or organic medium, depending on the medium for which Pk 

is defined. The difference between the free energy of formation of the complex and the 

binding energy gives an indication of the covalency in the metal-ligand bond. While the 

work presented here is not sufficiently advanced to make lIuantitatiw L~valuati()ns. till' 

utility of this approach is clearly demonstrated_ 

Using representations such as Figure 4.43, the relative levels of the HOMOs and 

LUMOs of the ligands and incoming ions can be lIsed to predict selectivity for a 
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particular metal ion in terms of energetic considerations. It is well known that the energy 

of the HOMO may be correlated with the first ionization potential. Although this analogy 

should not be carried too much further, estimates of LUMO energies of ions should be 

possible.4 

In summary, the major limitation to quantifying this technique for ligands and 

complexes of interest to hydrometallurgists is the lack of ability to take into account d-

electron effects. Nevertheless, self-consistent results have been achieved in modelling the 

extractants alone, and some groundwork has been laid in terms of considering the 

questions that should be asked and potential approaches to these problems for the future. 

5.3 Comparison of Extractants 

5.3.1 Extraction constants 

In identifying factors which determine the relative extractability of a metal ion by a 

series of extractants, it is important to consider the observations outlined in Section :U.2. 

The overall extraction behavior results from a complex interplay between various physical 

and chemical parameters. To recap. the extraction constant is given hy: 

K = (S.IOJ 

For the extractants under consideration. the partition constants K/I and Ke.1 do not 

change significantly. The values oj' these parameters depend on physical effects. sllch as 

4 HypcrChcm Rclea~e 3.0 also has extensive facilities availahle for the constructIOn of nlOlecular orhital 
energy diagrams. which were not availahle in the earlier version of the wrt ware. 
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the viscosity, diluent, and alkyl chain length, which determine the relative soluhilities of 

the extractant and extractant-metal complexes in the aqueous and organic phases. Since 

these properties are controlled primarily by the bulk characteristics of the extractant, the 

nature of the alkyl chain is mainly responsible for observed behavior. ;\s shown in Tabk 

1.1, the densities of the three extractants are very similar, although Cyanex 3()2 has a 

viscosity more than double that of Cyanex 301. These physical properties translate into 

water solubilities of 38, 3, and 7 mg 1'1 for Cyanex 272, Cyanex 302, and Cyanex 30 I. 

respectively [12]. (Solubility is lower in solutions containing dissolved salts.) K" is 

therefore expected to increase in the order Cyanex 302 < Cyanex 30 I < Cyanex 272. 

Since KD also depends primarily on the properties of the extractant. this parameter should 

show the same trend. In general, however, these two parameters do not exert significanl 

influence on the relative extractability, as determined by Equation (5.8). 

The parameters K" and Pk' both of which incorporate chemical, rather than physical. 

information, exert the primary influence on the relative stabilities of the complexes. As 

discussed in Section 4.2, increasing the pK" or the extractant by increasing the extent of 

sulfur substitution increases the extraction ability or the ligand. The dirrerl~nce in pK" 

between Cyanex 272 and Cyanex 302 is much smaller than the difference hct\Vl~cn 

Cyanex 302 and Cyanex 301.5 As shown in Table 4.5, this is reflected hy a much larger 

pH shift in extraction on replacing both sulfur atoms in the phosphinic acid. compared to 

5 Recall tilat tile tabulated pKI/ values of the extractants refer to aqlleo/(s acid dissociation constant,. Since 
tilC dielcctric constants of most organic solvents arc significantly less tllan tllat of water (('.g., £,,,.\.,,,,. = I ()(): 
E,ylcnc = 2.4; E wJlcr = 7~.6), the tendency towards acid dissociation in the organic phase is likely to he 
considerably reduced. 
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replacing only one. Since the acidity of the proton primarily determines the pH of 

extraction in a proton-exchange mechanism, such as Equation (5.1), this observation is 

expected because Cyanex 302 exists primarily in the thiono tautomeric structure (Sections 

4.1.4 and 4.6.1). 

~k is the stability constant for the complexation of the metal ion with the ligands. 

This parameter is determined primarily by chemical considerations, specifically the 

strength and nature of the bond formed between the metal and ligand. 

5.3.2 Nature of the chemical bond 

A simplified Orgel diagram illustrating the ligand field strengths of the variolls 

ligands in tetrahedral coordination with Co(ll), as determined from electronic spectral 

transitions, is shown in Figure 5.5. As discussed in Section 5.1.2.1. the relative order 

does not follow that expected from classical ligand field theory, which has traditionally 

been used to explain the relationship between spectroscopic observations and structural 

geometry of transition-metal complexes. 

LFf is based on a model in which the bond strength and complex geometry are 

determined by electrostatic interactions between the center metal ion and the incoming 

ligands; the possible covalency of bonds is essentially neglected. Molecular orbital 

theory (MOT) improves upon this approach in that bonding electrons occllpy "new" 

molecular orbitals formed from the linear combination of the original (J{()/I/ic orbitals or 

the interacting species (LCAO). This theory enables a rationalization llr the behavior of 

organometallic complexes, in terms or both the metal center valency and gClll11l'try alld 
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the electronic characteristics of the ligands, allowing both ionic and covalent contributions 

to bonding. 

The relative stability of the extractant-cobalt complexes is therefore determined 

primarily by the fact that the outer electronic shell of sulfur has more d-orbital character 

than oxygen, because it occurs below oxygen in the Periodic Table. The significantly 

lower electronegativity of sulfur renders it more polarizable than oxygen. This means that 

electrons are more readily shared in a metal-sulfur bond than in a metal-oxygen bond. 

introducing a greater degree of covalency and hence increasing the strength of the bom!. 

Since the bonding involves the metal d electrons, symmetry considerations predict that 

overlap with the d orbitals of sulfur is expected to form a stronger bond than overlap with 

p orbitals of oxygen. Figure 5.10 shows an illustrative representation of the formation 

of molecular orbitals formed from M -0 and M -S overlaps in octahedral complexes ISO I. h 

In Figure 5.1O(a), the metal-ligand overlap involves only sigma bonds since the IT orbitals 

of the ligand (oxygen) are not available for bonding; in Figure 5.10(0), however. overlap 

of the metal d orbitals with the IT orbitals of the ligand occurs. In the specific case of a 

sulfur donor atom on the ligand, the IT orbitals arc unoccupied; the molecular orbitals 

formed by the overlap therefore allow lowering of the overall energy. This pi bonding. 

also known as back-bonding, causes a redistribution of electron density in the bond. Such 

use of d orbitals by nonmetals is well known for soft-ligand donor atoms and is well 

supported by experimental data. In fact. the P=S and P=O interactions in the l'xtractants 

6 The energy level diagrams for tetrahedral complexes arc more complicated. hut the samc arguillcilts arlO 
valid. 
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Figure 5.10 Qualitative MO energy level diagrams for octahedral complexes between 
a first-row transition metal ion and six equivalent ligands which (a) do not 
possess IT orbitals. and (b) do possess IT orbitals. Adapted from [SOl. 
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are also characterized by significant back-bonding to d orbitals on the phosphorus atom 

[221, 222]. Since the dipole moment of the former bond is relatively small, the overall 

delocalization of electrons over the (P-S-M-S-) four-membered ring further enhances the 

stability of the complexes. Experimental support for the enhanced stability of the M-S 

bonds by back-bonding might be seen from an inspection of the FTIR data of the metal

extractant complexes in the wavenumber range of interest (300 to 400 em'); as noted. 

these measurements were not possible with the equipment available. 

The metal-complex stability is therefore largely determined by the interactions of the 

d electrons of the metal with the outer orbitals of the acceptor ligand in accon1ance with 

the HSAB principle. Pi bonding by ligands, such as those containing a sulfur donor atom. 

provides a simple explanation for their enhanced stability. The sulfur aLOm is Sf" 

hybridized to form a sigma bond, with electron density transkrred ol1lo the p()sitivL~ly 

charged metal center. The presence of empty 3d orbitals, however. enables electron 

density to be transferred back 11'0111 the metal to the ligand. In a metal of low oxidation 

state, this allows electron density built up through the sigma system to he dispersed 

through the pi system [52]. This synergistic effeet increases the bond energy and therchy 

the stability of the complex. 

5.4 Periodic Trends and Comparison of Different Metal Ions 

Figure 5.11 shows the trends along the first transition series for the rate of H]O 

ligand exchange, the enthalpy of hydration. and the ionic radius of the divalent Illctal ion. 

The shapes of the eurves arc typical of many periodic trends across the transition seriL~s. 
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Ca(U), Mn(II), and Zn(II) lie on a straight line because of their respectively empty, half-

filled and completely filled d sublevels, representing relatively stable ekctronic 

configurations. Deviations observed for the other metal ions occur because of partial 

deshielding of the nucleus by the incompletely filled d orbitals. As the atomic number 

increases along the sequence, the effect is not completely offset by the corrcsponding 

introduction of an extra electron, because the electron is added to an already partially 

filled orbital. 

Figure 5.12 shows the values of log K as a function of atomic number along thL~ first 

transition series from Mn(II) to Zn(II). The conditional equilibrium constants for the 

extraction of the divaknt mctal ions by Cyanex 272, Cyancx 302 and Cyanex 3{) I have 

been taken both from thc results of the present invcstigation, as well as from other 

investigators (Tablc 5.2). Except for Ni(II), all complexes arc four-coordinate. which 

gives some basis for a comparison of the relativc stabilities. Whik an absolute 

comparison is not possible, it is readily appreciated that such a representation aids in 

speculation concerning reasons for selectivity and complex stability. It is seen that the 

log K trends measured for Cyancx 272 correspond qualitatively with those expected based 

on periodic trends; Cyancx 302 shows morc significant deviation. while no readily 

identifiable trend is observed for Cyanex 3() I. The rcasons for this arc again L'xpiaincd 

in terms of the metal-ligand bonds. 

In Cyan ex 272, bonding to the metal atom occllrs through the two donor oxygen 

atoms of the dimerizcd ligand, forming a stable cight-membered ring (sec. for example. 

Figure 5.4(a». This type of honding is typical of many chelate systcms. sllch as 
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Figure 5.12 Plots of log K as a function of atomic number for complexes formed with 
thc ligands (a) Cyanex 272. (b) Cyanex 302. and (c) Cyanex 301. 
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carboxylate and oxalate ions, etc. The nature of the bonding is the same across the series, 

so that the only factors intluencing the stability constant are the increasing atomic number 

and extent of electronic shielding by the outer d electrons. The observed trend is 

satisfactorily explained by arguments invoking the concept of ligand field stabilization 

energies. In contrast, Cyanex 301 interacts in a completely different manner with MnOI) 

(a hard acid), compared to Zn(JI) (a soft acid). Besides the atomic-number factors above. 

the stabilization by 1t bonding with the sulfur atoms varies significantly across the series. 

The behavior of Cyanex 302 is intcrmcdiatc bctwccn these two cxtremes. 

It has been observed (Tablc 4.5) that metal ions with largc numbers of outer shell 

electrons (such as Cu(lI) and Zn(II» exhibit greater pH dcpcndcnce on sulfur suhstitution 

in the extractant than do Co(ll) or Mn(II), which contain fewcr d clectrons. Using the 

arguments of Section 5.3.2, this result can be explaincd in terms or HSAB theory. hecause 

the latter ions are less polarizable and therefore less able to take advantagL~ or thl~ low

energy vacant orbitals of the sulfur atoms on the thiophosphinate ions 122~I. In 

particular, Mn(II) and Fe (I II) are hoth t!) ions, with relatively stahle eb:tronic 

configurations and low polarizabilities. Thc potential for 1t honding in these ions is 

considerably reduced, compared to ions with more clectrons. This explains why sulfur 

substitution of the ligand has a negligihlc effect on the extraction hchavior. The reversal 

of extraction order between Cyancx ~02 and Cyanex 272 for Mn(ll) cannot he fully 

explained at this time, but a prohable reason is that the enhanced symmetry of the latter 

structure provides a small increase in bond energy. 

These observations are well supported hy a theoretical study of metal chclatL' stahility 
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constants carried out by Freiser et al. [224]. These authors demonstrated that the 

contribution to overall stability by crystal field stabilization energy is relatively 

unimportant in comparing different ligands. In fact, the nature of the donor aLoms of the 

ligand and their pi bonding ability (and resonance interactions) are more important in 

accounting for the relative stabilities of organometallic complexes. 

While quantitative values of K are available for many ligands and well-accepted 

trends across the transition series are readily discerned, the reasons for these observations 

remain somewhat conjectural and qualitative. The actual energy differences between 

complexes having differences in stability constants of two or three orders of magnitude 

are minute (of the order of a few kJ 11101. 1
). and the favoring of one complex over annthl~r 

can only be completely explained using quantum-mechanical arguments. As discussed 

earlier, the solution of the Schrtidinger equation for d-ekctrons is mathematically very 

complicated. One of the challenges of modern inorganic chemistry is to convert the 

rather descriptive observations of the mid-twentieth century into a more quantitative 

framework, from which greater insight into experimental behavior Illay he found. 

5.5 Considerations for Potential Commercial Applications 

Although this dissertation research has concentrated primarily on the fundamental 

chemistry of the extraction behavior of the thiosllbstitllted extractants. several issues with 

practical implications have been raised. Ultimately. the commercial success or oLlll.:rwise 

of a new reagent will be determined by these factors. This section presents it discussion 

of some of these isslles. 
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5.5.1 Stripping behavior 

As demonstrated by the data of Sections 4.3 and 4.5, a major limitations to the use 

of the thiosubstituted extractants, especially Cyanex 301, is likely to be the difficulty of 

stripping the recovered metal without destruction of the extractants themselves. These 

extractants form highly stable complexes with copper, silver, and zinc, it is not feasible 

to use them for these metals. On the other hand, Cyanex 302 should be a suitable reagent 

for the other metals studied. Only single-stage stripping experiments are described in this 

text; better results could be achieved by controlling the phase ratios in the stripping 

circuit and by employing a multi-stage separation process. as is commonly practiced in 

the industry. A scrubbing stage for purification of the extractanL before recycle would 

also be beneficial. 

The conventional approach to stripping acidic extractants is to reverse the direction 

of the extraction equilibrium by the application of strongly acidic conditions; an 

alternative is to use another complcxing agent to recover the metal from the organic 

phase. Kholkin ef al. [116] have reported that the extremely stable complexes of copper. 

nickel and cobalt with D2EHDTPA can be efficiently stripped with ammonium hydroxide. 

The mechanism involves competition for the metal ion by the formation of highly stahle 

ammine complexes. These claims have yet to be validated by other workers. but they 

represent a possible alternative in the present system. 

Another alternative is the lise of selective stripping. in which only the IllllSt weakly 

complexed metals are removed from the extractant. This approach clluld he c()st-c1kctiVL' 

when high-value metals arc involved and the economic nL~ccssity to recover and rccyck 
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the extractant is diminished; metals which are not readily removed from the organic 

phase could be discarded in the form of the organic complex. The environmental 

implications of such as approach are, however, not appropriate by modern standards. and 

it is likely that complete metal recovery would be mandated. The difficulties with 

conventional stripping procedures for these reagents are obvious. In recent years, 

however, several alternative approaches have been proposed; these may be more suitable 

in the present system. The promising concept of hydrogen pressure reduction of loaded 

solvents was first proposed in the 1970s [225, 226]; more recently, excellent results for 

the recovery of Cu, Ni, Co and Fe from carboxylic- and phosphoric-acid extractants, and 

of Cu, Ni and Co from 8-hydroxyquinoline derivatives have been demonstrated by 

Demopoulos and coworkers [227-230]. Such an approach is thermodynamically driven 

and could only be used for clements which can be reduced to the metal by hydrogen. An 

alternative to the engineering difficulties associated with the use of hydrogen under high 

pressure is a cementation-type process in which a less noble metal is used as the reducing 

agent. Belew ef al. [231] have demonstrated the feasibility of removing ferric ion from 

D2EHPA by reduction with zinc powder. Dreisinger and coworkers are currently 

investigating a similar option for the removal of copper from Cyanex 302 12321. The 

engineering for such processes is still under development, and the consequences of sllch 

reductions on the organic extractants also require investigation 123:~ I. Nevertheless. these 

processes appear worthwhile of pursuance, and could prove particularly useful in lllL' 

stripping of Cyancx 302 and Cyanex 30 I. 
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5.5.2 Long-term stability of metal-organic complexes 

An obvious characteristic of Cyanex 302 and Cyanex 301 is the pungent odor 

indicative of sulfide-containing species, causing concern in the solvent-extraction 

community about the stability and safety of these reagents. In this investigation, the 

results reported in Section 4.5 have clearly demonstrated acceptable stability or the 

extractants under conditions more extreme than typical of practical operating conditions. 

Some concern remains over the long-tcrm stability of cxtractant-mctal complexcs, 

particularly under conditions of high metal loadings. In a few invcstigations. including 

the present, the precipitation of organometallic complexcs from thc organic phase on 

prolonged standing has bccn obscrvcd. With thc dilutc organic phases uscd in this slUdy. 

precipitation occurred aftcr periods grcater than one year. With more concentratcd 

organic phases and higher metal loadings, precipitation may occur aftcr a few days [2321. 

In fact, the limited solubilities of coppcr and cobalt complexes with thc cxtractants may 

form the basis of possible purification processes for these reagents 12)41. Similarly. in 

this investigation the oxidation and/or decomposition of manganese complexes (}r Cyancx 

302 and Cyanex 301 was observed. A more quantitative analysis of these ()bservations 

is necessary beforc any major invcstmcnt in thc lise of these eXlractants. 

5.5.3 Operating considerations 

Despite recent engincering advances sllch as the lise of the Jameson column flotation 

cell, one of the most cconomically significant practical problems with liquid-liquid 

extraction systems is thc loss of expensive organic cxtractants by entrainment in the 
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aqueous phase. One method to overcome this, and to also avoid using large volumes of 

the organic phase, is the use of supported liquid membranes. During the past decade. 

much research has been carried out in developing this technology [235-237 J. Based on 

some pilot-plant operations, it is expected that selective ion-transport through liquid 

membranes may be a new generation separation method for industrial metal recovery. 

As discussed in Section 1.3.5, ion eXChange is advantageous over solvent extraction for 

the treatment of dilute solutions. since modern resins have overcome many prL~viously 

cited disadvantages of slow kinetics and low loading capacities. Sol vent-impregnated 

resins and membranes effectively bridge the gap between solvent extraction and 

conventional ion-exchange technology. The resins and membranes impart fast mass

transfer rates, and high distribution and selectivity coefficients characteristic of SX 

processes. The equipment is simple and compact, and the ease of operation of ion 

exchange is another advantage. While such technology may be inappropriate for the 

recovery of low-cost base metals, considerable benefits would accrue when valuable 

species are involved. The technology is also compatible with an environmentally 

conscious approach to plant design. in which volumes of potentially toxic chemicals are 

minimized as much as possible. 

5.5.4 Cobalt separation from copper 

Attempts in various investigations (including the current study) to achieve cobalt 

selectivity from other transition-metal ions commonly encountered in metallurgical 

systems have not proved successful. This is expected on a thermodynamiL' basis. 
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considering the relative stability constants for the metal complexes. Some reasons for this 

behavior are discussed in Section 5.4. For most systems, the order of extraction follows 

that commonly observed in the presence of most ligands and given by the Irving-Williams 

series. 

In a process for removing uranium from copper-containing solutions [3R-40J. 

separation was achieved based on the enhanced kinetics of extraction, despite unfavorable 

thermodynamic considerations. Selectivity based on kinetic factors has also been 

considered for the separation of cobalt, but has not yet been achieved. As shown in 

Figure 5.11, the kinetics of exchange of inner-sphere coordinated H20 ligands are 

comparable for ClI(l1) and CoOl). Extraction by an organic species involves displacement 

of this sheath, so it is likely that the extraction kinetics for most ligands will bc similar 

for these two metal ions. 

As confirmed by previous investigators [25, 28-35J, a multi-stage separation process 

is necessary to treat copper leach solutions. In particular-the ubiquitolls problem of 

hydrometallurgical process design-it is essential to remove the significant amounts of 

iron present prior to recovery of the trace metals. Cyanex 302 shows pmmise for a two

stage separation process. Treatment of the solutions at pH 2 would extract copper. iron. 

and zinc quantitatively, I"t~moving negligible amounts of the other metals. By increasing 

the pH of the eluate solution to 4 and again contacting it with Cyanex 3()2, cobalt could 

be quantitatively removed from nickel and the alkaline-earth elements. Since the aqueous 

phase in the second extraction stage would contain a vcry lo"v C0l1l'l'l1tr~llil)11 of cohalt. a 

large A:O ratio could be used. and significant preconcentratiol1 Dr the cohalt in thl' 
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organic phase could be attained. 

EW solutions, discussed in Section 1.3.3, possibly represent a more viable option. 

These solutions are considerably purer, have a constant and predictable composition, and 

contain only small concentrations of iron. At present, there is considerable interest in ~hl': 

removal of manganese(II) from the electrolyte, as a buildup leads to undesirable cell 

performance characteristics [238]. As discussed in Sections 2.5.2 and 4.2.1, under pH 

conditions typical of those present in the electrolyte. Cyanex 302 discriminates against 

Mn(II) in favor of all other cations. This could form the basis for an eb:trolyte 

purification process. 

5.5.5 Separations from alkaline and alkali-earth metals 

Despite many obvious problems with selectivity for transition-metal ions. Cyanex 302 

and Cyanex 301 are interesting reagents because of their discrimination against till' alkali 

and alkaline-earth ions. Many hydrometallurgical and commercial electroplating circuits 

experience operating problems because of the formation and accumulation of low

solubility species such as gypsum and jarosites. These extractants may he particularly 

useful in treating such electrolytes. 

5.5.6 Removal of toxic heavy metals from waste streams 

Some of the most obvious potential uses of Cyanex 302 and Cyanex 30 I arc for the 

treatment of contaminated groundwater supplies, waste streams from various industrial 

operations, and toxic spillage sites. Metals sLlch as lead. arsenic. antimony. hisilluth. 
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selenium and tellurium form strong complexes with sulfur-containing ligands across a 

wide pH range. A preliminary study in this area has recently been reported [2)YI. 

demonstrating promising results. In situations where safety and environmental 

considerations outweigh economic priorities, these reagents are expected to prove useful. 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

The solvent-extraction behaviors of the thiosubstituted dialkylphosphinic acids, 

Cyanex 302 and Cyan ex 301, have been characterized and compared with the analogous 

dialkylphosphinic acid, Cyanex 272. With respect to compositional analysis, the 

extractants comprise about 80% of the major component, with the major impurities arising 

from the manufacturing process, i.e., by-products and reaction precursors. Cyan ex 302 

contains the trialkylphosphine oxide and small amounts of the non- and dithio-substituted 

dialkylphosphinic acid; Cyanex 301 contains the trialkylphosphine sulfide and amounts 

of the monothiosubstituted dialkylphosphinic acid. Cyanex 272 and Cyanex 302 exist as 

dimers and trimers in dilute organic solutions because of hydrogen bonding; Cyanex 30 I 

shows little evidence of self-association. 

The extraction behavior of these reagents with respect to first-row transition metal 

ions from Mn(II) to Zn(II) was compared. Extraction occurs by displacement of the inner 

hydration sphere around the metal via cation exchange of the metal ion with the acidic 

proton of the extractant. The general extraction reaction is: 

M'l+ + 111. (HA),> '" MH A + 11 H+ 1'111-11 1'111 ' (6.1 ) 

where M represents the metal of interest, HA is the major component of the extractant, 

and p is the degree of association of the extractant. With the exceptions of nickel and 

iron, the extraction mechanisms for the metals studied involve reaction of the hydrated 

metal ion with the major component of each extractant. 
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With increasing sulfur substitution in the extractant, the pKa decreases, and metal 

extraction at lower pH is possible. Except for Mn(II), the pH of extraction of each metal 

decreased in the order R2P(O)OH > R2P(S)OH > R2P(S)SH. For Mn(II), the order is 

R2F{S)OH > R2P(O)OH > R2P(S)SH. The relative order in which the metals are extracted 

as a function of pH also changes with increasing degree of sulfur substitution in the 

dialkylphosphinic acid: 

Cyanex 272: Fe3+ < Zn2+ < A13+ < Cu2+ < Mn2+ < C02+ < Ag+ < Mg2+ < Ni2+; 

Cyanex 302: Cu2+ - Ag+ < Fe3+ < Zn2+ < A13+ < C02+ < Ni2+ - Mn2+; 

Cyanex 301: Cu2+ - Ag+ < Zn2+ < Fe3+ < C02+ - Ni2+ < A13+ < Mn2+. 

Nickel extraction was most affected by increasing sulfur substitution; the eff~ct on iron 

extraction was negligible. Both Cyanex 302 and Cyanex 301 extract copper and silver 

completely at pH 0 and discriminate effectively against alkali and alkaline-earth ions at 

low pH. 

The transition metals were readily stripped from Cyanex 272 by dilute (I M) sulfuric 

acid; stripping of Cyan ex 302 requires up to 10M acid, while Cyanex 301 requires 

concentrated acid and only the more weakly complexed ions were removed. Copper and 

silver cannot be removed from Cyanex 302 and Cyanex 301 by shifting the extraction 

equilibrium, without destruction of the extractant. 

The stoichiometry and molecular geometry of the extracted metal complexes were 

determined by slope analyses, various spectroscopies, and mass-spectrometric 

fragmentation measurements. Conditional equilibrium constants for the formation of some 

extracted metal species in these systems are also reported. 
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Cobalt(II) forms predominantly mononuclear metal-ligand complexes, tetrahedrally 

coordinated as Co(HA2)2 with Cyanex 272 and as CoA2 with Cyanex 301; with Cyanex 

302, both the octahedral species, Co(HA2)2 '2(HAh, and the tetrahedral species were 

predicted. Evidence from mass spectrometry also indicated higher degrees of association 

of the mononuclear species. 

Nicke1(II) forms hydrated octahedral complexes of the form Ni(HA2MHAh(HP) 

with Cyanex 272, Cyanex 301, and pure Cyanex 302. The unusual behavior observed for 

nickel extraction by Cyanex 302 under conditions of low pH and high extractant 

concentration resulted from preferential extraction by the R2PSi impurity species. In 

contrast to most of the other metal ions considered, Ni(II) complexes did not show 

evidence of multinuclear organometallic species, and the complexes with a single metal 

center dominated. This is primarily due to steric effects, since Ni(II) forms 6-coordinate 

complexes with these ligands, while most of the other metal ions exist as 4-coordinate 

complexes. 

The copper complex of Cyan ex 272 exhibited the stoichiometry Cu(HA2)2; FAB-MS 

analysis showed, however, that the complex is highly self-associated. With Cyanex 302 

and Cyanex 301, evidence from electronic spectroscopy, 3Ip_NMR, and FAB-MS analyses 

demonstrates that Cu(II) is reduced to Cu(!) on complexation with the sulfur-containing 

ligands, while the corresponding oxidation half-reaction results in disulfide formation of 

the extractants. Cyanex 302 and Cyanex 301 are thought to form bridging-ligand 

oligomeric-type structures with a metal:ligand ratio of unity on complexation with copper, 

similar to solid-state structures previously identified for analogous molecules. 
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lron(III) was similarly reduced to Fe(II) on extraction by Cyanex 302 and Cyanex 

301. Oxidation of the extractants occurred, and the primary mechanism for extraction 

was via ligand formation with the R2POi species. lron(II) is not extracted by these 

reagents in the pH range of interest. 

Manganese(II) complexation with Cyanex 302 and Cyanex 301 exhibits some unusual 

properties. Mn(II) is the only metal studied in which the order of extraction changed: 

Cyanex 301 < Cyanex 272 < Cyanex 302. FAB-MS data show that several mixed ligand 

species formed with the sulfur-containing reagents, and it appears that various redox 

reactions occur. This system remains incompletely investigated. 

Zinc forms predominantly Zn(HA2)2 on complexation with Cyancx 272, and 

Zn(HA2MHAh with Cyanex 302. The FAB-MS fragmentation species of the complex 

formed with Cyanex 301 are ZnA3 and Zn2A3, suggesting the possibility of a dinuclear 

arrangement. Since the d subshell of the outer shell is completely filled, the major effects 

influencing bonding are steric and electrostatic. 

Silver(1) formed 1: 1 complexes with Cyanex 272, Cyanex 302 and Cyanex 30 I. The 

Cyanex 272 complex is not strongly stable, but the sulfur-containing ligands are extremely 

stable. There is evidence of bridging ligands and linear-chain polymer formation with the 

thiosubstituted reagents, with species of the form AgsA5 and Ag6A6 detected. 

An analysis of the nature of the ligand-metal interactions demonstrated that the d

orbital character of the sulfur donor atoms in Cyanex 302 and Cyanex 30 I is responsible 

for the enhanced stability of the transition-metal complexes. The periodic trends across 

the first-row transition metals from Mn(JI) to Zn(JI) were also analyzed. It was shown 
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that ligand field theory may be used to account for the behavior of the R2POi ligand, but 

that molecular orbital theory needs to be invoked to fully explain the trends observed for 

the sulfur-containing ligands. While steric effects (demonstrated by molecular modelling) 

playa role in determining complex stability, the dOri.ii.lam faci.o! is the delocaiiiation of 

electron density and the back-bonding made possible by the availability of d-orbitals on 

the phosphorus, sulfur and metal. The Hard-Soft Acid-Base theory provides a qualitative 

interpretation for the observed behaviors. 
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CHAPTER 7 

SUGGESTIONS FOR FURTHER RESEARCH 

In view of the novelty of these reagents, there are still many opportunities for studies 

of the extraction mechanisms in various metaIJextractantJdiluent systems, and the 

application of this understanding to processes. Some directions of future research 

suggested by the current study are outlined in this chapter. 

7.1 Investigation of Multinuclear Complexes 

This work has demonstrated the difficulties associated with determining the geometry 

of metal complexes and, in particular, whether multinuclear oligomeric structures are 

forming. From the data analysis of Chapter 5, there is no definitive proof of the 

structures of the extracted metal complexes. Slope analysis results are interpreted in 

terms of the stoichiometric molar ratio of metal to extractant. FAB-MS analysis suggests 

that, in most cases, the complexes exhibit either some degree of association or bridging 

ligand behavior. One way to investigate the number of metal ions coordinated per mole 

of extractant is to operate under loading conditions close to saturation of the ligand. It 

may, however, be argued whether the complexes formed under these extreme conditions 

typify those formed under the conditions of this study. As demonstrated herein, typically 

more than one complex forms, even in dilute solution. 

In many early studies of these types of complexes, strong concentration and viscosity 
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dependences on molecular mass were observed. This suggests that the solid structures 

may differ substantially from the complexes formed in dilute organic solution, where the 

extractant is present in large stoichiometric excess and interactions with the solvent may 

also determine the nature of the complex. Unfortunately, the relatively large errors 

associated with vapor-pressure osmometry render this technique unsuitable for detailed 

studies of this phenomenon. While mass-spectral methods provided useful information 

in this study, they too are of limited value due to their destructive nature. 

Confirmation of complex geometry is possible by a detailed investigation of the 

crystal structures. This is usually carried out by examining the x-ray diffraction pattern 

of a single crystal, usually a labor-intensive and expensive process. These complexes are 

extremely difficult to crystallize by preparation of a salt prepared by the reaction of the 

acid form of the extractant with the metal ion. Most solid metal thiophosphinates have 

been prepared by the reaction of the ammonium or thallium salt of the acid with the metal 

oxide, chloride, or carbonate [125]. Again, whether complexes made in this way exhibit 

the same properties as those occurring in a solution is open to debate. 

7.2 Synergistic Effects with Oxime Mixtures 

In 1989, Cote and Bauer [121] published a review of their ongoing studies of 

organothiophosphorus extractants. Interesting preliminary results on the extraction 

characteristics of mixtures of thiophosphoric acids and chelating oximes were reported 

[122]. They observed that the addition of 2-ethylhexanal oxime to a solution of di(2-

ethylhexyl)thiophosphoric acid produced marked synergistic effects, which enabled 
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nickel(II) and cobalt(II) to be selectively extracted under acidic conditions (pH 0 to 1) and 

then easily stripped. Preston has reported similar synergistic effects in studies using 

dialkylphosphonic- and -phosphinic-acid extractants [84]. He also observed that the 

substituted 8-quinolinols, which are more resistant to hydrolysis than oximes, could be 

used as coextractants. The use of similar mixed extractants in combinations with Cyanex 

302 and Cyanex 301 could produce interesting and useful results, particularly if the 

relative order of metal extractions discussed in Section 4.2.1 could be altered. 

7.3 Nature of the Ligand Bonding 

As speculated in Section 5.3, the differences in behavior of the sulfur-containing 

ligands compared to the trends typically observed for many other ligands appear to result 

from the enhanced stability imparted to complexes with highly polarizable transition-metal 

ions by a redistribution of electron density by 1t bonding. Experimental evidence for this 

might be obtained by an examination of the infrared frequencies of vibration of the M-S 

bonds, compared to M-O bonds and hydrogen-bonded interactions with the oxygen in the 

phosphinic acids. A shift to a lower wavenumber would indicate an increase in bond 

strength. Similarly, a more thorough study of 3Ip_NMR spectra of the complexes could 

yield quantitative data concerning the extent of deshielding of the phosphorus nucleus and 

give further insight into the electron distribution at the binding sites. 

7.4 Effect of Anion on Extraction Mechanisms 

Alguacil and coworkers [181, 182] have examined the extraction of zinc by Cyanex 
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302 from both sulfate and chloride aqueous media. As discussed in Section 2.5.2, both 

the pH at which extraction occurs and the extraction mechanisms are quite different: 

Sulfate: (7.1) 

Chloride: (7.2) 

This effect has not been investigated for any of the other ions considered in this study. 

Possible changes in the relative order of extraction could be beneficial to the separation 

of ions in particular systems. Similarly, changes in extraction mechanisms may enable 

the chemistry of the systems to be manipulated to achieve desired results. 

7.5 Extraction Kinetics 

This research has not addressed the issue of kinetic behavior, besides noting that 

equilibrium in the extraction systems studied was reached within a few minutes of 

agitation of the aqueous-organic system. If these extractants are used in impregnated 

membranes or other similar systems in which the mass-transfer distances are small, then 

kinetic effects and selectivity based on differences in partitioning rates could be important. 

7.6 Oxidation-reduction Phenomena 

The discussion in Chapter 5 drew attention to the fact that the mechanisms of 

extraction of copper and iron by Cyanex 302 and Cyanex 30 I involve reduction of the 

metal ion and corresponding oxidation of the extractant. Evidence of longer-term 

decomposition and oxidation of the organometallic complexes exists, although the 

extractants alone appear stable for long periods under accelerated test conditions. 
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Manganese(II) extraction by Cyanex 302 and Cyanex 301 also proved interesting, with 

a change in order of extraction and evidence of decomposition of the sulfur-containing 

ligands. 

These redox phenomena have significant adverse implications for the stripping of the 

metal cations and the regeneration of the extractants, as well as for control of the overall 

process chemistry. Should these observations prove consistent on larger-scale operation, 

this would signal the end of potential uses for these extractants. A comprehensive study 

of the chemistry and redox behavior in these systems should be of high priority. 

7.7 Molecular Modelling 

In this work, considerable effort was expended in attempting to correlate observed 

stability data with steric and energetic considerations determined by molecular modelling. 

As shown in Chapters 4 and 5, most interpretations are qualitative at best. This is due 

to several reasons, the predominant of which is the paucity of data for these types of 

molecules. The semi-empirical models available also neglect the effects of 1t bonding in 

P=O and P=S interactions, and so estimates of stability are generally low. For both 

methodologies, algorithms for accounting for transition-metal ions are not available. 

This study attempted to use the results of molecular modelling to explain observed 

stabilities of complexes. Some recent work by inorganic chemists has, however, taken 

the opposite approach, namely the design of chelating molecules to exhibit particular 

stabilities with particular emphasis on considerations of steric selectivity [240J. The 

Extended Hi.ickel method is generally used by inorganic chemists to determine molecular 
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availability of data from photoelectron 

spectroscopy, electron spin resonance and other techniques in which the environment of 

individual atoms can be probed, are necessary. Such detailed investigations are clearly 

beyond the scope of the current work. Nevertheless, the potential use of modelling 

techniques has been demonstrated. There is obvious utility in eliminating expensive and 

time-consuming laboratory syntheses if molecules can be designed and their properties 

predicted using a computer. Some appropriate questions and problems have been 

identified in this work, and while answers have not yet been found, some foundations for 

further studies in this area have been laid. The use of such techniques will become more 

widespread as computing power, algorithm development and parameter databases expand. 

7.8 Effects of Practical Operating Conditions 

Since the present work was concerned primarily with equilibrium observations, the 

extractant concentrations were always considerably in excess of the aqueous-phase metal 

concentrations, so that the concentrations of the components in the organic phase could 

be considered unperturbed while the extraction was occurring. In any real application, 

it is typically desirable to maximize usage of the expensive reagents by operating at metal 

loadings close to capacity. This often introduces changes in physical properties not 

observed at low loadings-for example, viscosity increases (and the associated kinetic 

effects), and third-phase or crud formation. This research has indicated that the nature 

of the metal-organic complexes formed are dependent on their relative concentrations. 

The adverse effects noted for nickel extraction at low pH, for example, are relatively 
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inconsequential when metal loadings are high. To prevent large fluctuations in the pH 

of the aqueous phases as extraction and stripping proceed, the extractant is also typically 

used in the sodium or ammonium, rather than acid, form. 

As discussed earlier, indications that oxidation, precipitation and decomposition of 

the complexes might occur under certain conditions are also of concern to the long-term 

stability of the loaded organic phases. 

The effects of these parameters on the extraction characteristics of Cyanex 302 and 

Cyanex 301 are important in engineering process design; future studies aimed at these 

and other more pragmatic concerns are necessary. 
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APPENDIX A 

DERIVA TION OF THE EXPRESSION FOR THE 

DISTRIBUTION COEFFICIENT 

The expression for the distribution coefficient discussed in Section 2.3.2.1 is deri ved 

in this appendix. The treatment parallels that of Ke-an et aI., but with the errors in their 

paper [57] corrected. 

The equilibrium constants K2 (dimerization constant). K". (partition constant). and K" 

(the acid dissociation constant) (see Section 2.3.2.1) in a solvent extraction system are he 

related as shown below: 

K~_ 
2 IIA.. (J!i\)~ organic phase 

K",11 

aqueous phase 

The distribution of the extractant, HA, between the aqueous and organic phases at a 

particular pH is given by: 

[HALoI 
D = (A. I ) 

[HA ]101 

where [HAl lol = [HAl + 2[ (HA)21. 

[HAl IOI = [HAJ + [AJ. 

Using ICP-AES analysis of the aqueous-phase phosphorus concentratioI1. the tolal 
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extractant concentration in the aqueous phase, [HAl I01 , may be measured. It is Lherefore 

desirable to develop expression (A. I ) in terms of this parameter, the measured pH and the 

unknown constants. From equations (2.8), (2.11) and (2.12), it may be shown that: 

[HAl 
Kex = 

[HA] 

[(HA)2l 

K = a 

[HAl 

Rearranging equation (A.2): 

[HAl = Kex [HAJ. 

Rearranging equation (A.3) and substituting from equation (AS): 

Similarly, from equation (AA): 

K,,!HAI 
[Al = 

[H+J 

(A.2) 

(A) 

(An) 

(A.7) 

Expanding equation (AI) and l1lulLiplying the nUl1leraLor and denominator hy II-I A I",,: 

D = 

D = 

(fHAI + 2 r (HA)~ j) [HA L(li 

([HAl + [AJ) [HAJlol 

[HAIfHA I + [HAIIAI + 21(HA)2I!HAI"'1 

([HAl + IAj)~ 

Substituting equation (A7): 



D = 
[HA][HA] + [HA][A] + 2[(HAhHHA],o, 

([HA] + Ka [HA]/[H+])2 

Simplifying the denominator and dividing through by [HAf: 

[HAl [HA][A] 
+ + 

[HA] [HAf 
D = 

2[(HAh][HAlo, 

[HAf 

Substituting from equations (A.5) and (A.6): 

D = 
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(A. 10) 

(A.I I ) 

(A.12) 

In the method described by Ke-an el 01. [57], thc valucs or all tll1'l~C unknmvn 

constants are determined by regression analysis or data measuring D as a runction or pH 

and total extractant conccntration in thc aqueolls phase ([ HAI ,o, )' 
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This appendix summarizes modifications to the MM+ and AMBER parameter sets 

of HyperChem Release 2.0 necessary to represent the molecules of interest in this study. 

and gives the sources of the new data. 

B.1 MM+ Molecular Mechanics Force Field 

Interaction parameters of interest arc summarized in Tables B.I to B.4 for the MM + 

force field. File MMPTYP.TXT (Table B. I) specifics atom types. File MMPSTR.TXT 

(Table 8.2) contains parameters for the stretching between atoms T I and T2. Thl' 

Hooke's law force constant, KS. is in mdyn k'. the equilibriul11 separation !wtwl'cn the 

two atoms, LO, is in A, and the bond dipole moment is in Debyes (erg molecule'). 

File MMPBEN.TXT (Table B.3) contains force field parameLL~rs for t!K bending 

interactions between three atoms, TI. T2 and T3. KS is the force constalll in mdyn A 

rad·2
; the equilibrium angle between the atoms. THETA. is given in degrees. 

File MMPNBD.TXT (Table 8.4) contains the paranlL'tl'rs fur van liL'r Waal. ... 

nonbonded interactions. RSTAR is the van der Waals radius. A. of the atol1l or ion in 

a nonbonded configuration, equal to half the minimum energy nuclear separatilln: CPS 

is the potential energy well depth (minimum energy) in kcal mol·'. 
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Table B.1 - File MMPTYP.TXT 

Type Mass (g mol") Number Rcmarks 

C4 12.000 I C spJ 

H 1.008 5 H excepl on N or 0 
HO LOOS 21 H -OH alcohol 
HX 1.00S 24 H COm! or POOl! 
HS 1.00S 76 H H-S 
02 15.995 6 o C-O-H, C-O-C 
01 15.995 7 o =0 carbonyl 
OC 15.995 47 o carboxylatc 
OP 15.995 74 o 0-P5 
OQ 15.995 75 o O=P5 
S2 31.972 15 S -S- sui fide 
SP 31.972 77 S S-P5 
SQ 31.972 78 S S=J>5 
SC 31.972 25 S S-J>5 
P 30.994 60 P >P- phosphine 
P5 30.994 62 P pry) 

FE3 55.847 63 Fe iron(l II) 
CO2 5~UIO 65 Co coball(ll) 
AGI 107.86S 80 Ag silver (J) 

CU2 63.546 81 Cu copper((J) 

Table B.2 - File MMPSTR.TXT 

Tl T2 KS LO Dipolc Rcmark 

C4 C4 4.400 L523 0.000 MM2 
C4 H 4.600 LIl3 0.000 MM2 
H S2 3.S00 1.345 0.900 MM2 
02 HO 4.600 0.942 -1.115 MM2 
IIO OP 4.600 0.942 -1.115 MM2 
l-IX OP 4.600 0.942 -1.115 MM2 
02 P 2.900 1.615 ().<J7() MM2 
C4 P5 2.910 1.802 0.830 1.0 [ 129,139,144,145 j; KS. dipole from (\.J.l' MM2 
l-I SP 3.800 1.345 0.970 same as II-S2 data 
02 P5 3.196 1.610 0.1)70 AMBER Oll-P, MM2 02-P 
01 P5 7.294 1.480 0.1)70 AMBER 02-P 
OP P5 5.245 1.610 0.970 1.0 [129,130,137-140,142-145 j; KS av. P-O/p=() 
OQ P5 5.245 1.480 0.1)70 LO [129,130,137-140,142-1451; KS av. P-()/P=() 
OC P5 5.245 1.540 0.1)70 1.0 [129,130,137-140,142-1451; KS av.P-O/P=() 
P5 S2 2.376 2.(1) 1.200 1.0 from Pl)(,S~,KS ratio P=S same as P-O: P=O 
P5 SP 2.376 2.0l) 1.20() LO [121),130,137-140,142,143.1451;KS ,tvP-S/I'=S 
PS SQ 5.422 1.96 UOO LO [12!J,13(),137-140.142.143.1451;KS :tvP-S/P=S 
P5 SC 3.899 1.085 1.200 LO [129.130.137-140.142.143.1451; KS av.P-S/P=S 
lIS SP 3.8(1) 1.336 ()()O() AMBER IIS-SII. MM2 II-S2 
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Table B.3 - File MMPBEN. TXT 

T1 T2 T3 KS THETA Remarks 

C4 C4 C4 0.450 109.47 MM2 
C4 C4 H 0.360 109.39 MM2 
H C4 I H 0.320 109.40 MM2 
II C4 S2 0.360 112.00 MM2 
S2 C4 S2 0.420 116.2 MM2 
H S2 S2 0.400 91.20 MM2 

C4 C4 P 0.480 111.5 MM2 
C4 P C4 0.576 96.00 MM2 
H C4 P 0.360 111.00 MM2 

02 P 02 0.450 99.50 MM2 
C4 P5 C4 0.450 105.5 angle L129,138,139J, KS as C4 C4 C4 
C4 P5 OP 0.347 109.3 angle [129,144,145], KS AMBER CT CT OH 
C4 P5 OQ 0.347 10l).3 angle [129,144.145]. KS AMBER (''I' (''I' Oil 
C4 P5 SP 0.347 II O.l) I angle ]12l), 13S, 13 l)], KS AMBER (,T (''1" SII 
C4 P5 SQ 0.347 110.91 angle [129,138,139], KS AMBER CT CT SII 
P5 SP HS 0.306 96 AMBER CT SH HS 
P5 OP HX 0.313 IOS.5 AMBER JlO 011 I> 
C4 C4 P5 0.348 JOlJ.5 AMBER CT CT S/O, KS OPO & SPS 
H C4 P5 0.243 IOlJ.5 AMBER 11(' CT S/O/NII J(' 

OP P5 SQ 0.367 II I.7l) angle [12l), 130, 137] 
OP P5 OQ 0.313 105.6 angle [130,144,145], KS a:, AMBER 02 I' Oil 
SP P5 SQ 0.420 IOlJ.S angle [130,137-13lJ], KS as S2 C4 S2 
C4 C4 1>5 0.4S0 11l.5 as C4 C4 I> 
H C4 P5 0.360 111.0 as II C4 P 

OC P5 OC 0.313 105.6 angle [130,144,1451, KS as AMBER 02 POll 
SC P5 OC 0.367 III.S angle [I2l), 130, 137 J 
SC P5 SC 0.420 109.8 :Ingle [130,137-139], K5 as 52 C4 52 

Default values assigned by HyperChem for atom combinations not in the datahase 

were used for MMPOOP.TXT and MMPTORTXT, which give, respecLively, parameLers 

for the out-of-plane bending and torsion hetween four adjacent atoms. 

B.2 AMBER Molecular Mechanics Force Field 

File AMBERTYP.TXT assigns atom types for the AMBER2 and AMBER~ i'mL'l' 

fields. The symbols are unrelated to those of the MM+ force field. although ill some 
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Table B.4 . File MMPNBD.TXT 

Type RSTAR EPS Remarks 

C4 1.900 0.044 MM2 
1-1 1.500 0.047 MM2 
02 1.740 0.050 MM2 
01 1.740 0.066 MM2 
OP 1.740 0.050 As 02 
OQ 1.740 0.066 As 01 
SP 2.110 0.202 As S2 
SQ 2.1 IO 0.202 As S2 
S2 2.110 0.202 MM2 

1-10 0.950 0.036 MM2 
P5 2.200 0.168 As P 

MG 2.200 0.Gl5 MM2 
CO2 2.200 0.020 1521 
AGI 2.200 0.020 l521 
CU2 2.200 0.020 1521 

cases obvious similarities exist. Atoms of interest arc listed in Tabk B.S. 

File AMBERSTR.TXT contains the parameters for the stretching between atol1ls. B I 

and B2. The Hooke's law force constant, KR. is in kcal mol'l A'2: the equilibrium 

separation between the two atoms. REQ, is in A. The data is summarized in Table B.o. 

File AMBERBEN.TXT (Table B.7) contains force field parameters for the bending 

interactions between three atoms, A I, A2 and A3. KTHETA is the Lorce constant in kcal 

mol'l rad'2, and the equilibrium angle between the atoms. THETAE<.). is in degrees. 

File AMBERNBD.TXT contains similar parameters to MMPNBD.TXT. Atom 

parameters are given in Table B.X. 

It is also necessary to modify the AMBERTOR.TXT and AMBER()()P.TXT liks. 

Since it is difficult to obtain values for these datariles. approximations were made from 

existing at0111 combinations. with P replaced by C. 
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Table B.S· File AMBERTYP.TXT 

Atom Mass (g mor J
) Remarks 

CT 12.010 Sp3 C WiUl 4 explicit substituellls 
HC 1.008 explicit H attached to C 
HO 1.008 H on hydroxyl or water 0 
HS 1.008 1-1 allached to S 
0 16.000 carbonyl 0 

01-1 16.000 alcohol 0 
02 16.000 carboxyl and phosphate nonbondcd 0 
OC 16.000 O-P 
OP 16.000 O-I> in phosphate 
OQ 16.000 O=J> in phosphatc 
p 30.97 P in phosphatc groups 
S 32.06 S in disullide linkagcs 

SH 32.06 S in cystinc 
S2 32.06 =S 
SC 32.06 s-p 
SP 32.06 S-P 
SQ 32.06 s=p 
CU 63.55 coppcr 
FE 55.000 iron 

Table 8.6 . File AMBERSTR.TXT 

HI B2 KR REQ Rcmarks 

C2 Cli 260.0 1.526 AA, SUG 
C3 CII 260.0 1.526 ALA 
CT CT 310.0 1.526 
CT He 331.0 1.090 
liO 011 553.0 0.960 
HS Sll 274.0 1.336 
02 P 525.0 1.480 
011 p 230.0 1.610 
CT J> 200.3 1.802 as MM+ 
SH J> 2110.5 1.0115 as MM+ 
S2 p 2110.5 1.085 as MM+ 
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Table 8.7 - File AMBERBEN.TXT 

Al A2 A3 KTHETA TIIETAEQ Remarks 

0 C 0 80.00 126.0 AMBER 
02 C 02 80.00 126.0 AMBER 
C2 CH C3 . 63.00 111.5 AMBER 
He t"''T' LIt"' 35.00 109.5 AMBER .... ~ ...... 
HC CT OH 35.00 109.5 AMBER 
HC CT SH 35.00 109.5 AMBER 
HC CT S 35.00 109.5 AMBER 
CT OH HO 55.00 108.5 AMBER 
HO OH P 45.00 1O~.5 AMBER 
02 P 02 140.00 119.9 AMBER 
02 P 011 45.00 105.6 AMBER 
HC CT P 35.00 \09.5 As lIe CT os 
CT P 011 50.00 109.3 angle [129,144,1451, K as CT (T 011 
CT P 02 50.00 109.3 angle [129,144,145J, K as CT (")' OIl 
CT p SH 50.00 110.91 angle [130,137,1291, K as CT CT SII 
CT P S2 50.00 110.91 angle [130,137,1201, K as CT CT SI1 
SH P S2 34.5 I09.R angle [130,137-1)91. K from MM2 
OH P S2 52.8 111.70 angle [129,130,137J, K avo OPO ami SPS 
HS SII P 44.00 <J6 As liS SII CT 
CT CT P 69.1 111.5 As AMBER CT CT CT 
CT CT CT 40.0 1 ()I).5 AMBER 
CT P CT R2.9 <J6.0 

Table 8.8 - File AMBERNBD.TXT 

Atom RSTAR EPS Alom RSTAR EPS 

H 1.00 0.020 SP 2.00 o 200 
HS 1.00 0.020 SQ 2.00 o 200 
HO 1.00 0.020 S(, 2.lJO o 2()O 

CT I.RO O.06() 1P I .6()() O.O'iO 
P 2.\0 0.20 MG 0.66 o I 00 

LP 1.20 0.016 CO 1.60 0.100 
OP 1.65 0.15 ell 1.20 (U)'iO 

OQ 1.60 0.20 n~ 2.00 0.200 
OC 1.62 0.18 
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B.3 File CHEM.RUL 

The CHEM.RUL file was modified to ensure that correct atom type assignments are 

made once the original parameter files are altered. The details of this procedure are as 

given in the reference manual [241]. 
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APPENDIX C 

ASSIGNMENT OF MASS-SPECTRAL FRAGMENTATION DATA 

C.l GC-MS Analysis of Extractants 

The gas chromatograms and retention times (T/I) corresponding to the mass-spectral 

data are shown in Figures C.I (a) to (c) for Cyanex 272. Cyanex .1()2 and Cyancx .1() I. 

respectively. The GC peaks at TN = X.S min arc due to the internal standard. TOPO (Sec 

Section 3.4.1). 

C.l.I Relative retention = 0.347 (til = 2.95 min) 

This species is the major component of Cyanex 272 and the third largest component 

of Cyanex 302. The MS data and fragmentation scheme arc shown in Figure C.2. The 

molecular ion MW occurs atl11/z = 30S amu, corresponding to the species R2P(O)OCH3 

(The acidic protons were methylated prior to GC analysis according to the method 

outlined in Section 3.4.1.) Mass-spectral assignments arc shown ill Tahk ('. I. 

Table C.l - Mass-spectral assignments for GC peak at If( = 2.95 min 

Relativc 11//: Slruclurc Relative 111/: Structurc 
intcnsity inlcnsily 

100 109 a 27 41 c 
4g 281) h 20 71) f 
37 2:\3 c 17 13) g 
30 57 II 15 tl) I II 

* Structurcs as givcn in corrcsponding fragmcnlalion schcmcs. 



225 

(0) 

_l J 
(b) 

AI ~ ~ I I I 

(c) 

I I I A I I ~ 
2 3 4 5 6 7 8 9 10 

Retention time (min) 

Figure C.l Gas chromatograms (MS detector) of (a) Cyanex 272, (b) Cyanex 302, and 
(c) Cyanex 301. 
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Figure C.2(a) Mass spectrum of the major peak of Cyanex 272 and third peak of 
Cyanex 302 (tR = 2.95 min). 

C.1.2 Relative retention = 0.445 (tR = 3.78 min) 

This retention corresponds to the major peak of Cyanex 302 and third peak of 

Cyanex 30l. The MS data and fragmentation scheme are shown in Figure C.3. The 

molecular ion MW· occurs at 111/Z = 320 amu, corresponding to the species R2P(S)OCH3• 

Mass-spectral assignments are shown in Table C.2. 

Table C.2 - Mass-spectral assignments for GC peak at tR = 3.78 min 

Relative 111/;' Structure Relative 111/;' Structure 
intensity intensity 

100 305 P 27 249 s 
75 124 q 20 110 t 
70 57 d 20 78 u 
54 41 e 18 95 v 
42 207 r 14 151 w 
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Figure C.2(b) Mass-spectrometric fragmentation scheme of the major peak of Cyanex 
272 and third peak of Cyanex 302 (rR = 2.95 min). 
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Figure C.3(a) Mass spectrum of the major peak of Cyanex 302 and third peak of 
Cyanex 301 (tR = 3.78 min). 

C.1.3 Relative retention = 0.526 (tR = 4.47 min) 

This retention is characteristic of the major peak of Cyanex 301. The MS data and 

fragmentation scheme are shown in Figure C.4. The molecular ion MW-I- occurs at m/z 

= 336 amu. corresponding to the species bis(2,4,4-trimethylpentyl)dithiophosphinic acid 

with a methyl group replacing the acidic proton (R2P(S)SCH3). Mass-spectral assignments 

are shown in Table C.3. 

Table C.3 - Mass-spectral assignments for GC peak at tR = 4.47 min 

Relative 111/;' Structure Relative 111/: Structure 
intensity intensity 

100 57 d 2.5 289 aa 
48 224 y 9.6 176 bb 
35 113 x 2.5 143 cc 
32 41 e 2 233 dd 
12 321 z 2 192 ee 
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Figure C.3(b) Mass-spectrometric fragmentation scheme of the major peak of Cyanex 
302 and third peak of Cyanex 301 (tR = 3.78 min). 
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Figure C.4(a) Mass spectrum of the major peak of Cyanex 301 (tR = 4.47 min). 

C.1.4 Relative retention = 0.591 (tR = 5.02 min) 
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The second peak of Cyanex 272 exhibits a relative retention of 0.591 with respect 

to TOPO. The MS data and fragmentation scheme are shown in Figure C.5. The 

molecular ion MW" occurs at IIllz = 386 amu, which is the species tris(2,4,4-trimethyl-

pentyl)phosphine oxide (R3PO). Mass-spectral assignments are shown in Table C.4. 

Table C.4 - Mass-spectral assignments for GC peak at tR = 5.02 min 

Relative //lIz SLructure Relative //ll:. SLructure 
intensity intensity 

100 92 i 45 329 I 
99 371 j 40 78 111 

70 315 k 35 217 n 
48 57 d 27 273 0 
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Figure C.4(b) Mass-spectrometric fragmentation scheme of the major peak of Cyancx 
301 (tR = 4.47 min), 
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Figure C.S(a) Mass spectrum of the second peak of Cyanex 272 and second peak of 
Cyanex 302 (tR = 5.02 min). 

C.l.S Relative retention = 0.694 (tR = 5.90 min) 

This relative retention is exhibited by the second peak of Cyanex 301. The MS 

data and fragmentation scheme are shown in Figure C.6. The molecular ion MW+ occurs 

at m/z = 402 amu. This corresponds to the species (R3P=St. Mass-spectral assignments 

are shown in Table c.s. 

Table C.S - Mass-spectral assignments for GC peak at tR = S.90 min 

Relative /Ili:. Structure Relative /Il/z Structure 
intensity intensity 

100 57 d 29 290 hh 

39 113 x 25 41 e 
38 178 ff 15 69 ii 
30 233 00 10 121 jj :::::: 
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Figure C.S(b) Mass-spectrometric fragmentation scheme of the second peak of 
Cyanex 272 and second peak of Cyanex 302 (tR = 5.02 min). 
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Figure C.6(a) Mass spectrum of the second peak of Cyanex 301 (tR = 5.90 min). 

C.2 FAB-MS Analysis of Metal-extractant Complexes 

Figures e.7(a) to Cd) respectively show annotated FAB-MS fragmentation spectra of 

Cyanex 272, Cyanex 302, Cyanex 30 I, and nitrobenzylalcohol (NBA) which was used 

as the diluent for the MS analysis. Most of the peaks also appear in the corresponding 

metal-extractant spectra since the metal:extractant ratio used for these samples was 

approximately I: 10. 

Figures e.8, e.9 and e. 10 show the FAB-MS spectra of the cobalt, nickel, copper, 

zinc. iron, and manganese complexes of Cyan ex 272. Cyanex 302 and Cyanex 301, 

respectively Although the fragmentation schemes are not shown explicitly, the species 

corresponding to the major peaks are shown on the diagrams. 
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APPENDIX D 

MANUFACTURING PROCESSES FOR CYANEX 272, 

CYANEX 302, AND CYANEX 30t 

To facilitate the data interpretation of Section 4.1, it is necessary to have some 

understanding of the processes by which the Cyanex extractants are manufactured. 

Possible and likely impurities and reaction byproducts can then be readily predicted. This 

appendix briefly details the processes involved. 

The starting material for most organophosphorus compm:nLis is phosphinL\ produc1:d 

by reacting red phosphorus with steam under pressure. The organic (krivaliws of inlL~I"L'st 

are obtained by the reaction of phosphine with a-olefins, and the subscqlll~nl oxidation 

of the products to acids. Theoretically, it should be possible to reacl any (Y.-olefin with 

phosphine and obtain the corresponding mono-. di- and lrialkylphosphinL's: lIsually. 

however, the reaction is so fast that it is not practical to make the l11ono-derivmivL'. 

Often, because of steric hindrance, it is only possible to make the dialkyl- and not lhe 

trialkylphosphincs. 

D.1 Cyanex 272 

The reaction sequence for the production of Cyancx 272 is shown helow II.~ I. \vhL'I\~ 

the a-olefin is 2,4,4-lrimethylpenlenc: bis(2.4.4-trimcthylpelltyl)phosphil1L' is till' 

corresponding product: 



24Y 

PH3 + initiator + (CH3hC-CH2-C(CH3)=CH2 ~ 

[(CH3hC-CH2-CH(CH3)-CH212 PH. (0.1) 

(A) 

The trivalent phosphorus is readily oxidized to the pentavalent state by hydrogen 

peroxide, forming bis(2,4,4-trimethylpentyl)phosphinic acid, the main component of 

Cyanex 272: 

(A) + H20 2 ~ R2P(O)OH. (0.:2) 

(B) 

The major contaminants formed in the first step of this process arc the 

trialkylphosphine, R3P, and the monoalkylphosphine, RPH2• These arc usually separated 

from (A) by distillation. Byproducts of reaction (0.2) include the trialkylphosphinc oxide. 

R3PO, and the diacid species, RP(O)(OHh and R2P(OH)2' 

D.2 Cyanex 301 

Reaction of (A) with sulfur, instead of peroxide, under appropriate conditions forms 

the dithioacid, which is the major component of Cyanex 3D} I} 3. 2421: 

The major impurities resulting from this process arc R,PS (from the R,P hyproduct 

of reaction (0.1)), and R2(S)OH. the monothioacid. The dark green color or this 

extractant is due to the presence of unreacted dissol ved sulfur. 
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D.3 Cyan ex 302 

Reaction of (A) with hydrogen peroxide under less severe conditions than reaction 

(0.2) produces the dialkylphosphinc oxide [243]: 

65-75°C 
(A) + H?O? ~ R2P(O)H. (0.4) 

(C) 

This product may then be reacted with sulfur in the presencc of watcr at elevatcd 

temperature to produce the monothioacid: 

65-75"C 
(C) + S/H20 ~ R2P(S)OH. (0.5) 

In this case, potential impurities include R3PO (byproduct of reaction (0.1)), the 

dialkyldithioacid, R2P(S)SH, and thc dialkylphosphinc sulfide, R2P(S)H. 
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