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1. INTRODUCTION 

Hydroxyoximes are well established copper 
extractants that are used in several high-scale in- 
dustrial installations for producing cathodic cop- 
per from oxide ores. The most economically pro- 
duced copper is obtained by means of 
hydrometallurgical processes in which hydrox- 
yoximes are used to separate the copper from 
iron and to concentrate its aqueous solution. The 
industrial application of hydroxyoxime extrac- 
tants and their properties have been discussed in 
several previous papers. * - I 3  Some comprehensive 
reviews of the chemistry of transition metal com- 
plexes with oximes have been presented. 1 4 v L 5  The 
kinetics and mechanism of metal extraction with 
hydroxyoximes were also reviewed. 1 ~ 1  1 ~ 1 3 , i 6  Th e 
aim of this work is to review the chemistry of 
metal extraction with hydrophobic hydroxyoxime 
extractants, with emphasis upon: (1 )  the char- 
acterization of the composition and stability of 
hydroxyoxime complexes with metals; (2) hy- 
droxyl group acidity; and (3) pH,,, values, in- 
cluding the effect of hydroxyoxime structure. 
Appropriate tabular data are presented. 

II. STRUCTURE OF METAL- 
HYDROXYOXIME COMPLEXES 

Compounds which have a group with an easy 

dissociated proton near an atom with a free elec- 
tron pair are metal chelating systems. There are 
four principal types of structures to which such 
compounds belong: 2-hydroxybenzaldehyde ox- 
ime derivatives (I), aliphatic-aromatic hydrox- 
yoximes (II), 2-hydroxybenzophenone oxime de- 
rivatives (111) and a-acyloin oximes (aliphatic 
hydroxyketone oximes) (IV). 

X X 

I 11  

OH NOH 
I II 

R = C H 3 - C  12 H 25 

N02 X = R, halogen, 
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R-CH-C-R 
1 II 
OH NOH 

IY 

Hydroxyoximes of Structures I to IV have 
two chemically active groups: a phenolic group 
(oximes I to 111) or an aliphatic hydroxyl group 
(oximes IV), and an oximino group with a free 
pair on the nitrogen atom in all oximes considered 
above.1*2.10-’5 The acidity of the phenolic group 
is higher than that of the aliphatic hydroxyl and 
of the oximino group. As a result, in normal 
extraction systems only the dissociation of the 
phenolic group in hydroxyoximes I to I11 can be 
considered, and hydroxyoximes of this type can 
be abbreviated as HR. 

In strongly alkaline media the dissociation of 
the phenolic group is so strong that the sodium 
salt can be formed and hydroxyoximes I to 111 
can be precipitated. The dissociation of the ox- 
imino group is also observed; however, such sys- 
tems have no practical importance. 

A more complex situation is observed in the 
case of a-acyloin oximes(1V) for which, de- 
pending upon extraction conditions, in addition 
to the chelation nitrogen present in the oximino 
group, the dissociation of the hydroxyl group or 
of both the hydroxyl and oximino groups must 
be taken under consideration. As a result, these 
oximes can form a broader variety of metal com- 
plexes which will be abbreviated as H2L. 

A variety of spectrophotometric methods 
(e.g.: the Vosburgh-Cooper method,” the Job 
method of continuous variations, 1 8 ~ 1 9  the slope 
ratio method of Harvey and Manning,” the molar 
ratio method, and the logarithmic method of Bent 
and French21) potentiometric, conductometric, 
amperometric and oscillometric titration, gravi- 
metric, and other methods have been used to 
determine stoichiometric composition of hydrox- 
yoxime complexes with metals. 

The results of these analyses indicate that 
hydroxyoximes I, 11, and I11 form complexes with 
copper(II), nickel(II), cobalt(II), palladium(II), 
manganese(II), etc., having a molar ratio of li- 
gand-to-metal of 2: 1 .22-54 Only iron(III), depend- 
ing upon the acidity of aqueous phase, may form 

complexes having a molar ratio of ligand-to-metal 
of 1: 1 and 3: 1 .31,46 Also, in the case of cobalt(I1) 
extraction with 2-hydroxy-5-nonylbenzophenone 
oxime, two different complexes were 
probably as the result of Co(I1) oxidation in the 
complex to Co(1II). 

Hydroxyoximes of types 1-111 extract only 
cobalt(I1) at pH above 3 to 6; cobalt(II1) is not 
extracted. However, in the organic phase, co- 
balt@) is not extracted. However, in the organic 
phase, cobalt(I1) is oxidized in the chelate to co- 
balt(II1). This reaction is of second order with 
respect to hydroxyoxime and CO(II).~’ As a re- 
sult, a very stable complex is formed which is 
very difficult to s t ~ - i p . ~ ~ - ~  

Spectrophotometric and other methods (UV- 
VIS, IR, NMR, EPR, MS, X-ray crystal struc- 
tural analysis, Mossbauer spectroscopy, and 
magnetic moment measurements) provided fun- 
damental information about the type and strength 
of the bonds formed in metal-hydroxyoxime 
complexes. Keeney et have presented a re- 
view of works concerning the application of these 
methods to the study of metal-hydroxyoxime 
complexes. Important information about the 
structure of complexes of a-acyloin oximes and 
salicylaldehyde oxime with metals is given by 
Chakravorty . l4 

Burger et al.22323 and Ramaswamy et aL6’ 
have shown that 2-hydroxybenzaldehyde oxime 
derivatives (Structure I) form chelates which have 
the structure V or VI, upon the complexing metal, 
where the strength of the intramolecular hydro- 
gen bonds depends on the metal and the type of 
substituent on the aromatic ring. 

V 

VI 

H-0 X 

C=N 
/ \  

X 0 -H’ H 

X = alkyl. halogen, NO2 

8 

H@ 
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X-ray diffraction studies of the crystal struc- 
tures have been carried out only for copper, nickel, 
and palladium complexes with 2-hydroxybenzal- 
dehyde oxime and 5-chloro-2-hydroxybenzalde- 
hyde oxime.62-66 The trans 2-hydroxybenzal- 
dehyde oxime ligands in the complex are joined 
by hydrogen bonds between the phenolic oxygen 
of one ligand and the oxime hydroxyl group of 
the other (Structure V). The length of the phe- 
nolic oxygen-oxime oxygen bond increases in the 
order Ni C Cu < Pd.62-65 The complex molecule 
shows significant deviation from complete pla- 
narity, and it has a “chair” type structure. This 
is caused by additional interactions between the 
atom of metal with oxygen atoms of oximino 
groups. The distance 6 between two parallel 
planes of aromatic rings is in the range 0.013 to 
0.024 nm (Structure VII). 

VI I 

A similar structure was stated for the cop- 
per(I1) complex with 5-chloro-2-hydroxybenzal- 
dehyde oxime,66 where the distance 6 increased 
to 0.076 nm. 

The hydrogen bond is not symmetrical, but 
the position of hydrogen is not univocally ex- 
plained .23,67 Based on ultraviolet and ultrared ab- 
sorption spectra, Burger et al.23 found that in 
copper(I1) and nickel(II) complexes with sali- 
cylaldehyde oxime, the hydrogen atom is bonded 
stronger with the oxygen atom of the oximino 
group than with the oxygen atom of the hydroxyl 
group (Structure V). However, a study by Khar- 
iton et al.37 which took into account mass spec- 
trometry results, proposed the opposite situation, 
i.e., that the hydrogen atom is more strongly 
bonded with the oxygen atom of the hydroxyl 
group than with the oxygen atom of the oximino 
group. 

Based on the ultraviolet absorption spectra 
of Mn(II), Fe(II), Co(II), and Zn(I1) complexes 

with 2-hydroxybenzaldehyde oxime derivatives 
carried out in alkaline media, Burger et al.23 at- 
tributed Structure VI to these chelates, where the 
hydrogen bond between the oxygen atoms of the 
two oxime groups is symmetric. The observation 
that the complexes, when prepared as solids in 
alkaline media, showed the composition M(R) 
(HR)Na (H2R-hydroxyoxime) is, in our opinion, 
only weak evidence confirming the Structure VI. 
Moreover, it was not possible to cany out X-ray 
crystal structural analysis to confirm this struc- 
ture because appropriate crystals of these com- 
plexes were not obtained, with the exception of 
nickel, for which crystalline complex was 
obtained. 68 

Using infrared spectroscopy, Burger et al.22,23 
demonstrated the existence of two various types 
of bonds in the chelate: the chelating ligand-metal 
bond and 7~ donor metal-ligand bond. A change 
of the electron density of the nitrogen atom of 
the ligand changes the relative strength of both 
these bonds. We can suppose that oximes of I1 
and I11 type form complexes of identical struc- 
ture, which is confirmed by spectroscopic spectra. 

O’Brien and T h o r n b a ~ k , ~ ~ . ~ ~  based on studies 
of the copper complex with the commercial re- 
agent SME 529 by electron spin resonance, proved 
that, if pyridine is added to the organic solution 
or copper is extracted from ammoniacal solution, 
a five-coordinated square pyramidal species is 
formed (Structure VIII). 

NC5H5 I NC5H5 
I 

NC 5H5 
V I I I  IX 

Basolo and Matoush7’ isolated pseudo-octa- 
hedral adducts bis-(2-hydroxybenzaldehyde ox- 
ime) nickel(II), with two pyridine molecules oc- 
cupying trans-axial positions (Structure IX). 

The formation of ammonia adducts with hy- 
droxyoxime metal complexes should increase the 
amount of ammonia transferred into the organic 
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phase during copper and nickel extraction from 
ammonia media with commercial hydroxyoxime 
extractants. This transfer is actually o b s e r ~ e d , ~ ~ - ~ ~  
but the amount of ammonia transferred in the 
organic phase decreases as the complex concen- 
tration in this phase increases, according to 
Murayama7, and Flett and Melling,73 and in- 
creases, according to Brown et al.74 This transfer 
depends mainly upon the ammonia and hydrox- 
yoxime concentrations in the aqueous and or- 
ganic phase, respectively, and the following em- 
pirical relationship was proposed by Brown et 
al.74 for the system, Cu-Ni-NH,-CO,-LIX 64N 
(Equation 1): 

ime,69*89-99 which is the active component of LIX 
63 (and is also present in small amounts as the 
accelerator in LIX 64N). 

The more recent ~ t ~ d i e ~ ~ ~ - ~ ~ - ~ ~  showed that, 
according to the extraction conditions (i.e., the 
molar ratio of metal-to-oxime and the pH), hy- 
droxyoximes of type IV can form complexes hav- 
ing a molar ratio of ligand to metal of 2: 1 (Struc- 
tures X and Xl )  or polymeric complexes (Structure 
XII) . 

R \  / R  
C =  \ /'O 

N 

0 /M\ N 

- CH 

X HC - 
R' R \ 

= C  
\ 
\ 
\ / 
H - 0  where z,, z,, and z, are constants, HR denotes 

LIX 64N, and subscripts o and w stand for the 
organic phase and the aqueous phase, 
respectively. 

Metal complexes of aliphatic a-hydroxyke- 
tone oximes, i.e., oximes of type IV, are not so 
well described as those of oximes I to 111. The 
fust works in this area dealt with a-benzoin ox- 
ime and its  derivative^,^^^^ while the most recent 
works have concentrated on metal complexes 
of 5,8-diethyl-7-hydroxy-6-dodecanone ox- 
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O... 
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A low acidity of the aqueous phase favors 
the formation of 2: 1 complexes. These 2: 1 com- 
plexes are formed as the molar ratio of hydrox- 
yoxime to metal, copper (11) or nickel (11), pres- 
ent in the organic phase and the aqueous one, 
respectively, is above 2.69*89-92 The polymeric 1: 1 
complexes are formed in systems containing an 
excess of metal. 

The formation of 2:l complexes was also 
reported for molybdenum (VI) and tungsten 
(V1).84,86.95 However, 2:4 complexes were dem- 
onstrated for titanium (IV) a-benzoin ~xime.~’  
The formation of complexes of molar ratio 2:l 
have been confirmed by spectroscopic and ex- 
traction studies ,69,89-92 but only the nickel com- 
plex with 5,8-diethyl-7-hydroxy-6-dodecanone 
oxime was isolated. 92 Spectral analysis suggest 
that this complex is cis-square-planar with bi- 
furcated hydrogen bridges (Structure XI). 

There is some information concerning the 
formation of copper and nickel polymeric com- 
plexes with a-acyloin oximes at lower ligand 
concentrations (Structure XII) . These complexes 
are flat systems, consisting of five-membered 
chelate rings, which leads to strong metal-metal 
coupling.69,88.90-92.96 Oligomeric complexes of 5,8- 
diethyl-7-hydroxy-6-dodecanone oxime with 
C u O  and Ni(@ have been These 
chelates, [M(L)], are oligomeric complexes with 
pseudo-octahedral geometry and low magnetic 
moments characteristic of oligomeric complexes. 
Association numbers in toluene for [Cu(L)], and 
[Ni(L)I, are 7-1 1 and 5, r e ~ p e c t i v e l y . ~ , ~ ~ . ~ ~  

There is no convincing evidence about the 
formation of monomeric complexes of molar ra- 
tio 1 : 1 in which copper is a component of a six 
membered ring (Structure XIII) . 89 

The formation of a 1: 1 complex of vanadium 
(V) with a-benzoin oxime at pH 1.5 was pro- 
posed by Hoens and Stone.84 a-Acyloin oximes 
can also form mixed complexes in acidic solu- 
tions, in which metal, hydroxyoxime molecules, 
and sulfate, nitrate, and chloride ions are present. 

Keeney and Osseo-A~are~~.% separated mixed 
complexes of octahedral structure from sulfate 
solutions which contained neutral hydroxyoxime 
molecules and sulfate ions (viz., Ni(H,L),SO, 
and CU(H~L)~SO~).  The following Structure XIV 
was proposed: 

oso, 
HO ’OH 

R 

R R 

\ I N O H  
HO 

XIV 

Chelate XIV, if precipitated, does not dis- 
solve in organic solvents, and undergoes a tran- 
sition into salt XV, which exhibits an IR band at 
950 cm- ’ characteristic for noncoordinated SO:- 
ion. 

/ cu- 0 
\ 

XIXI R J xv 
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Hummelstedt9' also demonstrated the for- 
mation of various complexes of LIX 63 with cop- 
per(II), depending upon the pH of the aqueous 
phase. At high pH, the formation of oligomeric 
1: 1 complexes, (CuL),, was proposed. Mono- 
meric 2:l complexes, Cu(HL),, are formed at low 
pH, but at pH < 0.5 some other complexes are 
formed which transfer sulfate ions into the or- 
ganic phase. 

As a result of this, the extraction of copper(I1) 
with a-acyloin oximes decreases significantly as 
the acidity of the aqueous phase increases, and 
stops at pH 3. However, a further increase of the 
sulfuric acid concentration up to about 200 g 
dm-3 causes an important increase of copper ex- 
traction, which occurs probably according to the 
following reaction:100-102 

= [CuHSO,(HL)], + [2(H3L)HS04Jo (2) 

where w and o denotes the water and organic 
phase, respectively. Simultaneously with copper 
extraction, the protonation of hydroxyoxime is 
observed, and some amounts of sulfuric acid are 
trasferred into the organic phase. Copper can be 
stripped from the organic phase only by its wash- 
ing with water. 

In chloride systems, depending upon the ac- 
idity of the aqueous phase and chloride concen- 
tration, LIX 63 forms typical 2:l complexes, 
Cu(HL),, or neutral solvates, probably 
C U C ~ , * ~ ( H , L ) ~ ~  in which copper is solvated with 
oxygen atoms present in both the hydroxyl and 
oximino groups. The extraction of chlorocom- 
plexes'CuCl,*HCl or CuC1,.2HCI with 1 or 2 
hydroxyoxime molecules was also proposed. '03 

Typical 2:l complexes, Cu(HL),, are formed at 
higher pH, above 2, and low chloride 
concentrations. 

Iron(II1) is extracted from chloride media 
probably as FeCl(HL)2.103 

a-Acyloin oximes are effective extractants of 
palladium(I1) ,'05,106 which is extracted in the form 
of mixed complexes according to Reactions 3 and 
4: 

or 

[2PdCl:-], + [2H,L], 

c1 
= [(HL)Pd' 'Pd(HCl)], 

+[2H+], + [6C1-], (4) 

Zapatero et al.98 demonstrated the formation 
of the following complexes in copper(II) extrac- 
tion from nitrate solutions with 5,8-diethyl-7-hy- 
droxy-6-dodecanone oxime: Cu(NO,)HL(H,L),, 
Cu(HL),(H,L), and (CuL),. The first and the sec- 
ond complex are dominant at low and high pH 
of the aqueous phase. The complex solvation with 
hydroxyoxime molecules (z = 1) is only ob- 
served at higher hydroxyoxime concentrations. 
The polymeric complex having the average de- 
gree of oligomerization of l l  is formed in sys- 
tems containing an excess of copper. 

Similar types of complexes are formed with 
nickel(II).* 

Mixed complexes are also formed in systems 
containing, in addition to an a-acyloin oxime, a 
carboxylic acid or an organic sulfonic or phos- 
phoric acid. In systems containing carboxylic 
acids, the molar ratio of a-acyloin ox- 
ime:carboxylic acid:metal was determined in the 
formed complexes as 2:2: 1 ,89*107-109 and Structure 
XVI was proposed. 

R 
I 

o/c\o 

I I 

L 

[PdCl:-], + [H,L], = [PdCL(HCl)], 

xv I 
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Quite different structures were proposed by 
Osseo-Asare et al. 110-112 for nickel@) and iron(III) 
complexes extracted in systems containing a- 
acyloin oxime (LIX 63) and dinonyl-naphtha- 
lenesulfonic acid (HD): Ni(H,L),D, (Structure 
XVII) and Fe(OH)(H,L),D, (Structure XVIII). 

R 1 

R 1 

XVII 

OH 
HO I OH 

2+ 

2 D- 

2+ 

2 D- 

XVI I I 

The nickel complex is more stable than the 
iron one, probably due its symmetrical structure. 
The iron(II1) complex is formed the most easily 
at pH 2 to 3.5 when Fe(OH),+ species are dom- 
inant in Fe(III)-NO, --H,O phase. The complex 
Fe(H,L),D, is not formed, probably due to the 
steric effect.'1° 

The formation of mixed complexes was also 
proposed by Aguilar et al.l13 for nickel@) ex- 
traction from acidic nitrate solutions with 5,8- 
diethyl-7-hydroxy-6-dodecanone oxime, (H,L) 
and di(2-ethylhexy1)phosphoric acid, (HR), or 
dioctylphosphinic acid, (HR'). The formation of 
the following complexes was proposed: 
Ni(HL),HR or Ni(HL)NO,HR, and Ni(HL),HR' 
or Ni,(HL),(NO,),HR' , respectively. 

As discussed above, studies of the metal ex- 
traction mechanism and the structure of extracted 
a-acyloin oxime complexes are difficult in view 
of the formation of different kinds of complexes. 

111. DISSOCIATION OF HYDROXYOXIMES 
AND STABILITY OF THEIR COMPLEXES 
WITH METALS 

A. Dissociation of Hydroxyoximes 

The proton-hydroxyoxime ligand and metal- 
hydroxyoxime ligand stability constants in most 
cases have been determined using the Bjermm- 
Calvin' 14-' l6 potentiometric titration technique 
adopted by Irving and Rossotti. 117~118 Comparison 
of the stability constants of different hydroxyox- 
imes is often very difficult. The determination of 
constants was carried out in mixed solvents of 
various polarity and at various temperatures due 
to the weak solubility of hydroxyoximes and their 
complexes in water. Proton-ligand stability con- 
stants regarding water solutions found in litera- 
ture for hydrophobic oximes are, in most cases, 
extrapolated data. 

Hydroxyoximes of types I to I11 contain the 
phenolic and oximino groups. If protons of these 
two groups could dissociate, then two proton sta- 
bility constants (KY and KY for the phenolic and 
oximino group, respectively) should be obtained. 
In reality, in most cases (Tables 1 to 4) only one 
value of proton-ligand stability constant was ob- 
tained. The overall constant, f3F = KY-KF, 
achieves usually negative values, as the disso- 
ciation of both the phenolic and oximino group 
is considered. 119 

KF values were reported only in few cases 
for salicyl-aldehyde oxime. 120~i24~125 In these cases, 
values of 8.35 and 12.05,'" 8.85 and 11.07,125 
and 9.30 and 12. were reported for KY and 
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TABLE 1 
Proton-Ligand Stability Constants for Commercial Hydroxyoxime Extractants 

Extractant 

P 50 
P 17 
SME 529 
z-LIX 64 
E-LIX 64 
Z-LIX 65N 
E-LIX 65N 

Z-LIX 70 
E-LIX 70 
LIX 63 

10% 
Acetone, 

90% water 
14.48 
14.58 
14.79 - 
- 

12.25 
14.82 

- 
17.0 

70% 
Dioxane, 

30% water 

- 
12.19 
13.83 
11.95 
13.82 

1 1.02 
12.98 

70% 
Dioxane, 

30% water 

- 
10.72 
12.34 
10.56 
12.33 

9.58 
1 1.46 

Water 

8.72 
9.75 
8.60 
9.65 
8.75130 
7.60 
8.80 

1 2.3Ol3O 

Ethanol Ref. 

123 
10 

121 
10 

- 
- 
- 
- 
- 1 26S.M 
- 

13.2 

Note: Values determined by potentiometric titration and extrapolated for aqueous solutions, S.M.: 
spectrophotometric method, E-LIX 65N in water: 8.70,Iz7 8.74,'" and 8.521a from partition in extraction 
system, P 50 in water at pH 11 : 9.5O,lz3 SME 529 in 20% ethanol: 9.5O,lz3 and LIX 63 in 70% 
ethanol: 13.3lZ1. 

Ky , respectively. The acidity of the oximino group 
is much weaker in comparison to the phenolic 
group, and in aqueous solutions KY values are 
approximately three orders higher than KY. These 
differences disappear in water-dioxane systems, 
and values of 11.72 and 12.08 were reported for 
KY and KF, respectively. Thus, in aqueous so- 
lutions only the dissociation of the phenolic group 
can be considered. The degree of dissociation is 
very small in acidic aqueous solutions and sub- 
stantially increases only in alkaline media. 

On the basis of proton-ligand stability con- 
stants (KY) for three types of hydroxyoximes hav- 
ing the same substituents in the aromatic ring, 
we can assume that hydroxyoxime acidity de- 
creases in the following order: 2-hydroxyben- 
zaldehyde oxime derivatives (I) > aliphatic-ar- 
omatic hydroxyoximes (11) > 2- 
hydroxybenzophenone oxime derivatives (III). 
Also, literature data concerning commercial ex- 
tractants show that dissociation of the phenolic 
group decreases in the order: Z-LIX 65N b P 50 
> SME 529 > E-LIX 65N (Table 1). It is clearly 
seen that the location of oximino group (Z- and 
E-isomer) has a much stronger effect on the ac- 
idity of the phenolic group than the type and 
structure of substituents bonded with the aromatic 
skeleton. 

This is consistent with the stability of intra- 

molecular hydrogen bond, which exists in the 
undissociated (E) hydroxyoxime molecule be- 
tween the phenolic oxygen and the nitrogen of 
oxime group (Structure XIX): 

XIX 

xx 
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Ho\ 
OH N 

xx I 

Such a hydrogen bridge may exist only in 
isomer E molecules, not in neutral isomer Z mol- 
ecules. In the case of Z isomer, only the phen- 
olate ion can be stabilized by an intramolecular 
hydrogen bond between oxygen atoms of oxi- 
mino and phenolic groups (Structure XX). As a 
result, Z isomers of 2-hydroxybenzophenone ox- 
ime derivatives (Structure XXI), (considering hy- 
droxyoximes of types 1-111, only compounds of 
type III exist in the form of the two isomers, E 
and 2) are much stronger acids than E isomers. 

TABLE 2 
Proton-Ligand and Metal-Ligand Stability Constants for 2-Hydroxybenzaldehyde Oxime 
Derivatives 

Proton-Ligand Metal-Ligand Oxime structure System 
X Y - Log Kr Ref. Metal Log P2 Log K, Ref. 

H H Water 

Water: 
Dioxane 
= 1:3 
( V W  

Water: 
Dioxane 
= 9:l 

Water: 
ethanol 
= 1:l 
(W 

(W 

8.97 
8.85 
8.9" 
8.95 
8.85 
9.3" 
9.02" 

11.72 
11.0 
10.7 

1 0.23d 

122, 131 Cu (11) 
132 Ti (IV) 
133 Ti (IV)" 
124 Zr (IV) 
125 Zr (IV)" 
125 Hf (IV) 
131 Hf (W)" 

UO, (11) 
120 cu (11) 

22 cu (11) 
cu (11) 
Ni (11) 
co (11) 
Fe (111) 
Fe (11) 
Mn (11) 
Zn (11) 
Mn (11) 

122, 131 Cu (11) 

135 Zn (11) 
Cd (11) 

15.28 
31.15 
35.7" 

22.9 
21.5 
23.8 
21.35 
21.4 
14.3 
13.5 

16.73 
11.9 
13.5 

- 

- 
16.3 
18.5 
12.4 
17.9" 
11.05 
16.7" 
13.9 

12.64 
- 

- 
- 
6.9 
6.4 

11.16" 
9.38 
5.8 
6.3 
5.0 

< 5.2 
< 4.4 

133 
125 
125 
125 
125 
125 
125 
124 

134 
133 
122 

22,23 

22, 23 
22,23 

22,23 
22,23 
22, 23 
33 

133 

135 
135 
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TABLE 2 (continued) 
Proton-Ligand and Metal-Ligand Stability Constants for 2-Hydroxybenzaldehyde Oxime 
Derivatives 

Oxime structure 
X 

H 

H 
H 
H 
H 
H 
H 

H 

H 

NO2 
CI 
H 
H 
H 
H 
NO2 
NO2 

Proton-Ligand Metal-Ligand System - 
Water: 
dioxane 

= 1:3 

As above 
As above 
As above 
As above 
As above 
As above 

As above 

As above 

As above 
As above 
e 
e 
e 
e 
e 
Water 

Log KY 

11.27 
11.06 

11.55 
1 1.66 
11.73 
11.82 
11.56 
11.54 
11.76 
10.25 

8.72 

8.45 
10.17 
9.59 
9.71 
9.90 
9.61 
6.52 
6.41 

Note: Ionic Strength = 0.1 M; 25-30°C. 

a Extrapolated value. 
Ionic strength = 0. 

= Ionic strength = 0.3 M 
Ionic strength = 45-10-3 M. 
In an aqueous solution from partition data. 

Ref. Metal 

122 c u  (11) 
22 c u  (11) 

co  (11) 
Ni (11) 

Fe (11) 
Mn (11) 
Zn (11) 

122, 131 Cu (11) 
122, 131 Cu (11) 
122, 131 
122, 131 
122, 131 

122 
136 c u  (11) 

22 cu (11) 

c o  (11) 
Ni (11) 

Fe (111) 
Mn (11) 
Zn (11) 

22 Ni (11) 
c o  (11) 
Fe (11) 
Mn (11) 
Zn (11) 

122, 131 
122 
131 
131 
131 
131 
131 
131 

Log P2 

22.2 
22.6 
14.7 
14.34 
17.4 
12.28 
14.3 
23.7 
24.2 

22.32 

21 .o 
13.7 
13.3 
14.6 
10.5 
11.6 
13.8 
12.9 
12.5 

10.9 
8.32 

Log K, 
- 
- 
7.2 
6.82 
9.7 
6.14 
7.0 
- 
- 

11.70 

- 
6.6 
6.3 
8.2 
4.8 
5.8 
6.5 
6.3 
6.9 
4.42 
5.3 

Ref. 

22,23 

22, 23 
22, 23 
22,23 
22,23 
22, 23 

122 

122 
122 

136 

22, 23 
22, 23 
22,23 
22,23 
22, 23 
22,23 
22,23 
22,23 
22, 23 
22,23 
22,23 

Substituents located in the 3 or 5 position of 
the aromatic ring influence the magnitude of hy- 
droxyoxime proton-ligand stability constants. If 
a nucleophilic substituent exists in an aromatic 
ring (for example, an alkyl group) which in- 
creases the electron density of the phenolic ox- 

ygen, then the acidity of the hydroxyoximes de- 
creases. This phenolic group acidity decrease is 
the result of an induction effect and the hyper- 
conjugation of the alkyl groups. On the other 
hand, the introduction of an electrophilic substi- 
tuent into the aromatic ring (for example, a hal- 
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TABLE 3 
Proton-Ligand and Metal-Ligand Stability Constants for Aliphatic-Aromatic Hydroxyoximes 

Oxime structure Stability constants 

Proton-Ligand Metal-ligand 

R X Y Z System log K7 Ref. Metal log p2 log K, Ref. 

H H H Water: 1 1.86 137-1 40 
dioxane 11.95 119, 141 
= 1:3 

- 
- (VW 

- 
- 

CH, H H 

CH, CH, H 

water: 
ethanol 
= 1:l 
( W  

CH, water: 12.11 137-140 
dioxane 11.99 119 
= 1:3 
(VW 

water: - 
ethanol - 
= 1:l 
(VW 

dioxane 
= 1:3 
( W  

CH, H CH3 H water: 11.71 139 

H As above 12.05 137-140 
11.86 141 

Cu(ll) 
Ni(ll) 
Co(ll) 
Mn(ll) 
Zn(ll) 
VO( II) 
UO,( 11) 
DY(W 
Nd(lll) 
Pr(lll) 
Ce(lll) 
MOO,( II) 

Cu(ll) 
Ni(ll) 
Wl) 
Mn(ll) 
Zn(ll) 
VO( I I) 
UO,(W 
DY (1 11) 
Nd(lll) 
Pr(lll) 
Ce( I I I) 
MoO,(ll 

Cu(ll) 

Co(ll) 

VO(ll) 
UO,(ll) 
DY (11 1) 

Ni(ll) 

Mn(ll) 
Zn( I I) 

21.41 

20.86 
18.18 

24.36 
21.1 1 
18.27 
17.73 
17.89 
17.86 
8.97" 

- 

- 

22.04 

17.31 
- 

- 
- 

21.91 
20.42 
18.95 
18.20 
18.34 
18.45 

) 8.69" 

22.40 

- 
- 
- 

21.95 
20.24 
19.34 

10.99 
7.80 

11.43 
10.26 
9.19 

12.47 
10.66 
9.40 
9.16 
9.27 
9.21 

1 40 
140 
140 
140 
140 
137 
138 
139 
139 
139 
139 
34 

11.33 140 
8.41 140 
9.20 140 
7.86 140 
8.85 140 

11.72 137 
10.56 138 
9.73 139 
9.31 139 
9.55 139 
9.59 139 

37 

11.47 
7.97 
8.89 
8.67 
9.03 

11.80 
10.64 
10.04 

1 40 
140 
140 
1 40 
1 40 
137 
138 
139 
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TABLE 3 (continued) 
Proton-Ligand and Metal-Ligand Stability Constants for Aliphatic-Aromatic Hydroxyoximes 

Oxtme structure Stability constants 
Proton-Ligand Metal-ligand 

CH, H H 1,1,3,3- As above 11.81 
tetra- 
rnethyl- 
butyl 

CH, H H CI As above 11.28 
11.22 

CH, H H 

CH, H H 

CH, CI H 

Br as above 11.27 

J As above 11 .I 6 

H As above 10.77 

Ref. 

136 

137-1 40 
119 

137-1 40 

137-1 40 

137-1 40 

Metal 

Nd(lll) 
Pr(lll) 
Ce( I I I )  
Cu(ll) 

Cu( 11) 
Ni(ll) 
Co(ll) 
Mn(ll) 
Zn( II) 
VO(ll) 
UOAW 
DY(W 
Nd( 111) 
Pr(lll) 
Ce( II I) 
Cu(ll) 
Ni(ll) 
Co(ll) 
Mn(lI) 
Zn(ll) 
VO( I I )  
UOA 11) 
DY (1 11) 
Nd(lll) 
Pr(lll) 
Ce(lll) 
Cu(lt) 
Ni(ll) 
Co(ll) 
Mn(ll) 
Zn( II) 
VO(ll) 
UOAW 
DY(W 
Nd( I I I) 
Pr(lll) 
Ce( 111) 
Cu(ll) 
Ni(ll) 
Co( I I) 
Mn(ll) 
Zn(ll) 
VO(ll) 
UO*(lI) 
DY (11 1) 
Nd( I I I) 
Pr( 111) 
Ce( 111) 

log P? 

17.68 
17.51 
19.03 
22.75 

21 .I 1 

18.74 
15.60 

20.99 
19.28 
17.42 
16.90 
16.84 
16.72 
20.95 

19.56 
16.95 

20.88 
19.1 3 
17.24 
16.20 
16.29 
16.87 
20.65 

18.45 

- 

- 

- 

- 

- 
- 
- 

19.63 
17.95 
16.66 
15.85 
16.12 
16.96 
20.00 

17.55 
- 

- 
- 

19.32 
17.42 
16.44 
15.36 
15.72 
15.88 

log K, 

9.24 
9.1 3 
10.1 1 
11.64 

10.77 
7.59 
11.17 
9.06 
8.42 
11.22 
10.18 
9.02 
8.68 
8.61 
8.67 
10.78 
7.57 
11.22 
9.30 
8.26 
11.23 
9.91 
8.96 
8.34 
8.49 
8.92 
10.68 
7.44 
11.04 
8.31 
8.09 
11.01 
9.33 
8.45 
8.18 
8.29 
8.97 
10.99 
7.97 
10.35 
7.78 
7.76 
10.46 
9.14 
8.52 
8.04 
8.20 
8.32 

Ref. 

139 
139 
1 39 
136 

I 40 
140 
1 40 
1 40 
140 
137 
138 
139 
139 
139 
139 
140 
140 
1 40 
1 40 
1 40 
137 
138 
1 39 
139 
139 
139 
1 40 
140 
1 40 
140 
1 40 
1 37 
138 
139 
139 
139 
139 
140 
140 
140 
140 
140 
137 
138 
139 
139 
139 
139 
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TABLE 3 (continued) 
Proton-Llgand and Metal-Ligand Stability Constants for Aliphatic-Aromatic Hydroxyoximes 

Oxime structure 
Proton-Ligand 

X 

Br 

H 

H 

Stability constants 

Y 

H 

H 

OH 

Z 

H 

NO2 

H 

System log K7 

As above 11.04 

Asabove 8.97 

As above 11 .I 4 

Ref. 

137-1 40 

137-1 40 

137-1 40 

CH, H H OH Water: - 
ethanol 
= 1:l 
( V W  

CH, H CH,O H Water: 

= 1:3 

- 
dioxane 

(VW 

CH, CI H CI As above 10.88 143 
11.4!ib 143 

Metal-ligand 

Metal 

Cu(ll) 
Ni(ll) 
Co(ll) 
Mn(ll) 
Zn(ll) 
VO(ll) 
U W l )  
DY(W 
Nd( 111) 
Pr(lll) 
Ce( II I) 
Ni(ll) 
Co(ll) 
Mn(ll) 
Zn(ll) 
VO(ll) 
UOAW 
DY(lW 
Nd(lll) 
Pr( 111) 
Ce(lll) 
Cu(ll) 
Ni(ll) 
Co(ll) 
Mn(ll) 
Zn(ll) 
VO( I I) 
UOAW 
DY(W 
Nd(lll) 
Pr(lll) 
Ce( I I I) 
MoO,(ll) 

Cu(ll) 
Ni(ll) 
Co(ll) 
Mn(ll) 
Zn(ll) 
UOAll) 
Ni( I I) 

Co(ll) 

Mn( I I) 

Zn(ll) 

VO( II) 

log P* 
21.31 

18.06 
- 

- 
- 

19.27 
18.14 
16.76 
16.21 
15.58 
15.91 

15.65 
- 
- 
- 

15.16 
14.30 
12.34 
11.45 
11.92 
12.27 
21.77 

17.94 
15.28 

20.55 
18.84 
18.44 
16.87 
16.03 
15.91 
10.14" 

- 

- 

19.34 
15.94 
12.87 
10.75 
12.65 
19.02 
15.65 
1 6.30b 
14.12 
1 5.00b 
12.12 
12.81 
15.97 
1 6.65b 
19.15 

log K, 

11.19 
8.02 

10.37 
9.66 
8.24 

10.62 
9.54 
8.75 
8.60 
8.09 
8.33 
6.36 
9.26 
6.1 7 
5.53 
8.67 
7.64 
6.61 
6.1 4 
6.32 
6.63 

11.10 
8.23 

10.65 
9.24 
8.46 

10.86 
10.04 
10.1 1 
9.04 
8.22 
8.16 

9.92 
8.85 
6.78 
5.67 
6.68 
9.85 
8.25 

7.52 

6.30 

8.40 

10.05 

Ref. 

1 40 
140 
140 
1 40 
140 
137 
138 
139 
139 
139 
139 
140 
140 
1 40 
140 
137 
138 
139 
139 
139 
139 
140 
140 
140 
140 
140 
137 
138 
139 
139 
139 
139 
36 

142 
142 
142 
142 
142 
142 
143 
143 
1 43 
1 43 
143 
143 
1 43 
143 
143 
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TABLE 3 (continued) 
Proton-Ligand and Metal-Ligand Stability Constants for Aliphatic-Aromatic Hydroxyoximes 

Oxime structure 
Proton-Ligand 

R X Y Z Ref. 

CZHS H H CI Asabove 11.27 119 
CZH, H H NO, As above 8.86d 144 

9.21" 144 

C,H7 CH, H 

Stability constants 

As above 11.81 

As above 11.90 

As above 12.16 

145, 146 

145, 146 

145, 146 

CI As above 11.03d 147 
11.09" 147 

H Water- - 
ethanol 

H Water- - 
ethanol 

H Water- - 

ethanol - 

Metal-ligand 

Metal 

UOZ(ll) 

Be( II) 

Cd(ll) 

Ni(ll) 

Co( I I) 

Mn(ll) 

Zn(ll) 

Cu(ll) 

Ni(ll) 

Zn(ll) 

Cu(ll) 

Ni(ll) 

Zn(ll) 

Cu(l1) 

Ni(ll) 

Zn( I I) 

CU(ll) 

Ni(ll) 

Co(ll) 
Mn(ll) 
Zn(ll) 

Fe(lll) 

Fe(lll) 

CU(ll) 

Ni(ll) 

log $2 

20.02b 
18.35 
19.24b 
16.49 
1 7.32b 
10.22 
10.92b 

11.74d 
11.74" 
1 4.03d 
13.95" 
8.9g6 
8.98" 
8.8gd 
8.87" 

22.28 

16.16 

15.95 

22.64 

16.18 

15.74 

23.31 

17.04 

16.58 

21.356 
21 .37" 
14.546 
14.49" 
1 5.3gd 

1 4.2Ed 
14.31" 

- 

- 

- 

8.58" 

7.45' 

log K, 

9.65 

9.17 

5.47 

5.646 
6.17" 
8.71 
8.66" 
5.38d 
5.31 " 
4.176 
4.72" 

1 1 .oo 

7.95 

7.87 

11.45 

7.61 

7.35 

1 1.52 

8.07 

8.17 

11.11" 
10.928 
6.18d 
7.47" 
8.806 
8.92' 
6.43d 
7.45" 
3.1 5" 

3.08" 

- 

- 

Ref. 

143 
143 
143 
143 
1 43 
1 43 
1 43 

144 
144 
144 
144 
144 
144 
144 
144 
145 
146 
145 
146 
145, 
146 
145 
146 
145 
146 
145 
146 
145 
146 
145 
146 
145 
146 
147 
147 
147 
147 
147 
147 
147 
147 
148 

48 

49, 
50 
49, 
50 
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TABLE 3 (continued) 
Proton-Ligand and Metal-Ligand Stability Constants for Aliphatic-Aromatic Hydroxyoximes 

Oxime structure Stability constants 

R 

Note: 

Proton-Ligand Metal-ligand 

X Y z System log K7 Ref. Metal log pa log K, Ref. 

Fe(1ll) - 3.03" 49, 
50 

Values determined by potentiometric titration; 25 to 40°C; ionic strength = 0.1 M; a: Anderson method; b: ionic 
strength = 0; c: the molar ratio method; d: method of least square; e: half-integral method; f: point-wise 
calculation. 

TABLE 4 
Proton-Ligand and Copper(l1)-Ligand Stability Constants for 2-Hydroxybenzophenone Oxime 
Derivatives 

Oxime structure 

X Y 

H H 

H 1 ,I ,3,3- 
tetrame- 
thylbutyl 

LIX 65N 
LIX 65N 

H H 

H CI 

Z 

H 

H 

H 

H 

CBHl, 

H 

Y 
Isomer System Stability constants 

E 
Z 
E 

Z 

Z 
E 

Z 

E 
Z 

E 
Z 
E 

E 

Water 

Water: 
dioxane 

= 3:7 
(VW 

Water 
Water: 

= 3:7 

Water: 

dioxane 

W )  

dioxane 
= 1:3 

As above 

Ethanol 
Water 
Water: 

= 1:3 

As above 

(VW 

dioxane 

WV) 

Proton-ligand 

Log K7 Ref. 

9.66" 10 
8.48" 

13.72 10 
12.25 121 
11.77 10 
10.30 121 
7.91 a 10 

13.33 10 
11.89 121 
11.58 10 
10.08 121 
12.42 136 
10.91 136 

12.61 27 
10.82 27 
1 3.2S.M. 126 
8.75 I30 

12.38 27 

1 1.37 119 

Metal-ligand 

Log Pz Log K, Ref. 

10 

22.98 11.80 136 
- 

23.44 11.93 27 

126 26.!FM. - 
3.1 1 4.42 130 

23.72 12.19 27 

- 

Note: Values determined by potentiometric titration; 25 to 30°C; ionic strength = 0.1 M; a: extrapolated value; 
S.M.: spectrophotometric method. 
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ogen or nitro group) positively increases the phe- 
nolic group acidity. The type of halogen has no 
basic influence on hydroxyoxime acidity. 

Biniakiewicz122 investigated copper com- 
plexes with 2-hydroxybenzaldehyde oxime alkyl 
derivatives and found that the proton-ligand sta- 
bility constant increases with an increase in the 
length of the alkyl group.Goszczynski et al.27 
studied the influence of the alkyl chain (5 or 4') 
position in aromatic rings of 2-hydroxybenzo- 
phenone oxime and found that oximes which have 
an alkyl substituent in the 4' position are slightly 
stronger acids. 

Several reports state that the active compo- 
nent of LIX 63, 5,8-diethyl-7-hydroxy-6-dode- 
canone oxime, is a much weaker acid than other 
hydroxyoximes (Structures I, 11, and 111) due to 
the presence in its molecule of an alcoholic group, 
which is less dissociable than a phenolic group. 
Its proton-ligand stability constant is about 2.5 
orders higher than that of hydroxyoximes of types 
I, 11, and III.123 

The data reported by Ashbrook12' (Table 1) 
cannot be compared because they were deter- 
mined for different systems (i.e., LIX 63 was 
dissolved in 70% ethanol, and LIX 64, LIX 64N, 
and LIX 70 were dissolved in 70% dioxane). 
Moreover, the errors of determination are very 
high, and are up to 1.5 units on the logarithmic 
scale. 

B. Stability of Metal Complexes 

The data shown in Tables 2 to 4 demonstrates 
that hydroxyoximes form highly stable com- 
plexes with metals. It is nearly impossible to 
isolate the intermediate complex MHL+ , since 
the differences between values of KY and KY are 
rather small (due to stabilizing intramolecular hy- 
drogen bonds which are formed in the complexes' 
molecules; see Structures V and VI). 

Hydroxyoximes form the most stable com- 
plexes with palladium@) and copper(I1). There 
are no data in the literature refemng to the sta- 
bility constants of palladium complexes, proba- 
bly due to difficulties in determining such high 
values of lg  p2. Extraction studies with LIX 65N 
show that extraction constants for palladium are 
16 to 23 orders higher than extraction constants 

for copper and nickel,149 from which it is evident 
that palladium complexes are more stable than 
other metal complexes. 

The order of complex stability constants of 
type I hydroxyoximes is in accordance with the 
Irving-Williams order of Zn(I1) < Cu(I1) > Ni(II) 
> Co(I1) > Mn(II).150*151 Only the location of 
Fe(II) is different. However, this is not true for 
complexes of type I1 hydroxyoximes, and various 
orders of complex stability constants can be pro- 
posed. Specifically, it appears that the location 
of the considered metals in the order of complex 
stability is rather random, probably due to small 
differences in the stability constants (with the 
exception of copper complexes) and the presence 
of some impurities in type I1 hydroxyoximes. 

Several works137-139 have dealt with the de- 
termination of stability constants for 2-hydrox- 
yacetophenone oxime derivative complexes with 
vanadium(IV) , uranium(VI) and lanthanoids . The 
order of complex stability constants (p2) for these 
elements is as follows: VO(I1) > UO,(II) % 
Dy(II1) > Nd(II1) == Pr(II1) = Ce(II1). The sta- 
bility of vanadyl complexes is similar to the sta- 
bility of copper(I1) complexes for appropriate 
hydroxyoximes . 

Salicylaldehyde oxime forms a 2:l complex 
with Ti(1V) and 1:l complexes with Zr(1V) and 
Hf(1V). Their stability changes in the following 
order: Ti(1V) > Zr(1V) > Hf(1V) (Table 2).lZ5 

For hydroxyoximes of type 111, only stability 
constants of complexes with copper(I1) have been 
reported (Table 4). 

Copper-ligand stability constants for hydrox- 
yoxime structural types I to III change in the 
following order: oximes I > oximes I1 > oximes 
111; they are, however, of similar order. None- 
theless, these relatively small differences in the 
stability constants are sufficiently significant to 
observe different extraction strengths for the hy- 
droxyoximes in actual extraction systems. 

Substituents located in the 3 or 5 positions 
of the aromatic ring effect the metal-ligand sta- 
bility constants. Nucleophilic substituents usu- 
ally cause an increase of the complex stability. 
However, in some cases the opposite effects are 
observed (Table 3). This can probably be ex- 
plained by the effect of the substituent upon the 
strength of the metal-ligand II donor 

Electrophilic substituents (e.g. , a halogen or 

534 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
2
8
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



nitro group) cause a decrease in the stability of 
the complex. 

As a result, the stability of metal-ligand com- 
plexes increases in the order: NO, < halogen < 
H < alkyl. In this last case (i.e., hydroxyoximes 
having an alkyl group located at the 5 position 
of the aromatic ring which are used in copper 
extraction processes in industrial installations), 
the copper-ligand stability constants increase with 
an increase in the length of the alkyl group.122.131 

The location of the alkyl group at the 5 or 
4’ position in aromatic rings of 2-hydroxyben- 
zophenone oxime only slightly affects the sta- 
bility of the oxime-copper complexes (Table 4) .27 

In addition, the copper extraction properties of 
these two types of oxime derivatives are almost 
identical, indicating that the position of the alkyl 
group in aromatic rings has no significant influ- 
ence on such extractions. 

The data presented show that the complex 
stability usually increases as the acidity of hy- 
droxyoximes decreases (although in some cases 
the opposite effect was reported). 

A similar change is observed when the sol- 
vent effect is considered (Table 2).143 The acidity 
of hydroxyoximes increases and the stability of 
their metal complexes falls as the solvent dielec- 
tric constant increases. 

There are no data in the literature about the 
stability of type IV hydroxyoxime complexes with 
metals. 

IV. EQUILIBRIUM STUDIES OF METAL 
EXTRACTION FROM DILUTED 
SOLUTIONS 

A. Stoichiometry of Extracted 
Complexes 

Metal extraction from diluted acidic aqueous 
solutions with hydroxyoximes 1-111 (HR) dis- 
solved in hydrocarbon solvents can be described 
by the simplified Equation 5: 

where subscripts o and w denote the organic and 
water phases, respectively, and n stands for the 
molar ratio of ligand to metal in the complex. 

As the hydroxyoxime association in the or- 
ganic phase, and the complex polymerization and 
its solvation with hydroxyoxime molecules are 
taken under consideration, the extraction can be 
described by Equation 6: 

where z, 1, and k denote the degree of hydrox- 
yoxime association (z), complex solvation with 
hydroxyoxime molecules (1) , and complex pol y- 
merization (k), respectively. 

In this last case, the extraction constant is 
given by Equation 7: 

where K, is the activity coefficient constant. As- 
suming that the oxime association in the organic 
phase can be considered using the association 
(dimerization) constant determined for this sys- 
tem (or even neglected for very diluted systems) 
and that all extraction experiments are conducted 
under the same constant ionic strength (then K, 
is constant), and that polymerization of the com- 
plex is not observed (k = I), the following Equa- 
tion 8 for the metal distribution coefficient is 
obtained: 

log D = log x K& + (n + l)/z log 

[(HR),Io + npH (8) 

where: KreX = Ke;K, and D = ZIMn+]o/ 
2[Mn+],.This last assumption is true for hy- 
droxyoximes of types 1-111 for which the complex 
polymerization was not observed (but it is not 
justified for a-acyloin oximes, as it was discussed 
previously in Section 11. 

Available literature data usually concern the 
extraction of copper(I1) (and in some cases of 
nickel(I1)) from acidic sulfate solutions, although 
the extraction of copper@) and palladium(II) from 
chloride solutions was also described. 

Regression coefficients for the relationship 
of log D vs. equilibrium pH are summarized in 
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Table 5 and illustrated in Figure 1. Linear rela- 
tionships were observed for systems containing 
different diluents, such as aliphatic and aromatic 
hydrocarbons, with their slopes in most cases 
near the theoretical value of 2, although in several 
cases important deviations were observed. Thus, 
the experimental results support the proposed 
model of copper and nickel extraction with the 
formation of 2: 1 complexes and the liberation of 
two hydrogen ions. lS2-l6' 

In the work of Chengye et a1.,I6* the slopes 
of the considered relationship for copper extrac- 
tion from acidic sulfate solutions with oximes of 
type I1 and III dissolved in toluene were reported 
to be between 0.45 to 1.6. 

For iron(II1) extraction from acidic sulfate 
solutions with commercial extractant LIX 64N, 
Lakshmanan et al.153 found that the slope of log 
D vs. pH depends upon extractant concentration, 
and changes from about 3 to 1.8 as the concen- 

TABLE 5 
Slope Analysis for Extraction of Metals with Various Hydroxyoxirne Extractants 

Metal Hydroxyoxime 

LIX 65N 

LIX 65N 

LIX 65N 

LIX 65N 

LIX 65N 

LIX 64N 
(5.1 0-*-2.5* 
10- ,M CuSO,) 
Fe3 + LIX 64N 

cu2+ LIX 65N 
(2.1 0 - 4~ 

cuso, 
cu2+ 2-hydroxy-5- 
7.81-1 0-,M 

Diluent 

Heptane 
Toluene 
Benzene 
Dispersol 

Hexane 
Heptane 
CCI, 
CHCI, 
CH,CI, 
C,H,CI 
Toluene 
Hecane 
Heptane 
CCI, 
CHCI, 
CH,CI, 
C,H,CI 
Toluene 
Methyl- 
cyclo- 
hexane 
perchlor- 
ethylene 
toluene 

Kerosene 
Toluene 
Xylene 
Kerosene 

Toluene 

nonyl benzo- 
xylene 

P 
or 

concentration 
of anions [MI 

p = 3  
(1 M Na,SO,) 

1/15 M 
Na,SO, 
p = 0.1 
(NaCLO, and 
perchloric 
acid) 

p = 0.1 
(NaCIO, and 
acetate 
buffers) 

1 M Na,SO, 

0.1 M 
(Na,SO, and 

0.1 M 

(Na,SO, and 

1 M Na,SO, 

H2S04) 

H2S04) 

5.10-2 M 
Na,SO, 

IgD = f (pH) IgD = f (lg cox) 

Slope 

2 
2 
2 
2 

2 

2 

2 

1.95 

2.9 

1.84 

2 

2.04 

(6.5-6.7) 2" 1.5 
2a 2.1 

1 0 - 3 ~  2' 1.5 

2 

2 

6.26-31.2 2 1.5- 
31.2 2.0 
g dm-3 

0.2- 
25% 

5- 

1 Yo 
25% 

3.2- 2 2-3 
31.2 
g dm-, 

11.8 . 1 0 - 3 ~  
2.95- 2.21 - 2-3 

Ref. 

129 

128 

127 

152 

1 53 

154 

27 
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TABLE 5 (continued) 
Slope Analysis for Extraction of Metals with Various Hydroxyoxime Extractants 

Metal 

cuso, 

cu2+ 
CUSO,) 

cu2+ 

Hydroxyoxime Diluent 

phenone 
oxime 

2- hydroxy-4'- 
nonylbenzo- 
phenone 
oxirne 

(1 0-20 pprn) benzaldehyde 
(CusO,) oxime 

co2+ 

(CH,COO),Co 
Zn2+ 
(10-20 ppm) 
(ZnSO,) 

(10-20 PPrn) 

OR 
R = C,H, - 
-C7-9HlSll3 

= C17H35 

C6H17C6H5 

cu2+ LIX 64N 

Fe3 + 

(CUCI2) 

Benzene 
C,H,CI 
CH,CI, 
CHCI, 
CCI, 
Hexane 
Cyclohe- 
xane 

The same 
solvents 

Toluene 
CH2C12 
CHCI, 

C6H,CI 
CCI, 
Toluene 
Kerosene 
Diiso- 

'eH6 

ProPYl- 
benzene 

Kerosene 

v 
or 

concentration 
of anions [MJ Slope cox,,,,. Slope pH Ref. 

IgD = f (pH) lg0 = f (lg cox) 

H2S04 

M 

2.1 6 

5-10-2M 

2.1 1 

156 

1.75 (3.6- 1.58 2-3 
1.44 14.4) 2.02 
1.55 -10-3 M 2.25 
1.46 2.12 

p. = 0.1 2 2-10-3- 2 -2 157 
(acetate 2 
buffer) 2 

2 
2 
2 
3 

- 

3 
2 

2 
2 
2 
2 
2 
2 

6- .o = 2 
0.5,M 2 
(Na,SO,and 2 

H2S04) 

10-*M 

210-3- 
10+ZM 

5-10-2M 
10-'M 
10-'M 
5.1 0 - 2 M  
5-10-2M 
5.10-2M 
- 
- 
- 

c , ; = l M  2.0 5 2-25% 
0.07 

2.95 2% 

3 
2 5.6- 

6.6 

2 6.4- 
2 7.6 
2 
1 
1 
1 

- 2  2 
- 2  1.7 

158 - - 

1 -f 0.1 - 159 

- 1.5 - 
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TABLE 5 (continued) 
Slope Analysis for Extraction of Metals with Various Hydroxyoxime Extractants 

P 
or 

concentration 

lgD = f (pH) IgD = f (Ig c0,J 

Metal Hydroxyoxime Diluent of anions [MI Slope CO,, Slope PH Ref. 

(FeCI,) 

cu2+ 
(2.5*10-4- 
2.510-2M 
CUCI, 

(510-4 M 
CUCI,) 

CU2' 

CU2' 

Fe3 + 

LIX 70 Kerosene c=,- = 4 M 

c,- =5-10-= 
4 M  

LIX 70 Kerosene c,- = 4 M 
c,-+,,,- = 4 M 

LIX 64N Xylene 1 M NaCl pl 
0-3 M 
NaNO, 

0.5-2 M NaCl 

3 M NaCl 
4 M NaCl 
1 MNa2S04 

2-hydroxy- Hexane 
cFe = 5-10-,M 5-nonylben- 
C,, = 510-4M zophenone 

cFe = 51  0 - 5~ 

oxime 

Pd2+ 2-hydroxy- MSB 210 

(100 mg d m 3  5-nonylace- 
(PdCI2) tophenone 

(SME 529) 
oxime 

Pd2+ LIX 65N CHCI, 

(PdCI,) 

cu2+ 2-hydroxy- 
[Cu(NO,)d 5-nonylben- 

zophenone 
oxime 

Ni2+ 2- hydroxy- 
5-nonylace- 
tophenone 
oxime 

(SME 529) 
cu2+ Hydroxy- 
(CUSO4) oximes 

3.1b 
2.45 
1.92 f 

1.985 f 

- 2  
- 2  

1.865- 

0.06 

0.048 

1.89 

1.191- 
1.95 

2.06 
2.38 
1.805 

1 Mbuffer 
CH,COONH, 1 

1.4- 
1.7 

2.5 
'NH4d 2 

0.8-3 M 
c,= 2 4 M  
c,- = 3 M  

1 M (HCI and 
HCIO,) or (HCI 0.14 
and NaCI) 

2.02 2 

10% - 1.5 - 
25% - 1.5 - 
0.5- 
10% 

0.5-5% 

1-1 0% 
0.5% 

5% 

5% 

5% 
5% 
5% 

1 60 

161 

162 

31 
51  O-'M 

510-2M 
5.1 OW4M 
21.7. 2' c,+ = 1 M 163 

10-3- 

1 0 - 3 ~  

Heptane 0.5 M 
Toluene (HNO, and 
Xylene NaNO,) 

MSB 210 (NH4N0, and Ig[NiR,], = 
NH, or HNO, 

2" 

= f {Ig([Ni2+] 

1 
M 

[H +I) 

Toluene 0.5 M 0.45-1 .6b 
(Na2S04 and 
H2SO4) 

lo- '  M 2.05 + C,,,= -1 M 149 
C,, = 0.07 

c,-= 1 M 
10 - 4 ~  c,  = 5. 

1 0 - 5 ~  

IgD[H+I2 = 165 
= f(lg cox) 

- 
0.74-2.4 

1 64 

1.15-7.1 
*10-'M 

168 

a Dimerization constant was taken into consideration during calculation of RH concentration. 
Values taken from diagram. 
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-' i 
25 2,o 2s 3.0 

Equilibrium pH of aqueous phase 

FIGURE 1. Relationship log D vs. equilibrium pH for 
copper(l1) extraction from acidic sulfate solutions with 
-0U-O - 1 -(2-hydroxy-5-nonylphenyl)-l -ethanone 
oxime, - x - x - x - 1 -(2-hydroxy-5-dodecyIphenyl)-l- 
ethanone oxime, -0 - 1 -(2-hydroxy-5-methyl- 
pheny1)-1 -dodecanone oxime, -A-A-A - 1 -(2-hy- 
droxyd-methylpheny1)-1 -decanone oxime (oxime con- 
centration: c, = 3.640-WM; c, = 7.2.10-W; c, = 
14.4*10-3 M).'= 

tration decreases from 25 to 1%. The slope of 3 
is observed in the concentration region of 5 to 
25%. 

In the case of iron(II1) extraction from acidic 
chloride solutions, the slope changes with a 
change in extractant concentration; it equals about 
3 for the concentration region of 2 to lo%, but 
decreases to 2.45 for a concentration of 25%. 
This is not the result of a reduction of Fe(II1) to 
Fe(I1) because iron(I1) was not found in the 

A change in slope was also observed by Kas- 
przak et a L 3 I  for iron(II1) extraction from an 
aqueous solution containing ammonium acetate 
buffer, using 2-hydroxy-5-nonylbenzophenone 
oxime. 

The observed slope changes can be caused 
by a change in the formula of the complex ex- 
tracted into the organic phase, but to date this is 
not well understood. 

Linear relationships were also obtained as the 
logarithm of the distribution coefficient was cor- 
related with hydroxyoxime concentration. Ex- 
emplary data are given in Figure 2 and summa- 
rized in Table 5. 

-2.5 2 -1,5 
Log (equilibrium oxime concentration) 

FIGURE 2. Relationship log D vs. log [RH] for cop- 
per(ll) extraction from acidic sulfate solutions with 
-0o-o - 1 -(2-hydroxy-5-nonylphenyl)-l -ethanone 
oxime, - x - x - x - 1 -(2-hydroxy-5-dodecyIphenyl)-i - 
ethanone oxime, -0-0-0 - 1 -(2-hydroxy-5-methyl- 
pheny1)-1 -dodecanone oxime, -A-A-A - 1 -(2-hy- 
droxy-5-methylphenyI)-l -decanone oxime.'" 

In most cases, a slope of 2 was obtained for 
Cu(II), Ni(II), Pb(II), and Co(II) extractions from 
diluted acidic sulfate or chloride solutions with 
diluted hydroxyoxime solutions in various aro- 
matic hydrocarbons. This agreement with the the- 
oretical value also means that hydroxyoxime as- 
sociation can be neglected in systems containing 
solvating diluents. In these systems the dimeri- 
zation constants are low,1J3 below 10 dm3 mol-I, 
and hydroxyoxime dimerization can be practi- 
cally neglected for concentrations up to 0.1 mol 
dm-3. 

Much higher dimerization constant values are 
observed in systems containing nonsolvating di- 
luents (i.e., aliphatic and cyclic hydrocarbons). 
The dimerization constants are in the range of a 
few tens to one hundred dm3 mol-I, and hy- 
droxyoxime dimerization can only be neglected 
in a region of relatively low concentrations (i.e. 
below 5.10-' M). 

This was demonstrated by Komasawa et 
al.129J65 who studied the extraction of copper with 
2-hydroxy-5-nonylbenzophenone oxime dis- 
solved in heptane and toluene. In the system con- 

539 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
2
8
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



taining heptane, the correlation of log D vs. log 
[HR] significantly deviates from linearity. How- 
ever, this deviation disappears as dimerization 
constant is considered, and slopes equal to the 
theoretical value of 2 are then obtained. 

Similar results were obtained for the extrac- 
tion of copper(I1) and iron(II1) from acidic chlo- 
ride solutions with commercial LIX 64N dis- 
solved in kerosene.Is9 The slopes of 1 and 1.5 
were reported for C u m  and Fe(III), respectively. 

Thus, it seems that the extraction of divalent 
metals, including copper(II) with various hy- 
droxyoxime extractants, can be described by 
Equation 9, which takes into account the hy- 
droxyoxime dimerization: 

where z = 1 and 2. 
Narayanan et al.Is7 supported this model for 

the extraction of Cu(II), Co(II), and Zn(I1) from 
acetate buffer with salicylaldehyde oxime dis- 
solved in various solvents. However, in two cases 
other models were proposed. For copper(I1) ex- 
traction in systems containing aliphatic hydro- 
carbons, slopes of 3 were obtained for the rela- 
tionships of log D vs. pH and of log D vs. log 
[HR]. This was explained by the following ex- 
traction model: 

[Cu"], + 3[H,Sal], 

= 3[H+], + Cu(HSa1); 

= Cu(HSal);[H+], + 2[H+], (10) 

where HSal denotes the salicylaldehyde oxime. 
In observing slopes of 2 and 1, respectively, 

for the relationships of log D vs. pH and of log 
D vs. log (H,Sal) for zinc(I1) extraction with 
salicylaldehyde oxime dissolved in benzene, 
chlorobenzene, and carbon tetrachloride, Naray- 
anan et al. Is7 proposed the following extraction 
scheme: 

[Zn2+],+ [H,Sal],=[Zn(Sal)],+ 2[H+], (11) 

Szymanowski et al. 136*167 took into account 
that the slopes of the considered relationships of 
log D vs. pH and of log D vs. log [HR] may also 
depend upon the solvation number 1, as given in 

the general form of Equation 6. The slope of the 
relation log D vs. pH increases as the solvation 
number increases (Figure 3)136 both for systems 
containing solvating and nonsolvating diluents. 
As a result, the theoretical value of 2 can be 
obtained as the solvation of the complex molecule 
by 0 to 2 hydroxyoxime molecules is considered. 
The optimum value of the solvation number de- 
pends upon the molar ratio of hydroxyoxime to 
copper ions and the type of diluent, and increases 
as the hydroxyoxime concentration increases. 
Higher values of the solvation number were pre- 
dicted for extraction systems containing ethylene 
dichloride and xylene, in comparison to those 
containing aliphatic hydrocarbons. 

The drawback of such predictions is the lack 
of confirmation by means of an experimental 
method. Moreover, for systems containing a large 
excess of hydroxyoxime, theoretical siopes of 2 
can be obtained for various solvation numbers. 

We believe that the stability of the extraction 
constant can be an appropriate criterion of the 
model validity. The data presented in Figure 4136 
demonstrate good stability of the extraction con- 
stant only for models in which the complex is 
not solvated with hydroxyoxime molecules. When 
the solvation number increases, then the extrac- 
tion constant also increases as the results obtained 
for various equilibrium pH are taken under con- 
sideration. Moreover, the extraction constant in- 
creases more rapidly as higher solvation numbers 
are considered. Thus, these results suggest that 
solvation of the copper complex by hydroxyox- 
ime molecules has little probability. 

For palladium(I1) extraction from acidic 
chloride solutions with 2-hydroxy-5-nonylace- 
tophenone oxime dissolved in commercial Shell 
MSB 210, the linear relationship of log D vs. 
[(HR),] was observed with a slope of 2. Again 
in this case, as the commercial solvent containing 
only 2% of aromatic hydrocarbons was used, hy- 
droxyoxime dimerization had to be considered. 163 

Inoue and M a r ~ u c h i ' ~ ~  determined the linear 
relationship of log D vs. log [Cl-] for pallad- 
ium(II) extraction with commercial SME 529; a 
slope of - 4  was obtained. 

In most of the reported works concerning the 
extraction of palladium(I1) and other divalent 
metals,'49,'59-161.'63 the slopes of relationships of 
log D vs. pH and of log D vs. log [HR] do not 
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rsoocta ne 

I 
-2  

1 

- 

0 4 2 3 f 

degree of solvation 

- 
9 1 3 f 

d e 9 m  of soivotion 

FIGURE 3. Effect of solvation degree upon slopes of relations log D vs. pH for copper(l1) extraction with 2-hydroxy- 
5-(1,1,3,3-tetramethylbutyI) benzophenone oxirne ( I ,  c = 2.73.10-3 M and z = 1; 2, c = 2.73.10-3yM and z = 2; 
3, c = 5.47.10-3M and z = 1; 4, c = 5.47~10-~M and z = 2; 5, c = 10.93-10-3M and z = 1; 6, c = 10.93.10-3 
M and z = 2; c and z denote oxime concentration and degree of oxime association, respectively).'= 

I =  4 
i S 

w 0 l= 0 

Z = 2  

1 

I =  0 

FIGURE 4. Effect of aqueous phase equilibrium pH upon copper(l1) extraction constant with 2-hydroxy-5-(1 ,I ,3,3- 
tetramethylbuty1)benzophenone oxime (isooctane; oxime concentration, 2.73.1 0- M; z and I denote degrees of 
association and solvation, respe~tively).'~~ 

541 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
2
8
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



depend upon the chloride ion concentration. Only 
Cognet et al. 162 found that the slope of the relation 
of log D vs. pH for copper(I1) extraction with 
LIX 64N increases above 2 as NaCl concentration 
increases above 2 M. 

It seems that palladium(I1) extraction with 
hydroxyoximes can be described according to 
Equation 12: 

+ 2[H+],+ 4[C1-], 

where z = 1 and 2. 
Extraction of copper(rI) and other metals with 

a-acyloin oximes does not give such univocal 
results as in the case of metal extraction with 
hydroxyoximes I to 111. 

Different relationships of log D vs. pH were 
observed for Cu(I1) extraction with LIX 63 from 
sulfate and chloride media.103J04 In sulfate and 
nitrate media, linear relations were observed, with 
slopes of 1.6 and 1.5, respectively. In chloride 
media, concave curves of log D vs. pH were 
obtained, with a broad minima at pH about 1 
(Figure 5) .  The slopes of the linear portions of 
these curves obtained at pH above 2 are approx- 

,.Y ] 
1.0 

FIGURE 5. Copper(l1) extraction from chloride and 
sulfate solutions with LIX 63 dissolved in kerosene (25°C; 

LIX 63; 4,2% LIX 63; 5 and 6,5% LIX 63; 1 .OM chloride 
solutions for 1 to 4; 0.33 M and 0.67 M sulfate solutions 
for 5 and 6, respe~tively).’~~ 

5-10-3 M Cu(ll); 1, 25% LIX 63; 2, 1Ooh LIX 63; 3, 5% 

imately 1.4 to 1.5. The location of minimum 
depends upon the extraction conditions, includ- 
ing oxime and chloride concentrations. A slight 
increase of copper extraction at pH below 0.5 is 
associated with the formation of hydroxyoxime 
solvates with copper chlorocomplexes (see Sec- 
tion 11). 103~104 

Linear relationships of log D vs. pH with 
slopes of 1.9 to 2.1 were obtained for iron(II1) 
extraction with LIX 63, both for sulfate and chlo- 
ride systems (Figure 6).’03 The amount of chlo- 
ride transferred to the organic phase is propor- 
tional to the iron content in this phase. These 
results suggest that iron is extracted as 
FeCl(HL),. Io3 

1.0 

0.5 

-0.5 

~ 1.0 

-1.5 

FIGURE 6. Iron(lll) extraction from chloride and sul- 
fate solutions with LIX 63 dissolved in kerosene (25°C; 
5-10-3 M Fe(lll); for key, see Figure 5).lW 

Important deviations from linearity in the re- 
lationship of log D vs. pH were also observed 
for copper(I1) and nickel(I1) extraction from ni- 
trate solutions with 5,8-diethyl-7-hydroxy-6-d0- 
decanone oxime (Figures 7 and 8).98-99 For cop- 
per(I1) extraction, the slope of this relation 
increases from 1 to 2 at higher pH values.98 For 
nickel(I1) a slope of 1 was obtained for oxime 
concentration above 0.1 M. However, for oxime 
concentrations below 0.1 M, the slope can change 
between 0 and 2.99 In this case, log D increases 
up to pH 5, from which the experimental function 
reaches a kind of plateau, where log D seems to 
be independent of the acidity (slope near 0). Fi- 
nally, from pH 6, the function follows a straight 
line of a slope close to 2. 
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210 310 

FIGURE 7. Relationship log D vs. equilibrium pH for 
copper(l1) extraction from nitrate solutions with 5,B-die- 
thyl-7-hydroxy-6-dodecanone oxime (initial copper and 
nitrate concentrations, 0.5 mM and 1.0 M, 
respectively) .= 

6, 
0 0  o-O.ol0 0 

0 0.050 0 0 0  
00.030 na @ 

0 0.100 0 
A 0.200 A 

FIGURE 8. Relationship log D vs. equilibrium pH for 
nickel(l1) extraction from nitrate solutions with 5,8-die- 
thyl-7-hydroxy-6-dodecanone oxime (initial nitrate con- 
centration, 1 .OM).- 

This all confirms the formation of various 
complexes presented in section 11. According to 
Zapatero et al.98 the content of various com- 
plexes, including those solvated with hydrox- 
yoxime molecules, depends both upon the acidity 
of the aqueous phase and the molar ratio of metal 
to hydroxyoxime (Figure 9). 

Both the composition and the content of the 
proposed complexes were estimated from math- 
ematical models using graphical and numerical 
treatment of the extraction data. As a result, there 
is no direct experimental confirmation of these 
predictions, as in the case of copper complexes 
with hydroxyoximes I to III.'36*'67 

FIGURE 9. Distribution of proposed copper(l1) - 5,8- 
diethyl-7-hydroxy-6-dodecanone oxime complexes 
(initial copper and nitrate concentrations, 0.5 mM 
and 1.0 M, respectively; curves 1 and 2 represent 
C U . Q ~ ~ ( ~ ~ ~  and Cu(NO,),(H,L), in the aqueous phase, 
respecti~ely).~~ 

Renninger and Osseo-Asare94 found that the 
slope of the function log D vs. pH for nickel 
extraction from nitrate solutions with the active 
component of LIX 63 decreases from 1.9 to 1.3 
as the phase contact time increases from 8 to 30 
h. They attributed these results to a change in 
the complex structure from Ni(HL), into 
Ni(HL)(H,L): and accepted an anion coordina- 
tion. This is in agreement with the work of 
Tammi'69 in which he demonstrates that pH low- 
ering favors the formation of solvates according 
to the following order: Ni(HL), < Ni(HL),(H,L) 
< Ni(HL)(H,L): < Ni(H,L):+. 

Slopes of 1.6 and 1.8 to 2.0 were obtained 
by Flett et al.93 and Prestongo for the extraction 
of nickel from nitrate solutions. 

In all these works, the tendency of a-acyloin 
oximes towards hydrolysis and isomerization was 
neglected. We believe that these two phenomena 
may play an important role, affecting the exper- 
imental extraction data and their interpretation, 
especially in acidic systems and for long phase 
contact times. 

The slope of the function log D vs. pH for 
cobalt(I1) extraction from nitrate solutions de- 
creases from 2.0 to 1.3 as the phase contact time 
increases from 4 to 30 h." The extraction equi- 
librium in which Co(HL), is extracted is achieved 
in 30 minutes. Then Co(I1) is oxidized in the 
complex to Co(III), and the formation of 
Co(HL),H,L+ is proposed. As a result, coex- 
traction of anions also takes place. 

Due to the lack of extraction selectivity of 
copper with respect to iron and inappropriate range 
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of extraction pH, LIX 63 is not used alone for 
metal extraction. It is used only as an additive 
to 2-hydroxy-5-alkylbenzophenone oxime to en- 
hance the rate of copper extraction with com- 
mercial extractant LIX 64N. In several works, 
LIX 63 was also used with various organic acids 
and other reagents. 

Flett et a1.93*107,108*170 used mixtures of LIX 
63 with a-bromododecanoic acid and with na- 
phthenic acids to extract copper(II) and nickel@). 
In this case:Io7 

where (HD), denotes the dimer of the carboxylic 
acid, and the distribution coefficient is given by 
Equation 14: 

log D = log K + 2pH + n log[H,L], 

+ m log[(HD)2Io (14) 

A slope near 2 was obtained for the relation 
log D vs. pH. Slopes near the expected value of 
2 were also obtained for the relation log D vs. 
log [H,L]. They were 2 and 1.7 for systems con- 
taining a-bromododecanoic acid and naphthenic 
acids, respectively. However, unexpected results 
were reported for the relation log D vs. log (HD),. 
A slope of 2 was reported for copper extraction 
with a mixture of LIX 63 and a-bromododeca- 
noic acid.Io7 The data suggest an unrealistic com- 
plex structure in which the molar ratio of metal 
to oxime and to acid is equal to 1:2:4 with the 
liberation of 2 protons. 

For copper extraction with an a-acyloin ox- 
ime-carboxylic acid mixture, Flett et al.93 and 
Castresana et al. Io9 demonstrated a molar ratio 
of metal to hydroxyoxime to carboxylic acid as 
1:2:2. Osseo-Asare et al.llO*lll proposed the fol- 
lowing equation for iron(II1) extraction from 
acidic nitrate solutions with an LIX 63-dinon- 
ylnaphthalene sulfonic acid mixture: 

Fe(OH)2+ + (HD), 3H2L 

= Fe(OH)(H,L),D, 

+ (m - 2)/m(HD), + 2H+ (15) 

A slope of 2 was obtained for the relation log D 
vs. pH, and due to this, the extraction of the 
dominant cation Fe(OH)’+ was proposed. 

The discussed literature data demonstrate only 
qualitative agreements between results reported 
by various authors. Several reasons for this can 
be pointed out. The precision of the extraction 
technique to determine the complex composition 
is not high, due to the possible analytical errors 
in the determination of the pH and the metal 
concentration in both considered phases. Usu- 
ally, the metal content is determined only in one 
phase, the aqueous one, and the distribution coef- 
ficient is calculated from concentrations in this 
phase before and after extractions. The partition 
coefficients of hydroxyoximes and their associ- 
ation constants are usually neglected, as well as 
the formation of sulfate-complexes and of chlo- 
rocomplexes in the aqueous phase. 

The experiments are often carried out in an 
inappropriate region of pH, and too small (below 
10%) or too high values (above 90%) of the ex- 
traction percent are obtained. Simultaneously, 
various complexes can be formed which are not 
recognized by the discussed technique. As a re- 
sult, an average statistical structure of extracted 
complexes is predicted. 

In most of the discussed works, commercial 
extractants were applied. They cannot be well 
identified, considering that oximes I to I11 are 
obtained from commercial nony 1- and dodecyl- 
phenols, which are very complicated mixtures 
containing various groups of the and 
various alkyl chain isomers. Moreover, oximes 
of type I11 contain two types of isomer: the chem- 
ically active E isomer and nonactive 2 isomer. 
Isomerization can occur during extraction and 
storage. This phenomenon was neglected in the 
works discussed herein. The same is true for ox- 
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imes of types IV. In this last case, knowledge of 
hydroxyoxime isomerization is not sufficient, 
even among specialists in organic chemistry. Hy- 
drolysis of these oximes is usually neglected. 
Moreover, hydroxyoximes of this type can be 
contaminated by dioximes whose presence in a- 
acyloin oximes used for metal extraction has not 
been revealed. 

B. Effect of the Structure of 
Hydroxyoximes on Their Extraction 
Properties 

The effect of extractant structure upon its 
extraction properties can be discussed using the 
extraction equilibrium constant (KJ or pH,,, 
which determines the equilibrium pH of the 
aqueous phase at which 50% of metal is trans- 
ferred to the organic phase (i.e., D = 1). Lo- 
cation of the extraction isotherms can also be 
considered. 

In real extraction systems in which concen- 
trations instead of activities are considered, both 
kx and p&.5 depend upon the extraction con- 
ditions (i.e., the composition of both phases). 
The extraction constant is very sensitive to pH, 
and significantly' different values are obtained at 
different pH. Moreover, the extraction constant 
is sensitive to extractant association, and com- 
plex solvation and polymerization. Depending 
upon the assumptions considered, significantly 
different values of the extraction equilibrium con- 
stant can be obtained. As a result, a comparison 
of the extraction equilibrium constant obtained 
in independent scientific centers is difficult and 
may lead to false conclusions. 

We believe that the use of p&,, is more con- 
venient. This parameter also depends upon ex- 
traction conditions (i.e., ionic strength, the ratio 
of extractant-to-metal concentration, the type of 
diluent, etc.), but these effects are smaller in 
comparison to the change of extraction equilib- 
rium constant. The pH,,, values obtained in in- 
dependent research centers can be easily com- 
pared and used to predict appropriate conditions 
for the extraction of a metal and its separation 
from another metal. 

The pH,., values significantly decrease for 
the same composition of the aqueous phase (at 

the same metal concentration and constant ionic 
strength) as the hydroxyoxime concentration in 
the organic phase increases (Figures 10 and 11, 
Tables 6 to 9). Due to this, extractions can be 
carried out from more acidic solutions (both sul- 
fate and chloride) as the hydroxyoxime concen- 
tration increases in concentration characteristic 
for the system considered (see asymptotes in Fig- 
ure 10). A further increase in hydroxyoxime con- 
centration only slightly effects the pH, s values. 

A similar effect is observed in the relation- 
ship between pH, s vs. molar ratio of hydrox- 
yoxime concentration in the organic phase to metal 
concentration in the aqueous phase are consid- 
ered (Figure 12).269173 

A decrease of pH,,, with the increase of hy- 
droxyoximes concentration andlor the molar ratio 
of hydroxyoxime-to-metal (copper or nickel) 
concentration, as well as the lowest pH, , values 
(asymptotic ones), depend upon the type of di- 
luent. These lowest values for copper(I1) 
and nickel(I1) extraction with alkyl derivatives of 
2-hydroxybenzaldehyde oxime dissolved in var- 
ious diluents change very significantly according 
to the following order of diluents: 1,2-dichloro- 
ethane > xylene > octane.26 

The pH, , values also depend upon the metal 
concentration in the aqueous phase, and increase 
as the metal concentration increases. However, 
this effect is significantly weaker than the effect 
of hydroxyoxime concentration (Figure 13). 160 

The effect of various anions upon p&, is 
also relatively weak for copper(II) extraction from 
acidic sulfate and chloride solutions. It was found 
that pH, increases by 0.25 for copper extraction 
with LIX 64N as the sulfate ion concentration 
increases from 8 ~ 1 0 - ~  to 8-10-2M.1s3 An increase 
of p b S  of 0.25 to 0.35 was also observed for 
copper extraction with LIX 64N or LIX 70 dis- 
solved in kerosene, as the chloride concentration 
increases from 0.2 to 4 M. 159~160 This effect dis- 
appears at lower chloride concentrations (i.e., 
below 0.2 M>. 

The pH,, values given in Table 6 demon- 
strate that the extraction ability of various hy- 
droxyoximes decreases in the following order: 
alkyl derivatives of 2-hydroxybenzaldehyde ox- 
ime (oximes of type I) > aliphatic-aromatic hy- 
droxyketone oximes (oximes of type 11) > alkyl 
derivatives of 2-hydroxybenzophenone oxime 
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1 - 
0 5 (0 I5 to 25 

oxime concentration Pel 

FIGURE 10. Effect of LIX 64N concentration upon pH., for copper(l1) extraction from acidic sulfate solutions 
(initial copper concentration, 5-10-4 M; ionic strength, 0.1 M; 1, D, kerosene; 2, 0, xylene; 3, 0, toluene).’” 

-o4J . . , . . I I . . I - 
2 4 6 8 10 

LIX 10 conctniration IR 

FIGURE 11. Effect of LIX 70 concentration upon pH,, 
for copper(l1) extraction from chloride solutions with LIX 
70 (copper initial concentration: 1, 0, 5 ~ 1 0 - ~ M  and 2, 
0, 2.5-10-3 M).isO 

(oximes of type III). The pH,., values decrease 
in the opposite direction, i.e., the lowest values 
are obtained for alkyl derivatives of 2-hydroxy- 
benzaldehyde oxime. 

This order of extraction ability of various 
hydroxyoximes is in agreement with the acidity 
of the phenolic group, which decreases in the 
order: oximes I > oximes I1 > oximes III. It is 
confirmed by Parish’s (Table lo), who 
extracted copper from acidic sulfate solutions with 
hydroxyoximes having various substituents. The 
presence of an electron-acceptor group near the 
phenolic group (e.g., a nitro group or chlorine 
atom in position 3), decreases the electron density 
on the oxygen atom of the phenolic group. Dis- 
sociation constants of these hydroxyoximes are 
several orders higher than those lacking an elec- 
tron-acceptor group. They also demonstrate higher 
extraction strength, and can extract metals from 
more acidic solutions, as in the case of com- 
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TABLE 6 
pH., Values for Copper Extraction from Acidic Sulfate Solutions with Various 
Hydroxyoximes 

OH NOH 

@Jb- .  
R 

No. 

1 H  
2 H  
3 H  
4 H  

5 CH, 

‘EH5 

7 CH, 

8 CH, 

9 C,Hi, 

10 C,,H, 

11 C,H5 

Y R 

12 4’ -C,H,,-C,H, H 

‘CIH1B 

Oxime Ionic 
concentration strength 
[mmol d ~ n - ~ ]  [mol dm-3] pH,, 

7.81 
7.81 
7.81 
2.73 
5.47 
7.81 

10.93 
2.73 
5.47 

10.93 
2.73 
5.47 

10.93 
3.60 
7.20 

3.60 
7.20 

3.60 
7.20 

3.60 
7.20 

2.95 
5.90 

1 1.80 
2.95 
5.90 

11.80 

14.4 

14.4 

14.4 

14.4 

Note: Copper concentration - 7.81-10-4M; xylene as diluent. 

0.27 
0.27 
0.27 
0.27 
0.27 
0.27 
0.27 
0.27 
0.27 
0.27 
0.27 
0.27 
0.27 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 

0.05 
0.05 
0.05 
0.05 

1.64 
1.68 
1.62 
2.41 
1.92 
1.62 
1.48 
2.58 
2.31 
1.94 
2.88 
2.41 
2.12 
2.46 
2.13 
1.84 
2.60 
2.19 
1.77 
2.57 
2.14 
1.80 
2.64 
2.21 
1.79 
2.84 
2.51 

2.20 
2.71 
2.47 
2.16 

Ref. 

167 
167 
167 
1 72 
172 
167 
1 72 
172 
172 
172 
172 
172 
172 
156 
1 56 
156 
156 
156 
156 
156 
156 
156 
1 56 
156 
156 
27 
27 

27 
27 
27 
27 

mercial extractants of the LIX series (Table 11). 
The extraction strength of commercial extractants 
of this series increases in the order of LIX 63 < 
LIX 64N < LIX 70, which is in agreement with 
the order of hydroxyl group acidity. 

Chengye et a1.’68 demonstrated a high ex- 
traction strength of hydroxyoximes having an al- 
koxyl group at the 4 position. These oximes 
(compound 3 and 8 in Table 12) exhibit a high 
acidity for the phenolic group, and can extract 
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TABLE 7 
Effect of LIX 65N Concentration Upon Copper 
Extraction from Acidic Sulfate 

cox,, [g dm-31 6.26 13.53 
PHO.5 2.7 2.35 

31.20 
1.95 

Note: Ionic strength: 1 rnol dm-3, 25°C 

TABLE 8 
Effect of LIX 64N Concentration upon Copper(l1) and Iron(ll1) 
Extraction from Acidic Solutions 

LIX 64N P H . 5  
concentration Sulfate ~oIut ions*~~ Chloride Solutions*5* 

("/I Cu(ll) Cu(ll) Fe(lll) 

2 
2.5 
5 

10 
15 
25 

- 1.4 2.15" 
1.36 
1.14 1.1 1.95 
1.02 0.9 1.8 
0.87 
0.83 0.75 1.65 

- - 

- - 

Note: Kerosene as diluent; initial metal concentration: 5.10-3 rnol dm-3; 
ionic strength of aqueous sulfate phase: 0.1 rnol dm-? chloride 
concentration in aqueous phase: 1 rnol dm-7 25°C. 

a Extrapolated value. 

TABLE 9 
Effect of Diluent upon pH., for Copper(l1) and Nickel(l1) 
Extraction with 1,1,3,3-Tetrarnethylbutylbenzaldehyde oxime16 

Molar ratio of P H . 5  
oxime to 

Diluent metal Cu(ll) Ni(ll) 

Octane 2:l 
6:l 

1O:l 
20:l 

6: 1 
1O:l 
20:l 

1 ,2-Dichloroethane 2: 1 
6:l 

1O:l 
20: 1 

Xylene 2:l 

2.03 

1.16 
1.08 
2.94 

1.68 
1.32 
3.20 

1.88 
1.52 

- 

- 

- 

5.33 
3.99 

3.83 
7.01 
6.42 

5.95 
7.65 
6.95 

6.40 

Note: Initial Cu(ll) and Ni(ll) concentration: 7.8.10-4 rnol dm-3 and 8.5.10-4 
rnol dm-3, respectively; ionic strength: 0.2 rnol dm-3 Na,S04). 
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2.5 
- 

2,o - 

5 10 15 2 0  25  la 

2.5 
- 

2,o - 

5 10 15 2 0  25  la 

M o l e  ratio of oxtrne to copper 

FIGURE 12. Effect of oxime to copper(l1) molar ratio 
upon pH,, values (1 , 2-hydroxy-5-alkylbenzaldehyde 
oximes; 2, 1 -(2-hydroxy-&alkylphenyl)-l -alkanone ox- 
ime; 3, 2-hydroxy-5(4’)-alkylbenzophenone oxime).173 

O‘ 1 
0.0 

0 I D  20 30 40 i o n  90.‘ 
copper  concentrat ion [ M I  

FIGURE 13. Effect of copper(l1) concentration upon 
pH,, for copper extraction from chloride solutions with 
LIX 70 (LIX 70 concentration, 1, 1% and 2, 2%; NaCl 
concentration, 4 M).lW 

copper at a lower pH than their homologs having 
an alkoxyl group at the 5 or an alkyl group at the 
4‘ position (compounds 2, 5, and 10 in Table 
12). However, they also demonstrate similar  PI-&,^ 
values for 2-hydroxy-5-octylbenzophenone ox- 
ime and 2-hydroxy-3-nitro-5-octylbenzophenone 
oxime (i.e. compounds 1 and 4), although their 
dissociation constants and extraction constants 
are significantly different and higher for com- 
pound 4. Due to this, these results should be 
treated cautiously. 

TABLE 10 
Effect of Hydroxyoxime Structure 
upon Copper Extraction from Acidic 
Sulfate Solutions174 

NOH OH II 

.d 

Y R X PHLl.5 

Note: Initial oxime and copper(l1) con- 
centration: mol dm-3 and 6%, 
respectively; kerosene as diluent. 

TABLE 11 
pH,, Values for Copper(l1) Extraction with 
Commercial ExtractantP 

Extractant 
LIX 63 
LIX 64 
LIX 64N 
LIX 70 

PH.5 
4.6 
3.3 
2.9 
2.6 

Note: Oxime concentration: equivalent to maximum 
loading of 100 ppm; xylene as diluent. 

Biniakiewicz and S~ymanowski’~’ studied 
copper(I1) extraction with model individual 2- 
hydroxy-5-alkylbenzaldehyde oximes having 
from 2 to 8 carbon atoms in their alkyl group. 
They found that the effect of the length and struc- 
ture of the alkyl chain is relatively small and can 
be neglected (Table 13). A similar conclusion 
was drawn by Laskorin et al.’” (Table 14) who 
investigated copper(I1) extraction with various 
hydroxyoximes having an alkoxyl group at the 4 
position. They also demonstrated that oximes of 
aliphatic-aromatic hydroxyketones (oximes II) are 
stronger extractants than oximes of aromatic hy- 
droxyketones (oximes 111). 

Goszczynski et al.” demonstrated that the 
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TABLE 12 
Effect of Hydroxyoxime Structure upon Their Extraction 
Properties1- 

No. 

1 
2 
3 
4 

5 
6 
7 
8 
9 

10 

Note: 

4‘ - C12H&6H4 

2’ - CI - C,H, 
4’ - CH30 - C,H, 
CH3 

CH3 
C7H15 

11.12 
1 1.48 
10.99 
7.70 

1 1.29 
11 -08 
11.08 
10.56 
10.68 
10.83 

1.93 
2.05 
1.45 
1.93 

1.72 
1.94 
1.93 
1.44 

>3 
1.92 

0.1 333 
0.0701 
1.6450 

59.4977 

0.4324 
0.1858 
0.1080 
2.5328 
0.9363 
0.2091 

Initial copper and oxime concentration: 
mol dm-3, respectively; ionic strength: 0.5 mol 
H,SO,); toluene as diluent. 

mol dm-3 and 5.10-, 
(Na,SO, and 

TABLE 13 
pH., Values for Copper Extraction with 2-Hydroxy-5- 
Alkylbenzaldehyde O ~ i r n e s ~ ~ ~  

Dfluent 

lsooctane 

Decalin 

Xylene 

1,2- 
Dichloroethane 

Alkyl group 

‘ZH5 

t-C,H, 
C6H,7 

C2H5 
(CH3)3CCH2(CH3)2C- 

t-C,H, 
‘SH17 

(CH3)3CCH2(CH3)2C- 
C2H5 

t-C,H, 
C8H,7 
(CH3)3CCH2(CH3)2C- 
‘ZH5 

t-C,H, 
Cd,, 
(CH3)3CCH2(CH3)2C- 

Confidence 
interval a = 

PHo.5 0.5 

- 1.13 k 0.35 
1 .I0 

1.15 
1.05 1.24 & 0.22 
1.35 
1.25 
1.33 
1.64 1.64 * 0.04 
1.68 
1.62 
1.62 
2.07 1.91 r 0.19 

- 

1.80 
1.88 
1.90 

Note: Initial copper and oxime concentrations: 7.81-10-, mol dm-3 
and 7.81*10-= mol dm-3, respectively; ionic strength: 0.27 
mot dm-3. 

550 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
2
8
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



TABLE 14 
Effect of Hydroxyoxime Structure 
upon pH,, for Copper Extraction 
from Acidic Sulfate 

N O H  
OH I1 

RO @JC\Y 

TABLE 15 
pH., for Some Oximes of 
Aliphatic-Aromatic 
Hydroxyket~nes'~~ 

NOH 
OH II 

Y R PH.6 R, Ra PH., 

Note: Sulfate ion concentration: 0.5 mol dm-3; 
toluene as diluent. 

position of the alkyl group in 2-hydroxy-5(4')- 
nonylbenzophenone oximes (compounds 1 1 and 
12 in Table 6) only slightly affect their extraction 
properties, and, as a result, only slightly lower 
p b , 5  values were obtained for oximes containing 
the alkyl group at the 4' position. However, 
Chengye et al. 168 demonstrated a much higher 
extraction strength for 2-hydroxy -4' -dodecylben- 
zophenone oxime compared to 2-hydroxy-5-0~- 
tylbenzophenone oxime (compounds 1 and 5 in 
Table 12). 

The effect of the position of a long alkyl chain 
in oximes of aliphatic-aromatic hydroxyketones 
(oximes of type 11) is also relatively small, and 
quite similar values of p&,5 were reported for 
various oximes of this type (compounds 7 to 10 
in Tables 6 and 15). The effect of the alkyl length 
is also negligible. Only Chengye et al.'68 dem- 
onstrated the increase of PI-I,,~ and the decrease 
of the extraction equilibrium constant for copper 
extraction with 1-(2-hydroxy-5-octylphenyl)-l- 
alkanone oximes (compounds 8 and 9 in Table 
12) as the alkyl length increases. In this case, 
pH,., values were even higher than those deter- 
mined for alkyl derivatives of 2-hydroxybenzo- 
phenone oxime, which is in contradiction with 
all other works concerning both model and com- 
mercial extractants. 

The pH,,, values depend significantly upon 

Note: Initial copper(l1) and oxime concen- 
tration: 2.1 0-2 mot dm-3 and 0.1 rnol 
dmF, respectively; Na,SO, con- 
centratioin: 0.5 mot dm-3; toluene 
as diluent. 

the type of organic diluent,24-27,3~32,158, 167,172.175-179 
and this effect is often stronger than that asso- 
ciated with a change in hydroxyoxime structure. 
The extraction of copper(I1) and nickel(II) in- 
creases and pH,, decreases according to the fol- 
lowing diluent order (Tables 9, 13, 16 to 19): 
chlorohydrocarbons G aromatic hydrocarbons < 
cyclic hydrocarbons = aliphatic hydrocarbons. 

The extraction of copper from acidic sulfate 
solutions with commercial P 17 and P 50 ex- 
tractants dissolved in commercial diluents in- 
creases in the following order:'79 Aromasol H 
(ICI) 4 Escaid 100 (ESSO) < Isopar L (ESSO) 
(i.e., as the content of aromatics decreases from 
100% in Aromasol H to 20% in Escaid 100, to 
0% in Isopar L). Thus, the best extraction effects 
are obtained as aliphatic and alicyclic hydrocar- 
bons are used as diluents. However, commercial 
diluents contain some amounts of aromatic hy- 
drocarbons (up to 20%) to improve the solubility 
of hydroxyoximes and their complexes in the or- 
ganic phase. 

The above orders of diluents can be attributed 
to the solvation of hydroxyoxime molecules with 
diluent molecules. The extraction significantly 
decreases as the solvation increases. As a result, 
an increase of pH,,, values and a decrease of 
extraction equilibrium constant (Tables 20 to 22) 
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TABLE 16 
pH., Values for Copper Extraction with 2-Hydroxyd-t- 
Butylbenzaldehyde O ~ i m e * ~  

Oxime concentration 

Diluent 1.0.1 0 - 3 M 2.51 0 - 3 ~  5.18-10-3M 

Octane 3.16 2.29 1.79 
lsooctane 2.96 2.0 1.51 
Xylene 2.6 1.47 - 
1,2-DichIorethane 2.6 1.47 - 

Note: Copper concentration: 7.81-10-4 rnol dm-3; ionic strength: 5.10-2 
rnol dm-3. 

TABLE 17 
pH,, Values for Copper Extraction with 2- 
Hydroxy-5-Nonylacetophenone Oxime 

Diluent Cu(ll)’ Cu(ll)b Fe(lll)b 

Heptane 1.68 1.31 - 
Methylcyclohexane 1.70 1.31 - 
MSB 210 (appr. 2% 1.70 - - 
Escaid 100 (appr. 1.70 - - 

Toluene 2.14 1.58 3.95 

lsooctane - 1.31 3.29 

Shell Diluent 

aromatics) 

20% aromatics) 

Note: Na,SO, concentration: 0.5 rnol dm-3; a: initial 
copper and oxime concentration - 2-10-~ rnol 
drn - 3  and 2.1 0 - 2  rnol drn -3, re~pectively.‘~~ b: 
initial metal and oxime concentration - 2.10-’ 
rnol dm-3 and lo- ’  rnol dm-3, 

TABLE 18 
pH.5 for Copper(l1) Extraction with 2- 
Hydroxy-4-Alkoxy (C,-C,) Benzophenone 
O ~ i m e ~ ~ O  

Diluent PHO.5 

Kerosene <I  
Butylbenzene <I  
Diisopropylbenzene 1 . I  
Toluene 1.26 
Kerosene and 5% decanol 2.24 

Note: S0:- concentration: 0.5 rnol dm-”. 

TABLE 19 
pH., for Iron(lll) Extraction with 2- 
Hydroxy-5-Nonyl-Benzophenone 
0xime3l 

Diluent Buffer [l mol dm-3] pH., 

Hexane Ammonium acetate 3.6 
Hexane Sodium acetate 4.3 
Chloroform Ammonium acetate 5.3“ 

a Value taken from diagram. 

Note: Iron and oxime concentration: 5.1 0 - 4  rnol 
dm-3 and 5 ~ 1 0 - ~  rnol dm-3, respectively. 

TABLE 20 
Equilibrium Extraction Constants for 
Cobalt(l1) Extraction with 2-Hydroxy-5- 
Nonyl benzophenone 0xime3O 

Benzene 8.75 8.6 3.98 
Chloroform 9.00 9.0 10 
Hexane 7.65 6.9 0.079 

Note: Initial cobalt and oxime concentration: 1 0-4 
rnol dm-3 and lo-” rnol dm-3, respec- 
tively; ammonium acetate buffer. 

is observed in solvating diluents such as chlo- 
rohydrocarbons and aromatic hydrocarbons. 

Extraction equilibrium constants determined 
by Akiba and F~eiser’~’ for copper extraction with 
LIX 65N in systems containing aliphatic hydro- 
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TABLE 21 
Equilibrium Extraction Constant for Copper(l1) Extraction with 2-Hydroxy-5- 
Nonylbenzophenone Oxime Isolated from LIX 65N 

Heptane 

Hexane 

Dispersol 
Xylene 

Diluent Aqueous solution 

Toluene 

Benzene 
Chlorobenzene 

1 ,BDichloroethane 

Chloroform 

Tetrachloromethane 

Nitrobenzene 
n-Butyl ether 
Methyl-n-heptyl ketone 
2-Ethylhexanol 

Distilled water 
1 M Na,SO,(p = 3 M) 
p = 0.1 M (NaCIO, and 
HCIO,) 

- 
0.5 M (HNO,, NaNO,) 

p = 0.1 M (NaCIO, and 

1/15 M Na,SO, 
0.5 M (HNO,, NaNO,) 

HCIO,) 

Distilled water 
1 M Na,SO, 
1 M Na,SO, 
p = 0.1 M (NaCIO, and 

0.5 M (HNO,, NaNO,) 
1 MNa,SO, 
p = 0.1 M (NaCIO, and 

F = 0.1 M (NaCIO, and 

IJ. = 0.1 M(NaCI0,and 

p = 0.1 M (NaCIO, and 

0.5 M (HNO,, NaNO,) 
0.5 M (HNO,, NaNO,) 
0.5 M (HNO,, NaNO,) 
0.5 M (HNO,, NaNO,) 

HCIO,) 

HCIO,) 

HCIO, 

HCIO,) 

HCIO,) 

carbons are 20 to 40 times greater than those 
obtained for systems containing aromatic hydro- 
carbons and chlorohydrocarbons. A similar ratio 
of extraction constants determined for systems 
containing heptane and toluene was reported by 
Komasawa et al. 129 (Kex heptane/Kex was ap- 
proximately 40 or 60 to 80, depending upon as- 
sumptions concerning the dissociation constants 
of CuSO, and H,SO,). 

Some contradictory results were obtained for 
nickel(I1) extractions, Akiba and Freiserl" re- 
ported that the equilibrium constant for nickel 
extractions with LIX 65N does not depend upon 
the diluent type (hexane, heptane, tetrachloro- 
methane, dichloromethane, chlorobenzene, tol- 
uene), and equals to about However, Ko- 
masawa and OtakelS0 reported the relative 

K'.X(KJ 

56 (1 55) 
4.9 
22.4 

30.3 2 6.1 
90 

20.0 

2.5 
1.5 

0.95 (3.6) 
6.3-10-2 
7.2.1 OU2 
6.3.10-' 

1.5 
4.4.1 O-, 
1.66 

5.5.10-' 

8.3-10-' 

7.2 

9.74 O-, 
3.0.10-3 
2.04 0-3 
I .310-3 

Ref. 

129 
129 
127 

166 
165 
180 
127 

128 
165 
180 
129 
129 
1 54 
127 

165 
129 
127 

127 

127 

127 

180 
180 
180 
180 

extraction equilibrium constants as equal to lo5: 
1 .7-103: 1 in systems containing heptane, xylene, 
and 2-ethylhexanol, respectively. 

It was also stated, that diluents effect the 
selectivity of copper(II) extraction with respect 
to nickel(II). In this case, the selectivity of copper 
extraction decreases (the differences in pH,,, val- 
ues decrease) in the following order of diluents: 
1,2-dichloroethane > xylene > octane (Table 
9). 26 However, copper-hydroxyoxime complexes 
are much more stable than nickel-hydroxyoxime 
complexes and copper equilibrium constants are 
105 to lo7 orders higher than those constants de- 
termined for nickel extraction (Tables 2 1 and 22). 
Taking this into account, copper can be quite 
selectively extracted in the presence of nickel 
with hydroxyoximes of types I to 111, not only 
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TABLE 22 
Equilibrium Extraction Constant for Nickel(l1) Extraction with 2-Hydroxy-5- 
Nonylbenzophenone Oxlme (HNBPO) and 2-Hydroxy-54onylacetophenone 
Oxime (HNAO) Isolated from LIX 65N and SME 529 

Oxime Diluent 

HNBPO Heptane 

Hexane 

1 ,BDichloro- 
ethane 

Chloroform 

Tetrachloro- 
methane 

Chlorobenzene 

Toluene 

Xylene 

2-Ethylhexanol 
HNAO MSB 210 

Aqueous phase 

0.5 M (HNO,, NaNO,) 
p = 0.1 M (NaCIO,) and 
acetate buffer 

p = 0.1 M (NaCIO,) and 
acetate buffer 

p = 0.1 M (NaCIO,) and 
acetate buffer 

p = 0.1 M (NaCIO,) and 
acetate buffer 

p = 0.1 M (NaCIO,) and 
acetate buffer 

p = 0.1 M (NaCIO,) and 
acetate buffer 

p = 0.1 M (NaCIO,) and 
acetate buffer 

0.5 M (HNO,, NaNO,) and 
acetate buffer 

0.5 M (HNO,, NaNO,) 
1 M NH,NO, and 
(NH, or HNO,) 

from acidic solutions, but, under appropriate con- 
ditions (i.e., high loading of the organic phase 
and appropriate pH), also from ammonia media. 
Nickel can also be selectively stripped with di- 
luted sulfuric acid solution (3 g dm-3). 

In addition, hydroxyoximes of type IV ex- 
tract copper(II) more effectively than nickel(I1); 
the pH,,, values amount of 3 to 4 and 6 to 7, 
respectively. 

Besides the extraction of copper(I1) and 
nickel(II), hydroxyoximes of types I to 111 can 
also effectively extract palladium(II). Under some 
specific conditions they can also extract other 
metals (Tables 17, 23, and 24). At pH above 3 
they can extract Ni(II), Co(II), and small amounts 
of Fe(III), Pb(II), Mg(II), and Cd(I1). Zinc(I1) is 
practically unextracted from acidic aqueous so- 
lutions; however, it can be extracted at pH 8 to 
9 with the use of a large excess of hydroxyoxime 
extractant. 32,181 

The selectivity of copper extraction with hy- 
droxyoximes of types I to 111 with respect to iron 
is high at low pH values (i.e., pH 1.5 to 2). Due 
to this, copper can be selectively extracted from 
aqueous solutions containing an excess of iron. 

K', 

1.2.10-4 
1.0*10-= 

1 .3*10-6 

4.6-1 O-' 

1.3.10-" 

1.61 0-6 

1.610-6 

4.8-10-' 

2.0-10-8 

1.2-1 0-9 
3.2*10-5 

Ref. 

180 
1 27 

1 27 

127 

127 

127 

127 

127 

180 

180 
1 64 
184 

This selectivity, so important in industrial pro- 
cesses, depends upon the type of extractant and 
diluent, and the composition of the aqueous phase. 
Higher selectivity is observed for copper extract- 
ing with alkyl derivatives of 2-hydroxybenzal- 
dehyde oxime than with alkyl derivatives of 2- 
hydroxybenzophenone oxime, and for systems 
containing aromatic hydrocarbons in comparison 
to those containing aliphatic hydrocarbons. 

A change of the extraction system from acidic 
sulfate to acidic chloride decreases the selectivity 
of copper extraction with respect to iron. As a 
result, smaller differences between pH,,, values 
determined for Cu(I1) and Fe(II1) are observed in 
systems containing chloride ions in the aqueous 
phase. 

According to Eccles et a1.,lg2 sulfate ions 
significantly decrease the extraction of both cop- 
per(I1) and iron(II1) (Figure 14). However, the 
decrease of iron(II1) extraction is stronger than 
that of copper(II), and, due to this, an increase 
in extraction selectivity is observed in systems 
containing higher concentrations of sulfate ions. 
The same concerns chloride systems (Figure 15), 
although the effect of chloride ion concentration 
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TABLE 23 
pH., Values for Extraction of Metals with 2- 
Hydroxybenzaldehyde 0xime1*l 

Metal cu Ni Pb co Mg Mn Cd 

PHO 5 1.7 5.1 5 6.65 6.9 9.6 9.75 10.65 

Note: Initial metal and oxime concentration: 
benzene as diluent. 

mol dm-3 and mol dm-3, respectively; 

TABLE 24 
pH.5 Values for Copper(l1) and Iron(ll1) 
Extraction with 2-Hydroxy-5- 
Octylbenzaldehyde Oxime(1) and 2- 
Hydroxyd-Octy l benzophenone 
O~ime(11)~~~ 

PHO.6 
Oxime Cu(ll) Fe(lll) 

I 0.75 1.96 
II 1.43 3.1 1 

Note: Initial metal and oxime concentration: 
mol dm-3 and 6%, respectively; kerosene or 
xylene as diluent. 

is weaker in comparison to the effect of sulfate 
ions. 

Hydroxyoximes of type IV do not selectively 
extract copper(I1) with respect to iron(II1). More- 
over, they extract Fe(1II) stronger than Cu(II), 
and pH0.5 values amount to 2 to 2.5 and 3 to 4, 
respectively. As a result, they cannot be applied 
in industrial processes as individual extractants. 
A higher extraction efficiency of Cu(II) with LIX 
63 is observed in chloride systems, in comparison 
to sulfate ones at comparable conditions of con- 
stant ionic strength. Extraction of iron(II1) is also 
higher in chloride systems, and at pH below 3 
significant amounts of Fe(II1) are extracted with 
LIX 63 from chloride solutions but not from sul- 
fate solutions. lo3 

A temperature increase causes an increase in 
the copper distribution coefficient in agreement 
with the endothermic heat effect (AH = 21 ld 
molt' and AH = 27 kJ moltl for chloride and 
sulfate systems). 153,159. However, in chloride sys- 
tems, the copper distribution coefficient de- 
creases at temperatures above 30"C, probably due 

FIGURE 14. Effect of sulfate concentration upon ex- 
traction of Cu(l1) and Fe(lll) with LIX 64N (20°C; 0, 
3.18 g dm-3 Cu(ll) and 408 g dm-, NaNO,; 0, 3.18 g 
dm-3C~(II), 153gdm-3 NaN0,and96gdm-3 Na,S04; 
0, 1.4 g dm-3 Fe(lll) and 410 g dm-, NaNO,; W, 1.4 
g dm-3 Fe(lll), 155 g dm-, NaNO, and 96 g dm-3 
Na,S04).182 

to the formation of chlorocomplexes, CuCl' and 

The iron(II1) distribution coefficient also in- 
creases with an increase in temperature, and this 
effect is stronger in comparison to that of cop- 
per(II).182 As a result, the selectivity of copper 
extraction decreases as the temperature increases 
from 20 to 50°C. 

Although hydrochloride extract palladium( 11) 
well from hydroxyoxime ~ ~ l u t i o n ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  there 
are very little physicochemical data upon this 

CUCl,. 159 
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P / 

FIGURE 15. Effect of chloride concentration upon extraction of Cu(ll) and Fe(lll) with LIX 64N (20°C; 0, 3.18 g 
dm-, Cu(ll) and 412 g dm-3 NaNO,; 0, 3.18 g dmP Cu(ll), 327 g dm-, NaNO, and 58 g dm-, NaCI; 0, 1.4 g 
dm-3 Fe(lll) and 412 g dmP NaNO,; W, 1.4 g dm-, Fe(lll), 327 g dm-, NaNO, and 58 g dm-, NaC1).la2 

process. The extraction constants demonstrate 
only that hydroxyoxime complexes with pallad- 
ium(I1) are much more stable than those with 
copper (Tables 21 and 25). 

As was already presented, hydroxyoximes of 
type IV are not convenient extractants for the 
extraction of copper(I1) and nickel(I1). Interest- 
ing results were obtained when they were used 
with various organic acids. Mixtures of a-acyloin 
oximes and carboxylic acids extract copper(II), 
nickel(I1) and iron(II1) from much more acidic 
solutions of pH below 2 (Figures 16 to 18). Co- 
balt(I1) is extracted at pH below 3 (Figure 19); 
however, its extraction selectivity is worse. 

The pH,,, values (Tables 26 and 27) and syn- 
ergistic coefficients (defined as S = log D (com- 
bined extractants) - log [D (5,8-diethyl-7-hy- 
droxy-6-dodecanone oxime) + D (carboxylic 

acid)]) demonstrate the great importance of car- 
boxylic acid to the synergistic effect, which in- 
creases with an increase in acid dissociation (de- 
crease of pK,) (Figure 20).'09 

However, mixed complexes of Ni (hydrox- 
yoxime),(carboxylic acid), are formed only for 
acids having pK, in the range of 1.5 to 4.7. Nickel 
carboxylates are formed as pK, < 1.5, and nickel 
complexes with a-acyloin oxime are formed for 
acids having high pK, values. '09 

The effect of carboxylic acids upon metal 
extraction with hydroxyoximes of types I to 111 
is negligible, and the synergistic effect is not 
observed for the extraction of either copper(I1) 
or iron(II1). 

Synergistic effects are also observed as mix- 
tures of 5,8-diethyl-7-hydroxy-6-dodecanone ox- 
ime and dinonylnaphthalenesulfonic acid (HD), 
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TABLE 25 
Equilibrium Extraction Constants for Palladium(ll) 
Extraction from Acidic Sulfate Solutions with P-Hydroxy-5- 
Nonylbenzophenone Oxime (HNBPO) and 2-Hydroxy-5- 
Nonylacetophenone Oxime (HNAO) Isolated from LIX 65N 
and SME 529 

Oxime Diluent K'.x e x  Ref. 

163 HNAO MSB 210 8.3.1 O5 - 
(approx. 2% 
aromatics) 

HNBPO CHCI, 6.0.1 04 1.995.1 0'' 149 

a Stability constants for palladium( 11) chlorocomplexes were taken under 
consideration. 

FIGURE 16. Extraction of cop- 
per(l1) with LIX 63 and LIX 63/car- 
boxylic acid mixtures (A, 10 vol % 
LIX 63; 0, 10 vol% LIX 63/0.1 M na- 
phthenic acid; 0, 10 vol% LIX 63/0.1 
M versatic 9-1 1 acid; A, 10 vol% LIX 
63/0.1 M a-bromolauric acid; kero- 
sene as diluent; 5 mM Cu(l1) in 1 M 
KNO, as aqueous phase).loa 

are used to extract nickel(II) and iron(II1) from 
nitrate media. llo~lll These synergistic effects de- 
pend upon the molar ratio of the extractants con- 
sidered and the pH of the aqueous phase, and are 
explained by the formation of mixed micelles 

FIGURE 17. Extraction of fer- 
ric(l1l) with LIX 63 and LIX 63/car- 
boxylic acid mixtures (A, 10 volo/~ 
LIX 63; 0, 10 vol% LIX 63/0.1 M 
naphthenic acid; 0, 10 vol% LIX 
6310.1 M Versatic 9-11 acid; A, 
10 vol% LIX 63/0.1 M a-bromo- 
lauric acid; kerosene as diluent; 5 
mM Fe(l1l) in 1 M KNO, as 
aqueous phase).lm 

(HD),(H,L), which are considered as active ex- 
tractants (Equation 15).110 The effect of pH is 
different for the extraction of nickel(I1) and 
iron(III), probably due to the steric hindrance of 
iron(II1) complex formation with 3 molecules of 
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FIGURE 18. Extraction of nickel(l1) with 
LIX 63 and LIX 63/carboxylic acid mixtures 

M naphthenic acid; A, 10 vol% LIX 63/0.1 
M a-bromolauric acid; kerosene as diluent; 
5 nJM Ni(ll) in 1 M KNO, as aqueous 
phase) .Io8 

(A, 10 VOl% LIx 63; 0, 10 VOl% LIx 63/0.1 

FIGURE 19. Extraction of cobalt(l1) with 
LIX 63 and LIX 63/carboxylic acid mixtures 

M naphthenic acid; A, 10 vol% LIX 63/0.1 
M a-bromolauric acid; kerosene as diluent; 
5mM Co(ll) in 1 M KNO, as aqueous 
phase) .Io8 

(A, 10 VOl% LIx 63; 0, 10 VOl% LIX 63/0.1 

sulfonic acid. As a result, a synergistic effect for 
Fe(II1) extraction is observed at pH above 1.4, 
at which iron hydroxycomplexes are formed and 
iron is extracted, probably in the form of 
Fe(OH)(H,L),D, (Equation 15). 'lo At lower pH, 
iron(1II) extraction is small and nickel(I1) can be 
extracted quite selectively in the presence of 
iron(II1). 

Sulfate ions significantly decrease the ex- 
traction of iron(III), due to the formation of sul- 
fate complexes. 110 

Synergistic effects are also observed for 
nickel(I1) extraction from nitrate solutions with 
mixtures of 5,8-diethyl-7-hydroxy-6-dodecanone 
oxime (H,L) with di(2-ethylhexy1)phosphoric acid 
(DEHPA) and dioctylphosphinic acid (DOPA). 
Nickel(I1) can then be extracted from very acidic 
solutions of pH 1 or even lower with a synergistic 
coefficient near 10 (Table ,,).'I3 

While interesting results were obtained when 
mixtures of or-acyloin oximes and various organic 
acids were used for extraction (especially of 
nickel(II), these systems have no practical im- 
portance. Extraction occurs very slowly and its 
equilibrium is achieved after several hours (1 5 to 
20 h) of effective contact of both phases. More- 
over, a-acyloin oximes are not stable reagents, 
are very sensitive to hydrolysis, and this process 
is accelerated by strong organic acids. In such a 
case, the hydrolysis of hydroxyoxime can occur 
in a homogeneous phase, and not only at the 
limited interface. Strong acids are effective ca- 
talysts of hydroxyoxime hydrolysis. 

V. CONCLUSIONS 

Although hydroxyoximes have become im- 
portant industrial reagents and they are now used 
in several high-scale industrial installations for 
producing cathode copper from oxide ores, 
knowledge upon their complexing and extraction 
properties is incomplete. Studies were mainly or- 
ientated towards hydroxyoxime applications and 
the use of commercial extractants. These extrac- 
tants are complex mixtures of incompletely iden- 
tified composition. As a result, they are not suit- 
able for basic physicochemical studies. We feel 
that many more studies are needed in the use of 
individual hydroxyoximes, including various 
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TABLE 26 
pH., Values in the Extraction of Metal Ions with LIX 631Carboxylic Acid MixtureslO* 

PH., 
Extractant cuz+ Fe3 + Ni2+ co2 + Cd2+ Zn2+ 

LIX 63/ol-bromolauric acid 0.46 1.30 1.02 1.48 ND ND 
LIX 63Nersatic 9-1 1 1.51 1.77 ND ND ND ND 
LIX 63lnaphthenic acid 1.78 1.18 2.20 3.05 3.38 3.72 
LIX 63 2.50 2.22 5.32 5.65 ND Not 

extracted 
a-Bromolauric acid 3.10 1.70 3.70 4.70 ND ND 
Naphthenic acid 4.54 2.75 6.80 6.99 ND ND 

Note: Acid concentration: 0.1 mol dm-3; LIX 63 concentration: 10% vol.; kerosene as diluent; ND = 
not determined. 

TABLE 27 
Synergistic Coefficients (SC) and pH., Values for the 
Extraction of Nickel(l1) from Nitrate Medium by LIX 631 
Carboxylic Acid Mixtures (a) and Carboxylic Acid (b)lm 

Extractant system S.C. a b 

LIX 63/hexanoic acid 
LIX 63/lauric acid 
LIX 63/ol-bromolauric acid 
LIX 63/2-thiododecylacetic 

LIX 63lbenzoic acid 
LIX 63lp-toluic acid 
LIX 63/3-(2-hexadecyl)-5- 

LIX 63 

acid 

methyl-salicylic acid 

3.02 3.27 - 
3.18 3.19 7.17 
6.64 1.46 5.88" 
4.94 2.31 4.94" 

4.54 2.51 4,. 
4.00 2.78 - 
6.82 1.37 6.63 

- 4.78 - 

Note: Extractant concentration: 5-10-2 mol dm-3 and a: lo-' mol dm-7 
toluene as diluent). 

homologs series, to define the effects of hydroxy- 
oxime structure upon the complexing and ex- 
traction properties of hydroxyoximes . 

Only limited data are available concerning 
the effect of various substituents in the aromatic 
ring on the acidity of the phenolic group, the 
stability of metal complexes, and pH,,,. 
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sc 

7 -  

6 -  

5 -  

4 -  

3 -  

1 I I 

7 -  

6 -  

5 -  

4 -  

3 -  

FIGURE 20. Effect of pK, of carboxylic acid upon 
synergistic coefficient for nickel( II) extraction with 5,8- 
diethyl-7-hydroxy-6-dodecanone oxirne/carboxylic acid 
mixtures (0,3-(2-hexadecyl)-5-methylsalicylic acid; 0, 
a-bromolauric acid; m, 2-thiododecylacetic acid; A, 
benzoic acid; A, p-toluic acid; 0, lauric acid; +, n- 
hexanoic acid).log 

1 I I 

Y 

TABLE 28 
Values of pH., and Synergistic Coefficients (SM) for 
the Extraction of Nickel(l1) by 5,8-Diethyl-7-Hydroxy-6- 
Dodecanone Oxime (DEHO), Di(2-Ethylhexy1)- 
Phosphoric Acid (DEHPA), and Dioctylphosphinic Acid 
(D0PA)ll3 

Extractant 
Extractant pH., mixture PHO.5 S.C. 

DEHO 4.78 
DOPA 6.08 DEHO + 1 . I 3  7.30 

DEHPA 5.1 1 DEHO + 0.20 9.16 
DOPA 

DEHPA 

Note: Extractant concentration: 5.1 0-2 mot d m 3 ;  toluene as 
diluent). 
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