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Solvent extraction of metal ions by use of Schiff bases
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Schiff bases are aldehyde or ketone like compounds in which the carbonyl group is replaced by
imine or azomethine group. They are widely used for industrial purposes and also exhibit a broad
range as extractants. A general view of solvent extraction applications of complexes is discussed in
this review. The family of Schiff bases and their extraction of various transition metals such as Co,
Cu, Cr, Fe, Ga, Hg, Mn, Mo and Ni are discussed. A brief history of the synthesis and reactivity
of Schiff bases will be presented. Factors on solvent extraction will be illustrated and discussed.

Keywords: Schiff bases; Solvent extraction; Metal cations; Preconcentration

1. Introduction

A Schiff base (imine or azomethine), named after Hugo Schiff, contains a carbon-nitrogen
double bond with the nitrogen connected to an aryl or alkyl but not hydrogen. Schiff bases
are of general formula RjR,C=NRj, where R; is a phenyl or alkyl group that makes the
Schiff bases a stable imine. Schiff base compounds were reported for the first time by
Hugo Schiff in 1864 [1].

These bases are very efficient as ligands. Many Schiff bases have a second functional
group, generally an OH, near the imine function. This proximity of the functional groups
permits the formation of five or six member chalate rings when coordinated with metal
ions. Schiff bases have a diversified structure with nitrogen and oxygen donor systems
being the most numerous. However nitrogen and sulfur donor systems and only nitrogen
systems have been studied [2]. Due to the various synthetic procedures, numerous Schiff
bases of various structural types have been synthesized. Probably the best known Schiff
base is N,N'-ethylenebis(salicylideneiminato) or salen, which is a bifunctional and tetraden-
tate(ONNO) ligand. The more general term salen-type is used in the literature to describe
the class of [O, N, N, O] bis-Schiff base ligands. The properties of salen-type ligands can
be altered by fine-tuning the electronic and steric effects of substituent groups [3].

Schiff bases are widely used as pigments and dyes, catalysts, intermediates in organic
synthesis, and as polymer stabilizers [4]. Schiff bases have also been shown to exhibit a
broad range of biological activities, including antifungal, antibacterial, antimalarial, anti-
proliferative, anti-inflammatory, antiviral, and antipyretic properties [5—8].
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2. Preparation of Schiff bases

A Schiff base is the nitrogen analog of an aldehyde or ketone in which the C=0 is
replaced by a C=N-R group. It is usually formed by condensation of an aldehyde or
ketone with a primary amine according to the following scheme (figure 1):
where R may be an alkyl or an aryl group. Schiff bases that contain aryl substituents are
more stable and more readily synthesized, while those which contain alkyl substituents are
relatively unstable. Schiff bases of aliphatic aldehydes are relatively unstable and readily
polymerizable, while those of aromatic aldehyde having effective conjugation are more sta-
ble [9-15].

The formation of Schiff bases from aldehydes or ketones is a reversible reaction and
generally takes place under acid or base catalysis, or upon heating.

0 TH
R—NH, 4y R——C—R' ——> R—C—R"
. . NHR
primary amine aldehyde or ketone Carbinolamine
HR
R C—p + HO
N-substituted imine Water

The formation is generally driven to completion by separation of the product or removal
of water, or both. Many Schiff bases can be hydrolyzed back to their aldehydes or ketones
and amines by aqueous acid or base.

The mechanism of Schiff base formation is another variation on the theme of nucleo-
philic addition to the carbonyl group. In this case, the nucleophile is the amine. In the first
part of the mechanism, the amine reacts with the aldehyde or ketone to give an unstable
addition compound called a carbinolamine.

The carbinolamine loses water by either acid or base catalyzed pathways. Since the
carbinolamine is an alcohol, it undergoes acid catalyzed dehydration.

(0]
” R‘\ H-O
R—NH, 4 R—C—R' ———> /C—N—R + 2
R
Primary amine Aldehyde or ketone Schiff base

Figure 1. Synthesis scheme for the preparation of the Schiff bases.
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OH OH»,
- 0 I~
R2C —N—R4y =—= R2C —N—R;
H H
(acid-catalyzed dehydration)
R
@
>C:N_R1 + H,0
R |
H
R ®
Sc=—N—~R, + H;0
R/

Typically the dehydration of the carbinolamine is the rate-determining step of Schiff base
formation and this is why the reaction is catalyzed by acids. Yet the acid concentration can-
not be too high because amines are basic compounds. If the amine is protonated and
becomes non-nucleophilic, equilibrium is pulled to the left and carbinolamine formation
cannot occur. Therefore, many Schiff base syntheses are carried out at mildly acidic pH.

The dehydration of carbinolamines is also catalyzed by base. This reaction is somewhat
analogous to the E, elimination of alkyl halides except that it is not a concerted reaction.
It proceeds in two steps through an anionic intermediate.

OH OH,
. q ~
R2C —N—Ry =—= R2C —N—R;
H H
(acid-catalyzed dehydration)
R
@
>C:N_R1 + H»O
R |
H
R ®
Sc=—N—=~R, + H;0
R/

Schiff base formation is really a sequence of two types of reaction, i.e. addition
followed by elimination [16].
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CeH C6H5
= N
CGHS\ o N\/\/N
C_N\/\/N Me Me
Me
\ C H CsHs
CeHs Cats o

Scheme 1. The enol-keto tautomerism of H,A.

3. Solvent extraction of metal ions by Schiff bases

Solvent extraction of metal ions has been used for a long time for separation and determi-
nation of metal ions. The first quantitative description of the extraction process was, how-
ever, not made until 1941 when Kolthoff and Sandell [17] compared experimental data
with theoretical predictions for the extraction of metal dithizonates. They found that the
theory they proposed was valid under wide experimental conditions. However, the systems
used by Kolthoff and Sandell were simple ones and hence relatively simple theory was
used to successfully explain their behavior. In practice solvent extraction systems are com-
plicated by other factors, e.g. hydrolysis, polymerization and complex formation in aque-
ous phase. It has subsequently become apparent that such factors have an important
influence on the solvent extraction of chelates. Several authors [18-24] have published
reports since 1941 on the theory of solvent extraction of metal chelates which take these
factors into account. In particular two publications by Irving, Rossotti and Williams [25]
and Stary [26] should be noted for their comprehensive treatment of the subject.

Copper, cobalt and nickel are both vital and toxic for many biological systems [27, 28].
Thus, determination of trace amounts of Cu, Co and Ni is increasingly important because
of the increased interest in environmental pollution. Flame and graphite furnace atomic
absorption spectrometry and spectrophotometric methods provide accurate and rapid deter-
mination of these metals in natural waters and wastewaters. Nevertheless, for the extremely
low concentration of these metals in water, a direct determination cannot be applied with-
out previous preconcentration and separation. The most widely used techniques for separa-
tion and preconcentration of trace amounts are liquid-liquid extraction [29], precipitation,
sorption [30, 31], solid phase techniques [32] and chelating resins [33]. Very often, both
separation and preconcentration are required, and an advantage of solvent extraction is that
both can be obtained in the same step [34]. Recovery of metals from an aqueous phase by
solvent extraction is achieved by contacting the aqueous phase with an organic phase that
contains a metal selective chelating agent dissolved in a diluent [35]. For extraction of
metal ions, it is preferable that the chelating agent used has high distribution coefficient
and pH dependence in the system chosen. Reagents such as crown ethers, Schiff bases,
oximes, amines and several phosphine oxides can be used as chelating agents [36—41].

3.1. Multidentate nitrogen/oxygen donor Schiff bases

Schiff bases bearing nitrogen/oxygen donors have been shown to exhibit interesting
ionophoric properties, in particular towards heavy metal ions. These properties were inves-
tigated using different techniques and methods. Binding abilities of some Schiff base
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ligands towards transition metal ions have been recently evaluated using UV-vis. and
potentiometric methods [42].

Schiff bases are interesting chelating agents. N,N'-bis[l-phenyl-3-methyl-5-hydroxypyraz-
ole-4-benzylidenyl]-1,3-propylene diamine (H,A) (scheme 1) was synthesized and charac-
terized. The extraction of palladium(Il) from HNO; or HCIO, with H,A in chloroform or
toluene was investigated. The influences of the Schiff base concentration in the organic
phase, the pH and anions (Cl~, SO3~, NOjy, ClIOy) in the aqueous phase and temperature
on the distribution ratio for palladium(Il) have been examined. In this work, the percent
palladium extraction (£) was larger than (the percent palladium extraction (£)) 98% when
pH>2; E decreased with increase of acidity when pH<2.0. Also the extraction of palla-
dium in nitric, sulfuric of perchloric acid media is better than that in hydrochloric acid
solution. The distribution ratio depends on the equilibrium concentration of the extractant
in the organic phase, extraction increases at higher reagent concentration and the extraction
curve shifts to more acidic pH values. The effect of temperature on the extraction of palla-
dium was studied. An increase in temperature resulted in a decreased extraction of

o)n \
N=——
NH HN
X
(CH2)n
/
N \ N—
OH HO
Sulfonamide-type Phenol-type
n X
(upper) (lower)
2 CeHs Hatsben-Ph, Hysalpn-Ph,
2 CH; H,tsben-Me, H,salen-Me,
3 CeHs H,tsben-Ph, Hasalpn-Ph,
3 CH; Hatsbpn-Me, Hssalpn-Me,

Figure 2. Chemical structure of di-Schiff base ligands used in this study.
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palladium. This decrease may be due to decrease in the distribution constant of HA and
the increase in the dissociation constant of the extractant. The van’t Hoff equation in the
form given by equation (I) can be used to calculate the overall enthalpy change, AH, asso-
ciated with the extraction of palladium by H,A in chloroform [43].

logb  —AH |
(1/T)  2.303R m

Also the extraction of palladium(Il) with H,A was as follows:

pd(H,0), CIE(a) +nHyA() « PdCly(HA)m(HzA)z_y_'"(O) +mH" ()

n—m

+ (x=»)CI" ) + (4 —x)H,0 (2)

Calculation of K, values from the intercept of each line using equation (3) showed that
its value is fairly constant in each extraction system:

log Kex = log D — pH — log [Cl] — log [H,A] (3)

K.,=8=+1 in chloroform solution of H,A from HNO; medium and K,=21+2 in
toluene solution of H,A from HNO; medium.

The extracted complex has been confirmed by chemical analysis, thermoanalyses and IR
spectroscopy. It was found that palladium is extracted according to the following extraction
reaction:

Pd(H,0),Cly) + Had(o) = PA(HA)Cl() + H{;, + CI,) + 2H,0(4) (4)

The value of AH obtained from the plot using a least squares fit is —29.3kJmol .
Thus, extraction of palladium with H,A is exothermic. The standard free energy of extrac-
tion was calculated from AG°=—RTlog D as AG°=—990Jmol '. The separation of Pd
(II) from mixed solution of Pd(II)-Pt(IV) was achieved by adjusting the pH [43].

Tetradentate dianionic phenolic di-Schiff bases, such as Hysalen and its analogs, are well
known as ligands that are easy to synthesize and have structural rigidity. They are used as
selective extraction reagents for several kinds of metal cations [44—49]. Also the nitro-
substituted analog of H,salen for mutual separation of lanthanides was studied [50, 51].

/ \

H,CO OCHj,
OH OH

Figure 3.  Structure of Schiff base.
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cis-BPIC

trans-BPIC

BPIB

Figure 4. Chemical structure of cis-BPIC, trans-BPIC and BPIB.

The rigid structure of Hjsalen is favorable for formation of 1:1 square-planar complex.
Combination of this rigid structure and >N~ donors has possible development of novel
extraction reagent having specific selectivity.
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N,N'-bis(2-pyridylmethylidene)-1,2-diiminopropane (L.2)

Figure 5. Chemical structure of the studied Schiff base extraction.

OCH, H,CO

Figure 6. Structure of Schiff base bis(2-methoxybenzaldehyde)ethylene diimine.

Naoki Hirayama et al reported investigation of the nature of sulfonamide-type
di-Schiff bases (figure 2), such as N,N'-bis[phenyl[o-(p-toluene sulfonamido)phenyljmeth-
ylidene]ethylene di-amine (H,tsben-Ph,) and its analogs, as chelate extraction reagents for
divalent metal cations such as Mn(Il), Co(Il), Ni(ll), Cu(Il), Zn(Ill), Cd(Il) and Pb(II)
including comparison with respective phenol type salens. These sulfonamide ligands are
dianionic-quadridentate ones to form 1:1 complexes with divalent cations, confirmed
from numerical analysis of relationship between distribution ratio of the metals and pH
or ligand concentration. Furthermore, they showed extraction selectivity with Ni(Il) sup-
pressed and Zn(II) enhanced, originating mainly from use of sulfonamide-donors on com-
plexation. This was remarkable on Hjtsben-Ph, (logK.,=—10.57+0.11 for Zn(Il)), and
may be controlled by structural rigidity of the ligands including delocalization of the z-
conjugation including the sulfonamide-donor [52].

Wail Al Zoubi and coworkers studied separation of Cu(Il) and Cr(Ill) from aqueous
solution with solvent extraction using [N,N'-p-phenylene bis(5-amino-2-methyoxy-phenol)]
(figure 3) as the extractant. The Schiff base was synthesized by reaction of terephthaldial-
dehyde and 5-amino-2-methoxy-phenol. The Schiff base has been studied by liquid-liquid
extraction towards UO,(I), Hg(II), Cu(ll) and Cr(Ill) from aqueous phase to organic
phase. Extraction efficiency for metals is in the order Cu(Il)> Cr(Ill); UO,(II) and Hg(II)
are not extracted by Schiff base (£ <1%) [53].
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Di-Schiff base, N,N'-bis(2-pyridylmethylidene)-trans-1,2-diimin ocyclohexane (trans-
BPIC), having sufficient hydrophobicity, is a neutral bidentate ligand in ion-pair extraction
of divalent metal cations into nitrobenzene with picrate. The effect of steric restriction by
structure around imine-N donors in trans-BPIC analogs on complexation with divalent
metal cations in ion-pair extraction was investigated using N,N'-bis(2-pyridylmethylidene)-
cis-1,2-diiminocyclohexane (cis-BPIC) and N,N'-bis(2-pyridylmethylidene)-o-diiminoben-
zene (BPIB) (figure 4). The former was used to observe the effect of geometrical restriction
and the latter conjugate restriction. In BPIB-NaPic system, higher extractability was
obtained than those in cis- and trans-BPIC systems, from increase of steric distortion from
conformational restriction. Thus, extractability can be controlled by steric restriction on
complexation [54].

Zahra synthesized two N4-type Schiff bases (figure 5), N,N'-bis(2-pyridylmethylidene)-
1,2-diiminoethane (L1) and N,N'-bis(2-pyridylmethylidene)-1,3-diiminopropane (L2) by
reaction of pyridine-2-carbaldehyde with ethylenediamine and propylenediamine, respec-
tively. The binding abilities of L1 and L2 in dichloromethane towards Cu(Il), Cd(II), Co
(II), Ni(Il), Zn(II) and Pb(Il) ions were evaluated by performing competitive extraction
experiments on mixtures containing these ions from aqueous picrate and nitrate media as a
function of aqueous phase pH. The results show a pronounced selectivity of the ligands
towards copper and cadmium. The copper/cadmium selectivity of the ligands is influenced
by the nature of anions accompanying the extracted complexes. The ligands are more effi-
cient complexing agents for cadmium in the presence of nitrate and acetate, whereas selec-
tivity changes towards copper in the presence of picrate, perchlorate and thiocyanate [55].

CH,
N,N'-bis(2-hydroxyacetophenone)-1,2-propanediimine (L1)

HaC CHg

CH3
N,N'-bis(5-bromo-2-hydroxybenzaldehyde)-1,2-propanediimine (L2)

Figure 7. N,N-bis(2-hydroxyacetophenone)-1,2-propanedimine (L1) and N,N'-bis(5-bromo-2-hydroxybenz-
aldehyde)-1,2-propanedimine (L2).
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Parmar et al. reported synthesis and characterization of copper(Il) chelates of Schiff
bases (H,L), obtained by condensation of 4-butyryl-3-methyl-1-phenyl-pyrazoline-5-one
(HBMPP) with o-phenylene diamine (H,L') and p-phenylene diamine (H,L?). The extract-
ability of copper(Il) with H,L in chloroform was examined. Effective extraction was
observed with 1 x 10> moldm > of ligands at pH 6.5 using H,L' and pH 7.0 using H,L?
[56].

The liquid-liquid extraction of copper(Il) with Schiff bases in chloroform from sulfate
media is studied for pH and concentration of the extractant. Stoichiometry coefficients of
the extracted species were determined by the slope analysis method. With salicylideneani-
line, copper(Il) is extracted as a mixed chelate complex, CuL,HL. In the presence of sub-
stituent, the copper is extracted as simple chelates, Cul,. The trends in the values of
extraction constants were explained in terms of the nature of the substituents [57].

A method was developed for speciation of chromium in natural water samples based on
homogeneous liquid-liquid extraction and determination by flame atomic absorption spec-
trometry (FAAS). In this method, Cr(Ill) reacts with the Schiff base (figure 6) to form a
hydrophobic complex, which is subsequently entrapped in the sediment phase, whereas Cr
(VI) remained in aqueous phase. The Cr(VI) assay is based on its reduction to Cr(Ill) by
addition of sodium sulfite to the sample solution. Thus, separation of Cr(Ill) and Cr(VI)
could be realized. Homogeneous liquid—liquid extraction based on pH-independent phase-
separation was investigated using a ternary solvent system (water-tetrabutylammonium
(TB*")-chloroform) for preconcentration of chromium. The phase separation occurred by
an ion-pair formation of TBA and perchlorate. Then sedimented phase was separated using
a 100 uL micro-syringe and diluted to 1.0 mL with ethanol. The sample was introduced into
the flame by conventional aspiration. After optimization of complexation and extraction
conditions such as pH=9.5, [ligand] = 1.0 x 10~* M, [TBA"] = 2.0 x 1072 M, [CHCl;] =
100.0 pL and [CIO;] = 2.0 x 1072 M, a preconcentration factor (Va/Vs) of 100 was
obtained for only 10 mL of the sample. The relative standard deviation was 2.8% (n=10).
The limit of detection was sufficiently low at ppb level. The proposed method was applied
for extraction and determination of chromium in natural water samples with satisfactory
results [58].

Fathi et al. reported the synthesis of two new N,O,-type Schiff base extractants, N,N'-bis
(2-hydroxyacetophenone)-1,2-propanediimine (L1) and N,N'-bis(5-bromo-2-hydroxybenzal-
dehyde)-1,2-propanediimine (L2) (figure 7), by reaction of corresponding ketone and
aldehyde (2-hydroxyacetophenone and 5-bromo-2-hydroxybenzaldehyde, respectively) and
1,2-diaminopropane in ethanol. Distribution of the prepared ligands between sodium chlo-
ride aqueous phase and dichloromethane shows their suitability for solvent extraction.

CHj
NH HN
Br OH HO Br

Figure 8.  Structure of N,N'-bis(2-hydroxy-5-bromo-benzyl)-1,2-diaminopropane.
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o N——CH OH

(e} N——=CH OH

Figure 9.  N,N'-bis(salicylaldehydene)-1,4-bis(paminophenoxy)butane (H,L).

Liquid-liquid extraction experiments were performed for illustrating extractive performance
of L1 and L2 towards copper(Il). Both ligands transfer copper ions into the dichlorometh-
ane phase by a cation exchange mechanism. Analysis of the extraction data reveals that Cu
(D) is extracted as complexes with a 1:1 metal to ligand ratio by both extractants. The abil-
ity of the studied Schiff bases for separation of copper from mixture with other normally
associated metal ions was demonstrated by performing competitive extraction experiments
of copper ions from solutions containing Pb(II), Zn(II), Ni(I), Cd(II) and Co(II) [59].

A combination of solvent extraction with spectrophotometric analysis is found in cases
for which the latter is performed on the extracting phase. This is also the first instance in
which solvent extraction was used in spectrophotometry or, in fact, in chemical analysis in
general. Numerous metal ions are extractable by a solution of dithizone in chloroform or
in carbon tetrachloride. Organic solutions are obtained in which the metal dithizonate com-
plexes can be determined by spectrophotometry at different wavelengths. Many extractants
such as acetyl acetone, 8-hydroxy quinoline, dimethyl glyoxime, cupferron, dithizone and
sodium diethyl dithiocarbamate are used for spectrophotometric determination of copper
[60].

Preconcentration and separation with solvent extraction of Cu(Il) from aqueous solution
using  N,N'-bis(2-hydroxy-5-bromo-benzyl)1,2-diaminopropane  (H,L) were reported
(figure 8). Separation of Cu(Il) from Cd(II), Ni(Il), Zn(Il), Pb(1l), Cr(Ill), Co(Il) and Mn

OH HO.

Figure 10. Structure of HAPMN.
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N——OH

N——OH

-

(1) H2L1

HN

.

HN CH; (2) H2L2

G

(3) H2L3

()

Figure 11.  Synthetic route for the synthesis of ligands (H,L', H,L? and H,L?).

(IT) in aqueous solutions at various pH values with H,L has been described. The separation
of Cu(Il) could be accomplished quantitatively from other metal ions except Fe(Ill) at pH
3.5. Copper extraction was quantitative within the pH range of 3.5-10. Also the extraction
efficiency decreases with increase in ionic strength of aqueous medium. The work shows
the effect of A/O on percentage extraction which was satisfied by equation (9),

E% % 100 (5)

~D+4/0

where D is the distribution ratio, 4 and O are the volumes of the aqueous and organic
phase, respectively. Equation (9) indicates that the extraction efficiency decreases with
increasing A/O ratio. The influence of temperature on extraction of copper(Il) by H,L was
studied using 1 x 10> M Cu(Il) and 1 x 107> M ligand. Results showed a slight decrease
in copper extraction as the temperature increased. From quantitative evaluation of the
extraction equilibrium data, it has been deduced that the complex extracted is the simple
1:1 chelate, CuL. The extraction constant has a value of log K.,=—4.05+0.04 [61].
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Br. : :O :
ﬁ:H
‘\H H/ :@
S/ \s

@

Figure 12. Structure of Schiff bases.

Separation with solvent extraction of Cu(Il), Co(ll) and Ni(Il) from aqueous solution
using N,N'-bis(salicylaldehydene)-1,4-bis(paminophenoxy)butane (H,L) (figure 9) as the
new extractant has been studied. The extractability and selectivity of divalent cations was
evaluated as a function of relationship between distribution ratios of the metal and pH or
ligand concentration. Cu(Il) showed the highest extractability and selectivity at pH 7.8,
whereas Ni(II) and Co(II) were best at pH 9.2. From quantitative evaluation of the extrac-
tion equilibrium data, it has been deduced that the complexes extracted are the simple 1:1
chelates, CulL, CoL and NiL [62].

A fundamental study was developed concerning solvent extraction of tetravalent metal
ions, zirconium(IV), hafnium(IV) and thorium(IV). Their extraction behavior in toluene
was investigated with a naphthol-derivative Schiff base, 1-({[4-(4-{[(E)-1-(2-hydroxy-1-
naphthyl)methyliden]-amino} phenoxy)phenyl]imino } methyl)-2-naphthol (HAPMN) (figure
10). Spectrophotometrical examination of complex formation between HAPMN and Zr
(IV), Hf(IV) and Th(IV) in acetonitrile revealed the formation of stable 1:1 complexes in
solution. After thorium extraction in toluene, [Th(OH);HA] was formed. For zirconium
and hafnium extraction adduct was [M4(OH)g(H,0);6CIs2HA]. The stoichiometric coeffi-
cients of these extracted species were determined by the slope analysis method. The
extraction reaction followed a cation exchange mechanism [63].

Dede and coworkers reported synthesis of twelve homo- and hetero-nuclear copper(Il)
complexes of tetradentate Schiff base ligands (figure 11) containing N, donor sets by
employing several steps. The extraction ability of the ligands has been examined by
liquid-liquid extraction of Mn(II), Co(II), Ni(Il), Cu(Il), Zn(II), Pb(Il), Cd(Il) and Hg(II).
The ligands show strong binding toward copper(Il). The homo- and hetero-nuclear copper
(II) complexes were each tested for their ability to catalyze disproportionation of hydrogen
peroxide in the presence of added imidazole [64].



Downloaded by [Renmin University of China] at 10:48 13 October 2013

Solvent extraction of metal ions 2277

Kanttekin and others reported the use of N,O,S, Schiff base containing aromatic moie-
ties for the transfer of various metal ions from aqueous phase into the organic phase in
liquid-liquid extraction [65—67].

Schiff bases (figure 12) containing nitrogen, sulfur and oxygen donors were synthesized
in a multi-step reaction sequence. The Schiff base (I) was used in solvent extraction of
metal chlorides, such as Cu(Il) from aqueous phase to the organic phase. Influence of pH,
solvent, ionic strength of aqueous phase, aqueous to organic phase, and concentration of
the extractant were investigated for extractability of metal ions. The effect of chloroform,
dichloromethane, and nitrobenzene as solvents over the metal chlorides extraction was
investigated at 25+0.1 °C by using flame atomic absorption and the ability of extraction in
solvents was CsHsNO, > CHCIl; > CH,Cl, [68].

The competitive solvent extractions of alkali metals by nano-baskets of di-ionizable
calix[4]arenes were studied using nine scaffolds and 34 calix[4]arene derivatives. The
objective of this work was to assess the effect of changing the pendant groups as well as
variation of macrocycle conformation, orientation, and position of pendant moieties upon
the extraction efficiency, selectivity, and pH of calix[4]arene complexes. Alkali metal cat-
ions were extracted from aqueous solutions into chloroform by di-ionizable calix[4]arene
derivatives and were measured using ion chromatography. The results revealed that alterna-
tion of aryl group in the pendant moieties, changing their orientation from cis- to trans- as
well as ortho- to para-analogs, revealed no changes in the selectivity, extraction efficiency
and pH of calix[4]arene complexes. Alternation of ring conformation (cone, 1,2-alternate,
and partial-cone) showed a pronounced influence upon complexation of alkali metal
cations [69].

Recent reports have indicated that Trivalent Actinide—Lanthanide Separation by Phos-
phorus reagent Extraction from Aqueous Komplexes (TALSPEAK)-type separations chem-
istry can be improved through the replacement of bis-2-ethyl(hexyl) phosphoric acid
(HDEHP) and diethylenetriamine-N,N,N',N",N"-pentaacetic acid (DTPA) with the weaker
reagents 2-ethyl(hexyl) phosphonic acid mono-2-ethylhexyl ester (HEH[EHP]) and N-(2-
hydroxyethyl)ethylenediamine-N,N',N'-triacetic acid (HEDTA), respectively. This modified
TALSPEAK has been provided with an adjusted acronym of TALSQuEAK (Trivalent
Actinide-Lanthanide Separation using Quicker Extractants and Aqueous Komplexes).
Among several benefits, TALSQUEAK chemistry provides more rapid phase transfer kinet-
ics, is less reliant on carboxylic acids to mediate lanthanide extraction, and allows a sim-
plified thermodynamic description of the separations process that generally requires only
parameters available in the literature to describe metal transfer. This article focuses on the
role of carboxylic acids in aqueous ternary (M-HEDTA-carboxylate) complexes, ameri-
cium/lanthanide separations, and extraction Kinetics. Spectrophotometry (UV—vis) of the
Nd** hypersensitive band indicates the presence of aqueous ternary Nd-Lac—HEDTA spe-
cies (Lac=lactate, K 111=1.83+0.01 at 1.0molL™' ionic strength, Nd(HEDTA)
+Lac™ <> Nd(HEDTA)Lac ™). While lower levels (0.1 molL™" vs. 1.0 molL™") of carbox-
ylic acid are still necessary to control pH and encourage phase transfer of the heavier lan-
thanides, application of different carboxylic acids does not have an overwhelming impact
on Ln/Am separations or extraction Kinetics relative to conventional TALSPEAK separa-
tions. TALSQuUEAK separations come to equilibrium in two to five minutes depending on
the system pH using only 0.1 mol L™ total lactate or citrate [70].

The formation of ternary complexes between lanthanide ions [Nd(III) or Eu(Ill)], octyl
(phenyl)-N,N-diisobutyl-carbamoylmethylphosphine oxide (CMPO), and bis-(2-ethylhexyl)
phosphoric acid (HDEHP) was probed by liquid-liquid extraction and spectroscopic tech-
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niques. Equilibrium modeling of data for the extraction of Nd(III) or Eu(Ill) from lactic
acid media into n-dodecane solutions of CMPO and HDEHP indicates the predominant
extracted species are [Ln(AHA),(A)] and [Ln(CMPO)(AHA),(A)], where Ln=Nd or Eu
and A represents DEHP™. FTIR (for both Eu and Nd) and visible spectrophotometry (in
the case of Nd) indicate the formation of [Ln(CMPO)(A);] when CMPO is added to n-
dodecane solutions of LnA; compounds. Both techniques indicate a stronger propensity of
CMPO to complex Nd(III) vs. Eu(IIl) [71].

The coordination chemistry and cationic binding properties of 2,6-bis(pyrazol-1-
ylmethyl)pyridine (L;), 2,6-bis(3,5-dimethylpyrazol-1-ylmethyl)pyridine (L,), and 2,6-bis
(3,5-ditertbutylpyrazol-1-ylmethyl)pyridine (L3) with zinc(Il) and cadmium(I) have been
investigated. Reactions of L, with zinc(Il) and cadmium(II) nitrate or chloride salts pro-
duced monometallic complexes [Zn(NOs),(L,)] (1), [ZnCly(L,)] (2), [CA(NOs),»(L,)] (3)
and [CdCl,(L,)] (4). Solid state structures of 1 and 3 confirmed that L, binds tridentate.
While the nitrates in 1 are monodentate, in cadmium complex (3), they are bidentate. L—
L; show binding efficiencies of 99% for zinc(Il), 60% for lead(Il), and 30% for cadmium
(II) cations from aqueous solutions of the metal ions. Theoretical studies using Density
Functional Theory were consistent with the observed extraction results [72].

Schiff bases are powerful extractants for metal ions. A major feature of theses extract-
ants was high sensitivity for transition metal ions and structural rigidity. Schiff bases are
readily synthesized from inexpensive starting materials. In contrast to a number of reports
on liquid-liquid extraction of divalent metal ions with di- and macrocyclic Schiff bases,
reports on extraction studies with bidentate mono-Schiff bases are limited. The synergic
effect between mono-Schiff bases and other extractants has not been investigated. There-
fore, four synergistic extraction systems for copper(Il) separation from sulfate medium, by
a mixture of chelating bidentate mono-Schiff base extractants, viz, N-salicylideneaniline
(SA), N-(2-hydroxy-1-naphthalidene)aniline (HNA), N-salicylidene-1-naphthylamine (SN),
and N-(2-hydroxy-1-naphthalidene)-1-naphthylamine (HNN), with acyclic ayclic polyether
non-ionic surfactant (Lutensol A7 N) were examined (see figure 13) [73-92].

OH
C——=N C——=N
H O

~) =
00 -0

Ci2-14-(0O-CH»-CH,)7-OH (Lutensol A7N)

Figure 13. Chemical structures of bidentate mono-Schiff base extractants and non-ionic surfactant used.
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Liquid-liquid extraction of copper(Il) with bidentate mono-Schiff base extractants (HL),
SA, HNA, SN, and HNN, from a weakly acidic sulfate media into chloroform was studied
in both the absence and presence of acyclic polyether non-ionic surfactant (S). In the
absence of the non-ionic surfactant, the extractability of copper(Il) was 92.6% with SA,
89% with HNA, 81% with SN, and 80% with HNN. The estimated extraction constants
(log K.y) of the four extractants revealed that the extraction efficiency increased in the
order HNN <SN <HNA <SA. Copper(Il) was extracted as CuL, (HL) with SA and HNA,
and as CuL, with SN and HNN. The extraction of copper(Il) was significantly enhanced
with HL into chloroform upon addition of a non-ionic surfactant, with extractability of
100% reached. The stoichiometry of the extracted complexes was CuL,S. The synergic
extraction ability of extractants changed, SA>HNA>SN~HNN, whereas the synergic
effect was HNN >SN >HNA~SA [93].

An advantage of solvent extraction is that both separation and preconcentration, which
are often required, can be obtained in the same step [94, 95]. The first instance of chemical
analysis of metal ions was combination of liquid extraction and spectrophotometric meth-
ods, in which the analysis was performed on the extracting phase. Nevertheless, the solvent
extraction of nickel is still an important process and is used in several plants to recover and
separate nickel from wastewaters [96, 97]. Ligands such as dimethylglyoxime, dithizone,
and sodium-diethyldithiocarbamate are extractants for extraction/spectrophotometric deter-
mination of nickel [98].

An extraction-spectrophotometric method for determination of nickel at sub ppm level
using 2-[(2-mercaptophenylimino)methyl]phenol (MPMP) (figure 14) as the new extractant
was described. The reagent reacts with nickel(II) at pH> 10 forming a 1:2 brown complex,
which is extracted into chloroform. The complex has a maximum absorption at 421 nm with
the molar absorptivity of 2.41 x10°M 'ecm™'. Beer’s law is obeyed from 0.011—
0.30 ugmL~"'. Sandell’s sensitivity for 0.001 absorbance unit is 5.34 x 10~ * pgem 2. The
relative standard deviation at 0.018 ugmL ™" is 1.1% (n=38). The procedure was applied to
determination of nickel in wastewater and standard alloy and the accuracy was determined
by recovery experiment, independent analysis by furnace-AAS, and analysis of a certified
reference material [99].

Liquid-liquid extraction of copper(Il) with Schiff bases in chloroform from sulfate
media was studied for pH and concentration of the extractant. Stoichiometry coefficients
of the extracted species were determined by the slope analysis method. With salicylide-
neaniline, copper(Il) was extracted as a mixed chelate complex, CuL2HL. In the presence
of substituent, the copper is extracted as simple chelates, CuL2. The trends in the values
of extraction constants were explained in terms of the nature of the substituents [100].

SH
HO

Figure 14. Structure of the Schiff base.
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3.2. Macrocyclic and acyclic ligands

Acyclic and macrocyclic Schiff bases (figure 15) containing phenol groups showed good
extraction for bivalent transition metals, following an Irving-Williams series. Acyclic and
macrocyclic Schiff bases containing phenol and thiophene were synthesized and the effect
of ligand on the extraction of metal ions was studied. Phenols in the Schiff base led to a
large increase in the percent extraction of manganese(Il) and iron(IIl) classified as “hard”
metal ions. Compared with a macrocyclic Schiff base, the corresponding acyclic counter-
part had reasonable reactivity toward metal ions and better solubility in organic solvents.
The substitution of methoxy groups for phenolic OH resulted in a marked decrease in the
extractability of manganese(Il) and iron(Il). Thiophene groups in the Schiff base increased
extractability of silver(I), palladium(Il) and platinum(Il) classified as “soft” metal ions.
Cobalt(I), nickel(Il), copper(Il) and zinc(Il) were quantitatively extracted by nitrogens of
amine in the Schiff base. Substitution of oxygen for amine resulted in a marked decrease
in the extractability of cobalt(II), nickel(II), copper(Il) and zinc(II) [101].

A series of acyclic pyrazole compounds containing one, two, three or four pyrazole
rings were prepared and demonstrated to extract only transition metal cations [102—105]

R

Lo
HO OH HOQ-T—(%O«
s Ma

TMOD

Figure 15. Acyclic and macrocyclic Schiff bases containing phenol and thiophene groups.
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whereas macrocyclic pyrazolic compounds are expected to also form stable complexes
with alkali metals [106, 107].

The synthesis of a new tetrapyrazolic macrocycle (figure 16) with a functionalized arm
is described. The complexing properties of this new compound towards alkali metal ions
(K(D), Na(), Li(I)) were studied by liquid-liquid extraction and liquid membrane transport
processes [108].

In this work metal picrates were extracted into the organic phase by complex formation
with the macrocycle; the decrease in absorbance of the picrate in the aqueous phase was
followed by UV spectroscopy. The percentage limits of extraction are given in table 1.

In order to show that the macrocycle does not simply protonate in the presence of metal
picrates, the authors have determined the extracted cation percentage by atomic absorption
measurements and the same results were found.

The results in table 1 show that in analogy to previous work in which acyclic pyrazolic
compound A with a weak affinity for alkali cations led to no extraction properties and

X
P~
v
N
N
.
X
/
Bl
OH
Figure 16. New tetrapyrazolic macrocycle 4 and literature compounds A and B.
Table 1. Yields of extraction of alkali metal ions.
Potassium (1.33 A°) Sodium (0.98 A°) Lithium (0.60 A°)
4 50 38 38
A 0 0 0
B 0 0 0

Notes: A: acyclic pyrazolic compound.
B: marcocycle with pyridine-type sp® nitrogens.
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pyrazolic macrocycles were expected to form stable complexes, again this new macrocycle
shows better extraction percentages for alkali cations.

We noticed a high affinity for all alkali metal cations, especially for potassium. This is
related to the size of the cavity, which is possibly enlarged at the junctions between pyra-
zole units. The ionic radii and the flexibility of the macrocycle also enable cation binding
with a possible contribution from the side arm. The complexing power of this pyrazolic
macrocycle was attributed to the existence of sp” lone pairs forming an electronegative
internal cavity [108].

Three new macrocyclic Schiff bases: (I, IV and VI) (figure 17) containing nitrogen-oxy-
gen donors were synthesized by reaction of 1,4-bis(2-formylphenyl)-1,4-dioxabutane(I)
1,4-bis(2-formylphenyl)-1,4,7-trioxaheptane(Ill) and 1,10-bis(2-formylphenyl)-1,4,7,10-tet-
raoxadecane(V) with oxydianiline. Liquid-liquid extraction of metal picrates such as Ag
(I), Cu(l) and Ni(Il) from aqueous phase to organic phase was carried out using these
ligands. The composition of extracted Ag(I) complex was (2:1) (L:M) and Cu(ll) com-
plex was (1:1) (L:M) for VI [109].

Two new macrocyclic hydrazone Schiff bases (figure 18) were synthesized by reaction
of succindihydrazide and adipdihydrazide with acetylacetone. Hydrazones have been stud-
ied for liquid—liquid extraction towards s-metal ions (Li(I), Na(I), and K(I)) and d-metals
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Figure 17. Scheme of synthesis of Schiff bases.
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Figure 18. Structure of macrocyclic hydrazone Schiff bases (n=2, 4).

(Cu(II) and Cr(Ill)) from aqueous phase to organic phase. The effect of chloroform and
dichloromethane as organic solvents over the metal chloride extraction was investigated at
25+0.1°C by using flame atomic absorption with differences between the two solvents in
extraction selectivity [110].

Macrocyclic hydrazone Schiff bases (figure 19) were synthesized by reaction of pyri-
dine-2,6-dicarbohydrazide and pyridine-2,6-thiodicarbohydrazide with dicarbonyls. The
Schiff base from pyridine-2,6-dicarbohydrazide and benzyl has been studied for liquid—
liquid extraction towards Cu(Il) and Cr(Ill) from aqueous phase to organic phase. The
effect of chloroform and dichloromethane as organic solvents over the metal chloride
extraction was investigated at 25+0.1 °C by using flame atomic absorption. The extraction
of Cu(Il) and Cr(Ill) ions increased with increasing the pH of the aqueous medium and
with the concentration of the polydentate Schiff base [111].

A new solvent extraction system using a hydrazone derivative 1,2-cyclohexanedione
bis-benzoylhydrazone (1,2-CHBBH) has been studied to separate and quantify the different
fractions of copper present in natural waters. The influence of different variables on the
extraction has been studied, such as the type of organic solvent, the reagent concentrations
in the extraction and back-extraction solutions, the sample pH and the extraction time.
Under selected conditions, the influence of both organic and inorganic ligands present in
natural waters on the efficiency of the extraction has been investigated. Thus, the effect of
the major anion present (C1~, HCO3, SOﬁ_, Br ) as well as the effect of humic substances
have been analyzed. Differences in the extraction efficiency were observed when organic
ligands were presented in the samples. These differences allow the selective separation and
quantification of the non-labile copper fraction in natural waters [112].



Downloaded by [Renmin University of China] at 10:48 13 October 2013

2284 W. Al Zoubi

o \ LWWESSOI’IS reagent, S. \ S
N _THE, reflux. 2, N
CH2Cl2, 8h, 60%
NH; NHz NH, NH;
(i) \‘ii)
X
® |
S N
o, o X
X N/ 7 N
NH HN
AN
w A AN o Ho N N==CH Br
C=N N==CH Br \C( j@(
Br
o.
\CL N \/\oD ° o
@ §15)
Z |
o A o

/)enzﬂ acetylacetone
) YED\K
NH HN

HaC—T:N/ \N=(|:—CH3 @—C_N N:C@

CH, CH,

A O, O

H;C——C=—=N

N\ HN
NH HN
N N\
o | x o o | o
- 7
(Iv) V)

Figure 19. Structure of Schiff bases (I-V).

Twelve homo- and hetero-nuclear copper(Il) complexes of tetradentate Schiff bases con-
taining N(4) donor sets have been prepared by employing several steps. All copper(Il)
complexes are 1:2 electrolytes as shown by their molar conductivities in DMF and are
paramagnetic. The subnormal magnetic moment values of the di- and tri-nuclear com-
plexes indicated very strong anti-ferromagnetic interaction. The extraction ability of the
ligands has been examined by liquid-liquid extraction of Mn(II), Co(Il), Ni(II), Cu(Il), Zn
(II), Pb(Il), Cd(Il) and Hg(Il). The ligands show strong binding ability toward copper(Il)
ion. Furthermore homo- and hetero-nuclear copper(Il) complexes were each tested for their
ability to catalyze disproportionation of hydrogen peroxide in the presence of imidazole
[113].
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Quantitative extraction of iron(Ill) and gallium(IIl) was investigated with the recently syn-
thesized macrocyclic Schiff base containing bisphenol A subunits. The phenol groups in the
Schiff base led to a large increase in the percent extraction of trivalent metal ions. The substi-
tution of methoxy groups for phenolic OH ligands resulted in a marked decrease in the extract-
ability of metal ions, and no iron(Ill) was extracted. The corresponding acyclic Schiff base
had reasonable reactivity toward metal ions and better solubility in organic solvents. The iron
(IIT) and gallium(IIT) complexes with macrocyclic and acyclic Schiff bases were quantitatively
extracted into nitrobenzene without the presence of bulky counter anions. A single extraction
gave a good separation of iron(Ill) from iron(Il) in mole ratios 4:1 to 1:3. The red iron(IIl)
complexes can be used for the extraction-spectrophotometric determination of iron(IIl). The
apparent molar absorptivity at 518 nm is 5.43 x 1031 mol~'cm™"' [114].

Two types of macrocyclic Schiff bases containing either thiophene or phenol were syn-
thesized and the effect of ligand on the liquid—liquid extraction of bivalent transition metal
ions was studied. The phenol groups in the macrocycle led to a large increase in extraction
of transition metal ions. The least stable manganese(Il) complex was extracted quantita-
tively into nitrobenzene as an ion pair with tetraphenylborate at pH 9. Copper(Il) was
selectively extracted from weakly acidic media, permitting its separation from manganese
(II), cobalt(Il), nickel(Il) and zinc(IT). The composition of extracted copper(Il) species was
evaluated. The extractability of metal complexes with a cyclic tetraaza Schiff base has
been compared with that of the corresponding acyclic Schiff base [115].

Acyclic and macrocyclic Schiff bases containing bisphenol A subunits were synthesized
and the effect of ligand atoms on the liquid-liquid extraction of manganese(Il), copper(Il)
and zinc(II) was studied. The phenol groups in the Schiff base led to a large increase in
the percent extraction of transition metal ions. The substitution of methoxy groups for phe-
nolic OH resulted in a marked decrease in the extractability of metal ions. Compared with
a macrocyclic Schiff base, the corresponding acyclic counterpart had reasonable reactivity
toward metal ions and better solubility in organic solvents. Copper(Il) complexes with acy-
clic Schiff bases were quantitatively extracted into nitrobenzene without the presence of
bulky counter anions. Mutual separation of zinc(Il), copper(Il) and manganese(Il) can be
achieved by proper selection of pH and extractant [116].

Liquid-liquid extraction of copper(Il) with Schiff bases from salicylaldehyde and aniline
and its derivatives in chloroform were studied. Slope analysis results were consistent with
the extraction of copper(Il) as CuL,(HL). Their extraction showed dependence on the posi-
tion of substituent present on aniline [117].

Two new macrocyclic Schiff bases, (5) and (7), containing nitrogen-sulfur donors were
synthesized by reaction of a,0-bis(o-aminophenylthio)-1,2-xylene with glyoxal and phthal-
dialdehyde (figure 20), respectively. The liquid-liquid extraction of metal picrates such as
Ag(D), Hg(Il), Cd(I), Zn(Il), Cu(Il), Ni(Il), Mn(Il), and Na(I) from aqueous phase to the
organic phase was carried out using the ligands. The effect of chloroform and dichloro-
methane as organic solvents over the metal picrate extractions was investigated at 25
+0.1°C by using UV-visible spectrometry. The extractability and selectivity of the tested
metal picrates were evaluated. The values of the extraction constants (log K..) were deter-
mined for the extracted complexes [118].

Liquid-liquid extraction of uranium(VI) with the binary mixture of quadridentate
Schiff base, bis-salicylidene ethylene diamine (H,Salen) (H,A) and neutral donors viz.,
triphenyl arsine oxide (TPAsO), triphenyl phosphine oxide (TPPO) and tri-n-octyl
phosphine oxide (TOPO) has been studied. The extraction order in the pH range 2.5 to
5.5 1is bis-salicylidene ethylene diamine <bis-salicylidene ethylene diamine + triphenyl
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Figure 20. The synthesis pathways to the crown ethers (5 and 7) used in the literature study.

phosphine oxide <bis-salicylidene ethylene diamine + tri-n-octyl phosphine oxide <bis-
salicylidene ethylene diamine+ triphenyl arsine oxide. The composition of the extracted
species derived from slope analysis are (UO,A-2TOPO) and (UO,A-2TPPO) [119].
Liquid-liquid extractions of zirconium/IV/, thorium/IV/ and uranium/V1/ with a tetraden-
tate Schiff base, bis/salicylidene/ethylenediamine/H,Salen/ in benzene as the diluent have
been studied. Comparison of such results with those of a bidentate Schiff base, N-salicylid-
ene-p-toluidine/HSalTol/ shows that the extraction of UO,*" is significantly improved if
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Figure 21. Structure of macrocyclic Schiff base.
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HjSalen is used instead of HSalTol. A single extraction at pH 6.5 with H,Salen removes
uranium/VI/. Extraction of all three metals becomes quantitative at pH 6.5. The extracted
species, which have been derived from slope-analyses of extraction results, are [Zrs/OH/;,
/HSalen/,]Cl,, [UO,/OH//HSalen/] and [Th/OH/3/HSalen/] [49].

The Robson macrocycle has been extensively studied since reported in 1991 of its syn-
thesis via the metal-templated Schiff-base condensation of 2,6-dialdehyde- or 2,6-diketoph-
enol with an appropriate diamine (figure 21), and vast literature of complexation chemistry
has been reported for these and related ligands. In the absence of a metal ion, however,
the cyclized product is not isolated, although more recently the diprotonated salt [H,L]*"
has been prepared via cyclization of components under acidic conditions [120]. There is
literature reported about the first synthesis and isolation of free H,L and its use for selec-
tive and efficient extraction and transport of Cu(Il).

4. Conclusions

Schiff bases have been widely explored for industrial applications. However, solvent
extraction of this class of compounds deserves further investigation. This becomes clear
when plant pathogens are considered. Although the research on this subject is incipient, a
number of reports disclosing the effects of the Schiff bases on pathogens of clinical inter-
est have been increasing. Schiff base compounds have been shown to be promising for
design of more efficient chelates. Advances in this field will require analyses of the struc-
ture—activity relationships of the Schiff bases as well as the mechanism of action of these
compounds.

The synthesis of new macrocyclic Schiff bases and their use as chelates will pave the
way for applications of such solvent extraction for the removal of various metal ions from
the natural water or wastewater.

We have reviewed Schiff bases, which have an unusual aptitude for formation of com-
plexes with metal ions, demonstrating that these Schiff bases extract metal ions. Schiff
bases are an excellent carrier for selective and efficient extraction of some metal ions. Such
extraction of metal ions is important for heavy metal pollution control.
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