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INTRODUCTION

A widely used module of supramolecular chemistry - Calixarene,
has encouraged many research groups to work in this area because of
its different structure and properties /1-8/. Lehn invented the term
“supramolecule”, an organized, complex entity that is created from
the association of two or more chemical species held together by
intermolecular forces. Supramolecule structures are the result of not
only additive but also cooperative interaction, including hydrogen
bonding, hydrophobic interactions and coordination, and their
properties are different (often better) than the sum of the properties of
each individual component. Supramolecules offer numerous and
diverse possibilities; as models for biological systems, synthetic
ionophores or therapeutic reagents, selective extractive agents etc.
The formation of new chemical structure by the assembly of molecular
sub-units bound together by different forces such as hydrogen bond,
ion-dipole and dipole-dipole interaction, Van der Wall's interaction
etc., have a major impact on current chemical research and will
continue in the foreseeable future.

Calixarenes have been proved to be very important building
blocks in supramolecular chemistry. Calixarenes have received special
attention because their reparation and ability to undergo further
synthetfic elaboration. The easy chemical transformability of this
molecule together with its “tunable” structure make calixarene an

attractive candidate for molecular design strategies and has led to an
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increasing number of examples in the literature /1-23/. Calixarenes are
cyclic oligomers of phenol units. Gutsche, a pioneer in calixarene
chemistry coined the word “Calixarenes” in 1975, where “calix” means
vase or chalice and “arene” indicated the number of aryl moieties in
the macrocylic array. He explored these compounds as the potential
candidates for new building blocks. The calixarenes are synthesized by
acid catalyzed condensation of a variety of aromatic compounds.
Among these, the aldehydes viz. formaldehyde, acetaldehyde,
propionaldehyde etc. have been reported extensively. In the vicinity
of metal complexes and analytical applications of calixarenes, lots of
work has been done /9-23/. Calixarenes made up of phenol and
methylene units have many conformational isomers because of two
possible rotational modes of the phenol unit: the oxygen-through-the-
annulus rotation and the para-substituent-through-the-annulus rotation.
It has four different stable conformational isomers: “cone”, “partial-
cone”, “1,2-alternate”, and *1,3-alternate” (Fig.1). These isomers give
an enormous number of unique calixarenes with the different shape

and the different size.



"1,2-Alternate" "1,3-Alternate”

(Fig. 1) Four different stable conformational isomers of calix[4]arene

A synthetic chemist can synthesize calixarene based receptors
according to the size of the metal cations, anions, neutral ions or
molecules which he wants to isolate even with high selectivity.

A trace level concentration Mn(ll) was quantitatively extracted
at pH 6.0 with 1x104 M of hexaacetatocalix(é)arene in hexane /24/.
Mn(ll) from the organic phase was stripped with 2M sulfuric acid and
determined as its iodo complex spectrophotometrically at 545 nm /24/.

Syntheses and binding characters with different metal of
Calix[2]uracil[2]arene was studied /25/.

Syntheses, spectroscopic properties, molecular structures, and
complexation of novel calix[4]Jarene imido compounds with

molybdenum and tungsten are described. /26/.



Solvent extraction of Ag(l) and Pd(ll) ions with 37,38,39,40,41,42-
hexakis(acetomethoxy)-5,11,17,23,29,35-hexakis(1,1,3,3-tetframethyl-
butyl)calix[é]-arene, 5,26,-27,28-tetrakis(acetomethoxy)-5,11,17,23-tetr-
akis(1,1,3,3-tetramethyl-bu-tyl)calix[4]arene, p-(1,1,-3,3-tetramethylbut-
yl-phenoxyacetone as a monomeric analog, from highly
concentrated HCI| or HNOg3 into chloroform was investigated. For
comparison, the corresponding carboxylate derivatives and the
unmodified calixarenes were also examined. Since both Ag and Pd
ions strongly form complexes with chloride anions, the extraction of
both metals was found to be suppressed in highly acidic media.
Among the compound employed in the present work, tetrameric
ketone was found to be capable of selectively extracting silver over
palladium at about 1 mol dm-3 HNO3z and was suitable for removing
traces of silver from a large excess of palladium. It was suggested from
the observation of the chemical shift of proton nuclear magnetic
resonance that the ketonic derivative of calix[4]arene forms a complex
with silver ion surrounded by phenoxy oxygen and carbonyl groups
/27].

The infroduction of four carboxylate groups into calix[4]arenes
made it possible to produce more selective complexone for the
lanthanide ions as compared to complexones based on

polycarboxylic acids /28-30/.



Preliminary binding properties of Schiff-base-p-tert-
butylcalix[4]arenes were tested by solvent extraction of alkaline,
alkaline earth metal, Mn, Fe, Co, Ni, Cu, Cd, Pb, Y, Pr, Nd, Eu, Gd, Yb
picrates into dichloromethane in neutral conditions. Heavy metal
cations are better extracted with higher preference for Pb(ll) /31-32/.

A group of new calix[4]arenes with two N-
(X)sulfonylcarboxamide groups of ‘tunable’ acidity that exhibit good
extraction selectivity for Pb(ll) over alkali and alkaline earth metal
cations, as well as Cd(ll), Co(ll), Cu(ll), Ni(ll) and Zn(ll) /33/ with other
which  have different pendant functional groups  [N-
(X)sulfonylcarboxamide, carboxylic acid, ester, ether, phenol] were
synthesized /34/.

1.3-Lower rim Se-bearing calix[4]arenes were synthesized and
they showed high selectivity towards Ag(l)/35/.

The synthesis and physico-chemical characterization of three
novel calixphyrin—ferrocene conjugates and a first insight into their
electrochemical recognition properties was reported. The copper and
zinc complexes of the porphodimethene were synthesized and
characterized /36/.

New designer ligands calix[4]azacrown were synthesized and
their solid state structure was determined. Complexation behaviour
and their selectivity for Fe(ll) and Cu(ll) suggests that macrocycles
based on a calixarene platform may act as versatile ligands for the
selective recognition of metal cations /37/. Synthesis of a new
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fluorescent chemosensor for Hg(ll) based on a dansyl amide-armed
calix[4]-aza-crown was reported /38/. Fluorescence and complexation
studies of calix[4]arene derivatives with zinc were carried out /39/.

A study of extraction of Ag(l) with different calixarene amine
derivatives and distribution experiments in the absence and in the
presence of calix(4)arene amine derivatives were carried out /40/.

Calixarene-based hyperbranched molecules with an N,S-
multfidentate ligand core was synthesized and its capability to bind with
metal ions was also studied /41/.

A fluorogenic cone calix[4]triczacrown-5 bearing two pyrene
amide groups and its structural analogue have been prepared. The
fluorescence intensities of both monomer and excimer were also
studied after complexation with Po(ll) and Co(ll) /42/.

The synthesis of four diamide derivatives of the p-tert-
butylcalix[4]arenes from various primary amines were reported /43/.
Their complexing properties of toward Cr.0O72 /HCr,O7- anions were also
studied. Synthesis of three new bisazocalix[4]arene derivatives and their
extraction properties was reported /44/.

A novel calix[4]arene derivative bearing two spirobenzopyran
moieties in the lower rim, can recognize lanthanide ions. Alternating
iradiation with ultraviolet and visible light controls the ligand-to-metal
charge ftransfer (LMCT) and energy ftransfer of the host—Eu(lll)

complexes. Thus, fluorescence of Eu(lll) can be switched on and off



through light. The system may be applied as molecular logic switches
/45/.

The influence of the concentration of dimethylaminomethylated
calix[4]resorcinolarene, pH, supporting electrolyte, and additions of
1,10-phenanthroline to the organic phase on the distribution of Eu(lll)
and Am(lll) between the aqueous and organic phases was studied
/46/.

The first structural authentication of p-sulfonatocalix[8]arene
shows the large host to adopt a ‘pleated loop’ conformation in the
solid state was reported. Each resulting ‘groove’ in the macrocycle is
occupied by a 4,4'-dipyridine-N,N’-dioxide molecule in an extended
multicomponent La(lll) 3D coordination polymer /47/. The nature of the
reaction intermediate appearing during the transformation of the
monometallic complex of europium and calixarene was reported /48/.

The ring inversion process was used as a probe of the
mechanistic interactions of p-sulfonatocalix[4]arene with metallic
cations /49/. The kinetics of the ring inversion interacting with Ca(ll) and
La(lll) were investigated in water and water—acetone solutions
following the exchange between the axial and the equatorial
methylene protons by TH NMR.

Reaction of p-tert-butyloctahomotetraoxacalix[8]arene (LHs)
with uranyl nitrate hexahydrate in the presence of rubidium hydroxide
to give a mixed complex that can be viewed as a tetrauranate dimer
containing four disordered rubidium ions and water molecules. The
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resulting octanuclear complex presents an unprecedented geometry
evidencing the assembling potential of uranyl ions /50/.

The separation of U(VI) from aqueous solution by textile
bound uranophile calix[6]arenes is possible at pH >4. A maximum of
7.6x107 mol uranium per 1 g of the calixarene modified textile is bound
at pH 5. The influence of competing ions on the uranium separation at
pH 5 is very small. However, at pH 7 in carbonate rich waters calcium
ions have a competing effect. Under environmentally relevant pH
conditions the uranium is strongly bound to the calixarene modified
textile. Under acidic conditions an almost complete regeneration of
the calixarene modified textile is possible. The regenerated material
can be utilized for further uranium separation cycles /51/.

A new series of the cone-shaped tetraalkoxycalix[4]arenes
substituted at the wide rim with four phosphomethyl groups have been
synthesized by the Arbuzov, Michaelis-Becker and Aterthon-Todd
reactions of the chloromethyl or phenylhydrophosphinylmethy-
lcalix[4]arenes /52/. Their binding properties towards Eud* and Am3+
cations were investigated by the liquid-liquid extraction method.

New mixed-ligand yftrium derivatives of calixarenes were
synthesized, which could serve as the starting compounds for the
synthesis of the corresponding alkyl derivatives stabilized by calixarene
ligands and their structure and properties were established /53/.

The existence of a strong synergic effect in the extraction of
europium in the title system using the cone conformation has been
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found /55/. After reviewing the results obtained from that extraction
behavior prompted the present investigation of the influence of
the type of the conformation of 5,11,17,23-tetra-tert-butyl-
25,26,27,28-tetrakis[(ethoxy-carbonyl)-methoxy]-2,8,14,20-tetrathiacalix-
[4]larene on the distribution of metals in this synergic solvent
extraction system. Three conformations have been synthesized: cone,
partial cone and 1,3-alternate /56/. To study extraction results of
modified cone conformation some typical nuclear fission products
Eu, Sr and Cs and some other metals (e.g., radioactively spiked Ba
and Co) were chosen /54/.

By preparing calixarene monolayers on gold electrodes a
sensing mechanism for uranium has been developed /57/. The
methodology has shown excellent response to laboratory generated
uranium solutions and with real uranium containing wastes.

A self-assembled hydrophilic calix[6]arene monolayer was
designed for uranyl ion detection. The uranyl ion recognition-function
of the calix[é6]arene monolayer was evaluated using surface plasmon
resonance (SPR) at various concentrations of uranyl ions in 0.1 M Tris-
HCI buffer solution. Calix[6]Jarene monolayer showed good sensitivity
and selectivity to detect very low concentration of uranyl ions /58/.

Molecular Dynamics Simulations of p-sulfonatocalix[4]arene
complexes with inorganic and organic cations in water and its

structural and thermodynamic study were reported /59/.
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New analogues of calix[4]arenetetrasulfonate were prepared, in

which the methylene bridges are replaced by S and SOz . The
complexation ability of these calixarene ligands toward Tb3* ion and
luminescence properties of the resulting complexes were examined. All
the ligands formed complexes with lanthanide ions [Pr(lll), Sm(lll), Eu(lll),
To(lll) and Dy(lll)]. among which the Tb(lll) complex exhibited strong
energy fransfer luminescence /60/.
Magnetic silica particles with covalently attached CMPO [octyl phenyl
N,N-diisobutyl carbamoylmethyl phosphine oxide] derivatives on the
surface, which allow for the evaluation of the preorganization effect of
chelating ligands through direct comparison of calixarene and single
ligand CMPO derivatives. Efficient extraction of americium and
europium from simulated nuclear waste conditions has been achieved
by CMPO-calix[4]arenes together with surprisingly high levels of cerium
extraction /61/.

The synthesis of two polymer supported calix[4]arenes, using
TentaGel S NH2 /62/ and aminomethyl polystyrene, have been
significantly improved by the replacement of thionyl chloride and
excessive amounts of solvents with carbodimide coupling reagents.
The extraction efficiencies of uranium and cadmium by these polymer
supported calix[4]arenas demonstrate an additional green aspect the
work /63/.

A novel double-armed calix[4]arene derivative has been
synthesized by the reaction of 1,3-alternately lower-rim-modified bis(2-
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aminoethoxy)-substituted calix[4]arene with o-vanillin in 90% yield and
complexed with light lanthanoid(lll) nitrates /64/.

The new narrow-rim functionalized calixarene based has been
synthesized. Complexes with Ln = Eu, Gd, Tb, and Lu have been
isolated and their crystal structure shows that metal ion encapsulated
in the cavity formed by the four arms /65/.

The complexing properties of two lower rim calix(4)arene
derivatives /66/ toward La, Sc and Yt cations in acetonitrile and in N,N-
dimethylformamide at 298.15 K were investigated.

The alkylaminomethylated calix[4]resorcinarene derivatives,
modified by dimethylamino-, piperidyl- and trimethylammonium
moieties, have been synthesized and their efficiency towards
lanthanide ions was studied and compared with  the
calix[4]resorcinarene /67/. Both calix[4]resorcinarene and its derivatives
have been shown synergistic affect to lanthanide ion extraction from
neutral aqueous solutions by 1,10-phenanthroline through outer-sphere
interaction of lanthanide bis-phenanthrolinate  cations  with
deprotonated forms of calix[4]resorcinarene.

A dinuclear ftrivalent uranium complex and a mixed-valence
U(lll)/u(lv) complex have been prepared by using the [(-CHz-)s]4-
calix[4]tetrapyrrole tetraanion /68/. Calix[4]arenes /69/ synthesized by
Bdhmer et al., containing four carbamoylphosphine oxide groups at
the macrocyclic wide or narrow rims. These calixarenes exceed the
CMPO extractant (i-BusNAC(O)ACH2AP(O)Ph(Oct)) developed for the

12



TRUEX (transuranic elements extraction process), by more than two
orders of magnitude in the extraction of actinides (Np, Pu, Am).
Calixarenes containing monodentate PhoP(O)CH2 groups at the lower
rim is also a better extractant for actinides than the ungrafted Octz;PO
or CMPO ligands do /70/. Calixarenes containing PhoP(O)CH2 groups at
the wide rim are less ellcient than their analogues with the same
groups at the narrow rim and surpass only slightly trioctylphosphine
oxide /71/. However, modeling of an analogue of points to the
‘possible cooperative participation of four phosphoryl groups of lignad
in the complexation of hard metal cations, leading to a high
ionophoric ellciency /72/.

Extractability, extraction equilibriac and extraction constants of
lanthanide and actinide ions was reported /73/. The ligands differ in the
number and position of carboxylic acid and amide groups.

A method for speciation, preconcentration and separation of
Fe(ll) and Fe(lll) in different matrices was developed using solvent
extraction and flame atomic absorption spectrometry /74/.

Study of the electrostatic attraction between host p-
sulfonatocalix[4]arene and seven rare-earth-metal cations
representative of lanthanide series and two alkaline earth metal
cations was reported /75/.

A new tri-anionic ligand was developed using a calix[4]arene as
a shaping unit which binds lanthanide(lll) cations to form 1:1 and 2:2
(M:L) complexes in a concentration-dependent equilibrium /76/.
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The complexation of p-tert-butylcalix[4]arene tetraethanoate, p-
tert-butylcalix[4]arene tetramethyl ketone, and p-tert-
butylcalix[4]arene tetraacetamide and ftrivalent cations was
investigated in acetonitrile and N,N-dimethylformamide at 298.15 K
/77].

Computing the distribution of radioactivity inside the nuclear
plants bulk concrete needs techniques providing accurate element
concentrations. In order to investigate the elements of interest for the
decommissioning process, A. Gaudry et al. used four multielement
analytical techniques: thermal neutron activation analysis, epithermal
neutron activation analysis, ICP-AES and ICP-MS. INAA is the most useful
technique for the analysis of metal iron in reinforcing bars /78/.

A very sensitive voltammetric procedure for the determination of
trace zirconium is described, based on the adsorptive accumulation
and the electrochemical oxidation of the zirconium(IV)-alizarin red S
complex on the carbon paste electrode surface /79/.

The possibilities of instrumental PAA (Photon Activation Analysis)
for multielement analysis using photoexitation and other photonuclear
reactions were reviewed and compared with those of instrumental
NAA (Neutron Activation Analysis), namely for geological materials. The
need and usefulness of radiochemical PAA procedures are also
discussed /80/.

Two different analytical techniques NAA and ICP-MS were used for
mulfi-element analyses of the major and frace elements in

14



environmental samples /81/. The concentrations of most elements
determined by both methods are in good agreement, even if the
concentrations of the elements in the samples have wide ranges of
variation.

A quantitative analysis has been carried out to determine the
concentration of Zr(lV) ion in aqueous solution by using alizarin red S
(ARS) as reagent to form ARS-Zr complex /82/. Characterization of ARS-
Ir complex gives a dynamic Zr(lV) concentration range of 5-35 mg/I.
The use of artificial neural network (ANN) was able to extend the
dynamic concentration range of Zrt4 to a larger range of 5-200 mg/I.

Membrane filtration equipment was used to evaluate zirconium
and hafnium separation efficiency by a membrane separation
process. High rejection of Zr and Hf species in aqueous solution were
obtained with nandofiltration and ultrafiltration membranes. Enhanced
transportation across the nanofiltration and ultrafilfration membranes
was observed when aminocarboxylic ligands, like EDTA, were
infroduced in the solution /83/. The reported enhancement could be
explained by a depolymerization process of the polynuclear
complexes induced by the ligands.

The solid phase adsorbent, cross-linked chitosan-3,4-dihydroxy
benzoic acid (CCTS-DHBA) resin, allows a rapid, precise, and relatively
selective collection and enrichment of frace and ultra-tfrace amounts

of uranium in tap water, river water and seawater samples /84/. This
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newly synthesized resin offers high adsorption capacity for the
uranium(VI) of 330 mg.g-! resin.

A novel resin is reported for simultaneous preconcentration and
determination of ultratrace Zr, Hf, Nb, Ta and W in seawater, both in the
form of dissolved and acid-dissolvable species /85/. 8-Hydroxyquinoline
bonded covalently to a vinyl polymer resin, was used in a chelating
adsorbent column to concentrate the metals.

As metal levels in human specimens reflect the total exposure
from all sources possible, their determination is a good way to estimate
metal influences on health. For calculating risks resulting from
environmental and/or occupational pollution, urinary reference
concentrations for the normal population are needed to compare with
data of exposed persons. The urinary levels of seven trace elements (Al,
Co, Cr, Mo, Nb, Ni, Ti) were determined by atomic spectrometric
methods (ICP-MS and GFAAS) in 100 urine samples of the Viennese
population /86/.

A novel organic reagent 3-(8-quinolinylazo)-4-hydroxybenzoic
acid (QAHBA) was synthesized for chemically modified nanometer-
sized alumina, and it was characterized with infrared spectrum and ™H
NMR spectra. By using modified nanometer-sized alumina as micro-
column packing material, a new method of flow injection (FI) on-line
preconcentration coupled to ICP-OES was developed for simultaneous
determination of trace metals (Ag, Pd, Au, Ga, In and Nb) in
geological and environmental samples. The effects of pH, sample flow
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rate, sample volume, elution and interfering ions on the recovery of the
analytes have been investigated /87/.

A niobium-selective Amberlite XAD-7 resin with a sulfinyl-type
calix-ligand /88/ is reported and it allows the separation of niobium(V)
and tantalum(V) without addition of a high concentration of
hydrofluoric acid, which is preferable in terms of human-health safety.
18 partly commercially available samples of rock salt were investigated
with respect to their content of frace elements using instrumental
neutron activation analysis /89/.

Validation of an inductively coupled plasma mass spectrometry
(ICP-MS) method for the determination of cerium, strontium, and
titanium in ceramic materials used in radiological dispersal devices
(RDDs) is reported /90/. This work demonstrates that, ICP-MS
instrumentation is a good analytical alternative to INAA for the
measurement of the aerosolized ceramic collected on air filters.

The new electrolytic dissolution in batch of aluminum alloys
samples as grains or turns and the determination of Fe, Cu, Mn, Mg, Cr,
Ni, Zn, Pb and Ti by ICP-OES was investigated /21/.

Laser-induced breakdown spectroscopy (LIBS) system was
developed for determination of toxic metals in wastewater collected
from paint manufacturing plant /92/.

Microwave-acid digestion(MW-AD) followed by ICP-AES, GFAAS,
and HGAAS were examined for the determination of various elements
in coal and coal fly ash (CFA) /93/.
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First sequential injection (SI) method for the spectrophotometric
determination of Ti(IV) is reported /94/. The method is based upon the
reaction of Ti(IV) with chromotropic acid (CA) in acidic medium to form
a water-soluble complex. The developed method proved to be
adequately selective and applied successfully to the analysis of real
samples (dental implant and natural Moroccan phosphate rock) giving
accurate results based on recovery studies.

A new rapid decomposition and dissolution method with a
mixture of sodium di-hydrogen orthophosphate and di-sodium
hydrogen orthophosphate as a novel flux is described and ICP-OES is
used for the determination of Al, Ca, Mg, Cr, V, Si, Fe and Ti /95/.

A methodology for bulk analysis of Al and Ti and for

determination of soluble and total Al and Ti concentration in steel
samples by laser ablation inductively coupled plasma mass
spectrometry was developed /96/.
Micelle mediated extraction of fitanium and its ultrao-trace
determination in silicate rocks is described. The reported method is
highly sensitive and selective. The results obtained for titanium
estimation in a host of silicate rock samples have been found to be
highly reproducible, accurate and favourably comparable with
cerfified values of reference materials and those obtained from
standard methods /97/.

A robust microwave-assisted acid digestion procedure followed
by ICP-MS was developed to quantify rare earth elements in fluidized-
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bed catalytic cracking catalysts and atmospheric fine particulate
matter /98/.

The 37 trace elements were determined in 130 human blood
samples from occupationally non-exposed volunteers living in the
greater area of Bremen in northern Germany /99/. Trace metal
determination was analysed by ICP-MS with an octopole-based
collision/reaction cell. Mean values, geometric mean values, ranges
and selected percentiles of all elemental concentrations in human
blood are presented, which helps toxicologists and clinical chemists
planning research about exposition to metals and health effects
caused by exposition to metals.

A method for the determination of tfrace Fe, Hf, Mn, Na, Si and Ti
in high-purity zirconium dioxide (ZrO;) powders by ICP-AES is described.
Standard addition method was used to compensate the depress
effect of a high concentration of Zr on the analyte peaks. The wavelet
transform was applied for correction of spectral interference of Zr on
the analytes Three kinds of high-purity ZrO; powder were etermined

using the proposed method /100/.

Calixarene Hydroxamic Acid

Calixarenes hydroxamic acid derivatives have been reported in
literature for the selective binding of various metal cations, as

extractants for alkali, alkaline earth metal ions and transition metal ions,
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as ion-selective electrodes for alkali, alkaline earth and heavy metal
ions, as fluorogenic reagents, etc. /101-115/.

p-t-Butylcalix[é6]arene derivative bearing six hydroxamate groups
has been synthesized: it efficiently extracted UO»2* from the aqueous
phase to the organic phase /116/.

The 4-tert-butylcalix[4]arene tetrahydroxamate have been
sysnthesized and extraction studies have been performed using Th(lV)
[as a surrogate for Pu(lV)], Fe(lll), UO2(ll) and Cu(ll) to estimate the
metal ion selectivity and extraction efficacy of these extractants /117/.

A very efficient extractant, calixarene hydroxamic acid, is
synthesized and used for the extraction of zirconium. The extract is also
determined by spectrophotometry and GFAAS (graphite furnace
atomic absorption) spectrometry /118/.

A calix[4]arene bearing a bispyrenyl and two hydroxamic acid
functional groups has been reported for the optical detection of Cu(ll)
and Ni(ll) metalions /119/.

Synthesis  of calix[é]Jarene  hydroxamic acid and ifs
thermodynamic dissociation constant is discussed /120/.

Sequential separation and determination of Th(lV) with
calixarene hydroxamic acids is reported which can be use for the
analysis of the environmental samples /121/. New fluorescein
calix[4]aryl hydroxamic acid derivative is reported and their lasing
characteristics is studied /122/. A polycalix[6]arene hydroxamic acid is
syntehsized and utilised for the selective column separation of Th(lV),
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Ce(lV) and U(IV). These rare elements were preconcentrated and
determined in the presence of each other, monazite sand and
environmental samples /123/.

Synthesis of polycalixarene hydroxamic acid is reported for the
first time and separation of Ga(lll), In(lll) and TI(lll) is studied. The
selectivity towards the metals ions was achieved by maintaining pH
/124/.

Five different calix[4]resorcinarene hydroxamic acid has been
synthesized by conventional as well as microwave irradiation /125/.

An experimental and theoretical study of calixarene hydroxamic
acid has been carried out and cone confirmation of the calixarene in
polar solvent was confirmed by NMR spectroscopy /126/.

For monitoring of workers exposed to a risk of internal
contamination with actinides, a new procedure for analyzing Pu(lV)
traces from urine media and in the presence of uranium is reported
and calixarene hydroxamic acid is used as an extractant for this study
/127].

A extraction, preconcentration and transport study of La(lll) with
calix[4]resorcinarene hydroxamic acid has been reported /128/.

For the first time the single-step synthesis of methyl calix[é]arene
and a novel bis-calix[6]arene hydroxamic acid is reported /129/.

The affinity of calix[é6]-arenes bearing hydroxamic acid groups
and carboxylic groups towards americium were studied by solvent
extraction and the results proved that the ligands have a very good
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affinity for americium and enhance the possibility of separating Pu from
U and Am /130/.

A new calixarene hydroxamic acid derivative has been
synthesized which can be used for the determination of atenolol,
propranolol hydrochloride and metoprolol tartarate in pharmaceutical
tablets and urine /131/.

A conventional and microwave assisted synthesis of novel
calixarene hydroxamic acid and thiacalixarene hydroxamic acid
derivatives has been reported /132-133/.

Synthesis  of six novel ftfetra-functionalized calix[4]pyrrole
hydroxamic acids and their preliminary analytical application for the
liguid-liquid extraction and determination of V(V) by UV-Vis
spectroscopy and ICP-AES is reported /134/.

A theoretfical study on the complexation of UOx(ll) with
calix[6]arene cage, hydroxamic and carboxylic acid functional groups
has been carried out using density functional theory calculations /135/.

A spectrophotometric method is proposed for the extractive
determination of vanadium(V) in an acidic medium in the presence of
diversified matrix by using calixresorcinarene hydroxamic acid
derivative /136/.

New 1,3-alternate thiacalix[4]arene hydroxamic acid scaffold is
synthesized and their affinity toward vanadate ions is investigated.

Proposed structures and complexation behavior of the receptors were
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explained by critical examination of FTIR, UV-visible, mass, and 'TH NMR
data /137/.

Synthesis and application of calix[4]pyrrole hydroxamic acid has
been reported for vanadium and Spectrophotometric results were

compared with ICP-OES /138/.

AIM & SCOPE

A review of the literature reveals that a little work has been
reported /101-138/ on hydroxamic acid substituted calixarenes and
their metal complexation study. Starting from this considerations, it was
decided to carry out a series of studies arrived at synthesizing the
calixarene hydroxamic acids, which, fully meeting the requirements for
extraction, separation, preconcentration, recovery, fransport and
tfrace determination of selected metal ions by sensitive, selective,
simple, rapid, low cost and environmental friendly techniques.

Niobium and tantalum have very similar chemical properties and
their determination in various matrices is important in both industrial
and geological applications. Tantalum is found with niobium in
tantalite or columbite. It is used in electronics, in cutting alloys, in
chemical manufacturing as a catalyst and acid resistant materials.
Most of the methods available for the extraction and determination of
tantalum and niobium are either time consuming or show the

interference of large number of diverse ions /138-141/.
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Titanium is often alloyed with aluminum, vanadium, copper, iron,
manganese, molybdenum and with other metals. It is known for its
durability, light weight, dent- and corrosion- resistance. About 95% of
titanium ore extracted from the Earth is destined for refinement into
titanium dioxide, an intensely white pigment used in paints, paper,
toothpaste and plastics. Zirconium and hafnium are strategical
elements and their separation is difficult due to the similarity of their
behavior. Zirconium is used in nuclear reactors and chemical plants
/142-143/. Continuous efforts are made to develop new extractants viz.
Alizarine Red S /144/, 2-hydroxy-5-nonylaceto-phenoneoxime /145/,
Cyanex 302 /146/, 2-ethyl hexyl phosphonic acid mono-2-ethyl hexyl
ester(PC-88A) /147/, 2-(5-bromo-2-pyridylazo)-5-diethylaminophenol (5-
Br-PADAP)/148/, LIX 84-IC (2-hydroxy-5-nonylaceto-phenone-
oxime)/149/, Quinaliza-rin /150-151/, bis(diphenylphosphino)ferrocene
/152/, 4-(2-pyridylazo)-resorcinol (PAR) /153-154/, sulfinyl-calix[4]arene
/155/, tributyl phosphate (TBP) /156/, for the extraction and possible
separation of titanium, zirconium, hafnium, niobium and tantalum. But
the treatments with some extractants are time consuming, laborious,
expensive and originated from the cost of their materials associated
with the removal process. Many of previously reported methods usually
need tedious and complicate chemical separation processes that
make the procedure of the operation difficult to control and time-

consuming.
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The aims of this work are to present a chemical system, which is
sensitive, selective, simple in operation, rapid, low cost, environmental
fiendly and having high enrichment factor, for determination of
niobium, tantalum, titanium, zirconium and hafnium metal ions on one
hand, and to compare the applicability of developed techniques for

analysis of standard samples and natural samples.

PRESENT INVESTIGATION

The elimination of volatile organic solvents in organic syntheses is the
most important need in ‘green’ chemistry. Microwave irradiated
organic reactions make syntheses simpler, save energy and prevent,
solvent wastes, hazards and toxicity. By keeping this in view, in present
investigation the microwave assisted syntheses of
tetranitrocalix[4]arene(TNC4A), hexacarboxycalix[é]-arene (HCC6A),
pyridinium bearing calix[4]arenehydroxamic acid(PC4AHA), coumarin-
calix[4]arenehydro-xamic acid(CC4AHA) and tetracarboxycalix[é]-
crownhydroxamic acid (TCC6CHA) is reported and characterized by
FTIR, TH NMR and 13C NMR spectroscopy.

Solvent extraction, separation, preconcentration and recovery of
niobium and tantalum is reported. Niobium and tantalum are
extracted effectively with 5,17-dinitro-25,26,27,28-tetrahydroxy-11,23-
calix[4]arene-bis-[pyridyl hydroxamic acid] (pyridine-calix[4]arene
hydroxamic acid) (PC4AHA) from 8M and 10M acidic aqueous

solutions, respectively. The transport study of niobium and tantalum ions
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through a supported liquid membrane has been carried out. Factors
affecting extraction viz., influence of molarity of acid, extractant
concentration, diverse ions is discussed. The final extracts of niobium
and tantalum complex were directly inserted in the plasma for ICP-MS
measurement which enhances the sensitivity. Niobium and tantalum
were determined in certified samples.

A solvent extraction and separation of fitanium, zirconium and hafnium
with coumarin-calix[4]arene hydroxamic acid (CC4AHA) is described.
Quantitative extraction of titanium, zirconium and hafnium is possible in
dichloromethane solution of CC4AHA at 6, 8 and 0.6 molarity. The
binding ratio of fitanium, zirconium and hafnium with CC4AHA is 1:1.
The trace determination was achieved by directly aspirating the
extract for ICP-MS measurements. A liquid membrane transport study of
titanium, zirconium and hafnium was carried out from source to the
receiving phase under controlled conditions. The synthesized chelating
extractant was tested for simultaneous separation of fitanium,
zirconium and hafnium mixtures. The validation of the procedure was
performed by the analysis of certified standard reference materials.
Titanium(IV) is extracted with coumarin-calix[4]arene hydroxamic acid
(CC4AHA), in dichloromethane by supercritical carbon dioxide (SC-
COy)-dichloromethane (modifier) medium. An aliquot of aqueous
titanium solution of is extracted accurately. Influence of six
experimental factors: pressure, temperature, extraction times, molarity
of agueous solution, solvent and interference of ions were studied and
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optimized. Quantitative analysis of the extracts was performed online
by inductively coupled plasma mass spectrometry (ICP-MS). The results
showed that Ti(IV) could be quantitatively extracted from the matrix at
50°C temprature, 17 MPa pressure, at 8.0 molarity, 6 min of extraction
time. To check the validity of the proposed method for titanium
extraction, the metal ions are determined in standard geological

samples.
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Chapter - II

Environmentally benign syntheses of calixarene

derivatives
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ABSTRACT

New hydroxamic acid derivatives of calixarene has been
synthesized by conventional and microwave method. Calixarene
hydroxamic acids were synthesized by reacting corresponding hydroxyl
amine with acid chlorides at low temperature in an aqueous suspension
of sodium bicarbonate. The comparison of conventional and microwave-
assisted synthesis methods have been discussed. These hydroxamic acids

were characterized by elemental analysis, FT-IR, TH NMR & 13C NMR.
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INTRODUCTION

Calixarenes were developed later than crown ether and
cyclodextrins  but have stil been extensively researched /1-2/.
Macrocycles of calix[nJarenes are constructed by linking a number of
phenol residues via methyene moieties. Like crown ethers, the name
“calixarene” reflects the structures of these molecules, since a calix is a
chalice. Different conformations of calixarene are described in chapter 1.
As part of the continuing investigation of calixarene ligands, one of my
research objectives is to synthesize a group of highly lipophilic calixarene
hydroxamic acid derivatives.

A promising series of reagents, hydroxamic acids, is the versatile
chelating agent and extensively studied for separation, preconcentration
and recovery of several metal ions. Infroduction of coumarin, pyridine
and aza crown along with hydroxamic acid can enhance the
complexing ability, extraction efficiency and stability of calixarene based
lignad with the metalions /11-17/.

Coumarin, pyridine and aza crown derivatives have been reported
for analytical applications /18-26/. With this in view a new series of
calixarene hydroxamic acids containing the coumarin, pyridine and aza

crown moiety are synthesized for better chromogenic reagent.
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The use of microwaves in organic synthesis has increased
dramatically in the last few years, receiving widespread acceptance and
becoming an indispensable tool /3/. Microwave radiation is converted
into heat with high efficiency, so that "superheating" becomes possible at
ambient pressure. Enormous accelerations in reaction fime can be
achieved, if superheating is performed in closed vessels under high
pressure; a reaction that takes several hours under conventional
condifions can be completed over the course of minutes. Microwave
technology has become a powerful tool in organic synthesis, since by
employing this technique it is generally possible to prepare organic
compounds very fast, with high purity and better yields compared to
other more conventional methods /4-6/. Here, conventional as well as
microwave assisted methods have been developed for the synthesis of
new calixarene hydroxamic acid derivatives.

EXPERIMENTAL

Apparatus

Melting points were determined in capillaries and are uncorrected.
KENSTAR 20 OM DGQ domestic oven has been used for the microwave-
iradiated synthesis. IR spectra were recorded on JASCO FT/IR 6100

spectrophotometer. 'H and 13C NMR spectra were recorded on DRX 300.
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Chemicals
All the chemicals used were of A.R. grade of Fluka, BDH or E. Merck
unless otherwise specified. The solvents were purified as described

elsewhere /10/.
SYNTHESIS

Synthesis of 5,17-dinitro-25,26,27,28-tetrahydroxy-11,23-calix[4]arene-bis-
[pyridyl hydroxamic acid] and 5,17-Dinitro-25,26,27,28-tetrahydroxy-
11,23-calix[4]arene-bis-[coumarin hydroxamic acid]

Synthesis of compound (3)

Conventional method

Compound 3 was synthesized by previously reported method /7/.
Microwave method

A mixture of p-nitrophenol (1g, 0.0073M), 37% formaldehyde (0.6ml,
0.0073M) and conc. hydrochloric acid (1T ml.) was placed into to the
Kenstar domestic microwave at 20% power out put for 180 sec. to obtain
white solid, washed with hot water and finally with hot alcohol to get
compound 3.

Synthesis of compound (6)

Conventional Method

Nitrocalix[4]arene (10 g, 0.015 M), hydrazine hydrate (10 ml, 0.205 M) and

Raney-Ni (W-2) (2-2.5 g) in 1,4-dioxane were stirred at 0-10°C for 1 h to get
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compound é. Filtered immediately and used in-situ for the preparation of
hydroxamic acid derivatives.

Microwave Method

Nitrocalix[4]arene (1g, 0.0015 M), hydrazine hydrate (1 ml, 0.0205 M) and
Raney-Ni (W-2) (0.2-0.3 g) were placed into to the Kenstar domestic
microwave at 0% power output for 120 sec to get compound 6.

Synthesis of compound (9)

Conventional method

Thionyl chloride (15 ml) slowly added to a stired mixture of isonicotinic
acid 7 (10g, 0.0813M) and dimethylformamide (1 ml). Mixture was stirred
at 75-80°C for 3 hours. The isonicotinoylchloride hydrochloride 8 was
precipitated as white powder by adding 50 ml of dried petroleum ether.
The acid chloride 8 (2.3g, 0.0016M) was condensed with compound 6
(3.60g, 0.0064M) in the presence of an aqueous suspension of sodium
bicarbonate (2g) at 0-10°C for 2 h to get compound 9.

Microwave method

A mixture of isonicotinic acid (7) (1g, 0.0081M), dimethylformamide (0.1ml)
and thionyl chloride (1.5ml) placed into to the Kenstar domestic
microwave at 40% power out put for 120 sec. The isonicotinoylchloride
hydrochloride was precipitated as white powder by adding 50 ml of dried

petroleum ether.
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The acid chloride 8 (1.5g, 0.0011M) was condensed with compound 6
(Tg, 0.0015M) in the presence of an aqueous suspension of sodium
bicarbonate (2g) in the oven at 0% power output for 120 sec. to get

compound 9.

Conc. HCI

HCHO
+ xylene, SOOC, 6h

OH (2
1)

Partial Reduction 1,4-Dioxane
NH2-NH,.H20| 0-10° €
Raney Ni (W-2) 1h

HO
?H O,N NO, | o cl COOH
N N—p socl,
UL e o + () ~mee [
- o—
+ 75-80 C _
TEET N I e
HOH
OH HO 8
10) (11) ©) (8) 0
Sat. NaHCO4 Sat. NaHCO,
‘ 0-10°C, 2h ‘ 0-10°C, 2h

<
OHOH
OH HO
\OH OHOH o
CCAAHA PC4AHA
(12) )

Figure 1. Synthetic route for compound 9 and 12.
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Synthesis of compound (12)

Conventional method:

Thionyl chloride (10 ml) slowly added to a stirred mixture of coumarin-3-
carboxylic acid /9/ (3g, 0.015M) and dimethylformamide (0.8 ml). Mixture
was stired at 75-80°C for 4-5 hours. The coumarin-3-carbonylchloride was
precipitated as white powder by adding 40 ml of dried petroleum ether.
The acid chloride was condensed with freshly prepared compound 6
(3.60g, 0.0064M) in the presence of an aqueous suspension of sodium
bicarbonate (2g) at 0-10°C for 2 h to obtain compound 12,

Microwave method:

A mixture of coumarin-3-carboxylic acid /9/ (1g, 0.05M),
dimethylformamide (0.3 ml) and thionyl chloride (3.35ml) was placed into
to the Kenstar domestic microwave at 40% power output for 120 sec. The
coumarin-3-carboylchloride was precipitated as white powder by adding
40 ml of dried petroleum ether.

The acid chloride was condensed with compound 6 (1g, 0.0015M) in the
presence of an aqueous suspension of sodium bicarbonate (2g) in the
oven at 0% power output for 120 sec. to get compound 12.

Synthesis of 5,11,23,29-tetracarboxy-38,39,41,42-tetrahydroxycalix[6] cro-
wn-17,35-bis-[N-phenylbenzo hydroxamic acid]

Synthesis of compound (5)
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Conventional method:

Compound 5 was synthesized by previously reported method /8/.
Microwave method:

A mixture of p-hydroxybenzoic acid (1 g, 0.0072M), 37% formaldehyde (4
ml, 0.0015M) and conc. hydrochloric acid (2.5 ml.) was placed into to the
Kenstar domestic microwave at 40% power out put for 120 sec to obtain
white solid, washed with hot distiled water to remove acidic impurities
and recrystallised from acetone-petroleum ether (60°-80° C) to get

compound 5.

Synthesis of compound (16)

Conventional method:

To a suspension of compound 5 (5g, 0.005 M) and 1,4-dibromopropane
(2.79,0.0125 M) in acetonitrile (100 ml) was added anhydrous KoCOg (0.7g,
0.005 M) and the reaction mixture was stired under reflux for 24 h. After
the solvent was removed under reduced pressure, the residue was then
purified by crystallization form chloroform to get compound 13.

To a solution of compound 13 (2g, 0.00179 M) in acetonitrile (25 ml) were
added anhydrous KoCOg3 (0.5g, 0.00358 M) and diethylene triamine (2.0g,

0.002M). The mixture was refluxed about 7 h. The solvent was removed by
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rotary evaporator. Then CH2Cl; (10 ml) was added.

then washed with distilled water (2 X 5 ml), organic

R!

R!

Rl R* K,COg
conc HCI A o
+ HCHO . M \ Acetonitrile
) Reflux 8h R2R2 R2 ] \\ 1,4-dibromobutane
L @ Reflux, 24h
@ HCC6A
(5)

N

Rsz R2 R2

NHHHN

N
TCC6HA
(16)

n - phenylhydroxyl amine

Sat. NaHCO3
0-10°C, 2h

Organic layer was

1 R R!

//M/ ”/ O
S\Rzz Rz R2 /

(13)

R!

K,COg3 | Dithylene triamine
Acetonitrile | Reflux, 7h

R!

R

”Mé @@

RRZ R R

NHHHN

N

14

socl, | 75-80° ¢

Figure 2. Synthetic route for compound 16 (R'=COOH, R2=0CH).

phase was evaporated under reduced pressure to dryness.

DMF| 4h
R* C;o
w@% Q

RZRZ Rz z
NH H HN

N

(15)

Residue

purified by crystallization from chloroform to get compound 14.

46



Compound 14 was refluxed with thionyl chloride in the presence of
dimethylformamide for 4 h and excess thionyl chloride was removed
under reduced pressure to get compound 15. Which was added to a
mixture of N-phenyl hydroxyl amine and sodium bicarbonate in 1,4-
dioxane at O-10°C within 1 h. Reaction mixture was further stirred for 1 h
more, then filtered. Solid was washed with water and purified by
crystallization from chloroform to get compound 16.

Microwave method

A mixture of compound 5 (1g, 0.001M), 1,4-dibromobutane (0.6g,
0.0025M) in and anhydrous KoCO3 (0.15g, 0.001M) was placed into to the
Kenstar domestic microwave at 20% power out put for 240 sec to get
compound 13.

A mixture of 13 (0.5g, 0.0005M), anhydrous KoCOgz (0.13g, 0.00090M) and
diethylene triamine (0.5g, 0.0005M) was placed into to the Kenstar
domestic microwave at 20% power out put for 180 sec to get compound
14.

Compound 14 (2g, 0.0017M), dimethylformamide (0.3 ml) and thionyl
chloride (2.5 ml) was placed into to the Kenstar domestic microwave at
40% power output for 120 sec to get compound 15, which was

condensed with N-phenyl hydroxyl amine in the presence of sodium
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bicarbonate (2g) in the microwave oven at 0% output for 120 sec to get

compound 16.
RESULTS AND DISCUSSION

The elimination of volatile organic solvents in organic syntheses is
the most important need in ‘green’ chemistry. Microwave irradiated
organic reactions make syntheses simpler, save energy and prevent,
solvent wastes, hazards and toxicity. By keeping this in view, in present
investigation the microwave assisted syntheses of tetranitrocalix[4]arene
(TNCA4A) (3), hexacarboxycalix[6]arene (HCC6A) (5), pyridine-calix[4]are-
nehydroxamic acid (PC4AHA) (9), coumarin-calix[4]arenehydroxamic
acid (CC4AHA) (12) and tetracarboxycalix[6]crown hydroxamic acid
(TCC6CHA) (16) is reported.

Compound (3) and (5) (Figure 1) were synthesized by the acid catalyzed
condensation of formaldehyde with p-nitrophenol and p-hydroxy benzoic
acid respectively /7,8/. Compound (3) was partially reduced with
hydrazine hydrate in the presence of Raney Ni (W-2) at 0-10°C for 1 h to
obtain corresponding hydroxylamine (6) was condensed with isonicotinoyl
chloride (8) and coumarin-3-carbonyl chloride (11) in the presence of an
aqueous suspension of sodium bicarbonate at 0°-10°C to yield PC4AHA
(9) and CC4AHA (12) (Figure 1), respectively. The products were purified

by crystallization from chloroform.
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Compound (5) was refluxed with 1,4-dibromo butane in the presence of
KoCO3 using acetonitrile as a solvent at 80°C for 24 h to yield compound
(13). Then further reacted with diethylene triamine in the presence of
K2CO3 to obtain compound (14). Compound (14) was refluxed with thionyl
chloride in the presence of dimethylformamide for 4 h and condensed
with N-phenylhydroxylamine in the presence of an aqueous suspension of
sodium bicarbonate at 0°-10°C to get TCC6CHA (16) (Figure 2).

The FT-IR (KBr) spectrum of compounds 3, 5, 9, 12 and 16 displayed three
sharp bands at 3185, 1635, and 920 cm-! confirms the von, be=o and Ln-o of
the hydroxamic acid functional group. The band at 3600-3200 due to the
O-H of phenolic calixarene. The band at 3185 cm! is due to O-H
stretching vibration. It is known that O-H stretching vibrations bands occur
at around 3600 cm; hydrogen bonding shifts these bands to lower
frequencies. In hydroxamic acids, the —OH group is placed very close to
the polar carbonyl C=0 group. The band at 1635 cm! is assigned for the
C=0 of the hydroxamic acid group. A sharp band at 920 cm-'is attributed
to N-O stretching vibrations. Compounds 3, 9 and 12 displayed a sharp
band at 1350 cm-! for -NO2 stretching vibrations.

The structures of compounds 3, 5, 92, 12 and 16 were established by
elemental analysis, TH NMR and 3C NMR spectra. These compounds

display singlet around 7.82, 7.70, 7.60, 7.51, 7.45 and 6.82 for aromatic
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protons. A pair of doublets appears at § 4.50 and 3.90 for ArCHAr protons
in the TH NMR. Prominent signals appeared at § 9.00, .20 and 9.90 for
aromatic hydroxyl protons and & 10.27, 10.28 and 10.70 for hydroxamic
group. In compound 3, ? and 12 a prominent downfield shift in the
position of hydroxyl signal suggested that nitro groups were present at
positions para to the hydroxyl groups.

A singlet appears at § 10.32 is for each carboxyl hydrogen present in
compound 5 and 16. Notice that this peak is not sharp; it has broadened
by hydrogen bonding and exchange. Two singlets appear at 8.01 and
3.40 for NH and CH2CH2OAr respectively.

The 13C NMR (DMSO) spectrum of compounds 3, 5, 9, 12 and 16 displayed
singlet at 8 116-125 and 128-137 for aromatic protons and one singlet near
d 167 and 166 for ketone groups. In addition compound 5 and 16
displayed singlet at 166.86 for carboxylic acid group and doublet at &
35.12 and 34.63 for bridged methane groups. Compound 16 displayed
one triplet at 6 51.48 for crown moiety.

The results obtained from elemental analysis of compound 3, 5, 9, 12 and

16 confirm the presence of hydroxamic acid groups.
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Table -1 Comparison of yields and reaction time of conventional
and Microwave-Irradiation technique

Conventional method Microwave method
Compounds
Melting Point (°C) | Yield (%) | Melting Point (°C) Yield (%)

TNC4A 140-142 70 140-142 93
HCCG6A 110-111 80 110-111 95
PC4AHA 239-241 58 239-241 91
CC4AHA 186-188 61 186-188 93
TCC6CHA 219-222 66 219-222 89
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Table 2 Physico-chemical properties of calix[4]arene hydroxamic acids

Molecular | Molecular MeI'Flng Elemental Analysis, %
Compounds : Point
Formula Weight Q) C H N

61.07 3.84 10.68

PC4AHA CaoH30NsO12 786 186-188 (6] 48) (355) (] 072)
62.61 3.50 6.08

CC4AHA | CugH32N4O16 920 239-241 (62.75) | (3.45) | (6.01)
66.81 5.53 5.41

TCC6CHA | C72H71N180s5 1267 219-222 (66.75) | (5.60) | (5.57)

The experimental values are given in parenthesis
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TNC4A

mp 140-142° C, IR (KBr): v = 3185, 1635, 1350, 920 cm-!. 'TH NMR (DMSQO): § =
9.20 (s, 4H, ArOH), 4.50 (d, 4H, ArCH2Ar), 3.90 (d, 4H, ArCH2Ar), 7.82 (s, 8H,
ArH). IBCNMR (DMSQO): 6 =35.12 (d, Ar-CHz-Ar), 119.05-132.10 (s, ArC).
HCCG6A

mp 110-111°C IR (KBr): v = 3185, 1635, 920 cm-!. 'TH NMR (DMSO): 6 = 9.90
(s, 6H, ArOH), 4.44 (d, 6H, ArCH2Ar), 3.85 (d, 6H, ArCH2Ar), 7.45 (s, 12H, ArH),
10.32 (s, 6H, COOH). 1BCNMR (DMSQO): 6 = 34.63 (d, Ar-CHz-Ar), 120.20-
125.52 (s, ArC), 127.26-134.94 (s, ArC), 166.86 (s, COOH). Anal. calcd. for
CugH3¢O1s: C, 64.0%; H, 4.03%, Found: C, 63.91%; H, 4.10%.

PC4AHA

mp 186-188° C, IR (KBr): v = 3185, 1635, 1350, 920 cm-. TH NMR (DMSQ): &
= 10.27 (s, 2H, NOH), 9.20 (s, 4H, ArOH), 4.50 (d, 4H, J=12.9 Hz, ArCHAr),
3.90 (d, 4H, J=12.9 Hz, ArCH2Ar), 7.70 (s, 4H, ArH), 7.82 (s, 4H, ArH), 6.82-7.45
(s, 8H, ArH) T3CNMR (DMSQO): 6§ = 35.12 (d, Ar-CHo-Ar), 119.05-126.62 (s,
ArC), 128.21-137.48 (s, ArC), 167.12 (s, C=0). Anal. calcd. for CH30N¢O12:
C. 61.07%; H, 3.84%; N,10.68%. Found: C, 61.48%; H, 3.55%; N, 10.72%
CC4AHA

mp 239-241°C, IR (KBr): v = 3185, 1635, 1350, 20 cm-!. 'H NMR (DMSQ): 6 =

10.70 (s, 2H, NOH), 9.00 (s, 4H, ArOH), 4.26 (d, 4H, J=12.9 Hz, ArCH,Ar), 3.82
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(d, 4H, J=12.9 Hz, ArCH2Ar), 7.70 (s, 4H, ArH), 7.82 (s, 4H, ArH), 6.82-7.40 (s,
10H, ArH) 13CNMR (DMSO):

6 = 35.12 (d, Ar-CHz-Ar), 116.05-120.62 (s, ArC), 127.18-134.80 (s, ArC),
166.07 (s, C=0). Anal. calcd. for C4gH32N4O1¢: C, 62.61%; H, 3.50%; N, 6.08%.
Found: C, 62.75%; H, 3.45%; N, 6.01%

TCC6HA

mp 219-222° C, IR (KBr): v = 3185, 1635, 1350, 920 cm-'.'H NMR (DMSO): 6 =
10.28 (s, 2H, NOH), 9.90 (s, 4H, ArOH), 4.44 (d, éH, J=13.5 Hz, ArCHAr), 3.85
(d, 6H, J=13.5 Hz, ArCH2Ar), 7.45 (s, 8H, ArH), 7.51 (s, 4H, ArH), 7.60 (s, 4H,
ArH), 7.17 (s, éH, ArH), 10.32 (s, 4H, COOH), 8.01 (br s, 3H, NH), 3.40 (s, 4H,
CH2CH20Ar), 13CNMR (DMSO): 6 = 34.63 (d, Ar-CHz-Ar), 120.20-125.52 {s,
ArC), 127.26-134.94 (s, ArC), 166.86 (s, COOH), 167.73 (s, C=0). Anal.
calcd. for C72H7105N1s: C, 66.81%; H, 5.53%; N, 5.41%. Found: C, 66.75%; H,

5.60%:; N, 5.57%.

CONCLUSION

The microwave assisted synthetic procedures is developed for
calixarene derivatives which gives better yield, purity and time saving. It is

also solvent free and preventing the waste.
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Chapter lll

Extraction, Preconcentration, Separation,
Transportation and Recovery of Niobium(V) and
Tantalum(V) and their Trace Determination by
Inductively-Coupled Plasma-Mass Spectrometry

(ICP-MS)
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ABSTRACT

Solvent extraction, separation, preconcentration and recovery of
niobium and tantalum is reported. Niobium and tantalum are
extracted effectively with 5,17-dinitro-25,26,27,28-tetrahydroxy-11,23-
calix[4]arene-bis-[pyridyl hydroxamic acid] (pyridine-calix[4]arene
hydroxamic acid) (PC4AHA) from 8M and 10M acidic agueous
solutions, respectively. The transport study of niobium and tantalum ions
through a supported liquid membrane has been carried out. Factors
affecting extraction viz., influence of molarity of acid, extractant
concentration, diverse ions is discussed. The final extracts of niobium
and tantalum complex were directly inserted in the plasma for ICP-MS
measurement which enhances the sensitivity. Niobium and tantalum

were determined in certified samples.
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INTRODUCTION

Niobium and tantalum have very similar chemical properties,
radii, and they occur in the same oxidation state /1/. Both metals are
important components in alloys, semiconductors and superalloys.
Niobium is an important because it has a low neutron cross section and
is used in fuel element cladding. Addition of niobium to low chromium
steels improves the toughness, weld ability, ductility and resistance to
oxidation. Niobium in the form of ferroniobium is used worldwide, mostly
as an alloying element in steels and in superalloys for such applications
as jet engine components, rocket subassemblies, and heat-resisting
and combustion equipment /2/. Tantalum is ductile, easily fabricated,
highly resistant to corrosion by acids (used in the manufacture of
hydrochloric acid), a good conductor of heat, electricity and has a
high melting point. Major uses for tantalum capacitors include
portable telephones, pagers, personal computers, and automotive
electronics. It finds usage in tools for dentistry and surgery /3/.

There are number of analytical techniques reported for
determination of trace amounts of niobium and tantalum viz,
inductively coupled plasmao-mass spectrometry (ICP-MS) /4-9/,
inductively coupled plasma-atomic emission spectrometry (ICP-AES)
/10-11/, reversed-phase high performance liquid chromatography (RP-
HPLC) /12-15/, graphite furnace atomic absorption spectrometry

(GFAAS) /16/, flow injection combined with inductively coupled
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plasma optical emission spectroscopy (FILICP-OES) /17/. instrumental
neutron activation analysis (INAA) /18/, laser ablation inductively
coupled plasma time of flight mass spectrometry (LA-ICP-TOF-MS) /19/,
capillary electrophoresis /20-22/. The most common reagents 4-(2-
pyridylazo)resorcinol (PAR) /22/, N-benzoyl-N-phenylhydroxylamine /9/,
2-(5-bromo-2-pyridylazo)-5-diethylamino phenol (5-Br-PADAP) /23/.
Alamine 336 /24,30/, sulfinylcalix[4]arene /25/, 2-(2-Thiazolylazo)-5-
diethylaminophenol (TA-DAP) /26/, tetrabutylammonium bromide /27/,
dibenzo-18-crown-6 /28/, ftri-butylphosphate /29-32/, N-cinnamoyl-N-
2,3-xylylhydroxylamine and thiocyanate /33/, N-a-
phenylstyrylacrylohydroxamic acid /34/, octanol /35-37/ and 2-(5-nitro-
2-pyridylazo)-5-diethylamino phenol (5-NO2-PADAP) and tartaric acid
/38/, dowex 1X8 resin /39/ and 4-(5-nitro-pyridylazo)resorcinol (5-NOo-
PAR) /12/ have been reported for the determination of niobium and
tanftalum.

It seems that the allowance amounts of potential interference
metal ions was not discussed in detail in a better sensitivity which used
to analyze trace amounts of niobium and tantalum in geological
material. Therefore, it is necessary that the further study for the
determination of trace amounts of niobium and tantalum in different
samples should be carried out.

Calixarene have achieved considerable importance as
analytical reagents of the separation and determination of several
metal ions /40-53/. The introduction of hydroxamic acid groups into the
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calixarene may enhance the extraction efficiency of the reagent. The
method is required UV-Vis spectrophotomter instead of a costly
instrument. The sample preparation is simple. So there is no requirement
to establish a sophisticated laboratory. This method is better than the
other methods because it is low cost, low maintenance and very

simple.

EXPERIMENTAL

Standard Solutions & Reagents

All the chemicals used were of analytical grade obtained from
Sigma-Aldrich or Merck. Deionised double distiled water was used,
which was further purified by a Milipore Milli-Q water purification
system. A 2.88 x 10> M standard niobium solution was prepared by
fusing niobium pentoxide with potassium bisulphate and dissolving the
fused mass in 1 M tartaric acid. A standard 2.42 x 10> M tantalum
solution was prepared by fusing tantalum pentoxide with potassium
bisulphate and finally dissolving the fused mass in 1T M ammonium
oxalate. Final concentration of solutions determined spectrophoto-
metrically /12/. 5,17-dinitro-25,26,27,28-tetrahydroxy-11,23-calix[4]are-
ne-bis-[pyridyl hydrox-amic acid] (pyridine-calix[4]Jarene hydroxamic
acid) (PC4AHA) (Figure 1) was synthesized as described in Chapter 2.
1.27 x 103 M stock solution of PC4AHA was prepared in n-octanol for

niobium and in dichloromethane for tantalum.
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PC4AHA

Figure 1 Pyridine-calix[4]arenehydroxamic acid (PC4AHA)

Apparatus

Spectra  were recorded on a JASCO-980 UV-Vis-NIR
spectrophotometer with matching 10 mm quartz cells. A Plasma Scan
Model 710 sequential Inductively Coupled Plasma with Plasma Scan
multitasking computer and peristaltic pump was used. Thermo Jarrell-
Ash Corporation, Franklin, MA, USA, POEMS mass spectrophotometer
with a Fassel torch, a concentric glass nebulizer and cryogenic spray
chamber was used. The optimized instrumental conditions are

summarized in Table 1.
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Table 1 Optimized instrumental conditions for ICP-MS

Instrumental parameters ICP-MS

ICP Plasma Argon
Forward Power 1.35 KW
Reflected Power <IOW
Gas flow (L/min)

Coolant 16

Carrier 0.70

Auxiliary 0.30
Nebuliser Pressure 2 bar
Solution uptake rate 0.8 mL/min
Sampler cone aperture I mm
Skimmer cone aperture 0.7 mm
Mass No.

Nb 93

Ta 181

Extraction Procedure for Niobium

An aliquot of the 2.95-53.19 ug niobium(V) was transferred into a
60 ml separatory funnel. Molarity of aqueous phase was maintained at
10 M for niobium by adding appropriate amount of acid solution. The
mixture was there after shaken with 8 ml of 0.1 % (w/v) n-octanol
solution of PC4AHA reagent for 2 min. The organic phase was
separated, dried over anhydrous sodium sulphate and transferred into
a 25 ml volumetric flask. To ensure the complete recovery of the metal
ions, the extraction was repeated with 2 ml of PC4AHA reagent
solution. The sodium sulphate was washed with 2 x 2 ml of n-octanol
and the combined extracts and washing were diluted to the mark with

n-octanol. The absorbance of the extract was measured against the
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reagent blank. The organic extract was also directly inserted to plasma

for ICP-MS measurements.

Extraction Procedure for Tantalum

An aliguot of the 5.35-26.75 pg tantalum(V) were transferred into
a 60 ml separatory funnel. Molarity of aqueous phase was maintained
at 8 M for tantalum by adding appropriate amount of acid solution.
The mixture was there after shaken with 2 ml of 0.1 % (w/v)
dichloromethane solution of PC4AHA reagent for 5 min. The organic
phase was separated, dried over anhydrous sodium sulphate and
transferred into a 25 ml volumetric flask. To ensure the complete
recovery of the metal ions, the extraction was repeated with 2 ml of
PC4AHA reagent solution. The sodium sulphate was washed with 2 x 2
ml of dichloromethane. Then add 5.0 ml of 0.01% crystal violet solution
to the combined extracts and washing. The solution was diluted to the
mark with dichloromethane. The absorbance of the extract was
measured against the reagent-crystal violet blank. The organic extract

was also directly inserted to plasma for ICP-MS measurements.

Transport Condition

Source phase aqueous 10 ml of 1T0M niobium solution, 10ml of 8M
tantalum solution and 20mlI membrane phase with 1.27 x 103 M
PC4AHA solution as carrier were taken in a specially fabricated glass
membrane assembly and stired with teflon coated magnetic and

mechanical stirrer. The receiving phase was 20 ml of 0.1 N HCI.
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/ Mechanical Stirrer

Source Phase

Liquid Membrane
Phase

Recieving Phase

Magnetic Stirrer

Figure 2 Membrane cell for the transport of niobium & tantalum

RESULT AND DISCUSSION

The niobium(V)-PC4AHA complex is colorless and has a
maximum absorbance at 352 nm with molar absorpftivity 1.90 x 105 L
min-1 cm-!. Violet colored tantalum(V)-PC4AHA-Crystal Violet complex
has maximum absorbance at 579 nm with molar absorptivity 8.74 x 105
L mol' cm-1.The reagent blanks do not absorb at these wavelengths.
Under the optimum conditions, the calibration curves are linear over
the concentration range of 2.95-53.19 ug ml! for niobium(V) and 5.35-
26.75 ng ml! for tantalum(V). For the tfrace determination, the extracts
were directly inserted into plasma for ICP-MS measurements which
enhances the sensitivity to several times having the determination limits
of 2.0 ng ml! for niobium and tantalum.
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Influence of molarity

Niobium(V) and tantalum(V) were extracted with PC4AHA at
different molarity (Table 2-3). It was observed that maximum extraction
(%E) was found for niobium(V) and tantalum(V) at 9.5-10.5 M and 7.5-
8.5 M, respectively. (Table 2-3). It was found that 4 min. of shaking time
is sufficient for the quantitative extraction of niobium(V) and
tantalum(V). The exitracted complexes were stable for 15-20 h. For
further extraction study is carried out at 10M and 8M for niobium and

tantalum respectively.

Table 2 Influence of molarity on the extraction of Niobium(V)-

PC4AHA complex
Niobium(V) : 591 pg mH PC4AHA :v(\))ml [1.27>10°
Solvent : n-Octanol Amax : 352 nm
Extraction e*
Molarity
VA (L mol-' cm-1)
5.0 NE NE
6.0 22.45 426 x 104
7.0 41.96 7.97 x 104
8.5 68.23 1.29 x 105
9.5 99.99 1.90 x 105
10.0 99.99 1.90 x 105
10.5 99.99 1.90 x 10°
11.0 82.37 1.54 x 105

Note: ¢€* = molar absorptivity; NE= no extraction
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Table 3 Influence of molarity of acid on the extraction of tantalum(V)-
PC4AHA-Crystal violet complex

PC4AHA . 4ml(1.27 x 103

Tantalum(V) : 10.7 ug ml-! M)
Solvent . Dichloromethane (\:/riésl:l : 5mi (0.01%)
Amax ; 579 nm
Extraction £*
Molarity
% (L mol-' cm-1)
6.0 53.85 1.71 x 104
7.5 99.99 8.73 x 105
8.0 99.99 8.73 x 105
8.5 99.99 8.74 x 105
9.0 74.83 6.47 x 105
10.0 62.49 5.58 x 105
11.0 37.22 2.89 x 105

Note: €* = molar absorptivity; NE = no extraction
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Influence of reagent concentration

The influence of the PC4AHA concentration was studied by

extracting a fixed amount of niobium(V) and tantalum(V) with varying

concentration of PC4AHA (Table 4-5). It was found that 10 ml and 3 m

of 1.27 x 103 M PC4AHA was adequate for the complete extraction of

niobium(V) and tantalum(V). The lower concentration of PC4AHA gives

incomplete extraction while a large excess of the reagent can be used

without any difficulty.

Table 4 Influence of reagent concentration on Niobium(V)-
PC4AHA complex
Niobium(V) 5.91 pug ml-! Solvent n-Octanol
Molarity 10M Amax 352 nm
PC4AHA Niobium Conc. (M)
-log [PC4AHA] log Db
(104 M) [Nb]org X 10-5 | [Nb]agq % 10-¢
1.01 3.99 2.70 4.82 0.74
2.03 3.69 2.93 2.52 1.06
3.05 3.51 3.01 1.72 1.24
4.06 3.39 3.05 1.32 1.36
5.08 3.29 3.08 1.02 1.47
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Table 5 Influence of reagent concentration on tantalum(V)-
PC4AHA-Crystal Violet complex

Tantalum(V) ]Or'zl_hjg Solvent Dichloromethane
Molarity : 8 M Amax : 579 nm
PC4AHA Tantalum Conc. (M)
-log [PC4AHA] log Drq

(104 M) [Talorg X 10-5 |  [Talaq * 10-¢
0.51 4.29 1.71 7.13 0.38
1.02 3.99 2.03 3.88 0.72
1.52 3.81 2.14 2.76 0.89
2.03 3.69 2.21 2.07 1.03

Influence of solvent

The extraction was carried out with different solvents viz. chloroform,

dichloromethane, benzene, toluene, iso-amyl alcohol and n-octanol.

Amongst the solvent used, n-octanol and dichloromethane are found

to be the most adequate solvent for the quantitative analysis of

niobium(V) and tantalum(V), respectively (Table 6-7).
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Table 6 Influence of Solvent on the extraction of Niobium(V) with
PC4AHA-Crystal Violet

Niobium(V) : 5.91 uyg ml! Molarity : T0 M
Extraction &* (L mol' cm-)
Solvent %
Nb(V) Nb(V)
Benzene NE NE
Toluene NE NE
Dichloromethane 56.39 1.07 x 10°
Chloroform 60.72 1.15x 105
Iso-amyl alcohol 69.84 1.32 x 105
n-Octanol 100.00 1.90 x 10°

Note: ¢* = molar absorptivity; NE = No Extraction
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Table 7 Influence of Solvent on the extraction of Tantalum(V) with

PC4AHA-Crystal Violet

Tantalum(V) : 10.7 yg ml! Molarity : 8 M
Extraction | &€* (L mol'' cm-
Solvent % )
Ta(V) Ta(V)
Benzene NE NE
Toluene NE NE
Dichloromethane 100.00 8.74 x 105
Chloroform 85.23 7.21 x 10°
Iso-amyl alcohol 78.83 8.85 x 10°
n-Octanol 87.21 7.15 x 10°

Note: €* = molar absorpftivity; NE = No Extraction

Stoichiometry of the complex

The stoichiometry of the complex was established slope ratio
method was employed viz. by plotting a graph of logarithm of metal
distribution ratio (log Dm) against the negative logarithm of the
concentration of ligand (-log C), which shows the formation of 1:1
Metal : PC4AHA complex for niobium(V) and tantalum(V) with a slope
1.00 (Figure 3-4). Above method confirms that one molecule of ligand

is required for one mole of niobium(V) and tantalum(V).

The extraction of niobium(V) and tantalum(V) with PC4AHA can
be represented as,

NbOCL,; + 2 HAqy, < [(NDOA,)Cl]yy, + 2 HCl,o, (1)

aq] org] org
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TaOCly,,, + 2HA,,, < [(TaOA,)Cl],,, + 2 HCl, ceen(2)

3[aq org]

Where, 2 HA stand for one PC4AHA molecule.

The extraction constant Kex can be given

_ [MA, 1Clorg) X [H T
* [M ]3+[aq] X [HA]Z

[org]

(3)

Dwm is metal distribution ratio between organic and aqueous phases

given as,

ARy (4)

D
Y IMT,
Where, the subscripts [ag] and [org] are aqueous and organic phases,

respectively.

The distribution constant of the PC4AHA can determined by
shaking mechanically for 10 min. a series of solution of PC4AHA with the
same volume of aqueous phase of opfimum molarity. After phase
separation, the absorbance of the organic phase can be measured at

The }\.mox.
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Figure 3 Influence of reagent concentration on the stoichiometry of
niobium(V)-PC4AHA complex
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Figure 4 Influence of reagent concentration on the stoichiometry of
tantalum(V)-PC4AHA complex

Influence of diverse ions

In order to examine the utility of the present method the effect of

various cations and anions in the separation and determination of

74



niobium and tantalum was studied. Interference studies were made by
measuring the absorbance of the extracted organic phase and also
by making the measurements by ICP-MS of both the extract as well as
aqgueous phase. The tolerance limit was set as the amount of foreign
ion causing a change of absorbance of 0.020% on absorbance or 2.1%

error in the recovery of titanium, zirconium and hafnium.

Table 8 Influence of diverse ions on niobium(V)-PC4AHA complex
Niobium(V) 10 pg ml-! Solvent n-Octanol
Molarity : 10M Amax 352 nm
Niobium found (pg ml-1)
Foreign Amount

ion added (mg) Spectropyhotome'rr ICP-MS
Nb5+ - - -
Ag* 40 9.98 £0.03 10.002 + 0.002
Cot 40 9.97 £0.04 10.000 £ 0.005
Cozt 40 10.02 £ 0.01 9.997 £ 0.001
Caz 35 10.03 £0.03 9.999 £ 0.003
In2t 40 9.98 £0.05 10.003 + 0.002
Mn2+ 30 10.02 £ 0.04 10.002 + 0.002
Cu2+ 40 9.97 £0.02 9.998 £ 0.004
Hg? 40 9.99 £ 0.04 10.005 +0.001
Sn2+ 30 10.02 £ 0.01 10.003 + 0.003
Al3+ 40 9.95+0.01 9.998 £ 0.001
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Fesd+ 35 9.99 £0.02 9.997 £0.002
As3* 45 10.03 £0.04 10.001 +£0.002
Fe2* 40 9.96+0.05 10.004 £ 0.003
Ni2* 40 9.99 £0.02 10.004 £ 0.004
Ti4* 40 10.01 £0.01 10.003 + 0.005
Ira+ 35 10.00 £ 0.03 10.005 + 0.005
Vo* 35 9.98£0.02 9.997 £0.003
Cl 45 9.97 £0.05 9.999 £0.002
NOs- 45 9.99£0.05 10.000 £ 0.003
(3 45 9.96 +£0.05 9.998 £ 0.003
SO4Z~ 45 9.99 £0.04 10.001 +0.003

Niobium added 10 pg ml™

Table 9 Influence of diverse ions on tantalum(V)-PC4AHA-Crystal
Violet complex

Tantalum(V) : 10 ug ml! Solvent : Dichloromethane

Molarity : 8M Amax : 579 nm

Tantalum found (ug mi-1)
Foreign Amount
ion added (mg) | Spectrophotomet ICP-MS
ry

Ta - - -

Ag* 35 10.01 £0.04 9.997 +£0.003
As3* 40 9.98 £0.02 9.999 +0.002
Be2+ 30 9.98 £0.05 9.998 +0.002
Mg?* 40 9.97 £0.03 10.002 £ 0.002
Ca?* 45 10.03 £ 0.03 10.003 + 0.003
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Sn2+ 40 9.99 £0.01 10.001 +0.003
Cdz 40 10.00 £ 0.03 10.002 + 0.004
Co? 35 10.05 £ 0.04 9.998 £0.001
Cu?* 35 9.96+0.02 9.999 £0.003
Cr3* 35 10.03 £0.05 9.997 £0.002
Hg? 40 10.01 £0.03 9.998 £ 0.002
Niz+ 40 9.97 £0.01 10.003 + 0.003
Fe3d+ 50 9.98 £0.02 10.002 £ 0.004
MnZ+ 50 10.01 £0.01 9.997 £0.004
In2+ 50 10.06 £0.06 10.001 £ 0.002
Ti4+ 40 10.02 £ 0.04 10.003 + 0.002
V5t 40 9.99 £0.01 9.997 £0.003
Mos* 40 9.96+0.03 9.998 £0.002
N5+ 40 9.97 £0.04 9.999 £0.005
Ir+* 40 10.03 £0.03 10.003 £ 0.005
Hf4+ 40 10.04 £0.02 10.002 £ 0.005
Cl 50 9.97+£0.04 9.997 £0.005
Br- 50 9.98+0.05 9.998 + 0.004
PO 50 9.98 £0.02 10.002 £ 0.002

Separation and determination of niobium(V) and tantalum(V)

Generally, niobium interferes in the determination of tantalum. In
order to check the accuracy and applicability of the proposed
method, niobium(V) and tantalum(V) have been separated from their
mixture. The separation of niobium(V) and tantalum(V) from their

mixture has been carried out at different molarity.
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The molarity of niobium(V) and tantalum(V) mixture has been
adjusted to 8M and tantalum(V) was extracted and separated with
dichloromethane solution of PC4AHA. The molarity of remained
aqgueous phase containing niobium(V) was adjusted to 10M for the
extraction of niobium(V) using n-octanol solution of PC4AHA. The
organic layer after each extraction was separated and subjected to
ICP-MS for the determination of niobium(V) and tantalum(V) The result
obtained here show that niobium(V) and tantalum(lV) can be
separated without any adverse effect from their mixture. The data is

given in Table 10.

Analysis of the standard samples

To check the validity and reliability of the method the niocbium(V)
and tantalum(V) were separated and determined in standard samples.
The results obtained here are in good agreement with the certified

values (Table 11).

Transport of niobium and tantalum

PC4AHA was successfully used as a carrier for the selective and
efficient transport of tantalum(V) and niobium(V) across a bulk liquid
membrane of dichloromethane. The assembly used for the study and
experimental condition is described in the initial part of this chapter.

Niobium and tantalum concentration in the aqueous phase was
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determined by ICP-MS. The niobium and tantalum ions are absorbed
info the membrane due to complex formation with PC4AHA at the
interface between the membrane and receiving solution where
niobium and tantalum ions are released to aqueous phase due to the
stripping action of 0.1 N HCI. The free carrier diffuses back to the
interface at the feed side to form another complex with available fresh
ions. The effect of molarity variation of the feed solution on the
permeation of niobium and tantalum is also studied. At low molarity the
niobium and tantalum complexation with PC4AHA does not take
place. The effect of molarity of the receiving solution on the
permeation of niobium and tantalum was also studied and data
showing that niobium and tantalum strips out quantitatively at lower
molarity (0.1 N HCI). The concentration of PC4AHA in the membrane
phase conftrols the transportation of niobium and tantalum. No
movement of niobium and tantalum was observed unless a carrier
PC4AHA used. Maximum transportation of niobium and tantalum was
observed at 26 minutes with 112 equal to 13.2 min and 19 minutes with

t12 equal to 9.3 min (Figure 5).
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Figure 5 Transportation of niobium(V) and tantalum(V) by PC4AHA

Table 10 Determination of niobium(V) and tantalum(V) from their

mixture
Mixture of Niobium(V) founde® Tantalum(V) founde
Nb(V) +
Ta(V) (ng mi) Recovery . (ng mi) Recover .
T y %
(ng mi-1)
10+10 19974002 997 | 005 | 999+003 | 999 | 008
10+5 ]%%Li 1001 | 006 | 501+005 | 1002 | 0.06
5+10 | 499+002| 998 | 008 | 998+003 | 998 | 007
10 + 20 ]%%251 1002 | 008 | 2002+003 | 100.1 | 0.08
10 + 30 ]%%gi 1001 | 007 | 2998+005 | 999 | 0.07

Note: @ The results are average of 10 determinations; R = reproducibility
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Table 11  Determination of niobium and tantalum in standard samples

Certified Founde (ppm)
Standard samples Value
(ppm) Spectrophotometry ICP MS
Nb(V) 19.00 19.02 £0.03 19.003 £ 0.005
BHVO-1b
Ta(V) 1.23 1.20£0.04 1.213 £ 0.002
Nb(V) 40.00 40.01 £0.05 39.998 £ 0.004
GSR-1¢
Ta(V) 7.20 7.19£0.03 7.203 £ 0.005
Nb(V) 5.90 5.92+0.05 5.897 £ 0.002
GSR-4d
Ta(V) 0.42 0.42+0.05 0.423 £ 0.003
Sea Water
Apollo Nb(V) - 0.19£0.03 0.192 £ 0.005
Bunder 14 i 0.21 % 0.04 0.212+0.003

Note: @ The results are average of 10 determinations

Reference geological materials were used:
b Basalt, NIST, Gaithersburg, MD, USA
cd Granite, Institute of Rock and Mineral Analysis, Beijing, China

Preconcentration and Recovery

A preconcentration study was carried out with about 5 pg of
niobium and tantalum in 1000 mL aqueous phase by extracting 10
times each 100 mL of aqueous phase with same 10 mL of ligand
solution. (The niobium and tantalum gets concentrated in 10 mL of
ligand solution). For the evaluation of the efficiency of
preconcentration, express as recovery, the concentration of niobium

and tantalum in organic phase and remaining in aqueous phase was
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measured by ICP-MS against calibrated standard solution in n-octanol

and dichloromethane. The recovery % R, was calculated from

[As,, — As]

R% = x100

td

where Assig is the absorbance value for sample containing known
amount of standard niobium and tantalum added to sample solution
prior to the extraction. Asiq is the absorbance value for the standard in
organic phase with the same analyte concentration as the standard
addition and As is the absorption value for the sample. The results are

given in Table 10.

CONCLUSION

The present method describes a new extractant PC4AHA is used
for the sequential separation and determination of niobium(V) and
tantalum(V) in frace amounts from different samples. The application
of new extractant is development which tends to aid and promote
supramolecular host-guest complexation and will undoubtedly further
stimulate the development of more efficient and selective extraction

systems.
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Chapter IV

Calixarene Hydroxamic Acid for Extraction,
Separation, Recovery, Preconcentration, Speciation
and Transport of Titanium, Zirconium and Hafnium by

Inductively-Coupled Plasma-Mass Spectrometry

(ICP-MS)
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Abstract

A solvent extraction and separation of fitanium, zirconium and hafnium
with coumarin-calix[4]arene hydroxamic acid (CC4AHA) is described.
Quantitative extraction of titanium, zirconium and hafnium is possible in
dichloromethane solution of CC4AHA at 6.0, 8.0 and 0.6 molarity. The
binding ratio of titanium, zirconium and hafnium with CC4AHA is 1:1.
The trace determination was achieved by directly aspirating the
extract for ICP-MS measurements. A liquid membrane transport study of
titanium, zirconium and hafnium was carried out from source to the
receiving phase under controlled conditions. The synthesized chelating
extractant was tested for simultaneous separation of fitanium,
zirconium and hafnium mixtures. The validation of the procedure was

performed by the analysis of certified standard reference materials.
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Infroduction

Determination of trace amounts of titanium is of great interest
because of its increasing industrial applications and extensive uses in
catalysts, paint, pigments and corrosion inhibitors /1/. It is valuable
alloying agents and coexists in a number of industrially important alloys
and steels /1/. Which are used principally in missile, aircraft parts and
flament material in electrical applications where lightweight, strength
and ability fo withstand exiremes of temperature are important /2/.
Various analytical techniques used for the determination of titanium in
different types of matrices include neutron activation analysis /3.,4/
inductively coupled plasma atomic emission spectrophotometry /5,6/,
X-ray fluorescence [/7,8/ and spectrophotometry /9-14/, etc.
Spectrophotometry occupies special position due to their simplicity. A
number of chromogenic extractants, such as O,0’-bis(2-
ethylhexyl)dithiophosphoric acid, isothipendyl hydrochloride, pipazet-
hate hydrochloride, 3,4-dihydroxybenzoic acid, 2-(2'-furyl)-3-hydroxy
chromone, N-hydroxy-N,N’-diphenylbenzamidine have been reported
for the determination of titanium at trace levels /15-19/.

Zirconium most commonly occurs with hafnium. It is used in the
nuclear industry as a shielding material, in metal alloys, as catalyst in
organic reactions in manufacture of water repellent textiles, in dyes
pigment and ceramics /46/. The chemistry of zirconium and hafnium

are more nearly identical as they have almost identical atomic and
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ionic radii /21/. Thermal neutron absorption cross section of hafnium is
nearly 600 times that of zirconium and because of its ability to absorb
neutrons it is used to make conftrol rods for nuclear reactors /22/.
Hafnium also has excellent mechanical properties and exceptional
corrosion-resistance properties /31/. Hafnium is used as a heavy metal,
in nickel-based super alloys, nozzles for plasma arc metal cutting, and
high-temperature ceramics /36/. Hafnium compounds are toxic
although initial evidence would appear to suggest that the danger is
limited but the metal dust presents a fire and explosion hazard /37/.
Overexposure to hafnium and its compounds could cause mild
irritation of the eyes, skin, and mucous membranes /37/. Due to vital
importance of zirconium and hafnium, a number of analytical
techniques has been reported in literature /23-39/. Several extractants
such as quinalizarine  /28,54/,  N,N-bis(a-methyl-salicylidene)-
dipropylenetriamine /31/, calconcarboxylic acid /38/, 2-ethyl hexyl
phosphonic acid mono-2-ethyl hexyl ester (PC-88A) /40/, cyanex 302
/41/, cyanex 925 /42/, dibutylsulfoxide /43/, LIX 84-IC (2-hydroxy-5-
nonylacetophenoneoxime) /44,51/, 2-(5-bromo-2-pyridylazo)-5-
diethylaminophenol (5-Br-PADAP) /45,60/, cyanex 272 /[46/, di-2-
ethylhexylphosphoric acid (D2EHPA) /47/, Tri-n-octylamine (TNOA) and
trioctylmethyl ammonium chloride (Aliquat 336) /48/, 2-ethyl hexyl
phosphonic acid mono-2-methyl hexyl ester (PC-88A) /49/, versatic
Acid 10 /50/, p-tert-butylthiacalix[4]arene /52/, thiosubstituted
organophosphorus acids cyanex 301 and 302 /53/, poly(acrylphenyl-
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amidrazone-phenyl-hydrazide-acylphenylhydrazine) /55/, N,N,N’,N’-
tetraoctyl-3-oxa-pentane-1,5-diamide (TODGA) /56/ ., thenoyltrifluoro-
acetone /57/, 4-acylbis(1-phenyl-3-methyl-5-pyrazolones) /58/, thoron
/59/, poly(acryldinitrophenylamidrazone dinitroacrylphenylhydrazine)
/61/ and xylenol orange modified resin /62/ have been reported in
literature.

The extractant 7,8-dinhydroxy-4-methylcoumarin /20/- though re-
ports higher sensitivity, but the conditions of colour reaction, such as pH
and surfactant concentration must be strictly controlled in order to
obtain reliable results. Most of the reported methods suffer from a
number of limitations, such as tedious and time consuming extraction
/10-12/, preconcentration using an ion-exchanger resin /14,15,24,62/,
preparation of electrode /31,59/, preparation of column /55,56,60,61/,
reduction to lower oxidation state, followed by colour development
and extraction /16/. It is necessary to develop a new method which is
simple, rapid and highly sensitive.

A survey of the literature showed that very less work has been
reported with calixarene and in particular with calix hydroxamic acid
for the extraction of titanium, zirconium and hafnium. Infroduction of
hydroxamic acid on calixarene will enhance the affinity of metal ion
towards the extractant. By keeping this in view, an alternate extractant
for the selective exiraction, separation and trace determination of
titanium, zirconium and hafnium from acidic solutions has been
developed.
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EXPERIMENTAL

Standard Solutions & Reagents

All the chemicals used were of analytical grade obtained from Sigma-
Aldrich or Merck. Deionised double distilled water was used, which was
further purified by a Millipore Milli-Q water purification system.
Titanium(IV) stock solution was prepared by heating 0.06191 g of
titanium dioxide with sulphuric acid and ammonium sulphate and
finally diluted to 250 ml with double distiled water. Its final
concentration (3.14 x 103 M) was determined by spectrophotometry
/63/. Zirconium(lV) stock solution was prepared by dissolving 0.0339 g
zirconyl nitfrate hydrate in 8 ml of dilute nitric acid and diluted up to 100
ml with double distilled water. Its final concentration (0.98 x 103 M) was
determined spectrophotometry /64/. A stock solution of hafnium was
prepared by heating 0.022 g of hafnium dioxide in a platinum crucible
with 1T ml of 40% hydrofluoric acid and 5 ml of water. The contents were
evaporated to dryness, the residue was moistened with sulphuric acid
and evaporation was continued until dense white fumes appeared.
The residue was dissolved in 100 ml of 0.2 M perchloric acid and its final
concentration (1.23 x 104 M) was determined spectrophotometrically
/65/.

5,17-Dinitro-25,26,27,28-tetrahydroxy-11,23-calix[4] arene-bis-[cou-

marin hydrox-amic acid] (Figure 1) was synthesized as described in
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Chapter 2. 1.08 x 103 M (0.1 % w/v) stock solution of CC4AHA was

prepared in dichloromethane.

CC4AHA

Figure 1 Coumarin - Calix[4]arene hydroxamic acid (CC4AHA)

Apparatus

Spectra  were recorded on a JASCO-980 UV-Vis-NIR
spectrophotometer with matching 10 mm quartz cells. A Plasma Scan
Model 710 sequential Inductively Coupled Plasma with Plasma Scan
multitasking computer and peristaltic pump was used. Thermo Jarrell-
Ash Corporation, Franklin, MA, USA, POEMS mass spectrophotometer
with a Fassel torch, a concentric glass nebulizer and cryogenic spray
chamber was used. The optimized instrumental conditions are

summarized in Table 1.
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Table 1 Optimized instrumental conditions for ICP-MS

Instrumental parameters ICP-MS

ICP Plasma Argon
Forward Power 1.35 KW
Reflected Power <IOW
Gas flow (L/min)

Coolant 16

Carrier 0.70

Auxiliary 0.30
Nebuliser Pressure 2 bar
Solution uptake rate 0.8 mL/min
Sampler cone aperture I mm
Skimmer cone aperture 0.7 mm
Mass No.

Ti 48

Ir 90

Hf 178

Extraction Procedure

An aliquot of the titanium(lV) [1.72-75 ug] (molarity range 7.5-
8.5), zirconium(lV) [4.5-45 ug] (molarity range 5.5-6.5) and hafnium(lV)
[12.9-116.5 ug] (molarity range 0.2-1.0), respectively were transferred
into a 60 ml separatory funnel. Desired molarity of aqueous phase was
maintained by adding appropriate amount of dilute acid solution. The
mixture was there after shaken with 8 ml of 0.1 % (w/v)
dichloromethane solution of CC4AHA extractant for 8-10 min. The
organic phase was separated, dried over anhydrous sodium sulphate
and fransferred into a 25 ml volumetric flask. To ensure the complete
recovery of the metal ions, the extraction was repeated with 2 ml of

CC4AHA extractant solution. The sodium sulphate was washed with 2 x
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2 ml of dichloromethane and the combined exiracts and washing
were diluted to the mark with dichloromethane. The absorbance of the
extract was measured against the extractant blank. The organic

extract was also directly inserted to plasma for ICP-MS measurements.

Transport of titanium, zirconium and hafnium

Source phase aqueous 10ml of 8M titanium, 10ml of 6M zirconium
solution and 10 ml of 0.6 M hafnium solution and 20 ml of
dichloromethane membrane phase with 1.08 x 103 M CC4AHA as
carrier were taken in specially fabricated glass membrane assembly
and stired with teflon coated magnetic and mechanical stirrer. The

receiving phase was 20 ml of 0.1 N HCI.
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Mechanical Stirrer

/

Source Phase

Liquid Membrane
Phase

Recieving Phase

Magnetic Stirrer

Figure 2 Transport Cell

RESULT AND DISCUSSION

The titanium(IV)-CC4AHA complex is light yellow and has a
maximum absorbance at 420.5 nm with molar absorptivity 3.52 x 104 L
min1 cm-. Colorless zirconium(lV)-CC4AHA complex has maximum
absorbance at 372 nm with molar absorptivity 1.04 x 105 L mol! cm-!.
Colorless hafnium(IV)-CC4AHA complex has maximum absorbance at
335 nm with molar absorptivity 1.97 x 105 L mol' cm-!. The extractant
blanks do not absorb at these wavelengths. Under the optimum
conditions, the calibration curves are linear over the concentration
range of 1.72-75 ug ml! for titanium(lV), 4.5-45 ug ml! for zirconium(IV)
and 12.9-116.5 ug ml! for hafnium(lV). Ten determinations of each 15

ug mlt of titanium(IV), zirconium(lV) and hafnium(lV) solutions gave a
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relative standard deviation of 0.89%, 2.06% and 1.53%, respectively. For
the frace determination, the extracts were directly inserted into plasma
for ICP-MS measurements which enhances the sensitivity to several
times having the detection limits of 1.5, 1.0 and 1.0 ng ml! for titanium,
zirconium and hafnium, respectively.
Influence of molarity and Time

Titanium(IV), zirconium(lV) and hafnium(lV) were extracted with
CC4AHA at different molarity (Table 2-4). It was observed that
maximum extraction (% E) was found for fitanium(lV) between 7.5-8.5
molar, zirconium(lV) at 5.5-6.5 molar and for hafnium(lV) at 0.2-1.0
molar (Table 2-4). It was found that 5-7 min. of shaking time is sufficient
for the quantitative extraction of titanium(lV), zirconium(lV) and

hafnium(IV). The extracted complexes were stable for 15-20 h at 25°C.
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Table 2

Titanium(1V)

Solvent

Influence of molarity on the extraction of fitanium(IV)-

CC4AHA complex

3.45 pg ml-!

Dichloromethane

CC4AHA : 10ml (1.08 x 103 M)

Amax : 420.5nm

Molarity Extraction | €* (L mol-' cm-)
(%)
4.0 15.63 5.50x 103
5.5 49.16 1.73 x 104
6.5 71.28 2.51 x 104
7.5 99.99 3.52 x 104
8.0 99.99 3.52 x 104
8.5 99.99 3.52 x 104
9.0 80.72 2.80 x 104
10.0 63.43 2.23 x 104
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Table 3 Influence of molarity on the extraction of zirconium(IV)-

CC4AHA complex
Zirconium(lV) : 9.0 pg ml! CC4AHA : 10mI(1.08 x 103 M)
Solvent : Dichloromethane  Amax : 372 nm
Molarity Extraction &* (L mol-'' cm-1)
(%)

2.0 21.61 2.24 x 104

3.0 59.38 6.17 x 104

4.5 84.15 8.75 x 104

5.5 99.99 1.04 x 105

6.0 99.99 1.04 x 105

6.5 99.99 1.04 x 105

7.0 73.22 7.8 x 104

8.0 60.84 6.27 x 104

€* = molar absorptivity
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Table 4 Influence of molarity on the extraction of hafnium(IV)-CC4AHA

complex
Hafnium(lV) o 259 uyg ml CC4AHA : 10ml (1.08 x 103 M)
Solvent . Dichloromethane  Amax : 335nm
Molarity Extraction ¢* (L mol-'' cm)
(%)

0.01 24.22 0.43 x 105

0.1 69.43 1.26 x 105

0.2 99.99 1.96 x 105

0.6 99.99 1.97 x 105

1.0 99.99 1.97 x 105

1.5 81.28 1.45 x 105

2.0 47.51 0.85 x 105

€* = molar absorptivity
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Influence of reagent concentration

The influence of the CC4AHA concentration was studied by
extracting a fixed amount of titanium(IV), zirconium(lV) or hafnium(lV)
with varying concentration of CC4AHA (Table 5-7). It was found that a
10 ml of 1.08 x 103 M CC4AHA was adequate for the complete
extraction of titanium(lV), zirconium(lV) and hafnium(lV). The lower
concentration of CC4AHA gives incomplete exiraction while a large

excess of the extractant can be used without any difficulty.

Table 5 Influence of reagent concentration on fitanium(lV)-CC4AHA

complex
Titanium(lV) @ 3.45 ug ml- Solvent : Dichloromethane
Molarity X 8M Amax : 420.5 nm
CC4AHA -log Titanium Conc. (M)
log Dri
(104 M) [CCAAHA] 11 o x 105 | [Tilaq x 10°5
0.86 4.06 6.52 0.68 0.97
1.73 3.76 6.85 0.35 1.28
2.60 3.58 6.97 0.24 1.46
3.47 3.45 7.02 0.18 1.58
4.34 3.36 7.20 0.14 1.69
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Table 6

Influence of reagent concentration on zirconium(lV)-

CC4AHA complex
Zirconium(IV) 9.0 pg ml! Solvent : Dichloromethane
Molarity 6M Amax : 372 nm
CC4AHA -log Zirconium Conc. (M)
log Dz
(104 M) [CCAAHA] "7/ %x 105 | [Zr]aq x 106
0.86 4.06 9.37 4.96 1.27
1.73 3.76 9.59 2.76 1.54
2.60 3.58 9.70 1.66 1.76
3.47 3.45 9.74 1.26 1.88
4.34 3.36 9.76 1.06 1.96
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Table 7 Influence of reagent concentration on hafnium(IV)-CC4AHA

complex
Hafnium(IV) 25.9 yg ml- Solvent Dichloromethane
Molarity 0.6 M Amax 335nm
CC4AHA -log Hafnium Conc. (M)
log D
(104 M) [CCAAHAT  IHf1oo x 104 | [Hflaq X 10°¢
0.86 4.06 1.13 9.85 1.06
1.73 3.76 1.17 5.26 1.35
2.60 3.58 1.20 3.29 1.56
3.47 3.45 1.21 2.46 1.69
4.34 3.36 1.22 2.05 1.77

Influence of solvent

The extraction was carried out with different solvents viz.

chloroform, carbon tetrachloride, dichloromethane, benzene, toluene,

iso-amyl alcohol and dichloromethane.

Amongst the solvent used,

dichloromethane is found to be the most adequate solvent for the

quantitative analysis of titanium(lV), zirconium(lV) and hafnium(IV)

(Table 8-10).
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Table 8 Influence of solvent on the extraction of titanium(IV) with

CC4AHA
Titanium(lV) : 3.45 ug ml! Molarity : 80M
Solvent Extraction £* (L mol-'' cm-1)
(%)
Benzene NE NE
Toluene NE NE
Iso-amyl alcohol 52.7 1.86 x 104
n-Octanol 54.3 1.91 x 104
Chloroform 78.2 2.76 x 104
Dichloromethane 99.9 3.52 x 104

Note: €* = molar absorptivity; NE = No Extraction
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Table 9 Influence of Solvent on the extraction of zirconium(IV) with

CC4AHA

Zirconium(lV) : 2.0ugml’  Molarity : 6.0M

Solvent Extraction £* (L mol-'' cm-1)
(%)
Benzene NE NE
Toluene NE NE
Iso-amyl alcohol 46.77 486 x 104
n-Octanol 52.91 5.50 x 104
Chloroform 83.76 8.71 x 104
Dichloromethane 99.9 3.52 x 104

Note: ¢* = molar absorptivity

NE = No Extraction
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Table 10 Influence of Solvent on the extraction of hafnium(IV) with

CC4AHA
Hafnium(lV) : 25.9 ug ml! Molarity : 0.6 M
Solvent Extraction &* (L mol-'' cm-1)
(%)
Benzene NE NE
Toluene NE NE
Iso-amyl alcohol 64.83 1.25 x 105
n-Octanol 57.22 1.12x 10°
Chloroform 73.28 1.43 x 105
Dichloromethane 99.99 1.96 x 105

Note: ¢* = molar absorptivity; NE = No Extraction

Stoichiometry of the complex

The stoichiometry of the complex was established by two
methods. One the slope ratio method was employed viz. by plotting a
graph of logarithm of metal distribution ratfio (log Dm) against the
negative logarithm of the concentration of extractant (-log C), which
shows the formation of 1:1 Metal : CC4AHA complex for titanium(IV),
zirconium(lV) and hafnium(IV) with a slope 1.00 (Figure 3-5). It confirms
that one molecule of exitractant is required for one mole of

titanium(1V), zirconium(lV) and hafnium(lV).
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The extraction of titanium(lV), zirconium(lV) and hafnium(lV) with
CC4AHA can be represented as,

TiOCly, + 2 HA,y, < [(TIOA,)Cl],,,, + 2 HCl, (1)

ZrOCly,,; + 2 HA,,, < [(ZrOA,)Cl],,; + 2 HCl .(2)
H(SO,) sy + 2 HAog < [(HFA,)SO, T + H2S0,0q o..n(3)
Where, 2 HA stand for one CC4AHA molecule.
The extraction constant Kexcan be given

_ VALl Wl (4)

T [MT g x [HAT,

[org]

Dwm is metal distribution ratio between organic and aqueous phases

given as,
p, = Ml 5)
) [M][S;rq]

Where, the subscripts [ag] and [org] are agueous and organic phases,

respectively.

The distribution constant of the CC4AHA can determined by
shaking mechanically for 10 min. a series of solution of CC4AHA with
the same volume of aqueous phase of optimum molarity. After phase
separation, the absorbance of the organic phase can be measured at

The }Lqu.
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Figure 3 Influence of extractant concentration on the stoichiometry of
titanium(IV)-CC4AHA complex
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Figure 4 Influence of extractant concentration on the stoichiometry of
zirconium(IV)-CC4AHA complex

2.05 1

1.95:

y=-1.004x +5.339
R?=0.997

1.85 -

1.75:-

-log D,

1.65 * Zr(Iv)

1.55 —— Linear (Zr(IV))
1.45

1.35

1.25 T T T T
33 34 35 36 37 38 39 4 4.1

-log [CC4AHA]

109



Figure 5 Influence of extractant concentration on the stoichiometry of
hafnium(IV)-CC4AHA complex
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Influence of diverse ions

In order to examine the ufility of the present method, the
influence of various ions in the separation and determination of
titanium, zirconium and hafnium was studied. Interference studies were
performed by measuring the absorbance of the extracted organic
phase and also by ICP-MS of both the extract as well as agueous
phase. The tolerance limit was set as the amount of foreign ion causing
a change of absorbance of 0.019% on absorbance or 1.80% error in the

recovery of fitanium, zirconium and hafnium.

Titanium, zirconium and hafnium were extracted in presence of
large number of competitive ions at the optimum molarity and none of

them affected the absorbance of titanium, zirconium and hafnium. The
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moderate amount of metal ions associated with titanium, zirconium

and hafnium were tolerated (Table 11-13).

Table 11 Influence of diverse ions on titanium(IV)-CC4AHA complex
Titanium(1V) 15 pug ml CC4AHA 10 ml (1.08 x 103 M)
Solvent Dichloromethane Amax 420.5 nm

verce fon AN GG Titanium Found (pg ml-1)

(mg) Spectrophotometry ICP-MS

Ti4+ - - -
As3* 40 15.02 £0.03 15.002 + 0.004
Be?* 40 15.03 £ 0.04 15.005 +0.003
Mg 50 15.01 +0.05 15.004 £ 0.005
Ca?t S0 14.99 +£0.02 15.002 + 0.004
Snz* 45 14.98 +0.01 14.997 £ 0.004
Cd? 40 15.04 +0.04 15.004 + 0.005
Cu?* 40 14.99 +£0.03 15.003 + 0.004
Cré* 40 15.04 + 0.05 15.001 + 0.003
Hg2* 40 15.02 £0.03 15.002 +0.003
Ni2* S0 15.02+0.03 15.003 + 0.002
Fe2 S0 14.96 +0.04 14.998 +0.005
Fes+ 45 15.03 £ 0.04 14.998 £ 0.004
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Mnz+ 45 15.01 £ 0.02 15.004 + 0.004
Inz+ 45 14.98 £0.03 14.997 £0.004
Al3 40 15.04 +0.02 15.001 +0.003
Vor 40 15.01 £0.04 15.003 + 0.005
N>+ 40 15.03+0.04 15.003 £ 0.002
Tast 40 14.97 +0.05 14.998 + 0.003

Moé* 40 14.99 £ 0.04 15.004 + 0.003
Ir4* 40 15.03 +£0.03 15.001 £0.005
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Table 12 Influence of diverse ions on zirconium(lV)-CC4AHA complex

Zirconium(IV) 15.0 pg ml! Solvent Dichloromethane
Molarity 6 M Amax 372 nm
Diverse Amount added Zirconium Found (ug ml-')
ion (mg) Spectrophotometry ICP-MS
Ir - - .

Ag* 35 15.03 £ 0.02 15.003 £ 0.003
As3* 40 15.01£0.04 15.001 £ 0.003
Be2 30 15.04 +0.03 14.998 + 0.004
Mg* 40 14.99 +0.01 14.997 + 0.002
Ca? 45 15.03 £ 0.02 15.001 £ 0.003
Snz* 40 14.96 +0.03 15.002 + 0.005
Cdz 40 14.99 +0.02 14.999 £ 0.005
Co?* 35 14.99 +0.04 15.004 + 0.004
Cu? 35 15.03 £ 0.05 15.002 + 0.003
Crs+ 35 15.02+0.03 15.001 +0.004
Hg>* 40 15.01 +0.05 15.003 + 0.003
Ni2* 40 15.04 £0.03 14.996 + 0.002
Fe2 S0 15.02 +0.04 15.003 + 0.003
Fes+ 40 14.98 +0.02 14.997 £ 0.005
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Mn2z+ S0 15.03 +0.03 15.002 + 0.002
In?* S0 14.96 +0.04 15.005 £ 0.004
Al S0 15.04 +0.03 15.002 + 0.003
Ti4+ 40 15.02+0.04 15.003 + 0.003
Vor 40 15.01 £0.05 14.997 £ 0.002

Mo¢* 40 14.98 +0.05 14.998 + 0.003
NS+ 40 14.98 +0.02 15.003 £ 0.003
Tas+ 40 15.04 +£0.04 15.001 +0.004
Hf4+ S0 15.01 £0.02 15.003 £ 0.003

Table 13 Influence of diverse ions on hafnium(IV)-CC4AHA complex
Hafnium(IV) 15 pug ml! Solvent Dichloromethane
Molarity 0.6 M Amax 335 nm
. Amount Hafnium found (pg mi-1)

) added

lon (mg) Spectrophotometry ICP-MS

Hf4+ - - -

Ag* 20 15.03 + 0.04 15.002 + 0.003

Pb*2 20 14.98 +0.02 15.004 £ 0.004
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Co*2 22 14.96 +0.04 15.003 +0.003
Ni+2 22 14.98 +0.02 15.001 +0.005
Mn+2 16 15.03 +0.04 15.002 + 0.003
Cd*2 16 15.05 + 0.02 14.999 +0.005
In*2 16 15.02+0.02 15.003 + 0.004
Fe+s 20 15.03 £0.04 14.997 +0.005

Li* 20 14.96 £0.03 14.998 + 0.005

K* 20 114.98 +0.04 15.002 + 0.004
Hg*? 25 15.03+ 0.05 15.004 + 0.004
Cu*2 16 15.02 +£0.05 15.003 +0.002
Cr3 25 15.03 +0.03 14.997 +0.003
Mg*2 20 14.97 +0.05 15.002 + 0.004
Ca2 20 15.02 +0.04 15.003 +0.003

Transport of titanium, zirconium and hafnium

CC4AHA was successfully used as a carrier for the selective and
efficient transport of titanium(lV), zirconium(lV) and hafnium(IV) across
a bulk liquid membrane of dichloromethane. The assembly used for the
study and experimental condition is described in the initial part of this
chapter. Titanium(lV), zirconium(lV) and hafnium(IV) concentration in

the aqueous phase was determined by ICP-MS.
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The ftitanium(IV), zirconium(lV) and hafnium(lV) ions are absorbed into
the membrane due to complex formation with CC4AHA at the
interface between the membrane and receiving solution where
titanium(1V), zirconium(lV) and hafnium(lV) ions are released to
aqueous phase due to the stripping action of 0.1 N HCI. The free carrier
diffuses back to the interface at the feed side to form another complex
with available fresh ions.

The effect of molarity variation of the feed solution on the permeation
of titanium, zirconium and hafnium is also studied. At low molarity the
titanium, zirconium and hafnium complexation with CC4AHA does not
take place. The effect of molarity of the receiving solution on the
permeation of fitanium, zirconium and hafnium was also studied and
data showing that titanium, zrconium and hafnium strips out
quantitatively at lower molarity (0.1 N HCI).

The concentration of CC4AHA in the membrane phase controls the
transportation of titanium, zirconium and hafnium. No movement of
titanium, zirconium and hafnium was observed unless a carrier
CC4AHA used. Maximum fransportation of fitanium, zirconium and
hafnium was observed at 18 minutes with t1,2 equal to 9.4 min and 14
minutes with t12 equal to 7.2 min and 26 min with t1,2 equal to 13.3

respectively (Figure 6).
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Figure 6 Transportation of titanium, zirconium and hafnium by
CC4AHA

Preconcentration and Recovery

The concentration of fitanium(lV), zirconium(lV) and hafnium(lV)
in natural water samples is too low for its direct determination.
Therefore, a preconcentration or enrichment step is necessary to bring
the sample to the detectable limits of the existing instrumental method.
The method was studied for the preconcentration of fitanium(lV),

zirconium(lV) and hafnium(IV).

A preconcentration study was carried out with about 5 ug of
metal solution in 1000 mL aqueous phase by extracting 10 times each
100 mL of aqueous phase with same 10 mL of ligand solution. (The
metal gets concentrated in 10 mL of ligand solution). For the evaluation
of the efficiency of preconcentration, express as recovery, the

concentration of tantalum in organic phase and remaining in aqueous
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phase was measured by ICP-MS against calibrated standard solution in

dichloromethane. The recovery % R, was calculated from

— [Asstd — AS]

R% x100

td

where Assig is the absorbance value for sample containing known
amount of standard tantalum added to sample solution prior to the
extraction. Astg is the absorbance value for the standard in organic
phase with the same analyte concentration as the standard addition

and As is the absorption value for the sample.
Analysis of samples

To check the validity of the proposed method for titanium,
zirconium and hafnium extraction, the metal ions are determined in
standard geological, steel samples and environmental samples. The
certified reference materials analysed to determine the accuracy of

the proposed procedure (Table 14-15).
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Table 14 Determination of titanium in standard sampless

Certified Titanium Found (%)
Standard sample Titanium
(%) ICP-MS

llImenite-1¢ 0.605 0.601 £0.04
lImenite-2b 1.188 1.182 £0.02
Steel-1¢ 0.442 0.446 £ 0.05
Steel-2d 0.870 0.872+0.02
SY-3e 0.130 0.136 +£0.03

CRM 782-1¢ 0.0025 0.0022 + 0.003

€ : The values are average of 10 determinations

a Composition of samples (%): TiO2, 60.6; Fe20s, 24.2; FeO, 9.3; Al2Os,
0.96; MnO, 0.39; Cr20s3, 0.12; MgO, 0.89; P20s, 0.21; V20s, 0.15;

7r02,0.90; SiO2, 0.41; Rare earths, traces 2.0.

b Composition of samples (%):TiO2, 54.2; Fe20s, 14.2; FeO, 26.6; Al2Os,
1.25; MnO, 0.4; Cr203, 0.07; MgO, 1.03; P20s, 0.12; V20s, 0.16;

7r02,0.80; SiO2, 0.68; Rare earths, traces 0.34.

¢ Composition of samples (%): Ni, 41.9; Fe, 36; Cr, 12.46; Ti-2.95, M0-5.83;
Si, 0.28; Al, 0.24; Co, 0.21; Mn, 0.08; Cu, 0.032; C, 0.03.
d Composition of samples (%): C, 0.08; Zr, 0.05; Ti, 2.9; Al, 2.9; Mo, 4.8; Cr,

18; Co, 18.5; B, 0.006.

e Geo-standard reference materials.
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Table 15 Concentration (ug/g) of zirconium and hafnium in
samples¢
Analyte
Zirconium Hafnium
Sample
Certified Present
Cerlified Value Present method
Value method
STM-1a 1210.0 1205.2 £ 0.04 28.0 27.56 £0.02
AC-EPb 780.0 777 4+0.03 27.9 26.95+0.05
Beach Sand
Sample 1 - 9023 £ 52.41 - 263+ 3.74
Sample 2 - 9051 £ 67.93 - 301 £8.62
Sample 3 - 3567 +38.27 - 93.72 £ 42.59
€ : The values are average of 10 determinations
a  Material: Nephelene syenite; US Geological Survey, Denver, USA
b Material: Granite; IWG-GIT
¢ Sand was collected from Tamilnadu Coast

Separation of titanium(1V), zirconium(1V) and hafnium(i1V)

In order to check the accuracy and applicability of the
proposed method, titanium(IV), zirconium(lV) and hafnium(lV) have
been separated from their mixture. The separation of titanium(lVv),
zirconium(lV) and hafnium(lV) from their mixture has been carried out
at different molarity.

The molarity of titanium(IV), zirconium(IV) and hafnium(IV)mixture
has been adjusted to 0.6M and hafnium(lV) was extracted and
separated with dichloromethane solution of CC4AHA. The molarity of
remained aqueous phase containing titanium(lV) and zirconium(IV)
using

was adjusted to 6.0 for the exiraction of zirconium(lV)
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dichloromethane solution of CC4AHA. For the separation of
titanium(IV), the molarity of the remained aqueous phase containing
titanium(lV) was adjusted to 8.0 and extracted with using
dichloromethane solution of CC4AHA. The organic layer after each
extraction was separated and subjected to ICP-MS for the
determination of hafnium(lV), zirconium(lV) and titanium(lV). The
scheme for the sequential separation of hafnium(lV), zirconium(lV) and

titanium(IV) is shown in Figure 9.
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Figure 9 Sequential separations of hafnium, zirconium and titanium

Ti(IV) + Zr(1IV) + Hf(1V)

:

Adjust molarity 0.6 M and extract

|

' !

Organic Agueous
Hf(1V) Ti(IV) + Zr(1V)

Analyzed by spectrophotometry & ICP-MS

Adjust molarity 6.0 M and extract

' :

Organic Aqueous
Zr(1V) Ti(IVv)
Analyzed by spectrophotometry & ICP-MS l

Adjust molarity 8.0 M and extract

|

Organic Agqueous
Ti(IV) Waste

Analyzed by spectrophotometry & ICP-MS

CONCLUSION
The present method describes a new extractant CC4AHA is used for
the sequential separation and determination of fitanium(IV),
zirconium(lV) and hafnium(lV) in tfrace amounts from standard and
environmental samples. The extraction procedure is very simple, rapid,
sensitive and possible at laboratory scale. Separation of metal ions is

achieved by the judicious choice of molarity.
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Chapter V

Selective Supercritical Fluid Extraction of Titanium(lV)
using Calixarene Hydroxamic Acid and Simultaneous
On-line Determination by Inductively-Coupled Plasma-

Mass Spectrometry (ICP-MS)
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Abstract

Titanium(IV) is extracted with coumarin-calix[4]arene hydroxamic acid
(CC4AHA), in dichloromethane by supercritical carbon dioxide (SC-CO)-
dichloromethane (modifier) medium. An aliguot of aqgueous fitanium
solution of is extracted accurately. Influence of six experimental factors:
pressure, temperature, extraction times, molarity of aqueous solution,
solvent and interference of ions were studied and optimized. Quantitative
analysis of the extracts was performed online by inductively coupled
plasma mass spectrometry (ICP-MS). The results showed that Ti(lV) could
be quantitatively extracted from the matrix at 50°C temperature, 17 MPa
pressure, at 8.0 molarity, 6 min of extraction time. To check the validity of
the proposed method for fitanium extraction, the metal ions are

determined in standard geological samples.
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INTRODUCTION

In the past two decades, increasing attention has been directed on
the supercritical fluid extraction (SFE) as an interesting alternative to
conventional extraction methods /1-3/. The high diffusivity and
temperature—pressure dependence of solvent strength are among the
attractive properties which make supercritical fluids excellent candidates
for the extraction and recovery of organic compounds from solid
materials /4-6/. The most widely used supercritical fluid is carbon dioxide
because it is an excellent solvent for SFE due to its moderate critical
constants (Temp. = 31°C and Pc = 7.4 MPa), inertness, tunable solvating
strength, nontoxic, non-flammable and relatively inexpensive and
possesses high solvent power for a wide range of nonpolar and
intermediately polar organic compounds. Solutes can often be separated
from the supercritical fluid by simply venting the benign CO; into the
atmosphere, leaving pure solutes behind. Moreover, supercritical CO; can
easily penetrate and diffuse info small pores of solid matrices and
effectively remove organic and inorganic species. In recent years, the
supercrifical fluids modified by addition of extractant have been used in
the development of analytical methods for the extraction of metal ions
from various solid and liquid matrices /7-16/. The most critical aspect of

such chelation-SFE of metal ions is the high stability and fast kinetics of the

130



metal complexes, high solubilities of the chelating agents and their metal
complexes in SC- COa.

Various analytical fechniques used for the determination of fitanium
in different types of matrices include neutron activation analysis /17,18/
inductively coupled plasma atomic emission spectrophotometry /19,20/,
X-ray fluorescence /21,22/ and spectrophotometry /23-28/. A number of
extractants have been reported for the determination of titanium at trace
levels /29-33/.

The literature survey revealed that so far no data are available on
the SC-CO» extraction of titanium using hydroxamic acids and calixarene
in particular. With this in view, an economical, simple and environmentally
safe procedure has been developed, which can be used for the

supercritical fluid extraction of titanium from aqueous samples.

EXPERIMENTAL

Standard Solutions & Reagents

All the chemicals used were of analytical grade obtained from Sigmao-
Aldrich or Merck. Deionised double distilled water was used, which was
further purified by a Milipore Milli-Q water purification system. The solvent

carbon dioxide gas 99.9% purity was purchased from the Bombay Carbon
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Dioxide Co., Mumbai and used as such. Titanium(lV) stock solution was

used as such as mentioned in chapter 4.

5,17-Dinitro-25,26,27,28-tetrahydroxy-11,23-calix[4]arene-bis-[coumarin
hydroxamic acid] (Figure 1) was synthesized as described in Chapter 2.
1.08 x 103 M (0.1 % w/v) stock solution of CC4AHA was prepared in

dichloromethane.

CC4AHA

Figure 1 Coumairin - calix[4]arene hydroxamic acid (CC4AHA)

Apparatus

Supercritical extractions are performed using a JASCO Supercritical
Fluid Extractor / Chromatograph, 900-series configured for dynamic mixing
with a two-pump system (Figure 2). It has the facility of on line organic co-
solvent addition to supercritical fluid gas. The flow rate of the pump can
be operated from 0.01 to 10.0 ml min-'. First, the CO, gas cooled at 25.3°C

before compression takes place using CH-201 series cooling circulator.
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Methanol was used as cooling solvent JASCO-880-81 back pressure
regulator used is capable of giving pressure in the range of 7.18-44.88
MPa. JASCO-965 series air circulating oven was used for controlling and
maintaining the temperature of the extraction vessel. Special stainless
steel vessel with 80 ml to 15ml capacities were fabricated to a maximum
operating pressure of 7000 psi design temperature of 93°C and also fitted
with Rheodyne valve. The extract was collected in an especially
fabricated glass vessel attached with valve and peristaltic pump to direct

measurement.

A Plasma Scan Model 710 sequential Inductively Coupled Plasma with
Plasma Scan multitasking computer and peristaltic pump was used.
Thermo Jarrell-Ash  Corporation, Franklin, MA, USA, POEMS mass
spectrophotometer with a Fassel torch, a concentric glass nebulizer and
cryogenic spray chamber was used. The optimized instrumental

condifions are summarized in Table 1.
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Table 1 Optimized instrumental conditions for ICP-MS

Instrumental parameters ICP-MS

ICP Plasma Argon
Forward Power 1.35 KW
Reflected Power <IOW
Gas flow (L/min)

Coolant 16

Carrier 0.70

Auxiliary 0.30
Nebuliser Pressure 2 bar
Solution uptake rate 0.8 mL/min
Sampler cone aperture I mm
Skimmer cone aperture 0.7 mm
Mass No.

Ti 48

Fl.id z& vawy o -it Zitraz: s T ho-stogEpry on: @

1- Liquid CO, Cylinder; 2- Modifier; 3- Cooling circulator; 4- CO2 pump; 5-
Modifier pump; 6- Stop valve; 7- Stop valve; 8- Pre-heatig coil; 9- Mixer; 10-
Injector; 11- Line switching valve; 12- Stop valve (optional); 13- Extraction
vessel or column; 14- Oven; 15- Detector; 16- Back pressure regulator

Figure 2 Schematic diagram of Supercritical fluid extraction system
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Supercritical Carbon Dioxide (SC-CO3) extraction (SFE)

The extraction studies were performed in a dynamic mode at the
optimum flow rate of the gas and the co-solvent. The SC-CO, gas, at a
known pressure and temperature, was mixed with 1.08 x 10-3 M solution of
CC4AHA in dichloromethane and allowed to flow over the extraction
vessel. An 8 M acidic solution containing fitanium with a volume of 2 uL
was placed in the liquid extraction vessel along with the ceramic fibre
glass needles and 1.08 x 103 M dichloromethane solution of CC4AHA as

co-solvent fluid phase.

RESULTS AND DISCUSSION

Influence of various parameters, including temperature, pressure, time
and pH of solution, are investigated to maximize the extraction efficiency
of titanium (IV) ions from samples by SC-CO2 extraction. SFE conditions are
optimized using the step-by-step design.

Extraction efficiency

The extraction efficiency (%E), which is described as

%E = {1-%}400
[M]

where [M]i is the initial concentration of titanium in the sample solution
before extraction and [M]s is the final concentration of titanium remaining

in the sample after extraction.
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Influence of extraction temperature

The solubility of the complex increases with increase in temperature.
However, the solvating power of supercritical carbon dioxide decreases
with increase of temperature. So influence of temperature on extraction
depends upon the solubility of the matrix in the supercritical carbon
dioxide at different temperature.

The influence of temperature on the extraction of titanium from the
aqgueous phase was investigated at different temperatures (40°C, 50°C,
60°C, 70°C and 80°C). The pressure and extraction time were kept
constant at 20 MPa and 15 minutes respectively. As the extraction
temperature increased from 40°C to 55°C, the extraction is also increases.
Maximum extraction is observed in between 48°C-54°C (Figure 3). After
this temperature, extraction efficiency decreases with increase in the
temperature to 80°C. As a result, 50°C is chosen as the optimum

extraction temperature for the following SC-CO; extractions.
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Influence of Temp. on Extraction of Ti(IV)
110
90
70
X 50
30
10 -
2030 40 50 60 70 80 90
Temp.°C

Figure 3 Influence of temperature on extraction of Ti(IV)

Influence of extraction pressure

The influence of pressure on the extraction of titanium from the
aqueous phase was investigated at different extractions pressures (8 to 20
MPa). The temperature and extraction time were kept constant at 50°C
and 15 minutes respectively. Maximum extraction (99.99%) was achieved
within 16-18 MPa. Increasing the pressure of the system did not alter this
extraction efficiency, and it remained constant under all pressures
investigated. As a result, 17 MPa is chosen as the optimum extraction

pressure for the following SC-CO; extractions (Figure 4).
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Influence of Pressure on Extraction of Ti(IV)

110
100
90
80
70
60
50 4
40
30 +
7 9 11 13 15 17 19

%E

Pressure MPa

Figure 4 Influence of pressure on extraction of Ti(IV)

Influence of extraction time

Maximum extraction (99.99%) was achieved within 5 min of time.
The temperature and pressure were kept constant at 50°C and 17 MPa
respectively. After a certain time the extraction efficiency does not

increase with increase in the time (Figure 5).
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Influence of Time on Extraction of Ti(IV)

100

80

60

%E

40

20

Time min.

Figure 5 Influence of temperature on extraction of Ti(IV)

Influence of molarity on extraction

The optimum molarity for maximum extraction was determined by

carrying out the extraction of titanium with CC4AHA at different molarity.

The extraction of titanium increases with the increase of molarity until it

level off at the molarity 8.0. Thus the optimum molarity for an efficient

extraction lies within the range of 7.5-8.5 molarity for titanium. The low

extractability at lower molarity values may be attributed to the proton

extraction to organic phase rather than the metal ion itself. The

temperature, pressure and extraction time were kept constant at 50°C, 17

MPa and 7 minutes respectively (Figure 6).
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Influence of Molarity on Extraction of Ti(IV)
110

90
70

50 -

%E

30

10 -

Molarity

Figure 6 Influence of molarity on extraction of Ti(IV)

Influence of the solvent on extraction

The extraction experiments were carried out with pure and modified
SC-COa,. Extraction efficiencies were examined with pure and modified
SC-CO2 with various solvents viz, n-octanol, toluene, iso-amyl alcohol and
dichloromethane etc. It has been observed that dichloromethane
modified SC-CO; was found to be the most appropriate solvents for

quantitative extraction of titanium (Figure 7).
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Influence of Solvent on Extraction of Ti(IV)
100

80 -

: LIJI

SC-CO2 Toluene + SC-  iso-Amyl n-Octanol+ DCM* +SC-
c0o2 Alcohol+SC- SC-CO2 co2
c0o2

%E

Solvent Used

*DCM=Dichloromethane

Figure 7 Influence of solvent on extraction of Ti(lV)

Interference Studies

The exiraction performance of the presented extractant will be
influenced under foreign metal ions. A series of standard solutions are
spiked with potential interfering metal ions to study the potential
interference. Interference studies were made by using the solution
containing 20 ng ml! fitanium and various concentrations of the foreign
ions. The intensity of the extracted (organic) phase was measured by ICP-
MS. Results shows that, titanium can be extracted easily in the presence of

large number of interfering ions (Table 2).
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Table 2 Influence of Interfering lons on extraction of titanium(IV)-CC4AHA

AL EnltlEa] Titanium Found (ng mi-1)
Diverse ion
(mg) ICP-MS
Ti4+ - -
As3* 40 19.995 £ 0.005
Be2* 40 20.004 + 0.003
Mg?2* 50 19.993 + 0.004
Coz 50 19.997 £ 0.007
Sn2+ 45 19.996 £ 0.005
Caz 40 20.005 +0.003
Cu2+ 40 19.998 £ 0.004
Cr3+ 40 19.994 £ 0.002
Hg? 40 19.995 +0.005
Niz+ 50 20.003 + 0.006
Fe2+ 50 20.005 £ 0.005
Fe3+ 45 20.003 + 0.004
Mn2+ 45 19.995 + 0.004
Inzt 45 19.998 £ 0.005
Al3+ 40 20.003 + 0.003
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Vo* 40 20.004 = 0.007
N5+ 40 19.996 £ 0.004
Tas+ 40 19.993 £0.005
Mo¢+ 40 20.002 = 0.003
Ir4* 40 19.998 £ 0.006
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Analysis of samples

To check the validity of the proposed method for fitanium extraction, the
metal ions are determined in standard geological samples. The results
obtained in good agreement with the certified values (Table 3). The 5 ug mL-!
of the titanium was recovered as shown in the flow diagram (Figure 8). The
titanium was also recovered from the geological samples. The aqueous
matrix containing titanium was fitered and passed to the mixing coill
chamber. The molarity was raised to 8.0 and valve Vi was opened to pass
the liquid to the separator. The reagent CC4AHA in dichloromethane was
added via valve Va. The organic phase was then transferred to reagent
chamber by valve V3 for preconcentration and or circulation. The waste
matrix drains out from valve V4. The organic layer was passed to extraction
chamber by a dual valve V3 and with 0.1 N HCI to stripped the purest
titanium. The organic layer was also inserted into plasma for ICP-MS
measurement. The reagent was pumped by valve Vs to reagent chamber for

recirculation.

T ey

T

EXTRACTION

Figure 8. Preconcentration and Separation of Titanium

AQD SOLUTION; 8M

WASTE
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Table 3 Determination of fitanium in standard samples¢

Certified Titanium Found (%)
Standard sample Titanium
SC-CO2-ICP-MS
(%)
lImenite-1¢ 0.605 0.605 =+ 0.002
lImenite-2b 1.188 1.185 £ 0.001
Steel-1€ 0.442 0.443 + 0.003
Steel-24 0.870 0.869 + 0.003
SY-3e 0.130 0.133 £ 0.001
CRM 782-1e 0.0025 0.0024 + 0.002

€ . The values are average of 10 determinations

a Composition of samples (%): TiO2, 60.6; Fe0O3, 24.2; FeO, 9.3;
AlOg3, 0.96; MnO, 0.39; Cr03, 0.12; MgO, 0.89; P.Os, 0.21;
V20s, 0.15; 2r02,0.90; SiO2, 0.41; Rare earths, traces 2.0.

b Composition of samples (%):TiO2, 54.2; Fe203, 14.2; FeO, 26.6;
AlbOs, 1.25; MnO, 0.4; Cr203, 0.07; MgO, 1.03; P20s, 0.12;
V20s, 0.16; 2r0O2,0.80; SiO2, 0.68; Rare earths, traces 0.34.

¢ Composition of samples (%): Ni, 41.9; Fe, 36; Cr, 12.46; Ti-2.95,
Mo-5.83; Si, 0.28; Al, 0.24; Co, 0.21; Mn, 0.08; Cu, 0.032; C,

0.03.

d Composition of samples (%): C, 0.08; Zr, 0.05; Ti, 2.9; Al, 2.9;
Mo, 4.8; Cr, 18; Co, 18.5; B, 0.006.
e Geo-standard reference materials.
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CONCLUSION

The titanium metal was successfully extracted from several samples using
supercritical carbon dioxide modified with a chelating agent. Modified SC-
COq extraction technique provides a better approach and potential industrial
applications for the removal of titanium from environmental matrices in the

field of decontamination of titanium metal containing wastes.
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APPENDIX |

IR spectra of Coumarin Calixarene Hydroxamic Acid [compound 12]
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IR spectra of Pyridine Calixarene Hydroxamic Acid [compound 9]
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IR spectra of Calix-Crown Hydroxamic Acid [compound 16]
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APPENDIX II

1H NMR spectra of Coumarin Calixarene Hydroxamic Acid [compound 12]
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1H NMR spectra of Pyridine Calixarene Hydroxamic Acid [compound 9]
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1H NMR spectra of Calix-Crown Hydroxamic Acid [compound 16]
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APPENDIX I

13C NMR spectra of Coumarin Calixarene Hydroxamic Acid [compound 12]
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13C NMR spectra of Pyridine Calixarene Hydroxamic Acid [compound 9]
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13C NMR spectra of Calix-Crown Hydroxamic Acid [compound 16]
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Environmentally Benign Syntheses of
Calixarene Derivatives

Y. K. Agrawal and D. N. Thaker
Analytical Laboratory, Institute of Pharmacy and Faculty of Science,
Nirma University of Science and Technology, Ahmedabad, India

Abstract: New hydroxamic acid derivatives of calixarene have been synthesized
by conventional and microwave method.

Keywords: Calixarene; hydroxamic acid; microwave

The calixarenes are a class of cyclooligomers formed via a phenol-
formaldehyde condensation.!! Their rigid conformation enables calixar-
enes to act as host molecules as a result of their preformed cavities. By
functionally modifying the upper and/or lower rims, it is possible to
synthesize their various derivatives with applications such as enzyme
mimetics,'”! ion-sensitive electrodes or sensors,®! selective membrames,*!
nonlinear optics,”! high-performance liquid chromatography (HPLC)
stationary phase,” and anion!! and cation!® extractant.

The elimination of volatile organic solvents in organic syntheses is the
most important need in green chemistry. Microwave-irradiated organic
reactions make syntheses simpler, save energy, and prevent solvent wastes,
hazards, and toxicity. Keeping this in mind, in the present investigation
the microwave-assisted syntheses of tetranitrocalix[4]arene (TNC4A)
(3), hexacarboxycalix[6]arene (HCC6A) (5), pyridinium bearing calix[4]-
arenehydroxamic acid (PC4AHA) (9),coumarin-calix[4]arenehydroxamic
acid (CC4AHA) (12), and tetracarboxycalix[6]crownhydroxamic acid
(TCC6CHA) (16) are reported.
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Compounds 3 and 5 (Fig. 1) were synthesized by the acid-catalyzed
condensation of formaldehyde with p-nitrophenol and p-hydroxy benzoic
acid respectively.”'® Compound 3 was partially reduced with hydrazine
hydrate in the presence of Raney Ni (W-2) at 0-10°C for 1h to obtain
corresponding hydroxylamine (6), which was condensed with isonicoti-
noyl chloride (8) and coumarin-3-carbonyl chloride (11) in the presence
of an aqueous suspension of sodium bicarbonate at 0-10°C to yield
PC4AHA (9) and CC4AHA (12) (Fig. 1), respectively. The products were
purified by crystallization from chloroform.

Compound 5 was refluxed with 1,4-dibromo butane in the presence of
K,COj; using acetonitrile as a solvent at 80 °C for 24 h to yield compound
13. This was further reacted with diethylene triamine in the presence of
K,CO3; to obtain compound 14. Compound 14 was refluxed with thionyl
chloride in the presence of dimethylformamide for 4 h and condensed with
N-phenylhydroxylamine in the presence of an aqueous suspension of
sodium bicarbonate at 0-10°C to get TCC6CHA (16) (Fig. 2).

The microwave-assisted synthetic procedures were developed for
calixarene derivatives to give better yield, purity, and time savings. They
are also solvent free and prevent waste.

The composition and the structure of synthesized calixarene deriva-
tives have been confirmed by elemental analysis (for C,H,N), FT-IR,
"H NMR, and "*C NMR spectroscopy.
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Figure 1. Synthetic route for compounds 9 and 12.
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Figure 2. Synthetic route for compounds 16 (R' = COOH, R>=OH).

The Fourier transform infrared spectrometer (FT-IR) (KBr) spectrum
of compounds 3, 5, 9, 12, and 16 displayed three sharp bands at 3185, 1635,
and 920 cm ™', confirming the voy, Ve—o, and v_o of the hydroxamic acid
functional group. The band at 3185cm ™' is due to O—H stretching
vibration. It is known that O—H stretching vibration bands occur at
around 3600cm~'; hydrogen bonding shifts these bands to lower frequen-
cies. In hydroxamic acids, the —OH group is placed very close to the polar
carbonyl C=0 group. The band at 1635cm ™ is assigned to the C=0 of the
hydroxamic acid group. A sharp band at 920cm ' is attributed to N—O
stretching vibrations. Compounds 3, 9, and 12 displayed a sharp band at
1350cm ™! for —NO; stretching vibrations.

The structures of compounds 3, 5, 9, 12, and 16 were established by
elemental analysis and "H NMR and '*C NMR spectra. These com-
pounds display singlets around 7.82, 7.70, 7.60, 7.51, 7.45, and 6.82
for aromatic protons. A pair of doublets appears at & 4.50 and 3.90
for ArCH,Ar protons in the '"H NMR. Prominent signals appeared at
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6 9.00, 9.20, and 9.90 for aromatic hydroxyl protons and at & 10.27,
10.28, and 10.70 for the hydroxamic group. In compounds 3, 9, and
12, a prominent downfield shift in the position of the hydroxyl signal
suggested that nitro groups were present at positions para to the hydroxyl
groups. A singlet appears at 6 10.32 for each carboxyl hydrogen present
in compounds 5 and 16. Notice that this peak is not sharp; it was broa-
dened by hydrogen bonding and exchange. Two singlets appear at 8.01
and 3.40 for NH and CH,CH,OAr respectively.

The '*C NMR (dimethyl sulfoxide (DMSO)) spectrum of com-
pounds 3, 5, 9, 12, and 16 displayed singlets at 6 116-125 and 128-137
for aromatic protons and one singlet near & 167 and 166 for ketone
groups. In addition, compounds 5 and 16 displayed a singlet at 166.86
for the carboxylic acid group and doublets at 6 35.12 and 34.63 for
bridged methane groups. Compound 16 displayed one triplet at & 51.48
for crown moiety.

The results obtained from elemental analysis of compounds 3, 5, 9,
12, and 16 confirm the presence of hydroxamic acid groups.

In conclusion, we have synthesized novel hydroxamic derivatives of
calixarenes by conventional and microwave methods.

EXPERIMENTAL

Melting points are uncorrected and were obtained using a melting-point
apparatus (Electroquip). IR spectra were recorded on Jasco FT/IR 6100
spectrometer. '"H NNR and '*C NMR were recorded on a DRX 300
spectrophotometer operating at 300 MHz in CDCIl; with TMS as an
internal standard. Microwave synthesis was carried out using a Kenstar
OM 20 DGQ domestic microwave oven.

Synthesis of Compound (3)
Conventional Method

Compound 3 was synthesized by a previously reported method."’

Microwave Method

A mixture of p-nitrophenol (1g, 0.0073 M), 37% formaldehyde (0.6 ml,
0.0073M), and conc. hydrochloric acid (1ml) was placed into the
Kenstar domestic microwave at 20% power output for 180s to obtain
a white solid, which was washed with hot water and with hot alcohol
to get compound 3.
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Data

TNC4A: yield 93%, mp 140-142°C, IR (KBr): v = 3185, 1635, 1350,
920cm~'. '"H NMR (DMSO): 6 =9.20 (s, 4H, ArOH), 4.50 (d, 4H,
ArCH,Ar), 3.90 (d, 4H, ArCH,Ar), 7.82 (s, 8H, ArH). *CNMR
(DMSO): 6 = 35.12 (d, Ar-CH,-Ar), 119.05-132.10 (s, ArC).

Synthesis of Compound (5)
Conventional Method

Compound 5 was synthesized by a previously reported method.!"”!

Microwave Method

A mixture of p-hydroxybenzoic acid (1 g, 0.0072 M), 37% formaldehyde
(4ml, 0.0015 M), and conc. hydrochloric acid (2.5 ml) was placed into the
Kenstar domestic microwave at 40% power output for 120s to obtain a
white solid, which was washed with hot distilled water to remove acidic
impurities and recrystallized from acetone—petroleum ether (60-80 °C)
to get compound 5.

Data

HCC6A: yield 95%, mp 110-111°C, IR (KBr): v = 3185, 1635, 920 cm L.
"H NMR (DMSO): § = 9.90 (s, 6H, ArOH), 4.44 (d, 6H, ArCH,Ar), 3.85
(d, 6H, ArCH,Ar), 7.45 (s, 12H, ArH), 10.32 (s, 6H, COOH). *C NMR
(DMSO): 6 = 34.63 (d, Ar-CH»-Ar), 120.20-125.52 (s, ArC), 127.26—
134.94 (s, ArC), 166.86 (s, COOH). Anal. caled. for CygH3605: C,
64.0%; H, 4.03%. Found: C, 63.91%; H, 4.10%.

Synthesis of Compound (6)
Conventional Method

Nitrocalix[4]arene (10g, 0.015M), hydrazine hydrate (10ml, 0.205M),
and Raney-Ni (W-2) (2-2.5g) in 1,4-dioxane were stirred at 0-10°C
for 1h to get compound 6, which was filtered immediately and used in
situ for the preparation of hydroxamic acid derivatives.
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Microwave Method

Nitrocalix[4]arene (1g, 0.0015M), hydrazine hydrate (1 ml, 0.0205 M),
and Raney-Ni (W-2) (0.2-0.3 g) were placed into the Kenstar domestic
microwave at 0% power output for 120s to get compound 6.

Synthesis of Compound (9)
Conventional Method

Thionyl chloride (15 ml) was slowly added to a stirred mixture of isonico-
tinic acid 7 (10 g, 0.0813 M) and dimethylformamide (1 ml). The mixture
was stirred at 75-80°C for 3h. The isonicotinoylchloride hydrochloride
8 was precipitated as a white powder by adding 50 ml of dried petro-
leum ether.

Acid chloride 8 (2.3 g, 0.0016 M) was condensed with compound 6
(3.60 g, 0.0064 M) in the presence of an aqueous suspension of sodium
bicarbonate (2 g) at 0-10°C for 2h to get compound 9.

Microwave Method

A mixture of isonicotinic acid (7) (1g, 0.0081 M), dimethylformamide
(0.1ml), and thionyl chloride (1.5ml) was placed into the Kenstar
domestic microwave at 40% power output for 120s. The isonicoti-
noylchloride hydrochloride was precipitated as a white powder by adding
50 ml of dried petroleum ether.

The acid chloride 8 (1.5 g, 0.0011 M) was condensed with compound
6 (1g, 0.0015M) in the presence of an aqueous suspension of sodium
bicarbonate (2g) in the oven at 0% power output for 120s to get
compound 9.

Data

PC4AHA: yield 91%, mp 186-188°C, IR (KBr): v = 3185, 1635, 1350,
920cm~'. 'H NMR (DMSO): §=10.27 (s, 2H, NOH), 9.20
(s, 4H, ArOH), 4.50 (d, 4H, J=12.9Hz, ArCH,Ar), 3.90 (d, 4H,
J = 12.9Hz, ArCH»Ar), 7.70 (s, 4H, ArH), 7.82 (s, 4H, ArH), 6.82—
7.45 (s, 8H, ArH). CNMR (DMSO): 6 =35.12 (d, Ar-CH,-Ar),
119.05-126.62 (s, ArC), 128.21-137.48 (s, ArC), 167.12 (s, C=0). Anal.
caled. for C4H39NgO12: C, 61.07%; H, 3.84%; N, 10.68%. Found: C,
61.48%; H, 3.55%:; N, 10.72%.
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Synthesis of Compound (12)
Conventional Method

Thionyl chloride (10ml) was slowly added to a stirred mixture of
coumarin-3-carboxylic acid"! (3g, 0.015M) and dimethylformamide
(0.8 ml). The mixture was stirred at 75-80°C for 4-5h. The coumarin-
3-carbonylchloride was precipitated as a white powder by adding 40 ml
of dried petroleum ether. The acid chloride was condensed with freshly
prepared compound 6 (3.60 g, 0.0064 M) in the presence of an aqueous
suspension of sodium bicarbonate (2g) at 0-10°C for 2h to obtain
compound 12.

Microwave Method

A mixture of coumarin-3-carboxylic acid™ " (1 g, 0.05 M), dimethylforma-
mide (0.3 ml), and thionyl chloride (3.35 ml) was placed into the Kenstar
domestic microwave at 40% power output for 120s. The coumarin-3-
carboylchloride was precipitated as a white powder by adding 40 ml of
dried petroleum ether.

The acid chloride was condensed with compound 6 (1g, 0.0015 M)
in the presence of an aqueous suspension of sodium bicarbonate (2 g)
in the oven at 0% power output for 120s to get compound 12.

Data

CC4AHA: yield 93%, mp 239-241°C, IR (KBr): v = 3185, 1635, 1350,
920cm~'. '"H NMR (DMSO): 6 = 10.70 (s, 2H, NOH), 9.00 (s, 4H,
ArOH), 4.26 (d, 4H, J = 12.9 Hz, ArCH,Ar), 3.82 (d, 4H, J =129
Hz, ArCH,Ar), 7.70 (s, 4H, ArH), 7.82 (s, 4H, ArH), 6.82-7.40 (s,
10H, ArH). >*CNMR (DMSO): & = 35.12 (d, Ar-CH,-Ar), 116.05-
120.62 (s, ArC), 127.18-134.80 (s, ArC), 166.07 (s, C=0). Anal. calcd.
for C4gH3>N4016: C, 62.61%; H, 3.50%; N, 6.08%. Found: C, 62.75%;
H, 3.45%; N, 6.01%.

Synthesis of Compound (16)
Conventional Method

Anhydrous K,COj3 (0.7 g, 0.005 M) to a suspension of compound 5 (5g,
0.005M) and 1,4-dibromopropane (2.7g, 0.0125M) in acetonitrile
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(100 ml), was added and the reaction mixture was stirred under reflux
for 24h. After the solvent was removed under reduced pressure, the
residue was then purified by crystallization form chloroform to get
compound 13.

Anhydrous K,CO; (0.5 g, 0.00358 M) and diethylene triamine (2.0 g,
0.002 M) were added to a solution of compound 13 (2g, 0.00179 M) in
acetonitrile (25ml). The mixture was refluxed about 7h. The solvent
was removed by rotary evaporator. Then CH,Cl, (10 ml) was added.
The organic layer was then washed with distilled water (2 x 5ml), and
organic phase was evaporated under reduced pressure to dryness. Resi-
due was purified by crystallization from chloroform to get compound 14.

Compound 14 was refluxed with thionyl chloride in the presence of
dimethylformamide for 4h, and excess thionyl chloride was removed
under reduced pressure to get compound 15, which was added to a mix-
ture of N-phenyl hydroxyl amine and sodium bicarbonate in 1,4-dioxane
at 0-10 °C within 1h. Reaction mixture was further stirred for 1 h more,
then filtered. Solid was washed with water and purified by crystallization
from chloroform to get compound 16.

Microwave Method

A mixture of compound 5 (1g, 0.001 M), 1,4-dibromobutane (0.6g,
0.0025M), and anhydrous K,COj5 (0.15g, 0.001 M) was placed into the
Kenstar domestic microwave at 20% power output for 240s to get
compound 13.

A mixture of 13 (0.5g, 0.0005M), anhydrous K,CO; (0.13¢g,
0.00090 M), and diethylene triamine (0.5g, 0.0005 M) was placed into
the Kenstar domestic microwave at 20% power output for 180s to get
compound 14.

Compound 14 (2 g, 0.0017 M), dimethylformamide (0.3 ml), and thio-
nyl chloride (2.5 ml) was placed into the Kenstar domestic microwave at
40% power output for 120s to get compound 15, which was condensed
with N-phenyl hydroxyl amine in the presence of sodium bicarbonate
(2 g) in the microwave oven at 0% output for 120s to get compound 16.

Data

TCC6HA: yield 66%, mp 219-222°C, IR (KBr): v = 3185, 1635, 1350,
920cm~'. 'H NMR (DMSO): 5 = 10.28 (s, 2H, NOH), 9.90 (s, 4H,
ArOH), 4.44 (d, 6H, J = 13.5 Hz, ArCH,Ar), 3.85 (d, 6H, J = 13.5
Hz, ArCH,Ar), 745 (s, 8H, ArH), 7.51 (s, 4H, ArH), 7.60 (s, 4H,
ArH), 7.17 (s, 6H, ArH), 10.32 (s, 4H, COOH), 8.01 (br s, 3H, NH),
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3.40 (s, 4H, CH,CH,OAr). >*CNMR (DMSO): & = 34.63 (d, Ar-CH,-
Ar), 120.20-125.52 (s, ArC), 127.26-134.94 (s, ArC), 166.86 (s, COOH),
167.73 (s, C=0). Anal. calcd. for C;oH7;05N15: C, 66.81%; H, 5.53%; N,
5.41%. Found: C, 66.75%: H, 5.60%; N, 5.57%.
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