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Figure 3.35. Optimized geometry of VO(AdBP)
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Figure 3.36. Optimized geometry of VO(SbBP).
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Figure 3.37. Optimized geometry of VO(DdBP).
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Cfiapter I ‘V



‘Ianadium is employed in a wide range of alloys in combination with iron,

titanium, nickel, aluminium, chromium, and other metals for a diverse range of

commercial applications extending from train rails, tool steels, catalysts, to the

aerospace industry. The global supply of vanadium originates from primary

sources such as ore feed stocks, concentrates, metallurgical slags, and petroleum

residues. The solid wastes from the titanium minerals processing industry

represent another potential source of vanadium. The more our economy recovers

and recycles useful metals from its wastes, the less mining will be needed, and less

environmental damage will result from waste disposal. Solvent extraction is one of

the techniques being increasingly used for the recovery of vanadium from
industrial waste streams.

lt is clear from the literature review that various organophosphorus extractants,

di-(2-ethylhexyl)phosphoric acid, 2-ethylhexylphosphonic acid mono-2-ethylhexyl

ester, bis(2,4,4-trimethylpentyl) phosphinic acid and tributyl phosphate have been

used for the extraction of vanadium(\/) from waste chloride liquors of titanium

minerals processing industry. However, the major disadvantage with these

reagents is poor selectivity for vanadium(V) over other associated multivalent

metal ions. This prompted us to search for alternative solvent extraction reagents

for the selective recovery of vanadium(V) from waste chloride liquors. Thus a

commercially available reagent Cyanex 923 has been examined for the recovery of

vanadium(V) from the titania waste chloride liquors. The extraction behavior of

vanadium(V) and other multivalent metal ions present in the waste chloride

liquors has been investigated using Cyanex 923 in kerosene as an extractant

[Remya et al., 2003; Remya and Reddy 2004]. The results demonstrate that

vanadium(V), titanium(l\/) and iron(lII) are extracted into the organic phase,

leaving behind other metal ions in the raffinate. Thus this study clearly highlights
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that the selective extraction of vanadium(V) from the waste chloride liquors by

employing Cyanex 923 is not feasible. This forms the basis for the synthesis of

new heterocyclic ligands in the present work.

Para-substituted 4-aroyl derivatives of l-phenyl-3-methyl-4-aroyl-5­

pyrazolones, namely, 1—phenyl-3 -methyl-4-(4-fluorobenzoyl)-5-pyrazolone

(Hpmfbp) and 1-phenyl-3-methyl~4-(4-toluoyl)-5-pyrazolone (Hpmtp), by

introducing both electron-withdrawing (-F) and electron-donating (-CH3) groups,

have been synthesized and characterized by various spectroscopic techniques. The

synthesized ligands have been examined with regard to the extraction behavior of

multivalent metal ions such as magnesium(II), aluminium(IIl), titanium(lV),

vanadium(V), chromium(lll), manganese(II), iron(II), and iron(IIl) that are present

in the titania waste chloride liquors. For comparison, studies have also been

carried out with l-phenyl-3-methyl-4-benzoyl-5-pyrazolone (Hpmbp). The

extraction data has been analyzed by graphical methods. The equilibrium constant

of the extracted complex has been calculated from the extraction data and

correlated with their pKa values. Solid complexes of oxovanadium with l-phenyl­

3-methyl-4-aroyl-5-pyrazolones have been isolated and characterized by various

spectroscopic techniques. The potential of these reagents for the selective

extraction and separation of vanadium(V) from titania waste chloride liquors has

also been assessed. The conclusions drawn from the above investigations are listed

below:

(i) The results demonstrate that vanadium(V) and iron(llI) are getting

extracted into the organic phase from hydrochloric acid solutions. On

the other hand, magnesium(II), aluminium(III), titanium(IV),

chromium(III), manganese(Il), and iron(II) were not extracted in to the

organic phase when extracted with 4-aroyl-5-pyrazolones. However, the

extraction of iron(III) is negligible at and above 1.5 mol dm'3 of HCl.

Thus by controlling the hydrochloric acid concentration in the aqueous
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(V)

Vll

Iv)

vi)

phase, vanadium(V) can be selectively extracted and separated from

multivalent metal ions that are present in the titania wastes.

However, the solubility limitations of these ligands in industrially used

diluents hinder the practical utility of these reagents. The impregnation

of these ligands in suitable ion exchange resin particles could possibly

address this problem, leading to some practical applications of these

ligands for the recovery of vanadium(V) from waste chloride liquors.

The extraction efficiency of vanadium(V) and iron(III) with various 4­

aroyl-5-pyrazolones follows the order: Hpmfbp > Hpmbp > Hpmtp. The

substitution of an electron-withdrawing fluorine atom in the fourth

position of the benzoyl moiety in Hpmbp molecule improves the

extraction efficiency of these metal ions as compared to Hpmbp. On the

other hand, the substitution of an electron-releasing group (-CH3)

diminishes the extraction efficiency as compared to Hpmbp.

Vanadium(V) and iron(III) were extracted into chloroform with 4-aroyl­

5-pyrazolones (HX) as VOZX-I-IX and FeX3, respectively.

Comparing the equilibrium constants of various l-phenyl-3-methyl-4­

aroyl-S-pyrazolones for the extraction of vanadium(V) and iron(llI)

with their pK, values, it can be concluded that log equilibrium constant

value increases as pK, value decreases.

In FT-IR spectrum of the extracted complexes of vanadium(V) and

iron(III) the carbonyl stretching frequencies have been shifted to lower

wave numbers suggesting the involvement of carbonyl oxygens of

Hpmfbp in bond formation with the metal ions.

Further, in the FT-IR spectrum of the loaded l-phenyl-3-methyl-4­

aroyl-5-pyrazolone (chloroform phase) with vanadium(V), a peak at

1620 cm" which corresponds to the free C=O also has been noticed,

which indicates the existence of one free carbonyl group in one of the

Hpmfbp molecules. The new absorption bands occurring at 962 and 920
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cm" in the vanadium complex corresponds to the O=V=O stretching

frequencies.

It is interesting to note that after a period of 3 h, the color of the

vanadium(V) loaded organic phase gently changes from wine red to

green. Further, the FT-IR spectrum of the vanadium loaded solvent

phase shows only one V=O stretching frequency (984 cm")
corresponding to oxovanadium(lV) complex after 3h. This clearly

indicates that oxovanadium(V) reduces to oxovanadium(lV) species

with respect to time (after a period of 3 h).

In order to understand more about the redox chemistry of
oxovanadium(V) with 4-aroyl-5-pyrazolones, corresponding solid

complexes have been isolated and characterized by various

spectroscopic techniques. The reduction of oxovanadium(V) by l­

phenyl-3-methyl-4-aroyl-5-pyrazolone over the pH range of 1.0-7.0 has

been assessed by cyclicvoltammetry, electron paramagnetic resonance

spectroscopy, magnetic susceptibility, FT-IR, electronic spectroscopy,

high-resolution mass spectroscopy and elemental analyses.

The voltammogram of the 1-phenyl-3—methyl-4-aroyl-5-pyrazolones in

acetonitrile solution (25 mM) have irreversible oxidation peaks at 1.37

(Hpmtp), 1.29 (Hpmbp) and 1.22 V (Hpmfbp), which indicates the

formation of a stable oxidized species. Since the reduction of

oxovanadium(V) to oxovanadium(lV) occurs at a potential (~l V) lower

than the oxidation potential of the ligands, the transfer of one electron is

possible from the ligand to oxovanadium(V).

The reduction reaction proceeds by the transfer of one electron by 4­

aroyl-5-pyrazolone to oxovanadium(V) via the formation of a free­

radical intermediate, and subsequently the reduced oxovanadium(lV)

species rapidly complexes with the available free ligand.
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(Xv)

(xvi

An indirect evidence for the generation of the free radical intemediate

in the process of reduction has been confirmed by acrylonitrile

polymerization. The free radical intermediates thus generated in the

process couples to form a dimer, which also has been confirmed by

various spectroscopic techniques.

The reduction of oxovanadium(V) to oxovanadium(IV) and subsequent

complexation can be expressed as:

u\ph /PhN\-N’ ' N/ |-| ‘.3,’ /N‘ A OZ O O  r+ v 2* _->- \/01* + __.,... N/PhM 0 O Ar 1“N

Ar=T0lu0y|

N_
/

VON + Z ph'N X ii“ VO(pmtp)2
on °

In the FT-IR spectra of VO(pmFP)2, VO(pmbp)2 and VO(pmfbp)2 there

are strong absorption bands at 1570-1515 cm'l assigned to the stretching

v(C=O), v(C=C) and v(C=N) modes of the acylpyrazolone ring

coordinated to the metal centre. Further, the v(V=O) stretch is observed

at 960 cm", 984 cm'1 and 996 cm" in VO(pmtp)2, VO(pmbp)2 and

VO(pmtbp)2, respectively suggests the presence of oxovanadium(lV) in

these complexes

The effective magnetic moments obtained for the prepared complexes

(1.69 — 1.71 B.M) were in the normal range (1.57 - 2.1 B.M), typical of

an oxovanadium(IV) complex.

The X-band ESR spectra of the vanadium complexes, VO(pmtp)2_

VO(pmbp)2 and VO(pmfbp)2, prepared at various conditions exhibit a

set of eight line hyperfine spectra arising from the interaction of the
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unpaired electron of vanadium(IV) with the nuclear spin (7/2) which is

also an indication of their monomeric structure. The order and

magnitude of resonance parameters of the ESR spectra are typical of the

spectra displayed by a slightly distorted square pyramidal
oxovanadium(IV) complex with the unpaired electron in an orbital of

mostly dx}, character.

(xvii) The electronic spectrum of VO(pmIP)2 displays characteristic absorption

peaks corresponding to the transitions from the d_,._,, orbital to d_,.;_

(1):;-, d_,C;__,,2 and d,2 of oxovanadium(lV) complexes with a distorted

square pyramidal geometry.

(xviii) The slightly distorted square pyramidal geometry was obtained from the

DFT calculation with the four oxygen atoms from the two pmtp" at the

base and a VO double bond of length 1.584 A pointing towards the apex

of the pyramid.

(xix) It can be concluded from the spectral characterizations that all the

complexes are typical mononuclear vanadium(IV) species, which in turn

confirms that 1-phenyl-3-methyl-4-aroyl-5-pyrazolone interacts with

aqueous vanadium(V) over the pH range of 1.0-7.0 and form

oxovanadium(IV) complexes.

(xx) These reductions occur under physiological conditions and thus could

be important for the reduction of vanadium(V)-containing coordination

compounds used as insulin-enhancing agents for treatment of diabetics.

Various 4-acylbis(pyrazolones), namely, 4-adipoylbis(l-phenyl-3-methyl-5­

pyrazolone) (H2AdBP, n = 4), 4-sebacoylbis(1-phenyl-3-methyl-5-pyrazolone)

(H2SbBP, n = 8) and 4-dodecandioylbis(1-phenyl-3-methyl-5-pyrazolone)

(H2DdBP, n = 10) have been synthesized and characterized by elemental analyses,

IR and ‘H NMR spectral data. These ligands have been utilized in the

investigations on the extraction behavior of the multivalent metal ions present in
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the waste liquors of titanium minerals processing industry in the presence and

absence of neutral organophosphorus extractants (TOPO, TRPO, TBP and

CMPO). The equilibrium constants of the extracted complexes have been deduced

by non-linear regression analysis. The synergistic equilibrium constants have been

correlated with the donor ability of the phosphoryl oxygen of the neutral

organophosphorus extractants in terms of their 3 ‘P NMR chemical shifts and their

nitric acid uptake constant (KH) values. The extracted complexes have been

characterized by IR and 3 ‘P NMR spectral data to understand the interactions of

neutral organophosphorus extractants with metal chelates. The potential of these

reagents as extractants for the separation and recovery of vanadium(V) from the

waste chloride liquors of the titanium mineral processing industry has also been

assessed. The conclusions from the above investigations are as follows:

(i) Vanadium(V) is selectively extracted into chloroform with 4-acylbis(l­

phenyl—3-methyl-5-pyrazolone) as VO2(HX), where H2X refers to the 4­

acylbis(l-phenyl-3-methyl-S-pyrazolone). On the other hand,

magnesium(II), aluminium(III), titanium(lV), chromium(Ill),

manganese(II), iron(lI), and iron(III), were not found to be extracted

into the organic phase. Thus, these results clearly highlight that

vanadium can be selectively recovered from the waste chloride liquors

of titanium minerals process industry using 4-acylbis(1-phenyl-3­

methyl-5-pyrazolone in chloroform as an extractant.

(ii) 4-Acylbis(pyrazolones) showed an initial increase in the extraction

efficiency of vanadium(V) with increasing polymethylene chain length,

-(CH2),,-, from n = 4 to 8 and thereafter a decreasing trend, for n = l0

due to steric effects. The Kex;/(V) values of various 4-acylbispyrazolone

derivatives follow the order: H2SbBP > H;DdBP > H2AdBP. The

extraction efficiency of 4-acylbispyrazolones is determined by the

hydrophobicity of the complex formed and the pKa of the ligand
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(pKaH2AdBp= 4.41; pKaH2SbBp = 4.78; pKaH2DdBp = 4.9) ie., Kex increases

with increase in hydrophobicity and decrease in pKa value.
Hydrophobicity of the complexes and pKa increase as chain length

increases. Hence the most favorable chain length for the formation of a

stable complex is n = 8.

The addition of a neutral organophosphorus extractant to the
vanadium(V)-chelate system improves the extraction efficiency.

The complexation strength of vanadium(V) with neutral
organophosphorus extractants follows the order: TOPO > TRPO >

CMPO > TBP.

The Log Ksyml values of vanadium(V) increase linearly with increase in

6(31P) NMR chemical shift of the neutral O-bearing organophosphorus

extractant. However, CMPO was found to deviate from linearity. It may

be due to the bidentate nature of CMPO in the complex formation with

V02"? ion as is also evident from the IR spectral data, where both P=O

and C=O stretching frequencies of CMPO have shifted to lower wave

numbers, indicating the involvement of oxygen atoms of both carbonyl

and phosphoryl groups in complexation.

In the FT-IR spectra of the vanadium(V) complexes extracted in to

chloroform phase, the carbonyl stretching frequencies (1627 cm" in

H2AdBP, 1620 cm"! in H2SbBP and 1618 em“ in H2DdBP) were shifted

to lower frequencies (1600 cm'l in VO2HAdBP, 1600 cm'l in

VO2HSbBP and 1597 em" ih VO2HDdBP). This suggests that the

carbonyl group in the 4-acylbis(l-phenyl-3-methyl-5-pyrazolone) is

involved in the complex formation with the metal ion.

Further, new absorption bands corresponding to the O=V=O stretching

of vanadium(V) were appeared around 964, 906 (VO2HAdBP), 965,

911 (VO2HSbBP) and 970, 915 ehr‘ (VO2HDdBP), indicating that the
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vanadium exists as oxovanadium(V) species in the extracted complexes

in the chloroform phase.

With respect to time (> 3h) the color of the oxovanadium(V) loaded

organic phase has changed from wine red to green, suggesting the

reduction of the oxovanadium(V) to oxovanadium(IV). This has been

ascertained by IR spectral data of the extracted complex, where only
one V=O stretch was observed.

In order to understand more about coordination chemistry of

oxovanadium complex with 4-acylbis(pyrazolones), solid complexes of

vanadium with various 4-acylbis(pyrazolones) have been prepared at

both acidic and neutral pH conditions characterized using various

spectroscopic techniques.

In order to understand the redox chemistry of 4-acylbis(l-phenyl-3­

methyl-5-pyrazolone), the electrochemical responses were recorded by

cyclic voltammetry. All the three ligands showed irreversible oxidation

peaks, showing the formation of stable oxidized species of the

respective ligands. Further, the ligands undergo oxidation at potentials

higher than that for the reduction of oxovanadium(V) to
oxovanadium(IV) (~1 V), the transfer of one electron is possible from

the ligand to oxovanadium(V).

The formation of a free radical intermediate during the complexation

process has been assessed by investigating the polymerization of

acrylonitrile in the presence of oxovanadium(V) and 4-acylbis(l­

phenyl-3-methyl-5-pyrazolones). The free radical intermediates thus

generated in the process couples to form a dimer, which also has been

confirmed by various spectroscopic techniques.

The reduction of oxovanadium(V) to oxovanadium(IV) and subsequent

complexation can be expressed as:
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In the FT-IR spectra of VO(AdBP), VO(SbBP) and VO(DdBP), the

stretching frequency attributable to v(V=O) stretch have been observed

at 968 cm'1, 984 cm'l and 996 cm”, respectively

The room-temperature magnetic moments of the complexes,

VO(AdBP), VO(SbBP) and VO(DdBP), prepared at both acidic and

neutral conditions show paramagnetic behaviour attributed to the d]

species.

The EPR parameters of the complexes VO(AdBP), VO(SbBP) and

VO(DdBP) suggest a slightly distorted square pyramidal geometry.

The UV-vis spectra of the complexes, VO(AdBP), VO(SbBP) and

VO(DdBP), displayed four d-d transitions typical of an
oxovanadium(IV) complex with a slightly distorted square pyramidal

geometry.

The geometries of the oxovanadium(IV) complexes of 4­
acylbis(pyrazolones) have been optimized at the B3LYP/6-3lG* level

of DFT.
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(xviii) All the spectral data obtained confirms that the complex formed is an

oxovanadium(lV) complex, 4-acylbis( l-phenyl-3-methyl-5­

pyrazolones) reduces oxovanadium(V) to oxovanadium(IV) at both

acidic and neutral pH conditions and rapidly forms an oxovanadium(l\/)

complex.

(xix) Thus synthesized oxovandium(lV) complexes with various 4-acylbis(l­

phenyl-3-melhyl-5-pyrazolones) may also find potential applications as

therapeutic agents for diabetes.
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