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Abstract

Cation-exchange displacement chromatography of VO2� was carried out for studying vanadium isotope fractionation in the

malate complex formation system. After the chromatographic elution, the heavier isotope 51V was found to be enriched at the front

boundary of the VO2� band, which indicates that the heavier isotope is preferentially fractionated into the malate complex in the

aqueous solution phase. The isotope separation coefficient o (�/a�/1) for 50V and 51V was obtained as 1.0�/10�4 for the malate

system at 298 K. This value is smaller than the ones for UO2
2� and Cu2� in the same ligand systems. Binuclear complex species in

UO2
2� and Cu2� solutions may be attributed to the larger isotope effects in the complex formation system. Through comparison of

the reported separation coefficient values of o per unit mass differences (o /DM ) of the alkali, alkaline earth and transition elements

in the complex formation systems, it is suggested that the stronger the complex of the concerned element, the more the isotopic

fractionation can obtain.
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1. Introduction

Vanadium has been receiving increasing attention in

geochemistry and biology, because this element is an

essential trace element [1]. Naturally occurring vana-

dium consists of two stable isotopes with the mass

numbers 50 and 51, of which the isotope 50V is a weakly

radioactive isotope with the half-life of 1.4�/1017 years.

It has been well known that vanadium is highly

accumulated in some petroleum and the blood of certain

invertebrates, and isotopic fractionations, i.e., devia-

tions in the 50V/51V isotopic ratio, were observed in

these organic materials [2,3]. Because transition metals

participate actively in multiple biologic and low-tem-

perature inorganic chemical reactions, their isotopic

variability offers an unexplored potential as biogeo-

chemical and geochemical tracers [4�/7]. The main

phenomena leading to isotopic fractionations involve

isotope exchange reactions and kinetic processes of

isotopomers; the former gives equilibrium isotope effects

and the latter gives the kinetic isotope effects. Isotopo-

mers or molecules containing different isotopes of an

element that display slight differences in their vibra-

tional frequencies due to the differences in the zero-

point energies, with the result that equilibrium processes

in which they are involved display isotopic fractionation

[8]. So far, the physico-chemical studies on vanadium

isotope effects have been very limited. Laboratory

experiments on vanadium isotope effects in equilibrium

exchange reactions would assist the elucidation of the

isotope fractionation in nature and in biological pro-

cesses. In the present work, the vanadium isotope effects

are studied by using ion-exchange chromatography.

Mass fractionation on ion-exchange resins has been

extensively studied by chromatographic processes of

isotopes of many elements involving alkali, alkaline

earth and transition metals [9�/14]. The observation for

most elements follows the conventional quantum me-

chanical effect due to molecular vibration theory

established by Bigeleisen and Mayer in 1947 [15], i.e.,

the heavier isotope is preferable to be fractionated into

the strongly bound chemical species. From the previous

IR spectroscopic and chromatographic studies on the

uranium isotope effect in the formation of uranyl
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complexes, it was found that the lighter isotope 235U is

enriched in the uranyl (UO2
2�) carboxylate complexes

and the isotope separation coefficients o of the uranyl

complex systems are linearly proportional to the shift of
the asymmetric stretching vibration n3 of O�/U�/O in

uranyl complexes, which reflects the reduction of the O�/

U�/O bond strength by complex formation [16�/18]. The

results indicated that the lighter isotope 235U is enriched

in the strongly coordinated species. The larger the

stability constant of the complex, the more is the 235U

enriched in the complex. Among some selected uranyl

carboxylate complexes, the malate ligand has shown the
largest separation coefficient. For this reason, malate

was applied to the investigation of the isotopic fractio-

nation of copper [11] and vanadium in the present work.

Tetravalent vanadium, the most stable oxycations

existing in the form of the entity VO2�, is very similar to

the uranyl ion UO2
2� and can form a wide variety of

stable complexes [19], especially with hydroxycarboxy-

late function groups. In the present work, malate was
selected as a ligand to measure the isotopic fractionation

of vanadium in a complex formation system by cation-

exchange chromatography. Discussion is also extended

to the reported isotope effects in complex formation

systems of alkali, alkaline earth and transition elements

in order to demonstrate stronger complex formation of

the elements that may cause larger isotope effects. It is

hoped that more insight will be gained into the origin of
the isotope effect and understanding the theory of

isotope effects.

2. Experimental

2.1. Chromatographic processes

The chromatography system used in the present study
consists of two Pyrex columns (1.0 cm i.d. and 100 cm

long) and a high-pressure pump (controlling the flow

rate of the feeding solution), connected in series with a

0.8 mm Teflon tube. The temperature was set at 298 K

throughout the experiment by circulating thermostated

water through the jackets of the column. A fraction

collector was used to collect the effluent in small

fractions.
The columns were packed with strongly acidic cation-

exchange resin SQS-6, highly porous, small diameter of

70�/90 mm, developed by Asahi Chemical Industry. At

the beginning of the chromatographic operation, the

resin packed in the column was conditioned by elution

with 2 M HCl solution to remove the impurities and

convert it completely into H� form, and washed

thoroughly with redistilled water. A measured volume
of the 0.2 mol dm�3 VOSO4�/0.1 mol dm�3 H2SO4

solution was fed into the column to form the VO2�

adsorption band, which is visible, dark cyan, in contrast

to the orange yellow resin in H� form. The length of the

band was 30 cm. The VO2� band was then eluted

through the H� form resin bed at the flow rate of 6.0

cm3 h�1 with 0.1 mol dm�3 solution of ammonium

malate, prepared from DL�/malic acid (COOH�/

CH2CHOH�/COOH) and NH3 �/H2O (Wako, analyti-

cal-reagent grade), and adjusted to pH 7.5. The band

velocity was approximately 1.0 cm h�1. After migration

(the migration length was 2 m, the total eluent volume

used was 1180 ml), the effluent was collected in small

fractions, and then submitted to the analyses of the pH,

vanadium concentration and the isotopic abundance

ratio.

2.2. Chemical and isotopic analysis

The vanadium concentration in each fraction was

measured with an inductively coupled plasma atomic

emission spectrometer (ICP-AES, Model SPS 1500VR,

Seiko Instruments), at the most sensitive line of 309.311

nm. Wavelength adjustment and sensitivity calibration

were performed before measurement. The pH of the

effluent fraction was measured by a pH meter with a

glass electrode.

The determination of vanadium isotope ratios 50V/51V

was carried out using a single-focusing 23 cm radius, 908
magnetic sector field, Finnigan MAT 261 mass spectro-

meter, equipped with a thermal-ionization ion source

and an Faraday cup collector for detection of the V�

ion currents. The filament unit, which generates the V�

ions, comprises two rhenium ribbon filaments, one for

evaporation and the other for ionization.

Before applying the mass analyses, each sample was

first pretreated with concentrated HNO3 and heated to

dryness to decompose the organic materials, and then

converted into the form of chloride by the addition of

concentrated HCl. A portion of each sample containing

20�/30 mg vanadium was loaded onto the center of the

evaporation filament homogeneously and thermally

ionized by the ionization filament.

It should be noted that the mass scanning over the

range 50�/52 was always made to rigorously correct the

isobaric interference by 50Cr, because chromium (invol-

ving isotopes of mass number 50) is contained in the

rhenium filaments. The interference of 50Ti was found to

be negligible. The 50Cr peak height was calculated by

multiplying the measured peak height of 52Cr with the

natural abundance ratio of 50Cr and 52Cr.

The mass scanning over the range 50�/52 was repeated

about 48 times for 1 h. The vanadium isotopic ratio of

the sample was calculated by averaging all the height

ratios of the recorded peaks of 50V and 51V. The total

time for the mass spectrometric measurement of one

sample was approximately 2.5 h.
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3. Results

The mechanism of vanadium isotope separation by

cation-exchange chromatography was illustrated in Fig.

1. Chromatography was conducted in a band displace-

ment manner. The reactions involved in the band

chromatographic system are presented in terms of the

general expression for the reactions as follows, by

abbreviating malic acid as H2L and the malate ion as

L2�.

At the leading boundary of the vanadium band, the

adsorbed vanadyl ions are released from the resin
forming complexes with the ligand supplied by the

eluent.

VO2��(NH4)2LU2NH�
4 �VO L (1)

where bars denote the resin phase.

During the elution developing through the vanadyl

band, the isotope exchange reaction (2) takes place
repeatedly between vanadyl�/carboxylate complexes in

the external solution phase and the vanadyl ions in the

resin phase.

51VO2��50 VO LU 50VO2��51 VO L (2)

The separation factor a , is defined in the present

system as:

a� [ 50V= 51V]r=[ 50V= 51V]s�1�o (3)

where the brackets denote the abundance ratio of given

isotopes, the subscripts r and s represent the resin and

solution phases, respectively.

When the vanadyl�/carboxylate complex species reach

the leading boundary of the band, the vanadyl com-
plexes were dissociated, and the free vanadyl ion is

readsorbed into the resin phase.

VO L�2H�UH2L�VO2� (4)

Fig. 1. The mechanism of vanadium isotope separation by cation-

exchange chromatography.

Fig. 2. Chromatogram and measured isotopic ratios in the vanadyl malate system.
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The results obtained by the above-stated chemical and

isotopic analyses are plotted in Fig. 2. The profile of

VO2� concentration in the effluent fraction corresponds

to VO2� band in the column. The chromatography is
found to be conducted in an almost ideal displacement

manner with sharp band boundaries at both edges of the

band. Since, the stability constant of vanadyl malate

complex species is larger than that of ammonium malate

[20] and the total selectivity of the cation-exchange resin

for divalent vanadyl ions is larger than that for protons,

the reactions (1) and (4) at leading and trailing

boundaries tend to proceed to the right sides and
make sharp boundaries at both edges of the band. The

sharp band boundaries are also featured in the pH

change.

It is obvious from the profile of isotopic ratios in the

malate system illustrated in Fig. 2 that the heavier

isotope 51V is enriched at the leading edge and the

lighter isotope 50V enriched at the trailing edge, i.e., the

isotope exchange reaction represented by reaction (2)
concentrated the heavier isotope 51V in aqueous solu-

tion. The results are interpreted by the mechanism that

the heavier isotope 51V is preferentially fractionated into

the vanadyl malate complex species in an aqueous

solution and moves down at a relatively faster velocity

to the leading edge, while the lighter isotope 50V is

preferentially retained in the vanadyl ions in the resin

and eluted down at a lower velocity, resulting in the
accumulation at the trailing edge. The results suggest

that the equilibrium constant of reaction (2) should be

larger than unity. This is consistent with the prediction

that the heavier isotope is expected to fractionate into

the strongly bound chemical species based on the theory

of isotope effects in molecular vibration.

We generally use the term of the separation coefficient

o (�/a�/1) to express the isotope fractionation, which is
calculated from the experimental data using the isotopic

enrichment curves of the front or rear boundary

according to the equation developed by Spedding et al.

[21], and Kakihana and Kanzaki [22] (see Appendix A).

In this work, the o value was calculated as 1.0�/10�4

by using the data of the isotope 50V enrichment zone

(rear part of the chromatogram).

4. Discussion

In the present work, the concentration of vanadium in

the plateau region of the chromatogram is approxi-

mately 0.1 mol cm�3, which is in agreement with the

concentration of malate ligand in the feed eluent. This

fact indicates that the vanadyl malate complex is
produced according to reaction (1). The eluent in the

adsorption band region shows the pH value of 2.78 in

Fig. 2. T
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Table 1 presents the separation coefficient o and the

related data of the vanadyl malate system observed in

this work by cation-exchange displacement chromato-

graphy, along with the results reported from the UO2
2�,

Gd3� and Cu2� in malate and EDTA4� ligand

exchange systems.

Malic acid forms a wide variety of complex species

with multivalent metal ions and usually acts as a

bidentate ligand through the hydroxyl and the a-

carboxyl oxygen atoms [24]. In the pH range 2�/4, the

vanadyl malate complex has been reported to exist in the

form of the mononuclear 1:1 complex [20]. The gado-

linium malate complex in the chromatogram of Gd3� in

previous work is also a mononuclear complex [25]. In

contrast to VO2� and Gd3�, Cu2� or UO2
2� ions

predominantly exist in the form of binuclear complexes,

Cu2L2 and (UO2)2L2, in the pH range 2�/4 [26] [27]. The

interaction of malic acid with Cu2� or UO2
2� results in

the occurrence of a dimerization reaction of malate

chelates in the pH range 2�/4, where the a-hydroxyl

group of the malate ligand is involved in the bridging;

the possible structures of these two binuclear chelates of

Cu2� and UO2
2� are illustrated in Fig. 3. In addition, it

is reported that the binuclear complex is more stable

than the mononuclear, which explains its presence at

lower pH values.

Recently, Maréchal and Albarède [28] reported that

the Zn isotopic fractionation factor is smaller than the

Cu isotopic fractionation in the HCl complex system by

elution chromatography. They discussed that the large

isotope effect of copper is probably due to the presence

of polynuclear molecules of the chloride complex

(Cu2Cl6
2�), where Cu is occupying two different sites

in the compound. This discussion may be applicable to

the values of o in Table 1 which is indicating the results

obtained for malate and EDTA4� complexes. EDTA4�

was expected to make more strong coordination bonds

with Cu2� than malate. However, o of Cu�/EDTA is

smaller than that of Cu�/malate. On the other hand, the

separation coefficient of Gd�/EDTA is larger than that

of the Gd�/malate system due to the stronger complex

formation with EDTA4� than malate. This is reason-
able since mononuclear complexes of Gd3� exist in

acidic solutions in both EDTA4� and malate systems

[25]. The existence of a binuclear in UO2�/malate

complex may also be the reason for the much larger

separation coefficient value than that of EDTA4�

systems, in which no polymer nuclear complex is

formed.

Theoretically, o is proportional to DM and inversely
proportional to square of both the atomic weight M and

absolute temperature T [14]:

o8DM=M2T2 (5)

This means that the log�/log plots of the values of o per

unit mass differences (o /DM ) versus atomic weight are

expressed by a line with a slope of �/2 when the complex

conditions are similar among the considered elements.

In Fig. 4, reported separation coefficients o of other

alkali, alkaline earth and transition elements in ligand

exchange reactions are also plotted. Taking a panoramic
view of isotope fractionation in complex formation

systems observed by displacement chromatography

using strongly acidic cation-exchange resin plotted in

Fig. 4, it is seen that alkali and alkaline earth elements

approximately fall on the straight line with the slope of

�/2, while most o ’s of the transition elements plotted are

located at higher places than the line for alkali and

alkaline earth elements. This is probably due to the
strong complex formation of the transition elements.

The Cu�/malate system shows a relatively large value

of o compared with other systems of complex formation.

In addition, it is noted that U(VI)�/malate shows an

irregularly large value of o when Eq. (5) is considered.

In general, the isotope effects or the isotope separa-

tion coefficient depends on temperature and the depen-

dency is expressed by Eq. (5). Concerning the U(VI)�/

malate system, Ismail et al. [29] studied the temperature

dependence of o and found that o is increased with

temperature in the experimental range from 288 to 343

Fig. 3. The possible binuclear chelate structures of Cu(II)�/malate and U(VI)�/malate complexes.
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K. The value of o in the U(VI)�/malate system was

shown to be expressed by

o�A=T2�B=T (6)

where A and B are constant with opposite signs. This

pattern of the temperature dependence is very similar to

one which was seen in the U(IV)�/U(VI) exchange

system [30]. The isotope effects in U(IV)�/U(VI) ex-

change has been explained by the term of nuclear field

shift, which has been introduced into the chemical
isotope effects by Bigeleisen [31].

The temperature dependence of o in the vanadium

malate system has not been studied so far. The results

obtained in the present work are indicating the features

of normal isotope effects based on the classical theory of

molecular vibration.

5. Conclusion

Isotope fractionations between the vanadyl malate

complex in aqueous solution and vanadyl ions in cation-

exchange resin were experimentally observed by ion-
exchange displacement chromatography. The heavier

isotope 51V was enriched in the species in the aqueous

solution phase at the front boundary of the vanadyl ion

adsorption band, while the lighter isotope 50V was

enriched in the species in the resin phase at the rear

boundary. The separation coefficient of the 50V/51V

isotopic pair was obtained as 1.0�/10�4 for the malate

system. The o /DM value of VO2� was expected to be
much larger than the o /DM values of Gd3� and UO2

2�

in the malate system due to the smaller atomic weight of

V than those of Gd and U. In the present work, the o /

DM value of VO2� was found to be much larger than

that of Gd; however it was not so much larger than

UO2
2�. Also, the o /DM value of VO2� is found to be

smaller than that of Cu2� in the malate system.
Dimerization in UO2

2� and Cu2� complexes may affect

their isotope effects.
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Appendix A: Calculation of separation coefficient o

Separation coefficient o in ion-exchange displacement

chromatography is calculated in term of following

equation:

o�
X

CijRi�Roj=QRo(1�Ro) (7)

where subscript i indicates the sample fraction number,

o the original feed, C the total amount of isotopes, Q

the total exchange capacity of the resin and R the

isotope atom fraction. The larger the deviation of the

value o from zero, the greater is the isotope effect. The

summation of the equation is taken for the enriched
zone or for the depleted one. These summations yield

the same value of o , because of the mass balance

between the front and the rear of the band.
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