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Abstract

Separation and determination of lanthanides, Th and U is of great relevance in different fields of science and technology. Reversed-phase
high-performance liquid chromatography (RP-HPLC) usingydroxy isobutyric acid ¢-HIBA) as an eluent on reversed-phase column
modified to cation exchanger has been reported to achieve the separation. However, under those conditions, Th and U are eluted amongs
lanthanides, making their quantification difficult due to overlapping with some of the lanthanides peaks. In this work, different chromatographic
parameters (concentrations of eluent and ion interaction reagent, pH, etc.) were studied systematically to arrive at optimum chromatographic
conditions. Using the dual (concentration and pH) gradient conditions, lanthanides, Th and U could be separated in 11 min by RP-HPLC with
sequential elution of Th and U after the elution of all the lanthanides. The separation methodology was tested using SY-3 rock sample for the
separation and determination of lanthanides, Th and U. The method allows an accurate determination of these elements in a single run using
a single column. Also, the method is fast and cost-effective compared to the reported methods.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction multi-elemental separation and determination of different el-
ements. Fast and high-efficiency separation of multi elements
Determination of lanthanides, Th and U is important from with reasonable precision, sensitive detection capability, low
the point of view of their technological applications espe- instrumentation and operating costs are some of the attrac-
cially in metallurgy, ceramic and nuclear industid~5]. tive features of this technique. As a result, several HPLC
Their determination in geological materials is helpful in min- techniques have been reported in the past for determination of
eral exploration prograrf6]. A knowledge of geochemistry  lanthanides and actinides in variety of samples relevant to ge-
of these elements is also necessary for understanding dif-ological, nuclear and mineral processing industfi€s-14]
ferent geological processes such as chemical fractionation,However, most of the reported methods suffered from the
terrestrial evolution, et¢7,8]. For all these purposes, the de- drawback due to the elution of U and Th along with some
velopment of analytical methodologies for the separation and of the lanthanide$15-17] Alternative approach included
determination of these elements becomes essential. the use of two reversed-phase columns, one unmodified and
Concerning the measurement of lanthanides, Th and U, other modified to cation exchanger, connected in series by
several analytical methods ranging from classical meth- column switching. The unmodified column retained U and
ods to modern instrumental analytical techniques are well Th, whereas lanthanides were separated on the modified col-
documented9]. High-performance liquid chromatography umn[10]. However, this needed a complicated experimental
(HPLC) is one of the promising analytical techniques for set-up with two HPLC pumps, columns and switching valve.
The use of two columns for the separation of these elements
* Corresponding author. Fax: +91 22 2550 51 51/2551 96 13. leads to an increase in separation time and also in higher
E-mail addressskaggr@magnum.barc.ernet.in (S.K. Aggarwal). consumption of solvents/eluents used as mobile phase.
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This paper presents the details of the work carried out for as indicator. U as uranyl was standardized by biamperometric

optimization of chromatographic conditions to separate 14 method[18].

lanthanides, Th and U in a single run. Under the optimized

dual gradient conditions, lanthanides, Th and U are separated.3. Procedure

sequentially in 11 min, on a single column using one low-

pressure quaternary gradient pump. The method has been All the experiments were conducted at room tempera-

verified by determining lanthanides, Th and U in a geological ture (~25°C). Appropriate quantities @f-HIBA and sodium

reference materials viz. SY-3 (syenite) rock sample. n-octane sulfonate were dissolved in water and made to 1
and 0.1 M, respectively. All the solutions were adjusted to
the desired pH using high-purity Nj@H and dil. HNG and

2. Experimental filtered through 0.4%m Millipore membrane filters. The mo-
bile phase was pumped through an RP C-18 monolith column
2.1. Instrumentation using gradient HPLC pump until equilibrium condition was

attained. The mixture of lanthanides, Th and U was injected

The HPLC set-up consisted of a L-7100 (Merck Hitachi) using 10QuL loop and separated under the optimized dual
low-pressure quaternary gradient pump, a Rheodyne sam-gradient conditions on 4.6 mm 10cm monolith column.
pling valve (Model 7725i) with 10Q.L sample loop, aguard  Throughout the experiment, flow rate of the mobile phase
column (1cmx 4.6 mm, Merck Chromolith column) and a was maintained at 1 mL mirt. The PCR solution [1.5«
monolith analytical column (10 cnt 4.6 mm, Merck Chro- 10~*M Arsenazo(lll) and 0.01 M urea in 0.1 M HN{Pwas
molith column), both containing C-18 reversed-phase mate- delivered at a flow rate of 0.3 mL mi. After completing
rial and a L-7450A (Merck Hitachi) 512 Diode Array De- each run, the analytical column was re-equilibrated for 5 min
tector (DAD). The eluted components were monitored at a with the initial chromatographic conditions for next run and
wavelength of 650nm after a post-column reaction with a met- the chromatographic peak area was used for quantification
allochromic Post-Column Reagent (PCR), which was added purpose.
with a piston pump (Hurst, Princeton Ind.) into a low dead
volume-mixing tee (Valco) via a pulse dampner (Model LP 2.4, Rock sample pre-treatment
21). The signal from the detector was processed by HSM
7000 software package and the chromatograms were moni- SY-3 rock sample{100 mg accurately weighed) used for
tored on a PC. The HPLC system was computer controlled method validation was taken in a mixture of 3 mL of conc. HF

through interface D-7000 (Merck Hitachi). and 4 mL and conc. HNg§and subjected to microwave diges-
tion. The digestion of rock sample was carried out by stepwise
2.2. Reagents program of different microwave powers (250, 450, 600 and

250 W) each for 5 min. The total time taken for the digestion

Freshly deionised water (18.2®kcm) purified with a ofrock sample was less than half an hour. The digested sample
Milli Q system (Gradient, Millipore) was used for all the dis- was evaporated to dryness on a hot plate under infra-red lamp.
solutions and dilutionsx-Hydroxy isobutyric acidg-HIBA) This was further treated repeatedly (three times) with 5mL
from Fluka was used as eluent. Sodimroctane sulfonate  of conc. HNQ to remove the excess of fluoride. The residue
monohydrate (Sigma—Aldrich) was used as the ion interac- was taken in~20 mL of buffer of pH 8.5 (2M NHNO3 in
tion reagent (IIR). The oxides of lanthanides (La, Ce, Pr, Nd, NH,OH) and was warmed to ensure complete precipitation.
Sm, Eu, Gd, Th, Dy and Yb) and the nitrate salts of Th and The precipitate was filtered using 0.45h membrane filter
U (as uranyl) were obtained from Indian Rare Earths Ltd., and washed with~40 mL of buffer solution of pH 7.5. The
Alwaye, Kerala, India. Oxides of Ho, Er, Tm and Lu were ob- precipitate was further washed with 40 mL of 1M NaOH
tained from Fluka with a chemical purity greaterthan 99.99%. solution and was transferred into a beaker and dissolved in
SY-3 (Syenite) rock sample from Canadian Geological Sur- conc. HNG. The contents of the beaker were evaporated to
vey was used for the method validation. High-purity reagents near dryness to remove HN@nd finally the residue was
suchas HCI, HN@, HF, NaOH, NH,OH, etc. used duringthe  dissolved in 100 mL of water for HPLC separation.
sample treatment were obtained from Merck. Arsenazo(lll)
(Fluka) was used as the post column reagent.

The oxides of lanthanides were dissolved in nitric acid and 3. Results and discussion
evaporated to near dryness, and stock solutions were prepared
in 2% HNG;s. The standardization of lanthanide solutionswas 3.1. Separation mechanism of lanthanides, Th and U
done by titrating against standard EDTA solution in buffer
solution of pH 5 using Arsenazo (Ill) as an indicator. Pyridine In dynamically modified reversed-phase HPLC, IR (
was added during the titration to get sharp end point. Th octane sulfonate) is dynamically sorbed onto the hydropho-
solution was also standardized by complexometric titration bic surface of a reversed-phase column to provide a charged
against standard EDTA solution at pH 3 using xylenol orange surface that can be used for ion exchange separation of
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lanthanideqd19,20] However, U as uranyl ion and Th ex- It was therefore necessary to search for the chromato-

hibit retention behaviour different from that of lanthanides. graphic conditions which can elute Th and U either before

It has been shown that theHIBA complexes of U and Th  or after the separated lanthanides. Different chromatographic

can be retained on a reversed-phase column by hydrophobigarameters such as IIR concentration, eluent concentration,

adsorption mechanisfit3]. At a given concentration of IR,  and pH of eluent used in RP-HPLC were studied systemati-

the reversed-phase column remains partly cation exchangerally using lanthanides (La and Lu), Th and U as discussed

and hydrophobic. This could be exploited for the separation below.

of lanthanides, Th and U on dynamically modified reversed-

phase column by two different mechanisms. 3.3. Effect of concentration of IIR on retention of
lanthanides, Th and U

3.2. Difficulties in determination of lanthanides by

RP-HPLC In absence of IIR, the-HIBA complexes of lanthanides

showed no interaction with the hydrophobic reversed-phase

The separation of lanthanides, Th and U has been reporteocOlumn and e_Iuted togetheras_a_group atthe solventfftait
on the dynamically modified reversed-phase coljib®)16] Due to the higher hydrophobicity @_f'HIBA complexes of
With those chromatographic conditions, Th and U eluted Thand U, t_hey showed good retention on the reversed-phase
amongst lanthanides and their peak shapes were found t pl_umn. W'th Increase in |IR concentration, th? hydropho-
be relatively broader than those of lanthanideig(1). This icity of this column decreases due to the sorption of IIR on

could cause the overlapping of two or more lanthanides with the reyersed-phase columr_1. This re_sulted n decrea_smg_ the
Th and U thus making their quantification difficult. retention of Th and U. The increase in IIR concentration in-

In natural samples of lanthanides, Thand U may be IC)resemcreases the ion exchange capacity of reversed-phase column

along with transition elements. The use of Arsenazo(lll), trler:.et;]ylnﬁt:asmgth;ar(ta.tentlosérooml\lzu to ha. I—:ﬁwever, evc(ajn
which is more specific for lanthanides, could detect the sep-a igher concentrations ( mM), when the reversed-

arated lanthanides selectively in presence of transition metalphf"lse stationary phas_e might be saturated with hydrophobic
ions [17]. However, Th and U form complexes with Arse- aMons, Th and U continued to elute between Lu and La.

nazo(lll) and their complexes absorb at the same wavelength ) ,

as that of lanthanides complexes. Hence, the approach used-4- Effect of concentration of eluent on retention of
for transition elements cannot be adopted to eliminate the lanthanides, Thand U

interferences due to Th and U eluting between the differ- , , .
ent lanthanides. Using unmodified reversed-phase column, 1 N€influence of the concentration®fHIBA on retention
lanthanides eluted out as a group at the solvent front by ©f lanthanides, Th and U dynamically modified reversed-
«-HIBA while Th and U were well resolved. This approach Phase columns is shown Fig. 2 Increase in the concen-
has been reported for determination of Th and U in presencelration ofa-HIBA, resulted in faster elution of lanthanides,
of lanthanides in various geological and mineral processing 11 @nd U from the modified column with no change in the
sampled12,14] However, the determination of lanthanides pattern O,f separation. The effgct of cqr_wcentrathaMIBA

in presence of Th and U or simultaneous determination of Was studied at pH 4. Under this conditierHIBA is ~63%

14 lanthanides, Th and U by reversed-phase HPLC remained©nized (Ka = 3.77)[13]. With the increase in concentration

difficult of a-HIBA, the concentration o&-hydroxy isobutyrate ions
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Fig. 1. Elution of Th and U amongst lanthanides, using the RP-HPLC. Chro- Fig. 2. Effect of concentration af-HIBA of pH 4.0 on retention of lan-
matographic conditions: 0.07-0.5&HIBA in 10 min and onwards at pH thanides (Lu and La), Th and U on modified 10 cm C-18 column by 3mM
4.0 and 3 mM sodium-octane sulphonate using 10 cm C-18 column. of sodiumn-octane sulfonate.
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increases in the mobile phase and this results in faster elu-
tion of lanthanides on the modified column. Also, th&7%
unionizeda-HIBA competes with the hydrophobic-HIBA
complexes of Th and U which leads to faster elution of Th
and U at higher concentration afHIBA.

3.5. Effect of pH of mobile phase on retention of
lanthanides, Th and U

The effect of pH of mobile phase on retention of lan-
thanides, Th and U was also studied on modified reversed-
phase columnHig. 3). Atlower pH, higher fraction of union-
ized a-HIBA is responsible for the relatively faster elution
of Th and U than lanthanides. However, under these con-
ditions, Th and U are observed to elute among lanthanides
because the retention of Lu is less affected by a change in th
concentration as well as the pH of mobile phase. Due to in-
creased ionisation of-HIBA at higher pH, the concentration
of unionizedx-HIBA in the mobile phase decreases. This led
to the faster elution of lanthanides from Lu to La and slower
elution of Th and U. Above pH 5, Th and U showed higher
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eFlg. 4. Separation of 14 lanthanides, Th and U using the optimized dual

(concentration and pH) gradients as givegeattion 3.6E1 is concentration
of a-HIBA of pH 5.5 and E2 is concentration efHIBA of pH 2.0 used to
show dual gradients.

retention factors compared to those for lanthanides and eluted 1 N€ Peaks of Th and U were improved by employing si-

after La.

3.6. Reversed-phase separation of lanthanides, Th and U

From the above studies, the pH of mobile phase was found
to be a key parameter in the sequential separation of lan-
thanides, Th and U. It has been seen frbig. 3that at pH
> 5 of the mobile phase, Th and U are retained better than
lanthanides on the dynamically modified reversed-phase col-
umn allowing the elution and separation of all lanthanides
before Th and U. The concentration gradienteifIBA at
pH 5.5 could resolve all the lanthanides on the reversed-phas
column modified with 3 mM of sodium-octane sulfonate.
However, the peaks of Th and U were very broad, which
limits their accurate quantification. Also for their complete
elution, the chromatographic run-time increased from 10 min
(for lanthanides) to 20 min (for lanthanides with Th and U).
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Fig. 3. Effect of pH of mobile phase on retention of lanthanides (Lu and
La), Th and U on modified 10 cm C-18 column under isocratic condition:
0.25M of a-HIBA and 3 mM of sodiunm-octane sulfonate.

e

multaneous gradient of decreasing pH of mobile phase along
with the increasing concentration afHIBA. The use of a
lower pH in the latter part of chromatographic run led to
higher fraction of unionize&-HIBA which allowed faster
elution of Th and U and also improved the peak shapes.
Methanol can also be used for faster elution of Th and U from
reversed-phase stationary phase as thilBA complexes
[13]. However, in this work, the use of low pH afHIBA is
chosen to elute Th and U instead of methanol due to faster
re-equilibration of analytical column under the pure agueous
conditions. The presence of methanol in the mobile phase
causes faster removal of IR from the surface of stationary
phase and this may lead to a longer column re-equilibration
time between two chromatographic runs. The IIR concentra-
tion was also increased stepwise from 3 to 10 mM in dual
concentration gradient mode, which improved the resolution
amongst the different lanthanides. However, the resolution
between Th and U got degraded at higher concentrations
of IR in the mobile phase. At IIR concentration of 10 mM
and above, both Th and U co-eluted after lanthanides, and
hence, the IIR concentration was optimized to 6 mM. Under
the optimised dual gradient conditions-HIBA of pH 5.5:
0.05-0.3 M in 0-5min and 0.3-0 in 5-10 min and onwards;
a-HIBA of pH 2.0: 0-0.6 M in 5-10 min and onwards], indi-
vidual separation of 14 lanthanides, Th and U was success-
fully achieved in 11 minutes using 10 cm monolith column

(Fig. 4.

3.7. Validation of the HPLC method for the separation
and determination of lanthanides, Th and U using SY-3
(syenite) rock sample

The optimized RP-HPLC separation methodology for
lanthanides, Th and U was demonstrated using SY-3 rock
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0.77 sy-3 . F 1.0 lanthanides, Th and U in SY-3 rock sample. The carrier Fe
0.6 Y &Dy C E o eluted outat 2.4 min followed by the lanthanides from 3.5 min

E Nd r HIBA onwards. The quantification of lanthanides, Th and U was
0.5 F M i i

3 2 carried out using peak areas from the chromatograms. The

] E 0.6 results of their determination in SY-3 rock sample are given

in Table 1 The determined values for most of the lanthanides,
Th and U are in good agreement with the recommended val-
ues for the rock sample with accuracy and precision of 6%.
Dy could not be determined in the rock sample due to its
overlap with Y during the HPLC separation.

Absorbance

4. Conclusion

Retention Time(min)

Fig. 5. Separation of lanthanides, Th and U in SY-3 (syenite) rock sample. With the optimized chrpmatographlc methodology, we

E1is concentration af-HIBA of pH 5.5 and E2 is concentration afHIBA could separate and quantify lanthanides, Th and U by RP-

of pH 2.0 used to show dual gradients. HPLC on a single column and with a simple experimental set
up in a single chromatographic run using dual (concentration
and pH) gradient conditions. The dual gradient elution can

sample. The rock sample was treated as discussed inpe achieved using a single quaternary low-pressure gradient

Section 2.4and the lanthanides, Th and U were pre- pump. The pH gradient used during the separation improved

concentrated by Co-precipitation with ferric hydroxide. Sev- the Chromatographic peak shapes of Thand U e|uting after

eral co-precipitation methods have been documented usinganthanides. The method was tested using SY-3 geological

different carriers such Mg, Al, Fe, et¢21-23] for lan- reference sample for lanthanides, Th and U. This resulted

thanides. Fe was chosen as carrier because it is one of the man interference-free determination of lanthanides, Th and U

jor constituents of rock samples, shows very less retention onwith precision and accuracy of 6%.

RP-HPLC and elutes before Lu during the HPLC separation

of lanthanides. One hundred microliters of the pre-treated

rock sample solution was injected for HPLC separation of Acknowledgements
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Eu 17 15+1

Gd 105 102+ 3 [4] B. Saha, R. Bagyalakshmi, G. Periaswami, V.D. Kavimandan, S.A.
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U 650 640+ 20 [10] C.A. Lucy, L. Gureli, S. Elchuk, Anal. Chem. 65 (1993) 3320.
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