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A neutral polystyrene resin column, dynamically loaded
with dipicolinic acid at a concentration of 0.1 mM in 1 M

potassium nitrate eluent, was investigated for the separation
characteristics of a number of high valence metal cations
over the pH range 0–3. The metal species studied were
Th(IV), U(VI), Zr(IV), Hf(IV), Ti(IV), Sn(IV), V(IV) and V(V),
Fe(III) and Bi(III), of which Ti(IV), Sn(IV), V(IV) and Fe(III)
did not show any retention. For the remaining metal ions,
significant retention was obtained with good peak shapes,
except for Th(IV), which moved only slightly from the
solvent front with some tailing. The retention order at pH 0.3
was Th(IV) < V(V) < Bi(III) < U(VI) < Hf(IV) < Zr(IV). A nota-
ble feature of this separation system was the high selectivity
shown for uranium, zirconium and hafnium, the last two
being nearly resolved in 15 min on the relatively short 10 cm
column.

Introduction

The ion exchange separation of high valency metal ions has
always posed a notable challenge, as special, sometimes
extreme, elution conditions are necessary for their separation. In
particular, those high valency metal ions with relatively slow
reaction kinetics, which form cationic species in non-complex-
ing acid media, are especially troublesome. These include
Th(IV), U(IV) and U(VI), Pu(III) and Pu(IV), Np(IV) and Np(V),
Zr(IV), Hf(IV), Ti(IV), Sn(IV), V(IV) and V(V) and a number of
trivalent ions such as Bi(III), Tl(III), Fe(III), Ru(III) and Rh(III).
The main problem is that significant hydrolysis and polymer-
isation can occur unless the pH is quite low. These elements are
therefore often called the acid hydrolysing metals. The range
and complexity of elution systems employed for the separation
of these acid hydrolysing metal ions on classical cation and
anion exchange resins has been reviewed by Sandell and
Onishi.1

The development of ion chromatography in the mid-1970s
led to much improved separation possibilities due to the lower
capacity and higher efficiency of the ion exchange resins
employed. An important area for recent studies of high valency
metal ions has been the determination of the early actinides,
where the separation of U and Th has been carried out by
reverse phase as well as ion exchange techniques. One notable
example of a reverse phase separation investigation was carried
out by Hao et al., who examined the effect of glycolic and
mandelic acid eluents on the separation of U(VI) and Th(IV).2
Typical examples involving ion exchange include the separa-
tion and determination of U(IV) and U(VI) in uranium com-
pounds3 and the determination of uranium and thorium in

nitrophosphate fertiliser.4 The very difficult Zr and Hf separa-
tion has also been specially investigated because of the
widespread use of Zr in the nuclear industry.5 However, the
efficient ion exchange separation of these two metals still
remains problematic in less concentrated acids.6 Another
important area involving high valency metal ions is the
separation of V(V) from V(IV), of interest for the investigation of
the biological role of vanadium.7,8

Most of the recent studies on the separation and determina-
tion of acid hydrolysing metals tend to develop methods
specifically targeted to only two or three metal species.
Invariably, selectivity is a major problem and serious inter-
ference can occur, resulting from large amounts of species such
as Fe(III) and the lanthanides in the sample.9 High salt content
can also cause a problem where ion exchange sites can be
swamped by the high ionic strength.10

An alternative method to simple ion exchange chromatog-
raphy, called chelation ion chromatography, has been devel-
oped in recent years, capable of wide selectivity control
combined with insensitivity to ionic strength. When high
efficiency resins are involved the technique has been called
high-performance chelation ion chromatography. The main
principle of chelation ion chromatography is based on the
formation of metal complexes on the surface of a chelating
stationary phase, separation occurring as a result of differences
in conditional stability constants between the metal complexes.
A high efficiency chelating stationary phase can be formed by
chemical bonding, impregnation or dynamic loading, either on
polystyrene or silica based substrates. A review of high-
performance chelation ion chromatography has been published
by Jones and Nesterenko.10 Most of the studies so far using
high-performance chelation ion chromatography have involved
the lower valence metal ions, such as the dipositive charged
transition metals lead and cadmium, but little work has yet been
published involving the separation of the more difficult acid
hydrolysing metals.

Some of the studies of high valence metal ions by chelation
ion chromatography have been carried out on chelating dye
impregnated resins. Sutton et al. used neutral polystyrene resins
impregnated with either calmagite or 4-(2-pyridylazo)resorci-
nol, both azo dyestuffs, to separate uranium from thorium.11 In
a similar approach, Paull and Haddad impregnated a polysty-
rene resin with the chelating dyestuff Methylthymol Blue
(iminodiacetic acid functionality) to determine trace uranyl ion
in saline samples.12

Chelating resins formed by dynamic loading have also been
investigated. Sutton et al. found that dynamically loading a
hypercrosslinked resin with dipicolinic acid resulted in the
highly selective separation of uranium from thorium, lantha-
nides and Fe(III).11 Shaw et al. followed up this work and
developed a dipicolinic acid dynamically loaded chelating
column method for the determination of uranium in sedi-
ments.13 An interesting finding arising from this study was the
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appearance of a later eluting peak subsequently identified as
zirconium, which was known to be present in the sediment. The
implication from this was that a dipicolinic acid loaded column
showed potential for the high efficiency separation of a wider
range of high valency metals species in complex samples and
was thus worthy of further investigation.

The work in this paper describes a preliminary study of the
chromatographic performance and retention characteristics of a
number of acid hydrolysing metals on a high efficiency resin
dynamically loaded with dipicolinic acid. The effect of
temperature and pH changes on separation and selectivity are
summarised together with selected examples of chromatograms
of metal mixtures.

Experimental

Instrumentation

The isocratic ion chromatographic system consisted of a Dionex
GP40 gradient pump (Dionex, Sunnyvale, CA, USA) and a
Rheodyne 9010 polyether ether ketone (PEEK) liquid six port
injection valve (Rheodyne, Cotati, CA, USA), fitted with a 100
μl PEEK sample loop. The analytical column was a PEEK (100
3 4.6 mm id) casing, packed with 5 μm PLRPS polystyrene
divinylbenzene resin (Polymer Laboratories, Shropshire, UK).
The post-column detection system comprised a Dionex IP20
pump to deliver the post-column reagent (PCR), a zero dead
volume PTFE tee and a 2 m 3 0.5 mm id PTFE reaction coil.
Detection was achieved using a Shimadzu SPD-10AVvp UV–
vis spectrophotometer (Shimadzu Corporation, Kyoto, Japan)
set at 654 nm for Arsenazo III and 585 nm for pyrocatechol
violet (PCV) post-column reagents.

Reagents

Two post-column reagents were used in this study. (i) A
solution of 12 mg l21 Arsenazo III in 1 M HNO3 was used for
all the metals except V(IV) and V(V). (ii) A solution of 40 mg l21

PCV in 1.5 M hexamine was used for V(IV) and V(V).
The eluent consisted of a 1 M KNO3 aqueous solution

containing 0.1 mM dipicolinic acid and nitric acid of varying
concentration, depending on the pH required. Both the eluent
and PCR were delivered at 1 ml min21.

All reagents were of BDH AnalaR grade (Merck, Poole, UK)
with the exception of Arsenazo III (95% dye content) (ICN
Biomedicals Inc., Aurora, OH, USA), dipicolinic acid (99%
purity), PCV and titanium oxysulfate (Aldrich, Gillingham,
Dorset, UK). 1000 mg l21 metal stock solutions of Th(IV),
U(VI), Zr(IV), Sn(IV), Fe(III) and Bi(III) were obtained from
Merck and Hf(IV) from Aldrich. A 1000 mg l21 stock solution
of V(V) was prepared from ammonium vanadate dissolved in 1
M nitric acid. V(IV) solutions were prepared from V(V) stock by
adding excess solid sodium sulfite and standing for 5 min before
use. An approximate 1000 mg l21 stock solution of Ti(IV) was
prepared by dissolving titanium oxysulfate in 1 M nitric acid.
The metal solutions were diluted to working standards with
deionised water (Milli-Q, Millipore, Milford, MA, USA),
containing sufficient nitric acid to prevent hydrolysis, and
stored in poly(propylene) bottles (Merck).

Results and discussion

Metals with high positive charge have a strong affinity for the
oxygen in water molecules and tend to form hydroxy, oxo, and
oxo-hydroxy species in aqueous media, even at low pH. It is
beyond the scope of this short article to discuss this very
complex area of inorganic chemistry in any detail. Any
classification can be criticised, but the authors suggest that they
can be essentially divided into two broad classes, those which

form anions such as oxo anions at virtually all pHs, e.g. Cr(VI),
Mn(VII), Mo(VI) and W(VI), and those which form cationic
species at low pH. This work concerns a number of the metals
from the latter group, namely, Th(IV), U(VI), Zr(IV), Hf(IV),
Ti(IV), Sn(IV), V(IV), V(V), Bi(III) and Fe(III). For the sake of
simplicity they will be called the acid hydrolysing group. Many
of these cations will contain oxo and hydroxy groups and as the
exact nature of many of the aqua cations is not known,14 the
metal species will be designated simply by their formal
oxidation state.

Dynamic loading is a relatively simple way of forming a
chelating stationary phase. It requires a small concentration of
the chelating compound in the eluent to maintain an equilibrium
with a sorbed layer on the stationary phase.10,12,13,15,16 The
presence of the chelating agent in the eluent as well as on the
substrate is an added complication, but the conditions are
chosen so that complexation in the eluent is small compared to
that on the stationary phase. A high concentration of potassium
nitrate is also added to the eluent to essentially eliminate ion
exchange interactions.10 As mentioned in the Introduction,
dynamic loading with dipicolinic acid has produced good
results so far, not only with the acid hydrolysing metal uranium,
but also with lower charged metal ions.15,16 Dipicolinic acid
was therefore considered the most appropriate chelating agent
for further investigations of high charged metal ion separa-
tions.

Temperature effects

As dynamic loading is an equilibrium condition involving
partitioning between the mobile and stationary phases, it was
expected that temperature would affect the equilibrium and
hence the retention of metal ions. The retention of uranium was
investigated over a temperature range of 15–30 °C, which
reflects typical laboratory ambient conditions. A steady, almost
linear, decrease in retention time with increase in temperature
was found, declining from 10.1 to 7.8 min. The change in
retention time with temperature was considered sufficiently
large to warrant thermostating of the column. The column was
therefore kept in a water bath set at 30 °C throughout the
investigation.

Separation characteristics

In an earlier investigation the effect of varying the dipicolinic
acid concentration in the eluent from 0.01 to 1 mM was
studied.13 It was found that the effect was relatively small, but
a concentration of 0.1 mM produced optimum results for the
separation of U and Th, so it was decided to continue to use this
concentration level for all the work described here. The key
parameter controlling separation in high-performance chelation
ion chromatography is the pH. This is because the values of
metal complex conditional stability constants change markedly
with change in pH.10 Considering the difficulty in measuring a
low pH accurately, pHs below 2 were nominally calculated
from the known nitric acid concentration.

Ti(IV), Sn(IV), V(IV) and Fe(III) were found not to be retained
using eluents over the pH range 0–3. It should be noted that
although not investigated here, previous studies showed that
aluminium and lanthanide ions are also not retained over this pH
range.13 A pH higher than 3 was not used because of the
appearance of extensive metal hydrolysis, as indicated by
severe peak broadening. For the remaining metal ions, Th(IV),
U(VI), Zr(IV), Hf(IV), V(V) and Bi(III), significant retention was
obtained, except for Th(IV), which only moved slightly away
from the solvent front. Fig. 1 shows the plot of log k' (capacity
factor) against pH for these metals. Apart from Bi(III) they all
show a general increase in retention with pH. If metal chelation
on the surface of the substrate was the only factor involved then
straight line plots would be expected. However, as discussed in
previous published work,16 the presence of the chelating agent
in the eluent causes a more complicated relationship, giving
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curved plots, with in this case even a reversal of retention for
Bi(III). However, lack of data on stability constants of the
dipicolinic acid complexes of acid hydrolysing metals makes
this behaviour difficult to interpret at present. Nevertheless, this
more complex retention behaviour can be exploited where, for
example, Bi(III) can be eluted before or after V(V) depending on
pH.

As V(IV) is not retained V(V) is easily separated from V(IV),
for example giving a retention time of 5 min at a pH of 1.3, as
shown in Fig. 2. This is an interesting finding, as with simple
cation exchange in acid media, the reverse is true, V(IV)
producing the much greater retention.1 Fig. 3 shows the
separation of six metal species at a pH of 0.3 (0.5 M nitric acid).
Good efficiencies and peak shapes were obtained, except for
thorium, which showed significant tailing. Fe(III) was added to
the metal mixture to indicate the exact position of the solvent
front and to highlight the slight retention of Th. The large
variation in concentrations of the metal ions injected reflects the
wide range of sensitivities obtained with Arsenazo III post-
column detection. V(V) is not shown in this chromatogram as it
does not react with Arsenazo III. The high selectivity for
uranium, zirconium and hafnium is noteworthy. Zr and Hf are
sufficiently separated even on this 10 cm column that
quantification by peak height can be carried out. Assuming the
efficiency in terms of the number of plates increases proportion-
ately with column length, it can be calculated that doubling the

column length to 20 cm would result in baseline resolution of
these two metals.

Conclusion

This preliminary study shows that a dipicolinic acid dynam-
ically loaded column can produce good separations of a range of
acid hydrolysing metal species in low pH conditions, with a
particularly high selectivity for uranium, zirconium and haf-
nium. The insensitivity to ionic strength, use of strong acid
eluents and the lack of retention for Fe(III), Al(III) and the
lanthanides, should make this dynamically loaded column
particularly suited to the determination of high valence metal
ions in complex environmental and biological samples after
acid digestion. Further studies are currently being carried out in
this area.

References

1 Photometric Determination of Traces of Metals—General Aspects,
Part 1, Colorimetric Determination of Traces of Metals, ed. E. B.
Sandell and H. Onishi, John Wiley and Sons, New York, USA, 4th
edn., 1978, ch. 8.

2 F. Hao, B. Paull and P. R. Haddad, J. Chromatogr. A, 1996, 739,
151.

3 H. de Beer and P. P. Coetzee, Radiochim. Acta, 1992, 57, 113.
4 A. W. Al-Shawi and R. Dahl, J. Chromatogr. A, 1995, 706, 175.
5 M. Qureshi and K. Husain, Anal. Chem., 1971, 43, 447.
6 D. Trubert, F. Monroy Guzman, C. Le Naour, L. Brillard, M.

Hussonnois and O. Constantinescu, Anal. Chim. Acta, 1998, 374,
149.

7 H. de Beer and P. P. Coetzee, Fresenius' J. Anal. Chem., 1994, 348,
806.

8 M. J. Tomlinson, J. S. Wang and J. A. Caruso, J. Anal. At. Spectrom.,
1994, 9, 957.

9 D. J. Barkley, M. Blanchette, R. M. Cassidy and S. Elchuk, Anal.
Chem., 1986, 58, 2222.

10 P. Jones and P. N. Nesterenko, J. Chromatogr. A, 1997, 789, 413.
11 R. M. C. Sutton, S. J. Hill, P. Jones, A. Sanz-Medel and J. I. Garcia-

Alonso, J. Chromatogr. A, 1998, 816, 286.
12 B. Paull and P. R. Haddad, Anal. Commun., 1998, 35, 13.
13 M. J. Shaw, S. J. Hill, P. N. Nesterenko and P. Jones, Chromatogra-

phia, 2000, 51, 695.
14 F. A. Cotton and G. Wilkinson, Advanced Inorganic Chemistry, John

Wiley and Sons, Chichester, UK, 5th edn., 1988.
15 M. J. Shaw, S. J. Hill and P. Jones, Anal. Chim. Acta, 1999, 401,

65.
16 M. J. Shaw, S. J. Hill, P. N. Nesterenko and P. Jones, Anal. Commun.,

1999, 36, 399.

Fig. 1 A plot of log k' against pH for six of the acid hydrolysing metal ions.
Column as described in Experimental. Eluent, 1 M potassium nitrate
containing 0.1 mM dipicolinic acid adjusted to the appropriate pH with nitric
acid. Detection, Arsenazo III post-column reaction used for all metals
except V(V), which was monitored with PCV.

Fig. 2 Chromatogram showing the separation of V(V) from V(IV). Column
and eluent as in Fig. 1, except eluent pH was 1.3. Detection, PCV post-
column reaction monitored at 585 nm.

Fig. 3 Chromatogram showing the separation of six acid hydrolysing
metal ions. Column and detection conditions as Fig. 1. The eluent was the
same as in Fig. 1 with the nitric acid concentration adjusted to 0.5 M (pH
0.3). Sample injection, 100 μl of a mixture of 20 ppm Fe(III), 0.5ppm Th(IV),
20 ppm Bi(III), 0.5 ppm U(VI), 25 ppm Hf(IV) and 5 ppm Zr(IV).
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