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Abstract

lon-interaction chromatography on a short (30X4.6 mm) 3 wm ODS column has been investigated with the aim of
developing fast chromatographic separations of selected inorganic anions. Tetrabutylammonium chloride (TBA-CI) was used
as the ion-interaction reagent in mobile phases that also contained up to 20% methanol. Separations of simple test mixtures
of up to eight UV absorbing anions illustrated how excellent efficiencies (>50 000 plates/m) could be obtained under
optimized conditions. The use of an optimised mobile phase containing 20 mM TBA-Cl and 20% methanol resulted in the
baseline separation of five important anions (iodate, bromate, nitrite, bromide and nitrate) in a separation window of just 28
s, with a shortest total analysis time of 50 s. The method was briefly applied to the rapid analysis of nitrite and nitrate in both
adrinking water and a river water sample with a view to future on-line monitoring. 0 2001 Elsevier Science BV. All rights

reserved.
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1. Introduction

The principle of using short liquid chromatograph-
ic columns packed with small particle size stationary
phase materials with the aim of achieving rapid
liquid chromatographic separations is not a new one
and has been shown in several studies [1-9]. The
advantages of such an approach include reduced
analysis times and therefore increased sample
throughput (for the purposes of this discussion we
shall define fast chromatography as encompassing
runs of <5 min in total), rapid method development
(again due to short run times and faster column
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equilibration) and substantial economic benefits
(both lower column cost and lower reagent consump-
tion).

In the past, fast LC has generally been confined to
reversed-phase separations of pharmaceutical com-
pounds [1-4], peptides and proteins [5—8] and other
biological macromolecules [9]. For example,
Moriyama et a. [5] successfully achieved a sepa-
ration of six peptides in under 1 min using a 50
mmx4.6 mm |.D. TSKgel Super-ODS column, and
Kirkland et a. [9] used a rapid gradient for the
separation of a mix of nine proteins in under 2 min
on a 75x2.1 mm, 5 um Poroshell 300 SB-ODS
reversed-phase column.

However, the retention times in the above two
studies would seem positively long when compared
to those shown by Heinig and Henion [1]. Here a
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15X2.1 mm 1.D. cartridge packed with 3 pm ODS
reversed-phase particles was used to separate five
benzodiazepines (previoudly extracted from urine
samples) in under 15 s.

Such reversed-phase separations are possible due
to the large range of small particle size (1.5-3 pum)
silica based reversed-phase materials commercially
available. Short columns packed with these highly
efficient stationary phases exhibit improved resolu-
tion due to the excellent mass transfer characteristics
of the smaller particles, whilst the short columns
themselves generate only moderate back pressure
and can still be used with conventional flow-rates.

In contrast to the above studies, the rapid chro-
matographic separation of small inorganic/organic
ions using ion-exchange resins has to-date not re-
celved much attention. This is due to the lack of
commercialy available ion-exchange resins that
possess the desired properties for rapid chromato-
graphic separations. However, this problem can be
overcome by carrying out ion-interaction chromatog-
raphy using the above reversed-phase materials. lon-
interaction chromatography is a powerful technique
that allows conventional reversed-phase columns to
be used for the separation of inorganic and organic
ions, with comparable efficiency and resolution to
that obtained by conventional ion chromatography. A
number of reviews have been published on the
subject of ion-interaction chromatography of small
anions [10,11], including a recent comprehensive
review by Gennaro and Angelino [12].

In the following paper, ion-interaction chromatog-
raphy is carried out on a short 30X4.6 mm I.D.
analytical column, packed with a 3 um particle size,
ODS dtationary phase, with the aim of developing
fast chromatographic separations of UV absorbing
inorganic ions. Optimisation of the mobile phase,
which contained tetrabutylammonium chloride
(TBA-CI) as the ion-interaction reagent (IIR), was
carried out to obtain the best possible resolution of
test mixtures of anions in the shortest analysis times.
Under optimised conditions near baseline resolution
of eight inorganic and organic anions could be
achieved in under 4.4 min, and five important
inorganic anions could be separated in under 50 s,
using only moderate flow-rates, direct UV detection
and most importantly, non-specialist HPLC instru-
mentation. Potential application of the developed

methodology is shown with the rapid determination
of nitrate and nitrite in both drinking water and river
water samples.

2. Experimental
2.1. Equipment

A Dionex DX500 ion chromatograph (Dionex
Corporation, Sunnyvale, CA, USA), comprising of a
GP50 gradient pump, LC25 chromatography oven
and an AD20 absorbance detector was used. De-
tection was by direct UV at 225 nm. The analytical
column used was a Phenomenex Hypersil, 3 pm
particle size, 30 mmx4.6 mm |.D. column (Maccles-
field, Cheshire, UK). The injection loop used was
approximately 2 pl for the optimisation studies and
increased to 50 pl for the analysis of real samples.
Data acquisition was at a rate of 10 Hz with
processing of chromatograms performed using a
PeakNet 6.0 chromatography workstation (Dionex).

2.2. Reagents and chromatographic conditions

For preparation of the mobile phase, water used
was obtained from a Millipore MilliQ water purifica-
tion system (Millipore, Bedford, MA, USA), tetra-
butylammonium hydroxide (TBA-OH) was supplied
by Aldrich, (Aldrich, Milwaukee, WI, USA) as a
50% (w/v) solution in water, and methanol was
obtained from Labscan (Labscan Limited, Stillorgan,
Dublin, Ireland). The optimised mobile phase for the
separation of eight anions consisted of 50 mM TBA-
OH in 10% aqueous MeOH, titrated to pH 6.2 using
dilute HCI. For the optimised separation of the five
early eluting anions the mobile phase consisted of 20
mM TBA-OH in 20% agueous MeOH, titrated to pH
6.2 using dilute HCl. All mobile phases were de-
gassed and filtered using 0.45-pm filters before use.
The flow-rates used were 2.5 ml/min and 2.0 ml/
min, respectively. Column temperature was set at
45°C for the separation of eight anions and ambient
for all other separations.

Stock standard solutions of concentration 1000
mg/| were prepared monthly and working standards
prepared from each respective stock solution. |odate,
iodide, nitrite, nitrate, thiosulphate and benzoate
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standards were prepared from their respective so-
dium sats (Aldrich, Milwaukee, WI, USA). Bromide
and bromate standards were prepared from their
respective potassium salts (Aldrich, Milwaukee, WI,
USA). Syringe filters were used for sample pre-
treatment during tap water and river water analysis.
Filters used were 0.45-pm nylon membrane filters
from Gelman Laboratories (Michigan, USA).

3. Results and discussion
3.1. Mobile phase optimisation

One of the advantages of fast chromatographic
separations is that full method optimisations can be
carried out in much shorter times. In this study, two
parameters were chosen for optimisation, namely the
concentration of the IIR, TBA-CI, and the con-
centration of the organic modifier, MeOH. The
mobile pH was kept constant in these experiments at
6.2 (for the test mixture of anions investigated here,
namely iodate, bromide, nitrite, bromate, nitrate,
iodide, thiosulphate and benzoate, pH was unlikely
to have a major effect upon selectivity in the region
of 3—7). An experimental space incorporating 5-50
mM TBA-Cl and 1-20% MeOH was considered
reasonable, with 20 mobile phase combinations
prepared from within these limits. Injection of the
test anion mixture was carried out using each of the
20 mobile phase preparations at a flow-rate of 1
ml/min and the resultant chromatograms were evalu-
ated using the normalised resolution product, R, with
the aim of selecting the optimum conditions for an
even distribution of the peaks over the length of the
chromatogram [13].

The independent effects both mobile phase MeOH
concentration and IR concentration have upon the
retention of the test mixture of anions could be
determined from the above optimisation experiments
and these were typical of those expected from an
ion-interaction system [14]. The first of these was a
decrease in the retention of all test anions when the
mobile phase MeOH concentration was increased,
due to a decrease in the dynamic capacity of the
column. This effect was more pronounced for the
less hydrophillic anions, particularly benzoate, as
secondary reversed-phase interactions were also re-

duced. Secondly, by varying the IR concentration, it
was found that a rapid increase in retention for all
anions resulted from 0 to 5 mM TBA-CI, as the
dynamic ion-exchange capacity of the column in-
creased and the surface adsorption sites become
saturated. As the concentration of the IIR was
increased above 5 mM, there was a clear levelling
off in retention, followed by significant reductions in
retention, particularly for thiosulphate and benzoate.
Thiosulphate was particularly sensitive to TBA-CI
concentration, as selectivity changed from
thiosul phate>benzoate>iodide at 2 mM TBA-CI, to
benzoate> thiosulphate>iodide at 5-30 mM TBA-
Cl, to benzoate>iodide>thiosulphate at 50 mM
TBA-Cl. In general, the trends shown are again
typical of an ion-interaction mechanism, with the
maximum retention being achieved at the point
where the stationary phase surface becomes saturated
with the IIR. After this point further addition of the
IIR to the mobile phase causes a reduction in
retention due to the increased concentration of the
IIR counter-ion, in this case chloride.

From the above optimisation experiments, the
optimum separation conditions found were 50 mM
TBA-Cl in 10% MeOH. These conditions were
found to provide the best resolution of the test
mixture of eight anions in the shortest total run time
of 11 min (flow-rate=1 ml/min).

However, it was clear from the results obtained
that there was an obvious difference in selectivities
shown between what can be termed the more hydro-
philic anions, iodate, bromate, nitrite, bromide and
nitrate, and the less hydrophilic anions, thiosulphate,
iodide and benzoate. Therefore, a further calculation
of the normalised resolution product, R, for the
weakly retained anions was made to determine the
optimum mobile phase for their separation. Excellent
resolution of the weakly retained subgroup of anions
was possible when the IR was present at 20 mM
TBA-CI in 20% MeOH. This resulted in the baseline
resolution of iodate, bromate, nitrite, bromide and
nitrate in a shortest total run time of 2 min (flow-
rate=1 ml/min).

3.2, Column temperature

The effect of column temperature was determined
by varying the column oven compartment tempera-
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ture from ambient (22°C) to 45°C. Once again the
two subgroups of anions behaved somewhat differ-
ently, with temperature having little effect upon the
retention of the weakly retained anions (including
thiosulphate), but considerably shortening the re-
tention times of the less hydrophillic anions, iodide
and benzoate. This was as expected as the retention
mechanism for these late eluting anions is part
electrostatic interaction and part hydrophobic inter-
action with the ODS stationary phase (particularly
benzoate). In the case of such interactions, an
increase in temperature shifts the equilibrium to the
mobile phase, thus reducing retention and improving
efficiency. Therefore, the optimum column tempera-
ture for separation of all eight anions was chosen as
45°C. However, since no significant improvements in
either resolution or analysis time were noted for the
weakly retained anions, further work looking at just
this subgroup was carried out at ambient tempera-
ture.

3.3 Effect of flow-rate

The effect of mobile phase flow-rate upon both
efficiency and normalised resolution product, R, was
determined. For the first five eluting anions (iodate,
bromate, nitrite, bromide, nitrate), peak efficiency in
terms of theoretical plate number, N, was calculated
at 1.0, 1.5 and 2.0 ml/min using the EU standard
formula, N=5.54 (T/W,,,)*. The average number
of theoretical plates for the first five anions was
found to be 1848 (61 600 plates/m) at 1.0 ml/min,
2154 (71800 plates/m) at 1.5 ml/min, and 1894
(63133 plates/m) at 2.0 ml/min. The effect of
flow-rate upon resolution of these five anions was
found to be insignificant. Therefore, as efficiency
was only marginaly affected and resolution re-
mained the same, a flow-rate of 2.0 ml/min was
concluded optimum. Fig. 1 shows the chromatogram
obtained from the injection of iodate, bromate,
nitrite, bromide and nitrate, under the optimised
mobile phase conditions developed earlier, at a flow-
rate of 2.0 ml/min. As can be seen from Fig. 1, all
five anions can be separated in a total run time of
just 50 s, with the actual separation window for the
five anions being only 28 s.

For the separation of the complete group of test

iodate - 23.7 s

bromate - 32.0 s

0.020 AU nitrite - 35.4 s

nitrate - 45.3 s

bromide - 39.2 s
L/

_

1 Imin

WUP

Fig. 1. Optimised separation of five inorganic UV absorbing
anions, iodate (25 mg/l), bromate (100 mg/l1), nitrite (25 mg/I),
bromide (150 mg/1) and nitrate (25 mg/l). Mobile phase: 20 mM
TBA-Cl; 20% MeOH, pH 6.2; flow rate: 2.0 ml/min; injection
volume: 2 pl.

anions a higher flow-rate of 2.5 ml/min was pos-
sible, without excessive back pressure (approx. 1500
p.si.), due to the increased column temperature, set
at 45°C. This flow-rate once more had very little
effect upon the overall efficiency or resolution of the
eight anions, and actually improved the peak symme-
try of iodide and benzoate. Fig. 2 shows the chro-
matogram obtained from the injection of iodate,
bromate, nitrite, bromide, nitrate, thiosulphate, iodide
and benzoate, under optimised mobile phase con-
ditions, at a flow-rate of 2.5 ml/min. As can be seen,
separation and baseline resolution of all eight anions
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1-iodate-0.268

3 - nitrite - 0.516
5 - nitrate - 0.815

4. brom|de - 0.605

21 brofpate - 04450

6 - thiosulphate - 1.383

7 - iodide - 2.258

0.020 AU

8- benzoate - 426

|
4.7 min

Fig. 2. Optimised separation of eight UV absorbing anions, iodate (25 mg/I), bromate (100 mg/1), nitrite (25 mg/l), bromide (150 mg/l),
nitrate (25 mg/l), thiosulphate (75 mg/l), iodide (25 mg/1) and benzoate (100 mg/I). Mobile phase: 50 mM TBA-Cl; 10% MeOH, pH 6.2;

45°C; flow rate: 2.5 ml/min; injection volume: 2 pl.

was possible in a shortest total run time of just 4.4
min.

34. Speciation studies

Simple inorganic speciation methods are particu-
larly important in the monitoring of environmental
processes and aso in the analysis of natural and
treated waters. It was clear from the earlier experi-
ments that the rapid separation of a number of
inorganic anion pairs was possible using the de-
veloped ion-interaction method. Therefore, the con-
ditions required for the rapid separation of nitrite and
nitrate, bromide and bromate and iodide and iodate
were determined. For nitrite and nitrate, and bromide

and bromate, the conditions used in Fig. 1 were
again considered optimum. These resulted in the
separation of bromate and bromide in total run times
of 42 s and the separation of nitrite and nitrate within
50 s

A rapid separation of iodate and iodide was
possible by reducing the concentration of IR added
to the mobile phase. It is clear from the chromato-
gram shown in Fig. 2, that iodate belonged to the
subgroup of weakly retained hydrophillic anions,
whereas the selectivity of the method for iodide was
considerably greater. From the mobile phase studies
it was known that the retention of iodide decreased
sharply with a decrease in concentration of TBA-CI
in the mobile phase. Therefore, a mobile phase
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containing 0.5 mM TBA-Cl in 20% MeOH was used
to reduce the retention time of iodide, with the
retention of iodate remaining unaffected. Using these
conditions the separation of iodate and iodide was
possible in a total run time of 40 s.

3.5. Determination of nitrate/nitrite in water
samples

To illustrate how the methodology developed here
has real application potential, the method was briefly
applied to the determination of nitrite and nitrate in
both drinking water and a local freshwater river
sample. To increase method sensitivity the injection
volume was increased to 50 pl. Despite this rather
large injection volume, particularly for such a small
column, neither peaks shapes or resolution were
noticeably affected. The method was checked for
linearity and found to be linear over the concen-
tration range of interest for both nitrite and nitrate
(0.5-25.0 mg/l, R*>0.999 for both nitrite and
nitrate, N=4). The method aso proved highly
reproducible for both peak area (0.53% RSD for
peak area, calculated from 30 consecutive injections
of a tap water sample containing 3.9 mg/| nitrate)
and retention time (0.42% RSD, calculated from

nitrate
nitrite 38 sec

nitrate 48 sec nitrite

1/~AJ L spiked tap
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same 30 injections of above sample). Detection
limits were calculated using peak height equivalent
to three times the baseline noise and found to be
approx. 3 pg/l for nitrite and 7 g/l for nitrate
(nitrate was dlightly higher due to the present of a
small system peak which partially co-eluted with
nitrate and made intergration difficult at concen-
trations <10 pg/l). However, detection limits were
low enough for the method to be useful for the
monitoring of drinking water and freshwater sam-
ples. Therefore, two samples, one of tap water and
one from a freshwater river, were obtained, treated
only to filtration (0.45-.m), and then analysed using
the developed method. The resultant chromatograms
from the injection of a standard and blank solution,
and the two samples, both spiked and unspiked, are
shown in Fig. 3. As can be seen from the figure,
neither the tap water or freshwater sample matrix
caused any interference with the separation of nitrite
and nitrate and both anions could be readily quan-
tified in the two samples. The tap water sample was
shown to contain 3.4 mg/l nitrate, with no nitrite
peak being detectable. In the freshwater river sample
nitrate was present at a lower concentration of just
0.6 mg/l, but a peak for nitrite was clearly present
indicating a concentration of 0.07 mg/I.

nitrate

nitrite

0.5 mg/L std. Spiked river
water sample water sample
DW blank tap water ‘V,QJ\; River water
an sample sample
NO,~ 3.4 mg/L NOZ: ~ 0.07 mg/L
[ V 1 T i T , NO; ~ 0.6 mg/L
72 sec 72 sec 72 sec

Fig. 3. Chromatograms showing the fast separation of nitrate and nitrite in water samples; de-ionised water, tap water sample and river
water sample. Mobile phase: as Fig. 1; flow rate: 2.0 ml/min; injection volume: 50 p.l.
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4. Conclusions

In this paper, fast-chromatography, previously
predominantly confined to reversed-phase separa-
tions has successfully been applied to anion analysis
using ion-interaction chromatography. The separa-
tion efficiencies and resolution achieved, compare
very favourably with similar separations performed
on columns of more traditional length and analysis
times have been significantly reduced. Possible ap-
plications include rapid screening of samples for
particular anions (for example, nitrate and nitrite in
drinking water) without interference from other
common matrix anions. This would allow rapid on-
line monitoring of flowing systems, a possibility that
will be investigated in future work.
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