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Zwitterionic ion chromatography with carboxybetaine
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Abstract

Both particle packed (25 cm× 0.46 cm I.D. SUPELCOSIL 5�m C18) and monolithic type (10 cm× 0.46 cm I.D. Merck Chromolith Perfor-
mance C18) reversed-phase substrates were dynamically coated with a carboxybetaine type zwitterionic surfactant ((dodecyldimethyl-amino)
acetic acid) and investigated as stationary phases for use in zwitterionic ion chromatography (ZIC). Investigations into eluent concentration
and pH were carried out using KCl eluents containing 0.2 mM of the carboxybetaine surfactant to stabilise the column coatings. It was found
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hat eluent concentration decreased anion retention whilst simultaneously increasing peak efficiencies, which may be due to the
f intra- and inter-molecular salts of the carboxybetaine surfactant under higher ionic strength conditions. The Effect of eluent p

ncrease in anion retention with decreased eluent pH due to the increased protonation of the weak acid terminal group of the carb
ausing both a relative increase in the positive charge of the stationary phase and less repulsion of the anions by the dissociate
roup. The carboxybetaine-coated monolithic phase was applied to rapid anion separations using elevated flow rates and flow ra
2005 Elsevier B.V. All rights reserved.

eywords:Zwitterionic ion chromatography; Carboxybetaine; Monolithic columns; Flow gradients

. Introduction

Since the first publication on the application of zwitteri-
nic stationary phases to the separation of small ions in 1991

1], the development of new zwitterionic stationary phases
or ion chromatography has received considerable attention
2–14]. This has effectively led to the establishment of a new
ode of IC, initially termed ‘electrostatic ion chromatogra-
hy (EIC)’ [3], but later more correctly named as ‘zwitte-
ionic ion chromatography (ZIC)’[4], and less commonly
nown as ‘hydrophilic interaction chromatography’ (HILIC)
5]. As the basis of ZIC is the presence of a zwitterionic
tationary phase (commonly a zwitterionic surfactant-coated
eversed-phase substrate), rather than a simple anionic or
ationic exchange surface, well-documented retention the-
ry based upon simple ion exchange does not directly apply.

∗ Corresponding author. Tel.: +353 1 7005060; fax: +353 1 7005503.
E-mail address:brett.paull@dcu.ie (B. Paull).

Therefore, a number of groups have proposed general
anisms for understanding the unusual selectivities exhi
for small anions and cations by zwitterionic phases[6,15–17].
However, if one considers the zwitterionic surfactant its
there would appear to be four obvious parameters whic
fluence selectivity in ZIC and investigations to evaluate t
exact contribution toward selectivity are still required. T
parameters involved are: (i) the length of the hydroph
tail region (which will impact upon coating stability and c
umn capacity), (ii) the spacing between the cationic and
ionic groups within the immobilised zwitterion, (iii) the o
der of the two ionic groups within the molecule (which g
erns which ionic groups are ‘shielded’ from analyte ions
the oppositely charged sites, and (iv), the relative streng
the two ionic groups (e.g. strong acid and strong base,
acid and weak base, strong acid and weak base or wea
and strong base). In relation to the latter parameter, a
amount of work has been focussed on strong-strong typ
factants[3,4,6–8,15]. However, recently Hu et al. investigat
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a carboxybetaine type zwitterionic reagent to coat a reversed-
phase column and applied the resultant phase to anion sep-
arations[18]. The rather complex reagent used to coat the
column, namely 3-(heptadecafluorooctylsulfonylamino)-N,
N-dimethylpropanammo-nioethyl-carboxylate, (C8F17SO2
NHC3H6N+(CH3)2-C2H4-COO−), contained a strong quar-
ternary ammonium group and a weak carboxylic acid ter-
minal group. It was found that when using this carboxy-
betaine type column, no retention of inorganic anions was
seen with NaHCO3 eluents, pH∼8.5 (from 1.0 to 30 mM).
This was presumably due to strong repulsion effects of the
terminal carboxylic acid group at this pH. When the au-
thors switched to dilute strong acid eluents, such as 1 mM
H2SO4, they recorded very strong retention of the inor-
ganic anions investigated with a selectivity and retention
order similar to that of standard anion exchange separa-
tions.

However, the above mentioned surfactant is not an ideal
carboxybetaine for use in ZIC as it contains an additional
polar functional sulfonylamido group which is affected by
strong polarization from the heptadecafluorooctyl radical,
that could affect upon the ion-exchange properties of the
resulting substrate. In addition to this, the two methylene
groups between the oppositely charged ammonium and car-
boxyl functionalities provides the molecule with some de-
gree of unwanted flexibility and hence the possibility for un-
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2. Experimental

2.1. Apparatus

The chromatographic system used consisted of a Dionex
Model DX-100 ion chromatograph (Dionex, Sunnyvale, CA,
USA), fitted with a 20�L injection loop and coupled to a
Shimadzu SPD-6AV UV–Vis Spectrophotometric Detector
(Kyoto, Japan), monitoring at 214 nm. In later work involving
flow gradients, an Applied Biosystems 400 Solvent Delivery
System (Foster City, CA 94404, USA) was used to deliver the
eluent. The pH of eluents was measured using an Orion Model
420 pH meter (Thermo Orion, Beverly, MA, USA) with a
glass electrode. Processing of chromatograms was performed
using a PeakNet 6.30 chromatography workstation (Dionex).
Peak efficiencies were calculated usingN= 16tr2/w2 and re-
tention factors determined usingt0 taken as the start of the
injection dip.

2.2. Reagents

The carboxybetaine-type zwitterionic surfactant used to
dynamically coat the stationary phase was (dodecyldimethyl-
amino) acetic acid (C12H25N(CH3)2CH2COOH), and was
synthesised in-house according to a procedure of Tanaka
and Kato[21]. All other chemicals used were of analytical
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esirable inter- and intra-molecular interactions[10]. These
rawbacks, coupled with the complexity and high cos

he above surfactant, prompted the following investigat
nto the use of a simple carboxybetaine type surfac
hat could be used to produce a dynamically coated
erionic ion exchanger. It was envisaged that the resu
arboxybetaine-coated phase would exhibit retention ch
eristics of a strong anion exchanger under acidic condit
hilst at the same time allowing the use of pH gradien
ontrol effective capacity and retention. The surfactan
estigated was (dodecyldimethyl-amino) acetic acid, w
ontains a single methylene group between the two o
itely charged ionic sites, unlike the surfactant used be
18].

It was hoped that the adjustable capacity zwitteri
hase produced in this study would be analogous to
djustable-capacity cryptand anion-exchangers describ
amb and Smith[19], and recently released to the mar
y Dionex Ltd.[20]. This would give an added variable
ontrol column selectivity, whilst at the same time furth
ng the understanding of the exact retention mechanis
arboxybetaine type columns. Two types of reversed-p
olumn were investigated for coating with the above su
ant, these being a standard 25 cm 5�m C18 silica particle
acked column, and a 10 cm C18 modified monolithic silica
olumn. With the latter coated monolithic column, eleva
ow rates and flow rate gradients were investigated for r
nion separations. To illustrate a potential application the
arboxybetaine-coated columns were applied to the an
f coastal seawater samples.
eagent grade, and were supplied by Sigma–Aldrich
aght, Dublin, Ireland). All reagent and standard solut
ere prepared using deionised water from a Millipore M
water purification system (Bedford, MA, USA). All elue

nd standard solutions were filtered through a 0.45�m filter
nd degassed by sonication. Dilute solutions of NaOH
Cl were used to adjust the pH of the eluents.

.3. Column preparation

The particle packed separation column was prep
y coating a SUPELCOSIL LC-18-DB reversed-phase18
olumn (250 mm× 4.6 mm I.D.; 5�m spherical particl
ize, 100Å pore size, surface area = 170 m2/g, pore vol-
me = 0.6 mL/g, carbon load = 11%, obtained from Supe
elafonte, PA, USA) with the carboxybetaine surfactant
assing 100 mL of a 20 mM aqueous solution of the surfa

hrough the column at a flow-rate of 1.0 mL/min for a per
f >60 min. The monolithic type separation column wa
hromolith Performance RP-18e monolithic reversed-p
18 column (100 mm× 4.6 mm I.D., macropore size = 2�m,
esopore size = 13 nm, surface area 300 m2/g, pore vol-
me = 1 mL/g, total porosity > 80%, obtained from Mer
armstadt, Germany), and was also coated with the zw

ionic surfactant using the same method. Following in
oating the columns were then conditioned with eluents
il a steady baseline was achieved. To stabilise and ma

constant amount of the carboxybetaine surfactant o
urface of the stationary phase, all the eluents used a
ontained 0.2 mM of the surfactant. This maintained sur
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coverage and stopped capacity drop-off due to column bleed,
resulting in greatly improved day-to-day reproducibility of
<5% RSD for peak retention times. Columns were run at
room temperature for the duration of the study.

3. Results and discussion

3.1. Carboxybetaine-coated 25 cm particle packed C18

column

3.1.1. Effect of electrolyte additives to the eluent
A simple inorganic salt (KCl) was used to evaluate the

effect of electrolyte concentration upon anion retention and
peak efficiency using the carboxybetaine column. The elec-
trolyte concentration was varied from 10 to 600 mM KCl
(including 0.2 mM carboxybetaine) and the retention times
and peak efficiencies for nitrate, bromide, nitrite and iodide
determined. A plot of logk against logCKCl was found to be
linear over this concentration range (shown asFig. 1(a)), with
slopes ranging from between−0.617 for iodide and−0.681
for nitrate. However, interestingly each slope was consider-
ably smaller than the expected slope of−1 for a simple ion
exchange mechanism. It is proposed that such a retention
dependence originates from two simultaneous effects, sim-
i ion
e
F ent
c zwit-
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terionic ion-exchanger due to the destruction of intra- and
inter-molecular salt structures, present at low ion strength be-
tween oppositely charged groups. At the same time, increas-
ing electrolyte concentration causes the expected decrease in
retention in agreement with simple exchange theory. Com-
bination of these two processes will result in the effect of
electrolyte concentration upon retention being less than that
expected for simple ion-exchange, as shown here.

In addition to the above effect upon retention, increases
in eluent KCl concentration also affected the observed sepa-
ration efficiency for zwitterionic stationary phase. A plot of
the effect of KCl concentration upon peak efficiency showed
considerable improvements in peak shapes could be obtained
over the KCl concentration range 10–100 mM (shown as
Fig. 2(a)).

It is expected that these improvements are once again re-
lated to structural form of the carboxybetaine molecule on the
surface of the C18phase. It is probable that the low eluent con-
centrations carboxybetaine molecules arrange themselves as:
(a) simple intra-molecular salts (least favoured due to single
methylene group), (b) simple inter-molecular salts, or (c) mi-
celles. In practice the surface may contain a mixture of each
of the above at low ionic strength, which may result in poor
ion exchange kinetics. Increasing the eluent concentration
would eliminate these molecular salt forms/arrangements of
the molecule on the surface and this may be the cause of the
o

3
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(

lar to those recently described for another zwitterionic
xchanger, namely poly(aspartic acid) modified silica[22].
irst, the addition of small amounts of KCl to the elu
ause some increase of ion-exchange capacity of the

ig. 1. Effect of eluent KCl concentration upon retention factor (k) for
arboxybetaine-coated: (a) 25 cm particle packed reversed-phase c
ow rate = 0.5 mL/min. (b) 10 cm monolithic reversed-phase column;
ate = 2.0 mL/min. Other eluent conditions: 0.2 mM carboxybetaine, p

×) I−, (�) NO3

−, (�) Br−, (�) NO2
−. (
bserved increases in exchange efficiencies.

.1.2. Effect of eluent pH
It was shown that with a carboxybetaine type ion

hanger, the strong affinity of the weak acid group for+

ig. 2. Effect of eluent KCl concentration upon efficiency
arboxybetaine-coated: (a) 25 cm particle packed reversed-phase c
b) 10 cm monolithic reversed-phase column. Other conditions: asFig. 1.
×) I−, (�) NO3

−, (�) Br−, (�) NO2
−.
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means eluent pH can be used to affect anion retention, as this
governs the degree of protonation of the weak carboxylic acid
group[18]. A reduction in the number of dissociated carboxy-
late groups would mean the ‘repulsion’ effect experienced by
anionic species at the terminal site on the surfactant would
be reduced, hence, the relative attraction to the strong an-
ion exchange site would be increased. However, in this work
the surfactant was included in the eluent as well as being
pre-coated onto the stationary phase, in order to stabilise the
coating. This meant that an increase in retention resulting
from a decrease in eluent pH could be partially offset by an
increase in the attraction between the analyte anions and the
protonated carboxybetaine in the eluent. To determine if this
was the case, the pH of a 150 mM KCl eluent, containing
0.2 mM of the carboxybetaine surfactant, was systematically
varied over the pH range 3.5–6.5 (n= 7), and the retention
of nitrite, nitrate, bromide and iodide determined under each
condition.Fig. 3shows the results obtained.

A number of observations can be made from the results
obtained. Firstly, it is clear from the data shown that the ef-
fect of eluent pH upon the retention of nitrate, bromide and
iodide is similar, and there is indeed the expected reduction
in retention with increasing eluent pH. However, this effect is
considerably smaller than that shown by other investigators,
who reported slopes of close to−0.83 for logk versus pH
(pH range from 5.0 to 5.6) for nitrite, nitrate, bromide, iodide
a
w s of
b d
f af-
f ally
s y be
e ffect
w ct of
t ared
t sta-
t s the
n een
t the

F -
c condi-
t
(

above anions only above pH∼5, and that below this pH re-
tention began to increase more rapidly, clearly due to the low
dissociation constant of HNO2. This effect is potentially very
useful, as is shown in Section3.3.

During the investigation into the effect of pH upon re-
tention it was noted that, as with eluent concentration, pH
also had a significant affect upon peak efficiency, as shown
in Fig. 4.

The exact reason for such an effect is not totally under-
stood, although it would be expected that for an adsorbed
zwitterion, which contains a weak acid site, the protonation
and deprotonation of that site would again result in a physical
change in the orientation of the absorbed molecule. However,
as the maximum efficiency was seen between pH 5 and 6
(above expected pKa of carboxylic acid group), and the elu-
ent used contained 150 mM KCl (limiting the formation of
inner salts), an exact reason for this observed behaviour is
unclear and the subject of further investigation.

3.1.3. Separation achieved under optimal conditions/pH
gradient

The ability to use pH to selectively alter retention offers
some interesting possibilities[23], and so here the use of a pH
gradient separation was investigated. It was clear from the pH
study above that the use of such a gradient should not only
a an-
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nd thiocyanate (using a 10 mM acetate eluent)[18]. In our
ork, over a much larger pH range (pH 3.5–6.5), slope
etween−0.042 and−0.053 (logkversus pH) were recorde

or nitrate, bromide and iodide (with iodide being most
ected). At pH values <6.5, thiocyanate was exception
trongly retained on the column (>60 min) and could onl
luted at higher pHs. This large difference in the pH e
ould indicate that, under the conditions used, the effe

he carboxybetaine in the eluent is relatively large comp
o a system where the zwitterions are only present in the
ionary phase. The second point of significant interest i
on-linear behaviour of nitrite. From the graph it can be s

hat the slope for the retention of nitrite was similar to

ig. 3. Effect of eluent pH upon retention factor (k) for a carboxybetaine
oated 25 cm particle packed reversed-phase column. Other eluent
ions: 150 mM KCl, 0.2 mM carboxybetaine. Other conditions: asFig. 1.
×) I−, (�) NO3

−, (�) Br−, (�) NO2
−.
llow the complete separation of all the UV absorbing
ons investigated, namely bromide, nitrate, nitrite, iodide
hiocyanate, in a much reduced overall run time, but w
lso result in a change in elution order for the nitrite, brom
nd nitrate.Fig. 5(a) shows the optimal separation of nitr
romide, nitrate and iodide obtained using a 150 mM K
.2 mM carboxybetaine eluent adjusted to pH 6.0, at a
ate of 0.5 mL/min (thiocyanate completely retained).

An attempt to facilitate the elution of thiocyanate, by s
ly increasing the pH of the eluent to pH 7 or 8, led to
eduction in the resolution of the early eluting peaks o
rite, bromide and nitrate. Therefore, a pH gradient from
to 8 over the first 2.5 min was investigated (using the s
luent, except adjusted to either pH 3 or 8 using the add
f 10 mM phosphate buffer). This resulted in the expe

ig. 4. Effect of eluent pH upon efficiency for a carboxybetaine-co
5 cm particle packed reversed-phase column. Other eluent cond
50 mM KCl, 0.2 mM carboxybetaine. Other conditions: asFig. 1. (×) I−,
�) NO3

−, (�) Br−, (�) NO2
−.
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Fig. 5. Separation of a 1 mM mixture of nitrite, bromide, nitrate and iodide on: (a) a carboxybetaine-coated 25 cm particle packed reversed-phase column.
Eluent = 150 mM KCl, 0.2 mM carboxybetaine, pH 6, flow rate = 0.5 mL/min; (b) a 10 cm carboxybetaine-coated monolithic reversed-phase column. Elu-
ent = 10 mM KCl, 0.2 mM carboxybetaine, pH 6, flow rate = 0.5 mL/min, (c) a 10 cm carboxybetaine-coated monolithic reversed-phase column. Eluent = as (b),
flow rate = 4.5 mL/min.

change in elution order for the first three peaks, with nitrite
now eluting last, and also resulted in a slight increase in the
retention of iodide, which was due to the low starting pH.
However, the gradient did produce the desired elution of thio-
cyanate, although at a flow rate of 0.5 mL/min the retention
time of thiocyanate was still∼100 min. Increasing the eluent
flow rate to 2.0 mL/min saw this reduced to only 24 min, and
produced the separation of all five analytes shown asFig. 6(b).
Fig. 6(a) shows the separation at pH 6 only for comparison.
The peak shapes for the iodide and thiocyanate peaks are par-
ticularly improved through using the pH gradient, although
a system peak does result prior to but separated from iodide.

3.2. Carboxybetaine-coated 10 cm monolithic C18
column

Given the long retention of iodide and excessive retention
of thiocyanate on the above particle packed column (even

with the pH gradient), the use of a short monolithic silica type
reversed-phase column was investigated, which could be used
at higher flow rates and so reduce runs times further. A 10-cm
monolithic column was initially coated with the carboxybe-
taine in the same way as the particle packed column, and a
small amount (0.2 mM) of the surfactant was again added to
all the eluents used. Initial studies on pH effects and eluent
concentration showed similar trends to those observed with
the particle packed column, although the relative capacity of
the coated monolith was considerably lower. A study into the
effect of electrolyte concentration (KCl) over the range 1 to
150 mM was carried out and the resultant effects upon re-
tention and peak efficiency can be seen in comparison to the
particle packed column inFigs. 1(b) and 2(b)respectively.
These results matched reasonably well with those seen on
the particle packed phase. However, due to the lower capac-
ity of the monolithic phase, the investigation into the effect
of electrolyte concentration was carried out over a lower con-
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Fig. 6. Separation of inorganic anions using: (a) a carboxybetaine-coated
25 cm particle packed reversed-phase column. Eluent = 150 mM KCl,
0.2 mM carboxybetaine, pH 6, flow rate = 0.5 mL/min; (b) as (a) with eluent
pH increased from 3 to 8 betweent= 0 and 2.5 min (using 10 mM phosphate
buffer), flow rate = 2.0 mL/min.

centration range with interesting results. These being that, as
shown inFig. 1(b), the previously mentioned counter-acting
effect of an increase in retention due to intra- and inter-salt
destruction (Section3.1.1), is clearly more evident, with a
deviation from linearity below 10 mM KCl.

It was found that an eluent of 10 mM KCl produced ac-
ceptable resolution and peak shapes for the nitrite, bromide,
nitrate and iodide peaks, and as with the particle packed col-
umn, the optimum pH was also∼6. Using these eluent con-
ditions the separation shown asFig. 5(b) was obtained with
the monolithic column at a flow rate of 0.5 mL/min. How-
ever, the advantage of the monolithic phase is the ability to
run elevated flow rates and so the chromatogram shown as
Fig. 5(c) was obtained at an eluent flow rate of 4.5 mL/min.
Under these conditions all four analytes are still baseline re-
solved, removed from the eluent dip and all eluted in under
4 min.

3.2.1. Use of flow gradients
A further option made possible through the use of mono-

lithic type stationary phases is that of using flow gradients to
affect peak elution times. This option is particularly useful to
speed the elution of isolated late eluting peaks, whilst leaving
eluting peaks unaffected both in terms of resolution and peak
area (peak areas are reduced at elevated flow rates). Until
n ed in
L w
r dard
c un-

der isofluentic and gradient flow conditions and the resultant
chromatograms compared. The isofluentic run was carried
out at 4.5 mL/min. The gradient flow run began at 2 mL/min
and increased to 5 mL/min betweent= 2 and 3 min. The re-
sultant chromatograms are shown asFig. 7.

The effect of maintaining a standard flow rate upon peak
area for the early eluting peaks can be clearly seen, as can an
improvement in the peak efficiency of the latter eluting iodide
peak. UsingN= 16tr/w2 the value obtained for the iodide peak
at a constant flow rate of 4.5 mL/min isN= 332. Using the
flow gradient up to 5.0 mL/min, this improved toN= 566.

Although here the test mixture of anions is rather simple,
the results clearly illustrate an advantage in the use of the
monolithic phases with flow gradients for reducing run times.
This can be achieved without the requirement for multiple
solutions as in traditional eluent gradient separations, and
can also improve efficiency significantly.

3.2.2. Combined pH and flow gradients
Clearly with the combination of the monolithic column

and the carboxybetaine coating, an opportunity exists for the
use of a combined flow and pH gradient.

As with the particle coated column increasing the eluent
pH above 6 decreased the retention of thiocyanate markedly.
Therefore, a pH gradient from pH 6 to 8 (fromt= 0 to 5 min)

Fig. 7. Separation of nitrite (1), bromide (2), nitrate (3) and iodide (4) on
a 10 cm carboxybetaine-coated monolithic reversed-phase column under
isofluentic conditions at 4.5 mL/min (light trace), and flow gradient con-
ditions beginning at 2 mL/min and increased to 5 mL/min betweent= 2 and
3 min (bold trace). Other conditions: asFig. 5(b).
ow the use of flow gradients have been only rarely us
C [24] and IC[25], and then only at low to moderate flo
ates (between 0.2 and 1.0 mL/min). Here, a mixed stan
ontaining nitrite, bromide, nitrate and iodide was run
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Fig. 8. Separation of inorganic anions on a 10 cm carboxybetaine-coated monolithic reversed-phase column using: (a) a pH gradient from pH 6 to 8 between t= 0
and 5 min (using 10 mM phosphate buffer). Other eluent conditions asFig. 5(b). Flow rate = 4.5 mL/min; (b) as (a) with flow gradient from 1.0 to 5.0 mL/min
overt= 0–5 min.

was first investigated. At an eluent flow rate of 2.0 mL/min,
this resulted in the chromatogram shown asFig. 8(a).

An increasing eluent pH resulted saw a slight reduction
in the resolution of the early peaks, as expected, but facili-
tated the elution of the otherwise totally retained thiocyanate.
Next, whilst maintaining the same pH gradient, a flow gra-
dient was introduced from 1.0 up to 5.0 mL/min over the
first 5 min. The resultant chromatogram is shown overlaid
within Fig. 8 (b). Under these conditions all five anions are
eluted under 8 min. Significantly, once again an improvement
in the efficiency was noticeable (N= 463 for thiocyanate at
2.0 mL/min isofluentic conditions,N= 1314 for thiocyanate
at 5.0 mL/min gradient flow).

3.3. Application to the analysis of nutrients in seawater
samples

Considerable interest in zwitterionic stationary phases has
arisen due to their compatibility with certain complex matri-
ces, most significant of which are saline samples[26]. Here,
we applied to the two types of carboxybetaine-coated col-
umn to the analysis of nitrate and nitrite in saline estuarine
and coastal sweater samples. Neither pH nor flow gradients
were used in this application as the peaks of interest eluted
in under 10 min on both columns under the isocratic eluent
c arine
s gion
o xy-
b sing
t M

Fig. 9. Inorganic UV absorbing anions in seawater samples analysed using:
(a) a carboxybetaine-coated 25 cm particle packed reversed-phase column.
Eluent conditions: asFig. 5(a); (b) a carboxybetaine-coated 10 cm mono-
lithic reversed-phase column. Eluent = 40 mM KCl, 0.2 mM carboxybetaine,
pH 3.5, flow rate = 2.0 mL/min.
ondition used. A number of seawater and saline estu
amples were collected from within the north coastal re
f Dublin Port, Ireland. With the particle packed carbo
etaine column these samples were injected directly u

he eluent detailed in Section3.1.3 (namely using a 150 m
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KCl, 0.2 mM carboxybetaine eluent adjusted to pH 6.0, at a
flow rate of 0.5 mL/min). With the lower capacity monolithic
phase, using the 10 mM KCl, 0.2 mM carboxybetaine eluent
(pH 6.0), it was found that the saline matrix (0.52 M NaCl)
caused unacceptable peak broadening and poor resolution of
the nitrite, bromide and nitrate peaks. To remedy this the elu-
ent KCl concentration was increased to 40 mM to limit peak
broadening and the eluent pH was reduced to 3.5 to increase
analyte retention. The combination of the effects allowed the
direct injection of the seawater sample with excellent reso-
lution of the analyte peaks. As expected the differing eluent
pH values resulted in different elution orders for the ana-
lyte peaks on the two columns, although this affect gave the
added advantage of verifying the presence of trace nitrite in
the seawater samples tested.Fig. 9shows the chromatograms
obtained from the injection of (a) a coastal seawater/estuary
sample (Portmarknock Estuary, Dublin), using the particle
packed carboxybetaine column, and (b) a coastal seawater
sample (North Bull Island, Dublin) using the monolithic car-
boxybetaine column.

The concentration of nitrate found in the estuarine sam-
ple was 16.8 mg/L (a) and 2.0 mg/L in seawater sample
(b). Nitrite was found to be present in both samples, as
shown, but below the quantifiable limit. With the monolithic
carboxybetaine column, nitrate, bromide and nitrite levels
could be determined in undiluted seawater samples in under
3

4

n
e usly
w Both
c and
c lyte
r

approaches to reduce run times and control selectivity can
also be used, such as individual and combined flow and pH
gradients.
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