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With today’s technical developments,
ion chromatography is hitting its
stride.

Ion chromatography (IC) has been available commercially for
more than 25 years and can therefore be considered a
mature analytical technique. But, if this description conjures

up an image of a technique whose development has slowed to
an incremental level, nothing could be further from the truth.
The pace of technological change in IC has accelerated dramat-
ically over the past five years, and there are further develop-
ments on the horizon to whet the appetite of even the most
demanding user. Before looking at these developments, we should
first cover the basics of IC.

What is IC?
IC is a high-performance ion-exchange technique for the separa-
tion and quantification of low-molecular-weight ions (1–4). Typi-
cally, IC is used for the determination of inorganic anions and
cations, and it is the premier method used for anions in modern

analytical chemistry. IC therefore finds widespread use in fields
as diverse as environmental, clinical, and industrial analysis.

Figure 1 shows a schematic representation of an IC instru-
ment, where an eluent containing a suitable electrolyte passes
through a specialty ion-exchange resin to a device called a suppres-
sor and then to a conductivity detector. When a mixture of sample
ions is injected into the system, the sample components sepa-
rate on the column and the detector produces a chromatogram.
The suppressor serves the dual purposes of decreasing the conduc-
tance of the eluent while increasing the conductance of the elut-
ed sample ions. Together, these two processes greatly enhance the
detection signal, enabling IC to be used for samples of very low
concentration (e.g., <50 ppb).

Essentially, the suppressor functions by replacing cations from
the eluent or the sample with hydronium (H3O

+) ions using an
ion-exchange process facilitated with a suitable resin or membrane.
When the eluent comprises a salt of a weak acid, such as sodi-
um bicarbonate, replacement of sodium ions with hydronium
ions forms the weakly conductive carbonic acid. On the other
hand, when the sample contains a salt of a strong acid, such as
sodium chloride, the suppressor forms highly conductive
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hydrochloric acid. These examples illustrate the pivotal role of
the suppressor in enhancing the detectability of sample ions.

IC Without Reagents
Even at the time of its introduction in 1975, IC was a marvelous
analytical technique. The instruments were easy to use, the columns
were efficient and durable, and the sensitivity was excellent. Perhaps
the only weak point was the suppressor, which in its early versions
as an ion-exchange column needed to be regenerated periodical-
ly by flushing with acid—a regenerant—to recharge it with hydro-
nium ions. Suppressors evolved through a range of designs using
ion-exchange membranes, and these showed improvements in
lifetimes and offered the ability for continuous regeneration.
However, all suppressors required the use of a regenerant solution.

A major advance in technology occurred when an electrical
field was incorporated into the suppressor. The electrical field
was used in two ways. First, it was applied across the ion-exchange
membrane in the suppressor, causing enhanced flow of ions through
the membrane. This, in turn, improved the performance of the
suppressor and enabled it to be used for more concentrated eluents.
Second, the electrical field was used to electrolyze water, produc-

ing the hydronium ions required for suppression. In this way,
the conventional acidic regenerant solution could be replaced with
pure water, thereby eliminating the problems associated with
handling regenerant acids. The electrolytic suppressor had the abil-
ity to neutralize eluent solutions such as NaOH used at concen-
trations in excess of 100 mM and flowing at 1 mL/min (5).

Electrolytic regeneration is also possible for column suppres-
sors packed with ion-exchange resins, as well as membrane-based
devices. Some 25 years after they were first introduced and after
expiration of the original patents, column suppressors (in a modern-
ized form and with most of the original problems eliminated)
have reappeared commercially as the suppression technology on
some new instruments. These second-generation packed-
column suppressors differ from the original style in two impor-
tant ways. First, they are much smaller and are designed to last
only for a single chromatographic run. The second-generation
suppressors have very low total ion-exchange capacity and there-
fore have sufficient hydronium ions to suppress a small volume
of eluent. This volume is designed for a single chromatographic
run, at the end of which the suppressor is switched out of the flow
path and regenerated to the hydronium form using electrolysis.
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After regeneration, the suppressor is used for another chromato-
graphic run and then regenerated again. Older suppressors were
big and could therefore be used for many consecutive chromato-
graphic runs before regeneration.
However, the large volume of
the suppressor created band-
broadening problems in the
separation, and the regeneration
process took hours. The new
miniature suppressors can be
regenerated in a few minutes.
This leads to a practical system
that can run unattended (6 ).

With the elimination of
the need for reagents for
suppressor regeneration, the
impetus shifted to eliminating the need for reagents in eluent
generation. Hydroxide is a perfect competing ion for IC because
it has only a weak interaction with the anion-exchange station-
ary phase, and after passing through the suppressor, it forms
water, which has virtually zero conductance. Preparing hydrox-
ide eluents using reagents such as NaOH is problematic
because they react with atmospheric carbon dioxide to form
carbonate, which makes such eluents difficult to reproduce. The
solution to this problem was to generate the hydroxide eluent
by electrolyzing water. No carbonate contamination of the eluent
occurs because the hydroxide is produced inside a closed system.

A modern IC instrument can
therefore be operated without
any chemical reagents other than
water. Pure water is pumped into
the eluent generation device,
where it is converted to KOH
by electrolysis. The concentra-
tion of the KOH, and hence the
strength of the eluent, is deter-
mined by the electrolysis current
that is used. The sample ions are
eluted with the KOH, which
is then suppressed with an elec-
trolytic suppressor to form water.
This water is then passed back
into the suppressor as the source
of water required for the elec-
trolysis reaction in the suppres-
sor. The entire separation there-
fore begins and ends with water,
and there is no requirement to
mix reagents to form eluents or regenerants. There are few other
examples in analytical chemistry where an analysis can be performed
entirely without chemical reagents.

Gradients Improve Separation
The availability of powerful suppressors and the ability to gener-
ate eluents of continuously varying composition enables IC to
be used in the gradient mode. Here, the separation is initiated
using a weak eluent (e.g., 1 mM KOH), and the eluent
strength is then increased progressively (say, to 100 mM KOH)

by increasing the current applied to the eluent generator. This
procedure relies on reproducible generation of the eluent and
the ability of the suppressor to convert the increasing concen-

tration of KOH back to water.
The outcome is nothing

short of spectacular, with more
than 30 ions being separated in
a single run. Gradient IC is now
the preferred mode of operation
for routine analyses, and it
enables the separation to be
adjusted to suit a particular
application. Stationary phases
that are designed specifically for
use with hydroxide eluents now
dominate in IC.

Monoliths and Capillaries
IC stands currently as a highly functional and well-honed tech-
nique, but major efforts are under way to improve its speed, the
ease with which new methods can be developed, and its appli-
cation on a microchip platform. In moving toward these goals,
IC is following the same general trends that are evident across
all of analytical separation science. 

Keys to faster separations include the use of monolithic station-
ary phases and small-diameter columns. Monolithic stationary
phases have made a major impact on liquid-phase separations

because of their unique charac-
teristics of low pressure resist-
ance and highly efficient mass
transfer properties. Such
columns can therefore be used
at high eluent flow rates with-
out substantial loss of separation
efficiency. To date, the use of
monolithic stationary phases
in IC is in its infancy, and no
specialty monolithic ion-
exchangers have been reported.
However, researchers recently
made excellent use of monolithic
silica-based reversed-phase
columns for IC separation, by
converting the columns into ion-
exchangers by using a hydropho-
bic surfactant as a semiperma-
nent coating (7). For example,
the researchers coated a Merck

monolithic C18 column with the surfactant didodecyldimethy-
lammonium bromide (DDAB) and eluted the anions with an 
o-cyanophenol eluent at a flow rate of 10 mL/min (Figure 2).

Although the resultant separation is very rapid, the condi-
tions are not ideal because the silica-based stationary phase restricts
the choice of eluent and the flow rate is too high for practical
implementation. Polymer-based monoliths used for high-speed
separations in capillary columns operated at lower flow rates are
an attractive alternative, and these are likely to become available
in the relatively near future.
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Figure 1. Block diagram showing the instrumental components used in an IC
instrument.

Figure 2. Rapid separation of seven anions. In a 30-s run, researchers used a
Merck Chromolith speed ROD RP18e column coated with DDAB and 6.0 mM 
o-cyanophenol (pH 7.0) as the eluent at a flow rate of 10 mL/min. They also
used suppressed conductivity detection. (Adapted with permission from Ref. 7.)
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Simulating Success
Method development in IC has always been an arduous task
because of the requirement to equilibrate the column with each
new eluent composition that is being evaluated to accomplish a
particular separation. For some
eluents, this equilibration can
take upwards of an hour. This
has provided the stimulus for
intensive research into the devel-
opment of software tools for
rapid computer-assisted simu-
lation of IC separations and opti-
mization of the eluent compo-
sition. Such software permits
users to examine a wide range
of eluents and stationary phas-
es at their desktop to evaluate
the typical chromatograms that
can be obtained and also to find
an optimal eluent composition
and stationary phase to achieve
a desired separation.

One example of simulation
and optimization software for
IC is Virtual Column 2, distrib-
uted by the Dionex Corp.
(www.dionex.com, 8). The software uses measured retention
data obtained for about 50 analytes on a range of Dionex columns.
Retention data are used to predict retention behavior of analytes
over a wide variety of eluent compositions. These predictions
enable all possible chromatograms to be simulated and an opti-
mal separation chosen on the basis of a desired optimization crite-
rion. The user can limit the optimization to any particular
group of analytes and columns if desired. 

Figure 3 shows an example of the output from this software
when applied to the simulation and optimization of the separa-
tion of eight analytes on a Dionex AS4A column. The top box
in the figure shows a three-dimensional display of the optimiza-
tion criterion (in this case, the resolution of the least separated
pair of peaks in the chromatogram) mapped over a search area
defined by the total concentration of a carbonate–bicarbonate
eluent (in the range 2–6 mM) and the percentage of carbonate
ion in the eluent (in the range 10–90%). The optimal eluent
composition is determined to be 4.16 mM total carbonate contain-
ing 65.2% carbonate ion. The chromatogram obtained with
this eluent is displayed in the bottom box. Any chromatogram
obtainable over the range of eluent compositions covered by the
search area can be displayed, allowing rapid scanning of possible
separations. The software therefore permits an IC separation to
be developed much more rapidly than would be possible using
standard trial-and-error experimental methods.

Small Scale and 2-D
There are two major areas of current separation science where
IC has yet to make an impact: separations performed on micro-
fabricated devices and in two dimensions. Microseparations using
electrodriven or pumped flow offer great potential to miniatur-
ize separations, reduce the time required for an analysis, and

increase sample throughput. However, there have been only modest
attempts to apply IC in this area (9), despite the availability of
miniaturized conductivity detectors that are either in direct contact
with the eluent or mounted on the outer surface of the microchip

and operate in the so-called
contactless mode. Significant
developments in this area can
be expected.

Two-dimensional separations,
in which the output of one chro-
matographic separation is inter-
faced to a second chromato-
graphic separation, have increased
the separation power of GC and,
to a lesser extent, LC. There is
significant potential to imple-
ment this approach in IC by
coupling different ion-exchange
separations together, or even
combining ion-exchange with
some other form of chromatog-
raphy applicable to the separa-
tion of ions (such as ion-exclu-
sion chromatography). This
approach is used in IC and has
led to profound improvements

in the ability of IC to handle very complex samples, especially
those containing mixtures of inorganic and organic ions. Again,
further developments in this area can be anticipated.

In the End
IC is the major analytical technique for the separation and
determination of low-molecular-weight ions. The methodology
and instrumentation have undergone continuous refinement and
development, and it is now possible to undertake the simulta-
neous separation of more than 30 ions in a single run using only
water (and a little electricity) to operate the system. Furthermore,
exciting opportunities exist in the areas of high-speed separations,
tools for computer-assisted method development, and microchip
and two-dimensional separations. IC continues to be a highly
dynamic technique and shows no signs of stagnation.
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Figure 3. Virtually assured success. The Virtual Column 2 system illustrates the
optimal isocratic separation of fluoride, chloride, nitrite, bromide, nitrate, phos-
phate, sulfate, and oxalate on a Dionex AS4A column. The optimal eluent
composition was 4.16 mM total carbonate containing 65.2% carbonate ion.
(Images courtesy of the author.)
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