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Abstract

A review is presented detailing the development and use of suppression devices for the conductimetric detection of
inorganic ions by ion chromatography (IC). An overview of the general response equation for conductivity detection is also
given. Topics of discussion include the role and function of suppressors, the development of early suppressors including
packed column and membrane devices from 1975 to 1990 and the subsequent progression towards present day commerciall
available suppressors and recent innovations. Post-suppression devices for signal enhancement are also discussed.
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1. Introduction fabricated over the last decade or so. Principles of
conductivity detection in suppressed IC are first
Since its inception in 1975 by Small et al. [1], ion discussed, followed by a detailed evaluation of each
chromatography (IC) has developed into a mature type of suppressor.

and highly evolved technique for the separation and
determination of inorganic ions [2—4]. The most
common mode of detection has been suppressed2. General response equation for conductivity
conductivity, with the function of the suppressor detection
being to simultaneously reduce the background
conductivity of the eluent prior to reaching the  Conductivity detection has two major advantages
conductivity detector and to increase the conductivity for inorganic ion analysis. The first is that all ions
detection signal attributable to the analyte. For are electrically conducting, so that conductivity
example, analytes eluted from an anion-exchange detection should be universal in response, and the
column using a NaOH eluent, which is fully ionized second is that conductivity detectors are relatively
and therefore highly conducting, results in small simple to construct and operate. Conductivity de-
analyte peaks superimposed upon the high eluenttection is very widely employed in IC and applica-
background, leading to poor sensitivity and increased tions are therefore abundant. A survey of the litera-
noise. Addition of a suppressor prior to the detector, ture shows that this form of detection is employed in
acting as a cation-exchanger and replacing sodium approximately 60% of publications dealing with IC
counterions with hydronium ions, enables the ana- and is utilized with ion-exchange, ion-interaction and
lytes to leave the suppressor in a water solution, jon-exclusion separation methods.
which is only weakly ionized thereby the background  The operating principles of conductivity detection
conductivity is very low. In addition, analyte re- in IC can best be illustrated by reference to ion-
sponse is enhanced due to the hydronium COUHterionexchange as the separation mode, and by considering
being about seven times more conductive than the the conductance of a typical eluent prior to and
corresponding sodium ion. An earlier article by during the elution of a solute ion. For simplicity, we
Jensen et al. [5] highlights the various modes of will consider only anion-exchange at the present
suppressed conductivity detection for IC. time, but the detector response equations which will

Non-suppressed conductivity methods have also be developed are equally applicable to cation-ex-
been extensively developed using benzoate, phthalatechange, provided the obvious amendments are made.
or other partially ionised species as mobile phases. Taking first the simplest case, namely that of a fully
Both suppressed and non-suppressed modes havéonised eluent and analyte, it has been shown that the
been applied to the analysis of various complex conductance of the background eluent, the conduct-
sample matrices and indeed many IC methods haveance of the eluting sample band, and the measured
now been adopted by various international standard conductance change during solute elution are given
organizations as regulatory methods. In line with py:
developments in IC methodology and instrumen-
tation for conducting ions over the years, important G :M (1)
developments have also been made in suppressor packaround 10°K
technology to increase for exz_imple their efficiency (Ae+ + 2 )Ce—C9 (Am +Ag)Cyq
and robustness. An example is the membrane sup-Ggiution = —3 3

. o - . 10 °K 10 °K

pressor, with an historical account detailing its
development since its initial conception in 1971 @)
being given by Stevens [6], and a more detailed (As- — Ag) Cq
account of the working principles being given recent- AG = Ggyion — Gackground= T 10°K (3)
ly by Huang et al. [7].

This review details and discusses the develop- Here, the eluent comprises the electrolyte E E  and
ments of common forms of suppression devices the analyte anion is represented®y, 3, is the
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conductance of the analyte ban@g,.qrounq IS the
conductance of the background, amds is the
change in conductance during elution of the analyte.
Ag-, Ag+ andA- are the limiting ionic conductances
of the analyte ion and eluent ions, respectively,
andC; are the total concentrations of the analyte and
eluent ions (i.e. their “formal” concentration), aril

and the analyte are not completely dissociated as a
result of the operating pH of the eluent system, it is
convenient to defias the fraction of the total
eluent concentratity) that is dissociated. Similar-
ly, we can definelg as the fraction of the total
analyte concentr&ignti{at is dissociated (note
thatl is equivalent tow, which is a commonly used
is the conductivity cell constant, expressed in ¢m term to denote the fraction of a species existing in a
Egs. (1)—-(3) enable conductance changes to be particular form). The following assumptions are
calculated under various conditions, provided that made:
values for limiting equivalent ionic conductances are (i) The analyte binds to the resin only as S
known. Tables 1 and 2 list values for some common (i) Even when analyte is injected as a mixture of its
ions and represent a compilation of data taken from protonated (HS) and deprotonated (S ) forms,
numerous literature sources. all of the analyte becomes bound to the station-
Considering now the case where both the eluent ary phase as S . However, it should be re-

Table 1
Limiting equivalent ionic conductances of some anions in aqueous solution

Anion A_(Scnf equiv?) Anion A_(Scnf equivt)
OH~ 198 DTPAR™ 46
Fe(CNY~ 111 Trimellitat&” 46
Fe(CNY~ 101 HCQ 45
Ccro;” 85 Succinafe 43
CN™~ 82 Acetate 41
Slog 80 2,6-Pyridinedicarboxyldte 40
Br~ 78 Phthalaté& 38
I~ 7 Propionate 36
Cl™ 76 Salicylate 36
PO 75 Pyruvate 35
C,0% 74 Butyrate 33
co 72 Benzoate 32
MoO?%~ 72 2,3-Dihydroxybenzoate 32
NO, 71 2-Naphthalenesulfonate 32
PO;” 69 Picrate 30
Clo, 67 Nicotinoate 33
SCN- 66 Hexanoate 29
Clo, 65 Phenylacetate 29
S, 0 63 Pentanesulfonate 29
PO, 63 Anisate 29
1,3,6-NTS~ 60 p-Aminosalicylate 29
Malonate 59 p-Aminobenzoate 28
Citrate’” 56 Lactate 28
Formate 55 Hexanesulfonate 27
F 54 Sorbate 27
1,3-Benzenedisulfonate 53 Octanesulfonate 24
Pyromellitaté™ 53 Valerate 24
NTA®" 50 Heptanoate 21
EDTAY” 48 Octanoate 20
Malate’~ 48 Laurate 9
1,5-NDS~ 46

NTS=naphthalenetrisulfonate; NDShaphthalenedisulfonate; NTAnitrilotriacetate; EDTA=ethylenediaminetetraacetate; DTRPA

diethylenetriaminepentaacetate.
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Table 2

P.R. Haddad et al. / J. Chromatogr. A 1000 (2003) 725-742

Limiting equivalent ionic conductances of some cations in aqueous solution

Cation A (Scenf equivt) Cation A (Scnf equivt)
H,0" 350 Na 50
Rb* 78 Dimethylaminé 49
Cs' 77 4-Aminopyriding 46
K* 74 Ethanolaminé 43
NH; 73 N(CH, ); 42
PE** 71 Phenylethylamirie 40
ce’" 70 Li" 39
Fe** 68 Benzylaminé 38
crt 67 Propylaminé 38
Ba** 64 Pyridiné 37
AlI** 61 4-Methyl-2-benzylaminé 35
ca”’ 60 Diethylaminé 35
sr* 59 Morpholiné 33
Imidazole” 59 N(CHJ 33
Methylamine’ 58 Diethanolamirie 32
cu** 55 Benzylaminé 32
cd®* 54 Butylaminé 32
Fe** 54 Phenyltrimethylamirie 30
Mn?* 54 Methylpyridine 30
Mg®* 53 Histiding" 29
Co** 53 N(C H, ) 23
Zn** 53 Methyl Green 22
NiZ* 50

membered that most of the analytes used in IC
are anions of strong acids and therefore are
normally present only in the fully ionised form.
(iii) Both the protonated (HE) and deprotonated (E )
forms of the eluent participate in the elution

process.

than those that are strongly dissociated. This has
been demonstrated by Gjerde and Fritz [8] who
showed that benzoic acid eluents gave more sensitive
detection than potassium benzoate eluents. The
reason for this is that the undissociated eluents
contribute a H ion to the analyte band for each

The conductance change accompanying elution of eluent molecule involved in the elution The H ions
the sample is given by: formed in this way are highly conducting and
enhance the detection signal. This mechanism of

AG = Ggyiion ~ Geackground signal enhancement is identical to that used in
Ags —Ag) lg—(Ag +A) 1 d o suppressed IC (see Section 4). Finally, when a fully
=< 10 °K > Cs (4) ionised eluent and analyte are used (igandl g are

unity), Eq. (4) simplifies to Eq. (3).
A number of important observations arise from Eq.
(4). First, the conductance signal is proportional to
the analyte concentratiorGg, and increases as the 3. General discussion of suppressors
degree of ionization of the analyte in the eluent
phase, g, is increased. Second, the conductance 3.1. Purpose and functioning of suppressors
change predicted by Eq. (4) is zero when the eluent
and the analyte are the same. Third, Eq. (4) shows The magnitude of the conductance change accom-
that in non-suppressed IC the detection signal in- panying elution of a particular analyte by a specified
creases ad. decreases, so that eluents which are eluent can be calculated from Eq. (4). To illustrate
weakly dissociated give more sensitive detection this process, we can envisage the situation where a
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10 mg I'* CI" solution is injected and that a fivefold suppression is to pass the eluent through a cation-
dilution of the sample occurs during passage of the exchange column in the hydrogen form. To illustrate
solute through the chromatographic column, so that the reactions which take place in such a suppressor
the concentration of Cl in the detection cell is 2 mg column, consider the case of chloride ions as solute
™% (5.63x10 > M). Assuming a cell constant of and an eluent composed of sodium bicarbonate. The
10 cm ' for the conductivity detector, then the eluent reaction in the suppressor is given by Eq. (5),
conductance change on sample elution can be calcu- whilst the reaction of the solute is given by Eq. (6):

lated for three different eluents, namely 1Mm . . _ )
potassium benzoate, 1Mnhsodium bicarbonate, and Resin—H' + Na” HCO, =Resin-N& + H,CO,

1 mM sodium hydroxide. The calculated conduct- (5)
ance change for each eluent is listed in Table 3,

together with the background conductance of the Resin—H + Na™ + Cl =Resin—Nda + H" + CI~

eluent calculated from Eq. (1). The benzoate eluent (6)
gives a modest conductance change, the carbonate
eluent gives a lower response, whilst the hydroxide The combined result of these processes is that the
eluent gives an appreciable, but negative, conduct- eluent conductance is decreased greatly, whilst the
ance change. The benzoate eluent is therefore suit- conductance of the sample is increased by virtue of
able for direct conductivity detection (and this type the replacement of sodium ibns=60 S cnf
of response forms the basis of non-suppressed con- ebuiv ) with hydrogen ians 350 S cnf
ductivity detection), the hydroxide eluent is suitable equiv ). The detectability of the solute is therefore
for indirect conductivity detection (and hydroxide is enhanced, as indicated in Table 3. A similar pro-
also used in non-suppressed IC), whilst the bicarbon- cedure can be applied to cation-exchange, where the
ate eluent gives the lowest response. suppressor is how an anion-exchange column in the
Conductivity detection using hydroxide or bicar- OH form and operates by the addition of OH ions
bonate eluents (used alone or in combination with to the eluent.
carbonate) can be improved greatly by exchanging Suppression reactions are not limited to acid—base
hydrogen ions for the cations in the eluent, prior to reactions, such as those shown in the above exam-
the measurement of conductance. The hydroxide ions ples. Indeed, any post-column reaction which results
are converted to water and bicarbonate (and carbon- in a reduction of the background conductance of the
ate) ions are converted into weakly conducting eluent can be classified as a suppression reaction.
carbonic acid. The background conductance of the Examples of such reactions would include com-
eluent is said to bsuppressed, as shown in Table 3. plexation and precipitation reactions, but the ensuing
The most simple means of accomplishing eluent discussion of suppressor design and performance will
Table 3
Conductance change on elution of 10 mg |  chloride with various eluents
Eluent Suppression Background Conductance Detection mode
conductance changa@)
(nSY 1S)
1 mM KBz® No 10.6 0.25 Direct
1 mM NaOH No 24.8 —-0.86° Indirect
1 mM NaHCQ, No 9.5 0.18 Direct
1 mM NaOH Yes 0 2.4 Direct (suppressed)
1 mM NaHCGQ, Yes 0.4 2% Direct (suppressed)

®Bz=benzoate anion.

® Calculated from Eq. (1).
¢ Calculated from Eg. (3).
4 Calculated from Eq. (9).
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be restricted to those which employ acid—base ditions, the detector signal arises entirely from S
reactions, since these are the most widely used. and an equivalent amount of H . That is:

(Ay+ T As-) Cg
10 °K

Eqg. (9) was used to calculate the detector responses
A response equation for conductivity detection in for the suppressed eluents shown in Table 3.

suppressed IC systems can be derived for an anion-
exchange system in which the eluent consists of an
ionic salt, NaA, present at concentrati@g. A fully 4. Early suppressors (1975—1990)
ionized sample anion, S , is eluted from the column
at a concentration ofg. This solute is accompanied
by an equivalent concentration of 'H as a result of
the suppression reaction.

3.2. Response equation for suppressed conductivity Ggea = 9)

detection

4.1. Packed-column suppressors

F ion to be effective. the eluent ani The first suppressor [1] was an ion-exchange
or suppression 1o be efiective, Ihe eluent anion, .., n in the H or OH  form, which operated

é ; must tf)?hthel Cor;”t’ﬁate r?ftha weak acid, HA. it according to the mechanism discussed above. High
rassage of e eluent through the Suppressor resu Scapac;ity ion-exchange materials were used in order
in the formation of HA, which ionizes according to:

to provide the greatest possible reservoir of H or
H*A ] OH" ions and to enable the suppressor to be used for
Kia =T HA] (7) as long a time as possible. However, it was still
necessary for the suppressor to be regenerated
When the eluent is converted fully to HA in the periodically off-line by passing an appropriate solu-
suppressor, the conductance of the suppressed eluention (such as 0.25 N H SO for the H form
and the suppressed sample results from H , A and suppressor) through the column to displace the
S~ ions. However, when the suppression reaction is accumulated eluent cations.
not quantitative (i.e. naall of the Na' ions from the Packed-column suppressors suffered from a num-
eluent are removed), we can expect the suppressedber of disadvantages which included the need for
eluent to contain some residual Na ions which will off-line regeneration, band-broadening occurring in
also contribute to the conductance. As mentioned in the suppressor, resulting in loss of chromatographic
the introduction, incomplete suppression of the efficiency, and some solute ions which could be
eluent counterion will result in an increase in back- protonated easily showed variable retention in the
ground noise and a subsequent decrease in analytesuppressor column due to ion-exclusion effects.
sensitivity. Finally, we must consider any OH  Despite these disadvantages, packed column suppres-
which may be present in the suppressed eluent. sors provided the foundation on which the technique
By treating the appropriate equilibria we can of IC was built and were in use from 1975 to 1981.
derive that the conductance measured during samplelt is noteworthy that there has been a recent resurg-

elution is given by: ence in the use of column suppressors, as discussed
later, and it is a most unusual occurrence in ana-
Gsampte= lytical chemistry for technology which is more than
(A H ]+ Ao [OH T+ Ao [Na T+ AL [ST]HA L [AT]) 25 years old to be reintroduced.
10 °K
(8) 4.2. Hollow-fibre membrane suppressors
In the ideal case, the suppression reaction will be Hollow fibres constructed from polymeric ion-
quantitative (i.e. [Na ¥0) and the product of the exchange material provided an alternative means for
suppressor reaction (HA) will not dissociate to any eluent suppression. The eluent is passed through the

appreciable extent (i.e. [A=0). Under these con- lumen of the fibre, whilst a suitable regenerant (or
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scavenger) solution passes over the exterior of the
fibre, usually in a countercurrent direction. The first
hollow-fibre suppressor was reported by Stevens et
al. [9] and consisted of a collection of sulfonated
cation-exchange fibres, with which sulfuric acid was
used as the regenerant. The mode of operation of this
suppressor with a bicarbonate/carbonate eluent is
illustrated schematically in Fig. 1. The overall results
of these processes are identical to those achieved by
the column suppressor, but the hollow-fibre design
had the chief advantages of greatly reduced band-
broadening and continuous regeneration [10,11]. It
has also been noted that suppression efficiency is
increased at elevated temperatures because of im-
proved diffusion of ions both in solution and through
the membrane [10,12].

Transfer of ions through the fibre was found to be
enhanced if some type of inert packing was inserted
into the fibre. Typical packings were nylon filaments
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support, altering the shape of the packing beads and
application of an ultrasonic field to the system. The
effects of these approaches have been discussed ir
some detail by Dasgupta [13].

The regenerant employed with fibre suppressors

must supply the ion required for effective eluent
suppression {e.g. H “or OH ), but must not contami-
nate the eluent with any other ion. The chief

potential contaminant is the regenerant ion having
sHee charge sign as that of the solute. Whilst this

ion is theoretically prevented from entering the
eluent stream as a result of Donnan exclusion by the

ion-exchange functionality on the fibre, this repulsive

effect may not totally prevent penetration of the
forbidden ion, especially when the regenerant con-

centration is high. For this reason it was common to

use regenerants containing large co-ions, such as
dodecylbenzenesulfonate.

or polystyrene beads and these served to also de-4.3. Micromembrane suppressor

crease the dead volume inside the suppressor. Such
packed-fibre suppressors were developed extensively
using such approaches as replacing the inert beads
with ion-exchange resin beads, packing beads around
the exterior of the fibre to provide mechanical

Ion-exchange (anions)

ELUENT
Na,CO,
CO;
NafSQ NaHCO, N, 50,

N

Na* Na'—

cox [
<A HCO;

HSO,  H,CO,

H,S0,

7 Cation-exchange
hollow-fibre

(a)

The chief drawback of fibre suppressors was that
the small internal diameter of the fibre meant that the
surface area of the fibre was low, and this, in turn,

led to low ion-exchange and thereby low suppression

Ion-exchange (cations)

ELUENT
HCI
BaCl, BaCl,

Baz* =§ Baz+
N

OH- §-OH

iy

Ba(OH), H,0  Ba(OH),

Anion-exchange
hollow-fibre

(b)

Fig. 1. Schematic operation of a hollow fibre suppressor for (a) anion-exchange and (b) cation-exchange separations.
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capacity. The eluent concentrations suitable for use
with such a suppressor were therefore restricted. In
addition, there were some mechanical problems in
connecting the fibres to the eluent flow and the fibres
were intolerant towards some organic solvents.

P.R. Haddad et al. / J. Chromatogr. A 1000 (2003) 725-742

eluent cavity and also into the cavities which house
the flowing regenerant solution. The entire device is
constructed in a sandwich layer configuration with
gaskets being used to define the desired flow-paths.
The volume of the eluent chamber is very small,

These problems were overcome by introduction of <50 pl [14], so band-broadening is minimal.

the micromembrane suppressor, in which the fibre
was replaced with flat sheets of membrane [14]. The
surface area available for exchange between eluent
and regenerant ions and the ion-exchange capacity
were increased greatly. The design of a micromem-
brane suppressor is shown schematically in Fig. 2.
Eluent is passed through a central chamber which
has ion-exchange membrane sheets as the upper and
lower surfaces. Regenerant flows in a countercurrent
direction over the outer surfaces of both of these
membranes. Mesh screens constructed from a poly-
meric ion-exchange material are inserted into the

Eluent

out T

[:
/
/

Regenerant
in

Regenerant

Regenerant
| in

Eluent
out i

m

'\

i

Regenerant
out

- Ion-exchange membrane

Ion-exchange screen

|:| Gasket material

Fig. 2. Design of a micromembrane suppressor. Adapted from
Ref. [14].

The micromembrane suppressor operates on the
same principles as the fibre suppressors, but high-
capacity ion-exchange screens are used to bring
eluent and sample ions to the membrane surface in
order to facilitate transfer with regenerant ions. This
mechanism of ion transport plays an increasingly
important role as the eluent passes from the suppres-

sor inlet towards the outlet. During this passage, the
suppressor reaction advances towards completion
and there are relatively fewer eluent ions remaining
to react, so effective transport is essential. The

dynamic suppression capacity (i.e. the number of
microequivalents of eluent which can be suppressed
per unit time) increases with increasing ion-exchange
capacity of the screen material [14] and also in-
creases with the concentration of the regenerant
solution. When 12.5 M sulfuric acid was used as
regenerant at a flow-rate of 10 mimih , the dy-
namic capacity of the micromembrane suppressor
exceeded 10Q.equiv min * [14,15]. This means that
an eluent of 100 Ml NaOH, flowing at 1 mImin*

(i.e. 100 pequivml ), could be suppressed effec-
tively.

The advantages of the micromembrane suppressor
included minimal band-broadening effects, continu-
ous regeneration, high dynamic suppression capacity,
suitability for gradient elution, and resistance to
many organic solvents. Perhaps the one major draw-
back of the micromembrane suppressor was that it
required a constant supply of regenerant, typically
delivered pneumatically at flow-rates up to
10 mImin~* for optimal performance. This process
consumed large volumes of regenerant, necessitating
large reservoirs of the chemicals needed for suppres-
sion [16]. One solution to this problem was to
continuously recycle the regenerant through a high
capacity ion-exchange cartridge. The “AutoRegen”
device, introduced in 1987, used a pump to recircu-
late the regenerant through the suppressor and car-
tridge [16]. In the case of anion analysis, the
suppression product for a sulfuric acid regenerant is
sodium hydrogensulfate. When passed through a
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cation-exchanger in the hydronium form, this solu-
tion is converted back to sulfuric acid, thus ensuring
a fresh supply of regenerant solution for the suppres-
sion reaction. This device enabled the suppressor to
be operated for about 30 days without any interrup-
tion when using typical conditions for anion analysis
[2].

A less complex means of extending the operation
of the micromembrane suppressor has recently been
suggested. This mode of operation, termed “dis-
placed chemical regeneration” involves directing the
effluent from the conductivity cell into a sealed
bottle filled with regenerant [17]. A sulfuric acid
regenerant, which has a higher density than the
suppressed eluent (essentially water), is displaced
from the bottom of the sealed bottle, at the same
flow-rate used for the analytical separation, and
passes through the regenerant chambers of the
micromembrane suppressor, as shown in Fig. 3. As

long as the sealed bottle contains no headspace air

and is filled with an appreciable volume of regener-
ant at an appropriate concentration, the suppression
reaction can continue to occur until the regenerant
becomes too dilute to maintain sufficient flux of the
regenerant ion.

One disadvantage of this approach is that the
regenerant is delivered at a much lower flow-rate
than used normally, so the concentration of regener-
ant needs to be correspondingly higher than the
10-25 nM sulfuric acid which was used typically
[16]. A consequence of using the higher regenerant
concentration is that greater penetration of the for-
bidden ion across the suppressor membranes occurs
leading to a higher background conductance of the
suppressed eluent. For example, when using an
eluent of 9.0 vl sodium carbonate operated at a

Detector Cell

Eluent >
>—

Micromembrane Suppressor

|

=M

Waste

Chemical
Regenerant

Fig. 3. Displaced chemical regeneration mode of operation for a
micromembrane suppressor.
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flow-rate of 1.0 mithin , the background conduct-
ance after suppression using a regenerantvof 75 m
sulfuric acid in displaced chemical regeneration
mode isS24is opposed to 22S when the same

eluent was operated in the conventional manner. The

advantage of the displaced chemical regeneration

mode is that 2.0 | of 75 M sulfuric acid regenerant

could continuously suppress a M.Osoglium
carbonate eluent for more than 24 h before any loss

of system performance is observed [17].

5. Modern suppressors (1990—pr esent)
5.1. Electrolytic membrane-based suppressors

The use of membrane-based suppressors in which

transfer of ions across the membrane is enhancec

with an electric field was suggested by Tian et al.

[18] as a more efficient design in comparison to

those suppressors in which ion transport is accom-
plished by diffusion alone. Several variations of this
concept were developed in the late 1980s, based
upon both flat sheet [18] and tubular membranes [19]
and a commercially available electrolytic suppressor
was introduced in 1992 [16]. This suppressor in-
corporated electrolysis reactions of water to generate
the hydronium ions necessary for the suppression
reaction. A flat membrane design similar to that of
the micromembrane suppressor was used, with two
electrodes incorporated into the design to allow
electrolysis of water to occur. This device was
termed the “Self Regenerating Suppressor” or SRS,
as no external regenerant was required in order to

achieve the suppression reaction [20].

The internal design of a self regenerating suppres-
sor is shown in Fig. 4. Functionalized ion-exchange
screens are present in the regenerant chambers to
facilitate the passage of electric current, with ion-
exchange membranes being used to define an eluent
chamber containing an ion-exchange screen, similar
to the design of the micromembrane suppressor. The
two platinum electrodes are placed in the regenerant
chambers between the regenerant screens and the
outer hardware shell. A constant current power
supply generates the electric field for the electrolytic
reaction. Because this design allows the use of very
low flow-rates for the water used as the basis of the
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Fig. 4. Design of an electrolytic membrane-based suppressor.
Adapted from Ref. [16].
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Fig. 5. Mechanism of suppression for the anion SRS. Adapted

from Ref. [16].

electrolysis reaction, the device can use the deion-
ized eluent (produced after the suppression reaction)
from the detector cell as its water source. Alter-

natively, an external source of water can be used.
Since the electrolysis of water is the source of the
regenerant ions, no independent chemical feed solu-
tion is required, as was the case for previous designs
of continuously regenerated membrane-based sup-
pressors.

The neutralization reactions occurring in the SRS
are essentially the same as those of other membrane-
based suppressors. For anion analysis using an Anion
SRS, hydronium ions generated at the anode migrate
across the cation-exchange membrane to neutralize
the basic eluent, in this example, sodium hydroxide,
as shown in Fig. 5. The neutralized eluent then
proceeds to the detector cell. Sodium counter-cations
from the eluent are driven toward the negatively
charged cathode, and migrate across the cation-ex-
change membrane where they then pair with hy-
droxide ions, thus maintaining electroneutrality.
Waste gases of hydrogen (from the anode) and
oxygen (from the cathode) are vented out of the
regenerant chambers with the liquid waste of sodium
hydroxide.

For cation analysis using a cation SRS, hydroxide
ions generated at the cathode migrate across the
anion-exchange membrane to neutralize the acidic
eluent. This process can be exemplified using
methanesulfonic acid (MSAH) as the eluent. MSA

positively charged anode, before migrating across the
anion-exchange membrane and pairing with hydro-
nium ions to maintain electroneutrality. The neutral-
ized eluent proceeds to the detector cell, while waste
gases are vented out of the regenerant chamber:
along with the liquid waste.
The SRS can be operated in a number of ways.
The most straightforward mode of operation is to use
the effluent from the conductivity detector cell as the
source of deionized water required for electrolysis,
as shown in Fig. 6. This is called “recycle mode”
and this form of operation of the SRS greatly
simplifies the plumbing scheme of the IC instrument.
There is no longer any need for a chemical regener-
ant and waste volumes and operational complexity
are also reduced. This mode of operation covers the
majority of routine IC applications which utilize
suppressed conductivity detection [16].
The SRS can also be operated in the “external
water mode” where an external source of deionized

Detector Cell

Eluent »—
Self Regenerating Suppressor >t
l €] |
| | .
2 Y
Waste <€, )
| ® |

Fig. 6. Recycle mode of operation for an SRS. Adapted from Ref.

counter-anions from the eluent are attracted to the [16].
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water is supplied, at an increased flow-rate, through
the regenerant chambers while the cell effluent is
directed to waste. The higher flow-rate leads to faster
sweep out of the eluent counter-ions and electrolysis
products, which leads to lower noise and hence
improved sensitivity. This mode of operation also
increases the dynamic suppression capacity of the
SRS. The deionized water is supplied from a
pneumatic reservoir at flow-rates of up to
10 ml min ~, in essentially the same manner that the
chemical regenerant is conventionally delivered to a
micromembrane suppressor. This mode of operation
is recommended for suppressed conductivity applica-
tions where maximum sensitivity is required, such as
the determination of lowug | " levels of disinfec-
tion by-product anions or perchlorate in drinking
waters [21,22]. Table 4 shows a comparison of the
limits of detection obtained using an electrolytic SRS
operated using recycle and external water modes
[16].

Apart from the addition of platinum electrodes and
some minor differences in the materials of construc-
tion, the SRS devices are similar to conventional

1

micromembrane suppressors and can therefore also
be used with chemical regenerants. There are some

limitations to electrolytic operation which necessitate

Table 4
SRS limits of detection in recycle and external water modes [16]
Solute LoD, LOD,
recycle mode external mode
(ng 1™ (ng 1
Anions’ Chloride 4 2
Nitrate 12 5
Phosphate 44 18
Sulfate 18 8
Cations Lithium 1 0.7
Sodium 4 2
Ammonium 5 3
Potassium 4 3
Magnesium 5 3
Calcium 8 4

#LOD=limit of detection, determined as three times signal-to-
noise.

® Conditions: column: AS4A-SC; suppressor: ASRS; eluent: 1.8
mM carbonate—-1.7 M hydrogen-carbonate; flow-rate: 2.0 ml
min~"; injection volume: 50ul.

¢ Conditions: column: CS12; suppressor: CSRS; eluent: RBD m
methanesulfonic acid; flow-rate: 1.0 ml mih ; injection volume:

25 pl.
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the use of chemical regeneration mode under some
circumstances. Organic solvents, such as methanol
and acetonitrile, can permeate the ion-exchange
membranes and become oxidized at the electrode
surfaces to form ionic by-products. This increases
background conductance and creates additional
baseline noise, so it is preferable that the chemical
regeneration mode be used with an SRS device for
eluents containing high levels of organic solvents
[16].

Eluents containing oxidisable ionic species, such
as chloripeeyganophenol, also present a problem
when using the SRS in the electrolytic mode. Hydro-
chloric acid and hydrochloride salts of amino acids

are common eluents for cation separations. Chloride
can be oxidised to form hypochlorite, which dam-
ages the ion-exchange membranes and reduces the
performance of the SRS. Chemical regeneration
mode is therefore recommended for use with eluents
containing chloride op-cyanophenol.

While the various modes of operation allow self
regenerating suppressors to be employed for a very
wide range of applications in IC, recycle mode is by

far the most commonly used as it greatly simplifies

operation of the IC instrument. The drawback of this
approach is that maximum sensitivity is not achieved
because the eluent counter-ions and electrolysis
products are only removed from the device at the
flow-rate dictated by the analytical separation. A
variation on this electrolytic mode of operation has
recently been described in which an inert gas,
flowing at 100 mimin* , is used to supplement the
effluent flow from the detector cell, as shown in Fig.
7 [17]. The use of “gas assisted recycle mode”
allows rapid removal of the eluent counter-ions and
electrolysis products, and provides a similar level of
performance to the external water mode, but with
less complexity and the reduced reagent consumption
of the recycle mode. In fact, this mode of operation
has been shown to reduce baseline noise for anion
analysis by a factor of two compared even to the
external water mode, as a result of more rapid
removal of electrolysis gases [17].

5.2. Packed-column mini-suppressors

Despite the disadvantages discussed earlier, almost
all the early applications of IC utilized packed-
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Fig. 7. Gas-assisted recycle mode of operation for an SRS.

column suppressors. The developments in 1979 by
Fritz et al. [23], which showed that a suppressor was
not essential for conductivity detection, and the

introduction of membrane-based suppressors shortly
after in 1981 [9], created little technical need for

continued use of packed-column suppressors. How-
ever, the expiration of the patent describing the

original packed-bed suppressor revived commercial
interest in the use of this approach, as it enabled
instrument companies other than Dionex to offer the
option of suppressed conductivity detection, for

example the Lachat Instruments Quikchem suppres-
sor cartridge for anion analysis [24].

The first commercially available implementation
of this approach, termed “Solid Phase Chemical
Suppression”, devised by associates at Alltech Inc.,
used a unique valve configuration with two dispos-
able suppressor cartridges [25], as shown in Fig. 8.

Cartridge 1

A

Analytical
Column

Conductivity
Detector

Waste

Cartridge 2

Fig. 8. Valve configuration for Solid Phase Chemical Suppression.
Adapted from Ref. [25].

Each cartridge provides continuous suppression for a
relatively short period of time, between 7 and 12 h
for anion analysis and 4—6 h for cation analysis. The
transparent cartridges have a pH indicator adsorbed

onto the ion-exchange resin which, in the case of

anion analysis, changes from gold to magenta as the
cartridge is converted from the hydronium to the
sodium form. As one cartridge approaches exhaus-
tion, the user manually switches the 10-port valve
and directs the eluent toward the fresh cartridge, thus
maintaining continuous suppression. The spent car-
tridge can then be replaced with a new cartridge to

perpetuate the cycle. A similar approach using
methyl yellow indicator adsorbed onto Dowex 50W-

X8 cation-exchange resin has been also been re-
ported [26]. The resin is packed into a small glass
column, allowing the user to visually monitor the
degree of exhaustion of the suppressor. The packed-

column suppressor can be regenerated off-line and
then re-used since the indicator remains adsorbed on
the suppressor column during regeneration.

The approach described above suffers from some
practical limitations because periodic manual inter-
vention is required to maintain the suppression
reaction. Hence, it offered no significatechnical
benefit over the original packed bed suppressor, apart
perhaps from the convenience of being able to
visually monitor the state of the suppressor. How-
ever, it did provide the opportunity for other IC
instrument vendors to offer chemically suppressed
conductivity detection. This was significant from a
commercial point of view, as the use of chemical
suppression can result in lower detection limits than
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are achievable with non-suppressed conductivity
detection, particularly for anion analyses [27]. It also
provided impetus for continued development in the
area of packed-column mini-suppressors.

A more practical variation of the solid-phase
chemical suppression approach, based on the same
valve configuration shown in Fig. 8, was subsequent-
ly developed and was termed Electrochemically
Regenerated lon Suppression (ERIS). Here, the
disposable cartridges were replaced with two solid-
phase electrochemical suppressor cells [28,29] con-
sisting of cation-exchange resin (in the case of anion
analysis) or anion-exchange (resin in the case of
cation-analysis) sandwiched between two porous
platinum electrodes, which are connected to a con-
stant current power supply. The eluent from the
column passes through one cell, which functions as a
normal packed-bed suppressor by virtue of the ion-
exchange packing. The outlet from this cell is
directed into the second cell, where regeneration of
the ion-exchange resin occurs as a result of elec-
trolysis of the water in the eluent. The electric field
is applied only long enough to regenerate the small
volume of packing material (247.5 mm 1.D.) in the
cell. The current is then turned off and the detector
effluent continues to flow through the cell, purging it
of any remaining gas bubbles and electrolysis prod-
ucts. The 10-port valve automatically switches at the
end of every chromatographic run, which allows the
freshly regenerated cell to suppress the eluent, while
the spent cell is then regenerated electrolytically. Fig.
9 illustrates the suppression and electrochemical
regeneration process occurring in each of the cells.

For anion analysis, the anode is connected to the
inlet side of the cell to be regenerated. The detector

Cell “A” - Suppression
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effluent, typically water or carbonic acid, undergoes
electrolysis when current passes through the cell.
Oxygen gas and hydronium ions are generated at the
anode and are carried into the cell, as shown above,
converting the exhausted portion of the resin back
into the hydrogen form. At the cathode, hydrogen
gas and hydroxide ions are generated and carried to
waste. Despite using different cells to suppress every
alternative chromatographic run, retention time re-
producibility of less than 0.5% RSD and peak area
reproducibility of less than 6% RSD have been
obtained for a total of 40 injections of a seven anion
standard at low g |  concentrations. In addition,
the chromatographic efficiency obtained using the
ERIS suppressor device was equivalent to that
obtained using the self regenerating suppressor. The
ERIS device also offers an advantage over the self
regenerating, membrane-based suppressors in terms
of its ability to tolerate higher back-pressures (up to
5000 p.s.i.).
A number of devices employing variations on the
theme of the intermittently regenerated mini-column
suppressor have become available commercially.

These include the use of three small, packed-bed

cartridges mounted in a rotor where the first cartridge
is used as a suppressor for one chromatographic run,
the second is regenerated with sulfuric acid, while
the third is rinsed with water in preparation for the
next run [30,31]. Yet another variation uses a single,
small suppressor cartridge which is regenerated with
sulfuric acid then rinsed with water prior to every
run [24]. In this case the capacity of the suppressor is
sufficiently low that displacing 1.0 ml ofvD.25
sulfuric acid from a loop through the cartridge is
sufficient to regenerate the device prior to the next

Cell “B” - Regeneration

>
To

Detector

=],
=

|

Resin-H*

From
Column

Resin-N at

Waste

. =
I_I_

From
Detector

I|||
ERIE

Fig. 9. Suppression and regeneration reactions for Electrochemically Regenerated lon Suppression (ERIS). Adapted from Ref. [28].
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chromatographic run. In both the devices described
above, the sulfuric acid and water used to regenerate

and rinse the suppressor cartridges is supplied with a to waste

peristaltic pump.

The major drawback of the intermittently regener-
ated mini-column suppressors described above is
their lack of total suppression capacity. This means
that they are not compatible with higher capacity
separator columns and cannot be used for gradient
separations which employ a significant change in the
concentration of the eluting ion. The self regenerat-
ing, membrane-based devices described earlier are
more commonly used in suppressed IC, by virtue of
the fact that their higher suppression capacity permits
use with a wider range of applications. A recent
development, however, devised by Sato et al. [32],
utilizes fresh cation-exchange resin with each run,
deployed again using a rotor system, giving a
switching valve suppressor. Since the suppressor
valve is switched with each injection, regeneration is
not required, with the “used” resin draining to waste
whilst fresh resin is filled into the other port via
pressure, ready for the next injection. This system
has been found to provide minimal band broadening
and increased chromatographic efficiency compared
with a micromembrane suppressor. Additionally
good reproducibility was obtained although the
system was tested using isocratic eluents only.

chamber
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R

Fig. 10. lon reflux-based, continuously regenerated suppressor.
Adapted from Ref. [55].

of cations but prevent fluid flow between the elec-
trode compartments and the resin bed. The electrode
compartments allow entry and exit of the cell
effluent in order to sweep out the products of
electrolysis. The eluent (in this case KOH) is
introduced (and exits) the main body of the device in
such a way as to allow maximum contact with the
membrane surface.

Polarization of the resin bed generates hydronium
ions at the anode, which migrate in the opposite
direction to the flow of eluent and displaces the
incoming potassium ions toward the cathode

membrane. The potassium ions pass

5.3. Continuously regenerated packed-column
Suppressors

through the membrane into the cathode compart-
ment, where they acquire an equivalent amount of
hydroxide ions from the electrolysis reaction occur-

A further variation of the packed-column suppres-
sor which provides the benefits of continuous regene-
ration and the ability to withstand high back
pressures has been described by Small and Riviello
[33]. This suppression device is based on the princi-
ples of “ion reflux”, which is an ion-exchange
technique where water is passed through an electri-
cally polarized resin bed and electrolysis reactions
are used to generate the eluent and also provide the
means of suppression. An ion-reflux suppressor
device comprises a small bed of high capacity,
cation-exchange resin confined between two elec-
trodes in a rigid polymer body, as shown in Fig. 10.
The cathode and anode are placed in chambers that
are separated from the main resin bed by cation-
exchange membranes which permit electromigration

ring in this compartment. As long as sufficient
hydronium ions are generated at the anode to com-
pletely displace the incoming potassium ions across
into the cathode chamber, the exit end of the device
is always in the hydronium form, hence the eluent
leaving the device will be suppressed. This device,
which has recently become available commercially,
combines the benefits of electrolytic self-regenerat-
ing suppressors and packed-column mini-suppressor
in that it is continuously regenerated, has reasonably
high dynamic suppression capacity and can tolerate
high back-pressures. A further advantage of this
device is lower baseline noise compared to the
electrolytic SRS operated in the recycle mode (ap-
proximately 1 nScm  per min of measured re-
sponse compared to about 4'nScm  per min of
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measured response for the SRS with a typical
carbonate—bicarbonate eluent).

An alternative approach to continuously electro-
chemically regenerating a packed bed suppressor has
been suggested recently by Saari-Nordhaus and
Anderson [34] for anion-exchange chromatography
(Fig. 11). In this instance, the eluent and analyte ions
undergo an acid—base neutralization reaction in the
suppressor cell (as occurs in all IC suppressors) and a
current applied continuously across the suppressor
cell anode generates'H and oxygen gas, and at the
cathode OH and hydrogen gas are generated, from
water present in the cell. Subsequently, thé H ions
generated at the anode flow across the cation-ex-
change packing, forcing sodium ions (the eluent used
is in sodium form) from the eluent and cations from
the sample to move toward the cathode. Hydroxide
and/or carbonate salts, hydrogen gas and a portion
of the analyte ions in the H form exit through the
anode. Water (if a hydroxide eluent) or carbonic acid
(if a carbonate—bicarbonate eluent) and a portion of
the analyte ions exit through the detector outlet.
However, before reaching the detector, this cell
effluent enters a degassing chamber, which is the

739

novel feature of this suppressor. Carbonic acid,
which is a significant problem when using carbonate
eluents because it creates a baseline dip which
interferes with early eluted analytes including fluo-
ride, is removed in this degassing chamber. As the
effluent flows through a degassing membrane, the
carbonic acid dissociates to form carbon dioxide and
water, the CO diffusing through the membrane.
This effectively removes all the carbonic acid from
the suppressor effluent, additionally reducing the
background conductivity from ap&utd8@round
i1S2which improves detection sensitivity and
baseline stability. Strong carbonate—bicarbonate
eluents can therefore be used.
It should be noted that recently devised ion trap
columns (Dionex), incorporated into the ion chro-
matographic system to remove trace ionic impurities
from the eluent prior to reaching the analytical and
guard columns, essentially act as polarized bed
suppressors. As an example, anion trap columns in
the hydroxide or borate form (ATC-3, ATC-HC)
remove anionic contaminants by displacement with
hydroxide or borate ions, resulting in a chemically
suppressed eluent reaching the columns. These anior

NaHCO:Na:C0: + MX

H.L0;—>CO0: + H.0

v
H:0 + HX

M = Cations (Na*, K, Mg, etc.) i
X = Anions To Detector

Degassing Chamber

Fig. 11. Schematic diagram of the DS-plus suppressor Reproduced with permission from Ref. [34].
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traps are then periodically regenerated off-line with
fresh hydroxide or borate solutions.

5.4. Solid phase reagent suppression

A novel variation on the use of the packed-column
suppressor is to eliminate the packed-column and
add a colloidal suspension of ion-exchange resin
directly to the eluent stream after the column in order
to achieve the suppression reaction [35]. This ap-
proach, which was commercialized as “solid-phase
reagent (SPR)” detection in the early-1990s, in-
volves the addition of very small particles of high-
capacity, cation-exchange resin (in the hydronium
form) to the eluent stream using a conventional
pneumatic post-column delivery module [36]. The
particle size of the insoluble resin is small enough to
keep it in suspension, yet the reagent itself is
minimally conductive because of the low mobility of
these particles and therefore makes only a small
contribution to the background signal. Addition of
such a suspension to an eluent of 2.81nsodium
carbonate—2.2 M sodium bicarbonate can reduce
the background conductance from 624 to
18 pScm *. Cations in the eluting band of analyte
ions are replaced by hydronium ions in the same
manner that occurs in conventional column suppres-
sors and the peak response is therefore very similar
to that observed using a conventional suppressor.
This detection approach was shown to be suitable for
the isocratic [35] and gradient [37] determination of
common anions, the gradient separation of oxy-
halides and well retained anions such as thiosulfate,
citrate, and perchlorate [36], and for alkyl- and
aromatic sulfonates using ionic strength/solvent
gradients [37,38].

The major drawbacks of this approach are the
expense of continuously supplying a 1% (w/v)
suspension of the SPR at flow-rates of 0.4-0.7
mimin™*, and the relatively high baseline noise
obtained compared to a conventional anion mi-
cromembrane suppressor. Hence, this variation of
chemical suppression has not been used widely in
IC.

6. Post-suppressors

Post-suppressors are devices inserted between the
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suppressor and the detector for the purpose of further
lowering the background conductance of the sup-
pressed eluent or enhancing the detectability of the
solute after the suppression reaction. When a carbon-
ate buffer is used as eluent, the fully suppressed
eluent contains H CO , which is dissociated partially
in aqueous solution (to form H and HCO ) and so
contributes to the background conductance. More-
over, the HCO present in the suppressed eluent also
causes a reduction in the conductance of a sample
peak by reaction with the H ions which accompany
the elution of the anion of a strong acid. It is
therefore desirable,if H,CO can be removed from
the suppressed eluent.

This can be achieved by passing the suppressed
eluent through a length of tubing which is permeable
to carbon dioxide and can remove 90% of dissolved
,CO [39]. In practice, the advantages which can be

attained through the use of post-suppressors to
remoye H CO , which include decreased baseline

conductance and noise, virtual elimination of the

water dip, enhanced detectability of eluted anions,

and the possibility of gradient elution can be
achieved more easily through the use of hydroxide

eluents and a suppressor device with sufficient
dynamic capacity [40]. The widespread availability
of hydroxide-selective anion-exchange columns, has
mostly eliminated the use of post-suppressor devices
to remove residual eluent carbonic acid in modern
IC.

Post-suppressors can also be used to enhance the
signal attributable to an analyte. Weak acid solutes
(such as carboxylic acids) eluted from an ion-exclu-

sion column by an acidic eluent are difficult to detect
using direct conductivity measurements because they
are eluted as their neutral or weakly ionized forms,
which show little conductance. It therefore is benefi-
cial to modify the eluted solutes if conductivity
detection is to be employed. This can be accom-
plished by passing the suppressed eluent through a
further suppressor, which replaces H with a suitable
cation and thereby enhances the ionization of the
analyte. Cation-exchange membrane post-suppres-
sors have been applied successfully for this purpose
[41-44]. A suitable regenerant solution (such as
tetrabutylammmonium hydroxide or dilute NaOH)
leads to a reduction in the conductance of the acidic
eluent and at the same time, ionization of the solute
acids occurs. An interesting effect occurs if the
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concentration of the NaOH regenerant is increased
(e.g. from 10 to 500 ). Under these conditions,
the peak direction changes from positive (increasing
conductance) for the 10 kh regenerant to negative
(decreasing conductance) for the 50Mmegenerant
[44]. The reason for this is that the more concen-
trated regenerant overcomes the Donnan exclusion
effect of the cation-exchange membrane, so OH
ions move into the eluent, giving a high background
conductance. The eluted carboxylic acids react quan-
titatively with OH™, causing a decrease in eluent
conductance and hence indirect conductivity detec-
tion. This detection mode is more sensitive than
direct conductivity because of the high limiting
equivalent ionic conductance of OH .

Sample,
B(OH), and
NaCl

Regenerant,

H,SO, Waste

| Eluent ’—J—{ Column H Anion Suppressor 1 l—'

Sample
Products,
B(OH), and
Sample Products, H*-CI
NaOH Na* - B(OH),” and Na* - CI”
Eluent
.. Product,
Con((iju:llllvny Anion Suppressor 2 H,0

Eluent Product,
H,0

Waste

Reagent,
Na,EDTA

Fig. 12. Schematic diagram of the instrumental arrangement for
post-suppressor enhancement of weak acids. Adapted from Ref.

The use of ion replacement post-suppressors has[51].

also been applied to enhance the detection of weak
acids after separation by anion-exchange chromatog-
raphy. Dasgupta and co-workers [45—48] installed a
membrane converter after the conductivity detector
to convert the (suppressed) weak acids to salts,
which were then detected using a second conduc-
tivity detector. While this approach decreased the
sensitivity for strong acid solutes by a factor o2,
it enhanced the signal for weak acids by more than
one order of magnitude. It was subsequently shown
that reintroducing sodium hydroxide after the first
detector converted the weak acids back to more
conducting salts, which providedg ! " level de-
tection for solutes across the whol& prange [49].
Caliamanis and co-workers [50-52] used two
micromembrane suppressors in series, the first oper-

sor such that a sodium hydroxide eluent is not
completely suppressed can result in sensitive de-
tection for very weakly acidic analytes [53]. Use of a
regenerant of low concentration (about one tenth of
that of the eluent) results in the eluent being substan-
tially, but not completely suppressed. The residual

hydroxide in the eluent serves to fully ionise weakly

acidic analytes, which appear as negative peaks. An
alternative and unusual approach is to use indirect
suppressed conductivity detection, where the eluent
is converted into highly conducting species (i.e. the

opposite of conventional suppressed conductivity
detection) [54].

ating as a conventional suppressor and the second7. Conclusions

operating as an ion replacement reactor, to enhance
the detectability of weak acid anions, such as
cyanide and borate. A schematic diagram of the
instrumental arrangement (in this case for the de-
tection of borate), and the fate of the weak and
strong acid anions as they pass through the system, is
shown in Fig. 12. Disodium EDTA was preferred
over sodium hydroxide as the ion replacement
reagent due to lower leakage of the forbidden anion
across the cation-exchange membrane. The use of
this approach with10 M EDTA at pH 11 as the ion
replacement reagent provided 850- and 3400-fold
increases in peak height and area, respectively, for a
5.0 mM borate standard compared to using conven-
tional suppressed conductivity detection.

It is interesting to note that operating the suppres-

Currently there is a wide array of suppression
devices available for the IC determination of inor-
ganic ions, although the continuously regenerated
high capacity micromembrane or packed column

suppressors have become the most successful on

commercial basis. A significant advantage of these is

that they are now practically maintenance free,
whether regenerated electrolytically or by chemical
means. This, together with developments in instru-

mentation over the years has meant that suppressed

IC today is capable of both highly sensitive and

stable conductivity detection, with the capability of
unattended analysis for routine work, which is
important from a cost effective perspective for many
industrial and pharmaceutical companies.
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Nevertheless, continual improvements to existing

suppressor technologies are being driven by concur-
d [26] H. Watanabe, H. Sato, J. Chromatogr. A 706 (1995) 55.

rent progress with novel stationary phases an

subsequent eluent methodologies. It is envisaged that

further improvements in suppressor design will
continue, enabling the ongoing maturation of IC as
the method of choice for inorganic ions.
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