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Abstract

A review of the applications of ion chromatography (IC) to the determination of inorganic ions in food is presented. The
most promising sample preparation techniques, such as accelerated solvent extraction, supercritical fluid extraction,
solid-phase extraction, UV photolysis, microwave-oven digestion and pyrohydrolysis are discussed. Among the various
inorganic anions, nitrogen, sulphur and phosphorus species and halides are widely determined in foods and to a lesser extent
only, cyanide, carbonate, arsenic and selenium species are considered. IC determination of inorganic cations deals with
ammonium ion, alkali, alkaline-earth, heavy and transition metals particularly and only a small amount of literature is found
on the other ones, like aluminium and plantinum. A particular advantage of IC over traditional techniques is the
simultaneous determination of several species.  1997 Elsevier Science B.V.
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1. Introduction The amperometric detector is also well established in
food analysis because of its use in carbohydrate

Ion chromatography is now a routine technique in determination, but its applicability has been extended
food analysis and the number of ion-chromatography to the inorganic species [27,29,47,108] too. Other
(IC) standard methods is growing very rapidly [2– detectors have been used in IC determination of
4,42,43,101]. This review deals with the ion chro- inorganic species, with or without post-column de-
matographic literature of practical use, related to the rivatization techniques, such as UV–Vis for transi-
determination of inorganic species in foods, thus in tion metals determination, inductively coupled plas-
many cases we have not referred to the papers that ma (ICP), ICP atomic emission spectrometry (AES),
describe the feasibility of ion chromatography in etc.
food analysis without taking into consideration real The anion-exchange columns are been improved
samples. in terms of selectivity; speed [87], capacity [31,32]

Tap or mineral water analysis was not included in and solvent compatibility. Use of macroporous sub-
the present review as these categories are generally strates with chemically grafted ion-exchange sites
included in the environmental ones. can reduce the organic anion interference in inor-

Adequate sample preparation has growing impor- ganic anion determination or allow their determi-
tance because it allows the full exploitation of the nation in complex matrices. But improvements in
potential of ion chromatography, so it is essential to ion-exchange columns were particularly relevant in
overcome the traditional sample preparation tech- cation analysis, where the introduction of cation-
niques in food analysis, which very often result in exchange columns with carboxylic acid based ion-
solutions that are easily contaminated from the high exchange sites [30,48,56,75] allow the separation of
quantity of reagents involved or prone to causing IC alkali and alkaline-earth metals in a few minutes
column contamination. with a simple eluent system. A new column for

The most widespread detection technique in IC is transition metals determination was introduced that is
still conductimetry coupled with post-column chemi- suitable for use with gradient conditions and, if using
cal suppression: this technique has been recently temperature control, the analysis can be shortened to
simplified by the introduction of self- regenerating less than 10 min [79].
devices [76] that electrolytically hydrolyse water in The use of gradient elution in IC for resolving
the eluent stream, in order to produce the ions complex matrices is going to be a routine technique
necessary to the regeneration of the suppressor, thus [10,28,100] and the interest of food analysts was
avoiding the need for a separate regenerant device. enhanced by the introduction of a new dedicated
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column with higher selectivity and shorter retention This results in better extraction efficiency along with
times [26,87]. short extraction time and low solvent requirements.

References have been assembled by analyte and The time required for extraction is practically in-
are presented in Tables 1–9 . Any single row dependent of the mass of sample.
represents a single determination of different species. The efficiency of extraction is mainly dependent
Species are listed in order of elution. References on temperature as it influences physical properties of
inside the same table are ordered by date: the last the sample and its interaction with the liquid phase.
published is the first in the order. The extraction is influenced by the surface tension of

the solvent and its penetration into the sample (i.e.
its viscosity) and by the diffusion rate and solubility

2. Modern sample preparation techniques of the analytes: all parameters that are normally
improved by the temperature increase. The effect of

In consideration of the few opportunities of inject- high pressure is to maintain the liquid phase of
ing food samples directly, or by simple dilution, into solvent beyond its boiling point and also to help
the analytical system, the sample preparation plays a penetration of the solvent in the sample matrix. The
vital role in exploiting the potential of ion chroma- temperature is normally kept in the range between
tography. The traditional sample preparation tech- 50–2008C and the pressure is maintained at 1200–
niques for inorganic species determination in foods 3000 psi.
generally involve digestion steps like wet digestion,
dry ashing or alkaline fusion that require a high 2.2. Supercritical fluid extraction (SFE)
quantity of reagents to remove the strong interfering
and/or chelating effect of the organic matrix. This The supercritical fluid extraction uses the princi-
kind of sample preparation often results in solutions ples of traditional liquid–solid extraction. Supercriti-
that are easily contaminated from the reagents in- cal fluids are substances above their critical tempera-
volved or prone to causing IC column contamination. ture and pressure and they provide an unusual
In addition conventional sample preparation pro- combination of properties. Supercritical fluids diffuse
cedures are time consuming and generate a lot of through solids like gases, but dissolve analytes like
waste. liquids, so the extraction rate is enhanced. The most

Unfortunately it is not possible to use a simple commonly used supercritical fluid is carbon dioxide,
sample treatment technique in food analysis due to which can be used as it is or modified with some
the multiplicity of matrix and type and concentration percent (1–10%) of an organic solvent.
range of the species to be determined. The solvent strength of any supercritical fluid can

The modern sample preparation techniques hereby be adjusted depending on the pressure and tempera-
listed are experienced with organic species, and ture at which the fluid is used (i.e. its density), so
fewer references are reported for inorganic ones. The allowing a single supercritical fluid to substitute for a
most promising techniques in order to obtain solu- variety of conventional solvents.
tions apt to the direct IC injection seem to be the In supercritical fluid extraction, a pump is used to
following: supply the extraction fluid to the extraction vessel,

which is heated to maintain it at a temperature above
2.1. Accelerated solvent extraction (ASE) the critical point. A restrictor device is placed at the

end of the system to maintain pressure. During the
The accelerated solvent extraction technique em- extraction, the soluble analytes are partitioned from

ploys basically the principles of traditional solvent the bulk sample matrix into the supercritical fluid,
extraction (whose entire experience can be directly then swept through the flow restrictor into a collec-
used) but at higher temperature and pressure where tion device.
solvents show better extraction properties. The high Supercritical fluid extraction is extensively used
temperature increases the rate of extraction and high for separating organic species from foods (like fats,
pressure elevates the boiling point of the solvent. etc.) and is used for the separation of inorganic
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Table 1
Ion chromatographic determination of nitrogen species in foodstuffs

Species Matrix Column Eluent Detector Ref.
2NO Fruits juice Dionex OmniPac PAX-500 NaOH–ethanol–methanol Conductivity [85]3
2NO Beverages, Dionex IonPac AS11 NaOH Conductivity [28]3

carbonated
2NO Rice flour Dionex IonPac AS12A Na CO –NaHCO Conductivity [14]3 2 3 3

Tea leaves
2NO Wine Shimadzu Shim-pack IC-AI Phthalic acid Conductivity [63]3
2NO Milk Dionex IonPac AS11 NaOH Conductivity [39]3
2NO Carrot juice Metrohm Metrosep Anion Dual 1 Na CO –NaHCO Conductivity [23]3 2 3 3

Vegetables
2NO Orange juice Hamilton PRP X-100 2,5-Dihydroxy-1,4- UV–Vis [60]2
2NO Potato chips benzenedisulphonic acid3
2NO Pork meat Dionex IonPac AS4 Na B O Conductivity [8]3 4 2 7

products
2NO Spinach Dionex IonPac AS4A Na CO –NaHCO Conductivity [102]2 2 3 3
2NO3
2NO Tea Dionex IonPac AS4 Na CO –NaHCO Conductivity /UV–Vis [12]3 2 3 3

Vegetables
2NO Cereal based Waters IC-PAK Anion KH PO -Na HPO UV–Vis [68]2 2 4 2 4
2NO baby foods3
2NO Spinach Hamilton PRP-X100 Phthalic acid–10% acetone Coulometry [11]2
2NO Coffee Mixed-bed laboratory Oxalic acid Conductivity [25]2
2NO Sake, Japanese packed with3

Wine Yokogawa ICS-A23
and Yokogawa CH1

2NO Spinach Dionex IonPac AS4A Na CO –NaHCO Conductivity [66]3 2 3 3
2NO Beer Dionex IonPac AS4 Na CO –NaHCO Conductivity [58]3 2 3 3

Wort
2NO Wine vinegar Dionex IonPac AS4A Na CO –NaHCO Conductivity [33]3 2 3 3
2NO Fruits, syruped Waters IC-PAK Anion KH PO –Na HPO UV–Vis [88]2 2 4 2 4
2NO canned3

Infant foods
Jams
Marmalades
Meats
Meats, cured
Pork, chopped
Vegetables,
canned

2NO Meats, Dionex IonPac AS4A Na B O Conductivity [34]2 4 2 7
2NO Meats cured3
2NO Vegetables Dionex IonPac AS4A Na CO –NaHCO Conductivity [67]3 2 3 3
2NO Milk Waters IC-PAK Anion Sodium octanesulphonate Conductivity [51]3

Popcorn,
buttered
Salad dressing

2NO Beer Dionex OmniPac PAX-500 NaOH–ethanol Conductivity [10]3

Wort
2NO Food extracts Alltech Universal Anion Lithium 4-hydroxybenzoate or Conductivity [84]2
2NO Li-hydrogenphthalate or3

Li-hydrogenphthalate–ethylendiamine
2NO Spinach Dionex IonPac AS4A Na CO –NaHCO Conductivity [98]3 2 3 3
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Table 1 (continued)

Species Matrix Column Eluent Detector Ref.
2NO Meats, cured Wescan Anion exclusion /HS H SO Amperometry [54]2 2 4
2NO Vegetables Dionex IonPac AS4A Na CO –NaHCO Conductivity [16]3 2 3 3
2NO Fruits, canned Dionex IonPac AS5 Na CO –NaHCO Conductivity [44]3 2 3 3

liquor
2NO Fruits juice Merck LiChrosorb RP n-Octylamine–H PO UV–Vis [97]2 3 4
2NO Meats, cured3

Vegetables
2NO Vegetables Laboratory packed BAKC Potassium gluconate–boric acid Conductivity [73]3

Ion exchanger or potassium phthalate
2NO Vegetable juice Waters IC-PAK Anion Potassium hydrogenphthalate Conductivity [20]3
2NO Beer Dionex IonPac AS4A Na CO –NaHCO Conductivity [80]2 2 3 3

species too. Unfortunately the selection of supercriti- solvent, flow-rate and physico-chemical characteris-
cal fluids and modifiers is largely empirical because tics of the sorbent bed.
very little analyte solubility data exists for modified
supercritical fluids. Interactions between supercritical 2.4. UV photolysis (UVP)
fluid, target analytes and sorptive sites on the bulk
matrix are poorly understood. In the preparation of food samples, UV photolysis

has shown distinct advantages over traditional disso-
lution techniques owing to the very low blank

2.3. Solid-phase extraction (SPE) values. In Table 10 the reaction mechanisms in-
volved are shown and it is evident that the organic

Solid-phase extraction has become very popular matrix is degraded indirectly via OH radicals and not
over the past ten years. The technique offers many directly through UV radiation.
improvements over liquid–liquid extraction and per- It can be seen from the above radical formation
mits both interferent’s removal and analytes con- reaction that the H O quantity is sufficient for2

centration at the same time. producing HO*, however for food samples, where
As the sample solution passes through the sorbent organic matrix is very high, addition of H O will2 2

bed, analytes concentrate on its surface, while the accelerate the radical formation resulting into short-
other sample components pass through the bed. The ening the oxidation time.
most common starting material for sorbent bed is Usually high-pressure mercury lamps with a high
silica, because it is reactive enough to permit its intensity, as well as a great radiant flux are used.
surface to be modified by chemical reaction and yet Inserting reflecting surfaces between the sample
stable enough to allow its use with a wide range of tubes and the external liquid cooling system to have
sample. Polymer based sorbent beds are becoming multiple reflection of UV radiations in the sample
very popular, thus offering a wide range of selective enhances the high intensity. An experimental diffi-
properties for extraction. culty in the use of these lamps is their high heat

The extraction is performed in four steps: con- development, which can lead to high evaporation
ditioning (the functional groups of the sorbent bed losses of the samples, so UV digesters must have
are solvated in order to make them to interact with cooling systems, which permit oxidation without any
the samples), retention (the analytes are adsorbed to losses.
the bed surface), rinsing (undesired species are The UV digestion of any sample is directly
removed) and elution (the analytes are desorbed and proportional to the UV intensity and irradiation time.
collected for IC injection). It is inversely proportional to the organic substance

The extraction conditions are mainly affected by concentration. The digestion is also directly propor-
pH, matrix ionic strength, polarity of the elution tional to the temperature of the sample; this needs
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Table 2
Ion chromatographic determination of sulphur species in foodstuffs

Species Matrix Column Eluent Detector Ref.
22SO Tea Shimadzu Shim-pack IC-AI Potassium hydrogenphthalate– Conductivity [24]4

phthalic acid
22SO Beverages, Dionex IonPac AS11 NaOH Conductivity [28]4

carbonated
22SO Beverages Dionex IonPac ICE-AS1 H SO Pulsed amperometry [27]3 2 4

Foods
22SO Rice flour Dionex IonPac AS12A Na CO –NaHCO Conductivity [14]4 2 3 3

Tea leaves
22SO Wine Shimadzu Shim-pack Phthalic acid Conductivity [63]4

IC-AI
22SO Wine, red Laboratory packed Phthalate–triethanol- UV–Vis [61]3
22SO Shiseido Capcell Pak amine–5% methanol4

C18, cetyl pyridinium
bromide-coated

22SO Orange juice Hamilton PRP X-100 2,5-Dihydroxy-1,4-benzene UV–Vis [60]4
22S O Potato chips disulphonic acid2 3
22S O2 6

22SO Milk Dionex IonPac AS11 NaOH Conductivity [39]4
22SO Tea Shimadzu Shim-pack IC-AI Phthalic acid–Tris Conductivity [35]4
22SO Carrot juice Metrohm Metrosep Na CO –NaHCO Conductivity [23]4 2 3 3

Vegetables Anion Dual 1
22SO Beer Dionex IonPac AS4A Na CO –NaHCO Conductivity [13]4 2 3 3

22S-SO Liver, bovine Dionex IonPac AS4A Na CO –NaHCO Conductivity [70]4 2 3 3
22SO Spinach Dionex IonPac AS4A Na CO –NaHCO Conductivity [102]4 2 3 3
22SO Tea Dionex IonPac AS4A Na CO –NaHCO Conductivity [99]4 2 3 3
22SO Spinach Dionex IonPac AS4A Na CO –NaHCO Conductivity [66]4 2 3 3
22SO Beer Dionex IonPac AS4 Na CO –NaHCO Conductivity [58]4 2 3 3

Wort
22SO Wine vinegar Dionex IonPac AS4A Na CO –NaHCO Conductivity [33]4 2 3 3
22SO Artichokes, Waters IC-PAK Anion Sodium borate–gluconate Conductivity [83]3

canned
Fruits juice
Mushrooms
Sausages
Shrimps
Tomato sauce
Vegetables,
canned

22SO Tea Dionex IonPac AS4 Na CO –NaHCO Conductivity [19]4 2 3 3
22S-SO Rapeseed Waters IC-PAK Anion Sodium borate–gluconate Conductivity [107]4

22SO Cola soft drink Dionex IonPac AS4A or Na CO –NaHCO –HCOH Conductivity [103]3 2 3 3

Corn starch Dionex IonPac AS2
Lemon juice
Potatoes,
instant mashed
Wheat starch
Wine
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Table 2 (continued)

Species Matrix Column Eluent Detector Ref.
22SO Milk Waters IC-PAK Anion Sodium octanesulphonate Conductivity [51]4

Popcorn,
buttered
Salad dressing

22SO Beer Dionex OmniPac PAX-500 NaOH–methanol–ethanol Conductivity [10]4

Wort
22SO Liver Dionex IonPac AS4A Na CO –NaHCO –4.5% Conductivity [81]4 2 3 3

Animal tissues acetonitrile
22SO Cellulosic BioRad Aminex HPX-87H H SO d.c. Amperometry [78]3 2 4

thixotropic ABI Polypore H
materials

22SO Beer Dionex IonPac ICE-AS1 H SO –acetonitrile d.c. Amperometry [106]3 2 4
22SO Food extracts Alltech Universal Anion Lithium 4-hydroxybenzoate or Conductivity [84]4

lithium–hydrogenphthalate or
lithium–hydrogenphthalate–
ethylendiamine

22SO Beer Two Dionex IonPac AS2 Na CO –NaHCO –formaldehyde Conductivity [104]3 2 3 3

in series
Hamilton PRP-11 Dionex
IonPac AS2

22SO Milk, human Dionex IonPac AS2 Na CO –NaHCO Conductivity [59]4 2 3 3

breast
22SO Spinach Dionex IonPac AS4A Na CO –NaHCO Conductivity / [98]4 2 3 3

UV–Vis
22SO Corn starch Wescan Anion exclusion / Sulphuric acid Amperometry [53]3

Lemon juice HS or Waters
Potato, instant or BioRad or Brownlee
mashed Polypore H
Seafood,
dehydrated
Wine cooler

22SO Grapes Wescan Anion exclusion / Sulphuric acid Amperometry [55]3

HS
22SO Citrus leaves Dionex IonPac AS3 Na CO –NaHCO Conductivity [40]4 2 3 3

Liver, bovine
Tomato leaves

22SO Apple Dionex IonPac AS4A NaOH–Na CO Conductivity [92]4 2 3

Beef
Cake
Flour
Milk, powder
Oil

22SO Fruits, canned Dionex IonPac AS5 Na CO –NaHCO Conductivity [44]4 2 3 3

liquor
22SO Vegetables juice Waters IC-PAK Anion Potassium–hydrogenphthalate Conductivity [20]4
22SO Colour Dionex IonPac AS1 Na CO –NaHCO Conductivity [36]4 2 3 3

additives
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Table 3
Ion chromatographic determination of phosphorus species in foodstuffs (PolyP5Polyphosphates)

Species Matrix Column Eluent Detector Ref.
2H PO Tea Shimadzu Shim-pack IC-AI Potassium–hydrogenphthalate– Conductivity [24]2 4

phthalic acid
PolyP Foods Dionex IonPac AS11 NaOH Conductivity [5]

32PO Cola soft drink Waters IC-PAK Anion Sodium gluconate–borate– Conductivity [6]4

H BO -n-butanol–3 3

acetonitrile–glycerol
32PO Fruits juice Dionex OmniPac PAX-500 NaOH–ethanol–methanol Conductivity [85]4
32PO Carrot juice Metrohm Metrosep Anion Na CO –NaHCO Conductivity [23]4 2 3 3

Vegetables Dual 1
32PO Cola beverages Dionex IonPac AS4 Na CO –NaOH Conductivity [113]4 2 3

Soft drinks
2H PO Orange juice Hamilton PRP X-100 2,5-Dihydroxy-1,4-benzene- UV–Vis [60]2 4

Potato chips disulphonic acid
32PO Milk Dionex IonPac AS11 NaOH Conductivity [39]4

32P-PO Rice flour Dionex IonPac AS12A Na CO –NaHCO Conductivity [14]4 2 3 3

Tea leaves
32PO Beer Dionex IonPac AS4A Na CO –NaHCO Conductivity [13]4 2 3 3

2H PO Tea Dionex IonPac AS4A Na CO –NaHCO Conductivity [99]2 4 2 3 3
32P-PO Liver, bovine Dionex IonPac AS4A Na CO –NaHCO Conductivity [70]4 2 3 3

32PO Spinach Dionex IonPac AS4A Na CO –NaHCO Conductivity [102]4 2 3 3
32PO Vegetables Waters IC-PAK Anion Sodium borate–gluconate Conductivity [82]4
32PO Spinach Dionex IonPac AS4A Na CO –NaHCO Conductivity [66]4 2 3 3
32PO Beer Dionex IonPac AS4 Na CO –NaHCO Conductivity [58]4 2 3 3

Wort
PolyP Shrimp, Dionex IonPac AS7 HNO ICP-AES or UV–Vis [41]3

processed
32PO Wine vinegar Dionex IonPac AS4A Na CO –NaHCO Conductivity [33]4 2 3 3

22HPO Tea Dionex IonPac AS4 Na CO –NaHCO Conductivity [19]4 2 3 3
32PO Pea Laboratory packed with Borate–NH Cl UV–Vis [89]4 4

Tomato, cherry BioRad AG MP-1
32PO Beer Dionex OmniPac PAX-500 NaOH–ethanol Conductivity [10]4

Wort
32PO Food extracts Alltech Universal Anion Lithium 4-hydroxybenzoate Conductivity [84]4

2H PO Spinach Dionex IonPac AS4A Na CO –NaHCO Conductivity [98]2 4 2 3 3
32PO Beer Dionex IonPac AS4A Na CO –NaHCO Conductivity [80]4 2 3 3
32PO Fruits, canned Dionex IonPac AS5 Na CO –NaHCO Conductivity [44]4 2 3 3

liquor
32PO Flour Waters IC-PAK Anion Sodium borate–gluconate Conductivity [20]4
32PO Potato process Waters Resolve C Tetrabutylammonium phosphate– Refractive Index [20]4 18

water formic acid–methanol
32PO Colour Dionex IonPac AS1 Na CO –NaHCO Conductivity [36]4 2 3 3

additives

optimisation keeping in view the volatilisation limits sample and acids in a polytetrafluoroethylene
of the analytes. (PTFE) vessel and heating the contents using micro-

Appreciable results have been obtained in the trace wave radiations. The PTFE vessels are transparent to
determination of metals in foods (honey, wine, olive microwaves and the sample directly absorbs electro-
oil, and milk) or plant materials [14]. magnetic energy in MHz–GHz wavelength range

which transmits its energy to the polar molecules
2.5. Microwave-oven digestion (MOD) present in the sample (water, acids, etc.) forcing them

to vibrate at high frequency. This results in high
Microwave-oven digestion consists in keeping the sample temperatures without the vessel being heated.
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Table 4
Ion chromatographic determination of halides in foodstuffs

Species Matrix Column Eluent Detector Ref.
2Cl Tea Shimadzu Shim-pack IC-AI Potassium hydrogenphthalate–phthalic acid Conductivity [24]

2F Beverages Shimadzu Shim-pack SCR-102H p-Toluenesulphonic acid Conductivity [38]
2I Food, colouring Carbon BI 01 Tetrabutylammonium hydroxide–Na CO – Conductivity [71]2 3

agents acetonitrile
-Cl Wine Dionex OmniPac PAX-100 NaOH–acetonitrile Conductivity [52]
2Cl Fruits juice Dionex OmniPac PAX-500 NaOH–ethanol–methanol Conductivity [85]

2F Citrus leaves Dionex IonPac AS9 Na CO –NaHCO Conductivity [93]2 3 3
2Br Milk, non-fat
2Cl powder

Orchard leaves
Oyster tissue
Tomato leaves

2Cl Beverages, Dionex IonPac AS11 NaOH Conductivity [28]
carbonated

2Cl Rice flour Dionex IonPac AS12A Na CO –NaHCO Conductivity [14]2 3 3
2Br
2Cl Cola beverages Dionex IonPac AS41Dionex Na CO –NaOH Conductivity [113]2 3

Soft drinks IonPac AS2
2Cl Wine Shimadzu Shim-pack IC-AI Phthalic acid Conductivity [63]

2F Orange juice Hamilton PRP X-100 2,5-Dihydroxy-1,4-benzene- UV–Vis [60]
2Cl Potato chips disulphonic acid
2Cl Milk Dionex IonPac AS11 NaOH Conductivity [39]
2Cl Carrot juice Metrohm Metrosep Anion Na CO –NaHCO Conductivity [23]2 3 3

Vegetables Dual 1
2I Milk products Dionex IonPac AS11 HNO d.c. Amperometry [29]3

Soy-based
infant formula

2F Coffee Mixed bed laboratory Oxalic acid Conductivity [25]
2Br Sake, Japanese packed with
2Cl Wine Yokogawa ICS-A23

and Yokogawa CH1
2Cl Beer Dionex IonPac AS4A Na CO –NaHCO Conductivity [13]2 3 3
2Cl Liver, bovine Dionex IonPac AS4A SC Na CO –NaHCO Conductivity [70]2 3 3

2F Tea Dionex IonPac AS4A Na CO –NaHCO Conductivity [99]2 3 3
2Cl
2Cl Spinach Dionex IonPac AS4A Na CO –NaHCO Conductivity [66]2 3 3

Vegetables
2Br Rice Dionex IonPac AS4A Na CO –NaHCO Conductivity [105]2 3 3

2F Spinach Dionex IonPac AS4A Na CO –NaHCO Conductivity [102]2 3 3
2Cl
2Cl Beer Dionex IonPac AS4 Na CO –NaHCO Conductivity [58]2 3 3

Wort
2Cl Wine vinegar Dionex IonPac AS4A Na CO –NaHCO Conductivity [33]2 3 3
2Br Bakery Dionex IonPac AS10 NaOH ICP-MS [41]

products

(Continued on p. 538)
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Table 4 (continued)

Species Matrix Column Eluent Detector Ref.
2Br Bread Tosoh TSKgel IC-Anion KH PO –K HPO UV–Vis [62]2 4 2 4

Meats PWXL
Soups
Vegetables
Tomato juice

2Cl Tea Dionex IonPac AS4 Na CO –NaHCO Conductivity [19]2 3 3
2Cl Milk Waters IC-PAK Anion Sodium octanesulphonate Conductivity [51]
2Br Popcorn, buttered

2I Salad dressing
2F Milk Waters IC-PAK Ion Octanesulphonic acid Conductivity [51]

Popcorn, buttered exclusion
Salad dressing

2F Beer Dionex OmniPac PAX-500 NaOH–methanol–ethanol Conductivity [10]
2Br Wort
2Cl

2F Food extracts Alltech Universal Anion Lithium 4-hydroxybenzoate or Conductivity [84]
2Br lithium hydrogenphthalate or
2Cl lithium hydrogenphthalate–

ethylendiamine
2I Cod Merck LiChrosorb RP KH PO –Na HPO – UV–Vis /amperometry [95]2 4 2 4

Milk cetyltrimethylammonium
Shell fish bromide
Whey powders

2Cl Spinach Dionex IonPac AS4A Na CO –NaHCO Conductivity [98]2 3 3
2F Apple Dionex IonPac AS4A NaOH–Na CO Conductivity [92]2 3

Beef
Cake
Flour
Milk, powder
Oil

2F Fruits, canned Dionex IonPac AS5 Na CO –NaHCO Conductivity [44]2 3 3
2Cl liquor
2Br
2Cl Agar Laboratory packed with Na CO –NaHCO Conductivity [69]2 3 3

Cellulose Dowex AG1
powder
Corn starch
Gelatin
Potato starch

2Cl Vegetables Laboratory packed BAKC Potassium gluconic acid– Conductivity [73]
Ion exchanger boric acid

or Potassium phthalate
2Cl Vegetable juice Waters IC-PAK Anion Potassium hydrogenphthalate Conductivity [20]
2Cl Beer Dionex IonPac AS4 Na CO –NaHCO Conductivity [80]2 3 3
2Cl Certifiable Dionex IonPac AS1 Na CO –NaHCO Conductivity [36]2 3 3
2Br colours
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Table 5
Ion chromatographic determination of oxyhalides in foodstuffs

Species Matrix Column Eluent Detector Ref.
2ClO Vegetables Dionex IonPac AS12A Na CO –NaHCO Conductivity / [7]2 2 3 3
2ClO rinse water amperometry3
2BrO Bakery Dionex IonPac AS10 NaOH ICP-MS [41]3

products
2IO Milk Waters IC-PAK Anion Sodium octanesulphonate Conductivity [51]3

Popcorn,
buttered
Salad dressing

2IO Table salt Merck LiChrosorb RP NaCl–hexadecyltri- UV–Vis [95]3

methylammonium
chloride

2IO Table salt Macherey-Nagel Nucleosil 10-NH NaCl–HCl UV–Vis [95]3 2
2BrO Bread Waters IC-PAK Anion Benzoic acid Conductivity [20]3

Dough
conditioners

2BrO Bread Dionex IonPac AS 1 Sodium tetraborate Conductivity [72]3

The vessel always remains at a lower temperature composition of the matrix by superheated water
than the sample thereby resulting in negligible vapours. The apparatus is very simple and consists of
contamination or absorption of the sample analytes a round bottom flask, a quartz delivery tube passing
by the vessel. through a small furnace and a condenser; it can be

The digestion is automatically controlled by a assembled in any analytical chemistry laboratory.
pressure and a temperature sensor, at the normal The sample is kept in a quartz or platinum or
limits of 2008C (at a maximum pressure of 100–150 alumina boat inside the delivery tube in the zone of
p.s.i.) and 1200 p.s.i. (at a maximum temperature of the furnace. Extra pure water is heated and the
508C) (1 p.s.i.56894.76 pa). These limits are im- vapours are pushed using an inert gas through the
posed by the physical structure of the apparatus and sample and are condensed. The flowing superheated
the chemically inert microwave transparent materials water vapour extracts volatile and semivolatile sub-
used. stances from the sample, which after condensation

Recently an offshoot of MOD has been established are available for analytical determination. The fur-
using microwaves in conventional solvent extraction nace surrounding the sample helps in further heating
technique, known as microwave-assisted solvent the water vapours and enhances the volatilisation of
extraction (MASE). It may be mentioned here that analytes.
the molecules with higher dielectric constant absorb This technique is normally used for the determi-
more energy from microwaves and attain higher nation of halogens, borates, nitrates, sulphates, etc. in
temperatures. The differential temperature between various food matrices [40,93].
solvent and sample pushes the analyte from sample
to the solvent.

Many papers deal with the microwave digestion of
3. Inorganic anions

food samples [62,64,77]; good results have been
obtained in the trace determination of transition
metals. 3.1. Nitrogen species

2.6. Pyrohydrolysis (PH) Nitrite and nitrate: Nitrates are naturally present in
many foods, noticeably vegetables where their con-

Pyrohydrolysis is a technique which uses de- tent varies to a great extent because of the wide-
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Table 6
Ion chromatographic determination of other anionic species in foodstuffs

Species Matrix Column Eluent Detector Ref.
22CrO Orange juice Hamilton PRP X-100 2,5-Dihydroxy-1,4-benzenedisulphonic acid UV–Vis [60]4

Potato chips
2MnO Orange juice Hamilton PRP X-100 2,5-Dihydroxy-1,4-benzenedisulphonic acid UV–Vis [60]4

Potato chips
22PO F Orange juice Hamilton PRP X-100 2,5-Dihydroxy-1,4-benzenedisulphonic acid UV–Vis [60]3

Potato chips
2SO F Orange juice Hamilton PRP X-100 2,5-Dihydroxy-1,4-benzenedisulphonic acid UV–Vis [60]3

Potato chips
22SeO Orange juice Hamilton PRP X-100 2,5-Dihydroxy-1,4-benzenedisulphonic acid UV–Vis [60]3
22SeO Potato chips4

22CO Beverages Shimadzu Shim-pack p-Toluenesulphonic acid Conductivity [38]3

SCR 102H
2CN Flaxseed Waters IC-PAK Anion H BO –NaOH-Na CO – Amperometry [17]3 3 2 3

methanol–ethylendiamine
2CN Apricot TSKgel IC-Anion PW 2-Dimethylaminoethanol– Conductivity [37]

formic acid–Na B O –4 2 7

triethylenetetramine-N,N,N9,N0,N-,N-–
hexaacetic acid hexasodium salt

2AsO Liquid health Dionex IonPac AS4A NaOH ICP-AES [41]2
32AsO food supplement4

Total Se Egg proteins Laboratory packed Bis Tris-propane–HCl–NaCl UV–Vis /FIA–AAS [46]
with Pharmacia
Q-Sepharose Fast Flow

Total Se Milk, goat Laboratory packed Imidazole–urea–2-mercaptoethanol–NaCl UV–Vis /MH-AAS [21]
proteins with Pharmacia

Q-Sepharose Fast Flow
22PtCl Bean pod Dionex IonPac AS4A HCl–NaClO UV–Vis [49]6 4

Corn
Tobacco

Total Se Milk, cow Laboratory packed Imidazole–urea–2- mercaptoethanol–NaCl UV–Vis /MH-AAS [22]
proteins with Pharmacia

Q-Sepharose Fast Flow
2CN Chopped fruits Waters IC-PAK Anion H BO –NaOH–Na CO – Amperometry [18]3 3 2 3

methanol–ethylendiamine
2HCO Food additives Dionex ICE-AS1 Octanesulphonic acid Conductivity [57]3

22CO3

spread nitrogenous fertilisers’ use. Nitrate must be microbial growth and for obtaining the characteristic
monitored, particularly in infant food preparation, flavour.
because the reduction in the intestine of nitrate to The nitrate content is important also for moni-
nitrite can induce metahemoglobinemia. In addition, toring the food adulteration in dairy industry.
it must be reminded that nitrate, although not very The determination of nitrite and nitrate is usually
toxic, in the adult digestive tract is reduced under performed at the same time and mostly by using a
physiological conditions to nitrite, which reacts with bicarbonate /carbonate eluent and suppressed con-
secondary and tertiary amines forming high carcino- ductivity detection alone or coupled with absorbance
genic nitrosamines. in the case of complex matrices.

Vegetables are not the only source of nitrate
intake, the potassium and sodium salts of both nitrate 3.2. Sulphur species
and nitrite are commonly used in food industry, in
curing meat for fixing the color, for inhibiting the Sulphite, sulphate: Sulphites are commonly used
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Table 7
Ion chromatographic determination of I and II group cations and ammonia in foodstuffs

Species Matrix Column Eluent Detector Ref.

I group Beverages, Dionex IonPac CS12 Methanesulphonic acid Conductivity [28]
1NH carbonated4

II group
I group Fruit, juice Dionex IonPac CS12A Methanesulphonic acid Conductivity [100]

1NH and puree4

II group
I group Ketchup Laboratory packed with Nomura Chemical Benzyltrimethylammonium UV–Vis [65]

1NH Whisky Develosil porous silica gel chloride–acetonitrile4
21Ca Orange juice Hamilton PRP X-100 2,5–Dihydroxy-1,4-benzene- UV–Vis [60]
21Mg Potato chips disulphonic acid

I group Beverages Mixed bed laboratory packed with Oxalic acid Conductivity [25]
1NH Yokogawa ICS-A23 and Yokogawa CH14

I group Tea Dionex IonPac CS3 HCl–2,3-diaminopropionic acid Conductivity [99]
II group
I group Spinach Dionex IonPac CS1 HCl Conductivity [102]

1NH4
21 ˚Ca Milk, skimmed Laboratory packed Dionex PS-DVB 120 A KNO –lactic acid UV–Vis [50]3

21Sr powder 1Phthalein purple (o-cresolphthalein-
21Ba 39,30-bis-methyleneiminodiacetic acid)

I group Bread crumbs Waters IC-PAK Cation M/D EDTA–HNO Conductivity [64]3
1NH Cheese4

II group Parsley
Peanut butter
Pretzels

I group Tea Dionex IonPac CS3 HCl–2,3-diaminopropionic acid Conductivity [19]
II group

1NH Food simulants Dionex IonPac CS10 HCl–2,3-diaminopropionic acid Conductivity [9]4
1K Spinach Dionex IonPac CS1 HCl Conductivity [67]

Vegetables
I group Bakery products Metrohm Super Sep Cation EDTA Conductivity [96]
II group Cream

Diary products
Soups, dried

1Na Food extracts Wescan CATION-R Lithium hydrogenphthalate or Conductivity [84]
1K lithium 4-hydroxybenzoate

1NH4
1Rb
21Mg Food extracts Wescan CATION-R Lithium hydrogenphthalate– Conductivity [84]

21Ca ethylendiamine
21Ba

I group Grain Waters IC-PAK Cation HNO Conductivity [45]3
1N-NH4

1Na Grain Protein Pak SP-5PW HNO –acetone Conductivity [45]3
1K

1N-NH4

I group Foods Metrohm Supersep 125 IC-Cation Citric acid–pyridine-2,6- Conductivity [109]
1NH dicarboxylic acid4

II group
I group Wine Biotronik BT IV KA HNO Conductivity [91]3

I group Wine Dionex IonPac CS1 HCl Conductivity [91]
I group Molasses Dionex IonPac CS3 HCl–2,3-diaminopropionic acid Conductivity [86]

1NH4

II group

(Continued on p. 542)
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Table 7 (continued)

Species Matrix Column Eluent Detector Ref.
21Mg Fruit juice Macherey-Nagel Nucleosil 5SA Oxalic acid–ethylenediamine– Conductivity [90]

21Ca acetone
1K Beer Dionex IonPac CS1 HCl Conductivity [97]

Fruit juice
Milk
Vegetable juice
Wine

I group Cheese Waters IC-PAK Cation HNO Conductivity [20]3
1NH4
21Mg Wort Waters IC-PAK Cation Citric acid–ethylenediamine Conductivity [20]

21Ca
II group Porridge oats Macherey-Nagel Nucleosil SA10 Tartaric acid UV–Vis [110]

Wine, red
I group Beer Dionex IonPac CS1 HCl Conductivity [80]

1NH4

II group Beer Dionex IonPac CS1 HCl–m-phenylenediamine Conductivity [80]

in the food industry as a preserving agent; only ly depends on calcium/magnesium/phosphorus
recently has there been focus on the health problems ratio. A phosphorus excess leads to tissue ossifica-
associated with their widespread use. Moreover, the tion.
sulphite content is controlled by national and interna- Inorganic phosphates are extensively used as
tional regulations where sulphite data must be pro- fertilisers so the same considerations that apply for
vided for each component of food formulation. nitrogen species are also valid for phosphorus con-

Most of the IC papers concerning sulphur com- tent in vegetables. Phosphate determination in foods
pounds analysis are related to the sulphite determi- is very important: for example its concentration in
nation as previously reviewed [74]; a major improve- milk affects almost all aspects of cheese manufactur-
ment was the introduction of pulsed amperometric ing, in soft drinks formulation where it acts as
detection. Sulphate concentration can be affected by acidifier and flavour, etc.
the technological use of sulphites. In consideration of Polyphosphates are widely used as additives: in
the presence of sulphur bound to organic molecules meat-based products for reducing water loss during
too, sulphate is the anion usually determined as final the commercial life of the food, but they can be also
product of total oxidation of sulphur compounds, used to increase the uptake of water for economic
when it is necessary to quantitate the total amount of fraud; in fruit juices as flavour and color preserva-
sulphur species. The determination of sulphite if tives; in the dairy industry as additive for cheese, etc.
stabilised in a suitable way and sulphate can be Total phosphorus content is one of the parameters
performed at the same time. used to define product quality and genuineness. The

Sulphate can be simultaneously determined to- most common way of determining phosphate is its
gether with other inorganic species of sulphur such separation with bicarbonate /carbonate eluent fol-
as thiosulphate and dithionate. lowed by suppressed conductivity detection. The

gradient IC introduction caused polyphosphate analy-
3.3. Phosphorus species sis to move from traditional absorbance detection

following a post-column reagent addition step to
Phosphate, polyphosphate: Phosphorus compounds suppressed conductivity.

are present in most vegetable and animal foods;
some of them, such as proteins and phospholipids, 3.4. Halides
are important indicators of metabolic activity. Phos-
phorus is important for skeletal integrity, that direct- In the most common analytical conditions, ion
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Table 8
Ion chromatographic determination of transition and heavy metals in foodstuffs

Species Matrix Column Eluent Detector Ref.
21Pb Rice flour Dionex IonPac CS10 H SO –HCl–KCl UV–Vis [14]2 4
21Cd Tea leaves

31Fe Rice flour Dionex IonPac CS5 Pyridine-2,6-dicarboxylic acid UV–Vis [14]
21Cu Tea leaves CH COOH–CH COONa3 3

21Ni
21Zn
21Co
21Cu Soybean, Macherey-Nagel Nucleogel Tris(hydroxymethyl)amino ICP-OES [94]
21Zn defatted flour Pharmacia Superdex methane–HCl
21Mn

21Cd Orange juices Hamilton PRP X-100 2,5-Dihydroxy-1,4-benzenedisulphonic UV–Vis [60]
21Pb Potato chips acid–EDTA
21Ni
21Cu
21Co

31Fe
31Cr
21Cd Oyster tissue Shimadzu Shim-pack IC–Cl Lactic acid UV–Vis [112]
21Pb Wine Dionex IonPac CS5 Oxalic acid UV–Vis [15]

21Mn Foods Metrohm Supersep 125 IC-Cation Citric acid–pyridine-2,6- Conductivity [109]
dicarboxylic acid

21Zn Wort Waters IC-PAK Cation Citric acid–ethylendiamine Conductivity [20]
31Fe Apples Dionex IonPac CS2 Sodium sulphosalicylate– UV–Vis [111]
21Fe Lentils ethylenediamine
31Fe Porridge oats Macherey-Nagel Nucleosil SA10 Tartaric acid UV–Vis [110]
21Cu Wine, red
21Pb
21Zn
21Ni
21Co
21Cd

21Fe
21Mn

31Fe Porridge oats Dionex IonPac CS2 Tartaric acid UV–Vis [110]
21Cu Wine, red

21Ni
21Zn
21Co
21Pb
21Fe

Table 9
Ion chromatographic determination of other metals in foodstuffs

Species Matrix Column Eluent Detector Ref.
31Al Orange juice Hamilton PRP X-100 2,5-Dihydroxy-1,4-benzenedisulphonic UV–Vis [60]

Potato chips acid–EDTA
31Al Apples Dionex IonPac CS2 Sodium sulphosalicylate– UV–Vis [111]
21Fe Lentils ethylenediamine
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Table 10
Reaction mechanisms involved in UV photolysis

d Radical formation: H O1hy→H*1HO*2

H O 1hy→2HO*2 2

*d H O decomposition: HO*1H O →H O1HO2 2 2 2 2 2

*HO 1H O →O 1H O1HO*2 2 2 2 2

2 2
d Termination reactions: HO*1e →OH

HO*1H*→H O2

2 HO*→H O2 2

d Oxidation reactions: HO*1CH -CH -OH→H O1CH -C*H-OH3 2 2 3

HO*1CH -C*H-OH→H O1CH -CHO3 2 3

chromatography allows the simultaneous determi- 3.4.3. Bromide
nation of fluoride, chloride and bromide with sup- The bromide content in foods is related to dis-
pressed conductivity detection, while iodide is usual- infecting with methyl bromide, some plants such as
ly determined separately with amperometric detec- carrot, tomato, celery and melon accumulate bro-
tion. For some oxy-halogenated species a good mide, and its determination can be used as a marker
alternative is absorbance detection. of methyl bromide treatment.

High bromide values in soft drinks can derive
3.4.1. Fluoride from the addition of brominated vegetable oils.

Fluoride is an important factor for skeletal bone The narrow tolerance limits make the bromide
integrity and dental health. A correct daily intake is determination very important to avoid risk for human
necessary, but excess consumption causes symptoms health.
of acute and chronic fluoride toxicity (fluorosis). The
principal source of fluoride intake is water, neverthe- 3.4.4. Iodide
less other foods, such as tea and fish can be a source Trace iodide is necessary for normal physical and
of fluoride. High values of fluoride in milk from mental development. Common sources of iodide
cows indicate environmental pollution. In dairy include iodised table salt and seafood, but also other
products, such as cream and cheese, fluoride content foods, such as eggs and milk, contain iodide.
increases and reaches about three folds the original Iodophors used as disinfectants are a possible exter-
milk concentration. A relevant quantity of fluoride in nal source of iodide in dairy products. An incorrect
meat may be caused by the presence of finely ground dietary balance can lead to thyroid disorders.
osseous material. These considerations have led to a concern over

both high and low iodide levels in diet and a
3.4.2. Chloride nutritional labelling requirement for iodide / iodine

Chloride is one of the most common inorganic content.
anions in foods. Its content is usually related to the
sodium presence and it is very important for meta- 3.4.5. Oxyhalides
bolic acid–base equilibrium. In the food industry it is Bromate is a potential carcinogenic agent thus its
commonly added in the form of NaCl as a preserving determination is important at low levels. There is
agent or to enhance the sapidity of the product. some concern about the health effects on residual
Chloride concentrations can vary over a wide range, bromate in bakery products, because bromate salts
and its determination is helpful in the definition of are used as dough conditioners in the baking indus-
the quality. Excess in chloride content creates a try. The majority of bromate is reduced to bromide
series of adverse effects not only on human health during the baking process; however residual bromate
but also on technological process steps such as has been found in some baked goods.
production and storage. Iodate is added to table salt as integrator of iodine
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in the diet. Its importance has been previously diseases, such as Keshan disease. Normally selenium
pointed out under the iodide paragraph. is present in trace amounts in proteins, as it substi-

tutes sulphur in aminoacids.
3.5. Other species Intensive studies have been done about different

concentrations of selenium in foods. An important
3.5.1. Cyanide source of selenium species can also be the waters

Cyanide is a very toxic compound, concentrations used during the food processing.
as low as few ppms are dangerous for human health. The use of ion chromatography for selenium
Cyanide is naturally present in some vegetables, such determination provides important information about
as cassava, sorghum and in fruit seeds. Its presence oxidation states, because selenite and selenate can be
in fruit is also related to ethylene biosynthesis, i.e. determined in the same analysis.
post-harvesting storage and ripening degree. Cyanide
is closely associated with membrane structure and
can be released by technological processes involving 4. Inorganic cations
fruit seed presence. The amperometric detection
provides the higher sensitivity for cyanide, even if Inorganic cations are naturally present in foods
there is actually no literature in food analysis. and their concentrations can vary in a wide range.

Industrial food production processes and modifica-
3.5.2. Carbonate tions occurring during the commercial life of the

Carbonate is naturally present in fermented bever- product or metabolic modifications can change the
ages or added to the soft drinks. It is usually normal content of different cations.
determined when it is important to evaluate its Ion chromatography allows the simultaneous de-
buffering capacity. In consideration of its weak termination of I and II group cations plus ammonium
acidity the separation technique of choice is ion ion with conductivity detection, while heavy and
exclusion coupled with conductivity detection. transition metals are more commonly determined by

post-column derivatization technique followed by
3.5.3. Arsenic species absorbance detection.

Arsenic species are toxic compounds and their
presence must be detected at very low levels. The 4.1. I and II group cations and ammonium
indiscriminate use of arsenical compounds in agricul-
ture at the beginning of this century caused an actual Group I and II metals are mainly monitored for
pollution of soil that became an important source of mass balance purposes. Most of them are essential
arsenic in foods. Other main sources of arsenic nutrients whose improper levels can lead to health
contamination are industrial pollution and the use of diseases, so sodium and potassium contents are
water with high arsenic content during the food important for nutritional labelling.
preparation process. Ammonium ion is an indicator of the food quality

The use of ion chromatography for arsenic de- and it is considered in this group because of its
termination provides important toxicity information chromatographic behaviour, in fact it normally elutes
as various species have widely different toxic effects. in the same chromatographic conditions used for I
In the case of a sophisticated detection technique, group cations elution.
such as ICP-AES, not being available, a good way of Magnesium is very common in food and it is
detecting both arsenite and arsenate is the use of mostly supplied from vegetables as a part of the
amperometric detection coupled with suppressed chlorophyll molecule. There is a strict correlation
conductivity. among magnesium, calcium and phosphorus related

to skeletal bone integrity that enhances the impor-
3.5.4. Selenium species tance of the magnesium determination.

Selenium is a fundamental micro-element in nutri- Calcium is widespread in food, mostly in com-
tion and its deficiency in diet can lead to typical plexed form; thus its concentration as ion determin-
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able by ion chromatography is often related to the detection techniques other than conductivity require
technological process to which the food and/or an update of the most recent and comprehensive
sample preparation undergoes. review on the subject [74]. Furthermore the recent

interest about a promising analytical technique for
4.2. Heavy and transition metals ionic substances determination, such as capillary

zone electrophoresis (CZE), has reduced the atten-
During the last decades, evidence has grown on tion devoted to an ‘established’ technique like ion

essentially, bioavailability, mobility, retention, ac- chromatography.
cumulation and toxicity of heavy and transition Ion chromatography reliability and versatility was
metals in foods. revealed as the winning card in analysing complex

Normally they are present at trace levels in matrix typical of food samples, with high selectivity,
complex matrices, thus requiring high sensitivity and sensitivity and reproducibility; by now CZE has been
specificity of the analytical technique chosen. The not able to establish itself in food analysis [1], where
importance of speciation between ionic forms, such its cumbersome analysis set-up and erratic behaviour
as Cr (VI) /Cr (III) or Fe (III) /Fe (II), due to health complicate the intrinsic instrumental simplicity.
concerns associated to some of them, increased the This review also gives evidence that the increased
use of ion chromatographic analysis. characterisation requirements of components, con-

taminants or additives, generates the need of ion
4.3. Other metals chromatographic methods for the determination of

certain less common ions in food samples. Testing
There are only a few examples of ion chromato- for the possibility of analysing them is actually in

graphic analysis of ionic species not considered progress.
before. The state-of-the-art ion chromatography will re-

focus the attention of food chemists on their ana-
4.3.1. Aluminium lytical requirements, because nowadays ion chroma-

The use of aluminium and its derivatives, for tography cannot be merely considered the chloride,
example in food packaging and agriculture, made its nitrate, and sulphate determination technique.
determination at low levels more important, because The completion of the present review with the
of its toxicity. state-of-the-art ion chromatographic determination of

Aluminium is determined by cation-exchange organic ions in food will follow in a short time.
followed by a post-column derivatization technique
and absorbance detection.
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Abstract

Determination of inorganic anions by capillary electrophoresis is critically compared with ion chromatographic
determinations on the basis of recent literature in the field. After a very brief summary of the theoretical background, the
selection and optimization of the running electrolyte system are discussed, especially in connection with modification of the
electroosmotic flow. Preconcentration techniques are surveyed, as are the approaches to the sample introduction and analyte
detection. The principal analytical parameters of the determinations are evaluated and illustrated on selected applications
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1. Introduction ration step is often unnecessary. This is especially
true for determination of inorganic cations; for this

In contrast to determination of organic analytes, reason, we do not deal with their separations in this
where the use of high-performance separations is review in spite of the fact that the pertinent literature
almost inevitable in complex matrices, inorganic is quite extensive. There has always been a much
analysis has powerful tools in highly selective and more limited selection of methods for the determi-
sensitive spectroscopic methods and thus a sepa- nation of inorganic anions. In addition to spectro-

photometric procedures, some useful practical de-
*Corresponding author. terminations are offered by ion-selective electrode
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potentiometry [1,2]; however, all these methods are Table 1. The following conclusions can be drawn
usually not sufficiently sensitive for trace analyses from Table 1:
and are mostly capable of determining only a single • CE is generally cheaper and faster than HPLC;
analyte. Therefore, high-performance separations • the small samples accepted by CE make analyses
now find extensive use in analyses for inorganic of rare materials easy but cause difficulties when
anions. the technique is to be used for preparative pur-

Traditionally, classical ion-exchange chromatog- poses;
raphy has long been used to preseparate and/or • CE exhibits a better resolution than HPLC but
preconcentrate inorganic ions for their subsequent analyte identification is more difficult;
spectroscopic or electrochemical determination. The • CE procedures are usually more easily and rapid-
development of HPLC has made it possible to carry ly developed and optimized than those in HPLC
out multianalyte trace analyses for inorganic ions but the range of possibilities and the number of
using not only ion-exchange principles but also tunable parameters are more limited;
employing ion-pairing and complexing agents in the • the peak capacity in CE tends to be smaller than
most common HPLC mode, i.e. reversed-phase that in HPLC, especially when gradient elution is
liquid chromatography (RPLC). The ion-exchange employed in HPLC;
technique called ion chromatography was introduced • CE has problems with long-term stability of the
[3] in 1975, has become highly successful commer- migration times;
cially and is now widely used in such important • the on-capillary detection in CE has the advantage
fields like the quality control of all kinds of water. of simplicity, a small volume and a simple

Ion chromatography (IC) is now a well-estab- geometry of the detection space, but the detection
lished method and has been recommended officially sensitivity and application possibilities of detec-
for a number of analyses, e.g. by the Environmental tion techniques are limited compared to HPLC;
Protection Agency (EPA) in the USA for determi- • CE is more environmentally friendly than HPLC,
nation of nitrate and nitrite in potable water [4]. The as the use of organic solvents is limited.
enormous recent development of various techniques Nevertheless, it can be expected that applications
of capillary electrophoresis (CE) has also brought of CE to determination of inorganic anions will
about its application to inorganic ions [5] which is further grow and will partially replace IC in practical
rapidly gaining practical importance. The name, laboratories. Finally, it should be emphasized that
capillary ion electrophoresis (CIE), has been coined. chromatographic and electrophoretic techniques have
Both IC and CE have been treated in monographs a common basis in the concept of differential
and reviews (see, e.g. Refs. [6–15]). migration (see, e.g. recent work in Ref. [16]) and

The relative properties of HPLC and CE are now must be considered as complementary approaches
often discussed and are schematically summarized in rather than as competitors.

Table 1
Typical operational parameters of IC and CE

Parameter IC CE

Sample 1–50 ml ,1–5 nl
Volume flow-rate 0.1–2.0 ml /min 0.1–2.0 ml /min
Peak volume ca. 500 ml 1–10 nl
Peak elution time ca. 30 s 1–5 s
Time of analysis 10–40 min 5–15 min
Cost of column or capillary ca. 300 USD ca. 10–15 USD
Cost of mobile phase or running buffer per a series of analysis ca. 15–25 USD ca. 0.5–2.0 USD

4 5No. of theoretical plates ca. 10 ca. 10
27 29 25 27LOD (UV detection) ca. 10 to 10 mol / l ca. 10 to 10 mol / l

Reproducibility of the retention parameters ,2.0% ,5%
Precision and accuracy for quantitation ca. 2.0% ca. 2.0–5%
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72. Basic properties of CE in separations of m8 5 m8 /F 5 (10 z e) /(6phr ), (4)ep(ion) equiv i i

inorganic ions
where z is the valence number of the ion, determin-i

ing the direction of the electrophoretic mobilityAs follows from the general theory of CE (see, 219vector, e is the electron charge (1.603210 C), pe.g. Refs. [11,13]), the retention behaviour of inor-
is the Ludolf number and h is the dynamic viscosityganic ions and its prediction are much simpler than
of the electrolyte (poise).in chromatography. The separation in CE is based on

Eqs. (2)–(4) yield the following dependence for
differences in the electrophoretic mobilities of the

the apparent electrophoretic mobility of an ion,
solutes. Ions migrate at an apparent velocity napp m ,app(ion)given by the sum of the electroosmotic flow velocity

7n and the electrophoretic velocity, n . The electro-eo ep m 5 (10 z e) /(6phr ) 1 L L /Vt (5)app(ion) i i D T m(eo)
osmotic flow (EOF) in fused-silica capillaries with

Eq. (5) has two limitations: first, the mobilitiesthe injection side at the anode is directed toward the
depend on dissociation of weak acids or bases and,cathode; hence, anions move to the positive electrode
second, the effective charges of ions in an electrolyteagainst the electroosmotic flow. The apparent ve-
are different from the nominal charges (except forlocity of an ion is related to its apparent electro-
the case of infinite dilution, i.e., for the limitingphoretic mobility, m , by Eq. (1).app(ion)

electrophoretic mobilities m8 ).ep(ion)
m 5 n /E (1)app(ion) app Nevertheless, a good agreement has been obtained

between the experimentally measured and calculated
where E is the electric field intensity. values m for anions using the data given inep(ion)The electrophoretic mobility of an ion, m , 212ep(ion) Table 2 [13]. A value of 8.45310 for the
can be calculated from the migration time of the ion, 7coefficient (10 z e) /(6phr ) corresponds well to thei it , the applied voltage, V, the length of the capillary 212m value found by curve fitting (7.78310 ).
from the injection port to the detector, L , the totalD

length of the capillary, L , and the mobility corre-T

sponding to the EOF, m , calculated from the Table 2eo

migration time of an uncharged compound (t ), Apparent mobilities m and hydrated ionic radii r forapp(ion) im(eo)
selected anions [13]

28m 5 L L /Vt 5 m 1 m (2)app(ion) D T m ep(ion) eo Anion m r (310 cm)app i

Bromide 0.0010690 1.0505The electrophoretic mobilities depend on the ionic
Chloride 0.0010569 1.0750

strength of the running electrolyte. According to the Iodide 0.0010340 1.0679
Kohlrausch law, they are inversely proportional to Nitrite 0.0010250 1.1423

Nitrate 0.0010010 1.1488the square root of the electrolyte concentration and,
Azide 0.0009683 1.1886as the ionic strength decreases, the electrophoretic
Chlorate 0.0009269 1.2656mobilities approach limiting values that can be
Fluoride 0.0008888 1.4806

predicted from the limiting ionic equivalent conduct- Formate 0.0008710 1.5021
ances, l 8, Chlorite 0.0008293 1.5772equiv

Bicarbonate 0.0007669 1.8430
Ethanesulfonate 0.0007252 2.0711m8 5 l8 /F, (3)ep(ion) equiv
Acetate 0.0007046 2.0054
Propionate 0.0006744 2.2910where F is the Faraday constant (96 487 A s

21 Propanesulfonate 0.0006641 2.2110equivalent ).
Butyrate 0.0006396 2.5150

The limiting ionic conductances and thus also the Benzoate 0.0006018 2.5317
limiting electrophoretic mobilities of ions can be

Values of m were calculated from Eq. (2) using migrationapp(ion)calculated from the hydrated ionic radii (the Stokes times of anions, L 552 cm, L 560 cm and V530 kV. HydratedD T
radii of the hydrated species), r (that are tabulated, ionic radii were calculated from limiting ionic conductance takeni

e.g. in Ref. [17]), from Ref. [17] using Eq. (4).
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3. Optimization of separation influences both the mobilities and the EOF through a
change in the solution viscosity.

Great attention has been paid to the selection and While cations can be analyzed directly in CE, the
optimization of the running electrolyte composition. elution of anions in bare-silica capillaries requires
To attain a good peak shape and an optimal sepa- modulation of the electroosmotic flow. The EOF can
ration of anions, the electrolyte anion (carrier anion) be modified by cationic additives, by changing the
should have a mobility similar to the mobilities of concentration of the running electrolyte, or by a
the analytes. If possible, the EOF should have the chemical modification of the capillary walls.
same direction as the migration of the analytes to Cationic surfactants are mostly added to modify
shorten the analysis. If indirect UV detection is used, the EOF in analyses of anions. At concentrations
the carrier anion should strongly absorb in the UV below the critical micelle concentration, CMC,
region. The most common carrier anions for analyses hemicelles are formed at the capillary wall that
of inorganic anions in combination with indirect UV reverse the EOF. If the anions interact with the
detection are chromate and pyromellitic acid. Their monomeric surfactant present in the electrolyte, then
dissociation and thus their electrophoretic mobilities their electrophoretic mobilities are influenced
are influenced by the pH. The separation of anions through ion association. For a monovalent anion, the
with lower mobilities can be optimized by decreasing ion association constant, K , is defined byIA

the pH.
2 1K 5 [AB]/ [A ][B ] (6)IAAs follows from Eq. (4), the electrophoretic

mobility of analytes can be changed by changing 2 1where [AB], [A ] and [B ] are the equilibrium
their charge-to-mass ratio. For weak acids this can be

concentrations of the associate, the anion and the
done by changing the pH in the vicinity of the

free cationic surfactant. As the surfactant is present
analyte pK . 1a in an excess over the analytes, [B ] can be replaced

However, most inorganic acids have pK valuesa by the bulk surfactant concentration, c .sfbelow 2 and thus the change in the pH to modify the
An equation derived by Kaneta et al. [21] relates

selectivity is not practical. At low pH values the
m to K and c ,app(ion) IA sfEOF is too low in a silica capillary to carry inorganic

anions towards the detector (cathode) and the current 1 /m 5 Kc /m 1 1/m (7)app(ion) sf ep epgenerated at a pH lower than 2 makes the analysis
difficult if not impossible because of a high Joule If the surfactant concentration exceeds the CMC
heat. value, the partitioning into the micelles occurs and

The effect of the pH on the separation of weak Eq. (7) changes into
acids can be demonstrated on an example of phos-
phate present at a high concentration (more than 800 1/m 5 (1 1 k9) /k9m 1 m (8)app(ion) mc app(CMC)
mg/ l) beside a low concentration of fluoride (1
mg/ l). At a pH of 7, protonation of hydrogenphos- where m is the anion mobility at the CMC,app(CMC)

phate results in its slower migration and leads to an m is the mobility of the micelles and k9 is themc

improved separation from fluoride [18]. capacity factor, m /(m 1m ).app(ion) app(ion) mc

An addition of a solvent, e.g. 1-butanol, results in The most common cationic surfactants used are,
selectivity changes. This can be explained by e.g. tetrabutylammonium (TBA), dodecyltrimethyl-
changes in the relative hydration of anions and, as a ammonium (DTA), tetradecyltrimethylammonium
consequence, an improved separation, e.g. of iodide (TTA), cetyltrimethylammonium (CTA) bromides or
and chloride [19]. Organic solvents added to the hydroxides, hexadimethrine (HDM) and hexameth-
running electrolyte decrease the EOF; they increase onium (HM) hydroxide (patented, together with
the viscosity and decrease the pK of silanol groups other running electrolyte components, by Waters)a

on the capillary walls and make the migration times (e.g. Ref. [19], or their binary mixtures, e.g. Ref.
more reproducible with a less noisy baseline [20]. [22]). They are added to the running electrolyte in
The temperature also affects the selectivity, as it concentrations below the CMC and their association
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with inorganic anions is small as proved by the hydrophobic alkyl ammonium ions have a limited
elution order of the anions which corresponds to solubility in the presence of chromophores and,
their molar conductivities (with the exception of second, there is a danger of formation of insoluble
iodide that is retarded even below the CMC). pairs between the alkylammonium ions and the
Although the use of surfactants at concentrations components of both the electrolyte and of the
above the CMC, e.g. in micellar electrokinetic sample. A dependence of the EOF on the con-
chromatography (MEKC), is not very frequent in the centration of EOF modifiers is shown in Fig. 1 [23].
analysis of inorganic anions, the different selectivity The optimal separation conditions (except for the
obtained in MEKC in comparison with CZE can be modifier concentration) and the analytical parameters
useful in special applications [21]. are similar for all the EOF modifiers tested, indicat-

Various EOF modifiers were compared [23]. The ing that the influence of these conditions is small
size of the alkyl ammonium ion affects not only the provided that the EOF is reversed; HM does not
EOF, but also determines the optimum concentration reverse the EOF, only decreases it. When combining
range of the surfactant which decreases with increas- HM with the fully dissociated chromophore pyromel-
ing ion size. When using high-molecular-mass addi- litic acid, stable complexes are formed that are
tives, e.g. HDM, a good efficiency can be obtained adsorbed onto the silanol groups at the capillary
even at very low surfactant concentrations walls.
(0.0001%). This is important for two reasons: first, Weak acid anions are more strongly affected by

Fig. 1. Dependence of the EOF on the concentration of various modifiers [23]. 1, HDM; 2, CTA; 3, TBA; 4, HM; 5, TTA.
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the EOF modifier concentration than strong acid 4. Detection modes
anions. Higher concentrations lead to longer migra-
tion times due to the formation of equilibrium ion Detection in CE must take place directly on the
pairs. This difference in the selectivity allows com- separation column, because the elution profile out-
plex samples to be analyzed by properly selecting the side the electric field rapidly changes from plug to
EOF modifier concentration and thus increasing the parabolic, similar to IC, and the separation efficiency
weak acid anion migration times. An addition of decreases drastically.
organic solvents increases the solubility of quater- Direct UV detection is both selective and sensitive
nary ions. and is often employed in the analysis of cations after

Another possibility for EOF modification is the their complexation, but its application to the analysis
coating of the capillary walls with cationic polymers, of inorganic anions is limited to a few of them which
e.g. poly(1,1-dimethyl-3,5-dimethylene)piperidinium absorb the UV radiation, e.g. to nitrate, sulfide,
and -pyrrolidinium chloride [24] or a reactive poly- nitrite, iodide, bromide and thiocyanate. For exam-
amide with various functional groups [25]. A net ple, a detection limit of 10 mg/ l was attained for
positive charge is then formed at the capillary walls. sulfide in waste water using direct UV detection at
In the former case, the mobility of anions is strongly 229 nm [28]. The running electrolyte contained
influenced by organic modifiers (methanol or ace- sodium sulfate and an EOF modifier in the OH form.
tonitrile). The migration of ions is affected by the Indirect UV detection is most common. It is nearly
running electrolyte properties, such as solvation and universal and requires no modification to the instru-
structural conformation. Ion-exchange is the main ment. Detection limits in a sub-mg/ l region have
interaction, but hydrophobic interactions also play a been obtained with running electrolyte containing
role. In the latter case, the elution order is the same chromate, with a time of analysis of 3 min [29]. A
as in CE with EOF reversal. A good run-to-run, but a disadvantage of chromate lies in its aging that causes
poor column-to-column reproducibility is, however, changes in the analyte migration times, e.g. for
obtained. fluoride [30]. p-Aminobenzoate was found to be

The use of EOF modifiers complicates the analysis optimal for simultaneous determination of low
of those anions that move so slowly that they do not mobility organic and high mobility inorganic anions.
require EOF reversal. Reducing the EOF, e.g. by The separation was facilitated by an addition of
coating the capillary walls with silane, is sufficient barium salts [31].
for attaining sufficiently short analysis times for Anionic chromophores (benzoate, anisate) and
some anions [26]. These capillaries are especially cationic buffers (Tris, ethanolamine) were tested for
useful with direct UV detection, e.g. of bromide and simultaneous detection of nonabsorbing anions and
iodide. cations [32]. An equation was derived for the

The EOF can also be modified by using capillaries dependence of the difference in the absorbance, DA.
made of materials other than fused silica. For So far the best separation of anions with indirect
example, an untreated polypropylene hollow fibre UV detection has been attained in the IonPhor PMA
was used for the CE analysis of anions [27]. Theoret- electrolyte buffer consisting of 2.5 mM pyromellitic
ically these capillaries have no surface charge, but acid, 6.5 mM NaOH, 0.75 mM hexamethonium
practically there is a small negative charge and thus a hydroxide and 1.6 mM triethanolamine, with a pH of
small EOF is observed. Fast separations are possible 7.7 (e.g. Ref. [19]).
but the efficiency is poorer. Advantages of poly- A CE method with indirect UV detection was
propylene capillaries are their good stability at high validated for eight anions and two electrolyte sys-
pH, a low cost and no hysteresis effect. Fast moving tems: pyromellitic acid1hexamethonium hydroxide
anions can be separated directly without any modi- and chromate1TTAB [33]. The detection limits
fication to the electrolyte or the capillary wall. The were between 1 and 3 mg/ l, the repeatability and
capillaries are transparent to visible and near UV reproducibility of the measurement differed for
radiation. different compounds and were, with the exception of
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fluoride and phosphate, 6 and 5–10%, respectively. ion spray–sheath flow interface [38] or poten-
Linear calibration curves were obtained in a con- tiometry with ion-selective microelectrode [39], but
centration range between 1 and 10 mg/ l. their application has so far been less common.

A disadvantage of indirect detection is a high A combination of various detection modes, e.g.
background absorbance and thus a high noise and a CD-UV on-line, substantially enlarges sample matrix
limited linear dynamic range. CE with indirect UV information.
detection exhibits a lower concentration sensitivity
than IC due to mass loading limitations, despite its
superior mass sensitivity. 5. Preconcentration techniques for inorganic

Direct fluorescence detection is not applicable to anions
inorganic anions as they cannot be suitably deriva-
tized. Indirect fluorescence detection, though pos- Sample preconcentration is usually necessary for
sible, has no advantage over indirect UV detection. the analysis of highly dilute solutions of anions, e.g.

Conductivity detection (CD) is a nearly universal for the analysis of anions in deionized water or their
bulk property detection mode for small ions and, determination in the presence of a large excess of a
similar to IC, both non-suppressed and suppressed matrix component.
CD is used. There are more options for the selection Isotachophoretic enrichment by electrostacking at
of the running electrolyte in combination with CD. the sample–buffer interface is often used. Isotacho-
The co-ion must have a substantially different con- phoresis can be carried out off-line, on-line or
ductivity. In non-suppressed CD, low mobility buf- directly in the analytical CE instrument. The sample
fers with higher ionic strengths provide an extended matrix can assist the stacking process by functioning
linearity and improve preconcentration by sample as the leading or terminating electrolyte. The co-ion
stacking. of the running electrolyte has to be chosen so that the

In comparison with indirect UV detection, CD is analyte mobilities are between those of the ions of
10 times more sensitive [34]. The linear dynamic the electrolyte and the matrix. Limits of detection
range extends over three concentration decades and lower than 50 nmol / l have been attained in the
the reproducibilities of the migration time, peak area simultaneous analysis of inorganic and organic an-
and height are better than 0.15, 1.985 and 1.255%, ions in rain water when enriching by sample stacking
respectively. A determination of anions in drinking with a dynamic injection (the injection volume was
water with CD is shown in Fig. 2 [34]. 300 nl, corresponding to a 10% filling of the

A borate buffer (2 mM, pH 9.2) combined with capillary [31]). This preconcentration method per-
suppressed conductivity detection provided good mits determination of inorganic anions in the pres-
peak shapes due to a close match of the borate ence of a fluoride matrix up to an analyte:matrix

6mobility with those of the separated anions and ratio of 1:6310 [40]. A mathematical treatment of
fulfilled the principal condition of suppressed CD, electrostacking can be found in Ref. [41].
i.e. could be suppressed to form a weakly conducting Preconcentration with the electrokinetic injection
species. Additives, such as barium ions, decreased can be used for non-ionic matrices. With long
the EOF and the migration velocity of high-mobility injection times, the ionic components are preconcen-
anions, so that they could be analyzed simultaneous- trated at the expense of the interferents. The EOF has
ly with organic anions [35]. Detection limits in a the direction opposite to the migration of the ana-
range of 1–10 mg/ l were reported with suppressed lytes. The matrix effects caused by ionic components
conductivity detection [36]. A similar sensitivity has can be decreased by suppressing their dissociation by
been attained for inorganic anions in a large-diameter a pH change, thus enriching the analytes by up to
plastic capillary (300 mm) and conductivity detection two orders of magnitude. The choice of the amount
[37]. injected is influenced by the analyte mobility, the

Other detection modes can be used, e.g. direct electroosmotic flow and the sample and buffer ionic
combination of CE with mass spectrometry via an strengths.
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Fig. 2. Determination of inorganic and organic anions by CE with direct conductivity detection [34]. The electrolyte: 50 mM CHES
(2-N-cyclohexylaminoethane-sulfonate), 20 mM LiOH and 0.03% Triton X-100; 60 cm350 mm I.D. capillary; 25 kV; injection at 25 mbar
for 12 s; the EOF was modified by preflushing the capillary with a 1 mM CTAB solution. Anions (concentrations in mg/ l): 1, bromide (4);
2, chloride (2); 3, hexacyanoferrate (7); 4, nitrite (4); 5, nitrate (4); 6, sulfate (4); 7, azide (2); 8, oxalate (3); 9, molybdate (5); 10, tungstate
(6); 11, 1,2,4,5-benzenetetracarboxylic acid (7); 12, fluoride (1); 13, tartrate (5); 14, selenite (10); 15, phosphate (4); 16, citraconate
(methylmaleate) (5); 17, glutarate (10); 18, phthalate (10); 19, carbonate (4); 20, acetate (10); 21, chloroacetate (10); 22, ethanesulfonate
(20); 23, dichloroacetate (15); 24, propionate (15); 25, propanesulfonate (20); 26, crotonate (15); 27, butanesulfonate (20); 28, butyrate
(15); 29, toluenesulfonate (15); 30, pentanesulfonate (20); 31, valerate (15); 32, hexanesulfonate (20); 33, caproate (15); 34,
heptanesulfonate (20); 35, morpholineethanesulfonate (35); 36, octanesulfonate (20); 37, d-gluconate (40).

The detection limits and the analyte-to-matrix then the CE analysis is carried out), are compared in
ratios for inorganic and organic anion impurities in Table 3 [40].
boric acid, obtained using hydrostatic or electro- The effect of the preconcentration time and of the
kinetic injection and with sample stacking (the voltage on the sensitivity of a CE determination of
capillary is filled with the sample up to the detector, trace inorganic and organic anions in matrix-free
a voltage is applied to preconcentrate the sample pure water has been studied [42] and compared with
anions at the sample–buffer interface, a reversed IC: IC yields similar or better detection limits (nl /ml
EOF is used to remove the matrix components and level), but requires trace enrichment times much
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Table 3
Comparison of limits of detections (LOD) and analyte-to-matrix ratios (ATMR) for inorganic and organic anion impurities in boric acid
obtained using hydrostatic and electrokinetic injection and sample stacking [40]

Anion Hydrostatic injection Electrokinetic injection Sample stacking

LOD (mmol / l) ATMR LOD (mmol/ l) ATMR LOD (mmol / l) ATMR
5 6 7Bromide 8 1:1.1310 0.3 1:2.7310 0.07 1:1.2310
5 6 7Chloride 7 1:1.3310 0.5 1:1.7310 0.04 1:2.2310
5 6 7Sulfate 5 1:1.8310 0.2 1:3.8310 0.02 1:3.5310
5 6 7Nitrate 7 1:1.3310 0.3 1:2.8310 0.04 1:2.2310
5 6 7Oxalate 5 1:1.8310 0.4 1:2.1310 0.03 1:2.8310
5 6 7Chlorate 7 1:1.3310 0.4 1:2.2310 0.05 1:1.5310
5 6 7Malonate 5 1:1.8310 0.4 1:2.0310 0.05 1:1.7310
5 6 7Fluoride 10 1:0.9310 0.7 1:1.2310 0.89 1:9.0310

LOD is defined as three times the signal-to-noise ratio.

longer than CE (ca. 5–10 min, compared with 45 s in water have been obtained (Fig. 3) [42]. The de-
CE). Using a 45-s electromigration injection, CE tection of cations is even more sensitive [43].
detection limits of 0.5 mg/ l of anions in deionized The reproducibility of the electrokinetic injection

is poorer than that of the dynamic pressure injection
and strongly depends on the ionic strength. Internal
standards are usually added to improve the accuracy
and precision [44]. For a stacking injection, a
mathematical model has been developed to account
for the increase in the migration time with increasing
sample injection time; a good agreement with the
theory has been found [45].

6. Comparison of CE and IC in selected
applications

As pointed out above, IC is a well-established
method for the analysis of inorganic anions and has
become the method of choice in many application
areas. Many techniques are available using single-
column [46] or dual-column systems with various
detection modes. IC can be used both for analytical
and preparative purposes. Large sample volumes, up

Fig. 3. Trace determination of some inorganic and organic anions
to 1300 ml, can be injected to determine trace anionsin pure water, after an electrophoretic enrichment at 5 kV for 45 s
and cations and to attain detection limits of 10–400with an addition of 75 mM octanesulfonate to the sample [42]. The

electrolyte: 10 mM sodium chromate and 0.5 mM OFM-BT (a ng/ l. For determinations at a mg/ l to mg/ l level, a
surfactant used as the EOF modifier), adjusted to pH 8 with sample size of 10–50 ml is sufficient. Preconcen-
sulfuric acid; 15 kV; 60 cm375 mm I.D. capillary, distance to tration is necessary for lower concentrations (an
detector, 52 cm; UV photometric detection at 254 nm. Anions

additional column, a sample pump, an extra valve(concentrations in mg/ l): 1, chloride (3.5); 2, sulfate (4.8); 3,
and an extra time are the disadvantages of thisnitrate (6.2); 4, oxalate (5); 5, fluoride (1.9); 6, formate (5); 7,

phosphate (3.2); 8, acetate (5); 9, propionate (5). approach [47]). With an IEC column and isocratic
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elution, it is impossible to separate both inorganic nature of the sample and the use of the two methods
and organic ions. in tandem makes it possible to decrease the interfer-

As pointed out in Section 1, CE and IC are ence by other ions and to confirm the peak identity.
complementary techniques and their use in tandem is IC with a greater capacity allows for screening of a
advantageous in many cases. For example, CE and variety of explosive residues. Analogously, a combi-
IC analyses of anions in residues of explosives were nation of CE and IC helps to solve the problems of
compared (Fig. 4) [48]. The differences in the peak confirmation in complicated matrices, e.g. in
separation modes of CE and IC help to determine the atmospheric aerosols (Fig. 5, Ref. [49]). Two IC

Fig. 4. Analysis of an anion standard solution by IC (a) and CE (b) [48]. IC conditions: a Vydac 302IC4.6 column, a flow-rate of 2.5 ml /min,
an injection volume of 25 ml, an isophthalic acid mobile phase, UV detection at 280 nm. CE conditions: an electrolyte of potassium
dichromate, sodium tetraborate, boric acid and the DETA (diethylenetriamine) EOF modifier, pH 7.8; 65 cm375 mm I.D. capillary; 20 kV;
indirect UV detection at 280 nm. Anions: 1, chloride; 2, nitrite; 3, chlorate; 4, nitrate; 5, sulfate; 6, thiocyanate; 7, perchlorate; 8, bromide.
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columns with automated column switching or CE
combined with IC can separate anions in aqueous
soil extracts and process solutions [30]. The IC
detection limits were found to be lower than in CE
(0.2 mg/ml for IC compared with 2 mg/ml for CE),
but, due to a higher separation efficiency, the peaks
were resolved better in CE than in IC and the
quantitation was easier.

A CE determination of fluoride in rain water was
compared with IC and ISE potentiometry; the IC
response was related to the total concentration,
whereas CE and ISE responded to free fluoride [50].
The fluoride concentrations obtained by CE and ISE
were systematically lower than those obtained by IC
due to the fluoride complexation with aluminium.
The detection limits for IC and ISE were similar (0.2
and 0.3 mmol / l) and somewhat lower than those for
CE (0.6 mmol / l). CE was evaluated as an alternative
method to the EPA ion chromatographic method for
the determination of anions in water and a better
resolution and a shorter analysis time were found for
CE [51].

A strong adsorption of dyes observed in IC
columns was not encountered in CE when analyzing
chloride, sulfate and phosphate in sulfonated dyes
[52]. Proteins need not be removed prior to CE
analysis and do not interfere with low-molecular-
mass ions as is the case in IC [53].

The IC analysis of polyphosphates and polycar-
boxylates (builders in detergents) is complicated by
strong affinities of these compounds toward ion
exchangers [54]. CE can readily be used for this

25 25purpose (a LOD of 2310 –5310 M).
The applications of CE analysis to inorganic

anions are already numerous and are rapidly grow-
ing. The application ranges include, e.g. clinical
chemistry [53], the pulp and paper industry [55],Fig. 5. An analysis of a coarse atmospheric aerosol extract by CE

and IC [49]. CE conditions: a 57 cm375 mm I.D. capillary, environmental samples [49], waste waters from
distance to detector, 50 cm. Electrolyte: 2.25 mM PMA (pyromel- processing plants [56], process control, industrial
litic acid), 0.75 mM HMOH (hexamethonium hydroxide), 6.50 applications [43,57–59], explosive residue analysis
mM NaOH and 1.60 mM TEA (triethanolamine), pH 7.7 or 2.0

[48], biological samples [60], or drugs and inter-mM NDC (2,6-naphthalenedicarboxylic acid), 0.5 mM TTAB
mediates [61,62].(tetradecyltrimethylammonium bromide) and 5.0 mM NaOH, pH

10.9; 30 kV (PMA) or 20 kV (NDC); pressure injection for 10 s;
indirect UV detection at 254 nm (PMA) or 280 nm (NDC). IC
conditions: an IonPac-AS10 column with an IonPac-AG10 guard 7. Conclusion
precolumn; conductivity detection using an anion self-regenerating
suppressor (ASRS-I) in the recycle mode. Analytes: 2, chloride; 3,

As can be seen from the above examples, thesulfate; 5, nitrate; 6, oxalate; 7, formate; 10, hydrocarbonate or
carbonate; 11, acetate; 12, propionate; 14, benzoate. relative advantages and drawbacks of IC and CE in



ˇ´ ´ ´180 V. Pacakova, K. Stulık / J. Chromatogr. A 789 (1997) 169 –180

[26] G.W. Tindall, R.L. Perry, J. Chromatogr. A 696 (1995) 349.analyses for inorganic (an)ions basically correspond
[27] J.D. Lamb, T.L. Huxford, K.B. Czirr, J. Chromatogr. A 739to the brief general survey given in Section 1. It can

(1996) 373.
be expected that the future development in the field ´ ´[28] J. Font, J. Gutierrez, J. Lalueza, X. Perez, J. Chromatogr. A
will primarily be based on judicious combinations of 740 (1996) 125.
chromatography and electrophoresis and in their [29] W.R. Jones, P. Jandik, J. Chromatogr. 608 (1992) 385.

[30] R. Stahl, J. Chromatogr. A 686 (1994) 143.coupling with more sophisticated detection tech-
¨ ¨[31] A. Roder, K. Bachmann, J. Chromatogr. A 689 (1995) 305.niques.

[32] J. Collet, P. Gareil, J. Chromatogr. A 716 (1995) 115.
[33] M.M. Rhemrev-Boom, J. Chromatogr. A 680 (1994) 675.
[34] W.R. Jones, J. Soglia, M. McGlynn, C. Haber, 1995,

References presented at the 1995 Pittsburgh Conference, New Orleans,
oral presention No. 1366.

[35] M. Harrold, J. Stillian, L. Bao, R. Rocklin, N. Avdalovic, J.ˇ ´[1] J. Koryta, K. Stulık, Ion-Selective Electrodes, Cambridge
Chromatogr. A 717 (1995) 371.University Press, Cambridge, 1983.

[36] N. Avdalovic, C.A. Pohl, R.D. Rocklin, J.R. Stillian, Anal.ˇ´ ´[2] J. Vesely, D. Weiss, K. Stulık, Analysis with Ion-Selective
Chem. 65 (1993) 1470.Electrodes, Ellis. Horwood, Chichester, 1978.

´ ´ ´[37] D. Kaniansky, V. Zelenska, D. Baluchova, Electrophoresis 17[3] H. Small, T.S. Stevens, W.C. Bauman, Anal. Chem. 47
(1996) 1890.(1975) 1801.

[38] T.G. Huggins, J.D. Henion, Electrophoresis 14 (1993) 531.[4] Manual for the Certification of Laboratories Analyzing
[39] A. Nann, E. Pretsch, J. Chromatogr. A 676 (1994) 437.Drinking Water, EPA Publication No. 570-9-90-008 EPA,

¨[40] J. Boden, M. Darius, K. Bachmann, J. Chromatogr. A 716Washington, DC, 1990.
(1995) 311.[5] W.R. Jones, P. Jandik, Am. Lab. 22 (1990) 51.

[41] R.L. Chien, Anal. Chem. 63 (1991) 2866.[6] J.D. Lamb (Guest Ed.), J. Chromatogr., vol. 602, 1992.
[42] G. Bondoux, P. Jandik, W.R. Jones, J. Chromatogr. 602[7] G.K. Bonn (Guest Ed.), J. Chromatogr., vol. 640, 1993.

(1992) 79.[8] R.M. Cassidy (Guest Ed.), J. Chromatogr. A, vol. 671, 1994.
[43] G. Bondoux, T. Jones, LC?GC Int. 7 (1994) 29.[9] C. Sarzanini (Guest Ed.), J. Chromatogr. A, vol. 706, 1995.
[44] P.E. Jackson, P.R. Haddad, J. Chromatogr. 640 (1993) 481.[10] D.J. Pietrzyk (Guest Ed.), J. Chromatogr. A, vol. 739, 1996.
[45] Zhang H.-W-., X.-G- Chen, Z.-D. Hu, J. Chromatogr. A 677[11] S.F.Y. Li, Capillary Electrophoresis (Journal of Chromatog-

(1994) 159.raphy Library, vol. 52), Elsevier, Amsterdam, 1992. ˇ´ ´ ´[46] V. Pacakova, K. Stulık, Mingjia Wu, J. Chromatogr. 520[12] P.R. Haddad, P.E. Jackson, Ion Chromatography–Principles
(1990) 349.and Applications (Journal Chromatography Library, vol. 46),

[47] E. Kaiser, J. Riviello, M. Rey, J. Statler, S. Heberling, J.Elsevier, Amsterdam, 1990.
Chromatogr. A 739 (1996) 71.[13] P. Jandik, G. Bonn, Capillary Electrophoresis of Small

[48] K.A. Hargadon, B.R. McCord, J. Chromatogr. 602 (1992)Molecules and Ions, VCH, New York, 1993.
241.[14] J.C. MacDonald (Ed.), Inorganic Chromatographic Analysis

[49] E. Dabek-Zlotorzynska, J.F. Dlouhy, J. Chromatogr. A 671(Chemical Analysis, vol. 78), Wiley, New York, 1985.
(1994) 389.[15] G. Schwedt, Chromatographic Methods in Inorganic Analy-

[50] M.A.G.T. van den Hoop, R.F.M.J. Cleven, J.J. van Staden, J.¨sis, Huthig, Heidelberg, 1981.
Neele, J. Chromatogr. A 739 (1996) 241.´[16] A.S. Rathore, Cs. Horvath, J. Chromatogr. A 743 (1996)

[51] J.P. Romano, J. Krol, J. Chromatogr. 602 (1992) 205.231.
[52] S.A. Oehrle, J. Chromatogr. A 671 (1994) 383.[17] Handbook of Chemistry and Physics, 67th ed., CRC Press,
[53] W. Buchberger, K. Winna, M. Turner, J. Chromatogr. A 671Boca Raton, FL, 1986–1987.

(1994) 375.[18] A.H. Harakuwe, P.R. Haddad, J. Chromatogr. A 734 (1996)
[54] T. Wang, A.F.Y. Li, J. Chromatogr. A 723 (1996) 197.416.
[55] D.R. Salomon, J. Romano, J. Chromatogr. 602 (1992) 219.[19] M.P. Harrold, M.J. Wojtusik, J. Riviello, P. Henson, J.
[56] S.A. Oehrle, R.D. Blanchard, C.L. Stumpff, D.L. Wulfeck, J.Chromatogr. 640 (1993) 463.

Chromatogr. A 680 (1994) 645.[20] N.J. Benz, J.S. Fritz, J. Chromatogr. A 671 (1994) 437.
[57] S.C. Grocott, L.P. Jefferies, T. Bowser, J. Carnevale, P.E.[21] T. Kaneta, S. Tanaka, M. Taga, H. Yoshida, Anal. Chem. 64

Jackson, J. Chromatogr. 602 (1992) 257.(1992) 798.
[58] A. Oehre, J. Chromatogr. A 745 (1996) 81.[22] A.H. Harakuwe, P.R. Haddad, W. Buchberger, J. Chromatogr.
[59] S.A. Oehrle, J. Chromatogr. A 739 (1996) 413.A 685 (1994) 161.
[60] C. Bjergegaard, P. Moller, H. Sorensen, J. Chromatogr. A[23] M.T. Galceran, L. Puignou, M. Diez, J. Chromatogr. A 732

717 (1995) 409.(1996) 167.
[61] J.B. Nair, C.G. Izzo, J. Chromatogr. 640 (1993) 445.[24] C. Stathakis, R. Cassidy, J. Chromatogr. A 699 (1995) 353.
[62] M.E. Swartz, J. Chromatogr. 640 (1993) 441.[25] H. Burth, D.M. Lewis, K.N. Tapley, J. Chromatogr. A 739

(1996) 367.



Journal of Chromatography A, 789 (1997) 181–194

Review

Separation and determination of inorganic anions by reversed-phase
high-performance liquid chromatography

*M.C. Gennaro , S. Angelino
Department of Analytical Chemistry, University of Torino, Via P. Giuria, 5, 10125 Turin, Italy

Abstract

An overview and discussion is given of literature methods published after 1989 devoted to the ion-interaction
chromatographic determination of inorganic anions. Seventy references are quoted. Ion-interaction chromatography makes
use of commercial reversed-phase stationary phase and conventional high-performance liquid chromatography instru-
mentation. The basis of the technique, the modification of the stationary phase surface, the choice of the ion-interaction
reagent as well as the dependence of retention on the different variables involved are discussed. Examples of application in
the fields of environmental, clinical and food chemistry are presented. The experimental conditions of stationary phase, of
mobile phase composition as well as detection mode, detection limit and application are also summarized in tables.  1997
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1. Introduction nique, which permits the separation of inorganic
anions on commercial reversed stationary phases and

This review is devoted to the ion-interaction conventional high-performance liquid chromatog-
chromatographic determination of inorganic anions. raphy (HPLC) instrumentations.

Ion-interaction chromatography is a powerful tech- The mobile phase is an aqueous or hydro–organic
solution of a suitable ion-interaction reagent.

*Corresponding author. Ion-interaction methods offer, with respect to ion
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chromatography, advantages of lower cost in relation The ion-interaction (or ion-pairing) reagent is
to both instrumentation and columns and can be essentially a salt formed by a lipophilic cationic
advantageously employed in laboratories where only species (alkylammonium, tetraalkylammonium,
conventional HPLC systems are available. On the cetyltrimethylammonium, etc.) and an anion which
other hand, resolution and sensitivity are comparable can be both organic and inorganic.
to those obtained in ion chromatography, assuming According to many authors, the ion-pairing is
that a suitable ion-interaction reagent is chosen. added to the mobile phase to form, with the ionic

Literature methods for the determination of inor- analyte, an ion-pair which due to its increased
ganic anions based on both ion chromatography and lipophilicity can be retained on the reversed-phase
ion-interaction chromatography published before stationary phase surface.
1984 have been exhaustively reviewed by Haddad According to other hypotheses [55–57] the ion-
and Heckenberg [1]; and a review by Marina et al. pairing (or the ion-interaction reagent) added to
published in 1989 was devoted to HPLC applications mobile phase, when flowing in isocratic conditions,
in the analysis of inorganic species [2]. induces a dynamic modification of the surface of the

In the present review, the more recent papers reversed-phase packing material. The modification of
concerning the ion- interaction determination of the original packing material might proceed through
inorganic anions are considered. a first step in which the lipophilic cation is retained

For more immediate information and comparison, onto the surface of the stationary phase through
methods and experimental conditions are summa- adsorption forces. Through electrostatic forces the
rized in Tables 1 and 2. The packing material, the anion is bound as well with the formation of an
mobile phase composition, the kind of detection, the electrical double layer. A new moiety is adsorbed
detection limit and (if given) the possible interfer- onto the surface (or on part of it), which modifies the
ences and examples of application are reported [3– original properties of the stationary phase and makes
53]. it able to retain both cationic (as, for examples,

amines, triazines . . . ) and anionic (both organic and
inorganic) species. Retention can occur by three

2. Basis of ion-interaction methods possible routes: (i) ion pairs are formed between the
anions (or the cations) of the analyte and the cations

Discussion is still open about the mechanisms (or anions) of the ion-interaction reagent and these
involved in the ion- interaction chromatographic ion-pairs are adsorbed onto the stationary phase
processes and the analogies or differences compared [58,59], (ii) the analyte is retained through an ion-
with ion chromatography or ion-pair chromatog- pair complex formed with an amphiphilic ion previ-
raphy. ously adsorbed onto the surface of the hydrophobic

Snyder et al. [54] suggested the following defini- material [60] and (iii) the analyte is retained through
tion to distinguish between ion-exchange and ion- ion-exchange reactions with the already adsorbed
pair chromatography: (i) ion-exchange chromatog- ion-pair reagent [61–65].
raphy is the technique that makes use of cationic or A general trend, even if not universally used, is to
anionic stationary phase with an aqueous solution for report as ion-pair chromatography the methods in
the mobile phase and (ii) ion-pair reversed-phase which ion-pairs are formed before retention and are
chromatography is that technique which uses a retained onto the unmodified reversed-phase surface,
reversed-phase column with an aqueous–organic while those reported as ion-interaction chromato-
mixture for the mobile phase, to which an ion- graphic methods are the methods where the surface
pairing is added. modification is assumed to take place.

This definition does not consider the mechanisms Very likely, ion-exchange and adsorption mecha-
involved and does not take anyway into considera- nisms coexist in determining retention. This possi-
tion the technique which uses a reversed-phase bility is also supported by the elution sequences
packing material and an aqueous solution of the observed for the anionic analytes. The sequence
ion-interaction reagent as the mobile phase. generally does not follow the elution sequence found
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Table 1
Experimental conditions of ion-interaction methods based on modified C and C RP stationary phases18 8

Ref. Anions Stationary phase Mobile phase Method Detection and interferences LD Applications
2 2 2 2[3] NO , NO , Br , I , Silasorb 300 ODS (10034.0 mm I.D.), 1–2 mM TBA hydroxide aqueous Dynamic modification, UV at 210 nm. – –2 322VO , irregular particles, 10 mm solution adjusted to pH 3–7 (study about the influence of322 22 22 22SO , CrO , WO , MoO (Lachema, Brno, Czechoslovakia). with phosphate (50 mM) or organic counter ion, mobile4 4 4 4

Tris buffer. phase pH and ionic strength).
2 2 2 2 2[4] IO , NO , Br , NO , I Spherisorb ODS, (25035.0 mm I.D.), 0.018 M Phosphate buffered Dynamic modification. UV at 205 nm. mg/ l Nitrite and nitrate3 2 3

25 mm (HPLC Technology). ACN–water (35:65 v/v) micellar NO 200 in domestic water.2
22 2mobile-phase containing 1?10 M Br 250

24 2(.CMC 59.9?10 M), NO 1503
2HDTMA chloride. I 100

2 2 2 2 2 2 2 2[5] NO , ClO , Cl , Br , F , IO , BrO , I Zorbax C (15034.6 mm I.D.), Several mobile phases containing Dynamic modification Indirect UV–Vis About 1 ng –3 3 3 3 18 21spherical particles, 6 mm 1,10-phenantroline [Fe(phen) ] at 510 nm3
(DuPont) and PRP-1, salts, with different organic
(15034.1 mm ID), 10 mm modifier (ACN or MeOH) percentage,
(Hamilton). pH, buffer composition, ionic

strength, type and concentration
of counter-anion.

2 2[6] Cl , NO SB-Octyl-50 (C ) open tubular Sodium salicylate aqueous solution Permanent coating. Indirect Order of –3 8
26capillary column (10 m350 mm I.D. 2.5?10 M. fluorescence 0.5 mg/ l.

and 0.5 mm thickness) (l : 325 nm)Em
(Lee Scientific), precoated with
cetylpyridinium chloride 50 mM
in 2% MeOH.

2 2 22 22 2[7] Cl , CNO , SO , S O , SCN Supelcosil LC-18 (15034.6 mm I.D.), Mobile phases with different Permanent coating. Indirect UV at About 50 mg/ l Samples from gold4 2 3
5 mm; Supelcosil LC-18DB solvent percentage, pH, buffer 254 nm. process effluents
(15034.6 mm I.D.), 5 mm (Supelco); (TEA, THAM, TMA) and eluent acid
PLRP-S (15034.6 mm I.D.), 5 mm (1,3,5-benzenetricarboxylic acid,
(Polymer Labs.); PRP-1 5-sulphosalicylic, phthalic acid,
(15034.1 mm I.D.), 5 mm (Hamilton). salicylic acid) are tested.
Coating: 0.5 mM cetylpyridinium
chloride in 18 or 23% ACN–water
mixture (low and high capacity
column).

32 2 2 2 2 22 2 22[8] PO , Cl , NO , NO , Br , SO , I , S O Resolve C Radial-Pak cartridge 0.4 mM TBA, 0.4 mM salicylic acid Comparison between precoating Direct and mg/ l –4 3 2 4 2 3 18
2(10 cm38 mm), 5 mm. water solution at pH 4.62. and dynamic modification. indirect UV Cl 120

2at 288 nm and NO 7403
2conductometric. NO 2802

2Interference Br 1240
2between NO3

2and Br is
studied.

2[9] NO , PLRP-S (15034.8 mm I.D.), 5 mm 3.3 mM Citric acid, (a) 0.16 mM Dynamic modification Direct and (a) 50–500 mg/ l: –3
2 2 2 2 2BrO , IO , F , (Polymer Labs.); ODS Hypersil HDTMA hydroxide in ACN–water 3:7, indirect UV at IO , NO ;3 3 3 3

2 32 22 2 2Cl , PO , SO , ClO , CN , (15034.8 mm I.D.), 5 mm (Shandon). pH 11 or (b) 4.1 mM, pH 5.5. 220 nm and (b) 0.5–5 mg/ l:4 4 322 2 2 2 32S , I , electrochemical F , Cl , PO4
2 22 2 2 22 2Br , S O , NO , SCN (glassy carbon SO , ClO ;2 3 2 4 3

working electrode (c) ,50 mg/ l:
2 22applied V50.85). NO , S O ,2 2 322 2 2S , I , SCN

(Continued on p. 184)
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Table 2
Experimental conditions of ion-interaction methods based on modified stationary phases other than C and C18 8

Ref. Anions Stationary phase Mobile phase Method Detection and interference LD Application
2 23[47] F , Bischoff Hyperchrome SC 6.0?10 M 4-hydroxybenzoic acid Permanent coating. Indirect UV detection at Ranging between

20 and Tap water.
2HCO , column (12534.6 mm I.D.) (eluent A) or 2,4-dihydroxybenzoic 311 nm. 1500 mg/ l with3

eluent B
2Cl , packed with Hamilton PRP-1, acid (eluent B). and between 100

and
2NO , 5 mm, coated with 0.5 g / l 1000 mg/ l with3

eluent A.
2Br , methyl green (pH59.0).
22SO4

2 2[48] F , Cl , Hamilton PRP-1 (15034.1 mm I.D.), 0.1 mM Ru(II) complex with Dynamic modification. Direct and indirect Vis at – –
2NO , spherical particles, 10 mm. 1,10-phenanthroline or 2,29-bipyridine 445 nm and fluorescence222 21 21HPO , (Ru(phen) , Ru(bpy) )10.1 mM detection (phen: l 465 nm,4 3 3 Ex

2H AsO , succinate buffer at pH 6.1. l 600; bpy: l 460 nm,2 4 Em Ex
2NO , l 580).3 Em
2ClO ,322SO ,422CrO ,4

2BF4
2 2[49] F , Cl , Hamilton PRP-1 (15034.1 mm I.D.), 1 mM Potassium phthalate1Tris Permanent coating. Indirect UV at different – –

2 2NO , Br , 5 mm column coated with 0.2 mM 1 mM in 24% methanol at different wavelengths, ranging between2
2NO , CTA bromide. pH values. 282 nm and 254 nm.322SO ,4 22HPO ,4

2H AsO ,2 422HAsO ,4
2H BO ,2 3

2HS ,
2HCO ,322CO322 22[50] S O , PRP-1 Hamilton (15034.1 mm I.D.), 0.001 M Na CO 10.002 M of TBA Dynamic modification. UV at 231 nm and 0.2 mg/ l of S O2 3 2 3 2 3

and Commercial products
22 22SO 5 mm and PLPR-S (12034 mm I.D.), hydroxide in water–ACN (85:15, v /v), UV diode-array detection. 0.4 mg/ l of SO . of sodium sulphide.3 3

8 mm (Polymer Labs.). pH511.
2[51] F , Macroporous polystyrene–divinyl- Different amounts of Ru(phen) (ClO ) Dynamic functionalization. Indirect fluorimetric detection; mg/ l –3 4 2
2 2Cl , benzene RP-1 (Hamilton) column, (0.1–0.01 mM) and of sodium tartrate l 5447, l 5261 nm. F 5Ex Em
2 2Br , (15034.6 mm), 10 mm. (0.02–0.1 mM) in water are tested. Cl 5
2 2NO Br 103

2NO 103
[52] Selenite, Hamilton PRP-1 (15034.6 mm I.D.), 3% methanol15 mM tetrabutylammonium Dynamic functionalization. ICP-MS 22–74 pg (as Se) Selenium species in

seleniate 5 mm. phosphate pH57.6 urine.
2[53] F , Macroporous polystyrene–divinyl- 0.01 mM Ru(phen) (ClO ) 10.02 sodium Dynamic functionalization. Indirect fluorimetric detection; mg/ l3 4 2
2 2Cl , benzene RP-1 (Hamilton) column, tartrate (0.01–0.1 mM) water solution. l 5447, l 5261 nm. F 3Ex Em
2 2Br , (15034.6 mm I.D.), 10 mm. Cl 2
2 2NO Br 53

2NO 53
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in ion chromatography, is different for the different a C base regarding: (i) retention reversibility of the18

ion-interaction reagents and, in addition, can also modifier on the surface, (ii) stability in relation to pH
vary for the same ion-interaction reagent, as a variation, (iii) greater efficiency, (iv) longer column
function of different experimental conditions, as, for life, (v) higher modifier load [8]. In contrast, when
example, the mobile phase pH [6] or the ionic using ion-interaction reagents formed by salicylic,
strength [3]. 1,2,4-benzenetricarboxylic, 1,3,5-benzenetricarbox-

ylic or 5-sulphosalicylic acid with tris(hydroxy-
methyl)aminomethane and tetramethylammonium
hydroxide and tetraethyammonium hydroxide as

3. Modification of the reversed-phase stationary counter ions, the bonded C silica columns were18

phase; choice of the ion-interaction reagent; more efficient than the polystyrene–divinylbenzene
detection (PS–DVB) ones. Furthermore the PS–DVB phases

were slower to equilibrate when elution conditions
The modification process can be essentially per- were changed [10]. With a methanol–water mixture

formed through two different ways: of hexadecyltrimethylammonium hydroxide and cit-
1. a dynamic process in which the mobile phase ric acid [12] as the ion-interaction reagent, compar-

contains (or sometimes only consists of) the ion- able retentions were obtained for inorganic anions
interaction reagent. When eluting in isocratic with polymeric and octadecylsilica stationary phases,
conditions, the mobile phase itself modifies the while organic anions displayed significant differ-
surface, or ences in the two systems.

2. through a process, referred to as permanent So, no general rule showing advantages for a
coating, in which the modifier agent is firstly stationary phase composition can be drawn out,
adsorbed onto the stationary phase (often dy- because retention, resolution and sensitivity depend
namically, by passing it through the column for a on a number of factors, whose effect is difficult to
certain time); then the column is rinsed and used predict.
with a different mobile phase. According to Haddad and Heckenberg [1] the

Once modified, no great difference can be found in ‘‘ability’’ in developing a new ion-interaction meth-
the behaviour of permanently- and dynamically- od is ‘‘to tailor the mobile phase composition to suit
modified columns, apart from the composition of the the particular solute ion being studied’’ or to separate
mobile phase which, as said, is generally different the particular mixture.
from the modifier agent when using the permanently- In principle each salt consisting of a lipophilic
coated stationary phases and in contrast contains cation can be used as the ion-interaction reagent.
(and often consists of) the ion-interaction reagent Generally, in dynamic coating the ion-interaction
itself for the dynamically-coated. reagent is usually characterized by relatively low

The modifications essentially concern C and C hydrophobicity, as, for example, are salts of alkylam-18 8

packing material, sometimes in capillary microcol- monium (with alkyl chain length generally ranging
umns [9,13]. Examples are also reported of modi- between 4 and 10) and tetraalkylammonium (with
fications induced on other packing materials, such as alkyl chain lengths generally ranging between 1 and
cyano-, diol- or polymeric support. The experimental 4).
conditions of these methods are reported in Table 2 In permanent coating, for the surface modification
[47–53]. process, more lipophilic ion-interaction reagents are

Comparisons between the performances obtained used, as, for example, salts of cetyltrimethylammo-
in ion-interaction chromatography by the use of nium. For the mobile phase, less hydrophobic re-
different original packings and their possible modi- agents (as, for example, tetraalkylammonium salts)
fications have been studied [8,10,12]. So, for exam- are then employed.
ple, in the modification with iron(II)-1,10-phen- Concerning the anion of the salt, both inorganic
anthroline as the ion-interaction reagent, a polymeric (orthophosphate, chloride, hydroxide . . . ) and or-
base gave results more advantageous with respect to ganic (salicylate, tartrate . . . ) anions are used. Re-
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garding their choice, the compatibility with the kind sitivity and resolution of analytes in a mixture in the
of detection used must be considered. lowest total analysis time.

When conductivity is employed and the back- The dependence of retention on the different
ground conductivity of the eluent must be mini- variables involved has been studied by different
mized, methods which make use of pure water or of authors [3,5,6,8,10,14,16,39–41]: besides the pack-
very diluted solutions as the mobile phase are highly ing material of the stationary phase, retention is
appreciable. greatly affected by the chemical properties of the

For UV detection, on the other hand, the eluent ion-interaction reagent, the presence and the con-
must be characterized by the lowest absorptivity at centration of the organic modifier in the mobile
the detection wavelength for direct detection or by phase, the concentration of the ion-interaction re-
the highest for the indirect one. Eluents like phos- agent, the ionic strength of the mobile phase, and the
phate or hydroxide should be avoided when conduc- temperature.
tometric detection is used but are very suitable for Concerning the effect of the organic modifier
UV detection [13]. Salicylate ions are suitable for contained in the mobile phase, it was shown that, as
conductometric detection and for indirect UV de- expected, retention decreases when the concentration
tection. For indirect UV detection papaveraldine of the organic modifier increases. This effect is due
perchlorate [17] has also been used. Since some to (besides the increased eluotropic strength of the
anions (nitrate, nitrite, bromide, bromate, iodide, solvent) desorption effects exerted by the organic
iodate, periodate, thiocyanate and thiosulfate) absorb solvent towards the moiety adsorbed onto the surface
between 195 and 220 nm, detection selectivity with and to competition equilibria taking place between
respect, for example, to chloride even if present at the solvent and the modifier. The adjustment of
very higher concentration can be advantageously organic modifier concentration in the mobile phase
used, as, for example, in the determination of can therefore regulate the amount of the ion-inter-
bromide in common salt [18] and sea-water [42], and action reagent adsorbed and by consequence the
of nitrite and nitrate in sea-water [21]. Amperometric retention [11,66,67].
detection has been selectively used for oxidable Many examples of methods which make use of
anions [14,19,22,26,44]. aqueous solutions of the ion-interaction reagent can

be found (Table 1), that offer advantages of low cost
and environment protection.

Systematic studies performed in the pH range
4. Dependence of retention on different between 3 and 8 permitted investigation of the effect
variables exerted on the retention by the pH value of the

mobile phase. It was shown that retention of both
There are many variables which must be consid- organic and inorganic anions always decreased with

ered in planning the mobile phase composition and pH increase. The behaviour which holds for both
which must be optimized to control retention. They strong and weak anions is likely related to the effect
include the organic modifier content, the concen- that mobile phase pH plays on the moiety already
tration and type of the ion-interaction reagent (re- adsorbed onto the stationary phase surface [33,66]. A
garding both the lipophilic cation and the counter pH increase induces a decrease of concentration of
anion), the pH value and the ionic strength. The the cationic form adsorbed and forming the primary
effect of the variables on retention is often non-linear electrical layer. Consequently the number of the total
and interdependent and therefore it is difficult to active sites available for retention also decreases.
predict, taking also into account that the mechanisms Regarding sensitivity, this, as expected, is practically
which govern retention are still not completely constant in the whole pH range for the anions of
understood. strong acids, while increases with pH increase for the

A good optimization of the variables could be weak ones.
obtained through chemometric treatment of ex- The effect of the counter-anion is also very
perimental design [16,24,32] which optimizes sen- important [5]. The retention dependence on chloride
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concentration of nitrate and nitrite ions, when chlo- 5. Examples of applications
ride concentration is high as in sea-water can be
ascribed to a substitution of the original phosphate Ion-interaction methods can be also advantageous-
counter-anion with chloride ions [21]. ly used in the determination of metals through

The dependence of retention on ion-interaction formation of anionic complex species. Different
concentration as well as the effect of mobile phase complexones (nitrilotriacetic acid, 1,2-diaminocyclo-
ionic strength has been also studied [3,14,67]. The hexane-N,N,N9,N9-tetraacetic acid, diethylenetri-
anion of the salt seems to compete for solute for the aminopentaacetic acid, ethylenedioxybis(ethylene-
active site on the stationary phase or to exert an nitrilotetraacetic acid, [N-(2-hydroxyethyl)-diamino-
electrostatic shielding, that affects not only retention ethylene]-N,N,N-triacetic acid, and triethylenetetra-
(which generally decreases with ionic strength in- aminohexaacetic acid) and direct and indirect UV
crease) but also selectivity and elution order [3,67]. detection have been used for determination of a

Examples are also reported of micellar chromatog- number of metals [37]. For the determination of
raphy, in which the modifier agents in the mobile selenium the formation of selenotrisulfide has been
phase are used at concentrations greater than their employed [68] and metal cyano complexes have
critical micellar concentration [4,18]. been formed for the analysis of precious metals in

Also worth noting is a relatively new technique, gold processing solutions [69].
known as electrostatic ion chromatography, based on Concerning the application of ion-interaction
the modification of the reversed-phase octa- methods in the determination of inorganic anions in
decylsilica and in which the modifier agent is a real samples, a sensitive application concerns the
zwitterion surfactant immobilized on it; the mobile determination of impurities in analytical grade re-
phase is pure water. The analytes are inorganic ions agents [23]. Many examples can be found in the
which are eluted as ion-pairs. Sometimes specific fields of environmental, clinical and food chemistry.
ions are added to the mobile phase in order to Typical inorganic anions have been determined in
perform the exclusive partitioning of the analytes as tap [4,5,13,25,38–40] and surface waters [26,38–40],
specific ion-pairs [29,31,35,41,43,46]. The analytes sea or lagoon waters [21,26,37,38,41,70], atmos-
are released from the Stern layer to the diffuse layer. pheric precipitation as rain, snow, aerosols in corre-
Due to the zwitterion which coats the stationary lation with temperature, urban and rural sites [7].
phase, the analytes are forced into a state of simulta- Examples of applications in clinical chemistry are
neous electrostatic attraction and repulsion in the the determination of nitrite and nitrate in human
column, under a ‘‘ion-pairing-like’’ form. Detection saliva [18], of bromide in blood [17] and of arseniate
sensitivity is enhanced by the low background in urine [44].
deriving from using pure water as the mobile phase. Food chemistry applications are the determination

As a general consideration, it can be said that no of inorganic and organic anions in wines [45] and in
general rule can be given about the choice of the fruit juices [6] and of iodide in commercial salt [18].
optimal experimental conditions for developing a
new ion-interaction chromatographic method. They
strictly depend on the particular application. On the 6. Abbreviations
other hand, the dependence of retention on so many
experimental conditions makes the technique very ODS octadecylsilica
versatile for solving many separation and resolution TBA tetrabutylammonium
problems. In addition, the technique can be advan- ACN acetonitrile
tageous in overcoming matrix interference, in par- CMC critical micellar concentration
ticular towards more lipophilic components. For the EIC electrostatic ion chromatography
same reasons, no general comparison can be made I.D. internal diameter
between the performance of ion chromatography or MeOH methanol
ion-interaction methods. HDTMA hexadecyltrimethylammonium
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Simultaneous separation and detection of
anions and cations in ion chromatography
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Moscow 119899, Russian Federation

An overview of new possibilities for the simultane-
ous determination of anions and cations by ion
chromatography is presented. A short comparison
of the characteristics of separation and detection
methods for simultaneous anion^cation determi-
nations of ions is given and applications are dis-
cussed. z2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction

The main goal of ion chromatography ( IC) as an
analytical technique is to provide complete infor-
mation about the ionic composition of the analyzed
sample. For obvious reasons, it is often necessary to
use two different sets of IC conditions for the sepa-
ration and determination of cationic and anionic
species. Thus, data on the ionic composition of a
sample can be obtained either by two parallel anal-
yses on two different ion chromatographs (which is
expensive), or by two consecutive analyses of the
same sample with one instrument but with different
columns and under different elution conditions. In
the second case the change of chromatographic
column followed by equilibration with new eluent
substantially increases the duration of the analysis
and may make the procedure unsuitable for the
determination of analyte ions of low stability. The
ideal case is simultaneous determination of cations
and anions by IC from a single injected sample.
Numerous attempts to realize this goal have been
undertaken, even from the very early days of IC,
and these methods have been reviewed in 1994
[ 1 ]. Consideration of recent advantages in this

dynamically developing ¢eld of IC is the subject
of the present review.

2. Classi¢cation of approaches to
simultaneous IC determination of anions
and cations

In accordance with the de¢nition given in [ 1 ],
methods interpreted as being suitable for the simul-
taneous determination of anions and cations in IC
are those in which a single injection of a restricted
volume of the analyzed sample is made into the
injection port (usually, an injection valve) followed
by chromatographic separation. This de¢nition
accommodates methods which use variations in
the nature of the mobile and stationary phases,
changes in the direction of £ow and recycling of
the mobile phase, and the use of auxiliary devices
within the closed chromatographic system. This
broad de¢nition includes the combination of differ-
ent IC mechanisms and a classi¢cation scheme for
the various methods is presented in Table 1. As with
any multi-component determination in IC, this par-
ticular analytical task can be successfully
approached either with the use of a highly selective
detector combined with a less ef¢cient separation
system, or using a universal detector combined
with a highly ef¢cient separation system. Organic
cations and anions like tetraalkylammonium and
carboxylates can also be separated on the basis of
differences in hydrophobicity using reversed-
phase HPLC, but these methods are beyond the
scope of this review.

3. Multi-column systems

As mentioned above, the IC determination of the
total ionic composition of the sample usually
involves two chromatographic runs with separately
injected volumes under conditions (columns,
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mobile phases ) which are different for the separa-
tion of anions and cations. The ¢rst attempts at
simultaneous determination of anions and cations
were therefore directed towards a combination of
two ion chromatographs in one unit. This can be
accomplished using columns in parallel or in series
or with a system for switching between columns.

3.1. Parallel columns

The use of a joint injection valve is the main prac-
tical difference between a chromatographic unit
with parallel columns and two separate IC instru-
ments. The most recent paper using this approach
was published in 1993 [ 2 ], when a fully automated
IC system comprising four ion chromatographs
( three gradient and one isocratic ), four micro-
membrane suppressors, four guard columns, four
conductivity detectors and two PCs was used. This
was applied in the Canadian Technological Center
for Environmental Protection to the simultaneous
determination of 10 inorganic and organic anions
and 10 cations (alkali metal ions or alkaline earth
metal ions) in atmospheric aerosol. Automation of
the analysis via a single loading system permitted
isocratic anion analysis, anion gradient (with and

without preconcentration) and cation gradient
methods with chemical suppression and conducti-
metric detection applied in an unattended regime
for 48 h. The obvious drawbacks of all parallel IC
systems and, in particular, the above-mentioned
system are the high cost of analysis and mainte-
nance as well as their low reliability. These draw-
backs have reduced the attractiveness of this
approach over recent years.

3.2. In-series anion and cation exchange columns

A step forward in simpli¢cation of multi-column
systems involves the use of anion exchange and
cation exchange columns connected in series.
Such systems can be readily organized inside a
standard isocratic ion chromatograph. In this
approach a single eluent is used for separation of
anions and cations and ideally the eluted analytes
are detected with a single detection unit. In this way
Takeuchi et al. [ 3 ] separated a mixture of Na�,
NH�4 , K�, Cl3, Rb�, Cs�, Mg2�, NO3

3 and Ca2�
with dual Develosil ODS-UG5 columns (50U0.32
mm) connected in series, one of which was modi-
¢ed with sodium dodecylsulfate (SDS) and the
other with cetyltrimethylammonium bromide

Table 1
Classi¢cation of methods for simultaneous determination of anions and cations by IC

312 trends in analytical chemistry, vol. 20, nos. 6+7, 2001



TRAC 2712 29-6-01

(CTAB). The use of 10 mM copper sulfate solution
as eluent allowed indirect photometric detection of
both anions and cations at 200 nm or conductimet-
ric detection if preferred. However, the stability of
the ion exchangers obtained by dynamic modi¢ca-
tion of reversed-phase stationary phases in the
absence of SDS and CTAB in the eluent has to be
checked carefully.

In many cases the detection of the eluted ions
cannot be performed with a single detector and
additional devices are required. For example, the
simultaneous determination of 11 cations and
anions in tap water was achieved in 10 min by
using a Dionex HPIC-CS3 column followed by a
detector selective for monovalent cations in series
with a Dionex HPIC-AS4A column followed by a
detector selective for singly charged inorganic
and organic anions [ 4 ]. Two ion-selective elec-
trodes ( ISE) served as selective detectors.

A more complex scheme was proposed for the
simultaneous determination of organic and inor-
ganic anions and cations in wine and sake [ 5 ].
The separation was performed on an anion
exchange column Yokogawa SAM3-075 (75U4.9
mm) and a cation exchange column Yokogawa
ICS-C25 (125U4.6 mm) connected in series with
1.5 mM oxalic acid as eluent. The detection system
consisted of an anion suppressor and a cation sup-
pressor connected in parallel, combined with a
switching valve to allow each detector to be
selected as required. An evident drawback of the
proposed scheme is its inability to detect oppositely
charged ions simultaneously.

A general dif¢culty associated with the use of
chromatographic systems with columns in series
is a problem of high back pressure at the top of
the ¢rst column and the necessity to have a pres-
sure-resistant detector £ow cell if it is placed
between two columns. Therefore, the use of short
columns of 5^10 cm length or columns packed with
relatively coarse particles of size greater than 10 Wm
is recommended.

3.3. Switching columns

The introduction of switching valves into IC sys-
tems allows not only an improvement in £exibility
of detection as shown above but also an increase in
the separation ability of the chromatographic col-
umn [ 1 ]. Deguchi et al. [ 6 ] proposed an interesting
approach which they called £ow gradient ion chro-
matography. Their system consisted of two col-

umns (50U4 mm), one containing 10 Wm Hitachi
IC 2710 anion exchange resin and the other Hitachi
IC 2720 cation exchange resin, connected in series
with a junction between them for a second mobile
phase and two pumps with a £ow gradient capabil-
ity which delivered the same mobile phase of
2.5 mM benzoic acid and 1.5 mM Tris. By varying
the £ow rates of the two pumps but keeping the
total £ow rate constant at 1 ml / min, retention of
both anions and cations could be manipulated so
that they were well separated. This new method
was applied to the simultaneous separation and
determination of 8^52 Wg / ml Li�, Na�, NH�4 , K�
and 51^89 Wg / ml chloride, nitrite, bromide and
nitrate in test solution. Reproducibility for retention
times and peak areas was 0.13^0.34% and 0.13^
1.61% (n=5), respectively.

There have been only a few published papers on
the use of multi-column systems for simultaneous
determination of anions and cations since 1993,
probably due to the drawbacks mentioned earlier.

4. Single-column systems

Single-column systems are established using dif-
ferent types of column packing which generally
contain both positively and negatively charged
sites in the form of mixed particles of different ion
exchangers or specially designed zwitterionic ion
exchangers. The classi¢cation and application of
zwitterionic ion exchangers in liquid chromatogra-
phy has been recently reviewed [ 7 ]. However, in
accordance with the classi¢cation of methods of
simultaneous IC determination of anions and cati-
ons given in Table 1, the following modes can be
identi¢ed.

4.1. Mixed bed columns

Packing of a column by a mixture of particles of
cation and anion exchange materials represents a
further simpli¢cation of the `column in series tech-
nique' because of the replacement of the two col-
umns by a single column containing a mixed bed
stationary phase. A short mixed bed column
(100U4.6 mm) packed with a 1:1 mixture of
anion exchange resin (Yokogawa ICS-A23) and
cation exchange resin (Yokogawa ICS-C25) was
used for the IC separation and determination of
H2PO3

4 , Cl3, Na�, K�, NO3
3 , SO23

4 , Mg2� and Ca2�
in tap water using 1.5 mM pyromellitic acid as elu-

trends in analytical chemistry, vol. 20, nos. 6+7, 2001 313



TRAC 2712 29-6-01

ent and conductivity detection [ 8 ]. The advantage
of this approach is the use of a single column and
hence the elimination of additional broadening of
chromatographic peaks arising from extra connec-
tors, tubing and frits as in the case of two columns in
series. An interesting aspect of the retention of cat-
ions on a similar mixed bed column has been noted
[ 9 ]. Here, ion exchange with elution by H� was the
primary retention mechanism, but there was a clear
in£uence on retention of cations caused by the
anion exchange groups present in the column.
This secondary mechanism was particularly evi-
dent for monovalent cations. On the other hand,
anions showed the same elution behavior on the
mixed bed column as on a monofunctional anion
exchange column.

The particles of the two different resins may have
a different density, size, and porosity which could
present a problem for their homogeneous packing
by slurry methods.

4.2. Agglomerated ion exchangers

The above-mentioned problem has been solved
in agglomerated ion exchangers, manufactured by
Dionex (Sunnyvale, CA, USA), in which positively
charged latex microbeads are electrostatically
retained as a monolayer at the surface of sulfonated
poly(styrene^divinylbezene) particles, producing
an anion exchanger. Agglomerated cation
exchangers can be prepared by an additional coat-
ing of the agglomerated anion exchanger with a
further layer of sulfonated latex microbeads. All of
these agglomerated ion exchangers exhibit zwitter-
ionic ion exchange properties [ 7 ] that allow them to
be used successfully for the simultaneous determi-
nation of anions and cations. The simultaneous
determination of up to 13 ions was demonstrated
using the cation exchange column Ionpac-CS5
(Fig. 1) [ 10 ]. It is clear from the ¢gure that a lack
of resolution of oppositely charged ions and over-
lapping chromatographic peaks, which would be
observed with conductivity detection, could be
eliminated by their selective detection with two
ISEs in series. The authors noted that the ISEs
used for this work gave a stable response for
1 week.

4.3. Mixed layer zwitterionic ion exchangers

Negatively charged sulfopolysaccharides, such
as heparin, dextran sulfate, and chondroitin sulfate,
can be used instead of latex microbeads for the
modi¢cation of anion exchangers [ 11,12 ]. This
type of modi¢cation of the surface should provide
a more homogeneous distribution of functional
groups at the surface with better mass transfer char-
acteristics for the separation of anions and cations.
However, it was found that the properties of these
zwitterionic ion exchangers are sensitive to the
charge density and molecular weight of the poly-
meric chains of the coating material, and the porous
structure of the ion exchanger used as support
material [ 11 ]. It was proposed that large polymers
(dextran sulfate of MW V75 000) do not penetrate
into the pores and form a kind of net around the
core of the anion exchanger (TSK-Gel IC-Anion SW,
pore diameter 14 nm). On the other hand, smaller

Fig. 1. Simultaneous separation and detection of anions and
cations on a latex agglomerate column. Column: Dionex
HPIC-CS5 cation exchange column (250U2 mm) with pre-
column HPIC-CG5 (50U4 mm); eluent 0.5 mM copper sul-
fate, pH 5.62; £ow rate 0.5 ml / min; sample volume 20 Wl
containing 0.1 mM of each ion; detection: two potentiomet-
ric detectors equipped with different ion-selective electrodes
in series. Peaks: (1) chloroacetate, (2) chloride, (3) nitrite,
(4) benzoate, (5) cyanate, (6) bromide, (7) nitrate, (8)
sodium, (9) ammonium, (10) potassium, (11) rubidium,
(12) cesium, (13) thallium. Reprinted with permission
from [ 10 ].
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molecules, such as dextran sulfate with MWV5100
or heparin with MW V2200, can easily occupy the
pore volume of the resin and so form a polyzwitter-
ionic structure which is selective for simultaneous
separation of anions and cations. The simultaneous
separation of three cations and eight anions was
achieved for the latter ion exchanger (Fig. 2)
using 1 mM copper sulfate as eluent and photomet-
ric detection of all 11 analytes using a single wave-
length.

4.4. Ion exchangers with immobilized zwitterionic
ion exchange molecules

Close proximity of the oppositely charged func-
tional groups can be achieved in ion exchangers
with covalently bonded zwitterionic molecules in
which two or three methylene chains separate the
carboxylate or sulfonate and quaternary ammo-
nium groups [ 13^15 ]. This arrangement results in
the establishment of a combination of repulsion
and attraction electrostatic forces and such station-
ary phases have been used for the separation of
seven or eight anions and cations [ 13,14 ].

There are still only a few published applications
of sorbents with covalently bonded zwitterionic
molecules for simultaneous determination of
anions and cations. This is related to the dif¢culties

associated with synthesis of these sorbents [ 13 ],
especially obtaining an equal concentration of pos-
itively charged quaternary ammonium ^NR�4
groups and negatively charged ^SO3

3 groups [ 13 ].
For this reason a very intensive study has been
undertaken in recent years on electrostatic ion
chromatography (EIC) [ 16 ], which involves the
use of reversed-phase hydrophobic sorbents with
dynamic coatings of zwitterionic surfactants. An
additional feature of EIC is that the separation of
ions can be performed with pure water as the eluent
and this provides very sensitive conductivity detec-
tion without the need for suppressors. The main
separation forms in pure water are ion pairs
between anion and cations from the injected sam-
ple [ 16 ]. After redistribution and formation of new
ion pairs in the chromatographic column the total
number of possible peaks before detection is
increased drastically ( the exact value is equal to
the number of anions multiplied by the number of
cations included in the sample). Complete separa-
tion and quanti¢cation in such a system is dif¢cult

Fig. 3. IEC /CEC separation of anions and cations. Column:
TSK-Gel OA-Pak A (300U7.8 mm, 5Wm); eluent 5 mM malic
acid^methanol (95:5); £ow rate 1.2 ml / min; sample vol-
ume 25 Wl; detection conductivity. Peaks: (1) sulfate, (2)
chloride, (3) nitrate, (4) £uoride, (5) sodium, (6) ammo-
nium, (7) potassium, (8) magnesium, (9) calcium.
Reprinted with permission from [ 19 ].

Fig. 2. Simultaneous separation of a model mixture of ions
using anion exchange column coated with sulfopolysaccha-
ride. Column: TSK-Gel IC-Anion SW (100U0.32 mm)
dynamically modi¢ed with heparin; eluent 1 mM copper sul-
fate; £ow rate 4.2 Wl / min; sample volume 0.2 Wl; detection
UV 200 nm. Reprinted with permission from [ 11].
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Table 2
Anion exchange chromatography of inorganic anions and negatively charged metal complex anions with different reagents

Anion exchange column Eluent Studied ions (as injected in a column) Detector Ref.

TSK guardgel QAE-SW
250U4.6 mm, 5 Wm

0.15 mM 1,2,4,5-benzenetetracarboxylic
(pyromellitic ) acid

PO33
4 , Cl3, NO3

2 , Br3, NO3
3 , I3, SCN3, SO23

4 ,
S2O23

3 , Mg2�, Ca2�, Mn2�, Co2�, Ni2�, Zn2�,
Cd2�

Cond. [ 20 ]

TSK guardgel QAE-SW
150U4.6 mm, 5 Wm

0.5 mM 1,2,4-benzenetricarboxylic
( trimellitic ) acid^0.25 mM EDTA, pH 6.0

HCO3
3 , Cl3, NO3

2 , NO3
3 , SO23

4 , Mg2�, Ca2� UV, 270 nm [ 21]

Vydac 302 IC, 250U4.6mm, 5 Wm 0.75^2.0 mM CDTA, pH 5.8^methanol Cl3, NO3
3 , SO23

4 , Fe3�, Cr3�, Y3�, La3�, Nd3�,
Gd3�, Ba2�, Ca2�, Cd2�, Co2�, Cu2�, Hg2�,
Mg2�, Ni2�, Pb2�, Sr2�, Zn2�, Mo(VI)

UV, 210/195 nm [ 22 ]

Hamilton PRPx100
(dimensions not given)

0.375 mM 2,5-dihydroxy-1,4-benzenedi-
sulfonic acid^0.125 mM EDTA, pH 6.5

F3, Cl3, NO3
2 , NO3

3 , SO23
4 , S2O23

3 , S2O23
6 ,

SO3F3, SeO23
3 , SeO23

4 , CrO23
4

b, PO3F3
2 ,

H2PO3
4 , MnO3

4 , Ca2�, Cd2�, Mg2�, Pb2�,
Ni2�, Cu2�, Co2�, Al3�, Fe3�, Cr3�

UV, 335 nm [ 23 ]

Dionex AG9 50U4.0 mm and
Dionex AS9 250U4.0 mm, 15 Wm

3.5 mM Na2CO3, pH 9.75 BrO3
3 , SeO23

3 , SeO23
4 , HAsO23

4 , WO23
4 ,

MoO23
4 , CrO23

4 , Cl3, NO3
3 , SO23

4 , Pb2�a,
Ni2�a, Cd2�a, Cu2�a

Cond. [ 24 ]

Waters IC-Pak C anion, 50U4.6 mm and
IC-Pak pre-column 50U4.6 mm

1 mM 2,6-pyridinedicarboxylic acid, pH 6.0 HCO3
3 , H2PO3

4 , Cl3, NO3
2 , NO3

3 , SO23
4 , Mg2�,

Ca2�
UV, 290 nm [ 25 ]

aMetal ions were complexed with EDTA before injection in a column.
bDirect UV detection at 370 nm.
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and it has been found more practical to perform EIC
separations in eluents containing dilute solutions of
electrolytes, especially those which can be sup-
pressed (such as NaHCO3 ).

4.5. Ion exclusion chromatography / cation exchange
chromatography ( IEC / CEC )

This novel variant of IC has become increasingly
popular for the simultaneous separation of anions
and cations. Tanaka et al. [ 17 ] found that a poly-
methacrylate-based weakly acidic cation exchange
resin (Tosoh TSK gel OA-Pak A in the H� form)
could be used to retain cations by a cation exchange
mechanism and anions by an ion exclusion mech-
anism. The optimum separation (Fig. 3) of three or
four anions (SO23

4 , NO3
3 , Cl3, F3 or NO3

2 ) and ¢ve
cations (Na�, NH�4 , K�, Mg2�, Ca2� ) was achieved
with eluents comprising dilute solutions of organic
acids ( tartaric, malonic, malic, sulfosalicylic acid) at
pH 2.8^3.0, containing methanol and 18-crown-6
ether for the regulation of separation selectivity of
metal cations [ 17^19 ]. The practical implementa-
tion of IEC /CEC has been realized in a portable
ion analyzer Shimadzu PIA-1000, which was suc-
cessfully used for acid rain monitoring in different
countries of East Asia. However, the future of this
method is not completely clear as all applications
are connected with the use of only one type of
chromatographic column, Tosoh TSK gel OA-Pak
A.

4.6. Anion exchange chromatography of anions and
negatively charged complexes of cations

Alkaline earth and transition metal ions can be
converted to negatively charged complexes by
reaction with different ligands and can be separated
in the same mixture with inorganic anions using
anion exchange methods. This makes possible the
use of standard IC equipment for their quantitative
determination and this approach has proved pop-
ular ( see recent applications in Table 2).

There are two main directions evident from pub-
lished research. The ¢rst is the possibility of increas-
ing the sensitivity of the photometric detection
using complexing reagents like pyromellitic [ 20 ],
trimellitic [ 21 ] and dipicolinic acid [ 25 ]. These
have been studied as binary complexing eluents
in combination with EDTA or CDTA as a single-
component eluents (Table 2). The second research
direction is to increase the range of analyte ions

suitable for this approach. In this regard, Sarzanini
et al. [ 24 ] studied retention behavior of a group of
analytes and separated not only simple anions and
complexes of transition metals with EDTA, but also
a number of oxoanions of metals (Fig. 4, Table 2).
An impediment to the wide practical application of
this approach is its unsuitability for the determina-
tion of alkali metal ions, which are not retained by
anion exchangers. The use of multi-element spec-
troscopic detection could be a possible solution [ 1 ].

5. Simultaneous detection of anions
and cations

The question of which type of detection system is
most suitable for the simultaneous determination of
oppositely charged ions remains open and presents
somewhat of a dilemma in this area of IC. On the
one hand, if the developed separation system pro-
vides high resolution of chromatographic peaks, a
simple detection system such as conductimetry or

Fig. 4. Anion exchange chromatography of a model mixture
of anions, negatively charged complexes and oxoanions of
metals. Column: Dionex AS9 anion exchange column
(250U4 mm) with precolumn HPIC-AG5 (50U4 mm); elu-
ent [HCO3

3 ]+[CO23
3 ]=3.5 mM, pH 9.75; £ow rate 1.0 ml /

min; sample volume 50 Wl; detection: conductimetric with
suppressor AMMS-II. Peaks: (1) BrO3

3 , (2) Cl3, (3) Pb2�,
(4) Cd2�, (5) Ni2�, (6) NO3

3 , (7) SeO23
3 , (8) Cu2�, (9)

HAsO23
4 , (10) SO23

4 , (11) SeO23
4 , (12) WO23

4 , (13)
MoO23

4 , (14) CrO23
4 . Reprinted with permission from [ 24 ].
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indirect photometry is suf¢cient for the determina-
tion. The use of a single universal detector is pref-
erable from the point of view of simplicity, cost and
absence of extra broadening of chromatographic
peaks. However, it is a dif¢cult task to identify the
optimal eluent composition providing suitable
quality of separation and also sensitive detection
for all the separated ionic forms having very differ-
ent properties.

From a second viewpoint, low selectivity and
ef¢ciency of separation can be compensated by
the use of a second selective detection unit such
as ICP^OES [ 1 ], two ISEs in series (Fig. 1) [ 5,10 ],
switching of the suppressor system for conductivity
detection [ 6 ], etc. Sometimes, selective detection
facilitates the simultaneous determination of anions
and cations without any separation ( for example,
the FIA determination of calcium and chloride ions
in natural waters [ 26 ]). Therefore, both detection
and separation must be considered for a balanced
comparison of the different approaches to simulta-
neous determination of anions and cations (Table
3).

6. Applications

More than 90% of all papers on simultaneous
determination of anions and cations by IC are
devoted to the development of a simple, fast and
reliable system for monitoring of the quality of

waters (seawater [ 10 ], rainwater [ 17,19^21 ], river
water [ 10,17,20,21,24 ], atmospheric aerosols
[ 2,18 ], tap water [ 8,10,22,23 ], etc. ). However,
none of these systems (Table 3) completely satis¢es
the demands of environmental monitoring, except
in the case of the very complex system using paral-
lel separation of anions and cations described in
[ 2 ]. In accordance with US EPA method 300 `The
determination of inorganic anions in water by ion
chromatography', at least seven anions (F3, Cl3,
PO33

4 , SO23
4 , Br3, NO3

3 , NO3
2 ) must be determined

together with cations, which are assumed to be
Na�, NH�4 , K�, Mg2� and Ca2�, to evaluate the
real quality of natural waters. Obviously, the IEC /
CEC system is the most advanced for this analysis
and offers the determination of four anions from the
above list and all ¢ve cations (Fig. 3) [ 19 ].

Other applications include analysis of wine [ 5,9 ],
juice [ 9,23 ], potato chips [ 23 ] and soil [ 23 ]. Rela-
tively little attention has been paid to applications
related to the determination of negatively and pos-
itively charged ionic forms of transition metals of
great interest for metal speciation investigations,
except for speciation of Cr( III )^Cr(VI) which has
been studied extensively.

7. Conclusions

A clear trend to simplify IC systems used for the
simultaneous determination of anions and cations

Table 3
Comparison of the most successful IC systems for the simultaneous determination of anions and cations

Chromatographic system Total number separated
ions (anionsa /cations)

Limits of detection
(WM )

Time
( min)

RSDb (%) Ref.

Multi-column modes
Parallel columns 20 (10/10) 0.2^2.20 15^20 6^20 [ 2 ]
In-series columns 13 (5/6) 0.15^4.0 10 No data [ 4 ]

Single-column modes
IEC /CEC with conductivity detection 9 (4/5) 0.4^5.0 30 0.1^0.3, n=11 [ 18,19 ]
Agglomerated ion exchanger with two
ISE potentiometric detection

13 (5/6) 0.15^4.3 15 1.4^1.8, n=10 [ 10 ]

Mixed bed of sorbents^conductivity detection 8 (4/4) 0.63^9.3 0.2^10.8; n=5 [ 8,9 ]
IC on bonded zwitterionic molecules with
conductivity detection

7 (3/4) 0.8^1.2 8 No data [ 14,15 ]

Mixed layers sorbent^indirect UV detection 11 (8/3) No data 25 0.3^0.5; n=5 [ 12 ]
Anionic IC of anions and negatively charged
complexes

13 (6/7) 0.3^5.3 30 6 1; n=8 [ 20 ]

aThe data presented only for inorganic anions.
bPeak heights or peak squares.
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can be identi¢ed. New single-column separation
chemistries like IEC /CEC or systems using immo-
bilized zwitterionic molecules or sorbents with
oppositely charged layers of polymer have been
developed for this purpose. These have been
used to separate the main ions occurring in natural
waters and have been applied in practice, e.g. in
portable ion analyzers for the monitoring of the
concentration level of nine ions in rainwater. The
absence of commercially available columns for
simultaneous determination of alkali metal cations
and inorganic anions will stimulate further work on
the design and development of zwitterionic
exchangers. The high popularity of IC of anions
and negatively charged metal complexes should
also be noted and this popularity arises from the
fact that this approach is a simple adaptation of
standard chromatographic equipment and separa-
tion conditions to enable simultaneous determina-
tion of anions and cations.

Further improvement of a detection system has
also been achieved. Potentiometric detection with
two ISEs has been found to be a very useful and
promising detection technique for determination
of monovalent cations and anions and this
approach can compensate for poor separation per-
formance of the chromatographic column.

Finally, the existence of other analytical methods
for the simultaneous determination of anions and
cations including FIA [ 26 ], bidirectional isotacho-
phoresis [ 27 ] and capillary electrophoresis [ 28 ]
should be mentioned and will undoubtedly pro-
mote further investigations in this area.
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Sample treatment techniques and
methodologies for ion chromatography
R. Slingsby*, R. Kiser
Dionex Corp., Sunnyvale, CA 94085, USA

Sample pretreatment is necessary when the analyt-
ical method cannot provide good separation and
quanti¢cation due to interferences from sample
matrix components. In this paper we discuss two
important approaches to dealing with troublesome
sample matrices in ion chromatography ^ choose a
column or column combination that can manage
the problematic matrix or modify the sample matrix
to eliminate the problem. z2001 Elsevier Science
B.V. All rights reserved.

Keywords: Ion chromatography; Sample preparation; Ion
chromatography^mass spectrometry

1. Introduction

One of the most important aspects of developing
a rugged IC method is the ability to recognize when
undesirable chromatographic effects are derived
from sample matrix interferences rather than from
hardware problems. Sample matrix effects can
include shortened retention times, poor peak ef¢-
ciency, poor resolution, poor reproducibility, irreg-
ular baseline and fouling of the electrode when
using an electrochemical detector.

When retention times progressively shorten,
injection to injection, the cause may be that the
sample matrix contains one or more highly retained
ions. These ions may be organic or inorganic and
may be retained by adsorption as well as by ion
exchange, depending on their structures. Since
these ions are not easily eluted by the eluent they
effectively reduce column capacity. For example,
polyvalent species such as polyphenols can cause
shortened retention times on anion exchange col-
umns. Polyphenols can be selectively removed
from sample matrices using polyvinylpyrrolidone
resin as described in Section 4. Transition metals
and their complexes can also be highly retained.

The metals are retained as cations but some are
also anionic complexes such as FeCl43. As cations,
transition metals can be removed from sample
matrices using a cation exchange resin. Iminodia-
cetate resin can selectively chelate transition metals
in the presence of alkali and alkaline earth metals.

Poor peak ef¢ciency can result from the presence
of high concentrations of matrix ions. One example
is seen as the poor peak shapes that result in cation
analysis when a sample of very low pH is injected
onto a weak acid-type cation exchange column.
The sample matrix protonates some of the cation
exchange sites on the stationary phase, lowering
charge density and capacity, resulting in low peak
ef¢ciency. When a matrix ion is present at a con-
centration that overloads the ion exchange column,
retention times for eluting ions can shorten. Loss of
resolution between the matrix ion and a slightly
earlier eluting analyte may be seen. Later-eluting
analyte ions can be subject to elution on the tail of
a large matrix ion, making peak integration dif¢cult.
In either case, matrix elimination of the matrix ion, a
change in column or a change in chromatography
conditions is needed.

Poor reproducibility in peak area and low peak
response can be caused by fouling of the detector
electrode, when using pulsed or direct current
amperometric detection. Matrix components such
as fats, proteins and surfactants can foul the surface
of the working electrode resulting in reduced sig-
nal. Fouling of the analytical system, including con-
necting tubing and sample loop, with iron, barium
or calcium can cause low recovery and poor repro-
ducibility for analytes including sulfate and phos-
phate. All of these types of matrix species can be
removed from samples using techniques described
in Section 4.

Some effects described above can be dealt with
directly by proper choice of analytical column;
others are best handled by using sample pretreat-
ment chemistries either on-line or in disposable car-
tridges. Various sample pretreatment chemistries
have been used for matrix elimination with or with-
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out simultaneous analyte concentration [ 1^3 ]. The
sample types include soil and peat extracts [ 4^9 ],
oil ¢eld waters [ 10,11 ], biological matrices [ 12^17 ],
pulp and paper [ 18 ], water and wastewater [ 19^
26 ], and foods [ 27^29 ]. In this work we examine
the options for dealing with dif¢cult sample types.
The options include the use of higher capacity ana-
lytical columns, various column coupling tech-
niques and the use of sample pretreatment chem-
istries that are speci¢cally designed for ionic
analytes.

2. Column selection

A common problem in ion chromatography is
poor resolution of an analyte ion from matrix ions
that are present in relatively high concentrations,
the so-called high^low problem. There are several
factors that improve the ability to quantify a trace
level analyte in the presence of a high concentra-
tion of another ion. Column capacity, selectivity
and ef¢ciency are the three most important param-
eters. Higher capacity columns have higher loading
capacity but may have longer analysis times. Selec-
tivity provides better peak spacing to handle over-
loaded peaks. Peak ef¢ciency has been improved
in recent years by the introduction of 5-Wm poly-
meric substrate particles for IC columns.

In a typical high^low problem, the goal is to
quantify an analyte at 50 Wg / l in the presence of a
close-eluting matrix ion present at several hundred
mg / l. One approach is matrix elimination but
recent developments in ion exchange column tech-
nology [ 30^32 ] have produced high capacity
analytical columns that can manage the matrix
challenge. Since no sample pretreatment is neces-
sary in these cases, the analytical method is simpli-
¢ed.

2.1. Anion analysis

Higher capacity columns for IC such as the Ion-
Pac0 AS9-HC, AS11-HC, AS15 and AS16 (all Dio-
nex Corp. ) have 170^290 WEq /column, 2^5U the
capacity of columns used for routine anion
exchange applications. Common inorganic anions
such as chloride and sulfate show higher retention
on the higher capacity columns, as expected. The
higher capacity also means that the column has a
higher loading capacity so that peak shapes are
maintained at higher analyte and matrix concentra-
tions. One application that bene¢ts from a higher
capacity analytical column is the determination of
bromate in drinking water [ 33 ]. In this work, a bro-
mate:chloride ratio of 1:10 000 was managed by
column capacity alone. For comparison, the lower
capacity IonPac AS9-SC column, with a capacity of

Fig. 1. Trace bromate determination using matrix elimination and preconcentration. See text for details. Peaks: 1, £uoride 1.0 mg / l;
2, unknown; 3, chlorite, 0.01 mg / l; 4, bromate 0.005 mg / l; 5, chloride, 200 mg / l; 6, nitrite 0.1 mg / l; 7, bromide, 0.01 mg / l;
8, chlorate, 0.01 mg / l; 9, nitrate, 10.0 mg / l; 10, o-phosphate, 0.1 mg / l; 11, sulfate, 200 mg / l. Sample B was pretreated with
OnGuard II Ag, H cartridges. Samples also contained 200 mg / l bicarbonate.
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30 WEq, can manage a bromate:chloride ratio of
about 1:1000. The bromate:chloride ratio can be
improved to 1:40 000 if sample pretreatment is
used to remove the chloride in conjunction with
the high capacity columns (Fig. 1 ). Fig. 1B shows
the separation of 5 Wg / l bromate in the presence of
200 mg / l chloride, a ratio of 1:40 000, using the
IonPac0 AS9-HC (250U4-mm i.d. ) analytical col-
umn and sample pretreatment as discussed in Sec-
tion 4. The eluent was 9.0 mM sodium carbonate
£owing at 1 ml / min. The analytical column had an
ion exchange capacity of 190 WEq. The injection
volume was 500 ul. Peaks were detected by con-
ductivity using the ASRS0-I suppressor in the exter-
nal water mode.

Since the resolution of carbonate from chloride is
high on the AS9-HC column, it can also be used to
quantify chloride and sulfate in the presence of high
carbonate without sample pretreatment. Ratios of
1:250 are easily achieved.

2.2. Cation analysis

The optimization of column capacity and selec-
tivity is very important in cation analysis. The Ion-
Pac CS15 (Dionex Corp. ) column has high selec-
tivity for ammonium and potassium and can
therefore be used in a coupled column con¢gura-
tion to remove potassium through a switching
valve. The IonPac CS16 (Dionex Corp. ) column is
speci¢cally designed for high^low applications of
cations. It uses higher capacity and optimized selec-
tivity to accomplish these separations. Due to the
higher capacity, it can also separate cations in matri-
ces containing up to about 125 mM H� without
sample pretreatment. Lower pH samples can be
treated using anion exchange resin to raise the
pH, as discussed in Section 4. By comparison, the
lower capacity IonPac CS12A (Dionex Corp. ) col-
umn requires sample pretreatment when the sam-
ple hydronium ion concentration is greater than
50 mM.

2.3. Carbohydrate analysis

Samples that contain a high ratio of hydrophobic
amino acids to carbohydrate can be problematic
when using the amperometric detector for analysis
of the monosaccharides. The monosaccharide con-
tent of a glycoprotein is often determined after acid
hydrolysis using an anion exchange separation at
high pH coupled with pulsed amperometric detec-

tion [ 34 ]. Hydrophobic amino acids such as lysine
can foul the gold working electrode surface causing
a low response for close-eluting monosaccharides.
An AminoTrap guard column (Dionex Corp. ) with
a high selectivity for amino acids, speci¢cally
lysine, can be placed immediately before the Car-
boPac PA10 (Dionex Corp. ) carbohydrate analyti-
cal column in order to increase the retention time
of the lysine in relation to galactosamine, the near-
est-eluting monosaccharide. The selectivity and
capacity of the AminoTrap and the CarboPac
PA10 are matched for this application. In this
method, the lysine elutes after the monosaccha-
rides and can be cleaned from the analytical column
as part of the mobile phase gradient.

2.4. Borate

Borate can be removed from sample matrices
using a high capacity, cis-diol-based resin as in Bo-
rateTrap columns (50U4-mm i.d., Dionex Corp. ).
For example, borate can be removed from high
borate matrices for the determination of transition
metals by ICP-MS (private communication). A
lower capacity version of this material is used as a
borate concentrator for the analysis of sub-ppb
borate in ultra pure water [ 35 ]. The formation of
the borate^diol complex occurs at neutral to high
pH where the borate is in the tetrahedral form.
Therefore the sample pH must be adjusted into
this range for ef¢cient trapping of borate.

3. Coupled techniques

These techniques use a switching or diverter
valve to direct portions of the sample matrix to
waste as the sample components are separated.

3.1. ICE-IC

Kaiser [ 32 ] has described the determination of
common inorganic anions in concentrated weak
acids including hydro£uoric acid (HF) by coupling
two different separation modes (Fig. 2). This tech-
nique involves the coupling of an ion exclusion
( ICE) column to an anion exchange ( IC) concen-
trator column with a switching or diverter valve.
Acids with low pKa values such as sulfuric acid
have little to no retention by ion exclusion since
they are completely ionized. They elute early
from an ion exclusion column. Weaker acids such
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as HF are retained on an ion exclusion column. In
this method the anions that elute early from the ion
exclusion column, i.e. sulfate, are trapped on an
anion exchange concentrator column and the
later-eluting weak acids are diverted to waste as
they elute. The anions of strong acids therefore
can be separated from weak acids and collected
for later analysis. The retained weak acids such as
HF are diverted to waste after the early-eluting
peaks pass onto a concentrator column so that the
large £uoride peak does not obscure the other
peaks in the anion exchange chromatogram.

In Fig. 2, the columns were IonPac ICE-AS6
(250U9-mm i.d. ), AG9-HC (concentrator, 50U4-
mm i.d. ) and AG9-HC/AS9-HC (analytical,
250U2-mm i.d. ). The ion exclusion sample treat-
ment eluent was deionized water and the £ow rate
was 0.55 ml / min. The sample volume was 750 Wl.
The ion exchange eluent was 8.0 mM sodium car-
bonate and 1.5 mM sodium hydroxide. The £ow
rate on the 2-mm analytical column was 0.25 ml /
min. Detection was by suppressed conductivity
using the ASRS0-I electrolytically regenerated sup-
pressor in the external water mode.

The ion exclusion process is based on Donnan
exclusion. In order for Donnan exclusion to oper-
ate in this application, the resin must be in the acid
form. It is usually necessary the wash the ion exclu-
sion column with acid between injections in order
to remove alkali, alkaline earth and transition metal

cations that are retained on the ion exclusion resin
from the sample matrix. This washing process is
usually automated into the analytical method for
good reproducibility.

3.2. IC-IC

Kaiser [ 31 ] used on-line sample preparation to
determine trace anions in solvents, including iso-
propanol, acetone and N-methylpyrrolidone. A
large solvent injection can interfere with both the
ion exchange separation and the conductivity
detection by causing large disturbances in the base-
line. In this application the anions were concen-
trated on a AG9-HC guard column and then the
solvent was sent to waste before it could enter the
analytical column. After the solvent was cleared
from the AG9-HC concentrator column, the AG9-
HC concentrator was switched in line with the AS9-
HC analytical column for the separation. The
method detection limits for chloride, sulfate, phos-
phate and nitrate are reported in the sub Wg / l
range.

4. Off-line sample pretreatment
cartridges

Off-line sample pretreatment in ion chromatog-
raphy most often involves matrix elimination using

Fig. 2. Anion exchange separation of trace anions in HF following £uoride removal using ion exclusion. See text for details. Peaks:
1, £uoride; 2, chloride, 7.9 Wg / l; 3, carbonate; 4, nitrate, 0.89 mg / l; 5, unidenti¢ed; 6, sulfate 10.1 mg / l; 7, phosphate, 2.4 Wg / l.
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small, disposable cartridges containing 1^2.5 g of
highly selective, functionalized resin. Samples are
usually applied to the cartridges using a disposable
syringe. The ef£uent is injected into the ion chro-
matograph. In the matrix elimination mode, the
resin phases are non-selective for the analytes;
the matrix ions ( interferences) are bound to the
phase while the analytes are unretained. The devi-
ces can also be used for pH adjustment and coun-
terion replacement.

4.1. Precipitation of chloride and sulfate

Matrix removal of chloride and sulfate is based on
the precipitation of these anions with counterions
from a sulfonated resin. Fully sulfonated cation
exchange resin is available with a variety of coun-
terions. The most commonly used counterions are
Ag�, Ba2� and H�, for matrix elimination of chlo-
ride, sulfate and general cations, respectively.

The functionalization of the styrene^divinylben-
zene resin is accomplished by sulfonation with sul-
furic acid or chlorosulfonic acid. On a wet basis,
fully sulfonated resin typically has a cation
exchange capacity of 2.2^2.5 mEq /g. In terms of
chloride removal, this means that a wet gram of
resin can precipitate chloride from 12^14 ml of
0.17 M (1%) sodium chloride.

The percentage of crosslinking in the resin is
determined by the ratio of divinylbenzene to styr-
ene in the polymerization reaction. A higher cross-
linking yields a resin with higher selectivity for diva-
lent cations relative to monovalent cations as well
as a resin with less susceptibility to shrinking and
swelling during use. Resins used for sample prepa-
ration usually have crosslinking in the 10^16%
range.

The silver form of sulfonated resin is primarily
used to precipitate halides and thus provides matrix
elimination of those ions. This reaction is most
effective for monovalent ions that have pKsp values
greater than 8 with silver. Since silver hydroxide
readily forms at basic pH values, samples must be
below pH 8 for effective removal of halides. Silver-
form resin is not very effective for removing phos-
phate since trivalent phosphate is present at high
pH. For trace analysis of phosphate, however,
recovery through silver-form resin should be veri-
¢ed using a standard addition technique.

In order to avoid contamination of the analytical
column and suppressor with silver ions, the silver-

form cartridges are usually followed by a second
cartridge in the hydronium ion (acid) form. Any
free silver ions are exchanged onto the hydronium
ion resin because of the much higher selectivity of
sulfonated resin for silver ion than for hydronium
ion. The hydronium-form resin bed usually takes
the form of an additional cartridge [ 22 ]. New,
two-layer disposable cartridges have a layer of
hydronium ion-form resin at the outlet with a
layer of silver-form resin above it for an all-in-one
treatment.

The chemistry of barium precipitation has been
discussed in an earlier publication [ 3 ]. There are
two important points to note regarding the use of
barium-form sample resin to remove sulfate.
Barium is available for precipitation with sulfate
only if it is not in use as the counterion for the
resin. This means that there must be suf¢cient cat-
ion content in the sample matrix to exchange onto
the resin and to displace the barium ion. This
requires approx. 200 mg / l Na� or 100 mg / l Ca2�.
Since barium is a divalent cation, this means that the
most effective displacing matrix is one that contains
other divalent cations such as calcium.

In [ 3 ] we describe a method for spiking calcium
into the sample in order to insure ef¢cient removal
of sulfate when the matrix is low in cation content
(Fig. 3). The cartridge device contains three layers
of resin: barium form, silver form and hydronium
ion form, in that order, inlet to outlet, to remove
sulfate and chloride (Fig. 3 ). The sample is spiked
with calcium chloride to insure removal of sulfate.
The hydronium ion-form resin traps any re-dis-
solved silver ion. The equations governing this sys-
tem are

R ÿ �SO3
3 �2Ba2� � Ca2� � R ÿ �SO3

3 �2Ca2� � Ba2�

Ba2� � SO23
4 !BaSO4s

�1�

R ÿ SO3
3 Ag� � Na�Cl3!R ÿ �SO3

3 �Na� � AgCls

�2�

R ÿ SO3
3 H� � X� � R ÿ SO3

3 X� �H� �3�

where R=resin, X=silver or other cation.
Another important point is that barium sulfate is

soluble at acidic pH. This means that this precipita-
tion reaction is not very effective for removing sul-
fate from sulfuric acid.
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4.2. Adsorption-based matrix elimination

Polymeric reversed phase resins are synthesized
from divinylbenzene with styrene, methylstyrene
or other styrenic monomers. Divinylbenzene is
the major component and provides crosslinking.
These resins are macroporous, and the surface
area is usually in excess of 300 m2 /g. This surface
area provides the adsorptive surface for retention of
hydrophobic species. These resins can be used for
matrix elimination of surfactants, weak carboxylic
acids, fats, proteins, etc.

Hydrophobic matrix components such as fats
can foul electrochemical detector electrodes by
blocking the active metal surface and inhibiting
interaction between the analytes and the metal sur-
face of the electrode. This problem is usually see as
fairly rapid loss in peak area, injection to injection.

The determination of iodide in milk (2% milkfat )
by ion chromatography coupled with pulsed
amperometric detection on a silver electrode is an
application that bene¢ts from matrix elimination of
fats. The pulsed amperometric waveform improves
reproducibility by electrochemically cleaning the
working electrode on each pulse. In addition, the
fats are removed from the sample using a dispos-
able cartridge containing a polymeric reversed
phase resin (OnGuard0 II RP, Dionex Corp. ).
When 50 Wl of 0.1 mg / l iodide was added to 200
Wl of prepared milk, the recovery was 100%. The
iodide peak area and retention time RSDs were
1.4% and 0.4% respectively [ 28 ].

4.3. Removal of weak acids

Samples containing high concentrations of weak
acids in the matrix can be treated to remove the

weak acids. Weak acids can be adsorbed onto poly-
meric reversed phase resins if the sample pH is
low enough for the acids to be protonated and the
sample matrix does not contain organic solvent. In
order to facilitate this process, samples of undeter-
mined pH can be passed through a hydronium-
form cartridge to acidify the sample prior to use of
a reversed phase cartridge for removal of weak
acids. For example 50% of acetic acid (100 mg/ l )
can be removed by the reversed phase resin at pH
2.5 while only 19% is removed at pH 4.5 using
OnGuard0 II H and OnGuard II RP (Dionex Corp,
Sunnyvale, CA, USA) cartridges in series.

4.4. Trapping of phenols and azo dyes

Phenols and azo dyes can be removed from sam-
ple matrices by adsorption onto polymeric reversed
phase resin. However, these species can be
removed with much higher capacity (per gram of
resin) and selectivity using a polyvinylpyrrolidone
(PVP) phase. Species such as humic and tannic
acids contain many phenolic groups and are
retained on a PVP phase with high speci¢city.
This type of sample pretreatment cartridge facili-
tates the determination of anions and cations in
ground waters that contain humic acids without
fouling of the analytical column [ 4^9 ]. Another
common application for this type of phase is the
determination of anions in inks since many inks
contain dyes bearing azo groups. These azo dyes
are selectively retained by the polyvinylpyrroli-
done polymer.

4.5. Concentration / elimination of transition
metals

Cationic transition metals are easily retained on a
sulfonic acid-functionalized resin such as OnGuard
II H. However, they can be selectively concentrated
or removed from a matrix by using an iminodiace-
tate resin cartridge, OnGuard II C, even in the pres-
ence of high amounts of sodium [ 36^39 ]. This type
of resin chelates transition metals at pHs 4 and
releases the transition metals at pH6 2. These met-
als include Ti( IV), V( IV) and (V), In( III ), Y( III ),
Cd( II ), Mn( II ), Fe( II ) and ( III ), Co( II ), Pb( II ),
Ni( II ), Al( III ), Cu(II ), Zn( II ), Ag( I ) and most lan-
thanides. If EDTA or other strong chelators are
present in the sample matrix then exhaustive diges-
tion by EPA method 200.8 is necessary. When com-
peting chelators are present in the sample matrix or

Fig. 3. Schematic of the three-layer OnGuard II Ba /Ag /H
sample pretreatment cartridge.
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if the sample pH is below 4, the sample band is not
ef¢ciently treated and the colored metals can be
seen to smear along the length of the cartridge.
However, using optimum elution conditions, tran-
sition metals such as cadmium, copper, cobalt, iron,
lead, titanium, vanadium and zinc can be concen-
trated and recovered at 99^117% at the 50 Wg / l
level.

4.6. Matrix elimination for IC-ESI /MS

Sample pretreatment is useful when a mass spec-
trometer with atmospheric pressure electrospray
ionization (ESI /MS) is used as the detector for ion
chromatography. High ionic strength matrices are
known to suppress analyte ionization and cause
poor reproducibility in ESI /MS [ 40 ]. We investi-
gated the use of off-line sample pretreatment to
remove chloride in order to improve sensitivity in

the determination of chloroacetic acid and bromo-
acetic acid (Fig. 4).

The chromatographic system comprised a GP50
gradient pump, LC30 chromatography module, an
ED40 conductivity detector and a ThermoFinnigan
AQA0 mass spectrometer (all Dionex Corp. ). Data
were collected using Chromeleon 6.2 software
(Dionex Corp. ). Haloacetic acid separations were
accomplished on an IonPac0 AS16 column
(250U4-mm i.d. ) using 10 mM sodium hydroxide
eluent £owing at 0.25 ml / min. An ASRS0 Ultra sup-
pressor (2-mm, Dionex) in the external water
mode provided background conductivity suppres-
sion. The AQA mass spectrometer was operated in
the negative electrospray mode. The electrospray
probe was set at 275³C and 32.5 kV. The source
voltage was 10 V. Chloroacetic acid and bromoace-
tic acid were obtained from Aldrich and prepared at
8 mg/ l and 7 mg / l respectively in water. The injec-

Fig. 4. IC-MS of chloroacetic acid and bromoacetic acid in a matrix containing 1000 mg / l chloride, without (A) and with (B) sample
pretreatment. Peaks: 1, chloroacetic acid, 8 mg / l; 2, bromoacetic acid, 7 mg / l; TIC, total ion chromatogram, m / z 92.5^93.5,
extracted ion for chloroacetic acid, m / z 137^139.2, extracted ion for bromoacetic acid. B: After sample is passed through OnGuard
II Ag /H cartridge.
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tion loop was 5 Wl. Sample pretreatment was
accomplished using OnGuard II Ag /H dual layer
cartridges for the removal of chloride.

Fig. 4A shows the total ion current (TIC) and the
extracted chromatograms of chloroacetic acid at
masses 92.5^93.5 and bromoacetic acid at masses
137^139.2 when 0.16% (1000 mg / l ) chloride is
present. The chloride coelutes with bromoacetic
acid under these conditions and causes band
spreading of that peak. There is also loss in sensi-
tivity for chloroacetic acid of about 50%. Fig. 4B
shows the same three traces in the presence of
0.16% sodium chloride after sample pretreatment
to remove the chloride. The recovery of these
acids through the OnGuard II Ag /H dual layer car-
tridge was 94%.

5. Summary

It is important to be able to recognize the chro-
matographic problems that are sample-related as
opposed to system hardware-related. A variety of
techniques are available to deal with chromatogra-
phy problems caused by sample matrix. The use of
high capacity analytical columns should be the ¢rst
consideration. Column selectivity can be used in a
variety of coupled column arrangements to remove
matrix components on-line. On-line trap columns
or off-line sample preparation cartridges or barrels
can be used to remove common foulants and inter-
ferents including chloride, sulfate, hydronium ion,
surfactants, fats, transition metals, phenols, azo
dyes, amino acids, borate, etc.
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Abstract

Inductively coupled plasma mass spectrometry (ICP-MS) is now a well established detection technique for liquid
chromatography, gas chromatography, supercritical fluid chromatography and capillary electrophoresis. A review of the
literature with particular regard to ICP-MS as a chromatographic and capillary electrophoretic detector is presented. The
various modes of chromatography and capillary electrophoresis are discussed and practical descriptions for hyphenating the
techniques with the ICP mass spectrometer are given. Sample introduction systems and data acquisition methods are
reviewed along with the numerous applications of ICP-MS as a chromatographic detector. In addition, alternative plasma
sources, such as the atmospheric and reduced pressure helium microwave-induced plasmas for chromatographic detection are
described.  1997 Elsevier Science B.V.
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1. Introduction graphic detection method have been specifically
aimed towards speciation analyses. The determina-

Inductively coupled plasma mass spectrometry is tion of the chemical form of an element in a sample
now recognised as a useful and powerful technique is particularly advantageous to the analyst, especially
for the detection of trace elements in chromato- where risk assessment is required. Direct aspiration
graphic eluents. The analysis of both metals and of a liquid sample into the ICP-MS immediately
non-metals in a wide variety of samples may be atomises and ionises the elements present so that
achieved using this sensitive and selective method of information regarding the chemical form cannot be
detection. The use of inductively coupled plasma obtained. By separating the various species using a
(ICP) MS as a chromatographic detector was first chromatographic method and analysing these species
described in the late 1980s and, since that time, the by ICP-MS, toxic and innocuous forms of an ele-
versatility of the detector has been realised for many ment may be separated. The fate and mobility of
chromatographic applications. certain compounds in biological and environmental

Compared to other methods of detection, ICP-MS systems may also be monitored, for instance for
offers unique advantages, including element spe- tracing the metabolism of drugs in the human body
cificity, a wide linear dynamic range, low detection or the breakdown of organometallic compounds in
limits and the ability to perform isotope dilution aqueous systems. Reviews concerning elemental
analysis. The use of chromatography hyphenated speciation are also available [14–24].
with ICP-MS has been reviewed by Byrdy and The use of various chromatographic separation
Caruso [1,2] Heitkemper et al. [3] and Bloxham et methods is reviewed in this work for both multiele-
al. [4] for the analysis of environmental samples. ment and elemental speciation analyses. The differ-
Other reviews have mentioned the use of ICP-MS for ent chromatographic techniques reported in the lit-
various chromatographic applications [5–13] includ- erature are discussed individually and the use of
ing metal ion analysis [10], gas chromatography [7], capillary electrophoresis, with directly coupled ICP-
ion chromatography [12], human nutrition and tox- MS, as a separation technique is also described. This
icology [9] and selenium in environmental matrices review is intended to provide instruction and insight
[11]. regarding the potential for coupling chromatography

Many papers describing ICP-MS as a chromato- with ICP-MS. The use of other spectrometric tech-
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niques such as ICP atomic emission (AES) and nebuliser / spray chamber sample introduction system
atomic absorption spectrometry (AAS) as chromato- have been described in the literature for improved
graphic detectors are not discussed. sensitivity with LC–ICP-MS. The use of hydraulic

high pressure nebulisation (HHPN) has been shown
to increase sensitivity for many elements when

2. Liquid chromatography compared to conventional pneumatic nebulisation
[26].

2.1. Interfacing liquid chromatography with ICP- Thermospray has also been applied as an LC–ICP-
MS MS interface [27,28] and involves forcing the chro-

matographic eluent through an electrically heated
21Liquid flow-rates used in most liquid chromatog- capillary at flow-rates of about 2 ml min . Heating

21raphy techniques are of the order of 1 ml min serves to desolvate the droplets before aspiration into
which are comparable to conventional liquid flow- the plasma.
rates for direct aspiration of solutions into the ICP. An oscillating capillary nebuliser has also been
Conventional pneumatic nebulisation with cross-flow shown to improve detection limits when compared to
and concentric nebulisers may, therefore, be used a concentric glass nebuliser [29]. The nebuliser is
along with single or double-pass spray chambers. To essentially two fused-silica capillary tubes, mounted
provide a connection between the LC column outlet concentrically. The nebuliser gas flows through the
and the ICP-MS sample introduction system, a outer tube while the liquid sample flows through the
transfer line must be constructed. This is commonly inner tube. This nebuliser may be operated at flows

21a relatively simple task and a length of polyether as low as 1 ml min and may be interfaced with
ether ketone (PEEK) or PTFE inert tubing may be macrobore, microbore and capillary LC columns
used. The length and inner diameter of the transfer [29].
line must be kept to a practical minimum, commonly An ultrasonic nebuliser (USN) may also improve
20–50 cm, to ensure that peak broadening is not sample transport, and efficiencies are generally in the
observed. region of 10–30%. Commercial USNs have in-built

Use of a conventional sample introduction system desolvation systems which remove most of the
with pneumatic nebulisation and spray chamber are solvent. The nebuliser shows excellent improvements
inefficient and only 1–3% of the sample entering the in sensitivity.
nebuliser is actually transported to the plasma. It is The direct injection nebuliser was developed by
apparent that if this sample transport efficiency is Shum et al. [30–32] specifically for LC–ICP-MS
increased, the sensitivity of the technique should interfacing. The nebuliser is positioned inside the
improve and lower detection limits should be pos- ICP torch and the tip is situated a few mm from the
sible. Nebulisers with higher transport efficiencies base of the plasma. Theoretically, 100% transport
have been described for LC–ICP-MS. An increase in efficiency may be obtained and, as the nebuliser
the amount of solvent reaching the plasma results in operates at very low liquid flow-rates (30–120

21higher reflected powers and this causes plasma ml min ), plasma instability is not significant. De-
instability, possibly detrimental to the RF generator. tection limits should theoretically be improved thirty

21This problem may be solved by desolvating the fold at a flow-rate of 100 ml min but, as there is no
sample aerosol before it reaches the plasma and is desolvation, local plasma cooling occurs and de-
commonly achieved using a cooled spray chamber tection limits are only improved by a factor of 2.5
which serves to condense the solvent. Membrane [33].
dryers and Peltier condensers have also been utilised The effect of different spray chambers on sample
for this purpose [25] and are able to desolvate transport efficiency should also be considered when
approximately 89% of the liquid sample when optimising sample transport efficiency. Several dif-
coupled to the front of the nebuliser / spray chamber ferent spray chambers have been examined by Rivas
arrangement [25]. et al. [34]. Seven different single pass, double-pass

Many variations of the conventional pneumatic and cyclone-type spray chambers were compared
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when connected to a concentric nebuliser and it was 2.2.2. Environmental and general applications
found that a transport efficiency of 7.5% could be Reversed-phase chromatography coupled with
obtained with the cyclone-type spray chamber. ICP-MS has been employed extensively for the

analysis of environmental and general analytical
samples.

2.2. Reversed-phase chromatography
Dauchy et al. [35] used RPLC–ICP-MS for the

speciation of butyltin compounds which are used
2.2.1. Introduction extensively in polyvinylchloride production, fun-

Reversed-phase (RP) chromatography is one of gicides, bactericides, insecticides and other general
the most commonly used LC techniques. It achieves applications. A 0.1% (m/v) tropolone in a methanol–
the desired separation of analytes using columns water–acetic acid solution (80:14:6) was used as the
where the stationary phase surface is less polar than mobile phase after optimization studies were per-
the mobile phase. formed using different solvent volume combinations.

The retention mechanism in RP-HPLC arises due Monobutyltin (MBT), dibutyltin (DBT) and tri-
to the relative hydrophobicity of the analyte. The butyltin (TBT) compounds were separated using
separation selectivity is a result of interactions of the isocratic elution with absolute detection limits of
solute with the stationary and mobile phases. Adjust- 0.24 ng, 0.24 ng and 0.15 ng (as tin), respectively.
ment of the selectivity may be achieved by altering Triethyltin was added as an internal standard to
the type and quantity of the organic modifier (sol- improve reproducibility and analysis time, which did
vent) in the mobile phase. Common organic modi- not exceed 11 min.

21fiers include methanol and acetonitrile although other The speciation of inorganic lead (Pb ), tri-
organic solvents have been selected to control re- methyllead (TML) chloride, triethyllead (TEL) chlo-
tention and selectivity. These solvents may be used ride and triphenyllead (TPhL) chloride was achieved
in binary, tertiary or quaternary combinations with using RPLC–ICP-MS by Al-Rashdan et al. [36].
water. Marked differences in separation selectivity Optimum chromatographic separations were
may be observed by changing the organic solvent. achieved using ICP-AES detection with an acetate
However, the use of a particular organic modifier is buffer and a step gradient of 10–70% methanol.
determined according to plasma stability and instru- Upon coupling to the ICP-MS, however, an isocratic
ment performance upon solvent aspiration. elution was employed, owing to plasma instability as

The most common stationary phases used in the organic component of the mobile phase changed.
reversed-phase chromatography are prepared from An isocratic separation with a 30% methanol mobile
silica-based compositions, usually siloxanes, where phase was found to give the best compromise
the R group of the siloxane may be a C , C or C between plasma stability and chromatographic res-18 8 1

hydrophobic hydrocarbon. The C and C stationary olution (Fig. 1). A C column was used and pH8 18 18

phases are normally used for the separation of effects were studied. Detection limits using ICP-MS
relatively low molecular mass analytes and the C as a detector were improved by three orders of1

phase may be used for the separation of larger magnitude when compared to ICP-AES detection.
molecules. Isocratic RP-HPLC showed superior detection capa-

When performing reversed-phase separations, care bilities when compared to ion-pair and cation-ex-
should be taken to avoid pH values of greater than change chromatography.
7.5 as hydrolysis of the siloxane stationary phase In the work of Bushee [37], ICP-MS was used in
will occur, resulting in gradual degradation of the the reversed-phase separation of mercury com-
packing material. Buffer solutions may be used to pounds. The method was subsequently applied to the
control the pH of the mobile phase when coupled to determination of methylmercury in an NBS SRM-50
ICP-MS. Phosphate or acetate salts are common, Albacore tuna sample with good agreement between
although care must be taken to maintain a minimum experimentally obtained and certified values. Liquid
level of these compounds in the mobile phase to chromatography and flow injection techniques were
prevent clogging of the sampler cone. found to be favourable in comparison to direct ICP-
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of detection showed good quantitative agreement of
analytical data of the nickel porphyrin fractions. The
authors state that ‘‘ . . . the system was limited for
routine use by the need for high oxygen concen-
trations in the plasma gas’’. Limits of detection were
not reported therefore no indication is given regard-
ing the best method of detection. However, the
authors realised the potential for multielement, mul-
tiisotopic detection for future studies.

Tellurium speciation has been described by Klin-
kenberg et al. [40] using reversed-phase LC–ICP-
MS for the analysis of tellurium in samples from a
wastewater treatment plant. A method was developed

22 2for the separation of TeO and HTeO and,3 4

although at least 11 different organic Te compounds
Fig. 1. LC–ICP-MS chromatogram of a standard mixture of were detected, no attempt was made to identify them.

21organolead and inorganic lead compounds (Pb , trimethyllead This is essentially a problem with ICP detection
and triethyllead) using reversed-phase HPLC. Mobile phase, 0.1

since all structural information is lost by plasmaM ammonium acetate and 0.1 M acetic acid at pH 4.6, 30%
21 sample decomposition.methanol. Flow-rate, 1 ml min . Reprinted from Al-Rashdan et

al. [36] by permission of Preston Publications, a division of
Preston Industries. 2.2.3. Clinical applications

RPLC–ICP-MS has been used for clinical analy-
MS because of a ‘large persistent, mercury memory ses by a number of workers, particularly with regard
problem in conventional ICP-MS’. to speciation studies.

Mercury speciation has received a great deal of Takatera and Watanabe [41] used this technique
2attention in recent years due to environmental and for the speciation of iodide ion, I , and five iodo

toxicological effects which are dependent upon the amino acids (monoiodotyrosine (MIT),
particular form of the metal in the sample. Huang diiodotyrosine (DIT), 3,3,5-triiodothyromine (T ),3

and Jiang [38] used RP-HPLC coupled to ICP-MS 3,3,59-triiodothyromine (rT ), and thyroxine (T ))3 4

with ultrasonic nebulisation for the determination of which are all found in thyroid hormones. The
methylmercury, ethylmercury and inorganic mercury. speciation of these compounds in clinical samples
Absolute detection limits were in the range 70–160 such as blood plasma and urine may assist in the
pg of Hg which were ten times better than results identification of thyroid diseases. The RPLC–ICP-
achieved using conventional pneumatic nebulisation MS system was able to detect all of the I-containing
and were comparable to values obtained using cold compounds with no interferences. Detection limits
vapour generation. The concentration of methyl were in the range 35–130 pg for the six compounds
mercury in NRC Dorm-1 Dogfish muscle reference using a 50% methanol eluent. Detection limits were
sample and inorganic mercury in a waste water better for species eluted at a shorter retention time
reference solution were determined and results were since the peak shapes were sharper. The detection
comparable to certified values with precisions less limits calculated were an order of magnitude lower
than 8% R.S.D. for all determinations. than for methods where UV absorbance detection

Ebdon et al. [39] described the analysis of geopor- was used.
phyrins by RPLC–ICP-MS. Geoporphyrins occur in Owen et al. [42] used RPLC–ICP-MS to separate

21oils, oil shales and sediments as Ni and vanadyl Zn-containing species in an in vitro gastrointestinal
21(VO ) complexes and are used in oil exploration digest of chicken meat that had been isocratically

and as oil maturity indicators. Julia Creek and labeled with Zn both intrinsically and extrinsically.
Serpiano nickel porphyrins were analyzed using both Single ion monitoring was used for two separate

66 68LC–ICP-MS and HPLC–UV–Vis. The two methods isotopes, Zn and Zn. Aqueous Zn eluted from C8
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and C columns connected in series, with separate 0.1 ng, 5.8 mg and 4.6 ng for CoPP, hemin and ZnPP,18

peaks observed for the chicken meat (Zn associated respectively. R.S.D. values for each porphyrin were
with 3 fractions) and enzyme blanks (zinc associated within 5%. The technique was then used to quantify
with a single fraction). Data handling using time- zinc protoporphyrin from the blood of a lead-
resolved acquisition was found to be cumbersome poisoned patient. The authors indicated that the
and it was not possible to evaluate directly the net method could be applicable to detection of metal-
peak area. The authors recognised the need for loporphyrins in urine and other body fluid extracts.
further work to standardise the chromatographic runs The analysis of thimerosal (sodium ethylmer-
with the use of a post-column internal standard. The curithiosalicylate), a mercury-containing antimicro-
effect of gradient elution on plasma stability was also bial agent, in biological products has been described
a further problem to be addressed. Detection limits by a number of authors [29,37,44]. Bushee [37]
were not reported in this study. described the speciation of several organomercury

ICP-MS was used for the detection of biologically species and the subsequent identification and quanti-
significant metalloporphyrins separated by RP-HPLC fication of thimerosol using RPLC–ICP-MS. It was
by Kumar et al. [43]. Cobalt protoporphyrin (CoPP), found that all the mercury was in the thimerosol
iron protoporphyrin (hemin) and zinc protoporphyrin form. The detection limits for four organomercury
(ZnPP) were separated using a C1 column (due to compounds were stated to be in the range 7–20

21the relatively large molecular mass of the com- ng ml Hg. A C column with 3% acetonitrile18

pounds) and a mobile phase optimised with 68% mobile phase was utilised for the separation at pH
methanol at pH 4.5 (Fig. 2). Detection limits were 6.8 for the methylmercury and pH 4.3 for the

Fig. 2. Multielement chromatogram of metalloporphyrins. The intensity scale on the left corresponds to CoPP and ZnPP; the intensity scale
on the right corresponds to hemin. Reprinted from Kumar et al. [43] by permission of Preston Publications, a division of Preston Industries.
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thimerosol studies. In a further study, Bushee et al. alphabetically in Table 1 according to sample type.
[44] also determined thimerosol in injectable bio- The chromatographic parameters, instruments used
logical products (influenza virus vaccine and tetanus for detection and elements analyzed are summarised.
toxoid) and thimerosol decomposition products
[methyl mercury chloride, dimethylmercury and 2.3. Ion-pair liquid chromatography
mercury(III) chloride]. The group employed the
same C column and mobile phase as used in the 2.3.1. Introduction18

previous study [37] and flow injection was used to A variation of reversed-phase chromatography,
measure total mercury levels to confirm that all known as ion-pair (or paired ion) chromatography
mercury species were determined by liquid chroma- (IPC) is one of the most widely employed chromato-
tography. Evidence of long-term degradation of graphic techniques to be interfaced with ICP-MS.
thimerosol was demonstrated. Ion-pair chromatography may be used for the

The speciation of platinum compounds in chemo- separation and determination of ionic and non-ionic
therapy drugs using RPLC–ICP-MS has been dem- species. The technique may be carried out in either
onstrated by Cairns et al. [25]. A novel desolvation normal-phase or reversed-phase modes, however
interface comprising a membrane drier and Peltier only the latter mode has been used with ICP-MS
condenser situated between the chromatographic detection. The stationary phase in reversed-phase
module and the ICP mass spectrometer was de- IPC is a standard silanised silica packing such as that
scribed. The desolvation device enabled 100% or- used in conventional reversed-phase chromatog-
ganic solvents such as methanol and acetonitrile to raphy, e.g. C or C . The mobile phase is comprised8 18

be used, as well as solvent gradients, with minimal of an aqueous buffer such as a phosphate or acetate
baseline drifts. A new generation drug, JM-216, was salt, an organic modifier (commonly methanol or
shown to completely metabolise in the human body acetonitrile) and an ion-pairing reagent. The counter
into a number of compounds. The drug was sepa- ion of the ion-pairing reagent combines with the
rated from its metabolites using a C column with a analyte in question to form an ion-pair which is then18

solvent gradient of 95:5 to 30:70 water–acetonitrile retained by the reversed-phase column. Elution and
21in 25 min at a flow-rate of 1 ml min . Peak separation of the analytes is then achieved using the

broadening was attributed to the increased dead aqueous solution with organic modifier. Commonly
volume of the desolvation system. Detection limits used ion-pairing reagents are long chain alkyl anions

21were 0.6 ng ml , representing an actual mass of 120 (such as tetraalkylammonium salts or triethyl C –C5 8

pg of Pt. alkyl ammonium salts) or cations (such as C –C5 10

A number of selenide species have been separated alkylsulphonates). The concentration of ion-pairing
by RPLC–ICP-MS using an oscillating capillary reagent used typically varies from 0.001 to 0.005 M.
nebuliser [29]. Five organoselenium compounds, In general, increasing the concentration of the coun-
phenyl-2-aminoethylselenide (PAESe), 4-hydroxy- terion in the mobile phase causes an undesirable
phenyl-2-aminoethylselenide (HO-PAESe), 4-fluoro- increase in capacity factor (k9) values for reversed-
phenyl-2-aminoethylselenide (F-PAESe), phenyl-2- phase IPC. The principle consideration when select-
acetamidoethylselenide, N-acetylPAESe and (RS)a- ing a counterion for a particular separation is the
methylphenyl-2-aminoethylselenide (RS)-MePAESe charge compatibility. The counterion of the ion-
were separated using a C column. Each selenide pairing reagent should ideally be soluble in the18

was shown to have a different response factor. The mobile phase, univalent, aprotic and should be non-
mobile phase was optimised for organic modifier destructive to the chromatographic system as a
concentration, pH, ionic buffer concentration and the whole. In addition, pH changes may affect the
elution gradient. The absolute limits of detection of hydrophobic interactions governing the separation
the selenide compounds were reported to be in the resulting in significant changes in the chromatogram.
range 30–400 pg Se and were dependent on the It is therefore important to buffer the aqueous phase
solvent flow-rate. with respect to both pH and concentration of the

The various applications of RPLC are listed counterion to avoid peak tailing or multiple peaks. In
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Table 1
Liquid chromatography applications

Sample Chromatography Detector Elements Limits of detection Ref.

Blood Reversed-phase VG Plasma Quad PQS 1500 W FP Co, Fe and Zn 0.1, 5.8 and 4.6 ng, [43]

Hypersil SAS C column Column connected to cross-flow respectively (as1

68% methanol nebuliser porphyrin)

pH 4.5
21Blood TSK G 3000 SEC column with Perkin-Elmer SCIEX ELAN 250 Pb 0.15 ng ml [111]

0.1 M Tris HCl buffer 1300 W FP

,5 W RP

Cross-flow nebuliser, Scott-type spray

chamber and Sciex ‘long torch’

Bovine thyroglobulin Reversed-phase Shiseido C 1300 W FP Iodine (speciation) 35–130 pg as iodine [41]18

SG120 ,5 W RP for 10% methanol eluent

10% or 50% methanol–0.1 M 1700 W FP

(NH ) HPO ,5 W RP for 50% methanol eluent4 2 4

Meinhard nebuliser and STDP spray

chamber, water-cooled
21Chemotherapy drugs Reversed-phase Fisons Plasma Quad 21 Pt (speciation) 0.6 ng l (120 pg of Pt) [25]

In-house PEEK column packed 1500 W FP

with Hypersil Phenyl 5 mm silica Membrane drier and Peltier driven

Mobile Phase condenser used as desolvation device

acetonitrile–water (25:75) Meinhard Nebuliser and cyclone spray

chamber

Chicken tissue PEP RPC HR reversed-phase VG PlasmaQuad 2 As Limit of quantification [78]
21column. Mobile phase: 5% 1300 W FP 25 ng g in solid

methanol:95% 0.01 M 10 W RP. Concentric glass Meinhard sample

orthophosphoric acid nebuliser. Water-cooled Scott-type

spray chamber

Coal fly ash Wescan Anion/R IC column. 2% VG Plasma Quad 2 with concentric As (speciation), V and Ni Not reported [74]

propanol eluent and 50 mM nebuliser and double-pass Scott spray

carbonate buffer used at pH 7.5 chamber at 58C

1350 W FP

,2W RP

Coastal seawater (CASS-2), Whatman cation-exchange column Perkin-Elmer SCIEX ICP-MS Cr, Ni, Cu, Zn, Mo, Cd, Pb, 5–12 ng for Sn [95]

lobster hepatopancreas 1400 W FP 1200 W FP V, Sr, Hg, Sn speciation

tissue LUTS-1, harbour Thermostatted nebuliser spray Glass concentric nebuliser and

sediment PACS-1 chamber used for organic solvent thermostatted spray chamber

introduction
21Contact lens solution Reversed-phase VG PlasmaQuad Hg (speciation) 40 ng ml (as [37]

Waters PicoTag C 1.3 kW FP thimerosal)18

0.06 M ammonium acetate, 3% Turbomolecular pumps used instead

acetonitrile and 0.005% (v/v) of original diffusion pumps. Additional

2-mercaptoethanol pH 6 ventilation for temperature stability
21Cooked cod Polysphere IC AN-2 column and VG PlasmaQuad 2 Turbo Plus Se (speciation) 0.008 mg kg in dry [81]

guard column 1350 FP solid

Mobile phase: 5 mM salicylate ,1 W RP

adjusted to pH 8.5 with TRIS

Dogfish muscle C reversed-phase column with Elan 5000 ICP-MS Hg (speciation) 70–160 pg of Hg [38]18

mobile phase 3% (v/v) methanol, 1.5% 1200 W FP

acetonitrile, 0.1% Ultrasonic nebuliser used with

2-mercaptoethanol containing condenser temp. 08C and desolvation
210.06 mol l ammonium acetate tube temperature 1008C
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Table 1. Continued

Sample Chromatography Detector Elements Limits of detection Ref.

Dogfish muscle DORM-1 Benson strong anion-exchange VG Plasma Quad 2 with high solids As (speciation) Not reported [76]

column resin. Mobile phase: 1 mM nebuliser

K SO for 3 min then 50 mM 1500 W FP2 4

K SO at pH 10.5 ,10 W RP2 4

Dogfish muscle DORM-1 Anion-pairing HPLC, anion-exchange Perkin-Elmer SCIEX ELAN 250 As (speciation) 50–300 pg of As [46]

HPLC and cation-pairing HPLC Shorter ICP torch used and an x, y, z

techniques all used. Various translational stage

columns, ion pair reagents, buffers

and organic modifiers used

Dogfish muscle DORM-1 Ion-pair chromatography Perkin-Elmer SCIEX ELAN 250 As (speciation) 0.3 ng of As [45]

Pierce C column 1400 W FP18

Mobile phase: 10 mM sodium Column directly interfaced with Teflon

dodecyl sulphate solution, 5% tubing to nebuliser

methanol and 2.5% glacial acetic

acid
21Drinking water Dionex AG10 column and 100 mM Fisons PlasmaQuad 2 Br (as bromate) 0.1–0.2 ng ml [90]

eluent

Fish and sediment extracts Hamilton PRP X100 anion-exchange VG Plasma Quad 21 As (speciation) 10–30 pg As [75]

column. Mobile phase: 10 mM 1400 W FP

ammonium dihydrogenphosphate Fassel torch, Meinhard nebuliser and

and 10 mM diammonium Scott-type spray chamber

monohydrogenphosphate at

pH 6.5–7.5
21Fly ash (SRM 1633a) Ion-pair reversed-phase VG Plasma Quad Lanthanides 0.4–5.0 ng ml [65]

separations. Isocratic separation 1300 W FP

on Waters PicoTag C column18

Mobile phase 0.4 M HIBA, 0.02 M

octanesulphonic acid at pH 3.8

Fuel (SRM 2715) Ion-pair chromatography. Nucleosil VG Plasma Quad Pb (speciation) 0.14–3.9 ng of Pb [56]

C column. Gradient elution from 1400 W FP18

40 to 90% methanol over 10 ,20 W RP

min then isocratic elution for 20 SIM used at m /z 208

min. Sodium pentane

sulphonate mobile ion-pair reagent

used. pH optimised for separation

Harbour water sample Ion-pair separation Perkin-Elmer SCIEX ELAN 5000 Sn (speciation) 2.8–16 pg Sn [59]

Perkin-Elmer C column. Mobile 1150 FP. Ultrasonic nebuliser used8

phase 5 mM sodium 1-pentanesulphonate, with condenser temp. 2108C and

5% acetic acid and desolvation temp. 808C

50% methanol

Human blood Bio-Sil TSK 250 size-exclusion Perkin-Elmer SCIEX ELAN 250 ICP-MS Au 35 pg Au [112]

column with isocratic mobile phase 1300 W FP

of 25 mM Tris buffer at pH 7.7 ,5 W RP

Meinhard Nebuliser and Scott-type

spray chamber
21Human serum Ion pair chromatography Perkin-Elmer SCIEX ELAN 5000 Se (organoselenium ,1 ng ml for each [54]

Hamilton PRP1 column. Mobile Cross-flow nebuliser and Ryton double-pass compounds) species

phase: methanol–water (98:2) and spray chamber
24 2 8210 M C H SO 1100 FP. Se monitored5 11 3

pH 4.5

(Continued on p. 94)
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Table 1. Continued

Sample Chromatography Detector Elements Limits of detection Ref.

Metalloprotein Asahipak GFA-30F size-exclusion Seiko ICP-MS Hg, Zn, Cd Not reported [102,108–110]

guard and analytical column

Mobile phase 0.2 M (NH ) SO ,4 2 4

0.05 M Tris-HCl and 1 mM EDTA

Metalloproteins in biological Spherogel SW 2000 size-exclusion VG PlasmaQuad PQ1 Cd, Zn, Ga, Y and Cu 8.75, 46, 18, 0.21 [104]

samples column and guard column 1250 W FP and 378 pg for Cd,

Mobile phase 0.06 M Tris-HCl, Concentric Meinhard nebuliser and Zn, Ga, Y and Cu,

0.05% NaN cooled double-pass spray chamber respectively3

Ames torch
21Methamphetamine SAM3-125 anion-exchange column Yokogama Model PMS 100 ICP-MS Na, Pd, Ba, I and Br 4–60 ng ml [91]

and guard column. Mobile phase: 1500 W FP

4.4 mM sodium carbonate and

1.2 mM sodium bicarbonate
21Metalloporphyrins in Ion-pair chromatography. C VG Plasma Quad 2 Ga 64 pg s [64]18

coal extracts reversed-phase column with 15% 1750 FP. 25 W RP

1 mM tetrabutylammonium Ebdon v-groove nebuliser and cooled

dihydrogenphosphate in methanol double-pass spray chamber. Oxygen

mobile phase with nebuliser gas flow
21Natural waters Ion pair separation VG Elemental Plasma Quad Turbo 21 As (speciation) 1.0–3.0 ng ml [51]

Hamilton PRP1 resin based, 1350 W FP

reversed-phase column. Mobile 1 W RP

phase: 0.5 mM Meinhard concentric glass nebuliser

tetrabutylammonium phosphate and water-cooled Scott double-pass

(ion-pair reagent), 4 mM spray chamber

Na HPO ?2H O, adjusted to pH 92 4 2

with dilute ammonia. Methanol

added to increase signal sensitivity
21Nuclear fuels Various cation-exchange columns Perkin-Elmer Elan 5000 ICP-MS Cs, Ba, lanthanides, 0.002–0.100 ng ml [98]

used for different elemental Modified glove box used for handling actinides

separations, along with various of hazardous substances

mobile phases. Isocratic elution in

all cases

Pig kidney Superose-12 size-exclusion column VG PlasmaQuad Cd (speciation) Not reported [107]

Mobile phase 0.12 M Tris–HCl at

pH 7.5

Proteins in human serum SynChropak GPC 300 size-exclusion Perkin-Elmer Elan 250 with modified Na, Cu, Fe, Zn, Pb, Ba and 0.5–3 pg of metal [32]

column with mobile phase short torch Cd

0.1 M Tris-HCl at pH 6.9 1400 W FP
21Sea water Dionex MetPac CC-1 column Perkin-Elmer ELAN 5000 ICP-MS Rare earths, Co, Cu, Mn, Ni, 1–50 pg ml [100]

Various eluent compositions 1050 W FP Zn, Pb and U

investigated. pH 5.5

Sea water and human urine Dowex 1-X8 resin column. Mobile VG PlasmaQuad As and Se Not reported [79]

phase: dilute nitric acid eluent (sea 1350 FP

water) and acetate eluent (serum) ,5 W RP. Meinhard-type nebuliser and

cooled double-pass spray chamber
21Seafood samples Cation-exchange column Perkin-Elmer Sciex ELAN 5000 ICP-MS As 10–50 ng g (dry [94]

Ionosphere-C MS with cross-flow nebuliser and mass)

Mobile phase 20 mM pyridinium ion double-pass spray chamber. 1300 W FP

adjusted to pH 2.65 with HCO H2

ION 120 anion-exchange column

with 100 mM NH HCO adjusted to4 3

pH 10.3 with NH OH4
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Table 1. Continued

Sample Chromatography Detector Elements Limits of detection Ref.

Sediment reference material PACS-1 Ion-pair separation Perkin-Elmer SCIEX ELAN 5000 Sn (speciation) 2.8–16 pg Sn [59]

Perkin-Elmer C column. Mobile 1150 FP. Ultrasonic nebuliser used8

phase 5 mM sodium 1-pentanesulphonate, with condenser temp. 2108C and

5% acetic acid and 50% methanol desolvation temp. 808C

Soils, percolate water, sewage Dowex 1-X8 anion-exchange resin VG PlasmaQuad 2 Cl and S Not reported [89]

and human serum column 1350 W FP
21Mobile phase 0.0014 mol l HNO ,5 W RP3

Meinhard concentric nebuliser and

water-cooled double-pass spray

chamber

Thimerosal C reversed-phase column with Perkin-Elmer Elan 5000 ICP-MS Hg (speciation) 70–160 pg of Hg [38]18

mobile phase 3% (v/v) methanol, 1.5% 1200 W FP

acetonitrile, 0.1% 2-mercaptoethanol Ultrasonic nebuliser used with
21containing 0.06 mol l condenser temp. 08C and desolvation

ammonium acetate tube temperature 1008C
21Tuna Reversed-phase VG PlasmaQuad Hg (speciation) 40 ng ml (as [37]

Waters PicoTag C 1.3 kW FP thimerosal)18

0.06 M ammonium acetate, 3% Turbomolecular pumps used instead

acetonitrile and 0.005% (v/v) of original diffusion pumps. Additional

2-mercaptoethanol ventilation for temperature stability

pH 6.8

Uranium materials IonPac CS10 column and guard Fisons PlasmaQuad 21 Lanthanides and actinides Not reported [99]

column used Glove box used for handling and

Linear 18 min gradient from 0.04 measuring toxic radioactive samples

to 0.265 M HIBA used to separate 1350 W FP

lanthanides

2 M HNO , 1 M HCl and 0.4 M3

HIBA gradient used for actinide

separation

Urine Ion-pair chromatography. Hamilton Perkin-Elmer ELAN 5000 ICP-MS Se 22–74 pg Se [52]

PRP-1 column Cetac U-5000 ultrasonic nebuliser

3% methanol, 5 mM

tetrabutylammonium phosphate

mobile phase at pH 7.6
21Urine Ion pair chromatography Perkin-Elmer SCIEX ELAN 5000 Se (organoselenium ,1 ng ml for each [54]

Hamilton PRP1 column. Mobile Cross-flow nebuliser and Ryton double-pass compounds) species

phase: methanol–water (98:2) and spray chamber
24 2 8210 M C H SO 1100 W FP. Se monitored5 11 3

pH 4.5

Urine Micellar LC separation VG Plasma Quad PQ21. C-1 type As (speciation) 90–300 pg for various [68]

Alltech RP metal free column and concentric nebuliser and double-pass species

guard column. 0.05 M spray chamber cooled to 58C

Cetyltrimethyl-ammonium bromide

(CTAB) and 10% propanol mobile

phase. pH 10

Urine Anion-exchange on a weak anion-exchange VG Elemental Plasma Quad. 1500 W As (speciation) 36–96 pg [70]

column Adsorbosphere-NH FP and ,10 W RP. Concentric2

column. Mobile phase: 30% nebuliser and Scott double-pass spray

ethanol, 15 mM NH H PO and 1.5 chamber with cooling jacket4 2 4

mM CH COONH at a pH of 5.753 4

(Continued on p. 96)
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Table 1. Continued

Sample Chromatography Detector Elements Limits of detection Ref.

21Urine Anion-exchange. Wescan Anion/R VG Elemental Plasma Quad. 1350 W As (speciation) 3.4–7.0 ng ml for [71]

IC column and guard column FP various species

Mobile phase of 5 mM phthalic acid ,5 W RP

at pH 2.7 Concentric nebuliser and cooled

double-pass spray chamber

Urine (human) Ion-pair chromatography Perkin-Elmer SCIEX Elan 250 Hg and Pb (speciation) 0.2 pg Pb and 7 pg [31]

Cetac C reversed-phase 1400 W FP Hg18

packing material Modified SCIEX short torch and DIN

Various ion-pairing reagents used

investigated and converted to

ammonium salts to avoid clogging

of DIN
21Urine (human) Anion-exchange: ION 120 column 1350 W FP cross-flow nebuliser with As (speciation) 3–6 ng ml for [73]

21with 0.10 M NH HCO at pH 10.3 sapphire bits. Spray chamber cations and 7–10 ng ml4 3

with NH OH maintained at 208C for anions4

Cation-exchange: Ionosphere-C

column with 0.1 M pyridinium ion at

pH 2.65 with HCOOH

Urine, freeze dried Dionex CS5 mixed mode column VG PlasmaQuad 2 Cr (speciation) 3 pg for each [82]

and Dionex AS11 anion-exchange 1350 WFP species

column 1 W RP

Mobile phase: 6 mM 2,6-pyridinedicarboxylic Concentric nebuliser and double-pass

acid and 8.6 mM LiOH at pH 6.8 spray chamber

Urine, freeze dried VG PlasmaQuad Cr, V, Ni 0.042 and 0.017 for [96]

Cr (III) at m /z 52 and

53, respectively

0.055 and 0.022 ng

for Cr (VI)

0.031 ng for Ni
21Urine, wine, club soda Wescan Anion/R IC column VG Plasma Quad ICP-MS. 1350 W As (speciation) 3–10 ng ml for [72]

Carbonate buffer mobile phase FP various species

,5 W RP

Type C-1 concentric nebuliser and

double-pass spray chamber cooled to

58C

Vaccines and toxoids Reversed-phase VG PlasmaQuad Hg Not reported [44]

Waters PicoTag C column Spray chamber cooled to 88C. 60 cm18

Mobile phase 0.06 M ammonium of FEP tubing used to connect column

acetate, 3% acetonitrile and 0.005% to nebuliser

(v /v) 2-mercaptoethanol

pH 5.3

Waste water C reversed-phase column with Perkin-Elmer Elan 5000 ICP-MS Hg (speciation) 70–160 pg of Hg [38]18

mobile phase 3% (v/v) methanol, 1.5% 1200 W FP

acetonitrile, 0.1% 2-mercaptoethanol Ultrasonic nebuliser used with
21containing 0.06 mol l condenser temp. 08C and desolvation

ammonium acetate tube temperature 1008C

Waste water treatment stream Nucleosil 120-5 C column. 4% Perkin-Elmer Sciex ELAN 500 Te (speciation) Not reported [40]18
22propanol in water, 10 M H PO , Meinhard-type nebuliser and DSM3 4

0.1 ppm Rh organic spray chamber

Water Ion-pair chromatography. Nucleosil VG Plasma Quad Pb (speciation) 0.14–3.9 ng of Pb [56]

C column. Gradient elution from 1400 W FP18

40 to 90% methanol over 10 ,20 W RP

min then isocratic elution for 20 SIM used at m /z 208

min. Sodium pentane
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Table 1. Continued

Sample Chromatography Detector Elements Limits of detection Ref.

sulphonate mobile ion-pair reagent

used. pH optimised for separation
21Water samples Vydac 201TP C column. Mobile Perkin-Elmer ELAN 5000 As (speciation) 11–51 pg ml [50]18

phase: 2% methanol, 1 mM 1100 FP

tetrabutylammonium phosphate, Cross-flow pneumatic nebuliser and

2 mM ammonium acetate at pH 5.99 Scott-type spray chamber with cooling

system
21Yeast Ion pair chromatography Perkin-Elmer SCIEX ELAN 5000 Se (organoselenium ,1 ng ml for each [54]

Hamilton PRP1 column. Mobile Cross-flow nebuliser and Ryton double-pass compounds) species

phase: methanol–water (98:2) and spray chamber
24 2 8210 M C H SO . pH 4.5 1100 FP. Se monitored5 11 3

reversed-phase IPC, maximum k9 values are obtained detection limit reported for AB in the earlier paper
at intermediate pH. At lower pH values a smaller [45] using LC–ICP-MS was 300 pg of As which was
number of ion pairs are formed in the stationary found to be 25 times better than that determined
phase and sample compounds elute more quickly, using ICP-AES detection.
thus improving peak shapes. Selectivity of a sepa- Early studies investigating the feasibility of em-
ration may be effectively controlled by varying the ploying ICP-MS as a detector for HPLC were
pH of the mobile phase. performed by Thompson and Houk [47]. IPC was

Solvent strengths may be varied by changing the successfully used to separate six As and Se species
mobile phase polarity, i.e. by varying the relative with detection limits approaching 0.1 ng of the
concentrations of a binary organic modifier. The element. The ion-pair reagents used were sodium
selectivities of the solutes for an ion-pair chromato- pentanesulphonate (PIC-B5) and tetrabutylam-
graphic technique depend on the mobile phase monium phosphate (PIC-A) and methanol was em-
composition and on the organic solvent selected. ployed as the organic modifier. A C type column18

Generally, as the amount of water in the mobile was used. In addition, the same authors analyzed a
phase is decreased, the solvent becomes stronger and 15 element mixture using the same IPC system and
k9 values decrease. multiple ion monitoring with similar (0.1 ng) de-

tection limits.
2.3.2. Environmental, clinical and general Shibata and Morita [48] reported a preliminary
applications separation of arsenobetaine and cacodylate arsenic

IPC coupled to ICP-MS has been used by Beauch- compounds using IPC–ICP-MS. An Internal ODS-2
emin et al. [45,46] for the identification and quantifi- RP column was used for the separation with tetra-
cation of arsenic species in a dogfish muscle refer- alkylammonium ion (TRA) as the ion-pairing reagent
ence material, DORM-1. A C column and a mobile and a malonic acid buffer.18

phase of 10 mM sodium dodecylsulphate solution Arsenic is a monoisotopic element (molecular
ion pair reagent, 5% methanol and 2.5% glacial mass 75) which is known to suffer from an isobaric
acetic acid was used at pH 2.5 in both studies. It was interference during ICP-MS analyses owing to the

1found that the aspiration of organic solvents into the presence of ArCl if chlorine is introduced to the
plasma required a slightly higher RF power to plasma as a concomitant species. This is particularly
maintain the sensitivity normally acquired using apparent for samples such as sea water, serum and
aqueous arsenic solutions. The species identified urine and the problem has been addressed by Story et
were monomethylarsenic (MMA), dimethylarsinic al. [49] when analysing ultra trace As concentrations.
acid (DMA), arsenobetaine (AB), arsenocholine These workers used hydride generation to reduce this
(AC), As (III) and As (V). AB was found to be the interference (Fig. 3). The element was acidified and
principal As species in DORM-1 (84% of total). The then reacted with sodium borohydride to form a
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Fig. 3. Schematic diagram of a LC–ICP-MS interface with hydride generation system. Reprinted from Story et al. [49] by permission of
Preston Publications, a division of Preston Industries.

volatile hydride which, in turn, was transported to four species agreed with the certified values for the
the plasma more efficiently. The authors made use of reference water samples analyzed.
a polypropylene tube as a gas liquid separator for Thomas and Sniatecki [51] also performed an
selective transportation of the hydrides and hydrogen analysis of trace amounts of arsenic species in
and removal of the argon chloride. PIC-A was used natural waters using hydride generation IPC–ICP-
as the ion pairing agent for the reversed-phase MS. Six arsenic species were determined with de-

21chromatographic separation of three As species in an tection limits in the range 1.0–3.0 mg l and total
estuarine certified reference sample. Total As con- arsenic was determined using hydride generation by
centrations measured using the hydride generation atomic fluorescence detection. It was found that the
technique fell within the certified precision values predominant species present in bottled mineral water
whereas values obtained using conventional samples was always As(V) with very low levels of
pneumatic nebulisation did not. The authors con- As(III). The authors described how the system
cluded that the gas liquid separator eliminated the required ‘‘ . . . further work using special chromato-
chloride interference to the point that samples did not graphic software . . . to improve the quantitative mea-
require matrix matching. surement at a natural level.’’

In a similar study ionic compounds, containing Three recent papers [52–54] have used IPC–ICP-
arsenic, in several natural water samples were sepa- MS for the speciation of Se in environmental and
rated using IPC–HPLC [50]. The compounds sepa- clinical samples. Yang and Jiang [52] determined
rated were As(III), As(VI), dimethylarsonic acid selenite, selenate and trimethylselenonium using a
(DMAA) and monomethylarsonic acid (MMAA). 3% methanol, 5 mM PIC-A mobile phase at pH 7.6
The ion-pairing reagent used was PIC-A (1 mM) with ultrasonic nebulisation of the eluent into the
with 2% methanol as the organic modifier and 2 mM ICP. Absolute detection limits for the three species
ammonium acetate at pH 5.99. A post-column were in the range 22–74 pg Se which corresponds to

21hydride generation system was again utilised and relative values of 0.11–0.37 ng ml . In the analysis
optimised using flow-injection analysis. Superior of urine, selenite was found to be the principle
detection limits were obtained when compared to selenium species although trimethylselenonium was
LC–ICP-MS with conventional nebulisation (11–51 detected in a number of samples. The formation of

21ng l ). The total amount of arsenic present in the several unidentified chromatographic peaks was at-
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tributed to the presence of selenoamino acids. Total urine sample were also analyzed using the same
selenium values calculated agreed well with certified technique. A single peak was identified for the serum
concentrations. Detection limits in the urine samples sample and was attributed to be SeCys, however the

21were slightly higher (0.17, 0.76 and 0.53 ng ml for authors explained that, due to the poor retention of
1TMSe , Se(IV) and Se(VI), respectively) and this SeCys on column, other species may have been

was attributed to an increase in background noise co-eluting and, therefore, further studies were re-
caused by the injection of the highly ionic urine quired. As shown by previous workers [52] the
sample. chromatograms for the urine samples showed in-

˜The study by Munoz Olivas et al. [54] has creased noise levels. Again, the main peak was
addressed the speciation of organic selenium species, attributed to SeCys. The main limitation of the
in particular the separation and identification of two system was the inability to separate both inorganic
selenoamino acids: selenomethionine (SeMet) and and organic species together.
selenocystine (SeCys), and the trimethylselenonium The ability to separate a number of lead com-

1ion (TMeSe ) (Fig. 4). The technique used was pounds by IPC–ICP-MS has received attention in
based on that presented by Jiang and Houk [55] for recent years [31,36,56,57]. Al-Rashdan et al. [36]

21sulphur amino acid separation. The counter ion used described the separation of inorganic lead (Pb ) and
was anionic (PIC-B5 was the ion-pairing reagent) so several trialkyllead species [trimethyllead (TML)

1that cationic species such as TMSe were retained chloride, triethyllead (TEL) chloride and tri-
on-column, and a methanol–water mixture was used phenyllead (TPL) chloride]. Reversed-phase, ion-
as the mobile phase (pH 4.5). The concentration of pairing and ion-exchange LC modes were compared
mobile phase and ion-pairing reagent, along with the as well as both ICP-MS and ICP-AES as detection
ionic strength and pH were optimised to give the best methods. For ion-pairing studies, a C column with18

plasma stability and chromatographic separation. The a methanol mobile phase was used. The ion-pairing
method was evaluated by measuring the concen- reagent was sodium pentane sulfonate. In the re-
tration of the various Se species in an enriched yeast versed-phase studies, a C column was again used18

sample. The total selenium concentrations (the sum with an acetate buffer containing varying percentages
of the concentrations of the various species) agreed of methanol. Cation-exchange LC was used with an
well with the total selenium value measured using acetate buffer containing methanol. For all three
direct sample introduction into the ICP-MS system. modes, organic modifier concentration and pH was
Detection limits were calculated to be 0.20, 0.60 and optimised. As expected, LC with ICP-MS detection

210.20 mg l (as Se) for SeCys, SeMet and TMSe, gave detection limits improved by three orders of
respectively. A certified serum standard and human magnitude when compared to ICP-AES. Isocratic

RP-HPLC was the method of choice and was able to
21yield a separation of Pb from TML whereas

attempts to perform this separation using IPC were
unsuccessful. Strong cation-exchange also did not
give an adequate separation. A separation of the two
peaks was observed using RP-HPLC but resolution
was poor. An obvious answer to improve the res-
olution would be to use a gradient elution; however,
an unstable plasma and high reflected power were
obtained so only isocratic elution was feasible.

In a further study [56] the same group used IPC
with a C column, methanol–water mobile phase18

and PIC-B5 for the separation of inorganic lead
Fig. 4. Chromatogram obtained for separation of SeCys, SeMet, 21

1 21 (Pb ), TEL, TPLL and tetraethyllead (TTEL).and TMSe (100 mg l as Se) under optimum experimental
Detection limits were 0.37, 0.14, 0.17 and 3.9 ng ofconditions. Reprinted from Munoz Olivas et al. [54] by permission

of The Royal Society of Chemistry. Pb for the four compounds, respectively. Method
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evaluation was performed by calculating the TEL which compared well to the certified value (10
21concentration in Standard Reference Material Lead mg l ). Spiked urine samples were used to evaluate

in Fuel and inorganic lead in a water Quality Control the feasibility of the remaining lead compounds
sample from the US Environmental Protection using this method. Similarly, no organomercury
Agency. The results obtained experimentally com- species were identified in the urine sample and the
pared well with reference values. It was found that a experimentally measured inorganic mercury concen-

21post-column derivatisation method could probably be tration (28 mg l ) compared well with the certified
21used to further increase sensitivity of the method for concentration (28 mg l ). Again a spiked urine

studies on the environmental fate of alkyllead species sample was analyzed to determine method perform-
in the environment. ance for the organomercury samples. In this instance,

1 1Brown et al. [57] described the development of a the sensitivities for MeHg and EtHg were reduced
coupled LC isotope dilution ICP-MS method for lead by a factor of two in the urine matrix due to an easily

21speciation. Pb , TML and TEL were separated ionisable element interference from Na which is
21using IPC on a C column using a mobile phase present at a concentration of 1000 mg l . Sensitivity18

21 1gradient of 10:90 to 30:70 methanol–buffer eluent for Hg was not affected as the Na was retained
21 21with 0.1 mol sodium acetate, 0.1 mol acetic acid by the anionic pairing reagent and so eluted after
21 21 1and 4 mmol PIC-B5 as the ion-pairing reagent. Hg . Conversely, the tail of the Na chromato-

Following on from the work of Al-Rashdan [36] the graphic peak interfered with the inorganic species.
principal aim of this work was to optimise the Suyani et al. [58] compared ICP-MS and ICP-AES

21separation of Pb from TML. The gradient elution as detection methods for organotin speciation and, in
employed affected the chromatographic baseline but, addition, evaluated the separation using both cation-

21with respect to the TML and Pb separation, the exchange and ion-pair HPLC. Detection limits ob-
fluctuations were deemed irrelevant. An artificial tained using ICP-MS were, not surprisingly, three
rainwater sample was analyzed to assess the method orders of magnitude lower than those measured using
accuracy with encouraging results. A lack of suitable ICP-AES for trimethyltin chloride (TMT-Cl), tri-
‘customised’ software for LC–isotope dilution-ICP- butyltin chloride (TBT-Cl) and triphenyltin acetate
MS was identified as an unresolved problem, how- (TPhT-Ac). The linear dynamic ranges were three
ever the authors manipulated their data using a orders of magnitude for cation-exchange and two
graphics package off-line. orders of magnitude for ion-pair HPLC, with the

Shum et al. [30] investigated lead and mercury exception being TPhT-Ac due to poor resolution.
speciation using ion-pair microbore column LC– When the two chromatographic modes were com-
ICP-MS with direct injection nebulisation. Inorganic pared it was observed that ion-exchange chromatog-
lead, two trialkyl lead species, inorganic mercury and raphy provided better resolution but the separation
three organomercury species were separated using an time was longer. Conversely, ion-pair chromatog-
acetonitrile–water (20:80, v /v) mobile phase with 5 raphy gave a shorter analysis time but poorer res-
mM ammonium pentanesulphonate ion-pairing re- olution.
agent at pH 3.4. Detection limits for all the lead Yang et al. [59] also studied the speciation of tin
compounds were 0.2 pg of Pb. The detection limits compounds using IPC–ICP-MS. Inorganic tin, tri-
were 7, 18, and 16 pg of Hg for inorganic mercury, methyltin (TMT), triethyltin (TET), tripropyltin

1 1MeHg and EtHg , respectively. Peak areas were (TPT), tributyltin (TBT) and triphenyltin (TPhT)
used in these calculations. The separation method were separated in less than 6 min using a C column8

was evaluated by measuring Pb and Hg species in and a 50% methanol mobile phase with 5% acetic
human urine (NIST SRM 2670 freeze dried urine). acid and 5 mM PIC-B5 added. Calculated detection

21Inorganic Pb was retained permanently on the limits were in the range 2.8–16 pg Sn for the various
column (as the column was not completely end- species. Various tin species in harbour sediment
capped) and was removed by flushing the column reference sample PACS-1 (prepared using a
with EDTA. Only inorganic lead was found in the tropolone–benzene extraction) and in a harbour

21urine sample at a concentration of 10.3 mg l Pb water sample were analyzed. TBT was the principal
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species in the sediment sample with Sn(IV) and an were reduced upon oxygen addition to the nebuliser
unidentified species also present. The concentration gas flow and by the use of desolvation. Detection

21of Sn as TBT obtained experimentally agreed with limits were 0.6 and 1.8 ng ml Cr for the two
the certified value. TPhT and TBT were identified in species, respectively, which were better than those
the harbour water sample and recoveries approached obtained using ICP-AES detection and when nebulis-
100% for TPT, TPhT and TBT. ers such as the DIN and USN were used.

Kumar et al. [60] described the effect of inorganic Jiang and Houk [55] investigated the separation of
tin chloride on the separation of trimethyl-, tributyl- anionic compounds of phosphorus and sulphur using
and triphenyltin chlorides using IPC–ICP-MS. Two ion-pair chromatography with ICP-MS detection. For
columns, a PRP-1 and a silica-based column were the separation of inorganic phosphates a PRP-1
investigated. For the latter, inorganic tin was held divinylbenzene co-polymer column was used with
on-column and did not affect the separation unless 0.005 M triethylammonium nitrate as the ion-pairing

21the concentration exceeded 1 mg g inorganic tin reagent. MeOH (2%) was used as the organic
32chloride. There was less retention of inorganic tin on modifier at pH 6. Orthophosphate (PO ) , pyro-4

42 52the PRP-1 column. A good separation between phosphate (P O ) and tripolyphosphate (P O )2 7 3 10

inorganic and organotin compounds was achieved at were successfully separated with detection limits of
pH 6 using the PRP-1 column. Detection limits were 0.4, 0.6 and 1 ng P, respectively. These detection
1.6 pg, 1.5 pg and 2.3 pg as Sn for TMT, TBT and limits were superior by a factor of 200–2000 com-
TPhT, respectively. pared to the best LC–ICP-AES results reported in

The same group also used supercritical fluid the literature for the same compounds. For the
extraction (SFE) to extract TBT and TPhT from analysis of adenosine phosphates, the same column
biological samples in about 15 min [61]. IPC was was used but with 0.01 M triethylammonium bro-
subsequently used to separate the compounds in the mide as the ion-pairing reagent. The nucleotides
extracts. Extraction temperature, pressure and modi- AMP, ADP, ATP and cyclic 2,3-AMP were separated
fier were optimised. The amount of sample used was successfully although resolution was not ideal for the
reduced to 0.14 g using SFE as compared to 2.5–5.0 separation of ADP and ATP. Detection limits ranged
g. Low recoveries, however, were obtained, indicat- from 0.8–4.0 ng P which, again are superior to
ing the need for procedural modifications. Further detection limits reported using ICP-AES. This chro-
work by Vela et al. [62] described the optimisation of matographic system was also employed for the
cartridge size, modifier type and restrictor tempera- separation of sulphur containing amino acids, this
ture for SFE before analysis of the same organotin time with 1% acetonitrile as an organic modifier at
compounds by IPC–ICP-MS. This analysis indicated pH 7.5. Cysteine and methionine were successfully
that the extracted species varied with the type of separated with estimated detection limits of 150

21modifier employed. Lower extraction efficiencies ng ml sulphur. Finally, inorganic sulphates were
were obtained with ‘real samples’ indicating that separated using a silica-based C column with 0.00518

modifications to the extraction procedure were re- M PIC-A and 5% methanol at pH 7.1. It was found
quired for further work. that sulphate and sulphite could not be separated

Limited work has been performed in the area of under any conditions and the authors suggested that
chromium speciation using IPC–ICP-MS which is this could be due to sulphite converting to sulphate
surprising as the element is widely distributed in the during the chromatographic process.
environment owing to its use in industrial applica- Heumann et al. [63] used isotope dilution mass
tions. Jakubowski et al. [26] used IPC–ICP-MS with spectrometry as an element specific detector for the
hydraulic high pressure nebulisation for the sepa- determination of iodide and iodate in mineral water
ration of Cr(III) and Cr(VI). A 5 mm Eurospher using an IPC system and a species specific spiking

129100-C column was used with a mobile phase of method. A known quantity of a I enriched iodide18

25% methanol, ammonium acetate and tetrabutylam- and iodate spike was mixed with the sample before
monium acetate as the ion-pairing reagent. Carbon injection into the chromatograph. Detection limits

21interferences, caused by the use of organic solvents, were stated to be in the pg ml range although
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detection limits for the specific analytes were not 2.4. Micellar liquid chromatography
reported.

IPC–ICP-MS has been used by Pretorius et al. 2.4.1. Introduction
[64] for the determination of gallium porphyrins in Another variation on reversed-phase and ion-pair
coal extracts. As certified reference materials with chromatography is micellar liquid chromatography
accurate metalloporphyrin concentrations are not (MLC) where the counter ion is a relatively high
available, the technique was compared to HPLC with concentration of a surfactant (detergent). The counter
UV–Vis detection. Compounds were separated on a ion in MLC possesses a long-chain hydrocarbon
Novapak C18 column using 1 mM PIC-A as an ‘tail’. Formation of micelles occurs in aqueous
ion-pair reagent and 15% methanol. The technique solutions when the concentration of these counter
was applied successfully to the analysis of gallium ions exceeds what is known as the ‘critical micelle
porphyrin distributions in three coal extracts. The concentration’. Around 40–100 ions aggregate,

21estimated detection limit was 64 pg s , although forming spherical particles with the hydrophobic tail
peaks were rather broad. directed towards the centre and the hydrophillic head

A study carried out by Braverman [65] involved directed towards the outside so they are in contact
the use of IPC–ICP-MS for the separation of 14 rare with water molecules. In this way a ‘second phase’ is
earth elements. An isocratic separation on a C created and uncharged species may be solubilised as18

column was performed with a mobile phase of 0.14 micelles. If a sample containing compounds of
M 2-hydroxy-2-methylpropanoic acid (HIBA) and varying polarity is introduced into such a system, the
0.02 M octanesulphonic acid at pH 3.8. Detection compounds will partition between the aqueous and

21limits were in the range 0.4–5.0 ng ml for the hydrophobic phases and, thus, a separation may be
elements. The technique was used for the analysis of achieved. Using such a system, both ionic and non-
NIST Fly Ash. All elements except for Er, Tm, Yb ionic compounds may be separated.
and Lu exhibited good recovery. The author sug-
gested the use of isotope dilution or an improved 2.4.2. Applications
clean up separation stage in the analysis to improve Suyani et al. [67] used micellar liquid chromatog-
upon this. raphy for the speciation of alkyltin compounds

Zhao et al. [66] used IPC–ICP-MS with platinum [TMT-Cl, triethyltin-chloride (TET-Cl) and tri-
specific detection to determine cisplatin (an anti- propyltin-chloride (TPT-Cl)] using a micellar mobile
tumour drug) and its possible metabolites in the phase of 0.1 M sodium dodecylsulphate (SDS) and a
human body. The reaction products of cisplatin with C Spherisorb column. The detection limits ob-18

various proteins and cisplatin hydrolysis products tained were 27, 51 and 111 pg (Sn), respectively. For
were separated using a ODS C column and 1- the separation of monoethyltin chloride (MET-Cl),18

heptanesulphonate negatively charged ion-pairing dimethyltin chloride (DMT-Cl) and TMT-Cl the
agent. In order to retain the thiol containing Pt concentration of the mobile phase was increased to
complexes, the pH was adjusted to 2.6. The authors 0.02 M SDS. In this instance the detection limits
concluded that, compared to conventional detection were 46, 26 and 126 pg (Sn), respectively. SDS is a
techniques, the use of ICP-MS as a detector is more negatively charged surfactant. The use of a positively
efficient in terms of selectivity and sensitivity with charged or nonionic micelle mobile phase results in
respect to Pt species. Using heptanesulphonate, all Pt the elution of compounds in the void volume or
complexes were resolved and the method was ap- irreversible absorption onto the stationary phase due
plied to the determination of cisplatin and its metab- to low electrostatic interactions. The authors sug-
olites in urine and blood samples. gested that the concentration of the surfactant should

The various applications of IPC listed alphabeti- not exceed 0.1 M in order to avoid clogging of the
cally in Table 1 according to sample type. The torch and sampling cone orifice in the ICP-MS.
chromatographic parameters, instruments used for Ding et al. [68] employed micellar LC for arsenic
detection and elements analyzed are summarised. speciation using ICP-MS detection. Dimethylarsenic
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acid (DMA), monomethylarsonic acid (MMA), (IEC) are based upon the utilisation of exchange
As(III) and As(V) were separated using a mobile equilibria between charged solute ions and opposite-
phase of 0.05 M cetrimide (cetyltrimethylammonium ly charged ions on the surface of a stationary phase.
bromide) as the micelle forming agent, 10% propanol Solute ions and ions of equivalent charge in the
and 0.02 M borate buffer (Fig. 5). Cetrimide was mobile phase compete for the counter ion on the
used as it exhibited favourable electrostatic interac- stationary phase and the extent of this competition
tions between the solutes and micelles. Again, the k9 determines the relative retention of the ions. A
values decreased with increased micelle forming commonly used strong cation-exchange resin con-
agent, which favoured the chromatography, but care tains the sulphonic acid group 2SO H and a typical-3

was taken not to introduce excessive amounts of salt ly weak cation-exchange resin contains the carboxy-
that would result in sample cone clogging. The lic acid group 2COOH. Anion-exchangers common-
detection limits for the four compounds ranged from ly use quaternary or primary amine groups.
90–300 pg (As) and R.S.Ds. were all below 5%. The Ion-exchange packing materials are traditionally
dynamic range was linear to three orders of mag- formed from the emulsion copolymerisation of
nitude for each of the species. Urine samples (so- styrene and divinylbenzene, the latter polymer is
called ‘dirty samples’) were easily analyzed with used to provide cross linking and thus increase the
little back pressure increase and the total arsenic rigidity of the beads. Ionic functional groups are
concentration (0.5260.02 ppm) agreed favorably chemically bonded to this backbone. Pellicular silica-
with the certified value (0.4860.10 ppm). based packing materials may also be used which are

The various applications of micellar liquid chro- then coated with a synthetic ion-exchange resin but
matography are listed alphabetically in Table 1 these tend to have comparatively less sample capaci-
according to sample type. The chromatographic ty.
parameters, instruments used for detection and ele- Ion-exchange chromatography may be used to
ments analyzed are summarised. separate ionic species at a particular pH. Ion-ex-

change packings may also be used to separate
2.5. Ion-exchange chromatography charged species from uncharged species. Factors,

other than simple coulombic interactions, may in-
2.5.1. Introduction fluence retention in IEC. For instance, when organic

Processes involving ion-exchange chromatography ions are injected into an IEC, hydrophobic interac-
tions between the nonionic carbon backbone of the
stationary phase and the sample cause organic ions to
be retained in a manner characteristic of reversed-
phase chromatography. The sample may then diffuse
to the charged region of the support where an ionic
interaction may occur.

The retention of a sample by a column and the
resultant column efficiency is principally dependent
on the rate of diffusion of the analyte through the
column. The diffusion rate is dependent upon both
the size and porosity of the resin beads and the
viscosity of the eluent. The mean free path of an
analyte through a column is increased when the resin
particle diameter is reduced and also if the stationary
phase resin is more porous. The combination of these
diffusion mechanisms is the rate determining step inFig. 5. Chromatogram of mixture of four arsenic standards using
IEC.micellar liquid chromatography. Reprinted from Ding et al. [68]

by permission of Elsevier Science. The resolution of an ion-exchange separation may
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be adjusted by optimising the ionic strength, pH, exchange resin with a 50 mM K SO mobile phase2 4

buffer concentration, organic modifier concentration, at pH 10.5. The sulphate concentration was not
temperature and liquid flow-rate. Resolution may be detrimental to the cones and the plasma was found to
improved by increasing the counter ion concentration be stable for up to 4 h.
(and thus the ionic strength) of the mobile phase so A number of workers have investigated the specia-
that there is more competition between the sample tion of As in urine using this technique [70–73].
and counterions for the exchangeable ionic centres. Heitkemper et al. [70] separated As(III), As(V),
The selectivity of the separation may be greatly DMA and MMA using a weak custom made anion-
influenced by small variations in the pH of the exchange column with Adsorbosphere-NH packing.2

mobile phase. A pH change will affect the ionisation A guard column dry packed with a pellicular amino
of the sample and the equilibria between the analyte packing was used along with a presaturation column.
buffer and stationary phase. Both ionic strength and Initial studies using ICP-AES as a detector used a
pH gradients may be used to optimise a separation. buffered mobile phase of 30% methanol, 50 mM

An increase in the column temperature may result ammonium dihydrogen phosphate and 5 mM am-
in increased column efficiency and large changes in monium acetate was used with good results. How-
separation selectivity due to improved solute diffu- ever, when ICP-MS was used as the detector,
sion and mass transfer. Column efficiency may also clogging of the sampling cone and rapid erosion
be achieved using low flow-rates. The pH of the occurred due to the high buffer concentration. A
mobile phase for ion-exchange chromatography is mobile phase of 30% methanol, 15 mM ammonium
most effectively controlled by the use of a buffer. dihydrogen phosphate and 2 mM ammonium carbon-
The type and concentration of the buffer are of ate at pH 5.75 was finally used. In order to achieve a
importance since the ionic strength, which deter- satisfactory separation of MMA and As(V), a flow-
mines the relative retention, affects the competition rate change was programmed. Absolute detection
between the analyte and mobile phase ions. An limits ranged from 20 to 91 pg As in aqueous media.
organic modifier at a concentration of less than 10% The method was subsequently applied for the analy-
may also influence the selectivity of the separation sis of urine. Standard additions were used to de-
by affecting the mechanism controlling the hydro- termine the four species in two freeze dried urine
phobic interaction of the solutes with the matrix. standards. Detection limits in the real samples were
Owing to the number of papers published in the area found to be slightly higher (36–96 pg). The R.S.Ds.
of IEC, anion-exchange and cation-exchange chro- for each species was found to be less than 10%.

40 35matography will be discussed separately. The various Chloride interference ( Ar Cl) resulted in an inter-
applications of ion-exchange liquid chromatography fering peak which complicated the determination of
are listed alphabetically in Table 1 according to As (III).
sample type. The chromatographic parameters, in- In a subsequent paper [71], the same research
struments used for detection and elements analyzed group discussed overcoming the ArCl interference
are summarised. which was detrimental in the former study. A

Wescan anion-exchange column was used with a
2.5.2. Applications of anion-exchange mobile phase of aqueous phthalic acid. The authors
chromatography explained that the concentration of sodium chloride

Anion-exchange chromatography has been used in urine is about 0.15 M and that normal levels of As
extensively for arsenic speciation studies. Arsenic are in the region of 100 ppb. Thus, chloride con-
exists in many forms which vary in toxicity accord- centrations are five orders of magnitude higher than

1ing to the following order arsenite (most toxic). any As species and the potential AsCl interference
arsenate.monomethylarsonic acid (MMA.di- may be substantial. The anion-exchange column was

2methylarsinic acid (DMA).arsenobetaine (least used to chromatographically separate Cl from
toxic). Branch et al. [69] described preliminary arsenic. A high dilution of the urine samples was
results for the speciation of these five arsenic species used so that column overloading did not occur.
using a column packed with Benson 7–10 mm anion- Drawbacks to this procedure include an increase in
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detection limits (3.4–7 ppb) due to the dilution factor limits for the anions in the urine sample were 7–10
21 21and an incomplete separation between DMA and ng ml and 3–6 ng ml for the cations with the

MMA. recovery of all arsenic species in urine approaching
The next study by this group [72] extended the 100%.

chloride removal technique for the separation of four Wang et al. [74] reported the conversion of As(III)
As species (As(III), As(V), DMA and MMA) (Fig. to As (V), especially at low pH, during the specia-
6). A Wescan Anion IC column was again employed tion of arsenic in coal fly ash. The authors suggested
with a 2% propanol, 50 mM carbonate mobile phase that oxidation may be attributed to harsh sample
at pH 7.5. Urine samples and spiked beverage preparation techniques or by co-existing high oxida-
samples were analyzed. The authors investigated the tion state elements in the solution extraction pro-
potential of using a He–Ar mixed gas plasma to cedures. Oxidation was not attributed to the presence
reduce detection limits. This alternative ionisation of atmospheric oxygen from air entrainment.
source improved detection limits but also intensified Demesmay et al. [75] used anion-exchange chro-

1the ArCl interfering signal. Chromatographic meth- matography, again for speciation of six arsenic
ods were again used to eliminate the argon chloride species. Three anionic species (DMA, MMA and As
interference. It was found that arsenite oxidised to (V)), nonionic As (III), a cationic species (AC) and a
arsenate in urine samples at high concentrations, but zwitterion (AB) were separated using a 2% acetoni-
this problem was overcome by diluting one part trile mobile phase and a Hamilton PRP X100 anion-

1urine with four parts water. The ClO ion was exchange column at pH 6.5. Detection limits ranged
monitored and it was found that the chloride eluted from 10 to 30 pg As and both R.S.Ds. and linearity
100 s after the last analyte peak. Cation-exchange were good. The method was extended for the analy-
chromatography was also used in this study to sis of As species in a fish extract. No significant
separate four arsenic cationic species: arsenobetaine interference effects were noted for the presence of
(AB), trimethylarsine oxide (TMAO), arsenocholine chloride in the fish sample and this was attributed to
(AsC) and tetramethylarsonium ion (TMAs). An the organic solvent having a masking effect.
ionosphere column was used in this instance with a Six different fish samples were analyzed for As
pyridinium ion (0.1 M) mobile phase. Detection species by Branch et al. [76]. Five species were

separated [AB, DMA, As(III), MMA and As(V)]
using a Benson strong anion-exchange resin. The
predominant arsenic compound was found to be AB
which is non-toxic. Arsenic levels were in the range

21 211.0 mg kg dry mass in mackerel to 187 mg kg
dry mass in plaice. Nitrogen addition was used to

1remove ArCl interference at m /z 75.
Chen et al. [77] studied metabolites of dimethylar-

sinic acid in the urine of rats exposed to DMA in
drinking water. Anion-exchange chromatography
was used to monitor the increased concentrations of
arsenite, DMA, trimethylarsine oxide and an un-
identified compound in the urine. Results showed
that DMA was demethylated to inorganic As which
is achieved by the action of intestinal bacteria.

Analysis of the growth promoter 4-hydroxy-3-
nitrophenylarsonic acid (roxarsone) has been investi-
gated by Dean et al. [78]. Tissue, sampled from
chickens with a roxarsone supplemented diet wasFig. 6. Separation of four As species and chloride by ion
digested using a trypsin enzymolysis technique.chromatography with ICP-MS detection. Reprinted from Sheppard

et al. [72]. Anion-exchange chromatography was used to per-
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form bulk matrix separation and three anion-ex- chromatography and ICP-MS detection. It was found
change columns were used in series. The anionic that detection limits and background levels were
roxarsone was retained whereas, at the particular pH, superior for the anion-exchange chromatography
non-ionic and cationic species had no affinity for the compared to IPC. A preconcentration column was
columns. The roxarsone concentration was then coupled on-line with the anion-exchange system and
determined by reversed-phase HPLC with a 5% used in the analysis of spiked water matrices.
methanol mobile phase and 0.01 M orthophosphoric Detection limits obtained using the preconcentration
acid. The limit of quantification was 25 ng of method were in the range 0.16–0.42 and 0.08–0.19

21roxarsone per gram of muscle tissue. The authors ng ml of Se for selenite and selenate, respectively.
found that no roxarsone was detected in muscle These detection limits were improved by two orders
tissue from chickens fed with the growth promoter of magnitude when compared to those obtained
following a seven day withdrawal period. without the preconcentration step.

Goossens et al. [79] described an anion-exchange Crews et al. [81] investigated the speciation of Se
separation method for the determination of As and in in vitro gastrointestinal extracts of cooked cod
Se with ICP-MS detection. A Dowex-IX8 anion- using anion-exchange HPLC–ICP-MS. Four Se stan-
exchange column was used to separate As and Se in dards were measured, selenomethionine,

2nitrate form from Cl . The As and Se species were selenocystine, sodium selenite and sodium selenate,
21 2eluted with 0.03 mol l HNO whereas Cl was along with a gastrointestinal extract. A Polysphere3

1retained. In this way the ArCl interference was IC AN-2 column was used with a 5 mM salicylate
82eliminated. The method was applied to the determi- mobile phase at pH 8.5. The Se isotope was used

nation of As and Se in sea-water, human serum and throughout the study. 12% of total Se measured in
human urine samples. For the latter sample, dilute the cooked cod was found to be in the form of
acetic acid was used instead of nitric acid as the selenite. The remaining Se did not correspond to any
eluent. As and Se results compared well with cer- of the Se standards measured but was believed to be
tified values whereas, for the human serum sample, an organoselenium compound.
experimental concentrations did not fall within the Chromium speciation has been the subject of
certified range. several recent chromatographic studies where ICP-

Shum and Houk [32] described the use of a direct MS was used as a detector. Chromium(III) is an
injection nebuliser (DIN) for use with packed micro- essential metal that must be incorporated into the diet
columns for anion-exchange chromatography cou- to aid in the metabolism of insulin and other
pled to ICP-MS. A 5 mm anion-exchange resin with biological systems. Conversely, chromium(VI) is
a mobile phase of 5 mM NH HCO and 5 mM highly toxic in the human body and has the ability to4 3

22(NH ) CO was used for the separation of SeO traverse biological membranes. Exposure to Cr(VI)4 2 3 3
22[Se(IV)] and SeO [Se(VI)]. Calculated detection may result in dermal reaction. The speciation of4

limits were 14 and 15 pg of Se for Se(IV) and chromium, is, therefore, essential to gauge if toxic or
74 78Se(VI), respectively. The isotopes Se and Se nontoxic forms of the metal are prevalent in a

were monitored during the chromatographic sepa- sample.
ration. The detection limits were an order of mag- Zoorob et al. [82] used a direct injection nebuliser
nitude better than those obtained using a traditional and anion-exchange LC–ICP-MS for chromium
pneumatic nebuliser. Isotope ratios were calculated speciation (Fig. 7). A Dionex ASII microbore col-
using the area under the chromatographic peak for umn was used with a mobile phase of 6 mM 2,6-
each isotope. The R.S.Ds. obtained improved when pyridine dicarboxylic acid (PDCA) and 8.6 mM
the amount of sample injected was increased. lithium hydroxide at pH 6.8. Chromium(III) was

The application of anion-exchange chromatog- pre-complexed with PDCA by warming for 2 h at
raphy for the speciation of Se has been well docu- 658C until the colour changed from pink to purple
mented in the literature. Cai et al. [80] performed indicating formation of Cr(PDCA) . Chromium(VI)2

on-line preconcentration of Se(IV) and Se(VI) in did not require complexing. Detection limits were
aqueous matrices followed by IPC or anion-exchange calculated to be 3 pg Cr. The technique was success-
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respectively, with a linear dynamic range of four
orders of magnitude.

Pantsar-Kallio and Manninen [85] optimised a
unique coupled cation- and anion-exchange chro-
matographic system for Cr speciation. The need for
Cr(III) species conversion by oxidation was elimi-
nated by the use of dilute nitric acid eluents.

21Detection limits using the system were 0.3 mg l for
21Cr(III) and 0.8 mg l for Cr(VI) in lake water

samples.
Roehl and Alforque [86] developed a method for

the determination of hexavalent chromium in aque-Fig. 7. Schematic diagram of a direct injection nebulizer. Re-
printed from Zoorob et al. [82] with permission of the Royal ous samples by isocratic anion-exchange-HPLC. A
Society of Chemistry. Dionex AS4A anion-exchange column was used with

a 6 mM (NH ) SO mobile phase at pH 9. Detection4 2 4

limits and linear dynamic ranges compared well to
fully used for the analysis of chromium species in a an existing method of detection comprising a post-
freeze dried urine certified reference material. column reactor and colorimetric diphenylcar-

In another study, Byrdy et al. [83] also performed bohydrazide complex. Arar et al. [87] also deter-
chromium speciation by anion-exchange HPLC using mined the isotopic composition of hexavalent
ICP-AES detection for preliminary studies and ICP- chromium in wastewater sludge incinerator emission.
MS for final work. Again Cr(III) and Cr(VI) were Ding et al. [88] used anion-exchange chromatog-
separated, this time using an EDTA chelation pro- raphy–ICP-MS to determine different forms of
cedure to stabilise Cr(III), an ammonium sulphate- chromium in chromium picolinate products which
ammonium hydroxide mobile phase and an IonPac are used as dietary supplements and appear to assist
AS7 mixed mode column and guard column. A high in weight loss. A Dionex AS7 anion-exchange

1SO polyatomic interference was observed, therefore column was used to separate Cr(III)–EDTA chelate
the more abundant m /z 53 isotope was monitored and Cr(VI) in the supplements. Only 1% total
instead of the m /z 52 isotope. This served to reduce chromium recoveries were obtained and this was
the mobile phase background, however it should be attributed to retention of the chromium species on-
noted that m /z 52 may be monitored to avoid column. The use of RP-HPLC proved to be more
possible chloride interference at m /z 53. The abso- effective and complete chromium recoveries were
lute detection limits were 40 pg for Cr(III) and 100 obtained, based on the amounts stated on the manu-
pg for Cr(VI) in aqueous standards, based on peak facturer’s product labels.
height calculations. The linear dynamic range ex- Tomlinson and Caruso [28] also performed the
tended to approximately three orders of magnitude speciation of Cr(III) and (VI) using a Dionex AS-11
for both species. A certified water sample reference anion-exchange microbore column and 6 mM 2,6-
material was analyzed for the presence of Cr(III) and PDCA–8.6 mM lithium hydroxide mobile phase. A

21the species was detected at the 20 mg l level. The thermospray source was used as the interface be-
use of gradient elution to reduce the duration of tween LC and ICP-MS. Absolute limits of detection
chromatographic runs was identified as a region for were at the pg level for both species using this
future studies. instrument assembly.

Inoue et al. [84] also used EDTA chelation to Goossens and Dams [89] developed a method to
stabilize Cr(III) prior to separation by anion-ex- separate chlorine and sulphur interferents from V, Cr,
change chromatography and detection by ICP-MS at Cu, Zn, As and Se in various samples using a

1 1m /z 52 and 53. No ArCl and ClO interferences Dionex-1 anion-exchange column and dilute nitric
25were observed and detection limits were 8.1?10 acid eluent. The analytes were collected in the eluent

25 21 2 2 22 22and 8.8?10 mg ml of Cr for Cr(III) and Cr(VI), whereas Cl , ClO , SO and SO interferents4 4 3
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2 1were retained on the column in the NO form. This units above M and are particularly problematic for3

procedure illustrates a method for the simultaneous elements such as tungsten and the rare earth elements
separation of cations and anions from S and Cl. which have a high tendency to form these species in

The determination of bromate in drinking water by plasmas. The authors used an anion-exchange col-
anion-exchange LC–ICP-MS was described by umn to retain interfering molybdenum, titanium and
Creed et al. [90]. Bromate is a carcinogenic agent uranium complexes while copper, zinc and cadmium
and is found in drinking water owing to the oxidation were eluted rapidly. The complexes were readily
of bromide by ozone. A Dionex AG10 column and washed from the column. This technique may poten-
100 mM NaOH mobile phase was found to be tially be used to separate various other interfering
suitable for the determination of bromate in a 1000 elements such as Sn, W, Hf or Zr.
ppm chloride matrix. In addition, sulphate and Anion-exchange chromatography with ICP-MS
nitrate, which are the principle anions found in detection has been used for the determination of gold
drinking water, did not interfere with ICP-MS de- drug metabolites and related metals in human blood
tection. Excellent recoveries were obtained in the [93]. Gold-based drugs are often used in the treat-
presence of high concentrations of chloride, nitrate ment of rheumatoid arthritis but metabolism of the
and sulphate with R.S.Ds. of less than 6%. Pre- drugs in the human body and their action upon the
concentration of samples was attempted and yielded disease is not completely understood. A weak anion-

21detection limits in the 0.1–0.2 mg l range. With an exchange column was used with a mobile phase
21ultrasonic nebuliser the detection limit was 50 ng l linear gradient starting with 20 mM aqueous Tris

for bromate but the precision of samples was de- buffer at pH 6.5. Human blood serum was analyzed
graded due to an adjacent peak interference. for Au, Zn and Cu. Three Zn species, two Au species

A species specific spiking method has been dem- and at least four Cu containing species were iden-
onstrated by Heumann et al. [63] for the determi- tified. The chromatographic retention times were not
nation of iodide and iodate in mineral water using consistent from patient to patient, and, therefore
anion-exchange ion chromatography. An exact identification of the species was difficult.

129known quantity of an I enriched iodide and iodate
spike was mixed with the sample before separation. 2.5.3. Applications of cation-exchange
Iodate concentrations were determined in the range chromatography

21of 0.5–20 ng ml and for iodide in the range 0.1–5 Arsenic speciation was perfomed in a rigorous
21ng ml . For the analysis of two mineral water study by Larsen et al. [94] for the analysis of several

samples, the sum of the two inorganic iodine species seafood sample extracts. Several arsenicals were
was comparable to the total iodine concentrations. In detected with an Ionosphere cation-exchange column
a third sample, a third peak was identified and using the trimethylselenonium ion as an internal
attributed to an organo-iodine species. chromatographic standard and a mobile phase of 20

A number of inorganic impurities was identified in mM pyridinium ion, adjusted to pH 2.65 with acetic
the analysis of methamphetamine by anion-ex- acid. The cationic compounds AsC, TMA, tri-
change–ICP-MS [91]. A SAM3-125 anion-exchange methylarsine oxide, two unknown cationic sub-
column was used with a 4.4 mM sodium carbonate stances and inorganic As were detected and quan-
and 1.2 mM sodium bicarbonate mobile phase. The tified at low levels. The concentration of each
21 elements (including metals and non-metals) were species (as arsenic) relative to total arsenic was
identified and separated. The authors identified the 19–98% (arsenobetaine), 0–0.6% (arsenocholine and
potential of this technique for the discrimination of trimethylarsonium ion) in the seafood samples. The
various methamphetamines by inorganic elements in first unknown cationic species was present at 3.1–
forensic studies. 18% in shell fish and lobster and the second was

Jiang et al. [92] separated metal oxide ions of present at 0.2–6.4% in all the samples. The con-
titanium, molybdenum and uranium from singly centration of arsenite and arsenate was 0–1.4%,

1charged metal species. Diatomic oxide ions, MO dimethylarsinate constituted 8.2–29% whereas 0.3%
cause overlap interferences in ICP-MS at m /z 16–18 monomethylarsonate was detected in oyster tissue. It
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was concluded that the concentration of toxic arsenic carboxylic acid and 9.6 mM lithium hydroxide at pH
species in the samples was low, and, therefore, 4.0. Absolute detection limits were 0.024 ng and
tolerable in the human diet according to levels set by 0.114 ng for vanadium(V) and (IV), respectively.
the World Health Organisation. Other metals, nickel(II), chromium(III) and

Suyani et al. [58] employed ICP-MS as a detector chromium(VI) were separated using the same col-
for the speciation of organotin compounds by both umn but with a slight modification to the mobile
cation-exchange and IPC. TMT-Cl, TBT-Cl and phase. Detection limits for chromium(III) at m /z 52
TPhT-Cl were separated using a Spherisorb ODS-2 and 53, respectively, were 0.042 and 0.017 ng
C column for IPC and an Adsorbosphere SCX whereas for chromium(VI) the detection limits were18

column for cation-exchange LC studies. It was found 0.055 and 0.022 ng for the same masses. The limit of
that ion-exchange chromatography gave a linear detection for nickel was 0.031 ng.
dynamic range of over three orders of magnitude Trace amounts of rare earth elements that exist as
while IPC was two orders of magnitude due to poor impurities in other materials have also been analyzed
resolution. using cation-exchange HPLC [97]. Ion chromatog-

In the work of McLaren et al. [95] butyltin species raphy was used to separate 14 rare earth elements
in the certified reference harbour sediment, PACS-1 and to eliminate interferences from polyatomic ions
were separated by cation-exchange. TBT and DBT upon direct introduction of the eluent into the HPLC
species were speciated with a Whatman SCX column system (Fig. 8). The detection limits of the elements

21and a step gradient elution of 0.3 M ammonium were in the range 1–5 pg ml in solution and
21acetate in 60:40 methanol:water in which the pH was ng g in the solid. The linear range extended to six

21 21altered from 6 to 3 after 1 min elution. The limits of orders of magnitude from 10 pg ml to 10 mg ml .
detection reported for TBT and DBT in sediment R.S.Ds. were also favourable (61% for Lu).

21 21samples were 5 ng g and 12 ng g , respectively. Fission products and actinides in spent nuclear
Tomlinson, Wang and Caruso [96] used an Alltech fuels have also been analyzed using cation-exchange

Adsorbosphere cation-exchange column for the LC [98]. Chromatography was essential in order to
speciation of vanadium (IV) and (V) with ICP-MS separate fission Cs from Ba for the analysis of the
detection. Single ion monitoring at m /z 51 was used lanthanides and to eliminate isobaric interferences in
and the mobile phase consisted of 7 mM 2,6-pyridine the separation of the actinides. Separation of fission

21Fig. 8. Chromatograms of rare earth elements using ion chromatography, each 5 mg ml . Reprinted from Kawabata et al. [97] by
permission of the American Chemical Society.
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Cs and Ba was achieved using a Dionex CS3 column to identify the approximate molecular masses of the
with 1 M nitric acid as an eluent in about 10 min. particular components being separated.
The sample, which contained fission Cs of a different In SEC, smaller molecules are able to sample a
isotopic composition to natural Cs, was an acidified larger effective pore volume compared to bigger
leachate from spent nuclear fuel. The separation of solute molecules. Larger particles of higher molecu-
the lanthanides was achieved using 0.1 M oxalic acid lar mass therefore spend relatively less time in the
in 0.19 M LiOH with a Dionex CS5 mixed bed stationary phase pores and so are eluted before the
column. The lanthanides were found to elute in order smaller particles. Solvent molecules are normally the

¨of increasing atomic number. Rollin et al. [99] smallest molecules in the eluent system and are thus
recently published a study for the determination of eluted last at a retention time known as the ‘dead-
fission product isotopes in irradiated nuclear fuels time’, t . This is in contrast to the liquid chromato-0

using the same technique. High U and Pu con- graphic methods described previously where the
centrations in such samples are known to suppress components are eluted after the t peak.0

the signals of trace elements and this study offers a Size-exclusion chromatography has a number of
method for the measurement of Nd, when high advantages over other LC methods. First, samples of
concentrations of U and Pu are present and, similar- unknown molecular mass are known to elute before
ly, a method of eliminating isobaric overlaps by t and so the end of a chromatographic run may beo

separating U, Am and Pu. An IonPac CS10 ana- predicted. Second, the retention time of an unknown
lytical column was used for these separations with 1 compound is predictable in a calibrated chromato-
M HCl as an eluent. Separation of the lanthanides graphic system. Third, SEC is a ‘gentle’ method of
was achieved using an 18 min gradient from 0.04 to chromatographic separation and does not normally
0.26 M HIBA. The method proved to yield a very result in sample analyte loss or on-column reactions.
reliable and efficient separation, comparable to stan- Conversely, SEC has a number of disadvantages
dard techniques for the calculation of the burn-up of associated with the technique. The separation is
a nuclear fuel. determined upon molecular size; therefore, the whole

Cation-exchange chromatography has been used to separation must be eluted within the excluded vol-
determine 20 elements including the rare earths and ume and the dead volume. To obtain an adequate
Co, Cu, Mn, Ni, Zn, Pb and U with ICP-MS at separation, the peaks must be sufficiently narrow as
ultra-trace levels [100]. Multielement standards were the column exhibits limited peak capacity. For a
used for calibration of the analytical system in order complex multicomponent system, complete resolu-
to increase sample throughput. The detection limits tion of the peaks is normally not achieved. A further

21for the elements were in the range 1–50 pg ml . disadvantage is that the method is only applicable to
certain samples that are not of similar size and do not
absorb onto the column packing materials.

2.6. Size-exclusion chromatography
SEC has been used frequently to separate and

identify biological macromolecules using hydro-
2.6.1. Introduction phillic column packings and aqueous mobile phases.

Size-exclusion chromatography (SEC) is a sepa- In addition, hydrophillic packings and organic mo-
ration method where the retention of a solute de- bile phases have been used to separate small organic
pends on molecular size. In addition, the retention of molecules and to obtain the molecular mass dis-
a particular compound may be controlled by molecu- tribution of some polymers.
lar interactions between the solute and the mobile
and stationary phases. If the solute has an equivalent 2.6.2. Applications of size-exclusion
affinity for both phases, then the selectivity and chromatography
retention of the system will only be dependent upon A number of studies investigating the metal
the physical characteristics of the stationary phase, content of metalloproteins have been performed
such as pore size distribution. If the chromatographic using SEC–ICP-MS [32,101–108]. Dean et al. [103]
system is suitably calibrated it also may be possible used a Superose-12 ‘prep grade’ SEC column and
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Tris HCl mobile phase to separate metallothionein corporation of the metals and interactions during
and ferritin in horse kidney in an attempt to de- metallothionein synthesis was obtained using the
termine the cadmium content in the two metallopro- SEC–ICP-MS system. The same authors [108] used
teins. In a following paper, the same group used SEC the technique to determine sulphhydryl groups (SHs)
for the speciation of Cd in retail pig kidney samples in chicken ovalbumin (OVA) after the conversion
[107]. Three discrete peaks were observed in un- into mercaptides using organomercury compounds.
cooked kidney, and their molecular masses calcu- SEC–ICP-MS may be used to separate excess or-
lated. Samples of cooked kidney and a simulated ganic mercurial reagents that are not consumed in the
gastric digestion of the cooked kidney were also reaction. Five commercially available organic mer-
analyzed, and it was found that the majority of curial reagents were compared regarding their reac-
soluble cadmium in retail pig kidney is associated tivity towards SHs in OVA.
with a metallothionein-like protein which survives SEC may yield significant information regarding
cooking and simulated in vitro gastrointestinal diges- protein bound metal distributions in blood plasma
tion. and serum samples. Shum and Houk [32] described

Mason et al. [104] used SEC for the analysis of the separation of proteins in human serum, without
metallothionein protein standards of known elemen- the need for sample pretreatment, using a direct
tal composition for Cd, Zn and Cu. Zn was displaced injection nebuliser. Pb, Cd, Cu, Fe and Zn metal-
from the protein molecule during chromatography loproteins were separated using a SynChropak SEC
and substituted with Cu. Full recovery of Cd was column and 0.1 M Tris–HCl mobile phase at pH 6.9.
obtained. The technique was used for the analysis of Six metal binding molecular mass fragments were
the metal content of cytosolic metal binding proteins observed of viscosity 15 000–650 000. Possible pro-
from the polychaete worm Neanthes arenaceoden- teins responsible for these molecular mass fractions
tata. Cu, Zn and Cd were determined, using EDTA were postulated, e.g. ceruloplasmin at 130 kDa,
complexation and a Tris-HCl mobile phase, at levels however some are still unidentified. Detection limits
of 42.178 mg Cd, 4.523 mg Zn and 2.368 mg Cu per for the metals in the metalloproteins ranged from 0.5
mg of protein. The same group [106] also used to 3 pg of metal and are superior by two orders of
directly coupled SEC–ICP-MS for the quantitative magnitude to previous values obtained by ICP-MS.

63 65analysis of environmentally induced perturbations in Lyon and Fell [105] used Cu: Cu isotope ratio
cytoplasmic distributions of metals in Neanthes measurements to measure blood plasma and serum

1arenaceodentata. Specific binding patterns in the by ICP-MS. Polyatomic species such as ArNa and
1marine organisms were identified and it was con- PO were found to ‘swamp’ the Cu measurements.2

cluded that ligands in metallothioneins preferentially As copper is principally bound to proteins in blood,
bind Cu.Cd.Zn. SEC was used to overcome the interferences.

Owen et al. [101] described a preliminary study of Gercken and Barnes [111] also used the technique
metals in proteins using SEC–ICP-MS where mul- for the determination of lead and other trace element
tielement and multi-isotope determinations were species in human blood. Lead was found in at least 3
made using time resolved software. A mixture of molecular mass fractions, the major fraction being
known proteins was separated on a Superose 12 coincident with the copper signal at M 140 000.r

column and the distribution of associated elements This fraction was attributed to ceruloplasmin. Analy-
was measured. Isotope retention times were found to sis of rat serum samples was also performed and
be reproducible. both iron and zinc concentrations were quantified.

Three papers by Takatera and Watanabe The detection limit for lead in the protein fractions
21[102,109,110] have described studies for the analysis was 0.15 mg l with a precision of 610%.

of Zn(II), Cd(II), Cu(II) and Hg(II), in induced A study attempting to separate Au, Zn and Cu
metallothionein compounds of the metals, found in bound immunoglobulins in blood plasma was in-
cyanobacterium. Temperature and light conditions vestigated by Matz et al. [112]. No conditions could
were optimised for metallothionein biosynthesis. be found using SEC–ICP-MS where the metals were
Valuable information regarding the preferred in- released from the column in a single run. Resolution
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was poor and low MW fragments were retained on the detection system used. For an argon ICP, argon
the column. Anion-exchange studies were more would be used as the mobile phase.
effective. The sample is injected via a microsyringe through

Rottmann and Heumann [113] used SEC–isotope a rubber septum into a flash vaporiser port situated at
dilution-ICP-MS to determine the interactions of the top of the GC column. This vaporiser port is
different molecular mass fractions of dissolved or- maintained at a temperature high enough to quickly
ganic matter with Cu and Mo in a water sample. vaporise the sample, normally 508C higher than the
Three Mo species, which interacted with the humic boiling point of the least volatile analyte in the
substances, were identified and were of high molecu- sample to be separated.
lar mass. Two species of Cu were detected and were There are two basic types of GC column common-
found to interact with the low-molecular mass frac- ly used in coupled techniques: the packed and
tion. Total elemental levels were found to agree well capillary column (otherwise known as an open
with the sum of the concentrations of the speciated tubular column). The latter type is becoming more
fractions, emphasising the reliability of the method. popular and several studies will be described where

The various applications of size-exclusion chroma- such columns have been utilised. Columns are
tography are listed alphabetically in Table 1 accord- usually between 2 and 50 m in length and are coiled
ing to sample type. The chromatographic parameters, for practical insertion into the GC oven where the
instruments used for detection and elements analyzed temperature is controlled. Temperatures commonly
are summarised. used should be just above the boiling point of the

sample so that elution of the analytes occurs in a
reasonable time whereas in LC separations may be

3. Gas chromatography optimised by using gradient elution. In GC, tempera-
ture gradients may be programmed to improve

3.1. Introduction chromatographic resolution.
Earlier reviews concerning GC–ICP-MS [2,4]

The technique of gas chromatography (GC) in- reported the limited use of GC–ICP-MS as an
volves vaporisation of a sample, injected onto a GC analytical tool due to the limited sample applications
column which is then eluted by a gaseous mobile associated with the technique. The number of studies
phase. This mobile phase does not interact with the published recently, however, indicates that the tech-
sample analyte—its only function is to transport the nique is gaining popularity, probably due to the fact
analyte through the column. There are two common that speciation information is now often required
types of gas chromatography: gas-liquid chromatog- when analysing samples.
raphy and gas-solid chromatography, depending on There are a number of advantages associated with
the physical state of the mobile phase. Gas-solid the use of GC–ICP-MS for the separation of volatile
chromatography is seldom used and the studies species and these are summarised in an excellent
reported in this review all employ the technique of paper by Peters and Beauchemin [114]. Due to the
gas-liquid chromatography, where the analyte is gaseous state of the sample being introduced into the
partitioned between the mobile phase (gas) and a plasma, there is approximately 100% sample trans-
liquid phase which is retained onto a finely divided port efficiency from the GC to the plasma. This
inert solid support such as a diatomaceous earth. The results in low detection limits and excellent ana-
liquid phase should ideally possess a low volatility lytical recoveries. The analyte is also more efficient-
(so that it does not volatilise with the analyte), be ly ionised in the plasma as it is already in the vapour
thermally stable, be chemically inert and have sol- form thus requiring no desolvation and vaporization
vent characteristics such that k9 is favorable. The upon aspiration into the ICP. Due to the absence of
mobile phase gas must be chemically inert so that no an aqueous mobile phase, GC suffers less isobaric
interaction occurs with the analyte. Common gases interferences than LC. Water and organic solvents in
included, helium, argon, nitrogen and carbon dioxide LC also increase the load on the plasma and as
and the choice of gas is principally determined by solvents are physically separated before the analyte
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reaches the plasma. Buffers containing a high salt described the construction of a capillary GC–ICP-
content are also not required in GC; therefore, MS heated transfer line. The central cone of the
erosion of the sampler and skimmer cones is not as transfer line was made of an aluminium rod with a
prevalent. longitudinal slot for column insertion. The transfer

line was grounded and the temperature monitored
3.2. Interface designs and GC–ICP-MS using four thermocouples. The length was kept to a
applications minimum to limit dead volume. Helium was used as

the carrier gas for capillary GC and argon was added
One of the first reported couplings of GC–ICP-MS as a make-up gas for efficient sample transport into

was by Van Loon et al. [115], who used a coupled the plasma. Again, the distance of the capillary
system for the speciation of organotin compounds. A column from the tip of the injector was important,
Perkin-Elmer Sciex Elan quadrupole mass filter along with alignment of the torch and transfer line.
instrument was used as the detector with 1250 or The quantitative analysis of five alkyllead com-
1500 W forward power. The GC system comprised a pounds in a complex naptha hydrocarbon mixture

21 21Chromasorb column with 8 ml min Ar/2 ml min was described (Fig. 9). The detection limit was 0.7
21O carrier gas flow with an oven temperature of pg s (measured at 50 pg) and the authors stated2

2508C. The interface comprised a stainless-steel that the method was applicable for the analysis of
transfer line (0.8 m long) which connected from the more involatile organometallic compounds.
GC column to the base of the ICP torch. The transfer In the second paper [118] tin, iron and nickel
line was heated to 2508C. Oxygen gas was injected organometallic compounds were separated using
at the midpoint of the transfer line to prevent carbon aluminium-clad high temperature columns coated
deposits in the ICP torch and on the sampler cone. with 0.1 mm films of HT-5. Various column lengths
Carbon deposits were found to contain tin and thus and temperature gradients were used to separate the
proved detrimental to analytical recoveries. Detec- species. Helium was used as the carrier gas. The
tion limits were in the range 6–16 ng Sn compared same GC–ICP-MS set up was used as in the
to 0.1 ng obtained by ETAAS, but the authors previous paper with slight modification of the trans-
identified areas for future improvements in detection fer line for the analysis of nickel diethyldithiocar-
limits and scope of the coupled system.

The next reported use of GC coupling with ICP-
MS was by Chong and Houk [116]. A special
interface oven was used which involved connecting
the end of a packed GC column to the innermost
tube of the ICP torch with glass lined stainless-steel
tubing. The thermal conductivity and inert surface of
this tubing prevented adsorption of analytes and
condensation. The authors found that a stable plasma
was obtained if the tip of the stainless-steel tubing
was placed 2 cm below the tip of the injector tube
(positioning of the tube higher into the load coil
caused arcing). Volatile organic compounds were
analyzed and elemental ratios of C, N, Cl, Br, S, B
and Si were calculated. Detection limits for the

21various elements were in the range 0.001–400 ng s
208Fig. 9. GC–ICP-MS chromatogram ( Pb) of naptha samplewith the best detection limits reported for elements

containing five alkyllead components: TML (tetramethyllead),with relatively low ionisation energy.
TMEL (trimethylethyllead), DMDEL (dimethyldiethyllead),

Two papers by Kim et al. [117,118] described the MTEL (methyltriethyllead) and TEL (tetraethyllead). Reprinted
use of a capillary column for the speciation of from Kim et al. [117] by permission of The Royal Society of
organometallic compounds. The first paper [117] Chemistry.
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bamate (Nidt ). Separation of six organotin chlorides need for a modified interface. The main requirement2

was achieved with detection limits in the range for improved Is demands heating of the argon which
213–6.5 pg s and retention times of 4.4–12.4 min. is difficult owing to its low heat capacity. An argon

The method was applied to the analysis of a harbour heater was constructed from nichrome wire inside a
sediment sample. Ferrocene gave a detection limit of silica tube which was heated to ‘red-heat’ with the

213.0 pg s in hexane (mean retention time 7.75 min) argon gas passing through the heater. Dead volume
21and Nidt a detection limit of 6.5 pg s (mean was kept to a minimum where possible. This GC2

retention time 10.45 min). interface with ICP-MS proved to be a selective and
Peters and Beauchemin [114] described the use of sensitive method for profiling metalloporphyrins in

a novel design interface for GC detection which geological samples. In the next paper by the group
allowed the analysis of nebulised solutions using a [39] a second interface was described which gave
‘zero dead-volume’ switching T-valve. The valve similar chromatographs and detection limits but
could be rotated to permit standard aerosol intro- eliminated potential ‘cold spots’ by uniformly heat-
duction into the plasma. The transfer line was ing the entire interface.
constructed from glass-lined stainless-steel tubing The use of GC–ICP-MS with a ‘purge-and-trap’
which was heated with heating tape. A ‘sheathing’ method for the analysis of methylmercury species in
(make-up) gas was again used and introduced sediment samples has been described by Hintelmann
tangentially into the device. Ion lenses were opti- et al. [121]. The ICP-MS detector was used to
mised using solution nebulisation. This interface was measure specific isotopes in methylmercury com-
used to separate dichloromethane, 1,1,1-trichloro- pounds after GC separation. Detection limits were 1

21ethane and trichloroethylene while detecting the pg (as Hg) or 0.02 ng g Hg in dry sediment with
35 1Cl ion. Detection limits of 2.6, 2.2 and 2.6 ng an R.S.D. of 4%. Accuracy of the method was
were obtained for the three compounds, respectively. verified by analysis of a certified reference material
The performance of the interface for the direct harbour sediment.
aspiration of aqueous solutions was also assessed and In a recent paper by Prange and Jantzen [122], the
degradation of detection limits for most elements development of a GC–ICP-MS interface was de-
was observed. scribed for the determination of organometallic

In a further paper [119], the authors stated that the species. A quartz transfer line, heated to 2408C was
interface constricted aerosol flow from the spray used to direct a capillary column to a short distance
chamber to the plasma torch resulting in condensa- in front of the argon plasma. Helium was used as the
tion in the sheathing device, reduced aerosol flow to carrier gas in the gas chromatograph, and a tempera-
the torch and ultimately poor sensitivity. A new ture gradient was used for the separation of organo-
sheathing device was constructed with an enlarged tin, lead and mercury compounds. Limits of de-
inner diameter which reduced the aerosol constric- tection for tetraethyllead, diethylmercury and tetra-
tion and improved sensitivity. The central channel butyltin were 100, 120 and 50 fg, respectively, which
was also extended to overcome ‘pooling’ of water were at least 3 orders of magnitude superior to
and sputtering. Detection limits for 1,1,1-trichloro- previously reported detection limits. This highlights
ethane and trichloroethylene were much improved the excellent applicability of GC–ICP-MS for the
compared to the previous paper. analysis of volatile organometallic compounds. Van

Pretorius et al. [39,120] described the development Loorn et al. [115] used a short stainless-steel tube
of a high temperature GC–ICP-MS interface for the interface in a similar study.
analysis of geoporphyrins. The first paper described De Smaele et al. [123] described the coupling of
a modification of the system used by Kim et al. GC and ICP-MS via a commercial transfer line and a
[117,118]. The retention index (I) of the established custom-made transfer line (Fig. 10). The former
system for most retained analytes was approximately consisted of a stainless-steel tube, a teflon tube and a
3400 (due to cooling effects of the argon nebuliser fused-silica capillary tube — the teflon served to
gas flow) whereas metalloporphyrins have typical I prevent capillary breakage. A variable voltage supply
values in the region of 5000. This established the was employed to heat the stainless-steel tube and the



K. Sutton et al. / J. Chromatogr. A 789 (1997) 85 –126 115

transfer line was, again, a stainless-steel capillary
tube, thermostated between 20–3508C and connected
to the torch injector. To enable easy coupling, the
GC oven was placed on a guide way sledge. The
performance of the system was evaluated using
various phosphorus, arsenic and tin species along
with a certified marine sediment sample. Speciation
of three organotin species gave detection limits in the
range 0.1–1.0 pg.

The various applications of GC–ICP-MS are
shown in Table 2. Samples are listed alphabetically
according to sample type and it can be seen that the
technique may be utilised for the analysis of a range
of environmental and geological samples.

4. Supercritical fluid chromatographyFig. 10. Scheme of coupling of the GC with the ICP-MS
instrument: 1, torch; 2, injector supply; 3, PTFE piece1PTFE
Swagelok adapter; 4, Swagelok T-joint; 5, commercial transfer 4.1. Introduction
line; 6, stainless-steel transfer tube; 7, transfer capillary. Reprinted
from De Smaele et al. [123] by permission of Elsevier Science.

A supercritical fluid exists when a substance is
heated above its critical temperature and pressure

temperature monitored using a built-in thermocouple. and is unable to be condensed to a liquid by pressure
The end of the transfer line was situated 5 cm from alone. A typical supercritical fluid is carbon dioxide,
the torch injector tip to prevent arcing. Again, a which, at temperatures above 318C and pressures
heated Ar tube was used to heat the Ar make-up gas above 73 atm, exists in a supercritical fluid state
which was introduced via a T-joint at the base of the where individual molecules of the compound are
torch. The use of this T-joint caused peak broadening held by less restrictive intermolecular forces and
due to solvent condensation from insufficient heat- molecular movement resembles that of a gas (1
ing, therefore a custom made transfer line was atm5101 325 Pa).
constructed using a miniaturised T-joint design Supercritical fluid chromatography (SFC) has
where heating was more isothermal. In addition, the gained increasing popularity in recent years as an
initial transfer line was of ‘stiff’ construction and the alternative to liquid chromatography and gas chro-
capillary was prone to breakage. The transfer line matography. SFC is faster than LC due to the lower
was bent over 3608 to obtain flexibility for easy viscosity of the mobile phase and high diffusion
coupling of the GC and ICP-MS. In a further paper coefficients of the analytes. It also yields chromato-
by the same workers [124], the ‘flexible’ interface graphic peaks which have less band broadening
was used for the analysis of alkyltin compounds. when compared to GC. Many LC techniques require
This time Xe was used as a make-up gas. A 30 m the use of organic solvents and have relatively long
capillary column was used for the separation of on-column residence times which are improved by
several organotin compounds. Results were not the use of SFC. In addition, compounds which are
reported for a certified reference material therefore traditionally difficult to separate by GC such as
no indication of the accuracy of the method could be thermally labile, non-volatile and high-molecular-
ascertained. Detection limits were very low and in mass compounds may be separated with relative
the 15–35 fg range. ease.

A recent paper by Pritzl et al. [125] described a SFC has been performed using instruments similar
convenient interface for capillary GC–ICP-MS in design to those used with HPLC with provision
which could be set up in under a minute. The for pressure control, the primary variable. Gradient
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Table 2
Gas chromatography applications

Sample Chromatography Detector Elements Limits of detection Reference

21Fuel Aluminum clad high-temp. column VG Plasma Quad 2. 1500 W FP Pb (as alkyllead 0.7 pg s for various species [118]

with siloxane carborane stationary ,5 W RP compounds)

phase (25 m30.32 mm I.D.) In-house transfer line constructed

Temperature program: 408C–1808C
21Helium carrier gas, 6 ml min at 1508C

Geo-porphyrins High-temperature gas VG Plasma Quad 2 Co, Cr, Fe, Ni, Ti,V, Zn Not reported [39]

chromatography. HT-5 aluminum clad 1500 W FP (metallo-porphyrins)

fused-silica column (12 m30.32 mm I.D.) ,5 W RP

or DB-1 HT polyimide-coated Stainless-steel transfer line

fused-silica (15 m30.32 mm I.D)
21Harbour sediment 25 m30.32 mm I.D. aluminium-clad VG Plasma Quad 2 Sn (organotin 3.0–6.0 pg s (retention time [87]

high-temperature column 1500 W FP compounds) 4.4–12.4 min) for organotin

Helium carrier gas, 2 ml at 2008C ,5 W RP Fe (ferrocene) compounds
21Temperature gradient (40–3208C) Stainless-steel transfer line at 190–3378C Ni (Nidt ) 3.0 pg s (ret. time 7.75 min) for2

(depending on compound) ferrocene
216.5 pg s (ret. time 10.4 min) for

Nidt2

Harbour water RSL–150 capillary column Perkin-Elmer Elan 5000 ICP-MS Sn (as organotin 15–35 fg [124]

(30 m30.25 mm I.D.) 1300 W FP compounds)

Gradient temperature program used Heated transfer line at 2508C
aH carrier gas at 30 p.s.i. inlet pressure2

Metallo-porphyrins Aluminium clad high-temp. column VG Plasma Quad 2 V, Mn, Fe, Ni, Cu, Zn 0.10–0.55 ng on-column for [109]

(10 m30.32 mm) 1500 W FP (as metalloporphyrins) various species
21Helium carrier gas, 3 cm min ,5 W RP

Temperature gradient program used Stainless-steel transfer line at 190–3378C

(depending on compound)

Sediment (PACS–1) DB1701 quartz capillary column Perkin-Elmer Elan 5000 ICP-MS Sn (as organotin 50–120 fg absolute for various [122]

(30 m30.32 mm I.D.). 80–2808C, 1000 W FP compounds) species
21308C min Heated transfer line at 2408C

He carrier gas used

Sediments J&W 22 m DB5 0.25 mm30.25 mm PE Sciex Elan 5000 1200 W FP P, As, Sn, Sb, Sn 0.1–1.0 pg for organotin [125]

column used (as organo compounds) compounds

Sediments OV-3 on carbowax column (4030.4 cm) PTFE transfer line Hg (organomercury 1 pg (as Hg) absolute [121]

at 1058C. Ramp heating to Perkin-Elmer Elan 5000 ICP-MS speciation)

2008C 1200 W FP

a 1 p.s.i.56894.76 Pa.

elution may be achieved by adjusting the pressure in although ethane, pentane, dichlorodifluoromethane,
SFC as well as using mobile phase gradients and diethylether and tetrahydrofuran have also been
temperature gradients to achieve an optimum sepa- employed.
ration with good k9 values and resolution. Both Most preliminary SFC-plasma coupled techniques
packed and open tubular columns may be used, employed microwave-induced plasmas (MIPs), how-
although the latter generally lead to better column ever the use of ICP-MS is now increasing in
efficiency. Columns are longer than those used with popularity. Carey and Caruso [126] have discussed
LC (10–20 m length, 50–100 mm diameter) and are in detail the use of plasma spectrometric detection
commonly made from fused-silica with chemically for SFC. Flame ionization detection has been tradi-
bonded polysiloxane coatings. The most commonly tionally used with SFC, however ICP-MS detection
used mobile phase for SFC is carbon dioxide, offers improved sensitivity and is element selective,
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so speciation information may be easily obtained. flow-rate is normally similar to traditional nebuliser
Detection is performed after the decompression zone gas flow-rates. The make-up gas flow-rate and
of the system. At this point the supercritical fluid temperature must be optimised for improved ana-
changes state to a gas. A restrictor, a length of lytical sensitivity and resolution.
fused-silica tubing (30–120 cm long) with a porous The introduction of the SFC mobile phase into the
frit end, is connected to the end of the SFC column plasma has the effect of reducing sensitivity due to
to maintain a linear mobile phase velocity so that quenching of the plasma, rather like the effect of
significant band broadening does not occur [20]. introducing organic solvents with LC. Polar modi-

Carey and Caruso [126] also summarised the two fiers, however, do not have a serious deleterious
main approaches to interfacing the SFC restrictor effect on the plasma which enables the polarity of
with the ICP torch. The first method, used with the mobile phase to be changed with no significant
packed SFC columns, introduces the restrictor into a loss of sensitivity or resolution. This enables the
heated cross-flow nebuliser and the nebulised sample analysis of compounds which are too polar for
is subsequently swept into the torch by the nebuliser adequate separation with pure CO as the mobile2

gas flow. Where capillary SFC systems are used, a phase [126]. It should be noted that the use of CO2
12 1second interface design is commonly employed may cause background interference from C ,

12 16 1 40 12 1where the restrictor is directly introduced into the C O and Ar C [20].2

central channel of the torch. This interface is more
widely used with SFC–ICP-MS coupling [20]. The 4.2. Applications
restrictor is passed through a heated transfer line
which connects the SFC oven with the ICP torch. The first instance of SFC coupled to ICP-MS was
The restrictor is positioned so that it is flush with the reported by Shen et al. [127] for the speciation of
inner tube of the ICP torch. This position may, tetraalkyltin compounds. Liquid CO was used as the2

however, be optimised to yield improved resolution. mobile phase and the SFC column was completely
The connection between the transfer line and the inserted through the transfer line and connected to a
torch connection must be heated to prevent freezing frit restrictor (Fig. 11). The restrictor was heated to
of the mobile phase eluent after decompression when approximately 2008C by a copper tube inserted into
exiting the restrictor. A make-up gas flow is intro- the ICP torch. Tetramethyltin (TMT), tetrabutyltin
duced to transport the analyte to the plasma. This (TBT), tetraphenyltin (TPT), tributyltin acetate

Fig. 11. SFC–ICP-MS interface. Reprinted from Shen et al. [127] by permission of the American Chemical Society.
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(TBTA) and dibutyltin diacetate (DBTDA) were tion and ICP-MS as methods of detection for or-
separated. CO was introduced as the auxiliary flow ganometallic compounds separated by capillary SFC.2

to the ICP torch. The Sn signal was found to TBT, tributyltin chloride, triphenyltin chloride and
decrease with increasing CO flow and increase with TPT were separated using the same SFC–ICP-MS2

increasing forward power and so was optimised to interface, used for the previous studies [127,128].
give an optimum signal with minimal carbon deposi- Resolution, detection limits, linear dynamic range
tion on the sampler cone. Only TBT and TPT could and reproducibility were all compared for the two
be separated, despite pressure gradients being ap- detection systems. Fluctuations in transfer-line tem-
plied, due to insufficient interaction with the station- perature resulted in degradation of resolution for
ary phase (Fig. 12). Detection limits were 0.034 pg ICP-MS. Detection limits were improved by an order
TBT and 0.047 pg TPT. The addition of an organic of magnitude using ICP-MS and were in the range
modifier to increase solvent polarity, increasing the 0.20–0.80 pg Sn. Reproducibility was also improved
solvent strength, use of an alternative stationary using SFC–ICP-MS compared to SFC–flame ioniza-
phase and a longer column were postulated as tion detection (FID) (1.3–3.4% compared to 3.2–
potential areas for future studies. 6.4%). Temperature control of the SFC–ICP-MS

A further study by Vela and Caruso [128] evalu- interface was found to be critical which was not the
ated the effects of interface temperature, oven tem- case with SFC–FID.
perature, CO pressure, mobile phase composition Kumar et al. [130] used SFC–ICP-MS for the2

and column length in order to optimise the separation speciation of organometal compounds of arsenic,
of several tetra and tri organotin compounds. The antimony and mercury. The study was performed
same interface, described by Shen [127], was used. It using the interface developed by Shen et al. [127].
was found that the introduction of CO did not Trimethylarsine (TMA), triphenylarsine (TPA), tri-2

require nebuliser flow-rate and RF power optimi- phenylarsenic oxide (TPAO), triphenylantimony
sation if the ion lenses were tuned sufficiently. The (TPSb) and diphenylmercury (DPHg) were all sepa-
addition of a polar solvent to the non-polar mobile rated in a single chromatographic injection. A mixed
phase did not yield any improvement in resolution. gas He/Ar plasma was used to improve detection

40 35 1Longer columns were found to yield broader chro- limits of As compounds by reducing the Ar Cl
matographic peaks. Absolute detection limits for interference and methanol was used as the solvent
TBT, tributyltin chloride, triphenyltin chloride and instead of methylene chloride. SFC parameters such
TPT were in the range 0.20–0.80 pg Sn. as pressure and temperature were optimised for ICP-

The same workers [129] compared flame ionisa- MS detection. The element selective detection of
ICP-MS enabled the TMA peak to be distinguished
from the solvent peak, a feat not possible using FID.
Detection limits were in the subpg–pg range.

Carey et al. [131] also investigated the feasibility
of multielement detection for organomercury and
organolead compounds. Simultaneous multielement
detection of chromatographic peaks was compared to
results obtained by single ion monitoring using the
Shen interface [127]. Detection limits using the two
modes of data acquisition were always better when
single ion monitoring was used. This difference was
attributed to the large mass differences between the
elements which results in increased scan time of the
quadrupole and lower duty cycle for each element
during multielement analysis.Fig. 12. SFC-ICP-MS chromatogram for a 1 pg injection of

The same authors used SFC–ICP-MS for thetetrabutyltin and tetraphenyltin. Reprinted from Shen et al. [127]
by permission of the American Chemical Society. separation of a pair of b-ketonate chromium com-
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pounds and a thermally labile organochromium sometimes known as high-performance capillary
dimer [132]. Flame ionisation detection and ICP-MS electrophoresis (HPCE) since it has far greater
detection were again compared. In this instance the efficiency of separation in comparison with conven-
thermally labile complex was only detectable using tional slab-gel electrophoresis. The most widely used
FID. ICP-MS gave superior detection limits for the mode in CE is capillary zone electrophoresis (CZE)
separation of the b-ketonate complexes. The labile since it offers ease of operation and can be used for a
dimer may have thermally decomposed in the restric- wide range of analytes. Other modes of CE include
tor and could have been irreversibly bound to the capillary gel electrophoresis (CGE), micellar electro-
capillary tube walls. The use of CO as a mobile kinetic chromatography (MEKC), capillary isoelec-2

40 12 1phase resulted in the formation of Ar C which tric focusing (cIEF) and capillary isotachophoresis.
isobarically interfered with the major isotope of The separation of analytes depends upon the solutes’
chromium at m /z 52. Nitrous oxide, was, therefore, mobilities in an electric field as opposed to dis-
chosen as an alternative mobile phase and yielded a tributions between a mobile and stationary phase.
simpler background spectrum. The technique offers the analyst a valuable sepa-

Two papers by the Raynor group [133,134] de- ration tool suitable for the separation of ionic and
scribed a capillary SFC–ICP-MS system for or- neutral compounds with many potential applications.
ganometallic analysis. In the former paper [133], an The general mechanism for CE separations is
interface was described in detail which was easy to based upon differences in the mobilities of solutes
assemble and caused minimal disruption to the SFC which are transported along a capillary tube by a
or ICP-MS instruments. The SFC oven was placed as high DC voltage. Both ends of a fused-silica capil-
close to the ICP as possible, in order to keep lary, filled with a suitable buffer, are immersed in
chromatographic efficiency at a maximum, and the two reservoirs of the same buffer. The capillary is
restrictor temperature was optimised. Tetrabutyl and normally 50–100 cm long with an I.D. of 25–100
tributyl tin were separated using a CO mobile phase mm. A high potential difference of 20–30 kV is2

with a pressure gradient. The mobile phase change applied across two platinum electrodes in the reser-
did not interfere with the analysis. Detection limits voirs. The sample (several nl) is injected into the
were 0.025 pg and 0.035 pg for tributyltin and capillary and the components of the sample migrate
tetrabutyltin, respectively. These results compared toward the negative electrode. Owing to the small
well with those reported by Shen et al. [127]. The cross-section of the capillary, a high surface to
addition of small amounts of a modifier such as volume ratio is achieved which dissipates heat,
formic acid may improve the peak tailing exhibited generated by joule heating, to the surroundings.
in the chromatograms. In the second paper [134], the Convective mixing within the capillary is, therefore,
same interface was used to analyze a series of not significant and band broadening is minimised
organotin, organoarsenic and organoiron compounds. resulting in efficiencies of several hundred thousand
The effect of analyte concentration and, again, plates.
restrictor temperature on peak intensity was investi- Electroosmotic flow (EOF) of the solvent occurs
gated along with the effect of the CO mobile phase. in the capillary in the direction of the positive to2

negative electrode. It arises due to the electric double
layer that is formed at the silica capillary surface /

5. Capillary electrophoresis solution interface. The capillary surface has a net
negative charge owing to the dissociation of the

5.1. Introduction functional groups on the capillary surface. Positive
ions are attracted from the buffer solution and a

The coupling of capillary electrophoresis (CE) to double layer scenario results. Mobile positive ions,
ICP-MS is a technique that has started to receive present at the capillary surface, are attracted to the
attention in recent years; the first papers describing negative electrode and solvent molecules are trans-
the technique were written in 1995 [135–137] by the ported concurrently. Capillary electrophoresis flow
Olesik, Barnes and Lopez-Avila groups. CE is profiles are flat rather than parabolic owing to this
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phenomenon and peak broadening contributions from the study was to develop a technique for ‘quantita-
the EOF are not problematical. tive elemental speciation in less than 1 min with

21 21Separations in CE arise from differences in elec- detection limits in the low ng ml –sub-ng ml
trophoretic mobilities of the analytes which are range for a range of sample types’. In addition, the
principally determined by the mass-to-charge ratios authors sought to determine the concentrations of
of the analyte, physical dimensions of the analyte, free ions with different charge states, metal-ligand
viscosity of the medium and the interaction of the complexes and organometallic species.
analyte with the buffer [21]. Positive species are It was noted that there is no need to electro-
attracted to the negative electrode and therefore phoretically separate species that contain different
migrate at a velocity greater than the EOF. Con- elements from each other as the ICP-MS detector
versely, negative species are repelled by the cathode serves to individually identify the metals present.
and migrate more slowly than the EOF. Neutral Speciation studies are of primary interest for CE–
species move with the EOF and are generally ICP-MS as only ‘ions, complexes or molecules
unseparated unless some modification to the surface containing the same element need to be separated’.
charge of the analyte is made, for instance by the Therefore, for different element ions of similar
addition of a surfactant. mobilities, electrophoretic resolution will be poor but

Traditional detectors used in CE are genuinely the the ions will be adequately identified by the ICP-MS
same as those employed with HPLC. However, for element specific detector. It was identified that for
high resolution, the volume of sample injected onto CE–ICP-MS there is a need for an interface with low
the capillary must be small relative to the capillary dead volume to reduce peak broadening. The actual
volume and usually is in the 5–50 nl range. De- interface used was simple in construction and the
tection of these very low levels of separated analytes capillary was ground by coating the last 5 cm with
requires a method that is both sensitive and specific. silver paint to complete the electrical connection.
ICP-MS is potentially suitable, however two major The thickness of the paint layer was controlled.
challenges for coupling of the technique need to be Contamination of the capillary effluent may occur
addressed and have been described by Tomlinson et using this method of grounding. The EOF was |0.05

21al. [21]. The flow-rate (typically of the order of ml min and, due to the formation of a slight
21 vacuum from the gas exiting the nebuliser, a naturalml min ) and low sample volume of a typical CE

21aspiration rate of 2 ml min was achieved and noseparation is the first potential problem, as most
make-up flow was required. This increased laminarnebulisers for ICP-MS are designed to operate at

21 flow resulted in peak broadening due to the forma-flow-rates in the ml min range. Glass frit, direct
tion of a parabolic shaped velocity profile but couldinjection, oscillating capillary and ultrasonic nebulis-
have been minimised using a capillary with smallerers are suitable for such low flows. Another factor to
internal diameter. A smaller capillary may, however,consider is that the end of the capillary will no
degrade detection limits. The effect of conductivitylonger be immersed in a buffer reservoir upon
of the electrolyte upon resolution was discussedcoupling to ICP-MS and a method of ‘grounding’ the
along with the choice of electrolyte, the effect ofelectrode must be achieved. The construction of such
nebuliser gas flow-rate and the effect of injectionan interface is an important consideration so that a
volume on peak width and peak area. Detectionhigh transport efficiency is achieved.

21limits for ions were in the range 0.06–2 ng ml for
all elements investigated. These were a factor of 20

5.2. CE–ICP-MS interfaces and applications worse than those obtained using continuous sample
introduction and may have been principally caused

Olesik et al. [135] reported the first instance of a by the use of a spray chamber which had significant
CE–ICP-MS coupled system for rapid elemental dead volume and low sample transport efficiency.
speciation. The paper is a very comprehensive study Liu et al. [136] used a direct injection nebuliser
which may be used as a guide for any analyst (DIN) in a CE–ICP-MS interface where the CE
attempting CE–ICP-MS for the first time. The aim of capillary was placed concentrically inside the DIN
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Fig. 13. Block diagram of the CE–ICP-MS interface. Reprinted from Liu et al. [136] with permission of the American Chemical Society.

sample introduction capillary so that the liquid Lu et al. [137] used a concentric glass nebuliser
sample was directly nebulised into the central chan- interface, similar to that used by the Olesik group,
nel of the ICP torch (Fig. 13). In this way 100% for their CE–ICP-MS studies along with a conical
sample transport efficiency may be achieved and low spray chamber. A conductive co-axial liquid sheath
sample flow-rates (10–100 ml) may be accommo- of electrolyte solution in the nebuliser was used to
dated. In addition, memory effects are minimal due provide ground contact to the capillary. It was found
to fast sample washout and a small internal volume. that the CE capillary position inside the glass
A three-port PEEK cross-connector was specially nebuliser had a significant influence on signal in-
made to accommodate the DIN sample introduction tensity, resolution and migration time. Peak widths
capillary (through which the CE capillary was in- narrowed and migration times shortened as the CE
serted), a platinum grounding electrode and a make- was inserted into the nebuliser. The technique was
up liquid which flows outside the CE capillary to used to separate metal-binding proteins and to de-
establish the electrical contact. The make-up liquid termine bound metal concentrations. Metallothionein
was directly nebulised, along with the EOF, into the isoforms and ferritin concentrations were deter-
ICP torch and ensured that operation of the DIN was mined. Detection limits were in the subpg range.
independent of the EOF. A further study by the Olesik group [138] used an

The EOF and make-up flow were combined at the interface with a laminar flow in the direction of the
exit of the capillary before nebulisation. In this way, detector. The interface was a stainless-steel tee with
no suction was observed and band broadening was the capillary threaded through the colinear ends of
not significant. Alkali, alkaline-earth and heavy the tee. A sheath electrolyte was delivered through
metal ions were analyzed at concentrations of 2–100 the lower arm of the tee with a peristaltic pump.

21ng ml . Detection limits were worse for CE–DIN- Both a high efficiency nebuliser (HEN) and a
ICP-MS compared to continuous DIN-ICP-MS al- concentric glass nebuliser were used in the study; the
though the authors did not explain why this should former was used with a conical spray chamber and
occur. The feasibility of using the system for specia- the latter with a Scott double-pass spray chamber.
tion studies of As and Se was demonstrated with Increasing the sheath electrolyte flow-rate enabled
excellent resolution of peaks and sensitivity. the laminar flow to be eliminated, therefore improv-
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ing electrophoretic resolution. With higher sheath offsetting the EOF thus yielding improved peak
flow-rates, the laminar flow direction was reversed resolution. Four hydride species were separated
(away from the detector), effectively retarding migra- using this technique with post capillary hydride
tion of charged species. This may be useful where generation to convert the species to their hydrides
high injection concentrations are required to obtain before analysis by ICP-MS. Detection limits were in
low detection limits as band broadening may de- the range 6–58 ppt for four arsenic species. Two
crease, resulting in resolution enhancement, by re- drinking water samples were analyzed using this
versing the laminar flow. The sheath flow-rate should technique.
therefore be optimised to obtain ideal resolution with
satisfactory analysis times. The HEN had a lower
sheath flow-rate than the concentric nebuliser for 6. Other plasma mass spectrometric systems
elimination of the laminar flow. Improved aerosol used as chromatographic detectors
transport efficiencies were obtained with a lower
sheath flow-rate so this nebuliser was used pref- Although ICP-MS is the most commonly used
erentially. plasma mass spectrometric technique in the ana-

An ultrasonic nebuliser has been described by Lu lytical laboratory, other plasma sources have been
and Barnes [139] for a CE–ICP-MS interface. As in used as mass spectrometric detectors and will be
their previous paper [137] the CE ground path was briefly discussed.
provided using a sheathing electrolyte flow around
the capillary. Modification of the USN was required 6.1. Use of the helium microwave induced plasma
to accommodate the CE assembly of the two capil- as a chromatographic detector
laries. Also described previously, the position of the
CE capillary was variable inside the outer capillary. A number of papers by the Caruso group [142–
The arrangement gave improved separation resolu- 147] have highlighted the attributes of a He-MIP as
tion and sensitivity compared to a concentric nebul- an alternative ion source for chromatographic de-
iser. Detection limits were not improved signifi- tection by mass spectrometry. A review by Olson
cantly, however, as the signal background with the and Caruso [142] discussed instrumentation, chro-
USN was noisy. The authors postulated that the matographic techniques and the advantages associ-
interface may be altered in order to transport a more ated with He-MIP plasmas. The main advantages of
uniform aerosol, yielding lower noise levels. using MIPs as alternative plasma sources are princi-

Preliminary studies by Michalke and Schramel pally the reduced gas flows and power consumption
[140] employed a Meinhard nebuliser interface for needed to sustain the plasma. Alternative plasma
CE–ICP-MS. The interface was not described in gases may also be used which form plasmas of more
significant detail. A co-axial sheath flow provided efficient excitation and ionisation energies, thus
the electrical connection and no detectable ‘suction’ improving sensitivity for elements with higher ioni-
flow was identified. The method was used for the sation potentials. For non-metals this is significant as
separation of Se compounds and adequate elec- Ar-ICPs only ionise approximately 50% of the
tropherograms were obtained. sample in the plasma. Isobaric interferences from

A recently published paper by Magnuson et al. polyatomic species are also problematical in Ar ICPs
[141] described the use of a CE hydrodynamically and may prevent the detection of lower mass ele-
modified electroosmotic flow with hydride genera- ments due to argon, oxygen, nitrogen and hydrogen
tion ICP-MS for arsenic speciation. This modified combinations [142]. These interferences are essen-
EOF was similar in operation to the ‘sheath elec- tially eliminated when helium is used as the plasma
trolyte flow’ described by Kinzer et al. [138]. The gas.
electroosmotic flow was modified by applying hydro- The most common method of sample transport
dynamic pressure in the opposite direction to the into the He-MIP is by gaseous introduction. The use
EOF. This enabled the injection of large quantities of of MIP-MS as a gas chromatographic detector has
analyte, which normally cause peak broadening, by been well described by the work of Caruso et al.
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[142,143,145–147]. Both non-metals and metals organic species may be controlled by altering the
have been analyzed by GC–MIP-MS. The GC–MIP- plasma gas flow and forward power [150,151].
MS interface used in these studies was made from a Castillano et al. [154] investigated the feasibility
1 /6 in. stainless-steel tube, wrapped with heating of using solution nebulisation with a low-pressure
cord and insulated with fibre glass tape (1 in.52.54 He-ICP with mass spectrometric detection. The
cm). The transfer line was maintained at 3008C. importance of reduced solvent loading to avoid

Helium MIP-MS has also been used as an element quenching of the plasma was realised. Multielement
selective detector for supercritical fluid chromatog- solutions containing As, Se, In, Cs and Pb were
raphy of halogenated compounds [144]. Compared to aspirated and detection limits were in the low ppb
the Ar-ICP, the He-MIP offers spectral simplicity region. Obviously this technique has great potential
and, for halogens, more efficient ionisation. The for direct coupling of microbore liquid chromatog-
design of the interface is important [144] as the raphy to the low-pressure plasma for speciation
temperature of the frit restrictor must be maintained studies.
above 1008C to avoid condensation of the analytes.
Again, a heated stainless-steel transfer line should be 6.3. Use of ion spray mass spectrometry as a
used. Typical plasma power settings for such a chromatographic detector
coupled system are in the region of 100 W with a

21low (5 l min ) plasma gas flow-rate. To date, liquid Corr and Anacieto [155] recently described the
chromatography has not been coupled with He-MIP- successful separation of a mixture of ions by capil-
MS as the high liquid flow-rates involved tend to lary electrophoresis and ion-exchange chromatog-
quench the plasma. The use of microbore LC cou- raphy with mass spectrometric detection using an
pled to MIP-MS may be a more promising technique ion-spray atmospheric pressure ionisation source.
[148]. Ion-spray is similar to electrospray except that the

ionisation of the analyte is pneumatically assisted.
6.2. Use of low-pressure helium ICP-MS as a Such an atmospheric pressure ionisation technique is
chromatographic detector able to produce analyte ions in the gaseous phase

directly from solution [155]. Using an ion-spray
Another alternative ion source for mass spec- source, ion-adduct declustering and molecular frag-

trometry is the helium low-pressure ICP [149–151]. mentation may be controlled selectively, thus yield-
Again, this helium plasma gas has a higher ionisation ing both elemental and molecular information de-
energy (24.6 eV) compared to the argon ICP (15.8 pending on the instrumental settings.
eV) and isobaric interferences are minimised. The
use of a low-pressure plasma eliminates air entrain-
ment and consumes less gas than an atmospheric 7. Conclusions and future directions

21pressure ICP (,500 ml min ) and radio frequency
(RF) powers (100 W) may be used. From the volume of papers published in recent

Evans and Caruso [152] developed a low-pressure years it is apparent that users of ICP-MS are
argon ICP with a water-cooled low-pressure torch increasingly employing the instrument for chromato-
interface for gaseous sample introduction. Further graphic detection. Several modes of liquid chroma-
studies by the same workers [149–151] realised the tography, gas chromatography, supercritical fluid
potential of He as the plasma gas. These plasmas chromatography and capillary electrophoresis have
were coupled to GC systems for the analysis of all been hyphenated with ICP-MS for improved
organotin and organohalide compounds [149–153]. detection limits compared to other traditional meth-
Recent papers have realised that it is possible to ods of detection such as UV–Vis spectroscopy.
sustain the plasma using the carrier gas from the gas There is a significant demand for speciation
chromatograph alone [150,151]. In addition, mass information for many elements and the separation
spectra may be obtained that yield more molecular ability of chromatography coupled to ICP-MS offers
information as the degree of fragmentation of the the analyst a versatile tool for such studies. Both
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metals and non-metals may be speciated, therefore employ software programs compatible with everyday
compounds containing elements such as the halogens word processing and presentation packages.
may be separated. It is now evident that certified
reference materials for speciation studies of various
elements must be developed and made available so
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On-line coupling of ion chromatography with
ICP^AES and ICP^MS
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Ion chromatography ( IC) and atomic spectrometry
are sometimes rivalling and sometimes ideally
cooperating techniques. The cooperating applica-
tions of the on-line coupling of IC and inductively
coupled plasma^atomic emission spectroscopy or ^
mass spectrometry span from ultra trace analysis
utilizing ion exchange as preconcentration tech-
nique via speciation applications taking advantage
of the unique element speci¢c detection offered by
atomic spectroscopy until classical IC applications
with atomic spectrometry as a sensitive and selec-
tive detector. Characteristics of this type of hyphen-
ated technique are the simple physical coupling, the
unique sensitivity for most elements and the supe-
rior selectivity obtainable for speci¢c applica-
tions. z2001 Elsevier Science B.V. All rights
reserved.

Keywords: Ion exchange; Ion chromatography; Atomic
spectrometry; Inductively coupled plasma^atomic emission
spectroscopy; Inductively coupled plasma^mass
spectrometry; On-line coupling; Ion chromatography^
inductively coupled plasma^(atomic emission
spectroscopy,mass spectrometry)

1. Introduction

Generally, the use of a coupling technique is rec-
ommended in any case where the analytical infor-
mation delivered by a single analytical method is
not suf¢cient. A coupling technique can be de¢ned
as the combination of two ore more originally inde-
pendent analytical techniques to a new analytical
tool. In case of chromatography as one of the cou-
pling partners, the term coupling or hyphenated
technique is limited to more dimensional detectors

such as mass spectrometry (MS), nuclear magnetic
resonance (NMR), IR and others. This distinguishes
it from standard chromatographic detectors such as
photometry (UV) or conductivity (CD).

Hyphenated techniques are currently en vogue
because of many analytical challenges, which are
not resolvable using a single analytical method. For
example those challenges are the unquestionable
identi¢cation of a chromatographic peak as a spe-
ci¢c compound. The `hyphenated' answers to these
questions are gas chromatography (GC)^MS,
liquid chromatography (LC)^MS, LC^NMR or in
case of ionic compounds ion chromatography
( IC)^ESI^MS or IC^inductively coupled plasma
( ICP)^(atomic emission spectroscopy (AES),MS)
[ 1 ].

The direct coupling with MS is in case of small
ions and IC sometimes the second best choice. ESI^
MS for example suffers from calibration problems,
the type of eluent is strictly limited when analysing
in the negative ion mode and the handling is some-
what dif¢cult [ 2 ]. Far better is the combination with
an ICP as photon or ion source because of the
absence of calibration problems and the perfect
element speci¢city.

Despite this, there are still several limitations
remaining in atomic spectrometry:

1. the decision between different species con-
taining the same element or

2. the resolution of spectral or isobaric interfer-
ences when using ICP^AES or low-resolution
mass ¢lter ICP^MS or

3. by the determination of very low concentra-
tions of trace elements in complex samples.

IC suffers mainly from detection sensitivity and
from inadequate resolution of interfering com-
pounds [ 3 ]. The selectivity of anion chromatogra-
phy for example is almost ¢xed and only minor
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changes are realized until now [ 4 ]. The main reason
for this is the exclusive use of quaternary ammonia
groups as exchange site. One requirement for mul-
ticomponent analysis with IC is normally non-spe-
ci¢c detection such as conductivity. In case of
nearby eluting anions such as bromate and chloride
we have a non-resolvable selectivity problem and
the need for a more selective detection system.

The conclusion of these analytical shortcomings
is the basic idea behind IC^ICP^(AES,MS) as out-
lined in Fig. 1. This paper discusses the usefulness
of IC^ICP^(AES,MS) categorized by the three
points of shortcomings of atomic spectrometry,
whereas point (2) as limited selectivity of IC and
point (3) as limited sensitivity of IC are the link to
the shortcomings of IC.

The applications based on point (1) are the so-
called speciation analysis dealing with organome-
tallic compounds, proteins, elements in different
oxidation states and similar analytical problems
[ 5,6 ].

The point (2) limitations are usually described as
spectroscopic and non-spectroscopic interference
or more general as matrix effects [ 7^10 ]. They are
dif¢cult to overcome, but in many cases a time res-
olution between interfering elements is an accept-
able workaround.

The limitations related to point (3) are caused by
the increasing demand for ultra pure chemicals for
microelectronics industry, for a clean environment
without hazardous compounds or by other high
tech applications [ 11^13 ] and can be generally
attributed to the limited sensitivity of all analytical
methods.

2. The ICP as source for AES ( ICP^AES)
and MS ( ICP^MS )

Atomic spectrometry methods based on the ICP
allow the determination of almost every element.
Important restrictions are given by the plasma gas
and its impurities (Ar, other noble gases, N, O and
to some instance halogens), by the typical solvent
used for the liquid solutions (H, O) and by some
physical restrictions such as insuf¢cient ionization
(F) or emission lines below or above the observ-
able wavelengths (F, Cl, Br, for some instruments
the alkali metals ) [ 8 ].

2.1. The ICP

The ICP is today the most important source for
atomic spectrometry [ 14 ]. The argon-based plasma
is compatible to aqueous aerosols, offers a high
amount of energy for drying, dissociation, atomiza-
tion and ionization of analytes. The temperatures
offered by an argon ICP are varying from 4500 to
10 000 K, depending on the type of temperature
you mean (kinetic temperature, electron temper-
ature, atomization temperature, ionization temper-
ature and more) and the local position inside the
plasma. An ICP is therefore called a non-thermal
equilibrium plasma. The temperature in the analyti-
cally used inner channel of an ICP is about 5500^
6500 K, high enough to destroy all molecular bonds
and even high enough to ionize almost every ele-
ment completely.

The basic set-up and compounds of an ICP^AES
and ICP^MS are shown in Fig. 2. The ICP part is
almost identical for AES and MS as detection prin-
ciple. The ICP torch consists of three concentric
quartz tubes, from which the outer channel is
£ushed with the plasma argon at a typical £ow
rate of 14 l min31. This gas £ow is both the plasma
and the cool gas. The middle channel transports the
auxiliary argon gas £ow, which is used for the
shape and the axial position of the plasma. The
inner channel encloses the nebulizer gas stream
coming form the nebulizer /spray chamber combi-
nation. This gas stream transports the analytes into
the plasma. Both the auxiliary and the nebulizer gas
£ow are typically around 1 l min31. The plasma
energy is coupled inductively into the argon gas
£ow via two or three loops of a water-cooled cop-
per coil. A radio frequency of 27.12 or 40.68 MHz at
1^1.5 kW is used as power source. The plasma is

Fig. 1. Basic idea behind the on-line coupling of IC and atomic
spectrometry.
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formed immediately after an ignition spark was
applied to seed electrons and argon cations.

The sample introduction system is usually
designed for liquid samples, but solid or gaseous
sample are also applicable. The standard con¢gu-
ration of an ICP includes a pneumatic nebulizer for
the formation of an aerosol and a spray chamber for
the separation of the droplets by size. Only small
droplets should be able to enter plasma, otherwise
the plasma becomes instable or extinguishes. The
ultra ¢ne sample aerosol entering the plasma
undergoes rapid desolvation, vaporization, atom-
ization and ionization. Most elements exist as single
charged ion in the analytical important part of the
plasma. Therefore almost every element is detect-
able by ICP^MS. Problems in form of isobaric inter-
ferences are caused by doubly charged ions and by
molecular ion formation in the cooler part of the
plasma interface.

In case of photon detection for AES we have to
realize that the emission spectra of both the atom
and the ion are present leading to numerous emis-
sion lines.

A short list of rough estimates of the limits of
detection (LODs) for 49 elements in ICP^AES and
ICP^MS is given in Table 1.

2.2. Characteristics of ICP^AES

AES based on the ICP as photon source is a well
established and well understood routine method
[ 8,9 ]. The photons may be observed radially as
the standard set-up or axially as more sensitive

alternative. Some commercial instruments offer
both variants.

The ICP produces a wavelength dependent opti-
cal background due to recombination radiation and
other processes inside the plasma. This continuum
is overlaid with the emission lines of Ar, of several
molecules and radicals such as OH, N2 etc. The
basic problem of ICP^AES is the proper detection
of analyte emission lines on this background, which
varies with plasma conditions. The optical part of
the current spectrometer generation is almost
exclusively based on polychromators for the simul-
taneous measurement of several elements. Their
job is the separation of the selected emission line
from interfering lines of the other elements or ions.
The required resolution spans from less than 3 pm
(which is not realizable due to Doppler broadening
of the emission lines) to at least 20^30 pm (routine
conditions). Typical resolution power of current
instruments is between 4 and 20 pm. The optical
system is based either on the Paschen^Runge
arrangement (a concave grating with the detection
of the emission line on the Rowland circle of the
grating) or on an Echelle optic with a high order
grating and a spectral order separator [ 8,15 ]. The
detectors are usually photo multipliers, photodi-
odes, diode arrays or two-dimensional detectors
such as CCD or CID chips well known from digital
cameras.

Important characteristics of the optical part are
the wavelength range, the number of simultane-
ously observable emission lines and the possibility
to measure their backgrounds at the same time, the

Fig. 2. Sketch of the set-up of ICP^AES and ICP^MS instruments with the typical choices of modern instruments.
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overall noise level and not at least the transmit-
tance. Today's high end instruments allow the
observation starting form 120 nm [ 16 ] to the near
infra red region, offer an almost unlimited number
of simultaneously observable emission lines and
operate in both the axially and the radially viewing
mode.

2.3. Characteristics of ICP^MS

The ICP forms almost exclusively single charged
ions of the elements [ 10 ]. The extraction of ions
from the plasma into the MS part is organized in a
multiple stage differentially pumped interface. First
part of this interface is a cooled nickel or platinum
sampling cone (sampler ) with an ori¢ce below
1 mm. A large rotary pump evacuates the expansion
chamber to ensure a pressure below 3 mbar in this
region behind the sampler. The pressure difference
creates a supersonic jet into the mass spectrometer.
For preservation of the required high vacuum a sec-
ond cone with small ori¢ce called the skimmer is
placed inside the supersonic jet. Next part of all
ICP^MS is the ion optic build of an extraction
lense for the acceleration of positively charged
ions, a photon stop or alternatively an off-axis
mass analyzer and several electrical lenses for
focusing of the ion beam [ 14 ].

The standard mass analyzer of ICP^MS is still the
quadrupole. He allows the resolution of nominal
mass units down to 0.2^0.5 mass units and is there-
fore a low-resolution device. The performance of
all ICP^MS instruments is limited by the transmis-
sion of the interface and mass analyzer unit, the
background count rate due to photons and the
remaining gas pressure and the background count
rate caused by molecular ions or doubly charged
ions. Typical quadrupole instruments offer instru-
mental background count rates of 10 cps, newer
instruments with an off-axis quadrupole show less
than 1 cps like high-resolution instruments.

A new generation of quadrupole-based ICP^MS
instruments offer an ion focusing and molecular ion
destruction device named hexapole, collision cell
or dynamic reaction cell depending on the manu-
facturer [ 17 ]. This device increases the transmis-
sion and destroys molecular ions with varying ef¢-
ciency. An example of molecular ions and their
impact on the analysis of bromine is shown in Fig. 3.

An intermediate resolution mass analyzer is the
time of £ight mass ¢lter (TOF) [ 18,19 ]. Applied to
an ICP it allows resolutions below 1000 m /vm. The

Table 1
Rough estimates of the LODs for 49 elements using the most
sensitive line in ICP^AES ( including sequential and simultaneous
types) and the most abundant isotope in ICP^MS (quadrupole
ICP^MS, built 1990^1998)

Element LODICPÿAES /Wg / l LODICPÿMS /Wg / l

Al 5 0.05
Sb 40 0.005
As 30 0.01
Ba 0.5 0.001
Be 0.1 0.001
Bi 10 0.001
B 3 0.07
Br 800/250 0.05
Cd 2 0.005
Ca 0.1 0.5
Ce 100 0.001
Cr 5 0.005
Cl 250/80 160
Co 3 0.001
Cu 0.3 0.005
Ge 100 0.05
Au 25 0.005
I 100/10 0.005
In 100 0.001
Fe 1 0.1
La 6 0.005
Pb 7 0.001
Li 3 0.005
Mg 0.5 0.05
Mn 0.4 0.005
Hg 20 0.001
Mo 1 0.005
Ni 7 0.005
Pd 70 0.005
Pt 30 0.005
K 80 0.5
P 20 6
Se 50 0.05
Si 5 8
Ag 5 0.005
Na 6 0.05
Sr 0.2 0.001
S 50 50
Te 20 0.005
Tl 50 0.001
Sn 7 0.005
Ti 3 0.05
W 20 0.005
U 400 0.001
V 2 0.005
Zn 1 0.005
Zr 5 0.005

The data are compiled from manufacturers' data and corrected
using overlapping elements.
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main advantage of TOF^ICP^MS is the fast mass
spectra recording, which is important for fast tran-
sient signals such as obtained from on-line coupling
GC, CE, electro thermal vaporization or laser abla-
tion to ICP^MS. For LC the speed of quadrupole
instruments is suf¢cient. The second main advant-
age is the equal start point for all masses tantamount
to an accurate isotope ratio determination.

The high-resolution ICP^MS instruments are all
based on a reverse Nier^Johnson geometry with an
electrostatic and a magnetic analyzer [ 14,20 ]. The
routinely observable resolution is between 3000
and 10 000 m /vm. This resolution is suf¢cient for
the resolution of a number of molecular ion inter-
ferences such as ArO� on 56Fe and ArCl� on 75As as
prominent examples. Other molecular ion interfer-
ences are still not resolvable.

3. Principle of IC as coupling partner

IC is nowadays used as both the short term for ion
exchange chromatography (IEX) and as generic
term for the three methods ion exchange, ion exclu-
sion and ion pairing chromatography (IPC) all
dealing with the separation of charged or poten-
tially charged compounds.

3.1. IEX

Ion exchange is a well known and good under-
stood separation mechanism [ 21 ].

Small anions or cations are separated on an ion
exchanger of opposite polarity by means of a driv-
ing ion of the same polarity. For anion chromatog-
raphy a quaternary ammonia functionality with
hydroxide or carbonate as eluent is used [ 3 ]. For
cations an additional complexing ligand may be
applied to reduce the effective charge and to gen-
erate differences in the retention behavior. A typical
elution system for cation chromatography consists
of H� or Na� as driving cation and strong complex
formers such as dipicolinic acid or tartaric acid [ 3 ].

Simple ion exchange processes based on strong
acidic or strong basic exchangers are easy to control
and show usually no kinetic problems. More dif¢-
cult is the exclusion of secondary retention mech-
anisms such as adsorption. Packing materials used
for conductivity detection as standard detector for
IEX applications are of the low capacity type.
Depending on the type of substrate and the consti-
tution of the exchanger is adsorption (polystyrene
resins), ion exchange of opposite polarity (agglom-
erated resins), oxophilic interactions (silica gel ) or
chelation ( methacrylate resins) observable.

The more selective kind of ion exchange, the
chelating ion exchange [ 22 ], suffers often from
kinetic limitations, which limit the application
range to cationic compounds with fast ligand
exchange kinetic for the inner coordination sphere.
Ion exchange is well suitable for preconcentration
as well as for separation of chemically similar com-
pounds.

3.2. IPC

The application area of IPC and IC is overlapping,
whereas IPC ¢lls the gap between IC and reversed
phase chromatography [ 3 ]. As one borderline case
IPC can be described as IC with dynamically coated
exchangers. The ion pairing reagent is simply

Fig. 3. Example of the constitution of isobaric interferences in
ICP^MS. Shown is the situation with the low-resolution ICP^
MS instrument for the detection of bromine.
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adsorbed onto the RP surface and the result is an ion
exchanger.

The main advantage of IPC is the ability for the
separation of anionic, cationic and non-ionic spe-
cies in a single separation system. Another favor-
able feature is the absence of irreversible adsorp-
tion of substances on the packing material as it is
often observed in IC. Simply moving the ion pair by
the usage of strong organic eluents can elute
extremely strong bonded ions. Due to these inher-
ent features IPC has become an important separa-
tion mechanism for speciation analysis using
atomic spectrometry.

A disadvantage of IPC is the long equilibration
time caused by the generation of stable, dynamic
adsorption equilibria and its sensitivity against
highly concentrated samples or too large sample
volumes. Directly caused from long equilibrium
times the retention time stability of IPC application
is not as good as those of IC and RP.

3.3. Ion exclusion chromatography ( ICE )

ICE separates the analytes by their pKa value [ 3 ].
The anions of strong acids are excluded from the
pore volume of strong acidic cation exchangers due
to the repulsion caused by the Donnan membrane.
The retention volume increases with increasing pKa

value. This type of ion separation as only separation
mechanism has not been used in on-line coupling
application until now. A reason for this is the struc-
ture of analytes commonly investigated by ICE. The
carbon detection capabilities of ICP^AES and ^MS
are strongly depressed by the CO2 contents of the
plasma argon. Other detection principles such as
photometry or conductivity are more favorable.

4. Interfacing IC and ICP techniques

The behavior of ICP spectrometers as detectors in
IC is dominated by eluent £ow rate and composi-
tion. The £ow rate of a chromatography system
depends strongly on the column geometry. Varying
the column diameter from 8 mm inner diameter
( i.d. ) ^ wide bore chromatography ^ via the com-
monly used 4 and 4.6 mm i.d. ^ standard bore ^
down to narrow and microbore columns with 2 or
1 mm i.d. changes the £ow rate from 10 to 0.1 ml /
min using the same packing material. Advantage of
larger diameters is a higher sample amount, which
can be analyzed during one run. Small diameters

are preferred for small particles and are more dif¢-
cult to handle because of a higher sensibility to
dead volumes, the required low £ow pumping sys-
tem and not at least the more dif¢cult column pack-
ing procedure [ 23 ].

Most critical units of an ICP for coupling with IC
are the nebulizer and the spray chamber. The gen-
eral requirement for a nebulizer is compatibility
with £ow rate and eluent composition. Water-
based eluents are often deleterious by their salt con-
tents, eluents containing organic modi¢ers or fully
organic eluents tend to affect plasma stability
because of the increased solvent vapour pressure.
The workaround for water as well as for solvents in
ICP^MS is a cooling of the spray chamber for reduc-
tion of the vapour pressure. This increases the
acceptable amount of organic modi¢ers and
reduces oxide-based molecular ions. Compared to
ICP^AES, the ICP^MS needs in general more dilute
buffers or lower concentrations of organic solvents.

Pneumatic nebulization as standard equipment
of ICP instruments renders the ICP to a mass £ow
dependent IC detector. The characteristics of com-
mon nebulizer with a constant nebulization ef¢-
ciency at low £ow rates and a strongly decreasing
ef¢ciency at higher £ow rates result in a linear rela-
tionship between mass £ow of analyte into the neb-
ulizer and observed count rate for the analyte at low
£ow rates and a constant or slightly decreasing
count rate at higher £ow rates.

Pneumatic nebulizers are typically operated at
conditions where ef¢ciency in terms of the resulting
count rate is nearly independent of the £ow rate.
On-line applications must take notice of this fact
when using external calibration. The practical con-
sequence is a strong dependence between the
reproducibility and stability of the £ow rate and
the accuracy of the calibration function for the cou-
pling method [ 24 ].

Some easily adsorbed analytes cause problems at
very low concentrations when using conventional
nebulization. Such dif¢cult elements are the usually
as polarizable species existing mercury, iodine,
thallium and silver, whose interaction with polymer
parts of the sample introduction system is dif¢cult
to control or as another example boron, which
interacts strongly with the glassy surface of com-
mon spray chambers.

A further selection criterion is the increase of
peak width caused by the dead volume of the neb-
ulization unit. The typical peak width obtained in
chromatographic applications depends on column
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geometry, £ow rate and on ef¢ciency of the sepa-
ration system. Microbore applications show signal
widths below 1 s, semi preparative wide bore appli-
cations generate peak widths of about one to sev-
eral minutes. Standard chromatography generates
usually peak widths of 5^30 s at full width half max-
imum. Those considerations are important for data
acquisition and data handling.

Desolvation systems as used for high ef¢ciency
nebulizers such as HEN, ultrasonic nebulizer (USN)
or hydraulic high pressure nebulizer (HHPN)
increase the system dead volume [ 14 ]. Coupling
interfaces with an extremely low dead volume
such as the direct injection nebulizer (DIN) [ 25 ]
limit the eluent £ow rate to 100 Wl / min and cause
therefore pumping and column problems. Another
drawback of the DIN is the somewhat fragile oper-
ation characteristic. The £ow rate and the salt con-
tents buffer have to be chosen with respect to
avoiding clogging and large droplet formation.
Table 2 shows the most widely used nebulization
units together with their typical features and appli-
cation areas.

A general advantage of coupling of IC with
atomic spectrometry is the constant eluent compo-
sition. The ICP^(AES,MS) is operating with the
same solution over the whole measurement period.
The optimization of ICP^(AES,MS) with respect to
forward power, gas composition and £ow, instru-
ment speci¢c settings etc. can be done for well
de¢ned operating conditions. The outcome of
those uniform operating conditions is an increase
in the stability of the whole system.

5. Data handling and software issues

Single element detection is an inherent feature of
all ICP^AES or ICP^MS instruments. The optical part
or the type of mass analyzer in£uences the multi-
element detection capabilities of ICP^AES and ICP^
MS spectrometers. ICP^AES as coupling partner in
multielement applications requires simultaneously
operating spectrometers with polychromators or
Echelle optics. In case of Echelle spectrometers
the design of the array detector and its readout
speed are critical selection criteria. The software
support by the manufacturers is suf¢cient for new
instruments, for older types a home-made work-
around is often required.

The mass analyzers of common ICP^MS instru-
ments are only sequential detectors with the excep-
tion of the TOF^MS. The sequential mass analyzers
allow for some instances the operation in a quasi-
simultaneous mode. From his nature best suited for
quasi-simultaneous analysis is the quadrupole
mass ¢lter. It is a sequential detection unit with
rapid scanning speed over a wide mass range.
The elemental mass range of m /z 5^240 is detect-
able in usually less than 100 ms. Faster scanning is
limited by the time needed for the arrangement of a
constant electrical ¢eld between the quadrupole
rods.

The quasi-simultaneous detection behavior of
ICP^MS in£uences the accuracy of peak height
and isotope ratio determinations. The relative
error in peak height determinations becomes sig-
ni¢cant if the peak width and the scan time per time

Table 2
Nebulizers and spray chambers used or applicable for on-line coupling IC^ICP^(AES,MS)

Type of nebulizer Mass £ow
dependent

Sensitivity Desolvation
needed

Applicable for

Conventional pneumatic
(Meinhard, cross £ow, V-groove)

Yes Low No Water-based eluents, with limitations for organics

High ef¢ciency nebulizer (HEN) Yes High Yes Water-based eluents, with limitations for organics
USN Yes High Yes Best for clean water samples, ef¢ciency depends

strongly on viscosity and on dissolved solids
High pressure nebulizer (HHPN) Yes High Yes Best for high viscosity samples, high ef¢ciency

for a wide range of samples
DIN No Low /high

( relative /
absolute)

No All kinds of eluents, useful for Hg, B, I and
other elements deleterious for conventional
nebulization units

Scott spray chamber ^ ^ No Standard equipment of most ICP
Cyclone chamber ^ ^ No Lower dead volume, faster wash out time
Desolvation ^ ^ ^ Large dead volume, large surface area, subject

to physical and chemical interferences
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slice are in the same order of magnitude. In typical
IC applications this source of error is not signi¢cant.

The precision of isotope ratio measurement in
on-line applications is rather low as mainly caused
by the high noise level of sequential ICP^MS instru-
ments and a time dependent isotope ratio shift
caused by the time depending elution signal of IC
and the different times at which the masses for iso-
tope ratio determinations are measured [ 24 ].

The strategies to measure isotope ratios include
peak area and peak height ratioing and on a time
slice method with calculation of an isotope ratio for
each data point separately as shown in Fig. 4. Peak
height is not so suitable because of the high short-
term noise of ICP^MS. Best results are obtained for
peak area and time slice ratio measurements.

Some practical aspects must be taken into con-
sideration when an appropriate integration time
should be chosen. A maximum of sensitivity is
given for longer integration times directly on
peak, but this time is limited by the number of ele-
ments to be determined and the required maximum
length of a single time slice. The precision of iso-
tope ratios or of internal standardization should
increase with faster scan speed. Disadvantage of
faster scanning is a decreasing integration time

per peak by an increasing number of dead times
resulting from the jump back of the quadrupole
and of course an increase of the noise level.

6. Applications of on-line coupling
IC^ICP^(AES,MS )

Every coupling application favors one part of the
coupling system. A dominating chromatography
part leads to the speciation analysis [ 5,6,26,27 ].
The elemental speci¢c detection facilities of atomic
spectrometry are strongly favored over the multi-
element capabilities. An inversion of this construc-
tion leads to multielement trace analysis in complex
matrices with the use of chromatographic equip-
ment as powerful preconcentration and matrix
elimination tool [ 13 ]. The ability of chromatogra-
phy for a further time resolution between the sep-
arated traces is not really required because of the
excellent elemental speci¢c detection capabilities
of atomic spectrometry.

A third group of coupling applications uses the
features of coupling of IC and atomic spectrometry
in a more balanced way. The separation of the rare
earth elements (REE) with help of IC as an example

Fig. 4. Example of the simple replacement of conductivity detection by an ICP^MS. The sample was 585 Wl of an ozonized tap water.
The self-made column P150497 DMEA was operated with 75 mmol / l NH4NO3, pH 6 as eluent at a £ow rate of 1 ml / min. The
detection device was an ICP^MS PQ ExCell in the collision cell mode.
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uses both the excellent separation power of high
performance LC (HPLC) and the elemental speci¢c
detection [ 28 ]. The deleterious in£uence of barium
oxides and oxides of the lighter REE on the heavier
ones is eliminated by a ( retention) time resolution
between them.

6.1. On-line preconcentration techniques using
chromatographic equipment

Preconcentration or matrix separation is a well
known technique in analytical chemistry. Every
instrumental method needs or will need such a
chemical treatment when the latter does not meet
the required detection limit. The literature about
older instrumental techniques such as photometry,
X-ray £uorescence spectrometry, atomic absorp-
tion spectrometry and not at least ICP^AES or the
literature about ion exchange and related tech-
niques includes a lot of those chemical treatments
[ 21,29 ], whereas most of them can be transferred to
on-line coupling IC^ICP^(AES,MS). Table 3 sum-
marizes activities using on-line coupled IC^ICP^
(AES,MS) for preconcentration and subsequent
ultra trace analysis. The main driving power for
the development of analytical methods for ultra
trace determinations is the environmental research
and the microelectronic industry with their rapidly
increasing demand for even lower detection limits.

Preconcentration as an extrema of chromato-
graphic separation is the only application of on-
line coupling, which offers a double sensitivity
enhancement. At ¢rst, every chromatographic

treatment without included preconcentration step
causes a dilution of the analytes of interest. With
preconcentration only an on-line coupled detec-
tion system offers the ability for the detection of
the analytes without lowering the highest possible
concentration of the analyte by mixing the different
increments of an elution signal. Exactly this hap-
pens when off-line separations with fraction collec-
tion are to be applied.

Secondly, when matrix elimination is included in
the preconcentration procedure, the deleterious
interferences and suppression caused by the matrix
are absent. Furthermore the implementation of
sample pretreatment into a chromatographic sys-
tem offers some unique advantages:

õ The closed system of modern LC reduces the risk
of airborne contamination

õ Especially for trace analyses modern IC equip-
ment offers a complete metal free design

õ Modern IC equipment allows the use of high
efficiency packing materials with the main
advantage of faster mass transfer during the
separation and the elution process

õ Highly reproducible flow rates of IC allow the
use of nebulization ICP despite its mass flow
dependent detection characteristics as quantita-
tive detection system

An extremely powerful application of precon-
centration combined with on-line coupling is the
analysis of a group of chemicals used for microchip
production. The simplest application is the trace

Table 3
Examples of applications of chromatographic preconcentration techniques for on-line coupling IC^ICP^(AES,MS) ordered by the type of
matrix

Sample / matrix Separation
mode

Analytes separated Preconcentration
column

Detection limits Refs.

As, Mo, W, P, Re Cation,
anion

Li, Be, Na, Mg, Al, Ca, Sc, Ti, Cr,
Mn, Fe, Co, Ni, Cu, Zn, Ga, Sr, Y,
Ag, Cd, Ba, REE, Tl, Pb, Bi, Th, U

SCX (AG 50W),
SAX (AG1X-8)

0.1^80 ng /g referring
to the solid sample

[ 13,24 ]

MoSix, WSix Cation See As application After volatilization of
SiF4 SCX (AG 50W)

0.2^200 ng /g solid
sample

[ 38 ]

Seawater,
waste water

Chelation Cd, Co, Cu, Fe, Mn, Ni, Pb, Ti, V Iminodiacetic acid not reported [ 39 ]

Alkali and alkaline
earth metals, anions,
seawater

Chelation V, Cr, Ni, Co, Cu, Mo, Pt, Hg, Bi Bis(carboxymethyl )-
dithiocarbamate
adsorbed on XAD-4

9^80 ng / l
(0.5 ml sample loop,
no sample dilution)

[ 40 ]

Seawater,
riverine water

Chelation Mn, Co, Cu, Cd, Pb, U, Fe, Mn,
Co, Ni, Cu, Zn, Cd, Pb

Iminodiacetic acid,
silica immobilized
8-hydroxyquinoline

6^200 ng / l,
0.8 ng / l
(with IDMS)

[ 31,41,42 ]
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enrichment from de-ionized water or hydrogen
peroxide as working and etching media. The only
problem of hydrogen peroxide analysis is the lim-
ited chemical stability of common PS /DVB ion
exchangers. Better properties show exchangers
based on highly cross-linked PS /DVB combined
with a different exchange site for better thermal
and oxidation stability [ 30 ].

Traces in pure elements represent the next level
of complexity. The level of problems is governed by
the differences in the chemical behavior of traces to
be analyzed and the matrix species and the dif¢cul-
ties of the dissolution procedure including the
amount and the purity of the reagents needed for
this step [ 13 ].

The analysis of complex samples such as sea-
water requires the use of chelating exchangers
[ 31 ]. The increased selectivity allows the sensitive
analysis of selected groups of analytes. The multi-
element capabilities are usually decreased when
the separation mechanism is changed from ion
exchange to chelation.

6.2. Speciation analysis

The ¢eld of speciation analysis has been covered
by several reviews [ 6,26,27,32,33 ] and special
issues. The basic methodology is referred to in a
number of excellent reviews and monographs
[ 5,6,26 ]. Most of the work before 1990 uses AAS
or ICP^AES as detection unit, whereas newer appli-
cations almost exclusively use ICP^MS. Table 4
shows a summary of elements analyzed using ion

chromatographic methods as speciation tool. The
methodology for the selection of a separation sys-
tem is based on the chemistry of the species to be
separated. Permanent ionic species are most widely
analyzed using ion chromatographic techniques,
whereas arsenic is the most versatile trace element
because of a large number of stable anionic, non-
ionic and cationic species. Other elements such as
lead or mercury are often present as non-ionic spe-
cies and therefore most likely analyzed by reversed
phase and /or ion pair chromatography.

Speciation analysis is beside the elimination of
interferences the most important ¢eld of coupling
applications of IC^ICP^(AES,MS) because of the
extended use of IC features. There are practically
no alternatives to the speciation applications. The
disadvantage of IC for speciation is the limited chro-
matographic performance of LC with a maximum of
10 compounds that can be separated in a single
elution system.

6.3. Elimination of interferences

At an intermediate stage between speciation
analysis, which is impossible without chromato-
graphic separation, and preconcentration tech-
niques, which are impossible without a powerful
multielement detection system, a third group of
coupling applications dealing with the elimination
of interferences in atomic spectrometry and IC can
be found. In this ¢eld on-line coupling IC^ICP^
(AES,MS) is only one possible solution. Spectro-
scopic interferences are a well known problem in

Table 4
Examples for the use of on-line coupling IC^ICP^(AES,MS) for elimination of interferences at the atomic spectrometry or the IC side

Sample / matrix Separation
mode

Eliminated interference ICP Interference IC Comments Refs.

As species in urine Anion 40Ar35Cl on 75As ^ Prototype of this kind of
application

[ 43,44 ]

Mo Anion MoO2 on Te Other anions Ultra trace determination [ 24 ]
REE, REE oxides Cation Oxides and hydrides of lighter

REE or heavier ones
Peak overlap due to
limited selectivity

HIBA, and lactic acid
gradient

[ 28 ]

Transition metals in
S and Cl matrices

Anion S- and Cl-based interferences
on V, Cr, Cu, Zn, As and Se

Not applicable to
IC alone

Off-line application with
attempts for on-line
coupling

[ 45 ]

Se in human urine
and serum

Anion ArCl on 75As and 77Se Other anions Both on-line and off-line [ 46 ]

BrO3
3 in water Anion Ar2H on 81Br Cl3, NO2

3 High impact on drinking
water

[ 36 ]

IO3
3 in water Anion ^ Early eluting anions Species-related [ 47 ]

Fission products Anion /
cation

90Sr /90Zr, 137Cs /137 Ba, REE Other anions /cations Resolution of uncommon
isobaric overlaps

[ 48 ]
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ICP^AES and ICP^MS and several workarounds
without a chromatographic technique are being
developed. First attempts are simple correction
equations using the natural abundances of the iso-
topes or reference elements for the correction of
oxide and double charged ions. More sophisticated
is the use of special instrumental features such as
cool plasma, collision cells, other detection wave-
length or a speci¢c sample introduction system
such as hydride generation [ 8,14 ].

Cases where such corrections are not successful
or impossible increase the application area of on-
line coupling. Main attraction for on-line coupling
for the prevention from interferences is the analysis
of REE (see Table 5). This is a relatively small group
of analytes with a very similar chemical behavior
among each other and a lot of good usable differ-
ences in chemical behavior to common concomi-
tants. The separation of the REE is mostly done by a
hydroxyisobutyric acid (HIBA) gradient using a
strong acid cation exchanger. The separation of
the REE is almost complete and allows the resolu-
tion of isobaric ions, of isobaric oxides and as a
speciality of isobaric hydrides.

A second type of application deals with the ArCl�
interferences at arsenic, which nature as single iso-
topic element makes mathematical corrections
extremely dif¢cult. Further application areas can
be seen in the ¢eld of transition metals, whose anal-
ysis at trace levels is sometimes extremely dif¢cult
or impossible, or in the analysis of anionic traces in
anionic matrices such as the refractory metals.

Newer applications deal with the determination
of oxyhalides in water samples using both the supe-
rior sensitivity of ICP^MS and its element speci¢c
detection to solve selectivity and detection prob-

lems of IC (Fig. 5). The most prominent example
is the determination of bromate, which may guide
as a reference for the evolution cycle of on-line
applications.

First IC^ICP^MS applications simply adapted an
IC application by replacing the conductivity detec-
tor by ICP^MS [ 34 ]. Optimization on both parts of
the coupling system increased speed, accuracy and
LOD signi¢cantly. On the IC side the commonly
used low capacity anion exchangers were replaced
by high capacity ones with similar performance
[ 2,35 ]. This allowed an increase in sample volume
and lowered the LOD. The next step is the replace-
ment of the commonly used aqueous NaOH or
Na2CO3 eluents in concentrations up to 180
mmol / l. These eluents require chemical suppres-
sion in order to avoid large amounts of sodium
reaching the ICP resulting in decreased plasma
stability. Another disadvantage of these strongly
basic eluents is the precipitation of alkaline earth
metals as hydroxides. The elution system can be
optimized with respect to the separation problem
because there are almost no limitations in choosing
the eluent when ICP^MS detection is applied to IC.
An almost ideal eluent for ICP^MS is NH4NO3,
which disappears completely in the plasma. From
the view of IC is nitrate a good choice as eluent
anion for moderately retained anions such as chlo-
ride and bromate.

The optimization on the ICP^MS side includes
speci¢c set-up for bromine determination, the
selection of high ef¢ciency nebulizer, the use of
collision cell technology for the elimination of inter-
fering molecular ions (Fig. 3) and not at least the
use of isotope dilution as calibration technique
[ 36 ]. The ¢nal result is an IC^ICP^MS application,

Table 5
Examples of the use of on-line coupling IC^ICP^(AES,MS) as a tool for the speciation of elements

Element Separation modes Separated species Comments Refs.

Al Anion /cation Al( III ) and Al complex species Chromatographic separation of fragile
complexes

[ 49 ]

As Anion /cation As( III ), As(V), anionic or cationic
organic As compounds

Most popular application [ 50 ]

Cr Anion /cation / ion
pair

Cr( III ), Cr(VI) Slow kinetics of Cr( III ) cause problems [ 51]

Hg Ion pair Cationic Hg compounds Critical element in ICP [ 52 ]
Pt Anion Anionic Pt complexes Strong adsorbed anions, catalyst abrasive [ 53 ]
S Anion S23, SO3

23, S2O3
23, SCN3 Detection as 32S16O� [ 54 ]

Sb Anion Sb( III ), Sb(V), anionic organic Sb compounds Unidenti¢ed signals [ 55 ]
Se Anion Se( IV), Se(VI ), anionic organic Se compounds Hydride generation possible [ 51]
Sn Cation Organotin compounds Mostly sediments [ 56 ]
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which allows the highly accurate determination of
bromate in almost every water sample within 10
min without any calibration protocol at the sub
Wg / l level.

6.4. IDMS applications

A speci¢c disadvantage of coupling techniques
in contrast to standard ICP^MS applications is
the time consumption raising higher costs and
even more deleterious a decreased accuracy and
reproducibility from long-term drifts. Classical
methods for the compensation of long-term drifts
such as time dependent calibration functions, inter-
nal standards and post column internal standards
are not really able to solve drift problems. The ideal
way out to eliminate all drift problems is the use
of isotope dilution measurements [ 36,37 ] as
exemplary shown for the determination of
bromate in water samples. Using an isotope
spike of pure bromate with an enrichment of 81Br
generates the chromatogram shown in Fig. 5. The
isotope ratio of the background as well as that of the
bromide peak equals the natural ratio of approxi-
mately 1. The bromate peak shows a strong shift of

the ratio, which can be used for quantitation. Detec-
tion limits in IDMS are controlled by chemical
blanks, isobaric overlaps, purity of the spike iso-
tope and the amount of analyte, which is necessary
for accurate determination of the isotope ratios
[ 37 ].

7. Conclusions and outlook

Today's reality of on-line coupling LC and ICP^
MS can be described by a list of advantages and
limitations. It should be stressed that a coupling
technique is more sophisticated, more complex,
more expensive and sometimes dif¢cult to handle.
Compared to a single technique it is a more power-
ful tool and allows trace and speciation analysis at a
so far unreached level of sensitivity and selectivity.

The list of advantages includes the following
points:

õ simple, fast and powerful sample pretreatment
technique

õ very low detection limits and quite good
reproducibility

Fig. 5. Strategies for isotope dilution analysis utilizing on-line coupling IC^ICP^MS. Shown is the separation of bromate and bromide
by anion IC. The sample was 585 Wl of a bottled water, spiked with bromate and a bromate isotope standard. The column, eluent and
detection device are as described in Fig. 4. Shown are the mass traces for m / z 79 and 81 (dotted line) and the total time slice isotope
ratio for m / z 79/81.
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õ large dynamic range of ICP^AES and ICP^MS (up
to five orders of magnitude)

õ the ICP device is operated with a constant
secondary matrix

Like every analytical method on-line coupling
IC^ICP^(AES,MS) suffers from several disadvan-
tages and limitations:

õ not all elements and all species are detectable
(limitations by the chemistry of the chromato-
graphy part and by the features of the spec-
trometer)

õ time consuming technique (ranging from 2 to
20 min per sample)

õ a large data volume must be handled (ca. 100^
1000 data points per measurement)

õ high surface area of the separation system, e.g.
memory effects must be taken into consideration

Most important features of atomic spectrometry
are the element speci¢c detection and the superior
sensitivity. Features such as the large dynamic
range, the relative freedom from matrix effects
even when atomic spectrometry is coupled to chro-
matography can be used more extensively to save
time and to earn more accurate data using coupling
techniques.

The calibration of atomic spectrometers can be
handled much easier than that of conventional IC
detectors using the large dynamic range of ICP tech-
niques. Those simple off-line calibrations had been
used for ICP^AES and ICP^MS in on-line precon-
centration applications. With its ability to decide
between isotopes the ICP^MS is well suited for iso-
tope dilution analysis ( IDMS), a calibration tool
which increases the accuracy, the results and
saves time due to reduced calibration work. The
use of IDMS in combination with on-line coupling
methods allows a signi¢cant speed up of the usually
to IDMS applied time consuming separation proc-
esses.
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