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lon Chromatography as a Reference Method
for Determination of Inorganic lons in Water

and Wastewater

Rajmund Michalski

Institute of Environmental Engineering of Polish Academy of Science, Zabrze, Poland

Water analysis is an important part of the chemical analysis of environmental samples. The
development of new methods of water analysis and improvement of existing ones is a major
task for analytical chemists. Analysis of common inorganic anions and cations in water is
mandatory. Ion chromatography has almost replaced most of the wet chemical methods used
in water analysis. The demands from regulators for justifiable analytical results and from
laboratories for validated methods have led to necessity to standardize ion chromatography
methods. The paper is a review of application of ion chromatography for the determination of
inorganic anions (F~, ClI-, NO;, NO;, BrO;, ClO;, ClO;, PO}, S0, 803, CrO3~, 1,
SCN-, and S,05") and cations (Lit, Nat, NH, , K*, Mn>*, Ca**, Mg?t, Sr**, Ba’") in water

and wastewater.

Keywords ion chromatography, water analysis, anions, cations

INTRODUCTION

Water can be considered as one of the basic substances sup-
porting life and the natural environment, a primary component
for industry, a consumer item for humans and animals and a
vector for domestic and industrial pollution. Various directives
provide a framework for the control of aquatic substances, the
quality of bathing, surface and drinking water and effluent con-
trol. Such regulatory measures are closely related to analytical
measurements.

The number of chemicals determined in water has grown ex-
ponentially in the past 30 years. However, for the hundreds of
them, very few have been studied or have documented proof
of their health effects. Nearly half of the monitored parameters
are being measured for operational reasons (e.g., iron, ammo-
nium, pH, chloride, dissolved organic carbon) and for reasons
of customer satisfaction (e.g., colour, taste, total hardness).

Of the health-related compounds, a number of metals and
small groups of organic compounds and pesticides are being
measured on a regular base in the majority of countries. It con-
cerns such metals as antimony, arsenic aluminium, chromium,
magnesium, manganium, cadmium, copper, nickel, lead, mer-
cury, iron as well as inorganic ions (ammonium, fluoride, nitrite,
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nitrate, cyanide) and organic compounds (e.g., benzo(a)pyrene,
trihalomethanes, chlorobenzenes, pesticides). Recently inor-
ganic oxyhalide disinfection by-products such as bromate, chlo-
rite and chlorate are also measured.

The identification of new and possibly hazardous compounds
in drinking water has become an important task for water sup-
pliers. In an ideal situation, where standards for different intake
routes of exposure are fully adjusted to each other, regular mon-
itoring of such compounds should only be necessary when these
are carcinogens, or if the relative contribution of drinking water
to the total exposure or to the tolerable daily intake is high (1).

The determination of common inorganic anions (fluoride,
chloride, nitrite, bromide, nitrate, phosphate and sulfate) and
cations (sodium, potassium, magnesium and calcium) usually
was carried out using chemical wet methods such as: gravimetry,
titration, photometry, turbidimetry and colorimetry.

Many of these methods suffer from interferences and limited
sensitivity; they can be labour intensive and are often difficult
to automate. Although performance criteria (trueness, precision
and limit of detection) can be specified for analytical methods, it
is still difficult to obtain similar results in different laboratories.

Standards specify, a maximum contaminant level (MCL) for
a number of inorganic anions and cations. These limits are set
to minimize potential health effects arising from ingestion of
these ions in drinking water. For instance, high level of fluo-
ride causes skeletal and dental fluorosis, while nitrite and nitrate
can cause methemoglobulinemia, which can be fatal to infants.
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TABLE 1
The milestones in the development of ion chromatography
Year Event
1971 Hamish Small and his colleagues proposed and

tested an ion chromatographic method that used
ion exchange as the separation mode and
conductivity detection for lithium, sodium and
potassium determination

1975 Publication in Analytical Chemistry by Small et al.
(4) a novel ion-exchange chromatographic
method for the separation and conductometric
detection of ionic species

1975 The public exposure of first commercial ion
chromatograph in 1975, during the fall meeting
of the American Chemical Society in Chicago

1980 Developed by Gjerde et al. (6, 7) a variety of ion
chromatography—a non-suppressed ion
chromatography

1981 Introduction to the market an ion chromatographs

with all parts contacted with eluents made of
non-metallic materials

1981 Introduction on new generation of membrane
Suppressors

1984 Introduction of first software for ion
chromatography

1984 U.S. EPA, and ASTM established a several

methods with ion chromatography as reference
methods for water and waste water analysis

1986 Introduction of micromembrane suppressors and
gradient elution in ion chromatography

1992 Introduction of autosuppressors by Dionex Co.

1998 Introduction of automatic eluent generator (“Just
Add Water”)

1992-2000 Introduction by ISO six ion chromatography
standards for water and waste water analysis

Introduction of new generation suppressors,
modern high-selectivity and high-capacity
columns, new sample treatment methods,
miniaturisation of apparatus

Currently

Other common inorganic anions, like chloride and sulfate, are
considered as secondary contaminants and are responsible for
water taste, odor, color and certain esthetic effects.

Until 1975, only a small range of analytical parameters could
be measured automatically, it was therefore necessary to develop
and validate new methods to extend the list of such parameters.

Regulators and clients expect to receive “true,” and com-
parable results from the laboratory. Legislators generally de-
fine which of the different validated methods should be applied
to analyze environmental water samples. In general, standard
methods can be chosen to serve as a reference method, but

the laboratory serving a public client should apply reference
methods.

THE PRINCIPLES OF ION CHROMATOGRAPHY

Ion chromatography (IC) is an innovative analytical tech-
nique that has significantly improved analysis of ions in water
and wastewater. In the late 1950s, a few researchers at the Dow
Physical Research Laboratory (Midland, MI, USA) have fore-
seen the benefits of inorganic ion analysis by replacing many
wet chemical methods with a single chromatographic technique
(2). The first breakthrough came in the late 1971, when Hamish
Small and his colleagues proposed and tested a chromatographic
method that used ion exchange as the separation mode and con-
ductivity detection (3). Dow Chemicals patented suppressed
conductivity and subsequently licensed it to Durrum Instru-
ments, which later became Dionex for commercialization of ion
chromatography.

In 1975 Small et al. (4) described a novel ion-exchange chro-
matographic method for the separation and conductometric de-
tection of ionic species. They employed a low-capacity ion-
exchange stationary phase for the separation of analyte ions,
in conjunction with the second ion-exchange column and con-
ductivity detector, which allowed for continuous monitoring of
eluent.

In September 1975 IC has got its first public presentation at
the meeting of the American Chemical Society, where Dionex
showed the first commercially available instrument (5). In 1979
Gjerde et al. (6, 7) developed variety of ion chromatography—
a non-suppressed ion chromatography technique. They showed
that suppression was not essential to sensitive conductivity de-
tection, provided that appropriate low-capacity stationary phases
and low-conductance eluents were used.

Ion chromatography can be used for the determination of
ionic solutes such as: inorganic anions, inorganic cations (in-
cluding alkali metals, alkaline earth metals, transition metals and
rare earth metals), carboxylic, phosphonic and sulfonic acids,
detergents, carbohydrates, low-molecular-weight organic bases
and ionic metal complexes (8).

Ion-exchange remains the primary separation mode used in
modern ion chromatography, although other approaches used
for separation of inorganic anions and cations include ion inter-
action, ion exclusion and chelation chromatography.

Ion chromatography with suppressed conductivity detection
is used most widely and generally offers the best performance. In
suppressed ion chromatography an eluent containing a suitable
electrolyte is passed through a high-performance ion-exchange
resin in a device called suppressor (formerly suppressor column)
and then to conductivity detector.

Bicarbonate eluents have been used as the mainstay eluent in
suppressed ion chromatography. Anyway, the ideal eluent seems
to be hydroxide, since after suppression it forms water that has
virtually zero conductance, and therefore provides the perfect
conductivity baseline. However hydroxide eluent is difficult to
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TABLE 2
The characteristics of ISO standard 10304-1 and 10304-2
Method number ISO 10304-1 ISO 10304-2
Published 1992 1995

Method name

Water quality—Determination of dissolved fluoride,
chloride, nitrite, orthophosphate, bromide, nitrate and
sulfate ions using liquid chromatography of ions.

Part 1: Method for water with low contamination

Water quality—Determination of dissolved
anions by liquid chromatography of ions.

Part 2: Determination of bromide, chloride,
nitrate, nitrite, orthophosphate and sulfate in

wastewaters
Sample matrix Drinking water, rain water, ground water, surface water Wastewater
Ions Range Ions Range
Working range of Fluoride (F7) 0.01-10 — —
determined ions  Chloride (C17) 0.1-50 Chloride (C17) 0.1-50
[mg L] Nitrite (NO;) 0.05-20 Nitrite (NO; ) 0.05-20
Orthophosphate (PO; ") 0.1-20 Orthophosphate (PO; ") 0.1-20
Bromide (Br™) 0.05-20 Bromide (Br™) 0.05-20
Nitrate (NO3) 0.1-50 Nitrate (NO3) 0.1-50
Sulfate (SO3 ™) 0.1-100 Sulfate (SO; ™) 0.1-100

Detection mode

Suppressed conductivity

use because it readily absorbs carbon dioxide and forms carbon-
ate (9).

The most popular eluents used in cations analysis are low
concentration mineral acids such as: HCI, HNO3, H,SO4 con-
taining also organic modificators (e.g., ethylenediamine, 2,3-
diaminopropionic acid) (10). Analyte ions are separated on the
ion-exchange column and these ions together with the elu-
ent move to the suppressor. In the suppressor, the conduc-
tance of the eluent is lowered (so-called “suppressed”) and
the conductance of the sample ions is increased, leading to
a large increase in the signal-to-noise ratio of the detection
signal.

The conceptualization of suppressed conductivity by Small
et al. (4) was the seminal idea in the development of ion chro-
matography. Suppressor columns were used in the beginning
of ion chromatography; however, there were a number of lim-
itations associated with the original solutions. These included:
the column’s limited suppression capacity with necessitated fre-
quent off-line regeneration; and a large extra-volume, which
became increasingly important as the efficiency of analytical
columns improved (11).

These problems were largely eliminated in 1981 by the intro-
duction of membrane based suppressors by Stevens et al. (12).
A development and use of suppression devices for the conduc-
tometric detection of inorganic ions by ion chromatography was
described by Haddad et al. (13).

Developments in membrane suppressor technology have
enabled suppression to be conducted in a continuous and unat-
tended manner have enhanced separation and detection by
reducing the system band broadening and have increased the
concentration of eluent that can be suppressed. Over the past

years, a large variety of stationary phases with different se-
lectivities and capacity have been developed for both anion-
and cation-exchange chromatography. The stationary phases
used in ion chromatography have been usually polystyrene-
divinylbenzene (PS-DVB), polymethacrylate and polyvinyl
resins.

Ion-exchange materials used in IC are described by Weiss
and Jensen (14). Recently there is an increasing interest in us-
ing porous monolithic stationary phases for high-performance
separation of inorganic and organic ions (15).

Previously, suppressed and nonsuppressed IC required low
column capacities. These columns were easily overloaded by
high sample concentrations. Increasing suppression capacity has
enabled ever-increasing eluent concentrations and in turn, in-
creasing column capacities.

At the beginning of ion chromatography column materials
utilized particles greater than 40 um and generated only about
120 and 300 theoretical plates efficiency, respectively. In the first
commercial column used in IC (Dionex AS-1), the particle size
was reduced to 25 um and efficiencies increased to 700 theo-
retical plates. Modern high-capacity columns have efficiencies
over 5000 plates (for4 x 250 mm column dimensions) and 5 um
particle size (16). Through the choice of stationary phase and
eluent composition the selectivity can be modulated but the elu-
ent must meets requirements of the detection system. Although
the conductivity detector is still the most popular, other types of
detection can be applied for different analytes.

These include the following methods: electrochemical (am-
perometric, pulsed and integrated amperometric, potentiomet-
ric), photometric (UV/VIS, indirect photometric following post
column derivatisation, chemiluminescence, refractive index)
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Method number
Published
Method name

TABLE 4
The characteristics of ISO standard 15061 and 14911
ISO 15061 ISO 14911
2001 1998
Water quality—Determination of dissolved Water quality—Determination of dissolved Li™,
bromate. Method by liquid chromatography of Na*, NH;, K*, Mn**, Ca?*, Mg?*, Sr*" and
ions Ba’* using ion chromatography method.

Method for water and wastewater
Drinking water, raw water, surface water, partially

Sample matrix treated water and swimming pool water Wastewater
Working range of Bromate (BrO3) 0.0005-1 Lithium (Li™) 0.01-1
determined ions Sodium (Na*) 0.1-10
[mg L~'] Ammonium (NH}) 0.1-10
Potassium (K™) 0.1-10
Manganese (Mn>*) 0.5-50
Calcium (Ca?*) 0.5-50
Magnesium (Mg?*) 0.5-50
Strontium (Sr*) 0.5-50
Barium (Ba®*) 1-100

Detection mode

Suppressed conductivity.
UV detector (A = 190-205 nm) is suitable to confirm Suppressed conductivity
the conductivity results only.

and fluorescence. Coupling techniques represent the link of IC e short analysis time;

system with an independent analytical detection method, usually * sensitivity on the ppb level (19, 20);

spectroscopic (AAS—Atomic Absorption Spectroscopy, ICP- * high selectivity (even in samples with complex matrix)
AES—Inductively Coupled Plasma Atomic Emission Spec- (21-23);

troscopy, ICP-MS—Inductively Coupled Plasma—Mass Spec- e simple water sample pretreatment (24);

trometry (17, 18)).

¢ small sample volume;

Ton chromatography offers several advantages over conven- ¢ simultaneous determination of anions and cations, or

tional methods:

inorganic and organic ions (25, 26);

TABLE 5
The characteristics of U.S. EPA Methods 300 and 300.1

Method number 300.0 300.1

Published 1993 1997

Method name The determination of inorganic anions The determination of inorganic anions

in water by ion chromatography in water by ion chromatography
Sample matrix Drinking water, surface water, wastewater
Limit of detection  Fluoride (F7) 0.009 Fluoride (F7) 0.009
[mg L7 Chloride (C17) 0.004 Chloride (C17) 0.004

Nitrite (NO3) 0.001 Nitrite (NO3 ) 0.001
Bromide (Br™) 0.014 Bromide (Br™) 0.014
Nitrate (NO3) 0.011 Nitrate (NO3) 0.008
Phosphate (PO; ") 0.019 Phosphate (PO;") 0.019
Sulfate (SO ") 0.019 Sulfate (SO ™) 0.019
Bromate (BrO3) 0.020 Bromate (BrO3’) 0.00144
Chlorite (CIO;) 0.010 Chlorite (CIO;) 0.00089
Chlorate (CIO3) 0.003 Chlorate (C1O5) 0.00131

Detection mode Suppressed conductivity
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TABLE 8
The examples of applications of IC for the determination of inorganic anions and cations in different types of water—part II
Detection
Analytes Columns Eluent mode Sample matrix References
Nat, K+, NHI, Mg>*, Dionex IonPac 40 mM HCI1 + 12 mM Suppressed Organic rich natural (72)
Ca?* CS10 2,3-diaminopropionic conductivity water from peatlands
acid
Cl7, Br,NO;,NOj5, Dionex IonPac 1,7 mM Na,CO3 + 1,8 Suppressed Rain water (73)
PO;?‘, SOﬁ_, AS4A mM NaHCO; conductivity
(CO0);~
F~,Cl~, Br—,NO;, Dionex IonPac NaOH (gradient elution)
NOj3, PO; ™, SO; ™, AS5A
HCOO~, CH3CO0O~
Li™,Na", K*,NH;,  Dionex IonPac 40 mM HCl + 20 mM
Rb*, Cst, Mg?t, CS 10 2,3-diaminopropionic
Ca?t, Sr*t, Ba2t acid
F~,ClI7, Br,NO;, Waters IC Pak A 1.3 mM gluconic acid +  Non-suppressed  Rain water (74)
PO; ", SO;~ HC 1.3 mM boric acid conductivity
Na®, KT, NHJ, Mg>*, Waters IC Pak C 3.0 mM HNO; + 0.1 mM
Ca’* M/D EDTA
BrO3 Dionex IonPac 40 mM boric acid + Suppressed Ozonated drinking (75)
AS9-SC 20 mM NaOH conductivity water
Cl7,NOy, SOi_ Dionex IonPac 1,8 mM Na,CO3 + Suppressed Rain water, snow (76)
AS4A-SC 1,7 mM NaHCO; conductivity
Na*, K*, Mg?*, Ca** Dionex IonPac 20 mM CH3SOz;H
CS12
TABLE 9
The examples of applications of IC for the determination of inorganic anions and cations in different types of water—part III
Detection Sample
Analytes Columns Eluent mode matrix References
Lit, Nat, KT, NHI, Dionex IonPac CS 12 20 mM methanesulphonic ~ Suppressed Mineral 77
Mg?*, Ca**, Sr?t acid conductivity water
Lit, Nat, NHJ, K",  Dionex IonPac CS 12 20 mM 2,3- Suppressed Mineral (78)
Mg, Sr’*, Ca>*+ diaminopropionic acid conductivity water
F~, CI7, BrOjy, ClIO;, Dionex IonPac AS 12A 0.3 mM Na,COs3 + 2.7 mM  Suppressed Drinking (79)
ClO;, NO;, Br, NaHCO; conductivity water
PO; ", SO;~
K*, Nat, Mg?t, Ca=2* Waters IC-PAK CM/D 7.5 mM citric acid + 1.0 Suppressed Drinking (80)
mM PDCA conductivity water
ClI~,NOy3, SOZ*, Br~ Dionex IonPac AS Na,CO; + NaHCO; Suppressed Sea water 81)
4A-HC conductivity and
UV (A =210 nm)
Cr(III)/Cr(VI) Dionex IonPac CS5 2 mM PDCA + 2 mM On-line thermal lens Drinking (82)
NaHPO, + 1 mM Nal + 5  spectrometric water
mM CH3COONH4
Cr(III)/Cr(VI) Excelpak ICS-A23 1 mM EDTA-2NH,4 + 10 ICP-MS Drinking (83)
mM oxalic acid water,
wastewater
F~ Dionex IonPac AS 10 13 mM NaOH Suppressed Rain water (84)

conductivity
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TABLE 10
The examples of applications of IC for the determination of inorganic anions and cations in different types of water—part IV
Sample
Analytes Columns Eluent Detection mode matrix References
BrOy Dionex IonPac AS 10, 100 mM NaOH ICP-MS Drinking water (85)
Dionex IonPac A
Dionex IonPac AG 10
F~, HCOO™, Dionex IonPac AS11 or NaOH (gradient Suppressed High purity (86)
CH;COO—, Cl—, IonPac AS 10 elution) or 85 mM conductivity water, drinking
SOi_, (COO)%, NaOH (isocratic water
elution)
Li™, Na®, NH;, Mg?*, Dionex IonPac CS 12A 11 mM H,SO;4
Ca2+
Cr(III)/Cr(VI) Dionex IonPac CG5 55 mM K;,S0,4 + Chemiluminescence Waste water 87)
+ AS7 95 mM KNO;
F~, ClI7,NO;, NO3, Allsep. Anion Na,CO5; + NaHCOs3, Suppressed or Drinking water (88)
Br, PO?[, SOi* p-hydroxybenzoic non-suppressed
acid, phthalic acid conductivity
BrO3 Excelpak ICS-A1 5 mM Na,CO3 + PCR with Bry Drinking water, (89)
+ ICS A-13 1 mM NaHCO; (A =267 nm) ozonated
drinking water
Cr(III)/Cr(VI), Waters IC-Pak A HC NaOH (gradient ICP-MS Drinking water, 90)
As(III)/As(V) elution) or KNOj wastewater
(isocratic elution)
Li*, Nat, NH, K+, Waters IC-PAK CM/D 5 mM HNOj + 0.1 mM Suppressed Mineral waters (20
Mg**, Ca** EDTA conductivity
TABLE 11
The examples of applications of IC for the determination of inorganic anions and cations in different types of water—part V
Sample
Analytes Columns Eluent Detection mode matrix References
BrO3 Anion-exchanger 10 mM NaOH or 5 mM ICP-MS Drinking water, (92)
PA-100 HNO; ozonated
drinking water
Cl=,NO,, SOﬁ_, F~, Dionex IonPac AS 10 85 mM NaOH Suppressed Power plant water 93)
(CO0);~ conductivity
Fe3t, Fe?t, Nit, Dionex IonPac CS5A 7.0 mM PDCA + PCR with PAR UV  Industrial waste (94)
Cu?t, Zn*t, Co*t, 66 mM KOH + (A =530 nm) water
Pb*t, Mn2* 74 mM formie acid
Cl, ClO;, ClO3, Vydac 302 IC 1 mM potassium Non-suppressed Drinking water, 95)
ClO, hydrogen phthalate conductivity or waste water,
UV (A =254 nm) swimming pool
water
BrO3, Br~ Teflon-PFA anion NH4NO; + NH; NTI-IMDS, ICP-MS Drinking water (96)
exchanger
Cl~,NO,, SO?[, Br~, Laboratory-made 0.5 mM sodium Suppressed Oil field water )
NOj3, PO;~, SO;~ silica-based benzoate + 0.1 mM conductivity

chimica-bonded

sodium citrate
1.5 mM HNO;




12: 20 17 January 2011

Downl oaded At:

116 R. MICHALSKI

» species analysis (e.g., NO,/NO;/NH}, SO37/SO; /
S?=, H,PO,/HPO; /PO~ Br /BrO;, Cl7/ClO;/
ClO5 /C1O,, Cr(II)/Cr(VI), Fe(Il)/Fe(I11)) (27-29);

« use of cheap, safe and environment friendly chemicals.

Acceptance of ion chromatography for the analysis of an-
ionic solutes was very rapid, primarily due to the lack of
alternative methods that could determine multiple anions in
a single analysis. However, the situation regarding the anal-
ysis of cations in environmental samples was quite differ-
ent, due to many rapid and sensitive spectroscopic methods
such as AAS, ICP-AES, ICP-MS, polarography and stripping
voltammetry.

Ton chromatography provides a straightforward method for
the simultaneous determination of alkali and alkaline earth
cations and ammonia. A key benefit of this approach is the ability
to determine ammonia in complex samples which contain both
inorganic cations and organic amines, as the latter compounds
can interfere with the conventional colorimetric or ion selective
electrode methods used for ammonia analysis.

Until recently analytical methods allowed analysts to deter-
mine total content of analytes only, but it was soon realized that
this analytical information was insufficient. Biochemical and
toxicological investigation has shown that for living organisms
the chemical form of a specific element or the oxidation state

in which that element is introduced into the environment is as
important as its quantities.

Speciation of an element is the determination of the individ-
ual physicochemical forms of that element that, together, make
up its total concentration in a sample (Florence and Batley (30)).
According to Kot and Namiesnik (31) the main types of specia-
tion of chemical compounds are: screening, group, distribution
and individual speciation. Speciation plays a unique role in:
the studies of biogeochemical cycles of chemical compounds,
determination of toxicity and ecotoxicity of selected elements,
quality control of food products, control of medicines and phar-
maceutical products, technological process control, research on
the impact of technological installation on the environment, ex-
amination of occupational exposure and clinical analysis.

IC plays an important role in hyphenated techniques used in
species analysis, as an effective and reliable separation method
(32-34). More than 15 years ago, capillary electrophoresis ap-
peared as a promising substitute for the IC mainly because of
its higher speed of separation. Determination of inorganic an-
ions and cations by capillary electrophoresis can be considered
as an emerging technique, in which current research carries an
emphasis on fundamentals rather than applications.

Comparison of IC and capillary electrophoresis has shown
that these techniques can be considered as complementary rather
than competitive (35, 36). Nevertheless until now there are no

TABLE 12
The examples of applications of IC for the determination of inorganic anions and cations in different types of water—part VI
Detection Sample
Analytes Columns Eluent mode matrix References
BrO;3, ClO;, CIOy7, Dionex IonPac AG9 H,0O + methanol ESI-MS-MS Drinking water (98)
103_ + NH4NO,4 + Na,COs3
+ NaHCO;
BrO3, ClO;, ClOy Dionex IonPac AS12 2.7 mM Na,COj; + PCR with Bry Drinking water, (99)
0.3 mM NaHCO; (A =267 nm) ozonated
drinking water,
mineral water
F~, ClI,NO3, SOZ’, Dionex IonPac AS11 21 mM NaOH or 0.5 mM  Suppressed Rain water (100)
HCOO~, CH;COO~ NaOH conductivity
Cl—, Cl0,, CIOy, Waters IC-Pak Anion  KNOj ICP-MS Drinking water (101)
Clo,, I" 107 HR
BrO3 Self-made NH;4NO; ICP-MS Drinking water, (102)
high-capacity swimming pool
anion-exchange water
BrO5, Br—, CIO;, Dionex IonPac 9 mM Na,COs; Suppressed Drinking water (103)
ClO5 AS9-HC conductivity
BrO3, ClO;, 103 Dionex IonPac AS12 2.7 mM Na,CO5 + PCR with Bry Drinking water (104)
0.3 mM NaHCO; (A =267 nm)
CH3COO™, BrO3, Dionex IonPac AS 11 ~ NaOH (gradient elution)  Suppressed Dinking water (105)
ClO;, Br, SOi_, conductivity

trifluoroacetate,
methansulfate
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TABLE 13
The examples of applications of IC for the determination of inorganic anions and cations in different types of water—part VII
Detection Sample
Analytes Columns Eluent mode matrix References
Clo, Dionex IonPac AS11 100 mM NaOH  Suppressed Drinking water, (106)
conductivity ground water
BrO3 Dionex IonPac 9 mM Na,CO3 PCR with Bry Drinking water (107)
AS9-HC (A =268 nm)
NO; Denki Kagaku Keiki, 1.5 mM phthalate PCR with I3 River water, lake (108)
LIC-10SA1 (A =350 nm) water, sewage
works water
105, BrO5, Br, SOi_, Waters IC-Pak Anion 0.5 M ammonium API-MS Drinking water (109)
$,037, 1~ HR citrate + 10%
acetonitrile
BrO5, Br7, 105, 1™ Dionex IonPac 25 mM Na,B4,0O; PCR with fuchsine Drinking water (110)
AS9-HC (A =520 nm)
BrO5, Br—, CIO3, Waters IC-Pak Anion Na,CO; Suppressed Drinking water (111)
$,037, 105, SO;~ HR conductivity and
API-MS
BrO3, Br—, Cl7, ClO;, Dionex IonPac 9 mM Na,CO; Suppressed Drinking water, (112)
105, NO;, SOZ‘, AS9-HC conductivity ozonated
NO5, PO, and PCR with drinking water
KI + (NH4M07024
A =352 nm)
BrO3, Br—, CI~, Dionex IonPac AS12A 11 mM ICP-MS Drinking water (113)
Se03 ™, PO;, (NH,4),CO;
AsO; ™, Se0;,
Cl0; ,ClO;, SO;~
TABLE 14
The examples of applications of IC for the determination of inorganic anions and cations in different types of water—part VIII
Analytes Columns Eluent Detection mode Sample matrix References
BrOj3, Br™, CIO;, Dionex IonPac AS9-HC 9 mM Na,CO; or PCR with o-dianisidine Drinking water, (114)
CIOy 12 mM Na,CO; + (A = 450 nm) ozonated drinking
5 mM NaHCO; water
BrOj, CIO;, CIO3 Dionex IonPac AS9-HC 9 mM Na,CO; PCR with o-dianisidine Drinking water, (115)
(A = 450 nm) ozonated drinking
water
BrO3 Waters IC-Pak Anion 5 mM Na,COj; or API-MS or ICP-MS Surface water, Drinking (116)
HR or self-made 75 mM NH4NO; water
PS/DVB
anion-exchanger
BrO5, Br7, ClIO;, Self-made PS-DVB 70 mM NaOH + Suppressed conductivity or Drinking water, table (117)
ClO5,F~,CI, anion-exchanger 0.5 mM HCIO;, or PCR with water, swimming pool
NO; SOﬁ’, NO;, 5 mM Na,COs3 chlorpromazine water, mineral water
PO, (A = 530 nm)
Br~, C1I7, NO;, NO5, Dionex IonPac 3.15 mM Na,CO; + Suppressed conductivity High purity water, (118)
F~, HPO,, SO;~ AS4A-SC 0.9 mM NaHCO; and UV (A = 215 nm) drinking water
Dionex IonPac AS14 20 mM NaOH
Cl-,NOj3, SO%™, TSK, OA-PAK-A Sulfosalicylic acid 4 Non-suppressed Drinking water (119)
Na*, K+, Mg?*, methanol 4 water conductivity

Ca2+
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international standards applied for capillary electrophoresis
methods but rapid development of capillary electrophoresis can
be expected.

The milestones in the ion chromatography development are
given in Table 1. Determination of inorganic anions and cations
in environmental waters, such as drinking water, surface water
and wastewater, is the most widely used application of IC world-
wide (37). Application of IC in environmental analysis including
sample handling and preparation, analytical performances and
quality assurance has been described by Jackson (38).

STANDARDIZATIONS OF ION CHROMATOGRAPHIC
METHODS

The most routine IC methods have been standardized in the
past 30 years. Advances in IC provided analytical chemists with
the new reliable tools for environmental analysis.

The best methods for inorganic anions and cations determi-
nations should meet the following requirements:

¢ determination of target ions with limit of determination
on 25% of maximum acceptable concentration;

¢ simple sample treatment;

e short time of analysis;

¢ low cost of single analysis;

¢ method availability.

IC methods meet these requirements and can be used for
routine applications in environmental laboratories. Laboratories
benefit from applying ion chromatography, because of simpli-
fied sample preparation, renunciation of hazardous reagents (e.g.
acids, organics solvents) and robustness against matrix interfer-
ences.

International Standard Organization (ISO) standards can re-
move trade barriers and promote business across national fron-
tiers. Standardization on the European level is the responsibility
of European Committee of Standardization (CEN), whereas on
the international level, the ISO is responsible.

Around 120 national standardization bodies cooperate in ac-
tivities that aim to stimulate cooperation in the scientific, techni-
cal and economics spheres across national frontiers. Standard-
ization is based on consensus, on scientific findings, on technical
progress, and has to bear in mind economical consequences.

CEN and ISO standards are elaborated in Technical Commit-
tees (TC), installed for a distinct field of action. ISO TC 147,
founded in 1971, is responsible for the standardization in the
field of water quality. The correspondent European committee
is CEN TC 230 “Water Quality,” founded in 1990.

Recently both standardization institutions cooperate accord-
ing to the Vienna Agreement established in 1991. It means that
standards can be transferred between ISO and CEN if necessity
arises. Experts work on the standardization of IC methods due to:

TABLE 15
The examples of applications of IC for the determination of inorganic anions and cations in different types of water—part IX

Analytes Columns Eluent

Detection mode Sample matrix References

Fe3*, Fe?t, Ni2T, Cu?*, Dionex IonPac CS2 10 mM oxalic acid +
7.5 mM citric acid or

Zn2+ C02+ Pb2+

UV (A =520 nm) Groundwater (120)

40 mM tartaric acid +

12 mM citric acid
Dionex IonPac CS5 6 mM PDCA or 50 mM

oxalic acid + 95 mM

LiOH

F~, CH;CO0",
HCOO—,NO;,NO;, 17
Br~, ClO;, SO; ™,
(CO0):~, PO~

Dionex IonPac AS KOH (gradient elution) ~ Suppressed conductivity Drinking water  (121)

BrO3, SeO%f, SeOézf, Dionex IonPac 3.5 mM NaHCO; Suppressed conductivity River water (122)
AsO3™, MnO;? ™, AS9-HC
CrO;~

CN~™ Dionex IonPac 5 mM NaOH Suppressed Wastewater (123)

AS11 conductivity (Ion
Exchange Reaction)

F-,Cl~,Br, POi_, Dionex IonPac 21 mM NaOH Suppressed Groundwater (124)
NOj;, SO;~, NOy AS11 conductivity

Lit, Na*, NHJ, K, Laboratory-made 1.2 mM tyramine + UV (A = 265 nm) Wastewater (125)

Mg+, Ca’* aluminium-
adsorbing silica

Gel Al-silica

0.2 mM oxalic acid +
5 mM 15-crown-5 or
5 mM 18-crown-6
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¢ profit from the technical advantages;

o the request from laboratories to have validated methods
for accreditation procedures according to ISO 17025;

e the demand from administrative authorities to have ref-
erence methods for water analysis and regulations.

One of the most important IC methods is US EPA (US En-
vironmental Protection Agency) Method 300.0 recommended
for the determination of common inorganic anions (fluoride,
chloride, nitrate and sulfate) using standard low capacity anion-
exchange column and conductivity detection, introduced in 1993
(39). Soon this method was updated to include part B for the
determination of bromate and other inorganic disinfection by-
products using modern high capacity anion exchange column
with carbonate/bicarbonate eluent (40).

Many countries have similar to the USA health and envi-
ronmental standards and a considerable number of regulatory
IC methods. Most of methods for determination of inorganic
anions and cations in environmental waters are similar to the

U.S. EPA Method 300.0, and have been published worldwide.
For example, German Methods DIN 38 405, DIN 55609 and
DIN 38405-7, French Method AFNOR T90-042, Italian Method
UNICHIM 926, and Japanese KO101 are similar to the U.S. EPA
Method 300.0 (41).

THE REVIEW OF ISO AND U.S. EPA ION
CHROMATOGRAPHY METHODS

IC can be considered a well-established, mature technique for
the analysis of anions and cations and many organizations, such
as ISO (42-47), U.S. EPA (39, 40, 48-52), ASTM (American
Society for Testing and Materials) (53-59), or AOAC (Asso-
ciation of Official Analytical Chemists) (60) have standards or
regulatory methods of analysis based upon it.

The review of ISO and U.S. EPA methods for the determina-
tion of inorganic anions and cations in water and wastewater is
given in Tables 2—4 (ISO Standards), and Tables 5 and 6 (U.S.
EPA Methods). This review includes: method number, title, limit

TABLE 16
The examples of applications of IC for the determination of inorganic anions and cations in different types of water—part X
Analytes Columns Eluent Detection mode Sample matrix ~ References
BrOy Dionex IonPac 9 mM Na,COs3 PCR with Bry (A =267 Drinking water, (126)
AS9-HC nm) ozonated dinking
water
BrOj3, NO; Dionex IonPac 9 mM Na,COs3 PCR with Bry (A = Drinking water (127)
AS9-HC 267 nm) or PCR with
o-dianisidine (A =
450 nm) or PCR with
KI + (NH4MO7024,
A =352 nm)
F~,ClI7, Br,NO;3, Metrohm Phthalic acid Non-suppressed Drinking water (128)
SOi_ Metrosupp IC conductivity
Anion
F~,Cl7, Br, POi_, Dionex IonPac Na,CO3 + Suppressed conductivity Drinking water, (129)
NO;, SOﬁ_, NO3 AS4A-SC, NaHCO; industrial
IonPac AS14, wastewater,
IonPac AS14A domestic
wastewater,
surface water
Cl~, Br7,NO;, SO~ Dionex IonPac 3.2 mM Na,CO3; 4+ Suppressed conductivity Rain water (130)
AS9-HC 1.0 mM NaHCO;
Na*, K*, Mg?*, Ca>*  Dionex IonPac 20 mM CH;SOsH
CS12
F~,Cl~,Br, POi_, Phenomenex 5 mM Phthalate UV (A =279 nm) Drinking water, sea (131)
NO;, SO?[, NO3, Kingsorb water, river water
BrO3
Lit, Nat, NH], K+, Dionex IonPac 26 mM Suppressed conductivity ~Surface water, (132)
Mg?*, Ca** CS16 methanesulfonic drinking water,
acid wastewater
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of determination or range of determined ions, sample matrix, and
detection mode.

These methods have been developed especially for drinking
and waste water analyses, however other applications (e.g., rain
water, swimming pool water) are acceptable. During the stan-
dardization process the draft standard methods had to go through
a validation procedure, including checks for trueness, precision,
recovery, and finally an interlaboratory trial before they were
published as a standard method.

The normative part of an analytical standard method in ISO
includes at least the following clauses: scope, normative refer-
ences, interferences, principle, essential minimum requirements,
reagents, apparatus, quality requirements for the separator col-
umn, sampling and sample pretreatment, procedure, calculation,
expression of results and test report.

Methods can be deleted from the standards system if they do
not pass the approval stage successfully, or a confirmation after
5 years is refused, or a replacement of an existing standard by a
new one takes place (61).

SUMMARY
Since its introduction in 1975, ion chromatography has been
used in most areas of analytical chemistry and has become a ver-

satile and powerful technique for the analysis of a vast number
of ions present in the environment.

One of the premier analytical chemists of the 20th century,
Professor Harvey Diehl of Iowa State University proposed that
any scientist who could develop a better method for sulphur
analysis than gravimetry or nephelometry should be given the
Nobel Prize. Today, we can say that ion chromatography has
met this challenge.

The most important advantages of IC are: broad range
of applications, well-developed hardware, many detection op-
tions, reliability (good accuracy and precision), high selectivity,
high speed, high separation efficiency, good tolerance to sam-
ple matrices, low cost of consumables, accepted as standard
methodology.

It is an attractive technique especially for laboratories which
need to determine numerous anions and cations in several thou-
sand samples, but do not have the throughput to justify the pur-
chase of large automatic analysers, usually based on colorimetric
procedures. IC eliminates the need to use hazardous reagents,
which are often integral to colorimetric procedures.

Considering that several individual wet chemistry methods
for common inorganic anions or cations could be replaced
by one quick (e.g., 15 minutes) and reliable chromatographic

TABLE 17
The examples of applications of IC for the determination of inorganic anions and cations in different types of water—part XI
Analytes Columns Eluent Detection mode Sample matrix ~ References
ClO;, BrO5, Se03™, SeO;~ Dionex IonPac Na,CO; + ESI-MS Drinking water, (133)
AS9-HC and IonPac NaHCOj; or surface water
AS16 NaOH
F~,Cl~, Br, PO?{, NO;, Dionex IonPac AS15 KOH Suppressed Power plant water (134)
SO; ", NO;, HCOO™, conductivity
CH;COO~
[Ag(CN),]~, [Au(CN),]~ Transgenomic QS- 20mM NaOH+ UV (A =215nm) Wastewater (135)
[Cu(CN)31>~, Ni(CN)41>~ Al, QS-A2 150 mM NaCN,
[Fe(CN)s]*~, [Co(CN)s1*~ 20 mM NaOH +
100 mM NaClOy4
NO;, SO%f, (COO)%f, I, Dionex IonPac AS4A Na,CO;5 + Fluorescence River water, (136)
SZO?, ascorbic acid, NaHCO; detection drinking water
BrO;,NO,,NO;,F~,Cl7, Dionex IonPac AS 11.5 mM Na,CO3  Suppressed Drinking water, (137)
CH;COO~, HCOO—, Br—, 9-HC conductivity bottled water
PO;~, SO~
NO,,NO5, CI7, POZ_, SO;~ Dionex IonPac AS 9.0 mM Na,COs Suppressed Sea water, (138)
9-HC conductivity and ~ wastewater
UV (A =225 nm)
NO;, NO3, NHZr TSKge IC Anion SW 5 mM Na,; SO, UV (L =206 nm) Rain water (139)
+ TSKg IC Cation or fluorescence
(410/470 nm)
NO;, NO3, SOi_, Br~ TSKge IC Anion SW 1 mM H,SO4 UV (A =210nm) Rain water, (140)

+ TSKg IC Cation

drinking water,
pond water
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separation, it is not surprising that ion chromatography quickly
became accepted by regulatory bodies worldwide for the anal-
ysis of anions in drinking and wastewaters. However, there are
relatively few regulatory methods for cations analysis which use
ion chromatography.

The laboratories need validated methods for performing a
variety of required characteristics, e.g., robust against possible
matrix interferences or matrix changes, specific and selective for
contaminant of interest, suitable working range, applicable for
the control of maximum contaminant level. Additional desirable
characteristics are that method should, for example, allow sim-
plified sample preparation, rapid analyses, economical benefits,
avoidance of hazardous reagents, robust apparatus, compatible
with the requirements of an analytical quality control system.

Quality control is essential part of environment analysis when
itcomes to generating reliable results using ion chromatography,
or any analytical method. Well-qualified strategies are the use of
certified reference materials (CRM) (62, 63) or the participation
in interlaboratory trials.

Standard methods (e.g., from ISO, CEN, and the U.S. EPA)
can be adopted as recommendation on a voluntary basis by any
laboratory around the world. Governments can decide to incor-
porate existing standards into their national standards.

After the publications of the U.S. EPA, ASTM and partic-
ularly ISO standards concerning with ion chromatography the

number of laboratories applying this technique have increased
dramatically. For those laboratories ion chromatography is a re-
liable and economic supplement for an existing wet chemical
methods.

In 1992-2005, five IC standards concerning anion determi-
nation in water and wastewaters have been published. Only one
standard concerns cation determination (Tables 2—4). Many dif-
ferent regulatory agencies use the same methodology as U.S.
EPA Method 300.0 (39), however, each agency has a unique
method format and style. Also, differences exist between the
methods in the area of quality control.

The U.S. EPA published 7 methods, for among, 3 (Methods:
317.0, 321.8, and 326.0) concern determination of oxyhalide
disinfection by-products (bromate, chlorite, and chlorate). It is
noteworthy, that two U.S. EPA Methods (314.1, and 332.0) de-
scribed the analysis of perchlorate, which is a new challenge in
analytical chemistry.

In contrast to ISO standards, some U.S. EPA methods rec-
ommend use modern columns, new sample preparation and hy-
phenated detection scheme (e.g., ICP-MS (50) and ESI/MS
(52)).

All ISO ion chromatography standards are based on sup-
pressed conductivity detection, although two of them (ISO
10304 part 3, and part 4 allow using UV/Vis and amperome-
try detection mode (Table 3).

TABLE 18
The examples of applications of IC for the determination of inorganic anions and cations in different types of water—part XII
Analytes Columns Eluent Detection mode Sample matrix ~ References
Cl7,NOy, SO~ Metrohm 3.2 mM Na,CO3; 4+ Suppressed Rain water (141)
Metrosepp A 1.0 mM NaHCO;  conductivity
SUPP 5
Na*t, KT, Mg?t, Ca** Metrohm Cation 4 mM tartaric amid
1-2 + 0,75 mM
dipicolinic acid
F~, Cl~,NO;, SO;~ Metrohm 1.8 mM Na,CO3 + Suppressed Rain water (142)
Metrosepp 3 1.7 mM NaHCO;3;  conductivity
Nat, NHI, K+, Mg?*, Ca’*  Metrohm 10 mM tartaric acid Non-suppressed
Metrosepp Cation conductivity
1-2
Cl~, Br—,NOj, SOZ* Dionex IonPac 3.2 mM Na,COsz + Suppressed Rain water (143)
AS9-HC 1.0 mM NaHCO3  conductivity
Na‘t, K*, Mg?*+, Ca>* Dionex IonPac 20 mM CH3SOsH
CS12
F~, ClI™, Br—, NO,, NOj, Phenomenex 3.75 mM Na,CO3;  Suppressed High purity water (144)
HPO}~, SO~ Star-Ton A 300 + 3.6 mM conductivity
NaHC03
F~, CH;COO™, ClO; ", Dionex IonPac 11.5 mM Na,CO;  Suppressed Drinking water, (145)
HCOO™, BrO3, PO?[, AS9-HC conductivity bottled water
Cl-, SO:~,NO;
F~, CI~, Br7, ClO,, NOj, Dionex IonPac 8 mM (or 10 mM)  Suppressed Drinking water, (146)
BrO;5, NO3, POi_, SOi_, AS9-HC Na,CO3; + conductivity wastewater
Mg+, Ca’* 0.2 mM EDTA
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TABLE 19
The examples of applications of IC for the determination of inorganic anions and cations in different types of water—part XIII
Analytes Columns Eluent Detection mode Sample matrix ~ References
F~, ClI7, Br—, CIO;, Dionex IonPac 8 mM (or 10 mM) Suppressed (147)
NO32_ , BrO;, NOy, AS9-HC Na,CO3; + 0.2 mM conductivity
PO; ", SO, Mg**, EDTA
Ca’*
ClI~,NO;3, SO?[, Metrohm 3.2 mM Na,CO3; + Suppressed Rain water (148)
Metrosepp A 1.0 mM NaHCO3 conductivity
SUPP 5
Na*, K*, Mg?*, Ca>*  Metrohm Cation 4 mM tartaric amid +
1-2 0,75 mM dipicolinic
acid
Cr(IIN)/Cr(VI) Dionex IonPac 40 mM L~! MgSO, + PCR with 15 mM Drinking water, (149)
CS5A 30mML"!'HCIO,  NapS,05+ wastewater
0.23 mM AgNO;
UV (A =365 nm)
BrO3 Dionex IonPac 9.0 mM Na,CO3 Suppressed Drinking water, (150)
AS9-HC conductivity and ozonated
PCR with Bry drinking water
(A = 267 nm)
F~,Cl7, Br, PO?[, Metrohm 1.0 mM Na,COs + Suppressed High purity water (151)
NO;, SOZ‘, NOy Metrosepp A 4.0 mM NaHCOs; conductivity and
SUPP 4 electrochemical

The philosophy of setting standards in CEN and ISO on
the one hand and the U.S. EPA on the other hand is dif-
ferent. CEN and ISO prefer documents that do not specify
trademarks or equipment produced by a single manufacturer
(monopolies).

The examples of applications of ion chromatography (liter-
ature data encompasses years 1980-2005) for the determina-
tion of inorganic anions and cations in different types of waters
(drinking water, wastewater, rain water, river water etc.) includ-
ing: analyzed ions, separation column, eluent, detection mode
and sample matrix are given in Tables 7—19. On the basis of
these data we may say, that in comparison to ISO standards that
recommend using well-established, older procedures, regarding
applied sample treatment methods, columns, eluents, detection
scheme—the range of application of ion chromatography in real
water analysis is broaden significantly.

In recent years, the separation of less common anions and
cations as well as the analysis of ionic species in complicated
matrices required the development of stationary phases with
widely different selectivities and much higher resolution power.
Extreme concentration differences between analyte ions, typi-
cally the case of environmental samples initiated development of
high-capacity columns with high chromatographic efficiencies.
Moreover, those columns can tolerate large volume injections,
thereby facilitating trace analysis. Thus, the diversity of columns
available today allows the ion chromatography user to individu-
ally select a stationary phase that is best suited for the respective

application. This, in turn, allows the determination of inorganic
contaminants at lower detection limits and expands the range
of analytes that can be measured in water and wastewaters. Ion
chromatography appears certain to remain an important tech-
nique for drinking water analysis and new method based on
ion chromatography separation will continue to be developed as
more and more inorganic contaminants (e.g., perchlorate, chro-
mate, cyanide) become regulated at lower and lower limits in
the future.

IC is applicable to the determination of ions in many sample
types, although the determination of inorganic ions in water con-
tinues to be the most widely used application. Nevertheless IC
is use in many others fields such as: pharmaceutical, petrochem-
ical, semiconductor, and power industry; as well as analysis of:
food, beverages, fertilizers, explosives, detergents, cosmetics,
etc. (8, 37).

Currently ISO/TC 147 WG 33 (responsible for ion chro-
matography methods) work on several new methods concerning
with: determination of bromate in drinking water (post-column
derivatisation method with triiodide), determination of common
anions in water (Draft ISO/DIS 10304) and new method of
cyanide determination using amperometric detection (64).

At present, ion chromatography accounts for over $165 mil-
lion of the $3 billion worldwide liquid chromatography mar-
ket, with over 2,500 ion chromatographs sold in 2002. Approx-
imately 4,000 applications of ion chromatography have been
published over the past 30 years (35).
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ABBREVIATIONS

AAS atomic absorption spectroscopy

AD amperometric detection

AFNOR French Standardization Association

AOAC Association of Official Analytical Chemists

API-MS atmospheric pressure ionization tandem mass
spectrometry

ASTM American Society for Testing and Materials

CD conductivity detection

CEN European Committee of Standardization

CRM certified reference materials

DIN German Institute for Standardization

ESI/MS electrospray ionization mass spectrometry

IC ion chromatography

ICP-AES  inductively coupled plasma atomic emission spec-
troscopy

ICP-MS inductively coupled plasma mass spectrometry

ISO International Standard Organization

MCL maximum contaminant level

NTI-IMDS negative thermal ionization isotope dilution mass
spectrometry

PAR 4-(2-pyridylazo)-resorcinol

PCR post-column reaction (post-column derivatisation)

PS-DVB polystyrene-divinylbenzene

TC technical committees

U.S.EPA  United States of Environmental Protection
Agency
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