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1. INTRODUCTION

Ton chromatography (IC) is a versatile, selective and sensitive method for the
determination of a variety of anions and cations at trace and ultra-trace levels. It has
been applied to hundreds of problems in various fields involving ionic analysis in
clinical, food, pharmaceutical, industrial, plating solution and environmental samples.
Perhaps the major reason for the rapid growth in popularity of IC is its usefulness in
the environmental field. Due to the general complexity of environmental samples, IC
has become an integral part in environmental analysis. Detection of specific trace
elements at the sub-part-per-biltion (10°) level is a major challenge for the analytical
chemist. The enhanced separating powers of the method also permits speciation of
environmental contaminants. Different species of elements have different orders of
toxicities.

Early publications (1970s) of IC work described environmental applications. Ion
chromatography was introduced in 1975, but soon after two books were published in
1978 and 197923, There is a need to update and assemble new application papers in
applied environmental sciences.

Several books*® and general review articles®~*° have been published on IC in
recent years. The most recent book by Smith® discusses 1C applications up to 1986.
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However, much of the work reviewed focuses on company information and lacks
many of the published references. Several review articles on environmental applica-
tions have also been published*!—56,

Ion chromatography is a rapidly changing field. This review includes the most
recent papers published in the literature as well as information available from the
major IC instrument and column manufacturers on environmental pollution appli-
cations. The literature is reported according to applications in water, soil, sediment,
sludge, plants, air (aerosols) and fossil fuels. A survey of the literature indicates that
replication of the analysis can be a problem. Often good or unique work on specific
elements can get “buried” with the description on separation of multiple ions. The
speciation of different oxidation states of related ions and separation of less common
ions have been emphasized in this review.

2. WATER ANALYSIS

IC has shown great promise for the sequential determination of ionic species in
a wide variety of water samples. In many cases, little sample pretreatment is required.
The technique has an intrinsic ability to cope with complex water samples with large
quantities of matrix ions in the detection of the target solutes at trace or ultra-trace
concentrations within the sample.

There are numerous reports on the use of IC in the determination of common
anions such as C1~, NOj, PO3~ and SOZ" in a wide range of water samples such as
wastewater, rain water, drinking water, snow and Antarctic ice (Table 1). The use of
high-performance liquid chromatography (HPLC) for the determination of organic
anions and inorganic ions in such samples has been comprehensively reviewed by
Bombaugh®’. The determination of organic and inorganic pollutants in different
water samples using amperometric and colorimetric detection methods was recently
reviewed’®. Amperometric detection tends to be selective and is very sensitive. The
sensitivity and effectiveness of IC has also been compared to classical spectrometric
methods®®. Many IC procedures have been standardized against colorimetric,
titrimetric, steam distillation, autoanalyzer, atomic absorption spectrometry (AAS)
and inductively coupled argon plasma emission spectrometry (ICAP).

In addition to separation and detection of various common anions, IC has been
used for the determination of various uncommon species in water. Bromide has been
selectively determined in water samples using amperometric detection®®. In a recent
paper by Urasa and Nam®*, chromium(I1I) and chromium(VI} in water samples were
analyzed directly using cation- and anion-exchange columns employing a direct
current plasma-AAS as an element-selective detector. Detectable concentrations of
chromium species were in the low ppb range using preconcentration procedures.
Cyanide, an extremely toxic ion which is used in electroplating and gold industries, has
been determined in wastewater by IC using electrochemical detection®!-107:110:114
The simultaneous determination of CN~, Cl~, Br~ and 1~ was recently reported with
amperometric detection®!?.

Different oxidation states of some elements have different levels of toxicities and
hence the separation and determination of these species is very important. While ICAP
and AAS only detect the total elemental content, IC can determine different species
simultancously. IC has been useful for the speciation of toxic ions such as
chromium®!-'24, arsenic®'13% and selenium?!33-136
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Organic acids appear in wastewater as a result of biological decomposition of
organic materials. Ion-exclusion chromatography was found to be extremely reliable
in the determination of weak organic acids in various water samples!°%133, McDowell
and Stedman** reported the interference of carbonic acid in their studies on the
determination of formic, acetic, propionic and butyric acids in various water sampiles.
Ethanolamines have also been determined using 1C*3.

Another serious pollution problem is acid rain'?®. IC has been applied in the
analysis of acid rain to determine the anion and cation composition. There are also
several reports on the ionic analysis of Antarctic snow samples'®:192, Sensitivity is an
extremely important parameter since the ion content in these samples can be about 100
times lower than that of comparable samples taken from industrial areas of the
northern hemisphere®.

3. SOIL SEDIMENT, SLUDGE AND PLANT ANALYSIS

IC analysis of the ionic species in complex systems such as soil, sediments,
sludges and plants has received little attention in recent years. Soil, sediment and
sludge materials are often analyzed with the objective to determine a single constituent.
However, the composition of other ions present may be determined by IC. The
advantages of IC in the analysis of such complex samples over conventional chemical
techniques include the determination of a variety of ions in a single run, speed and
speciation and minimal sample preparation. Table 2 shows the environmental
applications of IC in soil, sediment, sludge and plant samples.

Dick and Tabatabai'”® were the first to determine NO3 and SO2~ in soil
samples using suppressed IC after extraction with LiCl. Inorganic nitrogen and sulfur
are of prime importance in soils since they are essential plant nutrients. Frankenberger
and co-workers have used IC for the determination of the following ions in soil: C1~,
NO;,NO;,P0O3~,80%27,802",CN",Br,I ,Li*,Na*,NH;,K"*, Ca?*, Mg?",
Ba?™ (refs. 115,167, 168, 185) as well as Sr?* (ref. 185), SeO3 ~ (refs. 174,175), SeO3~
(refs. 173, 175) AsQ3 ~ (ref. 177), WO3 ™, (ref. 183), MoO3 ~ (ref. 182), CrOj ~ ref. 180)
H,BOj (ref. 190) and HCOj (ref. 190). Recently, Mehra and Frankenberger!”?
developed an IC method to separate and determine SeO% ~ and SeO7 ~, simultancously
in soils. Speciation of Se is important in understanding its potential toxicity and
mobility in groundwater and soils. Simultaneous determination of arsenite and
arsenate has also been reported in sediments with no interferences from other
anions!?¢- ‘

IC is becoming an attractive alternative to the conventional spectroscopic
methods for determination of metal ions in soil. Meaney et a/.>°3 used IC for the
determination of Fe®* and AI®* in soil and clay samples. Bertsch and Anderson’®8,
using a fully automated IC system, determined Al** extracts using a UV-visible
detector. Alkali and alkaline earth cations in soil have been detected using
conductometric detection both by single column and suppressed techniques. Re-
versed-phase columns have been used for determination of Pb, Zn, Co, Fe and Mn in
soils'23. Determination of total Cu, Ni and Zn in soils has recently been reported by (i)
digestion of soil with HF, HC10, and HNOj followed by (ii) extraction of metals as
dithiozonate in CHCls, (iii) destruction of the metal dithiozonate complex with HNO;
and (iv) final determination by IC using a chromogenic reagent for the detection of the
metals by visible photometry*®”.
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The chief advantage of IC in plant nutrition studies is its ability for rapid analysis
of many anions including intracellular organic acids. Little sample preparation is
required for these analyses. Deproteinised plant extracts (obtained routinely by
boiling) avoid column contamination. Other advantages of IC in the anion analysis of
plant extracts have been described recently by Grunau and Swiader'®’. However, they
emphasized the need for precaution such as the use of membrane filters for the removal
of interfering extractables since some of these extractables may cause column
poisoning. Various digestion methods have been reported including wet and dry
procedures!?4193:197,

4. AIRBORNE MATERIALS

IC is a valuable tool for the determination of ions of various airborne samples
such as ambient air, aerosols and dust (Table 3). The sample species may be gases
including NO,, SO, or mists such as H,SO, that have been emitted from an-
thropogenic sources. Airborne samples also include non-volatile salts and inorganic
ions sorbed on particulates such as fly ash or dust.

An airborne sample must first be dissolved in a solvent before it can be analyzed
by IC. But this is not always so straightforward. For example, if SO, is collected, it
must first be converted to an ionic form such as SO%™ (refs. 208,209) before the IC
sample analysis can be performed. Peroxybenzoylnitrate is determined by hydrolysis
of the sample into the benzoate anion which is then determined by IC?°®. Sulfuryl
fluoride is hydrolyzed to F~ for the IC analysis®®”.

Collection of airborne samples is performed with an impinger or sampling train
where the gas is sparged through a collection solvent. Frequently, the impinger solvent
contains a reagent to convert the sample into the ionic form, e.g., NO, to NO3 , SO, to
SO3~.

Impingers containing solvents may not be convenient for field investigations or
for monitoring worker exposure. Solvent-free systems are often preferred. Much of the
recent work describes solid trapping samplers. Gases are passed through the sampler
and then desorbed with a solvent. The sampler may be an activated carbon cartridge or
flow-through denuder. Although activated charcoal may be used for direct sampling,
frequently the support is coated with a chemical to make it more reactive with the
target species, i.e., triethanolamine-coated supports to collect SO, and NO; (refs.
208-210).

Airborne particulates can be dry-filtered out of the air and extracted with
a solvent before analysis. Frequently, water or the IC eluent is used as the extraction
solvent.

Once the sample is collected, the chromatography becomes fairly straight-
forward. Tsitouridou et a/.?3° reported a comprehensive study on eluent and column
selection for determination of more than 15 different ions in acrosol and fog water
samples. Anion-exchange chromatography is most commonly used for anion samples,
but ion-exclusion chromatography is becoming popular for weak inorganic and
organic acid samples?!”.

Much of the work on airborne samples involves the determination of C17, NO3
and SO3~. However, as indicated in Table 3, there are considerable studies conducted
on other ions of interest. For example, determination of ammonia?!!~213 amines?!!
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and alkylamines?!® have been reported. Acetate, formate and oxalate?!S, sul-
famate?*!, monochloroacetic acid?3°, chloroacetyl chloride?3?, formic acid®*217:235,
dimethyl- and methyl-sulfate®!®, azide*'®-22°, formaldehyde?!® and acetaldehyde??!
have also been monitored.

5. FOSSIL FUELS

The elemental composition of fossil fuels such as coal and various petroleum
products is an important environmental consideration in the use of these energy
sources. IC can be used to determine the fuel elemental composition for halogens, N, S,
P and various metals. The samples may first be combusted in an oxygen bomb or
a furnace, the gases are absorbed in water and the ions are determined by IC. In other
cases, the sample is simply extracted with a solvent. Dimethyl sulfoxide has been used
to leach C1™ from a number of coal samples?®!. Water extract of coal has been used
by Honma et al.?°? for the determination of C1~, NO;, NOj and SO}~. Recently
Burns ez al.*** found IC to be very attractive for the separation of a number of
radionuclides of elements such as plutonium, americium, curium, uranium and
thorium in radiochemical wastes. Table 4 lists the applications of IC in the analysis of
fossil fuels.

6, CONCLUSIONS

New analytical developments in IC have allowed the simultaneous determination
of ions from complex matrices at trace levels. IC can be tailored to be selective for
specific target solutes in the presence of other matrix ions, i.e., S¢Q3~ vs. SO~ (ref.
173), SeO3~ ws. Cl™ (ref. 174) and AsO3~ vs. PO~ (ref. 177). Much of the IC
applications involve suppressed systems marketed by Dionex (Sunnyvale, CA) but
recent advances have now become available with non-suppressed systems (single
column ion chromatography, SCIC).

Important parameters in optimizing the separation and detection of target
solutes include choice of eluent, concentration of the mobile phase, working pH,
column selection and choice of detectors. Among the most popular eluents, low ionic
strength aromatic organic acids (phthalate, benzoate and citrates) and mineral acids
have been used as the mobile phase in SCIC. Stationary phases include macroporous
styrenedivinylbenzene resins, quaternized silica and polymethacrylate gels. Conduc-
tivity is frequently used as the mode of detection in IC but other detectors include
absorbance (UV or visible light), fluorescence, AAS, coulometry and amperometry.
Electrochemical detection is popular because of its high selectivity and its ability to
detect ultra-trace levels.

New developments in IC do not simply involve “pick and choose” of each
component (mobile phase, column and detector), but require extensive knowledge in
determining the compatibility of these components in developing a useful analytical
system. The pX, of the target ion of interest must be known as well as the presence of
potential interfering substances. Column selection is based on the upper and lower pH
limit of the mobile phase to optimize separation.

Among the advantages of IC are: (i) its relatively high sensitivity with detection
limits in the low pg ml~" (conductivity, UV/VIS, AAS), low ng ml~! (amperometry)
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and pg ml™ range (fluorometric detection); (i) simultaneous determination of several
species and other elements, e.g., separation and determination of SO3~, SOZ™ and
$,0% (ref. 108); (iii) IC is non-destructive and fractions can be collected for further
confirmation; (iv) the cost of IC is relatively low (the system can be modified easily by
combining different components to accommodate changes in analytical require-
ments); (v) sample preparation is often minimal. IC can be used in routine analysis of
environmental samples and operated after minimal instruction.

7. SUMMARY

Ion chromatography (IC) is going through rapid growth and popularity because
of its usefulness in the applied environmental field. This review includes recent IC
applications in rainwater, groundwater, surface water, wastewater, drinking water,
fog samples, ice, snow, soil, sediments, sludge, plants, air, exhaust, acrosols, flue dust,
fly ash, fuel oil and coal. A major emphasis of this review is on speciation of ions.
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