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1. INTRODUCTION 

Chromatographic techniques, and in particular ion-exchange methods, have 
long been used for the analysis of inorganic ions using diverse monitoring techniques 
such as conductivity, polarography and spectrophotometry. A major advance in this 
field occurred in 1975, when Small ef al.’ described a novel system for the chro- 
matographic determination of inorganic ions, in which a specially developed pellic- 
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ular resin was used to effect the separation and a second ion-exchange column to 
reduce the background conductivity of the eluent in order to improve the detection 
limits for the eluted analyte ions. This system, which is described in detail later, 
illustrated the enormous potential of chromatography for inorganic ion analysis and 
deservedly received considerable research attention for some years. An important 
side effect of this development was to stimulate greatly research into alternative chro- 
matographic methods suitable for inorganic ions, and over the past 7 years a con- 
siderable volume of material has been published. It is the purpose of this paper to 
review these alternative methods, and therefore those articles which employ the same 
or a similar technique to that used by Small et al. will be discussed only briefly in 
order to provide a basis for comparison with other methods. 

Further to the above specific restriction, this review will be confined to a dis- 
cussion of methods that are chiefly applicable to anion analysis, because until very 
recently these methods have far outnumbered those for cation analysis. The prepon- 
derance of research into chromatographic methods for anions strongly reflects the 
paucity of alternative analytical procedures. This situation does not apply to cations, 
for which a number of excellent rapid and sensitive spectroscopic techniques (such 
as atomic-absorption spectrometry and inductively coupled plasma atomic-emission 
spectrometry) and electrochemical methods (such as polarography and anodic-strip- 
ping voltammetry) are available. Moreover, many of these are multi-element tech- 
niques and so duplicate one of the chief attractions of chromatography for inorganic 
cation analysis. Despite this, much of the experience gained from the intensive de- 
velopment of chromatographic approaches to inorganic anion analysis has recently 

l been applied successfully to inorganic cations - 5. At this stage, however, it is fair to 
say that these chromatographic methods for cations are generally inferior to the 
existing spectroscopic and electrochemical methods mentioned above. 

In contrast, the use of chromatography for anion analysis has proved so suc- 
cessful that chromatographic methods are among the best available and have been 
applied to a wide range of inorganic species (Table 1). This success can be attributed 
to concurrent advances in separation technology and detection methods, and in this 
review these two aspects will be described separately. 

2. SEPARATION METHODS 

2.1. Introduction 

The separation methods applicable to inorganic anion analysis can be broadly 
classified according to the scheme shown in Fig. 1. Two major approaches may be 
identified: ion-exchange using fixed-site exchange resins of various composition and 
ion-interaction methods using a variety of columns as substrates to support dynam- 
ically exchanged or “permanently” bonded ionic functionalities. In addition, a small 
number of alternative approaches have been reported, the use of amino columns 
being of most significance. 

2.2. Zon-exchange metho& 

2.2.1. Suppressed systems 
It is convenient to subdivide ion-exchange methods for inorganic anion analy- 
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TABLE 1 

INORGANIC ANIONS DETERMINED BY HIGH PERFORMANCE LIQUID CHROMATO- 
GRAPHY 

The identification codes are used in Tables 4 and 6. 

Anion Code Anion Code 

Azide 1 
Bromate 2 
Bromide 3 
Carbonate 4 
Chlorate 5 
Chloride 6 
Chromate 7 
Cyanate 8 
Cyanide 9 
Dichromate 10 
Hexacyanoferrate(II1) 11 
Hexacyanoferrate(I1) 12 
Fluoride 13 
Germanate 14 
Iodate 15 
Iodide 16 
Molybdate 17 
Nitrate 18 

Nitrite 19 
Oxalate 20 
Pentathionate 21 
Perchlorate 22 
Periodate 23 
Permanganate 24 
Persulphate 25 
Phosphate 26 
Silicate 21 
Sulphate 28 
Sulphide 29 
Sulphite 30 
Tetrathionate 31 
Thiocyanate 32 
Thiosulphate 33 
Trithionate 34 

SEPARATION METHODS 

I 

ION-EXCHANGE ION-INTERACTION OTHER 
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Fig. 1. Schematic representation of separation methods used for inorganic anions. 

sis into two groups: those which use a suppressor column and those which do not. 
The first group includes those methods which are predominantly based on the system 
originally described by Small et al.’ in 1975 and are generally described by the term 
“ion chromatography”. Here a low-capacity anion-exchange column (called the “sep- 
arator” column) is used to separate the sample anions and a second column, which 
consists of some form of strong cation exchanger, is used to reduce the conductivity 
of the eluent. This second column is generally referred to as the “suppressor” or 
“stripper” column and, for the purposes of this review, methods that rely on the use 
of a suppressor column will be described as suppressed systems in order to differ- 
entiate them from alternative methods. 

The use of suppressed systems for ion chromatography has been the subject 
of a number of reviews6-16 and compilations of applications are also available”-r9. 
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The widespread success of suppressed systems has resulted directly from the novel 
ion exchanger used in the separator column, together with the innovative use of the 
suppressor column to improve detectability of eluted ions. 

The separator column is packed with a specially developed material consisting 
of an aminated latex agglomerated on to an ion-exchange substrate. This material 
contains a core of styrene-divinylbenzene copolymer (S/DVB) beads (20-30 pm di- 
ameter) which have surface sulphonic acid groups. These groups serve to hold (via 
electrostatic attraction) a monolayer of small (0.145 pm diameter) latex particles 
that have been converted into an anion-exchange material by amination. The result- 
ing agglomerated particle is stable, resistant to pH changes and, in comparison with 
conventional microporous ion exchangers, has improved efficiency as a result of re- 
duced mass transfer effects arising from the pellicular configuration of the materialzO. 

The suppressor column is either packed with a $onventional strong cation 
exchanger or alternatively consists of an ion-exchange membrane formed into hollow 
fibres through which the eluent passes z 1--23. After traversing the suppressor column, 
the eluent ions are protonated to produce essentially non-ionized weak acids that 
have minimal conductivity. In this way, the background conductivity of the eluent 
is dramatically reduced and eluting sample anions are more easily detected. Full 
details of the chemistry involved in this process may be found in the above-mentioned 
reviews of suppressed ion chromatography. A typical separation is shown in Fig. 2, 
and more complete retention data are provided in Table 2. 

This form of chromatography has been extensively studied, and interferences 
and other adverse effects have been well documented24-26. The method has recently 
been applied to microbore 27,28 (Fig. 3) and gradient elutionZg techniques, and a 
retention model applicable to eluents containing more than one active species has 

-_ 
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i 
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0 L a 12 16 
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Fig. 2. Separation of some inorganic anions using a latex agglomerate separator column, together with a 
packed suppressor column. Separator column: 250 x 4.6 mm I.D. packed with 2&30 pm agglomerated 
material. Suppressor column: 10 x 4.6 mm I.D. packed with 20-40 pm Dionex DC-X8 totally sulphonated 
resin. Eluent: 3.0 mM HCOs--2.4 mM COs *-, Flow-rate: 3.5 ml/min. Injection volume: 100 ~1. Con- 
ductivity detection. Solute concentrations: 3-H) ppm. (From ref. 6, with permission.) 
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TABLE 2 

RETENTION TIMES OF SOME INORGANIC ANIONS ON A LATEX AGGLOMERATE COL- 
UMN 

Dionex anion separator column (250 x 4.0 mm I.D.) with anion suppressor. Eluent: 3 mil4 NaHC03-2.4 
mM Na2COB at 2.3 ml/min. (Data from ref. 116.) 

Anion 

F- 
S2- 
10s- 
c102 - 
NH2SOs- 
BrOs- 
cl- 
N02- 
HPOs’- 
Se0s2- 

Retention time 
(min) 

2.4 
2.4 
2.6 
3.0 
3.8 
4.3 
4.6 
5.9 
6.1 
6.9 

Anion 

po.$- 
AsOds - 
Br- 
so,2- 
N3- 
NOs- 
Cl03 - 
so42- 
SeO.+- 

Reteniion time 
(min) 

8.4 
12.2 
13.0 
13.4 
14.1 
15.2 
15.2 
22.8 
21.2 

L 1 L 1 I 
0 6 12 18 2L 

Time (min) 

Fig. 3. Separation obtained using suppressed ion chromatography with a microbore separator column 
and a hollow-fibre suppressor. Separator column: 47 cm x 190 pm I.D. YEW AX-1 resin. Suppressor 
column: 0.2 mm I.D. Nafion tubing surrounded by 0.05 M dodecylbenzenesulphonic acid. Eluent: 4 mM 
Na2C0s4 mM NaHCOs (pH 10.2). Flow-rate: 1.9 pl/min. Splitting ratio 7O:l. Injection volume: 20 ~1. 
Temperature: 4o’C. Conductivity detection. Solute concentration: 0.07-0.56 ppm. (From ref. 28, with 
permission.) 
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also been described30. The cost effectiveness of suppressed ion chromatography in 
comparison with ion-selective electrodes has also been established3 l *32. 

Other developments that are of special significance to this review include the 
use of pre-concentration33*34 and sample cleanup35~36 techniques to extend the 
method to incorporate very dilute or complex samples. In addition, it has been 
demonstrated37 that conventional types of pellicular materials with relatively high 
ion-exchange capacities can also provide excellent separations in the suppressed 
mode, provided that eluents of suitable pH are employed (Fig. 4). 

NO; 

1 I I 1 I I 

0 2 L 6 8 
Time (mtn) 

Fig. 4. Suppressed ion chromatography using a pellicular methacrylate ion-exchange column. Separator 
column: 200 x 4.5 mm I.D. Zipax-SAX. Suppressor column: Bio-Rad AG 5OW-X12. Eluent: 2 mM 
disodium adipate (PH 7). Flow-rate: 2.5 ml/min. Injection volume: 50 ~1. Conductivity detection. Solute 
concentrations: 2-20 ppm. (From ref. 37, with permission.) 

From a chromatographic viewpoint, suppressed systems suffer from a number 
of drawbacks, most of which arise from the suppressor column itself. Band broad- 
ening of sample peaks resulting from the additional dead volume introduced by the 
suppressor column may be identified as the major drawback, although this detriment 
is less evident when hollow-fibre suppressor columns are used2*. This is illustrated 
in Fig. 5, which shows a comparison between a packed suppressor and a hollow- 
fibre suppressor. Nevertheless, band broadening on the suppressor column exacer- 
bates the relatively low efficiency of the separator column (usually about 6000 the- 
oretical plates per metre). In addition, packed suppressors require periodic regener- 
ation to restore their ion-exchange capacity and the eluents applicable to suppressed 
ion chromatography are restricted to those which undergo suitable protonation or 
other38 reactions in the suppressor column. These deficiencies have provided an im- 
petus for the development of chromatographic methods for inorganic anion analysis 
that do not require use of a suppressor column. 
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Fig. 5. Suppressed ion chromatography using (a) a conventional packed suppressor column and (b) a 
hollow fibre suppressor. Separator column: 250 x 4.6 mm I.D. latex agglomerate. Suppressor column: 
(a) 100 x 9 mm I.D. strong cation-exchange resin; (b) 0.4 mm I.D. DuPont Nafion Type 811X surrounded 
by 0.05 M dodecylbenzenesulphonic acid. Eluent: 4 mM NarCOs-4 mM NaHCOs. Flow-rate: 2 ml/min. 
Injection volume: 100 ~1. Conductivity detection. Solute concentrations: 540 ppm. (From ref. 23, with 
permission.) 

2.2.2. Non-suppressed systems 
2.2.2.1. High-capacity ion-exchange materials. Most commercially available 

silica or resin-based anion exchangers have relatively high ion-exchange capacities, 
usually in excess of 1 mequiv./g. These materials have not found widespread use in 
the chromatography of inorganic anions, chiefly because their high ion-exchange 
capacities necessitate the use of eluents with considerable ionic strength for the suc- 
cessful elution of sample anions. This in turn prevents the use of conductivity detec- 
tion unless a frequently regenerated suppressor column is used. As a result, these 
readily available and efficient high-capacity materials have been applied only when 
detection methods other than conductivity were used. 

This may be illustrated by the determination of inorganic phosphates and po- 
lyphosphates using conventional resin-based ion exchangers, with electrochemical39 
or post-column reaction detection 4042 (Fig. 6). Similarly, nitrate and nitrite ions may 
be separated on microparticulate43-45 or pellicular4’j silica, polymeric4’ or cellulose4* 
ion exchangers, using direct UV absorbance or amperometric detection. The recent 
development of indirect detection methods, particularly those using refractive index 
measurements49-51, has provided a suitable alternative to conductivity detection that 
will permit the much wider use of high-capacity ion exchangers. These detection 
methods are discussed later. 

2.2.2.2. Low-capacity resin-based ion-exchange materials. In a major attempt 
to design an ion-exchange material specifically for the chromatography of inorganic 
anions, Fritz and co-workersS2*53 synthesized a range of low ion-exchange capacity 
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Fig. 6. Separation of orthophosphate (Pi), diphosphate (Pr), triphosphate (Pa) and tetraphosphate (P4). 
Column: 500 x 2.6 mm I.D. TSK-GEL-IEX-22OSA anion exchanger. Eluent: 0.23 M KC1 (pH 10). 
Flow-rate: 1 .O ml/min. Injection volume: 100 ~1. Detection by post-column reaction to form heteropoly 
blue complex with absorbance measured at 830 nm. Solute concentrations: cu. 40 nmol each (as P). (From 
ref. 40, with permission.) 

(0.007X~O7 mequiv./g) macroporous ion exchangers. The rationale used was that by 
maintaining the ion-exchange capacity at a very low level, elution of sample ions 
would be possible with eluents of very low ionic strength. When very dilute (ca. 0.1 
mM) solutions of aromatic acids such as benzoic or phthalic acid were used, the 
background conductivity of the eluent was sufficiently low that no suppressor column 
was necessary for conductivity detection to be used. Indeed, published datas4 indicate 
that the conductivity of a 0.2 mM benzoic acid solution at pH 7.0 is actually less 
than that of the 3 mM carbonate-hydrogen carbonate eluent generally used in sup- 
pressed ion chromatography, after this latter eluent has been passed through the 
suppressor column. The effect of variation of the ion-exchange capacity of the resin 
has been studieds5 and it was found that the distribution ratios of anions decreased 
with decreasing resin capacity, but the selectivity coefficients remained essentially 
constant over the range of capacities 0.04-1.46 mequiv./g. Computer simulation of 
the factors affecting ion-exchange chromatography with conductivity detections6 has 
confirmed that the use of low-capacity ion exchangers is essential for sensitive detec- 
tion. 

The resins prepared by Fritz and co-workers were synthesized using macro- 
reticular cross-linked polystyrene beads (XAD- 1, supplied by Rohm and Haas, Phila- 
delphia, PA, U.S.A.) as the substrate. These beads were ground and sieved, before 
being chloromethylated, usually by reaction with chloromethyl methyl ether, meth- 
ylene chloride and nitromethane, with zinc chloride as catalyst. The reaction time 
was varied to control the degree of chloromethylation. The treated resin was then 
aminated with trimethylamine in methanol to produce a material with excellent chem- 
ical and physical stability and favourable flow properties. 
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Several eluents have been studied for use with this surface-aminated resin, 
including benzoate, biphthalate and sulphobenzoate 52J7. These eluents were selected 
for their suitability for conductivity detection and all are effective ion-exchange dis- 
placement ions with minimal conductivity. With these eluents, the separation of com- 
mon inorganic anions such as fluoride, chloride, bromide, nitrite, nitrate, iodide, 
sulphate, thiocyanate and thiosulphate have been achieved; however, at best only 
five of these species could be resolved from each other in a single run. Fig. 7 illustrates 
a typical separation and more complete retention data are given in Table 3. Data 
from published chromatograms indicate that these resins are of fairly low efficiency 
(cu. 100&2000 theoretical plates per metre). Resins of this type are not commercially 
available, but detailed information on their preparation and selectivity characteristics 
has been publishedS2~53~5s in order to permit chromatographers to synthesize their 
own resins if required. 

L I I I I 

0 5 IO 15 20 
Time lmin) 

Fig. 7. Typical separation obtained with a low-capacity resin-based anion exchanger. Column: 1000 x 2 
mm I.D. XAD-1 resin treated to show an anion-exchange capacity of 0.04 mequiv./g. Eluent: 0.65 mM 
potassium benzoate at pH 4.6. Flow-rate: 2 ml/min. Injection volume: 50 ~1. Conductivity detection. 
Solute concentrations: 4.8-26.0 ppm. (From ref. 52, with permission.) 

In summary, surface-aminated macroporous ion-exchange resins do not pro- 
vide adequate efficiency for most applications and have been used only when high 
resolution was not required58*5Q. Despite this, the work of Fritz and co-workers has 
demonstrated the utility of low-capacity ion exchangers when used in the non-sup- 
pressed mode. Moreover, these resins have the advantage that they can be used over 
the entire pH range. 

In view of this, considerable recent efforts have been directed towards the 
design of new high-efficiency resin-based ion exchangers with low ion-exchange capa- 
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cities60-62 and several manufacturers are currently producing columns of this type. 
One particularly promising resin is TSK GEL 620 (Toyo Soda, Tokyo, Japan), which 
is a porous polymeric resin of small particle size (9 f 1 pm) and low ion-exchange 
capacity (30 pequiv./g). This material has been shown to give excellent resolution of 
up to seven common inorganic anions in a single chromatographic run (Fig. 8), using 
a variety of eluents such as gluconate in borate buffer61*63, phthalate or potassium 
hydroxide64. The measured efficiency of this material when packed into a 50 x 4.6 
mm I.D. column is approximately 20,000 theoretical plates per metre (for nitrate 
ion), which illustrates its potential for non-suppressed ion-exchange chromatography. 

, 1 

0 5 IO I5 20 
Time (min) 

Fig. 8. Separation of inorganic anions on TSK GEL 620 anion-exchange material. Column: 50 x 4.6 mm 
I.D. TSK-GEL IEX-620 anion exchanger. Eluent: 1.3 mM Na2B407-5.8 mM HaBOa-1.4 mM 
potassium gluconate at pH 8.5 in water-acetonitrile (88:12). Flow-rate: 1.2 ml/min. Injection volume: 100 
~1. Conductivity detection. Solute concentrations: 5-40 ppm. 

2.2.2.3. Low-capacity silica-based ion-exchange materials. Concurrent with the 
development of the resin-based ion exchangers discussed in the previous section, 
silica-based materials were also developed for the chromatography of inorganic an- 
ions. Once again, the fundamental aim was to produce a low-capacity ion exchanger, 
which, when used with eluents of low background conductivity, would be suitable 
for conductivity detection without the need for a suppressor column. The materials 
developed were low-capacity (0.1-0.3 mequiv/g) anion exchangers produced by bond- 
ing quaternary amino functionalities on to microparticulate silica (610 pm)65*66. As 
before, eluents were selected with a view to their suitability for conductivity detection 
and aromatic acids such as phthalic, benzoic and salicylic acids proved most useful. 
The most favoured eluent was o-phthalic acid (l-10 mM) with pH adjustment within 
the approximate range 3.5-6.0 being used to vary the ionic strength (and hence the 
elution characteristics) of the eluenP’. 
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Low-capacity silica-based anion exchangers are marketed for non-suppressed 
ion chromatography by a number of suppliers, including Vydac (The Separations 
Group, Hesparia, CA, U.S.A.), Wescan (Santa Clara, CA, U.S.A.) and Toyo Soda 
(Tokyo, Japan). These columns show relatively high efficiencies (typically 16,000 the- 
oretical plates per metre for the Vydac and Wescan columns and 25,000 theoretical 
plates per metre for the Toyo Soda columnP), but the choice of eluent is clearly 
restricted and this approach has the further disadvantages of a small linear range of 
sample loadings and a restricted working pH range (24.5) owing to the use of a 
silica-based material. Figs. 9 and 10 illustrate some typical separations and Table 3 
lists more complete retention data. 

The commercial availability of these columns has led to the development of a 
considerable number of specialized applications69-7 l, particularly the analysis of nat- 
ural waters and rain waters72-74. When clean samples such as waters are analysed, it 

Time (min) 

Fig. 9. Typical separation obtained with a low-capacity silica-based anion exchanger. Column: 50 x 4 
mm I.D. TSK-GEL IEX-520 anion exchanger. Eluent: 1 mM tartaric acid (pH 3.2). Flow-rate: 1.5 ml/mitt. 
Injection volume: 100 ~1. Conductivity detection. Solute concentrations: 10 ppm. (From ref. 68, with 
permission.) 

Fig. 10. Rapid separation of inorganic anions using a low-capacity silica-based anion exchanger. Column: 
Wescan anion HS column, 100 x 4.6 mm I.D. Eluent: 4 mM potassium hydrogen phthalate @H 3.9). 
Flow-rate: 4 ml/mm. Injection volume: 100 ~1. Conductivity detection. Solute concentrations: not specified. 
(From ref. 72, with permission.) 
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TABLE 3 

RETENTION TIMES OF SOME INORGANIC ANIONS ON SILICA AND RESIN-BASED LOW- 
CAPACITY ION-EXCHANGE COLUMNS 

(A) 0.007 mequiv./g XAD-1 polymeric ion-exchange column (500 x 3.0 mm I.D.) with 0.1 mM phthalate 
at pH 6.25 as eluent. The flow-rate was 2.0 ml/min and conductivity detection was used. (Data calculated 
from ref. 53 using to = 1.5 min.) (B) Vydac 302 IC silica-based ion-exchange column (250 x 4.6 mm 
I.D.) with 5.0 mM phthalate at pH 4.0 as eluent. The flow-rate was 2.0 ml/min and indirect refractive 
index detection was used. 

Anion Retention time (min) 

A B 

F- 2.90 _- 
CHsCOO- 2.90* 2.10 
H2P04- 3.24* 3.15 
CN- _** 3.40 
BlGJ_ _** 3.60 
HCOs - 3.30* _- 

Cl- 2.96 3.82 
NO2 - 3.10 4.46 
Br- 3.38 5.00 
Cl03 - _** 5.05 
NOs- 3.40 5.72 
I- 4.42 11.5 
Cr04*- 6.70 _- 

SCN- 7.04 22.4 
Cl04 - 8.46 27.0 
so42- 9.04 13.6 
so32- 9.14 13.6 
C204 2- 9.60 14.6 
S203 2- 14.4 21.6 

* Negative peak. 
** No data available. 

* No peak observed. 

is possible to use injection volumes as large as 2 m172,74*7 s without causing excessive 
broadening of eluted peak profiles. This results from a pre-concentration effect oc- 
curring at the top of the analytical column as the sample is injected. The sample ions 
thus move as a compact band down the column and, provided they do not coelute 
with the necessarily large solvent peak, they appear as sharp peaks. This procedure 
obviates use of a concentrator column, but is applicable only to very clean, dilute 
samples. 

The injection (or solvent) peak produced in this form of chromatography re- 
sults from a combination of factors, including dilution of the eluent and subsequent 
perturbation of the eluent buffer equilibria by the injection volume, together with 
conductivity changes caused by cations in the sample that coelute with the injection 
peak. For more conventional injection volumes of 100 ~1, the injection peak has been 
shown to be a measure of the total ionic content of the injected sample and careful 
quantitation of the injection peak can assist in the determination of ions with long 
retention times76. In this work, the concentration of a strongly retained ion is deter- 
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mined from quantitative data for the injection peak and all sample ions, with the 
exception of the most retained ion. 

The behaviour of cationic species during anion analysis by non-suppressed 
chromatography with conductivity detection has also been studied”. The presence 
of certain cations such as copper, lead or zinc ions was shown to affect the stability 
and performance of the column, and through interaction with the column material 
these ions could be partially retained and could coelute with the anions of interest. 
This resulted in the appearance of spurious peaks or possible incorrect assignment 
of peaks. 

In summary, the low-capacity silica-based ion exchangers suffer from the same 
eluent restrictions applicable to their resin-based counterparts, but have slightly high- 
er efficiencies. The main drawback of the silica columns is that their operating pH 
range is very limited and this in turn restricts both the range of samples to which 
they can be applied and the types of eluents that can be used. The results of this 
latter restriction is that the elution order of common anions is generally the same, 
regardless of the type of column or eluent selected. A summary of the experimental 
conditions used for all of the non-suppressed separation methods discussed above is 
given in Table 4. 

2.3. Ion-interaction methods 

2.3.1. Principles 
Ion-interaction chromatography (also called ion-pair chromatography), in 

which an ionic, hydrophobic reagent is added to the mobile phase of a reversed-phase 
chromatographic system in order to increase the retention of an oppositely charged 
ionic solute, has become well established as a successful technique’*. This method is 
widely used for organic ions and has the advantage that a number of mobile phase 
parameters can be manipulated in order to control the retention of the organic solute 
ion. These parameters include the organic modifier content, the concentration and 
type of the ion-interaction reagent and the addition of competing ionic species such 
as sodium sulphate. With the ability to tailor the mobile phase composition to suit 
the particular solute ion being studied, it is not surprising that a considerable amount 
of research has been directed towards the application of this technique to the sepa- 
ration of inorganic anions. 

The greatest asset of ion-interaction chromatography in this particular appli- 
cation is the flexibility it offers for adjustment of the ion-exchange capacity of the 
column. This parameter is governed by the amount of ion-interaction reagent that 
is adsorbed on to the hydrophobic stationary phase, and this in turn is regulated 
chiefly by the nature of the ion-interaction reagent used and the concentration of 
organic modifier in the mobile phase. In principle, any desired ion-exchange capacity 
can be produced, provided that the procedure used for coating the stationary phase 
with ion-interaction reagent is reproducible and the resulting column has stable prop- 
erties. A further advantage of this approach is the potential for attainment of high 
efficiencies. The efficiencies obtained with the fixed site ion-exchangers discussed 
earlier do not approach those regularly attained for organic compounds on micro- 
particulate reversed-phase columns, even for the silica-based ion exchangers. Ion- 
interaction chromatography using high-efficiency reversed-phase packings therefore 
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offers perhaps the highest efficiencies attainable for inorganic anions and may also 
contribute advantageous selectivity effects derived from the existence of slight hy- 
drophobic interactions (in addition to ion-exchange interactions) for some ions. 

2.3.2. Columns 
Three different types of column have been examined as supports for the ion- 

interaction reagent. These are silica-based reversed-phase columns 79-s5, neutral 
S/DVB copolymer columns 84-8s and normal-phase cyano columns 9°,91. Figs. 11 13 
illustrate some typical separations obtained with these columns, and more complete 
retention data are given in Table 5. Two distinct approaches for coating the column 
with ion-interaction reagent may be identified, dynamic coating and "permanent" 
coating. In the first approach an ion-interaction reagent of relatively low hydropho- 
bicity (such as a tetramethyl- or tetrabutylammonium salt) is used initially to con- 
dition the column and is maintained in the mobile phase for all subsequent chro- 
matography. In the "permanent" coating method, a much more hydrophobic ion- 
interaction reagent (such as a cetyltrimethylammonium salt) is used for initial column 
conditioning, after which it is removed from the mobile phase and is replaced in the 

> -  
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Time {rain) 
Fig. 1 I. Separation of some inorganic anions by ion-interaction chromatography using a reversed-phase 
column. Column: I0/~m LiChrosorb RP-18, 250 x 4.6 mm I.D. Eluent: 2 mM tetrabutylammonium 
hydroxide and 0.05 M phosphate buffer (pH 6.7). Flow-rate: 2.0 ml/min. Injection volume: 20 #1. Con- 
ductivity detection. Solute concentrations: 1000 ppm. (From ref. 79, with permission.) 
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Fig. 12. Separation of inorganic anions by ion-interaction chromatography using a PRP-l column. Col- 
umn: PRP-1, 150 x 4.1 mm I.D. Eluent: 0.75 mM tetrabutylammonium salicylate in acetonitrile-water 
(7:93) (pH 6.3,). Flow-rate: I ml/min. Injection volume: 20 pl. Conductivity detection. Solute concentra- 
tions: 0.5-1.0 ppm. (From ref. 87, with permission.) 
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Fig. 13. Separation of inorganic anions by ion-interaction chromatography using a CN column. Column: 
Polygosil-60-D-10 CN, 250 x 4.6 mm I.D. Eluent: acetonitrile-buffer (25:75), the buffer consisting of 0.1 
M NazHPO+ 4). 1 M KH2PO, containing 0.1% (w/v) hexadecyltrimethylammonium chloride. Flow-rate: 
1.5 ml/min. Detection by UV absorbance at 205 nm. Solute concentrations: not specified. (From ref. 91, 
with permission.) 
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T A B L E 5  

R E T E N T I O N  TIMES O F S O M E I N O R G A N I C  ANIONS  O B T A I N E D  W l T H I O N - I N T E R A C T I O N  
M E T H O D S  USING V A R I O U S  C O L U M N  TYPES 

Cx8 column* C18 column** CN column*** P RP-1 column § 

Anion Retention Anion Retention Anion Retention Anion Retention 
time time time time 
(rain) ( min ) ( min ) ( min ) 

IO3 3.04 103 1.4 IO3- 1.94 F -  3.48 
104 3.08 PO43- 1.7 BrO3 2.94 C1- 4.72 
Br -  4.40 C1- 2.6 H S -  2.99 BrO3 - 4.78 
BrO3 4.58 BrO3 - 3.0 NO2-  3.40 N O 2 -  4.95 
N O 2  4.75 NO2 3.8 HSO3 - 3.52 Br-  5.08 
MnO4 4.88 N O 3 -  5.6 N3 4.09 NO3 - 5.60 
O C N -  4.88 CIO3- 8.8 NO3-  4.71 I -  7.08 
$2082 - 6.64 SO42- 11.0 Br-  5.99 SCN 8.73 
NO3 6.73 C2042-  13.6 $2032-  7.96 IO4- 16.1 
I -  8.84 I -  16.8 I -  11.2 CIO4- 18.3 
S C N -  20.3 $203 z-  31.0 
C2042-  35.2 S C N -  47.6 

* Column: Partisil ODS-3. Eluent: 0.01 M octylamine adjusted to pH 6.2 with H3PO4, at a flow- 
rate of  2 ml/min. (Data from ref. 80.) 

** Column: end-capped C~8, 50 x 4.6 m m  I.D. Eluent: 4 m M  citric acid and I m M  cetrimide in 
methanol  water (30:70) at a flow-rate of  1 ml/min. (Data from ref. 83.) 

*** Column: Chromopack  Sil 60-D10-CN, 250 × 4.6 m m  I.D. Eluent: 0.1% cetrimide in 
methanol-0.1 M phosphate  buffer (40:60) at a flow-rate of  1.5 ml/min. (Data from ref. 90.) 

§ Column: PRP-I ,  150 x 4.1 m m  I.D. Eluent: acetonitrile-I m M  tetrapentylammonium fluoride 
(35:65) at a flow-rate of  1 ml/min. (Data calculated from ref. 88, using to = 1.3 min). 

eluent by a less hydrophobic ion (usually a tetramethylammonium salt). The amount 
of adsorbed ion-interaction reagent "permanently" bonded to the column (and hence 
the ion-exchange capacity) may be readily determined by removing the adsorbed 
reagent with an organic modifier, followed by spectrophotometric analysis of the 
collected eluate. 

2.3.3. Mechanism 
Although the mechanism of ion-interaction chromatography of organic ions 

is still the subject of some dispute 92-94, most workers have generally agreed that a 
dynamic ion-exchange mechanism operates when inorganic ions are used as sol- 
utes 79,8°,84,s6-s9,9s. This is probably due to the fact that the absence of significant 
hydrophobic effects for most inorganic ions makes the interpretation of the retention 
mechanism more simple than is the case for organic ions. For inorganic anions, two 
major equilibria are considered to contribute towards the retention of these ions on 
a reversed-phase column when an eluent containing a tetraalkylammonium salt 
(R4N+A -) is used. The first equilibrium describes the retention of RaN + on the 
column surface, which leads to the formation of a double layer. The R4N ÷ occupies 
the primary layer, producing a positive charge at the stationary phase surface, while 
the coanion (A-) of the salt occupies a diffuse secondary layergL The second equi- 
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librium describes the selectivity of one anion over another in the secondary layer. 
Evidence to support this double layer model has largely been based on results that 
indicate that the effects of changing the nature and concentration of the coanion 
(A-) are essentially identical between ion-interaction and conventional ion-exchange 
chromatographyS0,ss. 

2.3.4. Mobile phase parameters 
Experimentally controllable parameters used to govern the retention charac- 

teristics of inorganic anions are the type and concentration of the ion-interaction 
reagent, the choice of coanion, the type and concentration of the organic modifier 
used in the eluent, the ionic strength (which is adjusted by adding salts of the same 
or different coanion) and the type of column used to support the ion-interaction 
reagent. The last of these parameters exerts the least influence and the choice between 
column types is generally based on considerations of efficiency and applicable pH 
range. Several workers a4-s 6 have compared silica-based reversed-phase columns (var- 
ious C 18) with S/DVB copolymer columns 96 (generally Hamilton PRP-1) as supports 
in the ion-interaction chromatography of inorganic anions. They have concluded 
that the polymeric column has a lower efficiency (20,0008~ versus 30,000 plates per 
metre 84 for an octadecylsilyl column), but shows stronger adsorption of some ion- 
interaction reagents. 

2.3.4.1. Type of ion-interaction reagent. An extensive range of ion-interaction 
reagents has been investigated, including tetramethyl- 82, tetraethyl -86, tetrabutyl- 
79,81,84,86, tetrapentyl_88.89 and cetyltrimethylammonium 9°,91 salts, and octyl- 
amine 8° for dynamic coating of columns. More hydrophobic ion-interaction reagents 
such as trioctylmethy1-86, tetraocty1-86 or tridodecylmethylammonium s6 salts and 
cetylpyridinium salts 84,8~ have been employed with the "permanent" coating 
method. The particular reagent employed does not appear to be a critical factor, and 
is generally selected to provide an adequate surface coverage under the mobile phase 
conditions used. However, when PRP-1 packing is used as the support for "perma- 
nent" bonding, the preferred ion-interaction reagent is cetylpyridinium chloride 84, 
as the structure of this reagent more closely resembles that of the PRP-1 packing 
than do quaternary alkylammonium salts. 

One notable characteristic of the use of high-molecular-weight ion-interaction 
reagents in the "permanent" coating method is an initial, rapid improvement in col- 
umn efficiency that occurs when the eluent composition is altered after completion 
of the "permanent" coating procedure s4,8~. This change has been attributed to re- 
orientation of the bulky ion-interaction reagent molecules in response to the intro- 
duction of a more aqueous eluent, which results in more efficient mass transfer. After 
this initial change in efficiency has occurred, HETP values and capacity factors re- 
main stable for the passage of up to 40 1 of mobile phase 84. The reproducibility of 
column coating using the "permanent" coating method has been shown to be excel- 
lent, with retention times obtained for repeated coatings of the same column, and 
also for different columns, agreeing to within 2O/o 84 . 

2.3.4.2. Elution characteristics. The eluting power of the mobile phase can be 
varied in a number of ways. One approach is to add an anionic component (such as 
a salt or buffer) to the mobile phase, which then competes with solute anions for the 
cationic sites of the adsorbed ion-interaction reagent. In this way, the roles of the 
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ion-interaction reagent and competing anion are separate and are independently con- 
trollable. Thus a mobile phase containing tetrabutylammonium hydroxide 
(TBA*OH-) as the ion-interaction reagent and phosphate buffer as the competing 
anion has proved successful for the separation of Main Group inorganic anions on 
an octadecylsilyl column 79 (Fig. 11). An alternative approach is to utilize the coanion 
of the ion-interaction reagent as the competing anion; here the ion-interaction reagent 
serves the dual roles of coating the column surface to create ion-exchange sites and 
also to provide competing anions necessary to elute sample anions. This function of 
the coanion of the ion-interaction reagent has not been widely recognized 8a. Thus 
retention times obtained with TBA+OH will be considerably longer than those 
obtained with the same concentration of TBA+C1 because of the greater ion-ex- 
change displacing ability of chloride, in accordance with established ion-exchange 
selectivities 97. 

A further factor must be considered when selecting the coanion of the ion- 
interaction reagent, namely the comparability of the coanion with the detection mode 
used. For example, when conductivity detection is employed, it is desirable to mini- 
mize the background conductivity of the eluent or, on the other hand, it may be 
essential for the eluent to be either UV transparent or strongly UV absorbing to 
facilitate a particular mode of detection. Eluents such as phosphates or hydroxides 
of tetraalkylammonium ions have high conductivity and will give a mixture of both 
positive and negative peaks with conductivity detection and the high background 
conductivity will adversely affect detection limits. Consequently, use of salicylate 
(SAL-) as the coanion of the tetraalkylammonium species is much more suited to 
conductivity detection because it can provide the necessary eluting strength and also 
has a low background conductivity. Thus TBA + SAL- has been used for the dynamic 
coating method with PRP- 1 columns 84,87 (Fig. 12), while TBA + benzoate - and TBA +- 
phthalate- were also successful for this approachSL Similarly, tetramethylammo- 
nium salicylate (TMA+SAL)  was an effective eluent for PRP-1 columns with a 
"permanent" coating of cetylpyridinium ions s4,s~. 

A recent study has been devoted to the selection and application of an eluent 
suitable for UV absorbance, electrochemical, refractive index and conductivity de- 
tection of inorganic anions separated on an octadecylsilyl column s3. The eluent was 
required to meet several criteria, including the ability to function as an ion-interaction 
reagent, to contain a multivalent competing anion for rapid elution of sample ions, 
to be slightly UV absorbing at 220 nm, to have a low background conductivity and 
to have some buffering capacity. The eluent selected was cetyltrimethylammonium 
bromide and citric acid at pH 5.5, and this example clearly illustrates the extreme 
versatility of the ion-interaction method. 

The percentage of organic modifier in the eluent is a further important factor 
in the ion-interaction chromatography of inorganic anions. First, adjustment of the 
percentage of modifier is the most convenient method for regulating the amount of 
ion-interaction reagent adsorbed on the stationary phase in both the dynamic and 
"permanent" coating procedures. Second, studies have shown that small amounts 
(> 5 %) of acetonitrile or tetrahydrofuran s4,s~ were required for maximum efficiency, 
whereas methanol or ethanol tended to produce broader peaks than observed for 
acetonitrile-based eluents sS. The poor chromatography in purely aqueous solvents 
has been attributed in part to poor wetting of the support surface (PRP-1) by the 
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eluent s s. In support of this hypothesis is the fact that higher concentrations of ace- 
tonitrile (beyond that necessary to initially increase efficiency) did not have any fur- 
ther appreciable effect. A summary of the experimental conditions used in all of the 
ion-interaction separation methods discussed above is given in Table 6. 

2.4. Other separation methods 

In addition to the separation methods already described, a number of alter- 
native approaches have also been reported, although it is valid to say that these 
approaches lack the wide applicability of ion-exchange or ion-interaction methods. 

Some inorganic anions may be determined by pre-column derivatization re- 
actions, followed by chromatography on conventional reversed-phase columns. For 
example, nitrite ion reacts with diamines (such as 2,3-diaminonaphthalene) to form 
triazole derivatives that can be chromatographed on an octadecylsilyl column with 
ethanol-water as the mobile phase 98. Nitrate ion may be determined in a similar 
manner after reduction to nitrite. An alternative method for nitrite involves reaction 
with hydralazine at pH 1.1 to form tetrazolo-5,1-phthalazine, which can be separated 
from the reaction mixture on an octadecylsilyl column using acetonitrile-phosphate 
buffer as eluent 99. A further method for nitrite (and nitrate) involves reaction with 
excess of phenol to form o-nitrophenol, with subsequent reversed-phase separa- 
tion 1o0. 

Silica-based columns with a bonded amino functionality have proved success- 
ful for the separation and determination of nitrate and bromide in foodstuffs, using 
phosphate buffer as the eluent TM. This method has been further extended to other 
inorganic anions ~°2 (Fig. 14), but only UV-absorbing species were studied and it is 
therefore difficult to establish accurately the full potential of this approach. Not- 
withstanding this, the method clearly exhibits the efficiency expected from a silica- 
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Fig. 14. Separation of  some inorganic anions on an amino column. Column: Zorbax NH2,250 x 4.6 mm 
I.D. Eluent: 0.03 M H3PO4 adjusted to pH 3.2 with NaOH. Flow-rate: 2.0 ml/min. Injection volume: 20 
/~1. Detection by UV absorbance at 205 nm. Solute concentrations: 25 100 ppm. (From ref. 102, with 
permission.) 
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based column but would undoubtedly also suffer from pH restrictions. Further chro- 
matographic approaches that have been applied to inorganic anions include the use 
of silica-coated polyamide crown resin for halide separation with water as the 
eluent 1°3 and the separation of phosphorous oxopolyanions by Donnan exclusion 
chromatography ~°4. 

3. DETECTION METHODS 

3.1. Introduction 

Together with the need to develop adequate separation methods, the advance- 
ment of chromatographic methods for inorganic anions was hampered by a lack of 
suitably sensitive detection methods. This situation has altered over recent years with 
the development of sensitive and widely applicable detection methods, including con- 
ductivity, UV absorbance, indirect absorbance and refractive index procedures, elec- 
trochemical techniques and post-column reactions. In addition, some specific 
methods such as the spectroscopic detection of phosphorus and sulphur species 1°5 
and arsenic anions 81 have also been reported. 

In most instances, the detection method is inextricably linked to the separation 
method used, as the eluent is usually chosen with both the separation and detection 
methods in mind. The following discussion aims to highlight the requirements and 
advantages of commonly used detection methods, so that the reader may determine 
the suitability of these for the separation methods discussed earlier. 

3.2. Conductivity detection 

The advantages of conductivity detection for inorganic anion analysis have 
long been recognized I and include sensitivity, range of applicability, low cost and 
simplicity of operation. The chief problem is that eluents for ion-exchange or ion- 
interaction chromatography must necessarily contain ionic species, which may pro- 
vide an excessively high background, resulting in poor detectability for eluted ions. 
Conductivity detection operates on the principle that the elution of a sample anion 
is accompanied by a corresponding decrease in the concentration of the competing 
anion in the eluent, in order to maintain electroneutrality. It is therefore the difference 
in the equivalent conductivities of the sample ion and the eluent competing ion that 
is generally monitored, and this leads to the possibility of two distinct strategies for 
maximizing the conductivity response signal. 

The first and most widely employed strategy is either to negate the conductivity 
of the remaining eluent competing ions by a chemical reaction (and so enhance the 
detectability of the solute ions), or to use weakly conducting competing ions. The 
first of these possibilities is, of course, extensively applied through the use of sup- 
pressor columns1,21-23 and the second possibility is exemplified by the use of aromatic 
acid eluents with low-capacity fixed-site ion exchangers s2's3,65,66 and both dynami- 
cally and "permanently" coated reversed-phase columns s4,s 7. It should be noted here 
that the range of chemical reactions suitable for suppressing eluent conductivity is 
potentially very broad and has included thermal decarboxylation 3s and proton ex- 
change, leading to the formation of poorly conducting zwitterionic species ~°6. The 
latter approach is illustrated in Fig. 15. 
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Fig. 15. Suppressed ion chromatography involving formation of poorly conducting zwitterions in the 
suppressor column. Separator column: #Bondapak Cla, 250 x 4.6 mm I.D. Suppressor column: Dionex 
anion suppressor (Type 030829). Eluent: 10 mM tetrabutylammonium hydroxide and 11 mM 2-(N-mor- 
pholino)ethanesulphonic acid. Flow-rate: 2 ml/min. Injection volume: 100 #1. Conductivity detection. 
Solute concentrations: 1(~30 ppm. (From ref. 106, with permission.) 

The second strategy for conductivity detection is to use a highly conducting 
competing anion in the eluent and to monitor the decrease in conductivity that ac- 
companies the elution of a solute anion. This approach is of limited utility for the 
detection of inorganic anions, most of  which are highly conducting, but potassium 
hydroxide has been successfully employed for the separation and conductimetric de- 
tection of fluoride, chloride, bromide, nitrite, nitrate and sulphate, using a resin-based 
low-capacity ion exchanger 64 (Fig. 16). The limitation here was that hydroxide acted 
as a weak eluent and high concentrations were necessary to elute sulphate ion. 

The design of  conductivity detectors suitable for the chromatography of in- 
organic ions has been the subject of  some study and the general requirements are a 
small cell volume (to minimize dispersion effects), high sensitivity, wide range of 
linearity, rapid response and acceptable stability. Most conductivity detectors func- 
tion according to the Wheatstone bridge principle and the applied alternating voltage 
produces a considerable current through the cell, which leads to heat dissipation, 
resulting in a noisy, drifting baseline. The cell current can be reduced by correct cell 
design 79 and further improvements in response time, accuracy and linear range are 
possible with suitable electronic modifications, such as use of the bipolar pulse tech- 
niquelOT.10s. This involves the application of two successive constant-voltage pulses 
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Fig. 16. Conductivity detection in non-suppressed ion chromatography using an eluent with high back- 
ground conductivity. Column: TSK GEL 620 SA, 50 x 4 mm I.D. Eluent: 2 mM KOH. Flow-rate: 1 
ml/min. Injection volume: 100 #1. Conductivity detection. Solute concentrations: 5 ppm. (From ref. 64, 
with permission.) 

of opposite polarity to the conductance cell and measurement of the current flowing 
in the cell at the end of the second pulse. In this way, capacitance effects are overcome 
and electronic nulling of the background conductance of the eluent is also possible. 
Other developments with conductivity detectors include the introduction of logarith- 
mic response to increase the dynamic range (to about six orders of magnitude 1°9) 
and the design of a cell in which the electrodes are not in galvanic contact with the 
solution to be measured 110. The principal advantage of this latter innovation is that 
polarization, corrosion and other side effects that may change the measuring elec- 
trode surface condition, and also the cell constant, are eliminated. Further refine- 
ments to conductivity detectors have also been reported 111-113. 

Thermal stability of conductivity detectors is a problem that has been recog- 
nized by a number of workers 10,67,79.84,87,114. As the temperature coefficient of con- 
ductivity measurements is approximately 2°/o/*C 6, it is clear that very close temper- 
ature control is essential in order to minimize baseline noise and to maximize sen- 
sitivity, especially when non-suppressed eluents are used. The extreme temperature 
sensitivity of conductivity detection can be revealed by the detector signal produced 
by placing a hand on the column or steel tubing 114. To minimize such temperature 
effects, it is necessary to take the unusual precaution of thoroughly insulating all 
components of the chromatographic system, including the injector, pre-column, ana- 
lytical column, detector cell and all related tubing 84,114. This treatment has been 
observed to reduce baseline noise by a factor of seven 84. 

Detection limits achieved with conductivity detection may be typified by the 
values for nitrate ion of 500 ppb* for non-suppressed detection 67 and 100 ppb for 
suppressed detection 1°. 

* Throughout this article, the American billion (109) is meant. 
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3.3. UV-Absorbance detection 

Perhaps the most straightforward method for the detection of inorganic anions 
is to monitor their UV absorbance. A considerable number of anions show appreci- 
able absorbance in the range 195 220 nm 115, for example, nitrate, nitrite, bromide, 
bromate, iodide, iodate, periodate, thiocyanate and thiosulphate. Table 7 lists the 
detection limits and suitable wavelengths for some of these UV-absorbing inorganic 
anions. The important anions chloride, fluoride, sulphate, phosphate, perchlorate 
and cyanide do not show significant absorbance of UV radiation in the above wave- 
length range. Some degree of detection selectivity therefore exists, and this can often 
be used to advantage in the determination of UV-absorbing anions in samples that 
contain high levels of UV-transparent ions, such as chloride. 

TABLE 7 

UV ABSORBANCE DETECTION LIMITS FOR SOME I N O R G A N I C  ANIONS, OBTAINED US- 
ING LATEX AGGLOMERATE COLUMNS WITH D I F F E R E N T  ELUENTS 

Eluents: (A) 10 mM HC1; (B) 3 mM NaHCO3 2.4 mM Na2CO3; (C) 6 mM Na2CO3. (Data from ref. 
116.) 

Anion Detection limit Wavelength Eluent 
(ppm ) (nm) 

AsO33 - 1.2 200 A 
msO43 - 1.5 200 A 
Br-  0.1 195 B 
BrOa 0.16 195 B 
C1 - 2 192 B 
C103 - 4 195 B 
I -  0.15 195 C 
IO3 0.08 195 B 
N3-  0.3 195 B 
NO3 0.1 195 B 
NO3- 0.1 195 B 
S 2 - 0.4 200 A 
SCN- 0.2 195 C 
SeCN - 0.4 195 C 
SeO32- 0.5 195 B 
SeO4. 2 - 15 195 B 

Direct UV absorbance detection has found considerable usage in inorganic 
anion analysis 27,8°,9°,91,1°2,a16, with particular emphasis on the determination of 
nitrite and nitrate 48,s 2,101,117,118. An obvious restriction on the eluent composition 
is that all components must be essentially non-absorbing in the desired wavelength 
range. For this reason, eluents such as phosphate buffer 82,9°,91,1°1,1°2, chloride 8°, 
sulphate48,so,117, carbonate buffer 27,116, citrate83 and alkylsulphonates 118,119 have 
been used. The molar absorptivities of the inorganic ions listed in Table 7 are not 
great (e.g., 90001 mol- 1 cm- 1 at 210 nm for nitrate in water) and they are diminished 
even further in the eluents used. For this reason, great care should be exercized in 
the selection of both the nature and concentration of components used in the eluent. 
This can be illustrated by two methods for inorganic anion analysis using ion-inter- 
action chromatography in which the molar absorptivity of bromide was increased by 
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a factor of ten when the eluent was altered by replacing methanol with a lower 
proportion of acetonitrile 9°,91. The variability of detection limits obtained using di- 
rect UV absorbance detection in the range 195-220 nm is indicated by the following 
limits of detection for nitrate ion in different eluents: 100 ppb in carbonate buffer 116, 
150 ppb in citrate~cetrimide eluent 83, 20 ppb in sulphate eluent 48, 3-200 ppb in 
phosphate-cetrimide eluent 9°,91, 100 ppb in phosphate-tetramethylammonium 
eluent 82 and 50-300 ppb in phosphate eluent 1°1,1°2. 

3.4. Indirect detection methods 

The use of eluents containing aromatic acid anions as competing anions in 
ion-exchange methods using low-capacity columns with conductivity detection has 
resulted in the development of an innovative alternative detection mode. These aro- 
matic acid anions were selected as eluents for conductivity detection because of their 
low equivalent conductivities s/,sT, but these anions also show high UV absorbance 
and have a considerable refractive index in aqueous solution. As the elution of a 
solute anion in an ion-exchange process is accompanied by a localized deficiency of 
the competing anion in the eluent, then if the competing anion is derived from an 
aromatic acid with the above-mentioned properties, the background absorbance or 
refractive index of the eluent will change when a solute anion elutes. This provides 
the basis for a non-specific method whereby inorganic anions may be indirectly de- 
tected. This method is also known as "vacancy" detection 12° as it is a deficiency of 
eluent anions that is being monitored, or is alternatively named "indirect photometric 
chromatography" a z 1. 

Indirect detection has been applied using both UV absorbance s°,11°-124 and 
refractive index 49-s 1,12 o,a 24 measurements with ion-exchange systems and Fig. 17 il- 
lustrates these two detection methods. The criteria to be considered when selecting 
the eluent in the indirect UV absorbance method have been systematically evaluat- 
ed121, but a similar evaluation for the indirect refractive index method has not yet 
been reported. For indirect UV absorbance detection, both chemical and photometric 
considerations must be applied to selection of the eluent. The eluent anion must 
necessarily have sufficient displacing power to elute solute anions within a reasonable 
time, or loss of sensitivity due to band broadening effects can be expected. In addi- 
tion, a knowledge of the effect of pH changes on the ionization and absorbance 
properties of the eluent anion is critical to the success of the method123. Eluents used 
for indirect UV absorbance detection include phthalate 5 o, 121,122,124, nitrate 125, sul- 
phobenzoate 121,12a, iodide 121 and benzenetricarboxylate 121. 

Photometric factors are also of prime importance in view of the fact that 
photometric error is minimal only within the approximate absorbance range 0.2~0.8. 
In most instances, the eluent concentration is fixed by the ion-exchange capacity of 
the column, together with the displacing power of the eluent anion, yet at the same 
time the above limits of absorbance must be adhered to in order to minimize the 
photometric error. This situation may be resolved by selection of an appropriate 
wavelength of detection, which is adjusted so that the background absorbance of the 
eluent is less than 0.8. In this way, indirect UV absorbance detection may be em- 
ployed with columns having a wide range of ion-exchange capacities and using 
eluents of relatively high concentration. This flexibility is, of course, not offered by 
conductivity detection. 
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Fig. 17. (a) Indirect UV-absorbance and (b) refractive index (RI) detection of inorganic anions. Column: 
Vydac 302 IC, 250 x 4.6 mm I.D. Eluent: 6.0 mM potassium hydrogen phthalate (pH 4.0). Flow-rate: 
2.0 ml/min. Injection volume: 100 pl. Detection by UV absorbance at 285 nm or by refractive index 
measurement. Solute concentrations: 2.5 7.5 ppm. 

A further factor that must also be considered is the effect of  wavelength on 
detection sensitivity. As the molar  absorptivity of  the eluent anion is increased 
through wavelength changes, the sensitivity of  detection improves owing to the in- 
creased absorbance changes occurring for the same concentration change of the 
eluent anion. In this regard, maximum sensitivity is achieved at the wavelength of  
maximum absorption of the eluent anion, but baseline noise, photometric error and 
the ability of  the detector electronically to offset background absorbance levels must 
also be considered. With respect to these considerations, it is clear that the results 
obtained with indirect UV absorbance detection will be strongly dependent on the 
performance characteristics o f  the detector used 124. 

Indirect refractive index detection is subject to fewer restrictions than indirect 
UV absorbance detection. The background refractive index of the eluent is theoreti- 
cally not restricted, as measurements are conventionally made by comparison of  the 
column effluent with a sample of  eluent contained in a reference cell. Sensitivity is 
limited only by the performance of  the detector used, which does, however, impose 
a practical limitation in that most commercially available refractive index detectors 
are designed for the detection of  large concentrations of  solute and are generally not 
optimized for high-sensitivity applications. The possibility therefore exists for a re- 
fractive index detector to be designed for this particular application. Eluents used for 
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indirect refractive index detection of inorganic anions include phthalate 49, s 0,120,124 
salicylate ¢9,sl, p-hydroxybenzoate ¢9 and sulphobenzoate "9, and columns of both 
low50,124 and high 49, s 1,120 ion-exchange capacities have been employed. 

The principle of indirect detection may be readily extended to include ion- 
interaction in addition to ion-exchange chromatography. To apply this, all that is 
needed is that the competing anion in the eluent (which must also contain a suitable 
ion-interaction reagent) should have appropriate UV absorbance or refractive index 
properties. The competing anion in the eluent may be added separately to the ion- 
interaction reagent or may be the coanion of the ion-interaction reagent. An example 
of the first of the above possibilities is the use of citrate (as competing anion) with 
cetrimide (as ion-interaction reagent) s3 and the second possibility is illustrated by 
the use of N-methyloctylammonium p-toluenesulphonate 126 as an ion-interaction 
reagent with a competing coanion (Fig. 18). Several other competing coanions have 
also been studied 126 and an alternative ion-interaction method using a UV-absorbing 
ion-interaction reagent cation with non-specific UV detection of anions through the 
formation of induced peaks 127 has also been described 128. 
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Fig. 18. Ion-interaction separation of chloride and sulphate, using indirect UV-absorbance detection. 
Column: Zorbax C8, 200 × 4.6 mm I.D. Eluent: I mM N-methyloctylammortium p-toluenesulphonate. 
Flow-rate: 1.6 ml/min. Injection volume: 20 #1. Detection by UV absorbance at 254 nm. Solute concen- 
trations: 10 -3 M. (From ref. 126, with permission.) 

An unusual feature of the chromatograms obtained with indirect detection in 
both the ion-exchange and ion-interaction modes is the appearance of a slowly eluting 
peak that is not directly attributable to any injected anion s°,12°,12a,124,126,12s. This 
peak, which is generally called a "system" peak 129, can be large, depending on the 
experimental parameters being used and can represent a major interference to later 
eluting solute anions. The size of the system peak depends on the type and concen- 
tration of the solute ion injected, the nature and pH of the eluent and also the injec- 
tion volume 13° (Fig. 19), but a convincing explanation of its origin has not appeared 
in the literature. Indirect refractive index detection appears to be more prone to 
problems with system peaks than does the indirect UV absorbance method 123,131° 
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Fig. 19. Illustration of the "system" peak observed with indirect UV absorbance detection when a large 
injection is used. Column: Vydac 302 IC, 200 x 3.0 mm I.D. Eluent: 2.5 mM potassium hydrogen phthal- 
ate at pH 4.0. Flow-rate: 2.0 ml/min. Injection volume: 250 #1. Detection by UV absorbance at 285 nm. 
Solute concentrations: 10if400 ppb. 

The indirect detection methods have been shown to be more sensitive than 
non-suppressed conductivity detection using the same eluents 49,5°,a22,123,126, but are 
generally less sensitive than suppressed conductivity detection 123. Notwithstanding 
this, a significant advantage of the indirect detection methods is their ready applic- 
ability to conventional liquid chromatographic instrumentation, which results in a 
considerable expansion of the utility of this instrumentation. Typical detection limits 
are 100 ppb for chloride and 300 ppb for nitratO 12, but improvements result when 
large injection volumes (up to 2 ml) are used 7s 

3.5. Electrochemical detection 

Electrochemical detection of inorganic anions by potentiometry, amperometry 
(including polarography) or coulometry is generally restricted in its applicability, but 
can exhibit greater sensitivity than other methods. The selectivity of electrochemical 
detection is particularly advantageous in those situations where separation is inad- 
equate or interferences are a problem. Sometimes an electrochemical detector is used 
in tandem with a non-selective detector, such as a conductivity detector, in order to 
aid peak identification and interpretation of chromatograms s3. 

Potentiometric detection, chiefly using ion-selective electrodes, has been ap- 
plied by a number of workers a 31-136 and the main requirements are the construction 
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of a suitably small flow cell in which the electrode contacts the column efluent and 
the design of electrode systems that show sufficient sensitivity and speed of response. 
Halide ions are particularly suited to potentiometric detection using an indicator 
electrode constructed from silver wire coated with a silver salt T M  and this has been 
applied to the detection of thiocyanate and halides in ion-exchange chromato- 
graphy 135,1a6. The best results were achieved when silver salicylate was used to coat 
the silver wire and salicylate was also used as the eluent, as this combination produced 
a faster response and a more stable baseline than was obtained with other alterna- 
tivesl 3 s. 

Amperometric techniques are generally applied to the detection of those anions 
which readily undergo oxidation reactions in aqueous media at relatively low poten- 
tials. Reduction reactions are usually not preferred because of the requirement to 
remove dissolved oxygen, but the cathodic detection of nitrate ion using a copperized 
cadmium flow-through electrode has been reported*L Anions that are suited to ox- 
idative detection include nitrite, oxalate, thiosulphate, thiocyanate, sulphide and cy- 
anide. Methods for the detection of these species have been described using a variety 
of indicator electrodes and flow-cell designs 71,83A37,138. 

Controlled-potential coulometry may also be used for the detection of anions, 
either by direct reaction of electroactive species at a constant-potential working elec- 
trode, or by using a post-column reaction between the sample anions and a selective 
reagent that produces electroactive species. The first of these methods, called primary 
controlled potential coulometry, has been applied to the detection of fluoride, chlo- 
ride, bromide, iodide and cyanide, using a silver working electrode ~39. The second 
method is called secondary controlled potential coulometry and may be illustrated 
by the detection of a large number of inorganic ions by post-column reaction with 
quinone 139,14°. Under controlled potential coulometric conditions, this reagent is 
very sensitive to the presence of acids, so if the eluting anions are passed through a 
suppressor column (and so emerge in their protonated forms) prior to addition of 
quinone, then they are readily detected ~4~. 

Both primary and secondary controlled potential coulometry offer some 
unique advantages for the detection of inorganic anions. The well defined nature of 
the redox reactions that are occurring at the electrode permit direct quantitation of 
the species of interest from peak area measurements, and the preparation of a cali- 
bration graph is not always necessary 139. In addition, the method has a high sensi- 
tivity and small variations in flow-rate or eluent temperature have little effect on 
baseline stability, Moreover, the sensitivity of the method is at least equivalent to 
that of conductivity detection 139. The detection limits attainable by the electrochem- 
ical techniques discussed in this section are indicated by the following: < 1 ppm for 
bromide ion using potentiometric detection ~35, 15 ppb for thiocyanate ion using 
amperometric detection 71 and 100 ppb for fluoride ion using coulometric detec- 
tion ~39. 

3.6. Post-column reaction detection 

In addition to the post-column reaction methods already discussed, some other 
similar procedures have been reported for the detection of inorganic anions, particu- 
larly phosphates and polyphosphates 4°-42,142,143. For the detection of phosphates, 
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the post-column reactor was based on the formation of heteropoly blue complex (see 
Fig. 6) by reaction of the phosphates with molybdenum reagents, using either air- 
segmented 142 or unsegmented 144 flow systems. This approach is particularly valuable 
because the routine use of an ionic complexing agent (such as EDTA) in the mobile 
phase to prevent hydrolysis of the polyphosphates during ion-exchange separation 
means that conventional detection methods, such as conductivity, are not suitable. 

An interesting post-column reaction method has recently been described for 
common inorganic anions 14', based on the formation of coloured complexes by re- 
action of many anions with iron(Ill) in perchlorate media 146-148. The anions are 
separated on a TSK GEL IEX 520 silica-based anion exchanger, using nitrate ion 
and acetate buffer as the competing anions in the eluent, with iron(Ill) perchlorate 
being added to the column effluent. This approach is applicable to the separation 
and detection of thiocyanate, cyanide, sulphate, chloride, iodide, nitrite, thiosulphate 
and phosphate, and detection at 340 nm provides limits of detection of as low as 
approximately 2 ppm (for thiocyanate) 145. Fig. 20 shows a typical chromatogram 
obtained using this detection method. 

A post-column method for reduction of eluent conductivity in ion-interaction 
chromatography has been proposed 86, but no evaluation of the merits of this method 
has been reported. A hydrophobic quaternary salt in the hydroxide form is used as 
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Fig. 20. Detection of inorganic anions by UV absorbance following post-column reaction with iron(III). 
Column: TSK-GEL IEX-520 QAE (silica-type pellicular anion exchanger), 150 x 4 mm I.D. Eluent: 0.5 
M acetate buffer (pH 5.48) containing 0.05 M NaNO3. Flow-rate: 0.8 ml/min. Detection by absorbance 
at 340 nm, following post-column reaction with 0.8 M HC10~ containing 0.05 M Fe(C104)3. Solute 
concentrations: not specified. (From ref. 145, with permission.) 
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the eluent and a weak organic acid is added at the column exit. The products from 
the reaction of the acid and the quaternary salt will be water and a hydrophobic ion 
pair with a conductivity considerably lower than that of the unreacted eluent. Initial 
studies using tetrabutylammonium hydroxide as the eluent and phthalic acid as the 
post-column addition reagent indicated that sensitivities for eluted inorganic anions 
could be improved by a factor of up to 10086. 

4. SAMPLE TREATMENT 

4.1. Introduction 

To complete this review, the important area of sample treatment procedures 
will be briefly discussed. These procedures may be divided into sample cleanup 
methods and pre-concentration methods, and a large amount of valuable research 
in both of these areas has been directed towards the suppressed ion-exchange sepa- 
ration systems 6-a9. The results obtained, however, are equally pertinent to the other 
separation and detection methods described here. 

4.2. Sample cleanup 

The necessity for suitable sample cleanup procedures is exemplified by the 
difficulties encountered in the analysis of trace level anions in strongly alkaline so- 
lutions. Direct injection of even well diluted solutions is impractical as solutions of 
high pH destroy the equilibria that exist between eluent species concentrations in the 
mobile phase and on the column in both suppressed 19 and non-suppressed 52,53 
methods. In the latter instance, positive and negative system peaks result from such 
an injection ~3°. Neutralization of the sample with strong acid is also not feasible 
owing to the consequent introduction of large amounts of the acid anion that could 
possible interfere with the low level anions of interest. One solution to this problem 
is to pass the alkaline sample through a strong cation-exchange column in the hy- 
drogen form, during which the sodium ion is removed from the sample and it is 
effectively neutralized 36. 

In a similar manner, specially prepared cleanup columns have been used to 
separate chloride and bromide from complex sample matrices prior to ion chro- 
matographic determination 35. Here an ion exchanger loaded with silver ions was 
employed to trap the halide ions, which were later recovered by elution with ammonia 
solution. Inorganic anions may also be readily separated from organic sample 
matrices by passing the samples through a C18 Sep-Pak (Waters Assoc., Milford, 
MA, U.S.A.) 36,118,149. Provided the capacity of the Sep-Pak is not exceeded, excel- 
lent sample cleanup can be achieved. 

4.3. Sample pre-concentration 

The detection limits attained with all of the detection methods discussed above 
are such that some samples, such as condenser waters and some natural waters, 
require pre-concentration prior to analysis. In a few instances, chemical amplification 
reactions may be employed is°, but the use of some type of ion-exchange pre-con- 



390 P .R.  HADDAD, A.L.  HECKENBERG 

centration device is generally more applicable. Usually this device consists of an 
ion-exchange pre-column 3a, through which a carefully measured amount of sample 
is passed and the pre-column effluent is directed to waste. The sample anions accu- 
mulate on the pre-column, which is then inserted prior to the analytical column and 
eluted with the desired mobile phase. Problems with this approach are possible 
overloading of the concentrator column by a major (and perhaps unimportant) ionic 
component of the sample and the broad peaks that result from injection of a fairly 
diffuse band of solute on to the analytical column. In addition, the considerable 
volume of sample solution retained in the interstitial cavities of the concentrator 
column can cause major baseline disturbances in the detector output, with resulting 
interference for early eluting solute ions 34. Despite these limitations, the use of con- 
centrator columns is at present the most convenient method for sample pre-concen- 
tration, and these columns have been packed with either fixed-site anion 
exchangers a3,34 or reversed-phase materials that have been "permanently" coated 
with a hydrophobic ion-interaction reagentSL An example of the results obtained 
with the latter type of pre-concentration column is given in Fig. 21. 

E 

_ Ct- 

NO; 

g 

~-f-" 75  sec Blank 
l / ( I  I ~ I I I i 

R e t e n t i o n  t i m e  

Fig. 21. Pre-concentration of inorganic anions on a PRP-I column "permanently" coated with a hydro- 
phobic ion-interaction reagent. Separator column: PRP-1, 150 × 4.1 mm I.D., coated with ca. 45 mg of 
cetylpyridinium chloride. Concentrator column: C~ 8 cartridge with a "permanent" coating of eetylpyri- 
dinium chloride. Eluent: 0.5 mM tetramethylammonium salicylate. Flow-rate: I ml/min. Injection volume: 
2 ml of sample was passed through the concentrator column. Conductivity detection. Solute concentra- 
tions: 5(V150 ppb. (From ref. 87, with permission.) 

An alternative approach has been reported by Cox and co-workers 151-16o and 
others161,162. Here, the sample anions are concentrated into a small volume of static 
or flowing electrolyte through a Donnan dialysis mechanism. In addition to signifi- 
cant enrichment factors, the method provides for matrix normalization by ensuring 
that the concentrated sample ions are always contained in the same matrix receiver 
solution, irrespective of the original composition of the sample. The chief drawback 
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of  this me thod  for the concentra t ion o f  anions is the required high ionic strength o f  
the receiver electrolyte, with the resulting large concent ra t ion  o f  at least one anion, 
which may  result in interferences. This approach  has been successfully applied to the 
ion chromatographic  determinat ion o f  cat ions ~ 62, but  successful anion analysis using 
this method  has not  been reported. 

5. CONCLUSIONS 

A wide range of  elegant separat ion and detect ion methods  have been developed 
for the determinat ion o f  inorganic anions and there is clearly the oppor tun i ty  for 
further developments.  Compar i son  o f  the various approaches  has been a t tempted by 
a number  o f  workers,  bo th  for separat ion 12°,163 and  detection s°,83,116 techniques 
and certain advantages  o f  part icular  methods  have been indicated. Nevertheless, no 
single technique emerges as the universal me thod  o f  choice and selection o f  the mos t  
suitable method  for  a part icular  applicat ion must  be based on such considerat ions 
as sample type, analyte concentrat ions,  resolution required, speed, cost, precision, 
ease o f  opera t ion and suitability for au tomat ion .  It  has been the intention o f  this 
review to provide some insight into these factors. 
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