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Abstract

An overview and discussion is given of literature methods published after 1989 devoted to the ion-interaction
chromatographic determination of inorganic anions. Seventy references are quoted. lon-interaction chromatography makes
use of commercia reversed-phase stationary phase and conventional high-performance liquid chromatography instru-
mentation. The basis of the technique, the modification of the stationary phase surface, the choice of the ion-interaction
reagent as well as the dependence of retention on the different variables involved are discussed. Examples of application in
the fields of environmental, clinical and food chemistry are presented. The experimental conditions of stationary phase, of
mobile phase composition as well as detection mode, detection limit and application are also summarized in tables. [0 1997
Elsevier Science BV.
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1. Introduction nigue, which permits the separation of inorganic
anions on commercial reversed stationary phases and
This review is devoted to the ion-interaction conventional high-performance liquid chromatog-
chromatographic determination of inorganic anions. raphy (HPLC) instrumentations.
lon-interaction chromatography is a powerful tech- The mobile phase is an agueous or hydro—organic
solution of a suitable ion-interaction reagent.
* Corresponding author. lon-interaction methods offer, with respect to ion
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chromatography, advantages of lower cost in relation
to both instrumentation and columns and can be
advantageously employed in laboratories where only
conventional HPLC systems are available. On the
other hand, resolution and sensitivity are comparable
to those obtained in ion chromatography, assuming
that a suitable ion-interaction reagent is chosen.

Literature methods for the determination of inor-
ganic anions based on both ion chromatography and
ion-interaction chromatography published before
1984 have been exhaustively reviewed by Haddad
and Heckenberg [1]; and a review by Marina et al.
published in 1989 was devoted to HPL C applications
in the analysis of inorganic species [2].

In the present review, the more recent papers
concerning the ion- interaction determination of
inorganic anions are considered.

For more immediate information and comparison,
methods and experimental conditions are summa-
rized in Tables 1 and 2. The packing material, the
mobile phase composition, the kind of detection, the
detection limit and (if given) the possible interfer-
ences and examples of application are reported [3—
53].

2. Basis of ion-interaction methods

Discussion is still open about the mechanisms
involved in the ion- interaction chromatographic
processes and the analogies or differences compared
with ion chromatography or ion-pair chromatog-
raphy.

Snyder et a. [54] suggested the following defini-
tion to distinguish between ion-exchange and ion-
pair chromatography: (i) ion-exchange chromatog-
raphy is the technique that makes use of cationic or
anionic stationary phase with an aqueous solution for
the mobile phase and (ii) ion-pair reversed-phase
chromatography is that technique which uses a
reversed-phase column with an agueous—organic
mixture for the mobile phase, to which an ion-
pairing is added.

This definition does not consider the mechanisms
involved and does not take anyway into considera-
tion the technique which uses a reversed-phase
packing material and an agueous solution of the
ion-interaction reagent as the mobile phase.

The ion-interaction (or ion-pairing) reagent is
essentially a salt formed by a lipophilic cationic
species  (alkylammonium,  tetraalkylammonium,
cetyltrimethylammonium, etc.) and an anion which
can be both organic and inorganic.

According to many authors, the ion-pairing is
added to the mobile phase to form, with the ionic
analyte, an ion-pair which due to its increased
lipophilicity can be retained on the reversed-phase
stationary phase surface.

According to other hypotheses [55-57] the ion-
pairing (or the ion-interaction reagent) added to
mobile phase, when flowing in isocratic conditions,
induces a dynamic modification of the surface of the
reversed-phase packing material. The modification of
the original packing material might proceed through
a first step in which the lipophilic cation is retained
onto the surface of the stationary phase through
adsorption forces. Through electrostatic forces the
anion is bound as well with the formation of an
electrical double layer. A new moiety is adsorbed
onto the surface (or on part of it), which modifies the
original properties of the stationary phase and makes
it able to retain both cationic (as, for examples,
amines, triazines. .. ) and anionic (both organic and
inorganic) species. Retention can occur by three
possible routes: (i) ion pairs are formed between the
anions (or the cations) of the analyte and the cations
(or anions) of the ion-interaction reagent and these
ion-pairs are adsorbed onto the stationary phase
[58,59], (ii) the analyte is retained through an ion-
pair complex formed with an amphiphilic ion previ-
ously adsorbed onto the surface of the hydrophobic
material [60] and (iii) the analyte is retained through
ion-exchange reactions with the already adsorbed
ion-pair reagent [61—65].

A generd trend, even if not universally used, isto
report as ion-pair chromatography the methods in
which ion-pairs are formed before retention and are
retained onto the unmodified reversed-phase surface,
while those reported as ion-interaction chromato-
graphic methods are the methods where the surface
modification is assumed to take place.

Very likely, ion-exchange and adsorption mecha-
nisms coexist in determining retention. This possi-
bility is also supported by the elution segquences
observed for the anionic analytes. The sequence
generally does not follow the elution sequence found



Table 1
Experimental conditions of ion-interaction methods based on modified C,; and C,; RP stationary phases

Ref. Anions Stationary phase Mobhile phase Method Detection and interferences LD Applications
[3 NOZ NO3, Br, I, Silasorb 300 ODS (100x4.0 mm I.D.), 1-2 mM TBA hydroxide aqueous Dynamic modification, UV a 210 nm. -
VOzri , ) irregular particles, 10 pm solution adjusted to pH 3-7 (study about the influence of
S0; CrO4 ,WO4’, MoO; (Lachema, Brno, Czechoslovakia). with phosphate (50 mM) or organic counter ion, mobile
Tris buffer. phase pH and ionic strength).
[4 103, NO,, Br, NO3, |~ Spherisorb ODS, (250x5.0 mm 1.D.), 0.018 M Phosphate buffered Dynamic modification. UV at 205 nm. ng/l Nitrite and nitrate
5 um (HPLC Technology). ACN-water (35:65 v/v) micellar NO, 200 in domestic water.
mobile-phase contal ning 1-10 2M Br 250
(>CMC =9.9-10™* M), NO3 150
HDTMA chloride. I~ 100
[5] NO3, ClOg, CI ™, Br, F, 105, BrO3, |~ Zorbax Cyg (150x4.6 mm 1.D.), Several mobile phases comaunmg Dynamic modification Indirect UV-Vis About 1 ng -
spherical particles, 6 pm 1,10-phenantroline [Fe(phen) 3] a 510 nm
(DuPont) and PRP-1, sdlts, with different organic
(150x4.1 mm D), 10 pm modifier (ACN or MeOH) percentage,
(Hamilton). pH, buffer composition, ionic
strength, type and concentration
of counter-anion.
(6] Cl~, NO5 SB-Octyl-50 (Cg) open tubular Sodium sdlicylate aqueous solution Permanent coating. Indirect Order of -
capillary column (10 mx50 pm I.D. 25106 M. fluorescence 0.5 pg/l.
and 0.5 pm thickness) (Agm: 325 nm)
(Lee Scientific), precoated with
cetylpyridinium chloride 50 mM
in 2% MeOH.
Iyl Cl~,CNO™, soi’, szog’, SCN™ Supelcosil LC-18 (150x4.6 mm 1.D.), Mobile phases with different Permanent coating. Indirect UV at About 50 pg/| Samples from gold
5 um; Supelcosil LC-18DB solvent percentage, pH, buffer 254 nm. process effluents
(150x4.6 mm 1.D)), 5 pm (Supelco); (TEA, THAM, TMA) and eluent acid
PLRP-S (150x4.6 mm I.D.), 5 um (1,3,5-benzenetricarhoxylic acid,
(Polymer Labs); PRP-1 5-sulphosalicylic, phthalic acid,
(150x4.1 mm 1.D.), 5 pm (Hamilton). sdicylic acid) are tested.
Coating: 0.5 mM cetylpyridinium
chloride in 18 or 23% ACN-water
mixture (low and high capacity
column).
[8] PO?,’, Cl~,NOz,NO, , Br, SO?{, 1, szo? Resolve C,g Radial-Pak cartridge 04 mM TBA, 0.4 mM sdicylic acid Comparison between precoating Direct and ng/l -
(10 cmx8 mm), 5 pm. water solution at pH 4.62. and dynamic modification. indirect UV cl 120
at 288 nm and NO3 740
conductometric. NO, 280
Interference Br- 1240
between NO5
and Br is
studied.
[9 NO;3, PLRP-S (150x4.8 mm |.D.), 5 pm 3.3 mM Citric acid, () 0.16 mM Dynamic modification Direct and (a) 50-500 pg/l: -
BroOg, IO3 , F7é (Polymer Labs); ODS Hypersil HDTMA hydroxide in ACN-water 37, indirect UV a 103, NO3;
CI PO4 03, Clog, CN™, (150x4.8 mm 1.D.), 5 wm (Shandon). pH 11 or (b) 41 mM, pH 55. 220 nm and (b) 05-5 mg/l
Sl electrochemical F~,Cl™
Br’, 8203’, NO,, SCN™ (glassy carbon S0; C|O3,
working electrode () <50 Mg/ |:
applied V=0.85). NO2 , 8203 ,
g2 .17, SN

(Continued on p. 184)
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Table 2

Experimental conditions of ion-interaction methods based on modified stationary phases other than C,; and C,

Ref. Anions Stationary phase Mobile phase Method Detection and interference LD Application
[47] F, Bischoff Hyperchrome SC 6010 > M 4-hydroxybenzoic acid Permanent coating. Indirect UV detection at Ranging  befween
20 and Tap water.
HCO; , column (125x4.6 mm 1.D.) (eluent A) or 2,4-dihydroxybenzoic 311 nm. 1500 pg/l  with
eluent B
cl, packed with Hamilton PRP-1, acid (eluent B). and between 100
and
NO3, 5 pm, coated with 05 g/l 1000 pg/l  with
eluent A.
Br, methyl green (pH=9.0).
S03”
[48] F,a-, Hamilton PRP-1 (150x4.1 mm 1.D)), 0.1 mM Ru(ll) complex with Dynamic modification. Direct and indirect Vis at - -
NO, , spherical particles, 10 pm. 1,10-phenanthroline or 2,2'-bipyridine 445 nm and fluorescence
HPO%’, (Ru(phen)%*, Ru(bpy)§+)+0.1 mM detection (phen: Ag, 465 nm,
H,ASO, succinate buffer at pH 6.1. Agm 600; bpy: Ag, 460 nm,
NO3, Agm 580).
Clos,
o2,
CrOg
BF,
[49] F,a, Hamilton PRP-1 (150x4.1 mm 1.D.), 1 mM Potassium phthalate+ Tris Permanent coating. Indirect UV at different - -
NO, ,Br ™, 5 pm column coated with 0.2 mM 1 mM in 24% methanol at different wavelengths, ranging between
NO3, CTA bromide. pH values. 282 nm and 254 nm.
S0; .,
HPOZ
H,ASO, ,
HAsOZ
H,BO3,
HS™,
HCO3,
cos
(501 S,03” PRP-1 Hamilton (150x4.1 mm 1.D)), 0.001 M Na,CO5+0002 M of TBA Dynarmic modification. UV a 231 nm and 0.2 mg/l of S,05~
and Commercia products
SO%’ 5 pm and PLPR-S (120X4 mm |.D.), hydroxide in water—ACN (85:15, v/v), UV diode-array detection. 04 pg/l of SO%’. of sodium sulphide.
8 pm (Polymer Labs). pH=11.
[51] F, Macroporous polystyrene—divinyl- Different amounts of Ru(phen)3(ClO,4), Dynamic functionalization. Indirect fluorimetric detection; ngll -
c, benzene RP-1 (Hamilton) column, (0.1-0.01 mM) and of sodium tartrate Agx =47, g =261 nm. F 5
Br- (150x4.6 mm), 10 pm. (0.02-0.1 mM) in water are tested. c- 5
NO3 Br- 10
NO3 10
[52) Selenite, Hamilton PRP-1 (150X4.6 mm |.D.), 3% methanol +5 mM tetrabutylammonium Dynamic functionalization. ICP-MS 22-74pg (s S Selenium species in
seleniate 5 pm. phosphate pH=7.6 urine.
[53] F, Macroporous polystyrene—divinyl- 0.01 mM Ru(phen)3(ClO4),+0.02 sodium Dynamic functionalization. Indirect fluorimetric detection; ngll
a, benzene RP-1 (Hamilton) column, tartrate (0.01-0.1 mM) water solution. Apx =447, gy, =261 nm. F 3
Br, (150x4.6 mm 1.D.), 10 um. c- 2
NO3 Br- 5
NO3 5

v6T—T8T (/66T) 68/ Y “iBorewoyd ' / oulpbuy 'S ‘0feued o'W

68T
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in ion chromatography, is different for the different
ion-interaction reagents and, in addition, can also
vary for the same ion-interaction reagent, as a
function of different experimental conditions, as, for
example, the mobile phase pH [6] or the ionic
strength [3].

3. Madification of the reversed-phase stationary
phase; choice of the ion-interaction reagent;
detection

The modification process can be essentially per-
formed through two different ways:

1. a dynamic process in which the mobile phase
contains (or sometimes only consists of) the ion-
interaction reagent. When eluting in isocratic
conditions, the mobile phase itself modifies the
surface, or

2. through a process, referred to as permanent
coating, in which the modifier agent is firstly
adsorbed onto the stationary phase (often dy-
namically, by passing it through the column for a
certain time); then the column is rinsed and used
with a different mobile phase.

Once modified, no great difference can be found in

the behaviour of permanently- and dynamicaly-

modified columns, apart from the composition of the
mobile phase which, as said, is generally different
from the modifier agent when using the permanently-
coated stationary phases and in contrast contains

(and often consists of) the ion-interaction reagent

itself for the dynamically-coated.

The modifications essentially concern C; and Cq
packing material, sometimes in capillary microcol-
umns [9,13]. Examples are also reported of modi-
fications induced on other packing materials, such as
cyano-, diol- or polymeric support. The experimental
conditions of these methods are reported in Table 2
[47-53].

Comparisons between the performances obtained
in ion-interaction chromatography by the use of
different original packings and their possible modi-
fications have been studied [8,10,12]. So, for exam-
ple, in the modification with iron(Il)-1,10-phen-
anthroline as the ion-interaction reagent, a polymeric
base gave results more advantageous with respect to

a C,; base regarding: (i) retention reversibility of the
modifier on the surface, (ii) stability in relation to pH
variation, (iii) greater efficiency, (iv) longer column
life, (v) higher modifier load [8]. In contrast, when
using ion-interaction reagents formed by sdlicylic,
1,2,4-benzenetricarboxylic, 1,3,5-benzenetricarbox-
ylic or 5-sulphosdlicylic acid with tris(hydroxy-
methyl)aminomethane and tetramethylammonium
hydroxide and tetracthyammonium hydroxide as
counter ions, the bonded C,; silica columns were
more efficient than the polystyrene—divinylbenzene
(PS-DVB) ones. Furthermore the PS-DVB phases
were slower to equilibrate when elution conditions
were changed [10]. With a methanol—water mixture
of hexadecyltrimethylammonium hydroxide and cit-
ric acid [12] as the ion-interaction reagent, compar-
able retentions were obtained for inorganic anions
with polymeric and octadecylsilica stationary phases,
while organic anions displayed significant differ-
ences in the two systems.

So, no genera rule showing advantages for a
stationary phase composition can be drawn out,
because retention, resolution and sensitivity depend
on a number of factors, whose effect is difficult to
predict.

According to Haddad and Heckenberg [1] the
‘“ability’”” in developing a new ion-interaction meth-
od is “‘to tailor the mobile phase composition to suit
the particular solute ion being studied’” or to separate
the particular mixture.

In principle each salt consisting of a lipophilic
cation can be used as the ion-interaction reagent.

Generally, in dynamic coating the ion-interaction
reagent is usually characterized by relatively low
hydrophobicity, as, for example, are salts of alkylam-
monium (with alkyl chain length generaly ranging
between 4 and 10) and tetraalkylammonium (with
alkyl chain lengths generally ranging between 1 and
4).

In permanent coating, for the surface modification
process, more lipophilic ion-interaction reagents are
used, as, for example, salts of cetyltrimethylammo-
nium. For the mobile phase, less hydrophobic re-
agents (as, for example, tetraalkylammonium salts)
are then employed.

Concerning the anion of the salt, both inorganic
(orthophosphate, chloride, hydroxide...) and or-
ganic (salicylate, tartrate...) anions are used. Re-
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garding their choice, the compatibility with the kind
of detection used must be considered.

When conductivity is employed and the back-
ground conductivity of the eluent must be mini-
mized, methods which make use of pure water or of
very diluted solutions as the mobile phase are highly
appreciable.

For UV detection, on the other hand, the euent
must be characterized by the lowest absorptivity at
the detection wavelength for direct detection or by
the highest for the indirect one. Eluents like phos-
phate or hydroxide should be avoided when conduc-
tometric detection is used but are very suitable for
UV detection [13]. Salicylate ions are suitable for
conductometric detection and for indirect UV de-
tection. For indirect UV detection papaveraldine
perchlorate [17] has aso been used. Since some
anions (nitrate, nitrite, bromide, bromate, iodide,
iodate, periodate, thiocyanate and thiosulfate) absorb
between 195 and 220 nm, detection selectivity with
respect, for example, to chloride even if present at
very higher concentration can be advantageously
used, as, for example, in the determination of
bromide in common salt [18] and sea-water [42], and
of nitrite and nitrate in sea-water [21]. Amperometric
detection has been selectively used for oxidable
anions [14,19,22,26,44].

4. Dependence of retention on different
variables

There are many variables which must be consid-
ered in planning the mobile phase composition and
which must be optimized to control retention. They
include the organic modifier content, the concen-
tration and type of the ion-interaction reagent (re-
garding both the lipophilic cation and the counter
anion), the pH value and the ionic strength. The
effect of the variables on retention is often non-linear
and interdependent and therefore it is difficult to
predict, taking also into account that the mechanisms
which govern retention are still not completely
understood.

A good optimization of the variables could be
obtained through chemometric treatment of ex-
perimental design [16,24,32] which optimizes sen-

sitivity and resolution of analytes in a mixture in the
lowest total analysis time.

The dependence of retention on the different
variables involved has been studied by different
authors [3,5,6,8,10,14,16,39—41]: besides the pack-
ing material of the stationary phase, retention is
greatly affected by the chemical properties of the
ion-interaction reagent, the presence and the con-
centration of the organic modifier in the mobile
phase, the concentration of the ion-interaction re-
agent, the ionic strength of the mobile phase, and the
temperature.

Concerning the effect of the organic modifier
contained in the mobile phase, it was shown that, as
expected, retention decreases when the concentration
of the organic modifier increases. This effect is due
to (besides the increased eluotropic strength of the
solvent) desorption effects exerted by the organic
solvent towards the moiety adsorbed onto the surface
and to competition equilibria taking place between
the solvent and the modifier. The adjustment of
organic modifier concentration in the mobile phase
can therefore regulate the amount of the ion-inter-
action reagent adsorbed and by consequence the
retention [11,66,67].

Many examples of methods which make use of
aqueous solutions of the ion-interaction reagent can
be found (Table 1), that offer advantages of low cost
and environment protection.

Systematic studies performed in the pH range
between 3 and 8 permitted investigation of the effect
exerted on the retention by the pH value of the
mobile phase. It was shown that retention of both
organic and inorganic anions always decreased with
pH increase. The behaviour which holds for both
strong and weak anions is likely related to the effect
that mobile phase pH plays on the moiety already
adsorbed onto the stationary phase surface [33,66]. A
pH increase induces a decrease of concentration of
the cationic form adsorbed and forming the primary
electrical layer. Consequently the number of the total
active sites available for retention aso decreases.
Regarding sensitivity, this, as expected, is practically
constant in the whole pH range for the anions of
strong acids, while increases with pH increase for the
weak ones.

The effect of the counter-anion is aso very
important [5]. The retention dependence on chloride
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concentration of nitrate and nitrite ions, when chlo-
ride concentration is high as in sea-water can be
ascribed to a substitution of the original phosphate
counter-anion with chloride ions [21].

The dependence of retention on ion-interaction
concentration as well as the effect of mobile phase
ionic strength has been also studied [3,14,67]. The
anion of the salt seems to compete for solute for the
active site on the stationary phase or to exert an
electrostatic shielding, that affects not only retention
(which generally decreases with ionic strength in-
crease) but also selectivity and elution order [3,67].

Examples are also reported of micellar chromatog-
raphy, in which the modifier agents in the mobile
phase are used at concentrations greater than their
critical micellar concentration [4,18].

Also worth noting is a relatively new technique,
known as electrostatic ion chromatography, based on
the modification of the reversed-phase octa
decylsilica and in which the modifier agent is a
zwitterion surfactant immobilized on it; the mobile
phase is pure water. The analytes are inorganic ions
which are eluted as ion-pairs. Sometimes specific
ions are added to the mobile phase in order to
perform the exclusive partitioning of the analytes as
specific ion-pairs [29,31,35,41,43,46]. The analytes
are released from the Stern layer to the diffuse layer.
Due to the zwitterion which coats the stationary
phase, the analytes are forced into a state of simulta-
neous electrostatic attraction and repulsion in the
column, under a “‘ion-pairing-like” form. Detection
sensitivity is enhanced by the low background
deriving from using pure water as the mobile phase.

As a general consideration, it can be said that no
general rule can be given about the choice of the
optimal experimental conditions for developing a
new ion-interaction chromatographic method. They
strictly depend on the particular application. On the
other hand, the dependence of retention on so many
experimental conditions makes the technique very
versatile for solving many separation and resolution
problems. In addition, the technique can be advan-
tageous in overcoming matrix interference, in par-
ticular towards more lipophilic components. For the
same reasons, no general comparison can be made
between the performance of ion chromatography or
ion-interaction methods.

5. Examples of applications

lon-interaction methods can be also advantageous-
ly used in the determination of metals through
formation of anionic complex species. Different
complexones (nitrilotriacetic acid, 1,2-diaminocyclo-
hexane-N,N,N’,N’-tetraacetic acid, diethylenetri-
aminopentaacetic acid, ethylenedioxybis(ethylene-
nitrilotetraacetic acid, [N-(2-hydroxyethyl)-diamino-
ethylene]-N,N,N-triacetic acid, and triethylenetetra-
aminohexaacetic acid) and direct and indirect UV
detection have been used for determination of a
number of metals [37]. For the determination of
selenium the formation of selenotrisulfide has been
employed [68] and metal cyano complexes have
been formed for the analysis of precious metals in
gold processing solutions [69].

Concerning the application of ion-interaction
methods in the determination of inorganic anions in
real samples, a sensitive application concerns the
determination of impurities in analytical grade re-
agents [23]. Many examples can be found in the
fields of environmental, clinical and food chemistry.

Typical inorganic anions have been determined in
tap [4,5,13,25,38—-40] and surface waters [26,38—-40],
sea or lagoon waters [21,26,37,38,41,70], atmos-
pheric precipitation as rain, snow, aerosols in corre-
lation with temperature, urban and rural sites [7].

Examples of applications in clinical chemistry are
the determination of nitrite and nitrate in human
saliva [18], of bromide in blood [17] and of arseniate
in urine [44].

Food chemistry applications are the determination
of inorganic and organic anions in wines [45] and in
fruit juices [6] and of iodide in commercia salt [18].

6. Abbreviations

oDSs octadecylsilica

TBA tetrabutylammonium

ACN acetonitrile

CMC critical micellar concentration
EIC electrostatic ion chromatography
I.D. internal diameter

MeOH methanol

HDTMA  hexadecyltrimethylammonium
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TEA tetraethylammonium

THAM tris(hydroxymethyl )aminomethane
TMA tetramethylammonium

CTA cetyltrimethylammonium

CHAPSO  3-[(3-cholamidopropy!)dimethylammonio]-2-
hydroxy-1-propanesulfonate

CHAP 3-[(3-cholamidoproyl)dimethylammonio]-1-
propanesulfonate

Tris tris-(hydroxymethyl)aminomethane
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