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Abstract

The aim of this paper is to review recent literature regarding the determination of phosphorus species by ion chromatography (IC), anc
describe the implementation of new developments in sample treatment and ion chromatography methodology for the analysis of thes
compounds. lon-exchange methods using both carbonate/hydrogencarbonate and hydroxide selective columns in combination with sel
regenerating membrane and solid-phase-based suppressors enable determination of phosphate down to ppb levels. New technology, particul:
on-line electrolytic hydroxide generators and electrolytic self-regenerating suppressor devices, has allowed the use of elution gradients in bot
carbonate/hydrogencarbonate and hydroxide selective systems, improving sensitivity and reducing total analysis time for samples containin
phosphate together with other inorganic anions. In addition to a review of these developments, optimization and application of chromatographi
methods using reversed stationary phases and cationic and/or zwitterionic surfactants is also discussed.

The objective of most of the IC methods developed for phosphorus species is the determination of phosphate and total phosphorus
Therefore, sample treatment and separation conditions specifically developed for this purpose are also described. In addition, application
IC to the analysis of other inorganic (reduced and condensed) and organic (phytates, alkyl phosphate, and phosphonates) phosphorus spe
is discussed along with methodology and relevant applications in water analysis and other miscellaneous fields.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tive approach to ion analysis using low conductivity eluents

[11]. Currently, in addition to ion-exchange, ‘ion chromatog-

Phosphorus, a key nutrient in certain living organisms, raphy’ encompasses various chromatographic systems forion
such as plants and microorganisms, is involved in several bi- determination, such as ion-exclusion, ion-interaction, and the
ological and environmental processes. Phosphates [P(V)], thenovel electrostatic ion chromatography (EIC). Moreover, in
most abundant form of phosphorus in the environment, are addition to conductimetry, which is by far the most common
readily available for assimilation, and for this reason, they detectiontechnique in IC, other techniques, such as UV (indi-
have traditionally been used as fertilisers. In addition, phos- rect or post-column), refractive index, evaporative laser light
phate and other phosphorus compounds are widely employedscattering, and inductively coupled plasma and atmospheric
as detergents and food additives, among other {€3$. pressure ionisation mass spectrometry, have also been com-
Extensive input of phosphorus by overfertilization, and by bined with IC separationd 2].
industrial and domestic wastewater pollution result in over-  Although IC methodology for routine phosphate determi-
abundance in aquatic medg}. Consequently, monitoringof ~ nation is well established, and has even been included in reg-
phosphorus content in natural and wastewaters is essential talatory and standard methods, research in this field remains
control and avoid eutrophication of the aquatic environment. active[13,14]. The implementation of recent advances, such
Although, in addition to orthophosphate, several phosphorusas the development of new suppressors, on-line eluent gen-
species, such as polymeric inorganic and organic phospho-erators, and special columns, to the development of new IC
rus compounds, can be found in the environment, analysismethods for the determination of phosphate and other com-
is commonly performed as phosphfdeb]. Acid hydrolysis mon anions has been directed towards the improvement of
using sulfuric-nitric acid mixtures and digestion procedures, sensitivity and selectivity in ion chromatography. Thus, var-
mainly by means of persulfate oxidation, transform con- ious papers deal with the optimization and comparison of
densed and organic phosphorus species to orthophosphatenion separations using new technology, and its further ap-
allowing determination of total phosphorus content. The fi- plication to complex samples, enabling the resolution of com-
nal step, which involves determination of orthophosphate, promised separations with enhanced detection limits. Recent
may be performed using various techniques, commonly by technical advances and applications of ion chromatography
spectrometry and ion chromatography (IC). In addition to in various analytical fields have been periodically reviewed.
environmental studies, determination of phosphates and totalMost of these reviews have been published in the yearly spe-
phosphorus content is also important in other areas, includingcial issues of thdournal of Chromatographgevoted to the
food and plants analysis. For this purpose, ion chromatogra-International lon Chromatography Congress. In particular,
phy has been extensively appligg-9]. reviews focused on new developments inion chromatography

Since its introduction by Small et 4l.0], ion chromatog- [12,15], particularly in suppressft6] and column technol-
raphy has become the method of choice for the analysis ofogy[17], and applications in different field6—9] are highly
anions in a wide variety of samples. Since then, the term recommended.
‘ion chromatography’, which was initially used to define a This review surveys ion chromatography methods for the
chromatographic method for ion analysis using ion-exchange determination of phosphorus species, addressing methods
columns and suppressed conductivity detection, has evolvedand applications published since 1997. The focus of the revi-
substantially. Nowadays, ion chromatography is also per- sion is centered on the determination of phosphate and total
formed using non-suppressed conductivity detection. Non- phosphorus, which is the objective of most of the IC methods
suppressed IC was developed by Gjerde et al. as an alternadeveloped for phosphorus species. However, IC applications
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for the analysis of other inorganic and organic phosphorus the determination of total phosphol[d8]. Nevertheless, dur-
compounds will also be discussed. In addition, new develop- ing the digestion process decomposition of persulfate occurs,
ments in sample treatment procedures aimed at avoiding in-producing high concentrations of sulfate that interfere with
terference and converting phosphorus species into phosphatethe separation of phosphate by ion chromatography, and as
and methodology for the determination of phosphate based ona consequence, elimination of sulfate by means of on-line
anion-exchange in both suppressed and non-suppressed corr off-line strategies is required. Persulfate digestion is fre-
ductivity conditions, and in modified reversed phase columns quently used as a pretreatment if it is necessary to perform
have been reviewed. Recent research in the field of electro-simultaneous determination of total nitrogen and total phos-
static ion chromatography is also included. Finally, applica- phorus. One of the advantages of using ion chromatogra-
tions of IC to the determination of phosphate in complex mix- phy for this kind of determination is that a combination of
tures, such as environmental and food matrices, are addressedne digestion and one chromatographic separation method
along with IC methods for the analysis of other natural and is sufficient for the analysis. Digestion under alkaline con-
anthropogenic phosphorus species. ditions is commonly performed because under these condi-
tions oxidation of chloride to chlorate, which interferes with
nitrate determination by IC, especially in sea water samples,
2. Sample treatment is minimised. However, the ratio of hydroxide to persulfate
must be controlled to achieve the acidic conditions during
Although this review is focused on the separation of the digestion process that ensure quantitative conversion of
phosphorus species by ion chromatography, some commentghosphorus species to orthophosplias21]. Even with the
about classical and recently developed sample treatment prouse of optimal digestion conditions for the simultaneous de-
cedures are included, since optimal separation conditions fre-termination of both total nitrogen and phosphorus, the use
quently depend on the complexity of the injected sample. The of an adequate chromatographic column, such as the lon-
general objective of most sample treatment procedures is toPac AS9-HC, is mandatory in order to obtain a satisfactory
simplify the separation and also to improve conditions for resolution between the interfering chlorate and the nitrate
detection. Nevertheless, it must be mentioned that with the [21].
latest advances in ion chromatography technology, particu- Some recently published methods use microwaves for the
larly in columns and suppressors, preseparation operationgligestion, taking advantage of the improved performance of
are now simpler or even unnecessary. this technology over that of conventional heating procedures.
In the analysis of phosphorus species, the sample treat-Microwaves heat the solution directly, reducing temperature
ment to be applied frequently depends on the purpose of thegradients and accelerating the speed of heating. Microwave-
determination. For instance, for the determination of inor- assisted persulfate digestion has been applied to the simulta-
ganic non-condensed phosphorus species, sample treatmemteous determination of phosphorus and nitrogen in wastew-
procedures are commonly orientated towards removal of in- ater, with a total digestion time of only 30 min. In this case,
terfering anions and preconcentration of phospfateln to remove the sulfate generated in the digestion, a column
contrast, for total phosphorus determination, digestion is nec- switching system was developg?]. Other agents, such as
essary in order to convert organic and inorganic condensedhydrogen peroxide (22%, v/v) under acidic conditions, have
phosphorus to orthophosph4el8,19]. In addition, and de-  also been proposed for the oxidation of phosphorus, nitro-
pending on the digestion procedure, further treatment may begen, and sulfur species to their respective oxoanions using

necessary. microwave-assisted digestion. For instance, Colina and Gar-
diner[23], using two 40-min digestion cycles, obtained re-
2.1. Sample digestion for total phosphorus analysis coveries in the range of 88—117% for nitrogen, phosphorus,

and sulfur species in a sediment reference material. The com-

One of the more popular applications of ion chromatog- bination of microwave and UV photoradiation has proved to
raphy for phosphate analysis is the determination of to- be an advantageous approach for complete photo-oxidation
tal phosphorus in environmental, food, and plant samples. of organic phosphate species without the use of chemical
Since phosphorus is currently analysed as orthophosphate, @xidizing reagents, although to our knowledge, this com-
prechromatographic step is required to transform all forms of bination has not been applied to the treatment of samples
phosphorus into this species before injection into the chro- analysed by IC. One advantage of this technique is that a
matographic system. The standard methods for phosphorusapid photo-decomposition of organophosphate compounds
speciatior[5] indicate that condensed inorganic phosphorus occurs; only 3—5 min are needed using a microwave-excited
and small fractions of organic phosphorus can be hydrolysedUV lamp. However, this approach was not efficient in con-
by mixtures of sulfuric—nitric acid. However, digestion with  verting condensed phosphorus species to phosphate, and an
oxidising reagents is required for the quantitative determina- additional acid hydrolysis was requirf2#]. Without the use
tion of organic phosphorus fornj4,5]. of microwave heating, UV photolysis in conjunction with an

Thermal acidic persulfate digestion is the oxidation pro- oxidizing reagent (22% hydrogen peroxide) has also been
cedure that has been traditionally used as the initial step inproposed for the removal of the organic matrix from various
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samples (plant extracts, edible vegetal oils, fats, and milk) 1 to 10mg L. In contrast, phosphate peak areas increased
[25-27]. A digestion procedure based on contact of the sam-slightly if Al 3* was present at the same concentration. In both
ple with Pt pieces has been developed for the analysis ofcases, retention times of phosphate decreased. These authors
traces of phosphate and other inorganic anions in hydrogenalso demonstrated that acidification of the sample to pH 2
peroxide matricef28]. This platinum decomposition proce- reduces the influence of Fe, whilst precipitation of Al and
dure reduced the peroxide level to ca. 50-200 ppm, enablingFe in basic solution was proposed in order to avoid interfer-
determination of the trace anions with satisfactory recover- ence.

ies. In the case of phosphate, a recovery of 98% was reported It is commonly considered that chromatographic interfer-

[28]. ence can occur between close eluting analytes. In the case of
phosphate analysis by ion-exchange chromatography, thision
2.2. Elimination of interference elutes at retention times higher than nitrate and before sulfate.

Consequently, high concentrations of both anions can cause

The analysis of phosphate in real samples by IC has posedbeak overlapping. In these cases elimination or reduction of
a significant challenge, due to the presence of high concen-the concentration of these interfering anions, generally using
trations of interfering anions, such as chloride, nitrate, and on-line coupling systems, is mandatory. Very high concentra-
sulfate. In order to eliminate or reduce the content of these tions of chloride, as in the case of sea water samples, can also
interfering anions in the chromatographic separation and im- interfere with phosphate determination, even though it elutes
prove phosphate determination, several off-line and on-line at lower retention timef31,32]. Moreover, the response of
approaches have been developed. phosphate in suppressed conductivity systems shows a sig-

During the early 1990s, the development of off-line nificant decrease in the presence of high concentrations of
methodology to accomplish these objectives was an impor- chloride and other strong acid anions. This is probably due
tant focus of ion chromatography research. lon exchangeto the weak acid characteristics of phosphate in combina-
resins that were funtionalized with Againd B&* were suc- tion with the presence of high amounts of ions in the matrix.
cessfully used for the removal of high concentrations of chlo- In the suppressor, all the influent cations are exchanged for
ride and sulfate, respective]g9]. Although these strategies H*. When high concentrations of matrix anions elute, a large
are currently in use, recent methodology is now based prin- amount of exchangedtannot be neutralised by the eluent
cipally on on-line systemi®]. Nevertheless, it is worth men-  anions and they co-elute. Under these conditions, phosphate
tioning that with the increasing development of high capacity forms strong ion couples with hydronium ions, which results
(HC) anion exchange columns and the possibility of apply- in a reduction of the charge of phosphate, thus decreasing its
ing gradient elution to IC, an improvement of the resolution conductivity[31,32].
between compounds in compromised separations can be ac- An interesting example of the use of the elimination
complished in single column systems without the need for of chloride ions is the work of Asada and OikaJ23],

additional elimination of interfering ions. who coupled a desalting cell and a dialysis cell on-line
to remove high concentrations of chloride and filtrate in
2.2.1. Off-line procedures the sample prior to the determination of sulfate and phos-

Off-line operations are performed before IC separations. phate in deep subsurface waters. The performance of this
For instance, filtration of liquid samples or extracts to remove method was compared with the elimination of chloride us-
particulate matter and high-molecular mass organic com-ing silver-form cation-exchange cartridges. A monovalent-
pounds is a mandatory step. Moreover, several approaches&nion-permselective membrane was used in the desalting cell
are frequently applied to reduce interference arising from the to enable chloride removal from the samples, whilst mul-
presence of high amounts of other anions. The simplest oneticharged anions, such as phosphate and sulfate, were sent
is sample dilution. In this case, although the concentration ra-to the dialysis cell. The dialysates were injected in a sup-
tio is not affected, the risk of column capacity overloading is pressed ion chromatography system. Recovery of sulfate and
reduced, and hence, resolution is improved at the expense ophosphate, evaluated at a concentration of 10 g was
higher detection limits. For instance, dilution is currently per- about 80—90% for concentrations of chloride ions lower than
formed for the determination of phosphate and other anions10 mg L1, and approximately 100% for chloride concen-
in chloride-rich samples such as sea water and wastewater betrations higher than 20 mg1. The limit of detection for
fore being injected into the IC system. High concentrations phosphate was 5Q€g L~1, which was not low enough for
of certain metal cations also have an adverse effect on anionuse in diluted subsurface water.
chromatography of phosphate. Ding and Mi8@] studied the A preconcentration method based on the formation of
influence of the concentration of alkaline, alkaline earth, and molybdophosphoric acid (MPA) has been published by
trivalent cations (At* and F€*) on phosphate determination, ~ Tikhomirova et al.[34]. In the first step, MPA was gener-
showing that the most significant effects were produced by ated by addition of ammonium molybdate. Then, precon-
high concentrations of trivalent metal ions. For instance, the centration of MPA as ion pairs with tetrabutylammonium
presence of 10 mgt! Fe** produced a 33-91% decrease in (TBA) bromide was performed. The MPA-TBA ion pairs
the peak areas of phosphate at concentrations ranging fromwere passed in solution through a cartridge filled with glass
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wool, from which they were desorbed with acetonitrile. The although this is still substantially poorer than that of conven-
resulting ion pairs were analysed in a reversed-phase columrtional IC (0.08 mg 1).
with a mobile phase containing 0.2mM TBA, and UV de-
tected at 320 nm. The detection limit for phosphorus in the
preconcentration from 100 mL of solution was 6.7 mgL  2.2.2.2. Column-switching systenShromatographic con-
[34]. figurations involving the use of two or more columns for on-
line cleanup and/or preconcentration before the determinant
chromatographic separation are commonly defined as cou-
2.2.2. On-line procedures pled column systems. If, as frequently occurs, the columns
2.2.2.1. Dialysis.The application of on-line dialysis sys- are connected by manual or automatic switching valves that
tems for the removal of complex matrix components, such as allow the modification of the eluent direction, these coupled
proteins, surfactants, particulates, and high molecular masssystems are called column-switching systems.
organic compounds, has been reported by several authors. Heart-cut column switching has been employed for the
For instance, an automated on-line microdialysis-ion chro- determination of phosphate and other trace anions in the pres-
matography system has been developed for the determinaence of a high concentration chloride-matrix. This technol-
tion of phosphate and other inorganic anions in olive oil mill ogy allows pre-separated chloride in the first column to be
wastewatef35]. In this approach, the sample is pumped into diverted to waste while the fraction containing the anions is
the dialysis cell in which the anions diffuse into an accep- transferred into the analytical separation coluidth37,38].
tor stream of water. The dialysate is then transferred to the For instance, Bhllof et al.[37] applied this method to the
injection loop and injected into the IC system. The authors determination of nitrate and phosphate in sea water. Two car-
evaluated the recoveries of the dialysis process by spiking bonate/hydrogencarbonate solutions at different concentra-
wastewater samples and oil emulsions at different concentra-tions were used as eluents. Chloride was separated from the
tions (25 and 5.g L~1), and found that phosphate recovery rest of the anions in the precolumns with the weak eluent
was 100% after 10 min at a sample flow-rate of 1.0 mLhin and eluted to the waste. Then, the weak eluent was replaced
Coupling of flow injection dialysis (FID) withion chromatog-  with the stronger one and the valve was switched to allow
raphy has also been proposed for the simultaneous determinaelution of nitrate and phosphate to the separation column.
tion of phosphate and other common inorganic anjdék In Linearity and limits of detection were calculated using stan-
this case, the sample is injected into a donor stream contain-dards in a sodium chloride solution to simulate marine water.
ing 22 MM NaCOs and 28 mM NaHC@, and flows intothe ~ The phosphate detection limit was in the order ofi@A_ 1,
dialysis cell. Then, the acceptor stream of water containing and linearity to 2.8 mgt! was demonstrated. However, it
the sample anions flows to the injection valve and is partially should be noted that acceptable reproducibility of the results
injected into an IC system with suppressed conductivity de- from heart-cut column switching methods is not easily ob-
tection. The scheme of the FID-IC system is showRign 1. tained, and requires the accurate establishment of the column-
An on-line dialysis-IC configuration in which the sample is switching time windows, taking into account the variation of
continuously pumped into the dialysis cell was also used andthe retention times with the concentration of the interfering
compared with the previous system. The authors claim thatanion in the matrix. Huang et §B1] proposed a simplified
the FID-IC method offers a number of advantages over the on-technology that allows the easy determination of time win-
line dialysis-IC configuration, such as smaller sample volume dows by direct injection of a standard solution (10 mg).of
(only microliter), and shorter total analysis time. Moreover, the analyte. The authors developed a model for the retention
risk of clogging is minimised, as less sample passes throughbehaviour of trace anions in the presence of high concentra-
the dialysis cell. In addition, the authors indicate that a bet- tions of co-eluent anions, and demonstrated that the effect of
ter detection limit was obtained for phosphate with FID-IC the matrix can be suppressed with the use of high concen-

(0.37 mg 1) than with on-line dialysis-IC (0.97 mgtl), tration eluents. The system used by this author consisted of

ml min
0.25 o )

sample mixing coil - ) .

D/\/\/_\dlaly&s unit S Waste

modifier 0.2 50 cm h\ /]
0.5 / N

acceptorn

(water)

eluent - IC module
ICVA1

Fig. 1. Manifold for flow injection dialysis-ion chromatography (FID-IC). Donor/modifier (FID system) and eluent (IC system): 22 pBON&8 mM
NaHCG;; acceptor: water. IC system: anion separation column Lachat EPA 300A and suppressed conductivity detection with chemically regenerated suppressc
column (250 mM sulfuric acid). Reproduced from R@6] with permission from Elsevier.
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5+ reagents, which was also concentrated in the concentration
uS column.

1 2 Another example of the application of a column switching
0 procedure is the chromatographic setup developed by Bruno
A) o ' 10 et al.[38] for the determination of phosphate, nitrate, and ni-
trite in chloride-rich waters. The proposed arrangement con-

5 1 1 tained a preseparation system composed of two in-line anion-
uS L\k ’ exchange precolumns connected to an analytical column via
* M 2 afourway pneumatic valve. The use of two high capacity pre-
0 d M columns instead of only one allowed the separation of chlo-
10

ride and the remaining anions to be improved, and prevented
overloading. Most chloride is separated in the precolumn
Fig.2. Nitrate and phosphate determination on a heart-cut column-switching SYStem and eluted to waste. By switching the valve, residual
system. Separation system: AG11 precolumn and AS11 column. Con- chloride and the remaining anions are transferred to the ana-
centration system: AG11-HC column. Eluent: 25mM NaOH; flow rate: |ytical column. A phosphate detection limit of 1006 L—1

1.0 mL min~1; suppressed conductivity detection (ASRS-I suppressor in ex- was reported using Suppressed Conductivity detection, avalue

ternal water mode). Peak identification: 1 = nitrate, 2 = phosphate. (A) Mixed .
standard solution of 0.5 mgt! nitrate and 0.5 mgt! phosphate; matrix: that was not low enough to detect phosphate In sea water

5000 mg L1 chioride and 250 mgt! sulfate. (B) Sea water sample after ~ Samples. _
50 times dilution. Reproduced from R§81] with permission from Elsevier. Recently, a coupled ion chromatography system was

developed to determine phosphate, chloride, and sulfate
a guard, a separation column, and a concentrator column. Aas contaminants of concentrated nitric ad@B]. Two
25 mM NaOH solution was used as eluent and conductivity different separation and preconcentration columns were
suppression was achieved with an ASRS-I micromembraneused along with two different eluents (NaOH and carbon-
suppressor in external water mode. By means of two valves,ate/hydrogencarbonate). Preseparation of the analytes from
the elution fractions of the separation column correspond- nitrate was carried out in a specially designed high-capacity
ing to phosphate and nitrate time windows were collected anion exchange column with high retention for nitrate and low
onto the concentrator column. Once the majority of the ma- retention for the analytes. The stationary phase was prepared
trix and strongly retained anions were eluted from the sep- by functionalization of a PS/DVB copolymer with 5-bromo-
aration column to waste, the isolated nitrate and phosphatel-pentene antl-methyldiethanolamine. The eluent contain-
were transferred to the separation column. Chromatogramsing the analytes was transferred to the second system, consist-
of a mixed standard solution containing 0.5 ng'Lphos- ing of a preconcentration and a separation column, where they
phate (matrix: 500Q.g mL~1 chloride and 25¢.g mL~1 sul- were separated using a carbonate/hydrogencarbonate eluent
fate), and a diluted sea water sample acquired in the column-prior to quantification. The detection limit of phosphate was
switching system are provided ifig. 2. As can be seen 5pgL~1.
in both chromatograms, using the column-switching tech-
nology, chloride and sulfate did not interfere at such high 2.2.2.3. Othersystemsolid-phase microextraction, atech-
concentrations with the determination of phosphate and ni- nique rarely used for inorganic anion analysis, has also been
trate. Good correlation coefficients (>0.993) were obtained applied to phosphate extraction and preconcentration. Here,
for phosphate in samples with chloride and sulfate at concen-in-tube solid-phase microextraction was coupled to sup-
trations of 2000 and 100 mgt, respectively. However, the  pressed conductivity ion chromatography for the analysis of
response of phosphate varied with the concentration of thevarious common inorganic anions. The open tubular capil-
chloride and sulfate matrix. The increased concentration of lary was coated with polypyrrole, a conducting polymer that
these two anions in the matrix caused a decrease in the slopacted as an anion exchanger, providing high extraction effi-
of the phosphate calibration curve, which indicates that a per- ciency. A 17-fold increase in the response was reported for
centage of phosphate was lost from the concentration columnphosphate when the method was applied to a 10 ppm stan-
at high concentrations. Excess exchanged protons, which arelard solution. This preconcentration enabled the detection of
generated in the suppressor due to the high concentratiorphosphate in a tap water sample at mg level [40].
of cations in the sample matrix, cannot be neutralised, and On-line sample preparation techniques for the removal
form proton-phosphate associations. The formation of theseof matrix interference, and neutralization of acidic and ba-
ion pairs results in the reduction of phosphate charge, and itssic samples using electrochemically-regenerated ion suppres-
consequent loss from the concentration column that collectssor (ERIS) and neutralizer cells have also been proposed
the effluent fraction within the time windows in which phos- [41]. Two systems have been developed based on the use of
phate elutes from the initial separation system. The developedcolumns and cells with anion and cation resin: an ERIS sup-
system was applied to the determination of nitrate in sea wa- pressor and sample concentration and neutralization (SCAN)
ter samples, but phosphate could not be determined due tqrocessors. Determination of phosphate and other inorganic
interference by the contaminating phosphate present in theanions in a rock fusion sample was performed by direct in-

(B) Minutes
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jection of untreated sample into the SCAN sample processor.Better detection limits and more robust conditions are ob-
On-line neutralization enabled the artefact produced by hy- tained with suppressed modes. Therefore, the vast majority
droxide excess to be decreased, allowing determination of theof the methods that have been developed for anion determina-
sample anions in a suppressed carbonate/hydrogencarbonat@n involve suppressed conductivity detection, those applied
selective system. This device can be also applied tothe on-lineto phosphate being no exception. Recently described sep-
preconcentration of trace level samples. The on-line samplearation conditions (columns, eluents, and suppressors) for
concentration technique uses the detector effluent to carry thephosphate analysis in anion-exchange columns are covered
sample to the concentrator column without the need of a sam-in this section. Methods are described that have been devel-
ple pump. The authors reported a calculated detection limit of oped specifically for this analysis, as well as those aimed at
69 ng L1 for phosphate using on-line sample concentration. general inorganic anions that have also been applied to this

objective. Experimental conditions and limits of detection are

giveninTable 1.
3. Chromatographic systems

3.1.1. Suppressed conductivity detection

Chromatographic analysis of phosphate, as well as 3.1.1.1. Columnslon-exchange chromatography of phos-
common inorganic anions, has traditionally been performed phate is usually carried out on polymer-based station-
using ion-exchange columns with alkaline eluents (carbon- ary phases, fewer applications having been developed on
ate/hydrogencarbonate solutions or alkaline hydroxides) andsilica-based anion exchangef{8,17]. Most of the lit-
conductivity detectiorf9,17]. These systems have been es- erature reviewed here describes the use of polymeric
tablished as the method of choice for routine applications, andresins or latex-agglomerated anion-exchangers obtained from
a large number of regulatory and official methods involve the styrene/divinylbenzene copolymers or polymethacrylate sup-
use of this chromatography configuratidr3,14]. Extensive ports. In comparison to resin exchangers, latex-agglomerated
innovations in the field of ion chromatography technology anion-exchangers are more efficient due to their pellicular
have appeared in recent years, the development of newstructure. These latest stationary phases consist of a sul-
stationary phases and suppressor systems being the most sigenated polymeric substrate to the surface of which fully
nificant of thes§15-17,42—-44]. Implementation of these new aminated porous polymer beads are attracted by electrostatic
technologies in the analysis of phosphate and other inorganicand van der Waals interactions. Selectivity of these columns
anions provides more efficient separations and lower detec-can be altered by modification of the exchanger groups of the
tion limits. Another focus of research in ion chromatography latex particles and the degree of cross-linking. During the last
is the development of methods for the analysis of anions in decade, the number of commercially available columns has
modified reversed-phase columns. Depending on the mod-increased considerably. Columns for universal anion separa-
ification, two different separation chromatographic modes tion, as well as those designed for specific applications, have
are obtained: ion-interaction chromatography and electro- been used in phosphate analysis. Bipolymeric resin-based
static ion chromatography45,46]. Applications of both columns, such as lonPac AS14 and AS15, and a large number
modes to phosphate analysis are described in the followingof latex-agglomerate columns (lonPac AS4-SC, AS7, AS9,
section. AS10, AS11, AS12, AS16, and AS17, among others) have
Other stationary phases, such as non-modified porousbeen used. The characteristics of these modern stationary

graphitic carbon columns (Hypercarb S), have also been pro-phases for ion chromatography have been comprehensively
posed for the separation of common inorganic anidi3. reviewed by Weiss and JensgT].
In this case, retention is due to donor-acceptor electronic  Depending on the composition of the ion-exchanger, and
interactions between the lone pair electrons of the anionsthus the selectivity of the column, separations are carried
and thew-electrons of the PGC. Phosphate, a#By~, is out using hydrogencarbonate/carbonate, or sodium or potas-
the most poorly retained anion in this column, but separa- sium hydroxide eluents. In principle, the use of hydroxides
tion between phosphate and chloride could not be accom-offers greater sensitivity than carbonate-based eluents, as the
plished. Moreover, LODs reported by the authors using an former are converted to water by the suppressor, which re-
evaporative light scattering detector (ELSD) were higher than sults in low background conductance, whilst carbonate elu-
those obtained in conductivity detection, ranging from 10 to ent suppression produces carbonic acid. However, hydroxide

50mg mL~L. is a monovalent anion and has poor selectivity for anion-
exchange functional group43]. Therefore, high concentra-
3.1. lon-exchange chromatography tions are required to elute highly retained anions, and as a

consequence, separation selectivity can be better optimized
In ion-exchange chromatography, both the eluent and thein hydrogencarbonate/carbonate eluents. These buffered so-
stationary phase characteristics are highly dependent uporutions contain both monovalent and divalent anions, show-
whether a suppressor device is used before the detection stepng high selectivity for anion-exchanger moieties. Thus, car-
Forthis reason, ion chromatography systems are usually clasbonate/hydrogencarbonate is a strong eluent, and lower con-
sified as suppressed or non-suppressed conductivity methodscentrations than those for hydroxide are currently used. The



Table 1

Determination of orthophosphate by ion-exchange chromatography

Column Mobile phase Flow rate Detection Lo Comments Sample Concentration Reference
(mL min~1)
Carbonate/hydrogencarbonate systems
lonPac AG14A/AS14A 8.0mM N&CO3 1 (4mm) Suppressed conductivity ~ 15.6p.gL~* (ASRS) Column and Standards, spiked  10mg L™ [48]
1.0mM NaHCQ 0.5 (3mm) ASRS-Ultra-4 mm (recycle  10.8ugL~! (AES) suppressor comparison environmental
mode) 10.2pg L=t (AMMS) waters, spiked soil
AES (recycle mode) extract
AMM (displacement
chemical regeneration
mode)
lonPac AG4A-SC/AS4A-SC  1.8mM N&O; 2 17.8pgL~! (ASRS)
1.7mM NaHCQ
lonPac AG14/AS14 3.5mM NaCO; 1.2 12.3ugL~* (ASRS)
1.0mM NaHCQ
lonPac AG4A-SC/AS4A-SC 1.8mM NEO; 2 Suppressed conductivity 17.8pgL~t Column comparison Standard, spiked 10mgL™? [49]
1.7mM NaHCQ ASRS-Ultra-4 mm 12.3pgL~? environmental
lonPac AG17/AS17 Electrolytically (recycle mode) waters, spiked soil
generated KOH extract
gradient (1-40 mM)
lonPac AG4A-SC/AS4A 1.7mM N&£Os 1 Suppressed conductivity Sugar beet seed 388mg Lt [50]
1.8mM NaHCQ ASRS-I-4 mm exudate
lonPac AS4A-SC 1.8mM NaCO; 2 Suppressed conductivity Standards 20mg Lt [51]
1.7mM NaHCQ AMMS-II
ESI-MS
lonPac AG9-HC/AS9-HC 28 MM N&O3 1.5-1.0 Suppressed conductivity 1,98L (AES) System comparison Standards 0.3-500mg Lt [52]
AES
11.5mM NaCO03 1 ASRS-Ultra-4 mm (recycle 0.77pgL~! (ASRS)
mode)
lonPac AG9-SC/AS9-SC 1.8mM NaO; 1 Suppressed conductivity Column comparison Standards, drinking0.1-0.25mgL* [53]
1.7mM NaHCQ AERS-II (external water water
mode)
lonPac AG9-HC/AS9-HC 9mM N&L O3 1
lonPac AG12A/AS12A 2.7mM NZ O3 1 Suppressed conductivity Standards, plant ex- 7.8-80.6 mgg* [54]
0.3mM NaHCQ ASRS-I-4 mm (recycle tracts (dry plant tissue)

mode)
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Table 1 (Continuedl

8¢

[HCOz ]+ [0032_]I
2-6mM; [CQ:2"|%:
10-90%

ASRS-1

Column Mobile phase Flow rate Detection LoD Comments Sample Concentration Reference
(mL min—1)
lonPac AG12/AS12 11mM (NH;),CO; 2 ICP-MS 36ugL?t Standards 10-100Qug Lt [55]
pH11.2
QS-A5G/QS-A5 10mM NaCOs Not Suppressed conductivity 0.006 mg'L IC-FIA Wastewater 0.41mgt! [57]
1mM NaHCQ reported QE-A1 cartridge HPQO,2 —P HPO2 —P
Shodex IC SI-904E 1mM NaCO; 1 Suppressed conductivity 5@ Lt Dialysis Standards, spiked 1mgL™? [33]
2mM NaHCQ 753 Suppressor module deep subsurface
water
Concentration col.: Metrosep 3.75mM NaCO; 0.5 Suppressed conductivity 0.14pglL™?t Coupled IC system Ultrapure water [58]
APCC1HC 3.6 mM NaHCQ (Metrohm MSM)
Separation col.:
Star-lon-A300
Metrosep Anion Dual 2 1.3mM NEO; 0.8 Suppressed conductivity Lt On-line Olive-oil mill 298-605mg L?! [35]
2.0mM NaHCQ MSM suppressor microdialysis-IC wastewater, spiked
UV photolysis standard oil
emulsions
lonPac AG9-HC 9mM N&CO3 1 Suppressed Conductivity Ly Lt (P) System comparison Standards 10mg L [42]
DS-Plus or ASRS
suppressors
lonPac AS4A-SC [Na;COs] 15
+[NaHCG;]=5mM
[Na,CO3] = 44-100%
Novosep A-1 Different carbonate  1-1.5 Suppressed conductivity System comparison Anions, 3-10mg Lt [43]
Allsep A-2 gradient (0-20 mM DS-Plus or ASRS wastewater, coffee,
lonPac AS4A-SC Na,COz3) suppressors fermentation broth
lonPac AG4-SC/AS4-SC Initial: 2 mM 2 Suppressed conductivity Carbonate gradient Anion standard 130 mgt? [64]
NaHCQOy ASRS-Ultra-4 mm (recycle (KOH generated)
Different KOH mode)
gradients
(1-30 mM)
lonPac AG4/AS4A 3mM NaCQ 15 Suppressed conductivity Retention modelling Standards 10mgL? [73]
1.0-20.0 mM NaOH AMMS
lonPac AS4A-SC 35 Elution systems: 2 Suppressed conductivity Retention modelling Standards 2-200mg Lt [74]
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lonPac AS4A/AS4A-SC

lonPac AG4A/AS4A

lonPac AG12/AS12

lonPac AG9/AS9

lonPac AG14/AS14

lonPac AG14/AS14

Lachat anion guard column
Lachat anion separation
column EPA 300 A

lonPac AS4A (2)/AS4A

lonPac AG9-HC (2)/AS9-HC

2.97mM N&Os 1.6

2.80mM NaHCQ

1.8 mM NgCO3 1
2.80mM NaHCQ

2.7mM NEO; 15
0.3mM NaHCQ

2.0mM N&CO3 1
0.75mM NaHCQ

3.5mM N&OG; 1.2
1.0mM NaHCQ

3.5mM N&O; 1.2
1.0mM NaHCQ

2.8mM pa0O3 2

2.2mM NaHCQ

NgCO;—NaHCQ 3
eluents:
Eluent 1: pH 9.16}:
1.4mM
Eluent 2: pH 9.5):
20mM
t1: 0.4 min,to:
1.4 min

Pre-separation guard 1
columns:
14 mM NaCO3
3mM NaHCQ

Suppressed conductivity
AMMS-II

Suppressed conductivity
AMMS-II

Suppressed conductivity
ASRS

Suppressed conductivity
ASRS

Suppressed conductivity
ASRS

Suppressed conductivity

ASRS-Ultra-4 mm (recycle

mode)

Suppressed conductivity

Suppressed conductivity
AMMS

Suppressed conductivity
ASRS-Ultra-4 mm

LOQ: 0.1 mgL(P)

0.251mg Lt
0.012 % (w/w, sediment)

MLt

kgt (P-PQ)

L

0.37 mgL
0.97mglL?

95ugmL?

1000pg L~

Column-switching,
microwave digestion

Microwave digestion

UV photolysis

UV photolysis

UV photolysis

Effect of metal ions on
anion response

FIA-IC
On-line dialysis-IC

Column switching
In-line precolumns (2)

Column switching
In-line precolumns (2)

Wastewater (urban,

industrial, river)

Standards:
pyrophosphate,
buffalo river
sediment

Plant material

Edible vegetable
oils and fats

Milk

Standards with
variable pH and
metal ions
concentration

Standards

Standards, sea
water

Standards, Cl-rich
water

(20,000mg Lt
Cl™), spiked sea
water

0.21-0.82mg L* [22]
(P)

9.78-31.8mgLt!  [23]
P

0.0888 %

(w/w, sediment)

1120-3720mgky  [25]
(P)
<10-530,25Qug kg™t [26]
(P)

10,550 mg kg? [27]
(P)

1-10mg Lt [30]
1-50mg -1 [36]

95-950ug mL~* [37]

852ugL—t [38]
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Table 1 (Continuedl

Column Mobile phase Flow rate Detection Lo Comments Sample Concentration Reference
(mL min~1)
Separation: 9mM
NapCO3
System 1: self-made PS/DVB System 1: 100mM 1 Suppressed conductivity 5ug L~ (system) Coupled IC systems Nitric acid 10-100Qug Lt [39]
functionalized DEMA NaOH (Metrohm 753 or 793 5mg L™t (nitric acid)
System 2: concentration col.: System 2: 2.5mM 0.7 suppressor modles)
lonPac TAC-2 Na;CO3
Separation col.: Metrohm 0.5mM NaHCQ
ASupp 5
lonPac AS14 3.5mM N&Os 1 Suppressed conductivity Solid phase microex- Standards,tapwater 10ppm [40]
1mM NaHCQ ASRS-Ultra-4 mm (external traction (SPME)
water mode)
Sarasep AN1 1.8mM N&CO;3 1 Suppressed conductivity 69ngt Sample concentration  Standards, rock 5-15ngmL?t [41]
Allsep Anion 1.7mM NaHCQ@ Alltech ERIS and neutralization: fusion sample 723mgLt
SCAN Sample
Processor
lonPac AS14 3.5mM NaCG0; Suppressed conductivity Surface water ship  0.56-1.88mgLt!  [93]
1.0mM NaHCQ channel
lonPac AG9-HC/AS9-HC 9mM N O3 1 Suppressed conductivity Standards, drinking 25ugL™! [94]
ASRS-| water, sea water
lonPac AG5/AS5 2.2mM NaCO3 2 Suppressed conductivity Corrosion products  10-75mgg* [95]
2.8mM NaHCQ ASRS in phosphoric acid
treated lead pipes
lonPac AG9-SC/AS-9 SC 2.0mM NaO0s 2 Suppressed conductivity Coupled IC system Degradation patinas<1-773ug g [96]
0.75mM NaHCQ AMMS-I| on stones, mortars,
lonPac AG4A-SC 1.6 MM NaCO3 1 historic buildings,
(2)/AS4A-SC monuments
1.5mM NaHCQ
lonPac AG9/AS9 0.75mM NgCO; 1 Suppressed conductivity 1.3mgtL Lead-acid battery <1.30-4.95mgLt® [99]

5.5mM NaHCQ

ASRS

electrolyte

98¢
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Hydroxide systems
lonPac AS10

lonPac AG10/AS10

lonPac AG15/AS15 (with
Anion Trap Columns)

lonPac AG15/AS15

lonPac AG11/AS11

lonPac AG15/AS15
lonPac AG15/AS15

lonPac AS11

lonPac AS14

NaOH gradient
(50-124 mM
NaOH)

NaOH gradient
(10-200mM
NaOH)
Electrolytically
generated KOH
gradient
(48-100 mM)

Electrolytically
generated KOH

gradient (7—40 mM)

NaOH gradients

(0.5-40 mM NaOH)

NaOH gradients.
(10-40 mM NaOH)

12/32 mM NaOH
7.0mM NaCO3
1mM NaHCQ

3.5mM NaCO;
1mM NaHCQ
32mM NaOH

0.25

0.2

0.5

0.25

0.40
0.4

0.3

0.3

Suppressed conductivity:
AMMS (4 mm)

AMMS (4 mm)

ASRS (2mm)

Suppressed conductivity
AES (recycle mode)

Suppressed conductivity
ASRS-Ultra-2 mm (external
water mode)

Suppressed conductivity
ASRS-Ultra-2 mm (external
water mode)

Suppressed conductivity
AMMS-II

120pg L1

0.0pg L

QL

299 L1
Lyl

Column comparison

Column comparison

Matrix digestion

High nitrate
concentration
samples (molten
glass, diluted nitric
acid)

Power plant water
samples

Standards, 30%
hydrogen peroxide

Standards, 30%
hydrogen peroxide

Study of the effect of Standards

temperature

(27-60°C), system

comparison

Molten glass:
16.8mgL?
Spiked standards:
459ugg7t

0.78-160Qug L~!

30ugL?t
standards

30ugL?t
standards

0.95mg Lt

[63]

[65]

[66]

[28]

[67]
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Table 1 (Continuedl

Column Mobile phase Flow rate Detection Lo Comments Sample Concentration Reference
(mLmin™1)
Cryptand 2.2.2. Capacity gradients 0.5 Suppressed conductivity Anionic impurities Standards, tapwater 15 mgL [69]
(2.2.2) ASRS-Ultra-2 mm (external removed by Anion
10mM water mode) Trap Column,
NaOH— 10mM (CR-ATC)
LiOH or H,O
Cryptand 2.2.1. Capacity gradients
(2.2.1)
8mM
KOH — 10 mM
LiOH or H,O
lonPac AS11 Electrolytically 1 Suppressed conductivity Retention modelling, Standards 0.5-10mg Lt [70]
generated KOH ASRS-II artificial neural [71]
gradients network (ANN).
(3.720-27.84 mM) Anionic impurities
removed by Anion
Trap Column, (ATC-1)
lonPac AG15/AS15 Electrolytically 1.0-1.95 Suppressed conductivity Retention modelling, Standards 30mgL? [72]
generated KOH artificial neural
ggﬂ':g :nM) ASRS-Ultra-4mm (recycle network (ANN)
mode)
Custom-made aminated 20 Ternary elution 1 Suppressed conductivity Experimental design Standards 10mgL? [75]
PS-DVB high capacity systems: ASRS (external mode) for characterization of
resin elution system
HCIO4 (0-20 mM)
NaOH (20-100 mM)
NaCGQ; (0-20 mM)
Concentration column: 25mM NaOH 1 Suppressed conductivity Column-switching Standards 2.5-10Qug L™t [31]
lonPac AG11-HC ASRS-I-4 mm (external
water mode)
Separation column:
lonPac AG11/AS11
lonPac AS11 NaOH gradients 2 Suppressed conductivity Landfill leachate 149.18mgL [90]

Eluent A: water
Eluent B: 200 mM
NaOH

Eluent C: 0.75mM
NaOH

Initial: A (50%)/C
(50%)

7.0min: A (85%)/B
(15%)

7.1 min: A (50%)/C
(50%)

88¢
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lonPac AG11/AS11

lonPac AG16/AS16A

lonPac AG17/AS17

lonPac AG17/AS17

Non-suppressed
Non-suppressed IC:
Hamilton PRP-X100

Suppressed IC:
Metrosep Anion Dual 1

Hamilton PRP-X110

Hamilton PRP-X100
Vydac 302 IC

Waters IC Pak A
Anion Dual 1

21 mM NaOH

Electrolytically
generated KOH
gradient
(1.5-55 mM)

20 mM NaOH

15mM NaOH

4mM
p-hydroxybenzoic
acid (pH 8.5), 2.5%
MeOH

2.5mM N&EO;
2.4mM NaHCQ

0.6mM hydrogen-
phthalate (pH 4), 4%
(v/v) ACN

Sodium
(1-4 mM)
pH (4.0-6.0)

phthalate

1 mM o-phthalic
acid-TRIS buffer,
2% (v/v) ACN (pH
8)

0.5

Not
reported

0.8

Suppressed conductivity 0.1 mgiH,PO,~

ASRS-I-4 mm

Suppressed conductivity
ASRS-Ultra (recycle and
external water mode)

Suppressed conductivity 0.p5g*
ASRS-Ultra-4 mm (recycle

mode)

Suppressed conductivity 8ngy

ASRS

Non-suppressed 0.8mgL?

conductivity

Suppressed conductivity 0.05mg Lt

(Metrohm 761 IC)

Non-suppressed 41mglL?

conductivity

Non-suppressed
conductivity

Suppressed conductivity
Indirect UV (273 nm)

Vapour phase
digestion (VPD)

Vapour phase matrix
elimination (VPME)

System comparison

Retention modelling

System comparison

Groundwater <0.1mgt!

HoPOy™

Standards, ground- ugL~!levels
water

Purified quartz 0.73-7.729g*
P
Boric acid 92nggt
Standards, cane  50-89mg !
sugar liquors (cane juice),

0.30% (molasse)

1.54-2.97mggt
(dry sample)

Coffee, tea

Standards

Spiked drinkingwa- 4.9 mg !
ter

[91]

[92]

[100]

[101]

[59]

[77]

(78]

[79]

2 As phosphate.
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performance of different anion-exchangers with regard to the

separation of phosphate and other inorganic anions has been 32:2 1| 2

discussed by some authd48,49]. In general, a high number 60.0

of carbonate selective columns (AS4A, AS4A-SC, AS4-SC, 500

AS5, AS9, AS9-HC, AS9, AS12A, AS14, and AS14A) have o 40.0

been used for phosphate analysis. The A-columns are ver- ~ 500

sions of the original column with smaller particle diameter 20.0

(5p.m), HC standing for the high capacity and SC for the 100 U

solvent compatible versions. The concentration of the elu- o~

ent required depends on the capacity of the column, total 10,0 e
carbonate concentrations ranging from 2.75 to 11 mM hav- Retention Time (min) )

ing been used, depending of the characteristics of the col-
umn and the specific separation_ Among these columns, theFig. 3. Chromatogram of anion standard mixture. Peak identification
latex-based anion-exchange column (IonPac AS4A) with a (0.1 mM of each): (1) fluoride, (2) phosphate, (3) chloride, (4) sulfate, (5)

nitrite, (6) bromide, (7) nitrate. Separation system: C18 column coated with
carbonate-hydrogencarbonate eluentand suppressed Condu(Z/vittergent 3-14/TTA (10 mM/10 mM) mixed micelles and 20 mMATaD;

FiVity detection has been frequ_enﬂy used Since_its proposal 4s the eluent. Flow rate: 1.0 mL mik; detection: suppressed conductivity
in Method 300.0 of the US Enviromental Protection Agency (ASRS). Reproduced from RgB0] with permission from Elsevier.

(EPA) for the determination of inorganic anions, phosphate
among them, in environmental waters and aqueous solid ex-ticle diameters. Although the AS14 column offers advan-
tracts[13]. Nevertheless, a significant number of columns tages for the analysis of fluoride, the best performance in
with higher efficiencies have been developed for specific sep-terms of efficiency and peak shape for phosphate is obtained
arations, and their use has generally been proposed to improvevith the AS14A, using an eluent at relatively high concen-
the method48,49]. Separations in the AS4A column and its tration (8.0 mM carbonate/1.0 mM hydrogencarbonft8).
solvent compatible version, lonPac AS4A-SC, are performed Another latex-agglomerate column, AS9-HC, specially con-
with eluents at low concentration, in the order of 1.7 mM car- ceived for the separation of oxyhalides, in particular to re-
bonate/1.8 mM hydrogencarbon§$®]. Both columns have  solve chlorate and nitrate, was tested for the analysis of phos-
the same capacity (30equiv col 1), but differ in the degree  phate[17,38,52,53]. This column consists of a medium hy-
of crosslinking of the particle cores. Solvent compatibility drophobicity acrylate-based latex agglomerated on a macro-
of the SC column is accomplished by a higher EVB-DVB porous EVB/DVB polymer. Due to its high capacity, a high
crosslinking (55%), and high hydrophilicity is caused by the carbonate concentration (9 mM) is required. Consequently, a
alkanol quaternary ammonium functionalized latex. These highly efficient suppression procedure is needed to obtain
two columns are applied to common anion determination good sensitivity. Highly hydrophilic latex-based columns,
and phosphate elutes in approximately 8—10 min, betweensuch as the AS12, designed to improve fluoride and oxy-
nitrate and sulfatft8]. The AS4A-SC was proposed by Corr  halide analysis, have also been used to analyse phosphate.
and Anacletd51] for the analysis of phosphate by IC with  This column is composed of latex based on vinylbenzyl chlo-
mass spectrometry detection (IC-MS). Detection was per- ride functionalized with a hydrophilic quaternary moiety ag-
formed using a single-quadrupole mass analyser with prior glomerated on a macroporous EVB/DVB polymer. Interme-
on-line conductivity suppression using an anion micromem- diate carbonate concentration was required for the analysis
brane suppressor. Co-elution of orthophosphate with selenite[54]. An IC method coupled with ICP-MS has been proposed
was resolved due to the specificity of mass spectrometry, asusing this column for the determination of halogen and oxy-
orthophosphate was detectedrdz97 as doubly protonated  halogen anions, as well as phosphate and sulfate. The sepa-
HoPOs—, whilst selenite was monitoredm@iz129 asasingly  ration was performed with 11 mM ammonium carbonate as
protonated anion. eluentin less than 4 min. Due to the specificity of the ICP-MS
The performance of the latex-agglomerate lonPac AS4A- detection, complete resolution was not required, and under
SC was compared with two polymeric resin columns, AS14 these conditions, phosphate co-eluted with selenite, as can
and AS14A[48]. Similar detection limits (17.8gL~1) and be seen irFig. 3, where chromatograms of the individual
linearity (in the range of 0.1-100 mgt) were obtained in monitored elements are shown. Detection of phosphate was
the three chromatographic systems, although higher concen-carried out am/z31, corresponding to the phosphoreist)
trations of the carbonate-hydrogencarbonate eluents were resignal, and a detection limit of 36g L~ was obtained55].
quired in the non-latex columns due to their higher capacity. However, despite the advantages of coupling IC to ICP-MS
Both polymeric columns (AS14 and AS14A) are also or- for ion analysis, such as low detection limits, wide linear
ganic solvent compatible. They contain a polymethacrylate- range, and specificity, this approach has not been very pop-
based functional group grafted onto the surface of a macro-ular for phosphate determination because of the presence of
porous resin consisting of EVB crosslinked with 55% DVB. some inherent difficulties. Determination of phosphorus by
The AS14A column is produced using a block-grafting tech- ICP-MS is difficult, due to its high ionisation potential and
nigue that allows a high water content and has smaller par-its consequent low ionisation efficiency in an argon plasma.
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Moreover, interference of polyatomic ions, such¢160*, N
14N1601H* | and 12C1H4160* occurs atm/z 31, which re-
sults in higher background and detection limits than those
corresponding to other iorfS6].

Analysis of phosphate has also been performedin columns
other than lonPac. For instance, Karmarfa#] developed
an IC-FIA system in which a QS-A5 column was used for
separation in a 10 mM N&0Os/1 mM NaHCQ; eluent, and 22uS
Asada and Oikawgd3] used a Shodex IC SI-904E for the sep-
aration of chloride, phosphate, and nitrate in a 1 mM eluent. 5
Moreover, the separation of seven inorganic anions in 15 min 6 8
using a Star-lon-A300 (Phenomenex) column and an eluent 5 3 ﬂ
consisting of 3.75mM NgCOs/3.6 mM NaHCQ has been M
reported by Kapinus et gl58]. Polymeric columns, such as .
the polymethacrylate columns Metrosep Anion Dual 1 and 2, % T T T T T
have also been used for phosphate analysis. These columns 0 4 8 1216 20Min.
are composed of hydroxyethylmethacrylate (HEMA) and Fig. 4. Anions in refinery wastewater. Peak identification (10 my bf
polymethacrylate, respectively, both funcionalized with qua- each): 1=fluoride, 2= propionate, 3=bromate, 4=chloride, 5= nitrate,
ternary ammonium groups. Suppressed and non-suppresseél=phosphate, 7=sulfate, 8=thiosulfate. Column: Novosep A-1,
conductivity systems have been developed using carbon-150x 4.6 mm; mobile phase: (A) 1.0mM sodium bicarbonate; (B) 5.0 mM

: odium carbonate. Gradient: 0% B for 5min, to 100% B in 10 min, hold
atE/hydrOQencarbonate and phthalate eluents, reSpecnvelior 5min. Flow rate: 1.5mL min!; detection: suppressed conductivity

[35,59]. ) ) (DS-Plus suppressor). Reproduced from Ré48] with permission from
Separations using carbonate/hydrogencarbonate are usugisevier.

ally carried out under isocratic conditions, with a small range

of eluent concentrations (Table 1). This explains the com- gradients, avoiding the possible contamination of the eluent
mercialisation of a wide variety of columns with slight mod- during preparation and the consequent negative effect on the
ifications of the stationary phases developed to improve spe-gradient application. The high-pressure EG40 KOH eluent
cific anion separations. Nevertheless, recent advances in supgenerator has been commonly used for the electrolytic gen-
pressor technology have allowed the introduction of gradi- eration of carbonate-free eluents, their KOH concentrations
ent elution with carbonate eluents, preventing baseline drifts being directly related to the electrical current, and inversely
produced by changes in carbonic acid concentration. For in-proportional to the eluent flow-ra{€0]. To ensure the re-
stance, Bose et g43] demonstrated the applicability of the moval of contamination due to traces of anions or cations
DS-Plus suppressor, which removes the carbonic acid pro-in the column, a precolumn is often used before the injec-
duced in the suppressor from the effluent. Several binary andtion port[56,61,62]. In particular, anion trap columns in the
ternary gradients, with carbonate, hydrogencarbonate, anchydroxide form (ATC, ATC-1, and ATC-3) are frequently
water, and different columns have been used for the determi-used to remove trace ionic impurities prior to reaching the
nation of common inorganic, organic, and polarizable anions. analytical and guard columns, resulting in a chemically sup-
Thus, phosphate elution can be optimized such that it is sep-pressed eluent reaching the coluftf,63]. In addition, this
arated from the rest of the anions present in the sample, aglevice has also been used to generate gradients in carbon-
can be seen ifig. 4, where the chromatogram of a refinery ate/hydrogencarbonate systems by increasing the pH of the
wastewater acquired using a carbonate/hydrogencarbonateluent[64].

elution gradient is shown. Initially, a mobile phase with low Few columns have been specifically developed for hydrox-
eluent strength (1 mM sodium hydrogencarbonate) was usedide eluents, probably because selectivity can be easily mod-
up to 5 minin order to avoid the co-elution of early eluting an- ified by gradient elutiorj17]. Most applications have been
ions (fluoride, propionate, bromate, and chloride). Then, the carried out using lonPac AS11, AS15, and AS17columns.
concentration was increased to 5mM to elute more highly The lonPac AS11 column and its corresponding high ca-
retained anions, such as phosphate and thiosulfate, in lespacity version are latex-agglomerated columns composed
than 20 min[43]. In contrast, gradient elution is frequently of highly cross-linked EVB/DBYV that differ in their parti-
applied in hydroxide compatible systems. In fact, the com- cle diameter (9 and 43m for the high capacity and AS11
mercialisation of hydroxide-selective columns that permitthe columns, respectively) and latex size (also lower for the HC
use of dilute alkaline hydroxide as eluent has extended thecolumn). These columns are characterised by their gradient
number of applications of hydroxide anion-exchange chro- elution ability, enabling the simultaneous determination of
matography systems to anion analysis. The introduction of low and highly retained anions in a single run. They have been
new efficient suppressors and automated electrolytic on-lineused for both isocratic and gradient separations, and con-
eluent generatofg4] has facilitated both the preparation of centrations from 10-40 to 40—100 mM are commonly used.
high-purity hydroxide eluents and the application of elution Moreover, with the HC columns, high amounts of sample
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(up to 100uL) can be injected without column overloading, other inorganic anions. This column, which contains highly
and thus, detection limits of loyg L~ are obtained. The  hydrophilic ion-exchanger groups in its latex particles, was
lonPac AS11 and AS15 columns have been proposed forspecifically designed for the separation of polarizable anions,
the analysis of anion traces in highly concentrated matrices,such as iodide and arsenate. Nevertheless, its application to
such as nitric acid or hydrogen peroxi#8,63,65,66]. The  the analysis of polyphosphates up to P20 has been reported
AS15 (9um) column is composed of a highly crosslinked [68]. Using a hydroxide gradient of 1.5-55 mM, elution of
macroporous (EVB/DBV) core and an anion-exchange resin phosphate occurs at approx 25 rfili7].
grafted onto the surface that was developed as an improve- Cryptand-based anion exchanger columns are a new
menton the AS11-HC. However, due to the higher hydropho- class of anion resins produced by the covalent bonding
bicity of AS15, adsorptive interactions can occur that lead of a cryptand to a cross-linked polymeric substrgg8].
to particular selectivity for late eluting species. The elu- The cryptand macrocycle complexes mobile phase cations
tion time of phosphate (25 min) under isocratic conditions (sodium, lithium, and potassium) of hydroxide solutions, pro-
is higher than that using an AS11-HC. The use of the shorterviding anion exchange sites for the separation of sample an-
AS15A version, which contains smaller particlesu{h), al- ions. By changing the eluent composition during the sepa-
lows the analysis time to be reducgd’]. The performance  ration run, both column capacity and eluent strength can be
of these two columns (AS11 and AS15) has been reportedoptimized for a particular application. Consequently, anal-
for the analysis of anion contamination in hydrogen peroxide ysis of weakly retained anions, such as organic acids, and
[28,66]. Here, gradient elution with sodium hydroxide at up highly retained anions, such as polyphosphates, can be sat-
to 40 mM was used. Higher efficiencies and lower detection isfactorily performed in a single run by the application of
limits (0.8.g L~1) were obtained for phosphate analysis us- eluent gradients. A comparison of the performance of two
ing the AS11 columii66]. The AS15 column has also been cryptand based anion exchangers, 2.2.1. and 2.2.2., was pub-
used to determine phosphate contamination in a high-nitratelished by Woodruff et a[69]. One of the macrocycles, 2.2.1.,
matrix [63]. Modification of ion chromatography selectivity contains one less oxygen and one less ethylene group in one
can be accomplished by the variation of eluent concentrationof the bridges. In both cases the lowest exchange capacity
and column temperature. In order to optimize the separationis obtained when using lithium, whereas the highest capac-
between sulfate and phosphate the concentration of the eluity is obtained with sodium and potassium for the 2.2.1. and
ent is modified, and the elution times of both anions reverse 2.2.2. columns, respectively. Similar selectivity was observed
when the KOH eluent concentration increases from 33 to in both columns with standard capacity gradients, i.e. with
48 mM. Different selectivity was observed using potassium sodium or potassium hydroxide as initial eluents and lithium
hydroxide eluents at different concentration (33 or 48 mM) hydroxide as the second eluent. Under these conditions, phos-
[44,63]. Selectivity can also be modified by changing col- phate is baseline resolved from thiosulfate and iodide. The
umn temperature. For instance, Hatsis efG¥d] studied the capacity of the 2.2.1. column is more significantly affected
effect of column temperature (from 27 to 80) on the sep- by a high concentration of cations in the samples than that
aration of several anions on an AS11 column with NaOH of the 2.2.2. column, and thus, the authors proposed the use
as eluent, and an AS14 with carbonate/hydrogencarbonateof the commercial equivalent of the latter column, Cryptand
as eluent, showing that retention of multiply charged anions Al, for phosphate analysis.
such as phosphate, sulfate, oxalate, and thiosulfate increases In order to predict the retention factors of phosphate, as
with increasing temperature and elution order is reversed. well as those of other inorganic anions, in suppressed IC,
The performance of the hydroxide-selective AS17 col- various retention models have been developed. For instance,
umn was studied by Jackson et f9]. This column is Madden et al[70] compared the ability of three mathemati-
also a latex-agglomerated column that consists of microp- cal models to describe anion behaviour in hydroxide selective
orous particles (10.am) of the same sulfonated EVB-DB  systems using an AS11 column with isocratic elution. Whilst
as the carbonate-selective AS4A-SC, but with a higher aver-two models, empirical end points and three-point curve fit-
age number of hydroxyl groups in the latex. This accounts for ting, gave good prediction of the retention factors for all the
its higher hydrophilicity and hydroxide compatibility, which 21 anions studied, the linear solvent strength model (LSSM)
allows higher efficiency. The combination of smaller parti- gave poor results when it was applied to phosphate, which
cle size and gradient elution improves the peak efficiency could be due to its charge dependence on the concentration of
for phosphate. Retention of most anions increases with thehydroxide in the eluent. The same authors used artificial neu-
AS4A column, but maintains a similar overall analysis time. ral networks (ANNS) to predict retention times in this same
Different selectivity in the carbonate/hydrogencarbonate and column with several linear hydroxide gradients (0—40 mM
hydroxide selective columns was observed. Whilst phosphateKOH), obtaining a prediction error lower than 1%d]. The
elution time is similar in both systems, occurring in less use of artificial neural networks (ANNs) to model the reten-
than 8 min, unlike in the carbonate/hydrogencarbonate sys-tion of seven inorganic anions, including phosphate, in hy-
tem, phosphate elutes after sulfate in the hydroxide selectivedroxide selective systems was also reported byi8kest al.
system[49]. Another high capacity hydroxide selective col- [72]. To build the model, an extensive study consisting of 128
umn, AS16, has been used for the separation of phosphate andxperiments at different eluent concentrations (25-60 mM)
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and flow rates (1.0-1.95 mL min) was performed. Under  Cilitate the application of gradient elutions. A disadvantage
these conditions, phosphate retention times varied from 9.080f these suppressors is that they require the use of an ad-
to 70.60 min. The ANN model proved to be useful to predict ditional pump and a regenerant solution. The eluent flows
the phosphate retention time, obtaining a correlation coeffi- between two ion-exchange membranes while the regenerant,
cient of 0.9965 for predicted and actual val(igg]. The de- ~ commonly 10-25mM sulfuric acid, flows continuously in
velopment of a non-linear function retention model for poly- the opposite direction at high flow rates over their outer sur-
valent weak acid anions, and its application to the prediction faces. Volumes of regenerant can be reduced in the displaced
of phosphate behaviour in sodium hydroxide eluents has alsochemical regeneration mode, although higher concentrations
been reported. A good correlation (0.992) between predictedof the regenerant are required.

and actual values was obtaing@®]. Retention modelling in Solid-phase regenerant cartridges can be used in the re-
carbonate-selective IC systems has also been studied usingycle line to remove waste products from the regenerant
six mathematical mode[§4]. As in the hydroxide systems, supply in both electrolytic and chemical micromembrane
the empirical end-points model gave satisfactory modelling suppression systems. In addition, a solid-phase based sup-
of anion behaviour. However, in the carbonate IC systems, thepressor with continuous electrolytic regeneration has re-
retention behaviour of phosphate was erratic, as indicated bycently been marketed under the name of DS-Plus suppres-
the values of the normalised percentage differences betweer$or [42,43]. The use of this suppressor is advantageous for
predicted and experimental data, which range from approxi- carbonate/hydrogencarbonate systems, as in addition to sup-
mately—10to 20% depending on the model. In another exam- Pressing the mobile phase it removes carbonic acid from the
ple, Nowak and Seubdjt5] describe an experimental design  suppressor effluent prior to detection. An alternative approach
for the characterization of a ternary elution system based onconsists of a new generation of anion electrolytic suppressors
perchloric acid, sodium hydroxide, and sodium carbonate, (AESs) with continuous electrolytic regeneration that provide
using a high-capacity anion exchange column. A quadratic the operational convenience of an electroanalytically regen-
model that included interactions between the concentrationserated device (ASRS), but give signal-to-noise ratios simi-
of the three reagents was proposed, providing a good corre-ar to AMMS [16,48]. The anion electrolytic suppressor is a

lation between predicted and actual retention va[idgh packed-column suppressor based on the concept of ‘ion re-
flux’, an ion-exchange technigue in which water is the source

of the eluent as well as its means of suppression. This is ac-
3.1.1.2. Suppressorfkecent developments in suppressor complished by means of the circulation of water through an
technology that simplify the suppression setup and allow de- electrically polarized resin bed. This suppressor has been ap-
tection limits to be improved were described in detail in a plied to the determination of phosphate and other commonin-
recent review16]. In general, most current applications are organic anions. An approximately two-fold improvement of
performed using continuously regenerated high capacity mi- phosphate detection limits is obtained with an AES suppres-
cromembranes, and to a lesser extent, with packed columnsor compared to an ASRS suppressor. In the first case, a limit
suppressors. For phosphate analysis, most recent applicationsf detection of 7.3ugL~1 has been reported for phosphate
have used electrolytic membrane-based suppressors that dasing a carbonate/hydrogencarbonate eluent, whilst with the
not require external regenerants to achieve the suppressioSRS the minimum detectable level is 4.6 L~ [48].
reaction (se&able 1). The design is similar to that of typical
micromembrane suppressors, but containing two electrodes3.1.2. Non-suppressed conductivity detection system
for the electrolysis of water to obtain the hydronium ions re- In recent years, the number of applications of non-
quired for the suppression reaction. For thisreason, these supsuppressed conductivity systems has decreased consider-
pressors are termed self-regenerating suppressors (ASRShbly. In addition to the higher sensitivity of suppressed
These suppressors mostly operate in the recycle mode, usingonductivity systems, the recent commercial availability of
the effluent of the conductivity detector as the source of water columns and suppressors has led to the widespread use of
for electrolysis, although better sensitivity can be obtained in suppressed conductivity systems, especially for routine anal-
the external water mode, in which deionised water is supplied ysis. However, some applications have nevertheless been re-
to the suppressor in a similar way to the chemical regenerantported. For instance, the use of two anion-exchange resins,
of amicromembrane suppressor. A comparison of the perfor- Hamilton PRP-X100 and PRP-X110, composed of spheri-
mance of recycle and external water modes resulted in limits cal polystyrene/divinylbenzene particles functionalised with
of phosphate detection of 44 and 1§L~1, respectively, trimethyl amine, has been proposed for the analysis of phos-
using the same chromatographic conditi¢gh6,76]. Typi- phate and other standard ani¢®8,77]. Eluents consisting of
cal micromembrane suppressors with chemical regenerationmmolar solutions op-hydroxybenzoic acid (pH 8.5) or hy-
commonly known as AMMS, are still widely used, as they drogenphthalate (pH 4), with percentages of MeOH or ACN
provide more stable baselines, and consequently, lower dedower than 4%, have been used in non-suppressed conduc-
tection limits than other suppressor systems. They have hightivity detection[59,79]. The limits of detection reported for
suppression capacity and are compatible with high buffer phosphate were in the order of 0.8—4 mg'-LMathematical
concentrations, high eluent flow rates, and in addition, fa- retention models have also been used to optimize the separa-
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tion of phosphate and 14 other anions in non-suppressed ICstable under the operating conditions (carbonate/bicarbonate
with phthalate eluents in three stationary phases (Waters ICeluent and suppressed conductivity detection) for at least two
Pak A, Hamilton PRP-X100 and Vydac 302 IC). The perfor- months. Addition of acetonitrile to the mobile phase slightly
mance of the models to predict the retention factors improved modified retention times, and in the case of divalent anionic
as their complexity increased, and the best predictions wereforms (SQ?~ and HPQ?-), retention increased with in-

obtained using the empirical end points mofigd]. Com- creasing acetonitrile. The detection limit for phosphate ob-
pared with suppressed IC, the retention behaviour in non-tained with the PGC column was the highest of the seven
suppressed IC was found to be more difficult to model. anions tested, 3 ng mi, but lower than that obtained by the

The use of aromatic acid solutions as eluents enables thesame authors using tetrabutylammonium as ionic modifier in
alternative use of indirect UV detection, and this detection another PGC with a sodium carbonate el86{. The latter
has also been used for the analysis of phosphate. For in-modifier was also used by Fritz et 1] in a recently pub-
stance, Lazar et a]79] proposed the use of an Anion Dual lished study focused on different modification procedures for
1 column with a mobile phase consisting of 1 naMphthalic ion chromatographic separation in reversed-phase columns.
acid-TRIS buffer, 2% (v/v) ACN (pH 8), and indirect UV  Mobile phases containing tetrabutylammonium hydroxide
detection (273 nm) as a versatile and inexpensive approach(2.5—-10 mM) and a substituted amino alkylsulfonic acid were
to the analysis of phosphate and other inorganic anions, withtested for the separation of 10 common anions in a C18 col-
detection limits lower than those obtained with conductivity umn thatwas not previously coated. The best conditions were

detection. 2.5mM TBA and 10 mM 3-morpholinopropanesulfonic acid
(pH 7.5), but even working under these conditions, co-elution
3.2. Modified reversed-phase columns of nitrate and phosphate occurred. A possible improvement

by the addition of organic solvent was suggested by the au-

Although it represents a less common approach for the thors. The cationic surfactant tetradecyltrimethylammonium
analysis of inorganic ions, some authors have explored (TTA) has also been used as coating agent. Separation of
the possibilities of reversed-phase columns for the separa-phosphate among another six inorganic anions has been per-
tion of phosphate and other aniof#5,46,80,81]. This ap-  formed in a TTA-coated C18 column using a 25 mM sodium
proach, which is sometimes regarded as ion interaction chro-carbonate eluent. Elution order was coincident with that typ-
matography, consists of the modification of the reversed- ical of anion-exchange systems. In addition, negative slopes
phase by permanently or dynamically coating its surface of logK’ versus log[E] plots (Elenotes the eluting ion) were
with a charged cationic surfactant, such as cetyltrimethy- obtained, as in the case of fixed-site ion-exchangers. Both ob-
lammonium[82,83], tetradecylammoniurf80], or didode- servations suggest that the chromatographic process on the
cyldimethylammoniuni84]. Although the mechanismisstill  TTA-coated column occurs through a conventional anion-
not completely clear, this procedure seems to convert the re-exchange mechanisf&0].
versed stationary phase into an anion exchanger. However, Recently, two fast chromatography methods based on the
owing to its particular characteristics, the chromatographic use of surfactant-coated columns have been published. Con-
behaviour of some anions differs from that observed in stan- nolly and Paull[84] used a didodecyldimethylammonium
dard polymeric ion-exchange columns. Modification of the (DDA)-coated C18 (4.6.m, 3cm ODS) column and a 5mM
experimental conditions (columns, eluents, and surfactants)phthalate eluent for the separation of nine inorganic anions
and control of the anion-exchange capacity of the column, with indirect UV detection. The elution time of phosphate
which can be altered by changing the eluent, allow the chro- was only 30s, with a limit of quantitation in the order of
matographic system to be optimized for particular separa-5mgL~1, which enabled the application of the method to
tions. Applications for phosphate analysis are summarized phosphate-rich river waters. In the other method, a mono-
in Table 2. Cetyltrimethylammonium (CTA) has been used lithic silica column (5 cm) was coated with a tetramethylam-
as a coating agent for J82] and PGC columnf83], and monium (TBA) solution. Phthalate was also used as eluent,
in both cases the coated columns were used for the sepabut in contrast to the previous method, a low concentration
ration of phosphate from other inorganic anions. Dynamic of surfactant (0.5 mM) was added to the mobile phase, and
coating of the C8 column was performed by adding low con- detection was carried out by both non-suppressed conductiv-
centrations (3@M-3 mM) of the modifier to the hydrogen ity and indirect UV detection. The use of high flow rates (up
phthalate (1 mM) elueri82]. Orthophosphate, as dihydrogen to 16 mL mir1) enabled extremely fast separations. How-
phosphate, elutes at the beginning of the chromatographicever, loss of efficiency was observed for phosphate, which
run, before chloride, and satisfactory reproducibility of re- is weakly retained at such flow rates, and thus, lower values
tention times was reported after passing 120 mL of the eluent (8 mL min~1) were selected for the analysis of phosphate and
through the column. Nevertheless, performance of the systemother inorganic anions in industrial wa{&6].
for quantification was not provided. Nagashimaand Okamoto A further development in anion chromatography with
[83] reported the permanent coating of a PGC column using reversed-phase columns is based on the use of zwitterionic
a solution of 0.5 mM CTA-Br in water:acetonitrile (75:25). surfactants as coating agents. Here, a new stationary phase
The authors indicated that the resulting stationary phase waswith both positively and negatively charged groups is gener-
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Table 2
Determination of orthophosphate by modified reversed-phase LC
Column Mobile phase Flow rate Detection LOD Sample Concentration Reference
(mL min—1)
Waters NovaPak g Eluent: 1 Suppressed Standards 20pgmL-t [81]
2.5 or 5mM TBACOH conductivity
5or 10 mM MOPS pH 7.18 AMMS-Ultra-4 mm
2.5mM TBAOH
5mM MES pH 7.2
2.5mM TBAOH
5mM Hepes pH 7.6
Phenomenex Eluent: 2 Indirect UV 0.5mgL? Standards, river and  0.64 mg -1 [84]
Kingsorb 5mM phthalate (pH 7.5) 1 (279 nm) sea water
(T:45°C)
Coating solution: 10 mM
DDAB
Chromolith Speed 1.5mM TBA-1.1mM 4-16 Non-suppressed 2mgL? Industrial water <2mgt?! [86]
ROD RP-18e phthalate with 5% (v/v, ACN) conductivity
pH5.5
8 Indirect UV 1mgL?
(255nm)
Mightysil RP-18 ACN-water (60:40), 0.1 M 1 UV (310 nm) 1.56.gmLt Standards 0.02-0.1ugmL~%  [34]
acetate buffer (pH 3.9) P) preconcentrated as  (P)
0.8mM TBA molybdic heteropoly
acid
Concentration
(100 mL,
6.7x 10 pg
(PymL™)
ODS column Eluent: 1 Suppressed 0.12uM Standards up to 8.0mM [80]
25mM NgCQsin conductivity
TTA-coated column ASRS
20mM NaCO3
Coating solution: 10/10 mM
TTA/Zwittergent 3-14
ODS column Eluent: 1 Suppressed 10.56ng -1 Standards, tap water 1mM [89]
5mM sodium tetraborate (1% 1 conductivity (sub-pM)
coating solution) ASRS N.D.
Coating solution: 20 mM
Zwittergent 3-14/2.0 mM
MTA
Carbon IC BI-02 Eluent: 2mM N&CO; 1mM 1 Suppressed 3ngmL? Standards 5-50pug mL~t [83]
NaHCG; conductivity
Coating solution AMMS
(ImLmin~t:
0.5mM CTA-Brin
H,O/ACN (75:25)
Hypercarb S 300 mM HCOOH 1 Evaporative Light Standards 100-500mg ! [47]
Scattering Detection
(ELSD)
Mixtures: 10-30 mM
HCOOH/10-20 mM pyridine
Carbon IC BI-01 Eluent: 0.8 Suppressed Standards 5-100ug mL~t [85]
1mM TBA, 2mM NaCQOs, conductivity
5% ACN AMMS (chemical
regeneration)
Silasorb C18 silicagel 1 mM hydrogen phthalate 2 Indirect UV Standards [82]
with: detection
3mM CTAB, pH 6.0 or 265nm

30pM CTAB, pH 4.05
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ated. The presence of both charges simultaneously produces
electrostatic attractions and repulsions between the analyte
and mobile phase anions. Consequently, the separation mech- 5 P2
anismis different to ion-exchange, and thus, the elution order

is different in both systems. A wide variety of eluents, such 0 i \

as water, suppressible electrolytes, and strong acid or base Pom |

salts, can be usdd6]. This chromatographic mode, termed 30 [ oy ]2P75 ® = i?me s
\

‘electrostatic ion chromatography’ was reported by Hu at 1Pe P4
al. [87]. Since then, several papers addressing method opti- = 20 P
mization and applications to inorganic anion separation have i P50
been published_both by _this group and by (_)ther a_uth(_)rs. The 10 ! MJWJ‘MMW L ps2
chromatographic behaviour of phosphate in EIC is different B | Jilikit w\\
from that in ion-exchange columns. Phosphate, as well as o — ; , ,
sulfate, shows little retention on zwitterionic-coated station- 0 5 1520 25 30
ary phases when water or electrolytes are used as eluents, Time
In contrast to th"_’lt Observe_d In |on-exchange systems. Un'Fig. 5. Typical chromatogram of polyphosphates on lonPac AS11 column.
der these conditions, fluoride, phosphate, and sulfate eluteic conditions, eluent gradient 30-200 mM NaOH over 30 min; flow rate:
near the void volume of the column, and their separation 0.5mLmin?; suppressed conductivity detection (ASRS-Ultra). Sample:
cannot be achievep6,88]. The addition of a cationic sur- ~ sodium phosphate glasses type 15 (Sigma) dissolved at 1 minfin:
factant to the coating solution allowed the separationof F Polyphosphate, IP: inositol phosphate). Reproduced from [ef. with
2_ o o . permission from Elsevier.

and HPQ~~, and of HPQ“~ and SQ~~ in EIC [89]. The
proposed method was based on the coating of an octade; . L .

- . . ST L2 lent one, as higher retention is observed in the former case
cylsilica column with mixed zwitterionic-cationic surfactant [9]
micelles. The best separation was obtained using 3-(N,N-*"*
dimethylmyristilammonium)-propanesulfonate (Zwittergent
3-14) and myristyltrimethylammonium (MTA) as the zwit- L o
terionic and the cationic surfactants in a 10:1 molar ratio, 4h Selﬁc';ed agpllt%atlor;ls of IhC to the dgtermlnatlon of
with a sodium tetraborate eluent (5 mM). A coating solu- phosphate and other pnosphorus species
tion (50 mL of 20 mM Zwittergent 3-14/2.0 mM MTA) was

passed through the column and afterwards the column was The vast majority of IC.app.Iications for analysis of phos-
conditioned with the sodium tetraborate eluent prior to un- phorus involve the determination of orthophosphate, either as

dertaking the analysis. Under these conditions, elution of flu- the specific analyte or as the final product of the sample treat-

oride, phosphate, and sulfate occurs in approximately 5 min, ment procedure in speciation studies. M.o.reover, IC. methods
with satisfactory resolution. A detection limit of 10.5 ngt have also been developed for the specific analysis of other

was calculated for phosphate using suppressed conductivityphOSph_oru_S SPecies. Th's section covers apphca’qons for the
detection. A similar detection limit (11.5ng) was ob- determination of both inorganic phosphorus species, such as
tained using tetradecyltrimethylammonium instead of MTA phosphate_, and condensed an_d reduced phosp_horus SPECIes,
as the cationic surfactant. Variation of the molar ratio of the gnd organic phosphorus species, such as phytic acid, Inos-
zwitterionic and cationic surfactants changes the selectivity. ftol phosphates, alky! SUbS_t'tUt.Ed organophosphorus ac ids,
Using a 10 mM/10 mM ratio of TTA/Zwittergent 3-14 solu- and blsp_hosp_honates. Applications of phosphate analysis are
tion to coat the column and 20 mM sodium carbonate as ely- SUMMmarized infables 1 and 2, where they have been or-
ent, phosphate eluted before chloride, followed by sulfate, dered according tothe chqracterls'ucs o.f.the chromatographic
whilst under the same conditions, but with a 1 mM/10 mM systems used. The experimental conditions of the IC meth-
ratio of TTA/Zwittergent 3-14 coating solution, sulfate im- o_ds d(_evoted to the ar_1a|y_sis O.f other ph_osphorus species are
mediately precedes the phosphate peak. The chromatograng'ven m_TabIe 3. Applu_:atlons in the en_qunmental field are

of a mixture of anions acquired under the former condi- also feV'?Wed along with relevant applications to phosphorus
tions is given inFig. 5. As can be seen, phosphate eluted species in other samples.

in less than 10 min with high efficiency, in contrast to ni-

trate, which is highly retained in this system. The higher 4.1. Determination of phosphate and total phosphorus

the mole fraction of the cationic surfactant, the more con-

centrated the eluent has to be, which results in longer elu- Mostrecent papers concerning the determination of phos-
tion times and higher detection limif80]. Preconditioning phate in the environment describe the application of IC meth-
of the Samp|e by using a Cation-exchange column for the ods to the general anaIySiS of common inOfganiC anions in
conversion of the sample cations into a single cation form water[6,9]. The EPA regulatory method 300.0 published in
has proved to simplify the EIC chromatogram. Conversion 1993 remains widely accepted as the standard meftt&jd

to a divalent cation form is more effective than to a monova- This method specifies the experimental conditions for the

P3 ——] P3g P40




Table 3
Miscellaneous applications of IC to the analysis of different phosphorus species

Species Column Mobile phase Flow rate mL mimr® Detection LOD Sample Concentration Reference
Inorganic phosphorus species
Hypophosphite lonPac AG17 Electrolytically generatedL.5 Suppressed conductivity  53ugL~? Geothermal water 1.25-2(M [103]
Phosphite lonPac AS17 KOH gradient ASSR-Ultra (external water) (HPO, ™)
Orthophosphate (0.5-35mM) 31ipglL?
(HPO3?")
34pglL?t
(HPOs?")
Phosphorous acid BT S AG-P 1.5mM NaCQOs 14 Suppressed conductivity  0.05ugmL~! Aerosols of 0.1-100.gmL~1t [106]
Phosphoric acid BT x AN-S column (HPO32Y) phosphorus and
(150x 4mm i.d.) 0.1ugmL~1  phosphoric acids
(HPO;")
Monofluorophosphate  Guard col.: 0.848g -1 NaCO3 1.2 Suppressed conductivity 5mgy Acid extracts of [98]
Orthophosphate lonPac AG9-H4, CG2 ASRS-Ultra-4 mm (MFP in HCP) hardened cement paste
Separation col.: (HCP) containing
lonPac AS9-HC monofluorophosphate
(MFP)
Monofluorophosphate  lonPac AG14 2.0mM NaCO3 2 Suppressed conductivity Aqueous and acid ~ 14.0-263ugmL~1 [97]
Orthophosphate lonPac AS14 2.5mM NaHCQ ASRS (recycle mode) extracts of concrete (MFP)
treated with
monofluorophosphate
(MFP)
Polyphosphates: (P1-P3) lonPac AG11/AS11KOH gradient: Suppressed conductivity Statistical quality [109]
(with Anion Trap (2070 mM) ASRS (recycle mode) control applied to IC
Columns, ATC) calibrations
(0.5-10ugmL~1)
Polyphosphates:(P2-P13) Separon HEMA P2-P5: 0.4 Indirect UV (296 nm) Standard [112]
1000-S Q-L 2 x 10~3 M pyromellitic
acid
8x 10 M EDTA pH 9
P6-P10:
2 x 1073 M pyromellitic
acid
8x 10°MEDTA
pH9
P1-P3 2 x 10~3 M pyromellitic Indirect UV (296 nm) Phosphate washing
acid agent
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Table 3 (Continuedl
Species Column Mobile phase Flow rate mL mir® Detection LOD Sample Concentration Reference
8x 10"°>MEDTA pH 9
P2-P11 Ix 10-2 M pyromellitic Indirect UV (296 nm) Glassy phosphate
acid mixture
8x 10 °MEDTApH 9
Polyphosphates: Tosoh IC-Anion-PW orEluent A: 1 Suppressed conductivity Standards [114]
(P1-P7 and P3m) lonPac AS4A-SC 48 mM (Chemical suppression)
dihydroxyphenylborane-
32mM
NaOH
Eluent B:
32 mM mannitol
Eluent C:
0.019 mM EDTA-16 mM RI Cheese extracts
NaOH
Gradient:
Isocr. (0—2 min) 50%
A/50% B
Linear (2—22 min)
50% A/0% B/50% C
Polyphosphates: lonPac Electrolytically generated).5 Suppressed conductivity Standards 0.5-500.M [62]
(P1-P4 and P3m) AG11-HC/ASH11-HC and off-line prepared ASRS-ULTRA (external Food products (ham,
KOH gradients water mode) fish paste, cheese)
(30-200 mM)
Sodium trypolyphosphate lonPac Electrolytically generatedl Suppressed conductivity 5mgky Frozen cod and 0.0092-3.8mggt  [115]
AG11-HC/ASH11-HC KOH gradient ASRS (recycle mode) (fish) scallop adductor
(25-100 mM)
Polyphosphates: (P1-P33) lonPac Electrolytically generatedl Suppressed conductivity Standards [116]
AG11-HC/ASH11-HC KOH gradient ASRS-Ultra-4 mm Enzymatic digested
(30-200 mM) (autosuppression external fractions
water mode)
Organic Phosphorus species
Phytic acid, Inositol phos€arboPac PA-100 Eluent A: 500mM HCI 1 UV Postcolumn (F&—HNO3 Standards, enzymatic [118]
phates (IP2, IP3, IP4, IP) Eluent B: HO reagent) hydrolysates
Gradient: 0-92% B
Phytic acid OmniPac Pax-100 NaOH gradient: 1 Suppressed conductivity <0.00M  Standards, food 0.01-0.16 mM [121]

69-129 mM NaOH

1% (v/v) isopropanol

ASSR-I

(cereal flour, oil,
legume seeds)

0.29-1.28% (wiw)

86¢€
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Dibutyl phosphate (DBP), lonPac AG11/AS11

monobutyl phosphate
(MBP)

lonPac AG5A/AS5A
Methyl phosphonic acid lonPac AS4A-SC
Ethyl phosphonic acid
Methyl phosphonic acid Sarasep AN300 GC

Isopropyl methyl phospho- 2 Sarasep AN300
nic acid

Glyphosate Metrohm Dual 2
Aminomethylphosphonic

acid (AMPA)

Methyl phosphate lonPac AG11/AS11

Dimethyl phosphate

NaOH gradients: 1.

AS11

Eluent A: water

Eluent B: 4 mM NaOH
Eluent C: 100 mM NaOH
Gradient: (multistep: 90%
A/10% B; 100% B; 65%
A/35% B)

AS5A 1
Eluent A: 0.75 mM NaOH
Eluent B: 200mM NaOH
Gradient: (multistep:

100% A; 85% A/15% B;
57% A/43% B)

25 mM BHHCO;3 (pH 1
7.8)

5 Suppressed conductivity
ASSR-Ultra (recycle mode)

Evaporative Light
Scattering Detection

150pg Lt
(DBP)
25pgL~t
(MBP)

1mgLt
(200 ng)

10 mM sodium tetraborate 1.5 Suppressed conductivity

3.75mM NaOH

Eluent A: pH 10.30
1.3mM NaCOs
2.0mM NaHCQ
Eluent B: pH 10.08
13mM N&COs
20mM NaHCQ
Gradient:

Isocr. (0-10 min) 95%
A/5% B

Linear (10-20 min)
50% A/50% B

Isocr. (0-10 min)
50% A/50% B

Eluent A: 10 mM NaOH
Eluent B: MeOH#0
(80:20)
70% A/30% B

Micromembrane suppressor

0.5 ESI-MS
Suppressed conductivity
(Metrohm supp module 753)

1-1.5 Suppressed conductivity
Alltech ERIS or ASRS-I

ESI-MS

lpgL™?

Standards Up to 900ug L™t

Standards, spiked lake 12.5-100 mg t?
water

Standards, soilsub-ppm levels

10-20nY mextracts (ngg™

Spiked groundand ~ 7.1-8.0ugL~?!
surface water

Standards, 10mg Lt
organophosphate
insecticide

[124]

[125]

[126]

[127]

[128]
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Table 3 (Continued
Species Column Mobile phase Flow rate mL mimr® Detection LOD Sample Concentration Reference
Methyl phosphate lonPac AG11/AS11 NaOH gradient: 1 Suppressed conductivity Organophosphate [129]
4-36 MM NaOH Alltech ERIS or matrix
S-Methyl
phosphoramidothioate
0,S-Dimethyl ASRS-I
phosphorothioate
ESI-MS
Bisphosphonates: lonPac AG97/onPacl.5 mM HNG; 14 ICP-MS 0.20mgL!  Standards 0.6-20mgL?t [56]
AS7
Alendronic acid (4-amino-(Metal Trap Column 15 mM HNG; 1 0.05mgL?! 0.16-16 mgL?t
1-hydroxybutane-1,1- MFC-1)
bisphosphonic acid,
AMDP)
Etidronic acid
(2-hydroxyethylidene-1,1-
diphosphonic acid,
HEDP)
Orthophosphate
Difluoromethylene Hamilton PRP-X100  Eluent: 1 Post-column Indirect 4-6ng Standards, cell growth.95.g mL~1 [130]
bisphosphonate ¢MDP), 30-40mM NaNQ@ Fluorescence (Af-morin media, ambryonic rat (Cl,MDP), 0.01 mM
dichloromethylene 4.1 mM NaOH reagent) bone (F,MDP)
?(I;E&?E)h onate acid Post-column reagent: Aexc: 420nm
ethane-1-hydroxy-1/1 2pM AlNO3), 12uM Aem: 505 nM
bisphosphonic acid morin, 37 mM
) ' HOAc-NaOH buffer,
4-amino-1-hydroxybutane- ;
. ) ethanol-water (80:20)
1,1-bisphosphonic -y
. (A mLmin™)
acid
2-Thioethane-1,1- Waters IC-Pak Anion Eluent: 0.8-1.2 Postcolumn 0.15pgmL~1  Standard 0.5-500.gmL~1 [131]
bisphosphonic HR HNO;s isocratic: UV (254 nm)
acid 5-50mM
HNOs gradient:

Initial: 5 mM, final:
400 mM

Post-column reagent:

10 mM sodium molibdate

ooy
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determination by ion chromatography of phosphate and digested wastewaters using a column-switching method to
six other anions (bromide, chloride, fluoride, nitrate, ni- remove excess sulfaf@2]. Separation was performed using
trite, and sulfate) in environmental and drinking waters a carbonate/hydrogencarbonate eluent with lonPac AS4 and
by suppressed conductivity using an lonPac AS4A column AS4A-SC columns. A quantification limit of 0.10 mgi P
or equivalent columns with a carbonate/hydrogencarbonatewas obtained, which was low enough to enable the determina-
(1.8 mM/1.7 mM) eluent. Three years later, the EPA pub- tion of phosphorus in wastewaters, although the method is not
lished Method 300.1, which includes some modifications that sufficiently sensitive for the analysis of less polluted freshwa-
facilitate the quantitation of lower levels of brom@id]. The ters. Recoveries higher than 96% were calculated from spiked
new method uses a higher capacity column, AS9-HC, and asamples (1-8 mg P11), whilst the total P concentrations de-
more concentrated eluent (9.0 mM sodium carbonate), andtermined in six samples ranged from 0.47 to 3.16 mgP L
can be applied as an alternative to Method 300.0 for the de-Another example was published by Buldini et [@5], who
termination of common anions. In addition to applications of determined phosphate in olive oil mill wastewaters by on-line
the regulatory method, various modifications and their conse- microdialysis-ion chromatography. In this case, microdialy-
quent applications have been published since the late 1990ssis allows the organic load of the effluents to be removed in
approximately 10 min, without affecting quantitation of the
4.1.1. Wastewater and industrial waters anions. Separation was performed in a Metrosep Anion Dual
lon chromatography has been applied to the determi- 2 columnwith carbonate/hydrogencarbonate isocratic elution
nation of nutrient anions, such as phosphate and sulfate,and chemically suppressed conductivity detection. Recover-
in industrial and urban effluents. As an example, Jacksonies higher than 96% were obtained, and phosphate concen-
et al. [48,49] compared the performance of new carbon- trations of 298-605 mgt! were determinedB5]. Carbon-
ate/hydrogencarbonate and hydroxide selective columns un-ate/hydrogencarbonate has also been used for the analysis
der the working conditions specified in EPA Methods 300.0 of phosphate and seven other anionic pollutants in refinery
and 300.1 for the analysis of several water samples, includ-wastewater using a Novosep A-1 column, a DS-Plus sup-
ing domestic and industrial wastewatgt8,14]. The results  pressor, and gradient eluti¢#3]. Another method using an
obtained show that the use of an lonPac AS17 column with on-line generated hydroxide gradient was developed by Man-
on-line generated hydroxide elution gradient provides higher ning and Bewshd®0] for the analysis of inorganic anions in
efficiency for phosphate peaks, although the elution time was landfill leachates. However, in this case an AS11 column was
slightly higher than under the EPA conditions. In addition, used for the separation, and sample dilution and pretreatment
the performance of two carbonate/hydrogencarbonate selecof the leachates with OnGuard-Ag cartridges were necessary
tive columns, AS14 and AS14A, was has been comparedin order to reduce the interference of the high level of chlo-
with the AS4A-SC specified in the regulatory method, show- ride in the samples. Large-volume injection (1QAQ and
ing the suitability of these columns for the analysis of inor- on-line electrolytically generated hydroxide gradient elution
ganic anions in low to moderate ionic strength water sam- has been applied to the determination of phosphate in samples
ples. Wastewater samples from a septic tank were analysectollected from a fossil fuel power plant. This study used an
with these columns, obtaining concentrations in the order of lonPac AS15 column and an electrolytic suppressor (AES) in
28.7 mg L1, clearly higher than the detection limits of these the recycle mode. Phosphate was detected at different concen-
systems (12.3-17,8g L1 as phosphate, 4.0-5:8/ L1 as trations (0.78—-1600g L—1) depending on the additives used
P) [48]. Another interesting example of the application of intheindustrial proceg65]. The applicability of an ultra-fast
IC to the analysis of phosphate was published by Karmarkar ion-interaction method has also been tested for the determi-
[57], who developed an IC-FIA method to analyse phosphate nation of inorganic anions in industrial wastewater samples,
and two other nutrients, nitrate and ammonia, in sulfate-rich comparing the results with those of suppressed conductiv-
waters, in a single injection with a run time of 9min. Com- ity IC. The composition of the eluent in the ion-interaction
plete resolution of phosphate and sulfate (910 m§lwas method, consisting of 1.5mM TBA, 1.1 mM phthalate, and
accomplished even at a concentration ratio of 1:2200. lon- 5% acetonitrile, allowed the use of conductivity and indirect
exchange chromatography with suppressed conductivity de-UV detection. A phosphate concentration of 2.4 md was
tection in a carbonate/hydrogencarbonate selective systendetermined by the standard suppressed conductivity method
was used for the analysis of the anions. The determinationin an AS4A-SC column with a carbonate/hydrogencarbonate
of ammonia was carried out by FIA in the unsuppressed col- eluent. In contrast, the detection limits of the ion-interaction
umn effluent of the anion column, whilst off-line regeneration method were 2 and 1 mgi! for conductivity and indirect
of the suppressor cartridge was carried out between injec-UV detection, respectively, preventing the analysis of phos-
tions. Phosphate concentration, as phosphorus, in the analphate using this methd86].
ysed wastewater samples was inthe range of 0.21-5.0thg L
(P-H,POs 7). In some cases, an on-line pretreatment of the 4.1.2. Natural and drinking waters
sample is required in order to simplify the matrix, toimprove ~ Phosphate concentration in natural water (sea, river,
the separation, or to prevent contamination. For instance, totaland groundwater), which is commonly in the range of
phosphorus, as phosphate, has been determined in persulfat€.09-0.5mg £ of P for non-eutrophic sites, as well as in
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drinking water, is under the detection limits of most conven- ent and an lonPac AS11 column with an ASRS suppressor.
tional ion chromatographic methods with conductivity de- Elution of six common inorganic anions in a synthetic sam-
tection. Consequently, application of the methods developedple occurred in less than 4 min, phosphate being the most
with anion standards to the analysis of natural waters is notretained anion. Nevertheless, the minimum detectable con-
easy, and requires validation of the methods for phosphatecentration of phosphate was estimated as 0.1 mg land
determination in such samples. The validation is commonly the contents of the analysed samples were under that value,
performed by recovery studies on synthetic and natural spikedmeaning that the method could not be proposed for the anal-
sampleq38,48,49]. Whilst the main difficulty in the deter- ysis of phosphatf91]. Also, groundwater samples collected
mination of anions in drinking water is the low concentration inindustrial and agricultural zones of Lombardia (Italy) have
of some analytes, in the case of natural water, especially inbeen analysed using an on-line electrolytically generated hy-
the analysis of sea water samples, the high salinity of the droxide eluent and a high capacity AS16 column with an
sample represents the main barrier. Dilution of the samples,ASRS module operating in the recycle and external water
especially for sea water, is usually performed before injec- modes. The latter mode was used when serial conductivity
tion into the IC system in order to reduce the concentration of and post column detection was performed. Separation condi-
major anions, which improves the resolution and avoids sat- tions were optimized for the analysis of polarizable anions,
uration of the exchangers. Another approach to the removaland phosphate eluted between chromate and arsenate at re-
of interfering chloride involves the use of a precolumn. For tention times higher than 20 min. Although no quantitation
example, Dahtiff et al. [37] used AG4A precolumns and of phosphate was reported, a peak corresponding to the elu-
an AS4A-SC column with two carbonate/hydrogencarbonate tion time of the phosphate standard is observed in the chro-
eluents in combination with a diverting valve to determine matogram of a groundwater sample, indicating the possibility
phosphate in sea water samples at concentrations higher thathat this method could be used for its anal\{§i&]. More-
95ug mL~1 (1 wmol L~1). In addition, Huang et a[31] de- over, anionic pollutants were also determined in the Hous-
veloped a ‘heart-cut’ column-switching method for the anal- ton ship channel by IC using a carbonate/hydrogencarbonate
ysis of nitrate and phosphate in samples with high concentra-(3.5 mM/1.0 mM) eluent in an AS14 column. A concentra-
tions of chloride. However, due to phosphate contamination tion range of 0.56—1.88 mg1! was obtained for seasonally
of the NaOH eluent, the method was not applicable to real obtained sample from various sampling sif@3]. Another
sea water samples, and only nitrate could be determined. An-IC method has been developed for the simultaneous determi-
other column-switching system was developed by Bruno et nation of common inorganic anions (chloride, nitrate, phos-
al. [38] for the analysis of phosphate and other inorganic an- phate, etc.) and less concentrated anions (bromide, nitrite,
ions in high salinity samples. In this case, separation was bromate, iodate, etc.) in watf94]. In this case, separation
performed in a carbonate/hydrogencarbonate selective syswas performed in the carbonate/hydrogencarbonate selective
tem with an lonPac AS9-HC column. Optimization was car- column AS9HC, which was specially designed for the analy-
ried out with synthetic samples and the method was finally sis of oxyhalides under isocratic conditions (9 mM sodium
applied to the analysis of nutrients in sea water samples col-carbonate). Its high capacity allows the injection of large
lected near a river outlet. Phosphate concentration was lowersample volumes (200-5@.). The method combines sup-
than the detection limit of the method (1 mgl), and the pressed conductivity detection with an ASRS module for the
recovery of the spiked sample at that level was 88%]. major anions, phosphate being one of them, and subsequent
Another way of removing interfering ions in natural water is postcolumn reaction and UV detection for minor anions. Al-
dialysis with a monovalent-anion-permselective membrane. though phosphate was not detected in the sea water sample, a
This procedure has been used for the analysis of phosphataletectable phosphate signal was present in the chromatogram
and sulfate in deep subsurface water, performing the sepa-of the analysed drinking water. The same conditions were
ration on a carbonate/hydrogencarbonate IC system. Phosused by other authors for the simultaneous analysis of oxy-
phate was not detected in the real water sample, but com-halides, bromide, and common inorganic anions in simulated
plete recovery was calculated from the spiked 50-fold diluted and real drinking water samples. For instance, Jackson et al.
sample (Jng mL~1) [33]. On-line flow injection dialysisand ~ [53] found a concentration of 0.25mgt in drinking wa-
ion chromatography has been applied to the determinationter. Recently, an IC method using the same anion-exchange
of common inorganic anions in natural waters. The detec- column was optimized for the determination of haloacetic
tion limit of phosphate in the FID-IC system using a carbon- acids and perchlorate in drinking water, although a more con-
ate/hydrogencarbonate selective column and chemical sup-centrated carbonate (28 mM) eluent was required. Under the
pression was 0.37 mg1i, not low enough to detect this ion  optimized conditions, the performance of two suppression
in the analysed sampl¢36]. systems, ASRS and AES, were compared for these analytes,
Several papers have assessed the applicability of self-aswell as for other common anions. In the case of phosphate,
regenerator suppressors to the analysis of ‘real world’ waters.the detection limits using the two different suppressors were
For instance, an extensive study of anion concentrations in0.77 and 1.9%.g L1, respectively. However, only haloacetic
Venezuelan groundwater was performed using a chemicallyacids and perchlorate were quantified in the analysed drink-
suppressed IC method with 21 mM sodium hydroxide as elu- ing water samplef52]. Another example of the use of self-
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regenerating suppressors for the analysis of common aniongyrade water with suppressed conductivity detection. As in the
in tap water is the work of Wu et aJ40], who proposed  previous case, phosphate was not detected at concentrations
the use of solid-phase microextration with a polypyrrole fi- higher than the limit of detection (3 ngt) [83].
bre in combination with suppressed IC. Automated in-tube
SPME and the use of a separation system consisting of ar4.1.3. Miscellaneous applications
lonPac AS14 column, a carbonate/hydrogencarbonate eluent, Phosphorus is present in most vegetable and animal foods
and an ASRS module allowed the preconcentration of phos-in the form of inorganic and organic species. In addition
phate and other anions. Although quantitation of the sampleto the presence of naturally occurring species, the use of
was not provided, a small peak corresponding to phosphateinorganic phosphates and polyphosphates as fertilisers and
was observed in the chromatogram of the sample, indicat- additives increases the phosphorus content in these sam-
ing the applicability of the methof#0]. Micromembrane ples. Most applications in the field of food and plant anal-
suppressors with chemical regeneration have also been used;sis consist of the determination of total phosphorus, which
For instance, total phosphorus has been determined in a riverequires convenient sample treatment to convert the differ-
sediment by microwave digestion and suppressed conductiv-ent phosphorus species into phosphéate3]. Consequently,
ity IC. Separation was performed in an lonPac AS4A column most IC methods are devoted to the determination of or-
with isocratic carbonate/hydrogencarbonate. The method en-thophosphate, which is usually performed using a carbon-
abled determination of P levels higher than 0.012% (w/w), ate/hydrogencarbonate eluent and suppressed conductivity
and the P concentration of the analysed sample was 0.0888%etection8,9,50,54], although non-suppressed conductivity
(wiw) [23]. methods have also been applj@d]. For instance, coffee and

As in the case of wastewater analysis, comparison of the tea extracts have been analysed by non-suppressed ion chro-
performance of carbonate/hydrogencarbonate (AS14, AS14 matography with a PRP-X110 column using 0.6 mM potas-
and AS4A-SC) and hydroxide (AS17) selective columns for sium hydrogenphthalate with 4% (v/v) acetonitrile as eluent.
the analysis of surface, raw, and drinking water, as well as Phosphate, in addition to chloride and organic acids, has been
soil extracts, has been carried ¢48,49]. Phosphate recover- determined in various samples, obtaining concentrations in
ies were satisfactory, and similar in all of the systems tested the order of 1.5-2.97 mgd [77]. Organic and inorganic an-
(>93.8%), and concentrations in tap water samples in theions have also been simultaneously analysed in coffee using
range of 0.1-0.48 mgt! were found. As in the previous carbonate/hydrogencarbonate gradient elution in an Allsep
case, higher efficiency for phosphate was obtained using theA-2 column with the solid-phase conductivity suppressor DS-
hydroxide gradient elution system with an AS17 column. Plus, although phosphate quantitation was not rep4&ld

Non-suppressed IC with indirect UV detection has also Suppressed ion-chromatography using an ASRS suppression
been proposed for the analysis of groundwater and drinking module operating in the recycle mode has been used for the
water samples. Here, the mobile phase consisted of IobmM  analysis of aqueous extracts of edible plants with an lonPac
phthalic acid-TRIS buffer, 2% (v/v) ACN (pH 8). Although AS12A column and carbonate/hydrogencarbonate as eluent.
phosphate concentration was under the limit of detection (not Phosphate contents, of 7.8—-80.6 mg ddry plant tissue),
reported) in both samples, good recovery was obtained at ahave been determined in cotyledons, leaves, and root tissues
spiked concentration of 5 mgi! [79]. Indirect UV detection [54]. This method, using an lonPac AS4A column with iso-
was also applied to the analysis of common inorganic anionscratic elution, has been proposed for the determination of
in river and sea water samples by fastion chromatography us-phosphate and other inorganic anionic nutrients in sugar beet
ing a DDAB-coated short (3cm) ODS columnwitha5.0mM seed exudatg50]. Both non-suppressed and suppressed con-
phthalate eluent. Separation in less than 180 s was reportedductivity methods have been tested for anion determination
with phosphate elution at 30 s. Phosphate was determined inin diluted sugar liquors and molasses. The non-suppressed

ariver water sample at a concentration of 0.64 mg,lwhich conductivity analysis was performed in a Hamilton PRP-
is slightly higher than the limit of quantitation (0.5 mgh) X100 column with a 4 mMp-hydroxybenzoic acid—2.5%
[84]. methanol eluent, and a detection limit of 0.8 mglLwas

Electrostatic ion chromatography methods that allow very obtained for phosphate. Good linearity was observed in the
low detection limits to be achieved have also been applied to range of 0.5-100 mgt!. In contrast, in the suppressed sys-
the analysis of drinking water samples. For instance, Hu ettem, the phosphate linear calibration range was limited to
al.[89] used an ODS-coated column with mixed zwitterionic 5mgL~1, but a better detection limit (0.05mgt) was
(2wittergent 3-14) and cationic (MTA) surfactants as the sta- obtained. Suppressed conductivity analysis was carried out
tionary phase and a 5 mM sodium tetraborate eluent with sup-in a Metrohm Compact IC system with a Metrosep Anion
pressed conductivity (ASRS module) to analyse phosphateDual 1 column and isocratic carbonate/hydrogencarbonate
in tap water. Despite its low detection limit (10.56 ngl), elution [59]. Isocratic carbonate/hydrogencarbonate elution
phosphate was not detected in this sample. Another methodwas also applied to the analysis of inorganic anions in milk
employing a carbonate/hydrogencarbonate eluentin conjunc-after oxidative photodegradation of the matrix. Phosphate,
tion with a graphitized carbon column coated with CTA, has corresponding to total phosphorus content, was determined
been applied to the anion analysis of tap and pharmacopoeiakt a concentration of 326 mgt, whilst a detection limit of
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25ug L~1 was estimated using an ASRS suppressor mod- it could be determined in used electrolyt@9]. The use
ule and an lonPac AS14 coluni@7]. A similar system, of a microbore column (AS15) and an on-line KOH gen-
but using an lonPac AS9 column, was also used by the erator enhanced sensitivity, allowing a lower detection limit
same group to analyse total phosphorus in edible vegetablg(120ug L~1). This method was used for the determination
oils and fats. After matrix removal, concentrations ranging of anion contamination of high-purity nitric acid and reagent
from <10-530,25@.g kg~! were determined in the samples grade sodium nitrate solutions, showing that phosphate con-
and a detection limit of 3p.gkg~! (P-PQ) was obtained centration was below the detection linj@3]. Recently, a
[26]. coupled ion chromatography system was used for the deter-
lon chromatography has also been applied to the anal-mination of several contaminant anions (phosphate, chloride,
ysis of phosphate in degradation and corrosion productsand sulfate) in concentrated nitric acid (69%, w/w). Heart-
of different materials. For instance, dosage of orthophos- cut transfer and a concentrator column were used to remove
phoric acid is used to reduce lead concentration in wa- nitrate interference and to concentrate the analytes. The de-
ter from public lead pipes, which produces, in addition to tection limit of phosphate in the concentrated acid was calcu-

a high concentration of phosphate in water (523.~1), lated as 5 mg E1, whilst the value corresponding to the 100-
the deposition of hydroxyapatite, as indicated by the char- fold diluted injected solution was approximately 5§ L1
acterization of the corrosion products. Peters et[@b] [39]. Semiconductor grade hydrogen peroxide (30%) has

used a carbonate/hydrogencarbonate IC system with an ASflso been analysed for anion contaminatj@B,66]. Gra-
column and an ASRS module to analyse the samples af-dient elution of NaOH in microbore hydroxide-compatible
ter dissolving them with sodium carbonate at 900 An- columns (AS11 or AS15) and suppression with an ASRS
other IC method using a carbonate/hydrogencarbonate semodule working in the external-water mode provided a de-
lective system composed of two columns in series (AS4A- tection limit as low as Jug L~ for phosphate. Nevertheless,
SC and AS9-SC) has been developed for the determina-in order to eliminate the matrix, and consequently, protect
tion of anions in environment-exposed stones and mortarsthe columns resins from peroxide attack, the use of a concen-
[96]. The method was applied to the analysis of aqueous trator column for the anionic analytes and the application of
solutions of degradation patinas on historic buildings and a digestion procedure based on the platinum decomposition
monuments. Resolution of 13 inorganic and organic anions of hydrogen peroxide, allowing peroxide concentration to be
was obtained in 25 min, with phosphate elution occurring at reduced to 200 ppm, were proposed to reduce the amount
approximately 15 min. Concentrations of phosphate in the of peroxide injected into the separation column. Recently,
black crusts and surface layers of ancient monuments rangedrace levels of phosphorus were determined in purified quartz
from <1 to 283wgg~L. In addition, IC has also been em- by combining a vapour phase digestion (VPD) with a mix-
ployed for the determination of monofluorophosphate in con- ture of HF~HNQ-H,O2, and the further determination of
crete and hardened cement paste applied to avoid corrosionthe phosphate generated by ion-exchange chromatography
Carbonate/hydrogencarbonate systems (AS14 and AS9HC)n an isocratic hydroxide selective system (AS17) with an
with ASRS suppression in recycle mode have been usedASRS module for suppressed conductivity detecfitd0].
to analyse aqueous and acidic extraf@g]. Whilst nei- The limit of detection of phosphate in quartz was estimated
ther monofluorophosphate (MFP) nor its hydrolysis products as 0.05.g g~1. The same authors applied a similar strategy
were detected in agueous extracts, monofluorophosphate hyto the determination of trace ions in boric acid. In this case,
drolysis products, phosphate and fluoride, were determinedthe borate matrix was eliminated as trimethyl borate ester
after acid extraction, reflecting the total amount of MFP using a mixture of glycerol-methanol for the vapour phase
[97,98]. matrix elimination step. Phosphate concentration in two bo-
The control of inorganic contaminants at very low levels rate reagents was estimated as 0.092 and 3131, and
in high purity reagents used for relevant applications, such the detection limit of the method was in the order of 8 nd g
as the semiconductor and electronics industries, is anothef{101]. Moreover, methodology for the determination of an-
example of the use of IC for phosphate analysis. Develop- ion contamination in hydrofluoro ethers has recently been
ment of IC methods for this kind of application is focused published. Extraction of trace anions with water, preconcen-
on two objectives: the chromatographic separation of phos- tration with a concentrator column (TAC-LP1), and further
phate from large amounts of other matrix anions and the separation in an AS11 column with a NaOH elution gradient
detection of very low concentrations of this analyte. Dilu- using an ASRS module for suppressed conductivity detec-
tion of the samples, which is usually performed to accom- tion were the basic steps. Good phosphate recovery (92%)
plish the first objective, reduces sensitivity. Phosphate haswas obtained at a spike level of @§ L~1 [102]. Another
been analysed in lead-acid battery electrolytes (usually 38%example of the applicability of IC to the analysis of pure
sulfuric acid) by IC with an lonPac AS9 column and car- reagents is the determination of trace levels of phosphate
bonate/hydrogencarbonate eluent with an ASRS suppressor{(LOD: 0.14pg L~1) in ultrapure watef58]. In this case, a
Because of the relatively high detection limits (1.3 md), preconcentration columnwas used instead of the sample loop,
phosphate was not detected in fresh solutions, but as levelsand the contaminant anions were transferred to the analytical
increased up to 4.95mgt with aging of the electrolyte,  column in a 50QL fraction of eluent.
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4.2. Otherinorganic phosphorus species
604

In contrast to the extensive literature on applications of
IC for phosphate determination, less work has been pub-  40-
lished reporting the separation of phosphorus oxyanions with : 8
lower oxidation states: phosphite(lll) and hypophosphite(l) . 204
[4,19,103]. In fact, as it has traditionally been assumed that 2 1 1 4
phosphorus occurs in the environment as P(V), standard spe-2 =
ciation procedures, mainly based on the sequential determi- & 7
nation of orthophosphate generated after conversion of the =
phosphorus species by different treatment procedures, would
classify reduced phosphorus species mostly as organic phos-
phorus (persulfate-digested fraction) or condensed phospho-
rus species (acid-hydrolysed fractiga®]. However, recent L 5
evidence indicates the presence and bioavailability of reduced = T . v .
phosphorus species in the inorganic reactive phosphorus frac- 0 5 1o 15 20
tion [19,103]. To separate phosphate, phosphite, and hy- Time (minutes)
pophosphite, non-suppressed ion chromatography with Con'Fig. 6. Chromatogram of a 1:4 dilution of synthetic geothermal water

ductivity det?Ction using 0.2 M succinic acid (pH)/5% ACN spiked with hypophosphite, phosphite and orthophosphate at concentration
and an OmniPac PAX-500 column, or borate-gluconate with of 20uM each. Peak identification: (1) fluoride, (2) hypophosphite, (3) chlo-

glycerol and a Waters IC-PAK A column has been proposed. ride, (4) bromide, (5) nitrate, (6) phosphite, (7) hydrogencarbonate, (8) sul-
In the former case, the elution order was hypophosphite, or- fate, (9) phosphate. Separation system: lonPac AG17 precolumn and lon-

. . - Pac AS17 (4 mm i.d.) column. Mobile phase: electrochemically generated
thophosphate, phosphite, and the detection limits were es'gradient KOH. Gradient: 0.5-35mM. Flow rate: 1.5 mL mindetection:

timated as 0.1 mgt! for hypophosphite and 0.5mgt suppressed conductivity (ASRS Ultra) in external water mode. Reproduced
for the other two anionfl04]. The second system was ap- from Ref.[103] with permission from Elsevier.

plied to the detection of reduced oxyanions in combustion
solutions of organophosphorus compoufiti85]. An ion- for linear and cyclic polyphosphates have been reviewed by
exchange method with suppressed conductivity was appliedRosset et al[108]. In general, retention increases with in-
to the determination of phosphorus (phosphite) and phos-creasing number of phosphorus atoms in the molecule. lon
phoric (phosphate) acids in air. Aerosols collected on paperchromatography methods using suppressed conductivity or
filters in poisoning chambers were treated with water prior to indirect UV detection have been developed using hydroxide,
injection[106]. Moreover, a hydroxide selective suppressed isocratic, and gradient eluents in the first ci€#9,110], and
IC system (AS17 column) with a multi-step gradient elution naphtalenetrisulfonafé11]or pyromellitic solutions as non-
(0.5-35 mM) has recently been employed to analyse the samesuppressed eluents in the sec¢hil2]. These authors also
oxyanions in natural geothermal water. Suppression with andemonstrated that addition of EDTA (8M) to the mobile
ASRS module with external water regeneration provided de- phase resulted in improved peak symmetry and a reduction
tection limits of 53, 31, and 3gg L~ for hypophosphite, in peak tailing. This positive effect is due to the complexation
phosphite, and phosphate, respectively. The chromatogranof traces of heavy metal ions in the eluent, avoiding complex-
of an anion standard containing these species and other anation and hydrolysis of polyphosphates. Linear polyphos-
ions is given inFig. 6. As can be seen, difficult separations phates (P2—-P13) were separated using 2 or 20 mM pyromel-
of hypophosphite, fluoride, and phosphite from hydrogen- litic acid/80uM EDTA with indirect UV detection[112].
carbonate were successfully accomplished with satisfactoryPost-column molybdate colorimetric detection has also been
resolution in a run time of less than 25 njit03]. The detec-  traditionally used in this analysis, although it requires the
tion limits of this method are superior to those reported using hydrolysis of condensed phosphate to orthophosphate after
indirect UV and a 4-amino-2-hydroxybenzoic acid eluent, the separation step. Analysis of condensed linear phosphates
which were 0.5, 1.2, and 1gmL~1 for hypophosphite, in domestic wastewater using unsuppressed IC coupled with
phosphite, and orthophosphate, respectij&y]. phosphate-specific post-column FIA UV-detection has been
Condensed phosphates are phosphate oligomers that areeported, obtaining low detection limits of 10-20 mglL
commercially produced for a variety of applications, such as [113]. Capacity gradient elution based on complex forma-
detergents, sequestering agents, and food additives (preservdion between borate and diol compounds has been applied
tives and acidulents). Thus, the determination of these com-to the analysis of orthophosphate and condensed phosphates
pounds in water and food samples is of intefds8,108]. up to P7 in a synthetic mixture and in a cheese extract. The
These compounds are classified according to their structure aseparation was performed in an IC-Anion-PW column using
polyphosphates (linear phosphates P2—Pn), metaphosphates dihydroxyphenylborane-mannitol eluent system and sup-
(cyclic phosphates, Pm), or ultraphosphates (crosslinkedpressed conductivity detection. In order to maintain a stable
phosphates). Chromatographic and electrophoretic methoddaseline, the borate concentration was kept constant during
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the gradient of 16—0 mM mannitol. The decrease in mannitol 1.5
concentration in a dihydroxyphenylborane-mannitol eluent 1.0 AsO,>
accelerated the formation of the borate complex with diol 054 m/z
groups on the resin, which causes a decrease in the capac- 75
ity of the column and the consequent elution of the strongly L I B T T -1
retained polyphosphat§k14].

Most new applications in this field involve the use of
electrolytic on-line hydroxide generators for the production

of gradient elution[62,68,115,116]. For instance, an ion
chromatography method with gradient elution (30—100 mM
KOH) using an on-line hydroxide eluent generator and an
ASRS suppressor was used for the analysis of P1-P4, P3m
and inositol phosphates. Injection of food extracts with
trichloroacetic acid allowed the detection of phosphate and
polyphosphates up to P7 in different matrices. Detection
limits of 0.12-0.1uM for the condensed phosphates and
0.5pM for orthophosphate were obtaingg®]. Similar con-
ditions were applied to the determination of tripolyphos-
phate in fish, providing a detection limit of 5 mgky[114].
Moreover, as shown iRig. 7, polyphosphate mixtures up to
P50 can be separated in approximately 30 min using a hy-
droxide gradient of 30—200 mM and an AS11 column. This
method was applied to the analysis of chain-length speci-
ficity of the enzyme polyphosphate kinase (PRK}5]. In

Counts (thousands)

order to estimate the minimum calibration frequency required 28 )

for the IC analysis of orthophosphate, pyrophosphate, and 2.4 BrO; Br
tripolyphosphate in control analysis, Stover and Hfil09] 2.0

applied multivariate statistical tools. The chromatographic 164 : . . . °
separations were performed in an AS11 column with a NaOH 0 1 2 3 4
elution gradient (20—70 mM) and an ASRS in recycle mode. Time (min)

The response of orthophosphate and pyrophosphate has been
demonstrated to be stable over 10 weeks, reducing the needig- 7. IC-ICP-MS chromatograms of individual monitored elements for a
. . T : 1 -
for more frequent calibration. In contrast, tripolyphosphate Standard solution of 8r§) and Br (each 1.QugL ~ Br), CIO; , CI and
. . . ClO3™ (each 5Qug L™ ClI), SOs“~ (each 2Qqug L™ S), PQ°~ (20pg L
response shows a decrease with eluent aging, suggesting thg) seg2- and se@?~ (each 1.ugL~" Se), and AsG*~ (1.0pgL—

need for weekly calibrations. As) at optimum operating conditions. Eluent: 11 mM ammonium carbonate;
column: lonPac AS12A; flow rate: 2.0 mL mif; nebulizer, ultrasonic with

4.3. Organic phOSphOI’US species membrane desolvator. Reproduced from RB&] with permission from
Elsevier.

Phosphorus occurs in several naturally occurring and in-
dustrially produced organic species. Natural species, suchbeen considered an antinutrient since it binds minerals, thus
as sugar phosphates, display important biological functions. decreasing their bioavailability. However, current interest in
Moreover, anthropogenic organophosphorus species, such athese compounds has been raised by studies that demonstrate
alkyl substituted phosphonic acids, alkylphosphates, and bis-their beneficial effectfl17]. During food processing and di-
phosphonates, have been used as herbicides, pesticides, detagestion, phytate can be enzymatically and non-enzymatically
gents, and chemical warfare agents. Monitoring of their con- degraded to inositol phosphates (InsP5-InsP1), and several
centrations in the environmentis required due to their toxicity isomers of inositol phosphate, as well as phytate, show im-
and their negative effect on the euthrophication of environ- portant physiological effects in the treatment of cancer, di-
ment systems. lon chromatography methods have been deabetes, and heart disease, among others. The study of en-
veloped to characterize organic phosphorus species, to studgymatic degradation is another focus of research, as phy-
their degradation products, and to determine their concentra-tases also catalyze the hydrolysis of phosphate moieties.
tion principally in environmental samples. Moreover, supplementation of animal feed with phytase is

Among natural species, phytate and its degradation prod-thought to enhance the bioavailability of phosphorus, and as
ucts, inositol phosphates, are the group of organic phospho-a consequence, can reduce phosphorus pollution in farm ar-
rus compounds most frequently analysed by IC. Phytate, oreas[118,119]. In this context, anion-exchange and reversed-
phytic acid (inositol hexakis-phosphate, InsP6), is the most phase chromatographic methods have been developed for the
abundant form of phosphorus in plants. It has traditionally analysis of phytate and inositol phosphate. Gradient elution
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allows the separation and quantitation of inositol hexakis- (1000 mg L1 phosphate). Detection limits of 1 mg L were
to mono-phosphates (InsP6—-InsP1) and their positional iso-estimated for both phosphonic acids. Methyl phosphonic and
mers. For instance, the performance of six different strong isopropyl methyl phosphonic acids have also been analysed
anion-exchange columns has been studied in two chromato-n soil samples by chemically suppressed conductivity IC.
graphic systems. The first one uses acidic (HCI) gradient elu- An eluent composed of 3.75 mM sodium hydroxide/10 mM
tion with postcolumn derivatization using a solution of iron sodium tetraborate enabled the separation of both phosphonic
nitrate and perchloric acid and UV detection, and was ap- acids and inorganic anions, such as chloride and phosphate,
plied to InsP2-InsP6 isomer separation. For the separationoccurring in soil extracts. The compounds were determined
of InsP3-InsP1 isomers, a sodium hydroxide gradient with at sub-ppm (g g') concentrations, and detection limits of
chemically suppressed conductivity detection was used. The10 and 2Qug L~ were estimated for methyl phosphonic and
columns that showed better efficiency under acidic conditions isopropyl methyl phosphonic acids, respectividlg6].
were CarboPac PA-10 and PA-100, whilst OmniPac PAX-100  Compared with the analysis of inorganic species, ion
and AS11 where the best columns under alkaline conditions.chromatography coupled to mass spectrometry detection,
The acidic system has been applied to the analysis of a ce-with electrospray and thermospray ionisation sources, or
real sampld120] and the postcolumn UV detection method by P-specific ICP-MS methods, have been more fre-
has been used for the analysis of 35 inositol phosphates, al-quently used. For instance, glyphosate and its metabo-
lowing their separation into 27 peaks in 65 min. This method lite aminomethylphosphonic acid have been determined by
was applied to the study of the enzymatic hydrolysis mecha- ion chromatography-electrospray mass spectrometry (IC-
nism of phytasefl18]. An OmniPac PAX-100 column with  ESI-MS) in the negative ion mode. The separation was
suppressed conductivity detection with an ASRS module hasperformed in a Methohm Dual 2 column with carbon-
also been used to determine Phytate (InsP6) content in oil, ce-ate/hydrogencarbonate gradient elution. Conductivity sup-
real, and legume seeds. In this case, a ternary gradient eluenpression using a suppression module composed of ion-
containing sodium hydroxide, water, and isopropanol-water exchanger columns before mass spectrometry provided a sig-
(1:1) was used. Comparison of the phytate contents obtainednificant increase in sensitivity due to the reduction of both
by absorptiometric and IC methods revealed that overestima-background signal and salt adduct formation. Analysis of
tion of phytate occurs in absorptiometry. Values ranging from both compounds in natural waters at a concentration level
0.29 to 1.28% have been determined in sample sgexg. of 1ugL~1 has been reportefd27]. Methyl and dimethyl
Recently, Harland et a[122] analysed phytate in 82 com- phosphates in organophosphate insecticides have also been
monly consumed foods derived from plant seeds to evaluateanalysed by IC-MS using thermospray and electrospray in-
the risk of zinc deficiency. An ion-pair high-performance lig- terfaces. Separation was performed in a hydroxide selec-
uid chromatography method with refractive index detection tive column (AS11) with sodium hydroxide and methanol
has been developed on an analytical scale and as a preparas eluents. Before entering the mass spectrometer, a high-
tive purification method. Phytate and its inositol phosphate resolution double focusing instrument with an EBEQQ ge-
degradation fractions (InsP3-InsP5) were separated in C18ometry, sodium ions were removed from the eluent on-line
columns using 51% MeOH containing 0.6—1% tetrabutylam- with a solid-phase chemical suppressor. Dimethyl phosphate
monium hydroxide as ion-pair reagent and 0—0.025 M formic elutes before methyl phosphate, being detecteni/atl 44
acid (pH 4.3) as eluent23]. and 130, respectively, as M+18 ions in the thermospray chro-
Tributyl phosphate (TBP) is a phosphoric alkyl ester thatis matograms, whilst in the case of electrospray, [M=ltns
usually applied in the nuclear industry as a uranium and pluto- were detectedll28]. The same author reported the use of a
nium extractant for recycling purposes. Degradation of TBP similar instrument setup with a hydroxide eluent gradient for
generates dibutyl phosphate (DBP) and monobutyl phosphatethe elucidation of organophosphorus agricultural chemicals,
(MBP). Both analytes have been analysed by IC with sup- methyl phosphate, and alkyl phosphoramidothioate, among
pressed conductivity detection. Comparison of the perfor- otherg[129].
mance of two columns, AS5 and AS11, with two sodium hy- Recently, IC coupled to ICP-MS has been proposed for
droxide gradients has been published. Better resolutions bethe analysis of bisphosphonates, analogs of pyrophosphate
tween phosphate esters and inorganic anions were obtained itontaining C—P instead of O—P linkag$]. These com-
the AS5 column, with detection limits of 20 and 15§ L1 pounds were originally synthesised as complexing agents for
for MBP and DBP, respectiveljl 24]. water treatment and detergent additives, although evidence
Phosphonic acids (methyl phosphonic and ethyl phospho-in favour of their physiological effects on bone diseases,
nic acids), which are hydrolysis products of alkyl substituted AIDS, and cancer have increased the interest in these
organophosphorus acids, have been determined by IC usingproducts[56,130-131]. They are commonly determined by
evaporative light scattering detectigt5]. A volatile mo- ion-exchange chromatography, although they exhibit high
bile phase consisting of 25 mM ammonium hydrogencarbon- retention due to their ability to chelate trace metal contam-
ate (pH 7.8) was used, and the separation was performed innants retained by residual underivatized cation-exchange
an lonPac AS4A-SC column. This methodology was applied groups on the anion-exchange column. The IC-ICP-MS
to the analysis of water with high levels of inorganic anions method developed for the analysis of two bisphosphonates
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(alendronic and etidronic acids) and orthophosphate usesapplication allows the use of elution gradients in both car-
an AS17 column and dilute nitric acid (1.5 and 15mM) bonate/hydrogencarbonate and hydroxide selective systems,
as eluent and a metal trap column before the injector. improving sensitivity and reducing total analysis time when
Detection limits of 0.05-0.20 mgt! have been obtained at  samples containing phosphate together with other inorganic
m/z31 for phosphorus ions{P*). Optimization of plasma  anions are analysed. Another advantage of the use of these
conditions to reduce background signal due to interference developments is the reduction of time and ease of operation
of polyatomic ions ai/z31 was requireb6]. Post-column for eluent preparation and sample treatment. However,
derivatization procedures have also been proposed for thedespite the significant enhancement of sensitivity, further
detection of bisphosphonates after anion-exchange chro-improvements are expected to extend the application of IC
matography. For instance, post-column indirect fluorescenceto the determination of ultra-trace levels in samples with
detection with a solution of &F-morin complex was used  very low phosphate concentration, such as drinking water.

to detect four bisphosphonates and pyrophosphate after Although to a lesser extent, ion chromatography has also
their separation in a PRP-X100 column using a 40 mM been applied to the analysis of other inorganic (reduced and
sodium nitrate/4.1 mM sodium hydroxide mobile phase. condensed)and organic (phytates, alkyl phosphate, and phos-

Detection limits of 0.4-1.0mgt! were reported130]. phonates) phosphorus species. As in the case of phosphate
Direct photometric detection after postcolumn derivatization analysis, itis envisaged that the implementation of new tech-
with sodium molybdate has also been repoftedil]. nology will improve the performance of ion chromatography

methods for the determination of these compounds.
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