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Abstract

The development of a new method for the determination of Cr(III) hydrolytic polymerisation products using capillary
electrophoresis–inductively coupled plasma mass spectrometry (CE–ICP-MS) is described. The results indicate that
CE–ICP-MS can be used to separate and detect monomeric and polymeric Cr(III) species. The various species migrate
through the capillary at a rate proportional to their equilibrium distribution, which is dictated by the solution pH, metal ion
concentration and ageing period. In general, the data suggest that the relative mobility follows the order trimer.dimer.
monomer. The experimentally determined speciation shows a good qualitative agreement with that described in the literature.
Independent confirmation of the presence of polymeric Cr(III) species was performed by ionspray mass spectrometry.
Crown copyright  2000 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction fate of Cr(III) in the environment. This is especially
true in waste sites and industrial effluents, which are

The hydrolysis of chromium(III) is a fundamental major sources of chromium in the environment [3–
process that occurs in most aqueous solutions and is 5]. As well, the formation, type and purity of
often a natural precursor to the formation of more polymeric species in electroplating solutions [6],
complex polynuclear (polymeric) species or oligo- tanning [7,8] and polymerisation processes [9,10]
mers [1]. The importance of these species is becom- can be of critical importance. Although, little direct
ing increasingly recognised in a variety of systems information is known on the impact of polymeric
and matrices. For example, the formation of poly- species in biological systems, their formation and
meric species in natural waters [2] can have a presence is known to compete with Cr(III)–ligand
significant impact on the mobilisation, transport and complexation which can interfere with the biological

function of chromium [11]. As such there is now a
growing need for the development of methods*Corresponding author. Tel.: 11-614-292-6954; fax: 11-614-
capable of the accurate determination of these poly-292-7688.
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The chemistry of polymeric Cr(III) species has Monomer 1 Dimer → Trimer
been discussed extensively in the literature. This (6)51e.g. Cr (OH) (H O)3 6 2 9includes the characterisation of smaller oligomers
such as dimers, trimers, tetramers and hexamers Monomer 1 Trimer → Tetramer

(7)61[12–29] as well as other larger oligomeric species e.g. Cr (OH) (H O)4 8 2 10
[30]. Although the speciation and formation mecha-

Dimer 1 Trimer → Pentamernisms of each oligomer can vary significantly, oligo- (8)71e.g. Cr (OH) (H O)5 8 2 12meric species are generally classified as
(3p2q)1Cr (OH) where q refers to the general nu-q p Trimer 1 Trimer → Hexamer

(9)81clearity of the oligomer and p refers to the number of e.g. Cr (OH) (H O)6 10 2 14hydroxyl ligands (cf. Ref. [14]). The hydrolytic
The oligomers shown in reactions (5)–(9) representpolymerisation of chromium is typically dependent
fully protonated forms and typically only exist at lowon the metal ion concentration, solution pH, solution
pH. Similar to the monomer, each of the oligomersmatrix and the solution history or ‘‘ageing’’ period.
will have equilibrium species distribution curves thatOf the oligomers, the monomer (q51), represents
are highly dependent on pH. In addition, the relativethe simplest form and is a fundamental building
acidities of the various oligomers can vary sig-block of more complex polymeric species such as the
nificantly, for example, the dimer has a pK of 3.68,dimer (q52) or trimer (q53). The process is pH a131whereas the monomer (Cr(H O) ) has a pK ofdependent, and is initiated by the formation of 2 6 a1

4.29 [14]. A list of pK values for a number ofmonomeric the Cr(III) hydroxyl species. A brief a

oligomers has been provided by Stunzi and Martysummary of the formation of various hydrolytic
[14].monomer species is given below in reactions (1)–

Often, however, the absence of information on a(4). Formation constants can be found in Refs.
samples’ history and thermodynamic data make[1,14,28,29].
accurate speciation modelling a difficult and perhaps

31 21 1Cr(H O) → Cr(OH)(H O) 1 H (1) impractical task. As well, due to the quasi-stable2 6 2 5

nature of most polymeric species, it is difficult to
21 1 1Cr(OH)(H O) → Cr(OH) (H O) 1 H (2) assume in all cases that their reactivity is dictated by2 5 2 2 4

their equilibrium monomer species. An assessment
1 1 of chemical speciation is therefore critical before anyCr(OH) (H O) → Cr(OH) (H O) 1 H (3)2 2 4 3 2 3

true understanding of an element’s reactivity, trans-
- 1 port or interaction within a particular environmentCr(OH) (H O) → Cr(OH) (H O) 1 H (4)3 2 3 4 2 2

can be achieved.
For kinetically inert centres such as Cr(III), protona- In the laboratory, solution based polymeric Cr(III)
tion /deprotonation reactions are fast while substitu- speciation can be monitored as a function of pH and
tion reactions (or exchange) involved in the forma- time by potentiometric methods [12–27]. Further
tion of oligomers are slow [16]. The addition of base characterisation of test solutions is typically per-

31therefore rapidly deprotonates the Cr aquo-ion formed using open column cation-exchange chroma-
providing a conjugate base that is more reactive in tography (e.g., Sephadex) incorporating off-line UV–
the substitution processes necessary for the formation Vis detection [12–27]. For UV–Vis detection, the
of oligomers. Acidification will reprotonate species fractions are classified based upon the absorbance
and retard further polymerisation. ratios (ca. 420 nm/ca. 580 nm) where the greater the

Reactions (5)–(9) provide a summary of a number ratio, the higher the order of the polymeric species
of polymeric species reported in the literature, with [14]. A summary of the chromatographic methods
examples of possible formation mechanisms. used for the determination of polymeric Cr(III)

DIMERISATION speciation has been provided by Collins et al. [31].21 41→2Cr(OH)(H O) }}}} Cr (OH) (H O)2 5 2 2 2 8 In more recent studies, Saleh et al. [2], have em-
1 2H O (5) ployed flame atomic absorption spectrometry for off-2



I.I. Stewart, J.W. Olesik / J. Chromatogr. A 872 (2000) 227 –246 229

line quantitation of Cr containing fractions separated speciation has been summarised by Barnes [49] and
from pure and natural water samples using open Olesik [50] and in reviews by Sutton et al. [51] and
column ion-exchange chromatography. The fractions Zoorob et al. [52].
were then further separated by non-suppressed ion Initial reports by Olesik et al. [32,33] have demon-
chromatography and detected using UV–Vis meth- strated the capability of CE–ICP-MS to separate and
ods. Similarly, Collins et al. [31] have used detect Cr(III) and Cr(VI) fractions in a given sample.

51 1radiometric Cr detection for off-line element Similarly, Mei et al. [53] have used CE coupled with
selective detection in tandem with on-line HPLC– inductively coupled plasma atomic emission spec-
UV–Vis studies of Cr(III) polymeric speciation. trometry (ICP-AES) for the separation of Cr(III) and

Although the on-line chromatographic methods Cr(VI) fractions. In both cases, the element selective
described above are effective for research purposes, detection provided by either CE–ICP-AES or ICP-
they do suffer from limitations. In particular, poor MS offers rapid analysis times (,10 min), with
sensitivity and non-element specific detection associ- detection limits estimated to be between 1 and 10
ated with UV–Vis techniques can significantly limit ppb for both species. In contrast with other CE
the analytical performance. Additional off-line ele- methods [54], CE–ICP-MS does not require the use
ment specific detection is possible, however, it can of complexing agents or specific interactions to
further increase already long total analysis times. For separate Cr(III) from Cr(VI) fractions in a single
example, Collins et al. [31], report analysis times for run, or other intra-element species for that matter.
on-line separation and detection in excess of 50 min. This is beneficial for maintaining accurate speciation
In addition, specific interactions within the sepa- information. A number of simple, non-complexing
ration column can potentially modify semi-labile electrolyte salt solutions such as alkali, alkaline earth
speciation and degrade the analytical accuracy of the and lanthanide halides and nitrates have been used
measurement. successfully by Olesik et al. [32,33] as separation

Theoretically, capillary electrophoresis–inductive- electrolytes. Although, CE–ICP-MS has been used
ly coupled plasma mass spectrometry (CE–ICP-MS) for the rapid, sensitive determination chromium
should provide an effective means to separate and fractions, there have been no reports in the literature
detect Cr(III) polymeric species in solution. Al- on the separation and detection of Cr(III) polymeric
though the oligomers are considered thermody- species.
namically unstable, research using ion-exchange The purpose of this study is to evaluate the
chromatography [14] indicates that they can be capability of CE–ICP-MS as a tool for hydrolytic
separated and stored for short periods of time and Cr(III) speciation. In particular, using a solution with
therefore should be stable over the course of a well-defined chemistry, is it possible to separate a
CE–ICP-MS separation (|5 min). In addition, the Cr(III) fraction into its various oligomeric com-
quasi-stable oligomers formed [reactions (5)–(9)] ponents (e.g., monomeric, dimeric, trimeric, etc.) and
will have structures (size, mass) that are characteris- more importantly, determine if these species dis-
tic of the degree of polymerisation (e.g., [17]). The tributions are consistent with those theoretically
charge states of these structures will be pH depen- expected. In answering these questions, the choice of
dent and, similar to the monomer species, will exist separation electrolyte, including type, pH and con-
as an equilibrium mixture. centration (conductivity), will be discussed in terms

Research using CE–ICP-MS for elemental specia- of optimum performance for the separation of poly-
tion, has already revealed its ability to separate and meric species. As well, the importance of other
detect species based upon different elements (inter- experimental parameters such as voltage, sheath flow
element) [32–37] and different species based upon electrolyte, sheath electrolyte flow-rate and induced
the same element (intra-element) [32–36,38–45]. A laminar flow-rate will be discussed in relation to
significant portion of the CE–ICP-MS literature has speciation, resolution, sensitivity and satisfactory
also been devoted to interface design and develop- analysis time. Because elemental detection can pro-
ment [33–37,46,47] and speciation errors [48]. The vide only limited direct speciation information, refer-
current status of CE–ICP-MS as a tool for elemental ence to the literature, the use of internal markers and
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independent methods such as ionspray mass spec- standard solutions was used for all pH measure-
trometry (ISMS) are used to help identify the ments. Conductivity measurements were performed
separated species. Due to the preliminary nature of using a Fisher Scientific Accumet Portable AP63
this research, the results presented are purely quali- pH/mV/Ion Meter.
tative.

2.2. Capillary electrophoresis–inductively coupled
plasma mass spectrometry

2. Experimental
A schematic of the CE–ICP-MS sheath flow

2.1. Chemical reagents and preparation interface used for all measurements is shown in Fig.
1. The interface has been described previously by

Stock and sample solutions were prepared by Kinzer et al. [33] and so only a brief description will
dissolving analytical-grade solid reagents in ultra be provided here. A fused-silica capillary (Polymicro

21pure water (18 MV cm ) obtained from a Milli-Q Technologies; 60 cm350 mm I.D.3356 mm O.D.)
water purification system (Millipore, Milford, MA, was fitted through the co-linear ends of a stainless
USA). Analytes include LiCl (Fisher), CrCl ?6H O steel tee (Upchurch Scientific Model U428) with a3 2

(Baker), Co(NO ) ?6H O (Baker), Y(NO ) ?6H O sleeve [Model F230 polyether ether ketone (PEEK)]3 2 2 3 3 2

(Fisher), CsCl (Fisher) and Ce(NO ) ?6H O (Al- to hold the fused-silica capillary on the inlet side. At3 3 2

drich). The separation electrolyte used was LaCl ? the outlet, the capillary immediately passes through a3

6H O (Aldrich). Where necessary, the solution pH section of stainless steel tubing (Upchurch Scientific2

was adjusted through the addition of small volumes U138, 5 cm30.04 in. I.D.30.06 in. O.D.; 1 in.5
of dilute HCl or dilute NaOH solution. A Beckman 2.54 cm). The tip of the capillary was inserted


V 31 pH meter calibrated using pH 4, 7 and 10 part-way into a Meinhard high efficiency nebuliser

Fig. 1. Schematic diagram of the sheath-flow interface between the electrophoresis capillary and the concentric pneumatic nebuliser for
CE–ICP-MS. (1) Stainless steel tee, (2) sheath flow electrolyte PEEK tubing from syringe pump, (3) stainless steel tubing with ground, (4)
PTFE union, (5) fused-silica capillary, (6) Meinhard, HEN-170-AA nebuliser and (7) argon gas inlet. The inset shows the relative position
of the capillary end inside of the nebuliser.
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(HEN 170-AA) and fastened in place using a PTFE al. [55]. The original stainless steel arm used to
union (Upchurch Scientific U402). A syringe pump support the ion spray source in the API 300 was
(KD Scientific) connected to the lower end of the replaced with a new insulating arm manufactured

stainless steel tee is used to deliver the sheath from PTFE. A Meinhard SB-30-A3 pneumatic
electrolyte from a glass syringe (Hamilton, 14.57 nebuliser was mounted at the end of this arm. A
mm I.D.). fused-silica capillary (Polymicro Technologies; 60

Electrical connection of the separation electrolyte cm375 mm I.D.3150 mm O.D.) was inserted
and the high-voltage supply (Spellman, Model CZE through the nebuliser, protruding 400 mm past the
1000R d.c. power supply) was made through a end of the tip. The fused-silica capillary was fastened
platinum electrode. The high-voltage power supply in place at the inlet end of the nebuliser using a
ground was made at the stainless steel tubing that stainless steel reducing union. The union also pro-
carries the sheath electrolyte solution. Because the vided an air-tight seal, preventing the entrainment of
sheath electrolyte solution flowing through the stain- air through the central channel of the nebuliser.
less steel sheath is in intimate contact with the Solution was pumped through the capillary at 2
effluent from the separation capillary a stable ground ml /min from a Hamilton gas-tight glass syringe (250
is maintained. Hydrodynamic injections were used ml, Model 1725) using a syringe pump (Harvard
for all measurements. Typically the sample was Apparatus, Model 22). The API 300 software reg-
raised 11 in. above the outlet of the capillary for 60 s ulated the nitrogen gas supplied to the nebuliser,
corresponding to an injection volume of 47 nl, or which was typically set at a value of 9. High-voltage
|4% of the total capillary volume. For all measure- from the API 300 was applied to the stainless steel–
ments, 30 kV was used and depending on the liquid junction at the capillary–syringe union. Under
separation electrolyte would usually correspond to normally operating conditions the voltage was be-
currents less than 15 mA. tween 14 and 5 kV and the capillary tip was

The nebuliser is fitted into an open conical spray positioned approximately 20 mm from the front plate
chamber that is mounted onto the centre tube of a and 5 mm off axis (to the right looking at the front
standard PE/Sciex Elan 6000 ICP-MS torch with a plate). Typical values for the curtain gas flow-rate,
ball socket joint. An ELAN 6000 ICP-MS system sampling orifice voltage, and ring electrode voltage
was used for all measurements. Plasma (outer) and were 6.50 and 200 V, respectively. For MS–MS
auxiliary (intermediate) gas flow-rates were 15 l /min experiments a collision activated dissociation (CAD)
and 1.4 l /min, respectively. Although optimised gas pressure corresponding to a software setting of 2
daily, the plasma power was typically 1200 W and was used. This source design is particularly effective
the nebuliser gas flow-rate was |0.80 l /min con- in generating consistent stable charged aerosol sprays
trolled by an external mass flow controller (Porter, from purely aqueous in either positive or negative
Model 201-USVC). Parameters such as integration ion mode.
time, number of elements monitored and the number
of replicates were chosen such that the total experi-
ment time was longer than the time required for a 3. Procedure
given separation. Three to seven m /z values (ele-
ments) were measured using peak hopping with With reference to Fig. 1, argon gas exiting the
dwell times typically between 100 and 200 ms per nebuliser will induce a natural aspiration through its
peak. central solution uptake capillary. As a consequence,

liquid will flow from the separation electrolyte
2.3. Electrospray mass spectrometry reservoir through the electrophoresis capillary to the

nebuliser tip (induced laminar flow) at a rate propor-
A PE/Sciex API 300 LC–MS–MS system incor- tional to the natural aspiration rate. When the sheath

porating an in-house source was used for all ionspray electrolyte is pumped around the capillary tip to-
measurements. The source design however was wards the nebuliser tip it reduces the effect of natural
based upon that described by previously by Olesik et aspiration through the electrophoresis capillary and,
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therefore, the accompanying degradation in sepa- high enough to provide an electrolyte conductivity
ration efficiency due to induced laminar flow. When that is large compared to the sample solution con-
the sheath electrolyte flow-rate approaches the natu- taining injection volume (plug), but not so large as to
ral aspiration rate induced by the argon gas flow-rate, cause Joule heating upon application of the external
an approximate ‘‘balance point’’ will be reached and field. The large conductivity difference between
the induced laminar flow will approach zero at the sample plug and separation electrolyte ensures a
electrophoresis capillary tip. In such cases, the high-voltage gradient across the sample plug and an
pressure differential between the liquid in the sheath additional focussing of analyte bands due to elec-
flow and the liquid in the capillary approaches zero. trostacking [57].
Higher sheath flow-rates generate a reverse laminar The type of electrolyte chosen can be equally as
flow-rate through the electrophoresis capillary [33]. important as its concentration. In order to maintain

For a fixed nebuliser gas flow-rate, the sheath accurate solution speciation, it is essential that the
flow-rate required to eliminate the laminar flow separation electrolyte does not react or complex
through the electrophoresis capillary was estimated significantly with the analyte. In addition, the elec-
in the following manner. A sample plug (47 nl) from trolyte chosen should have a greater (or as large as

24a chromium sample solution (5?10 M) is intro- possible) affinity for any active surface sites along
duced to the electrophoresis capillary and the time the inner-wall of the capillary than the analyte. This
required for the plug to migrate the length of is necessary to minimise analyte–wall interactions
capillary can be measured with no voltage applied. and consequently sample loss due to trapping [58].
Knowing the volume of the capillary (|1.2 ml) and As a general rule of thumb, the separation electrolyte
the migration time at a given sheath flow-rate, the should have (if possible) a charge greater than the
laminar flow-rate through the capillary can be calcu- analyte. Typically the more highly charged the
lated. In this manner, a plot of sheath flow-rate vs. electrolyte (i.e., 11, 21 or 31) the smaller the
laminar flow-rate was recorded and the sheath flow- relative sample loss [32,59].
rate necessary to eliminate the laminar flow can be In parallel with the above discussion, Lanthanum
estimated by extrapolating to zero. Normally the based electrolyte solutions have been used in the
selection of sheath flow-rate is a compromise be- ion-exchange separation of Cr(III) species to elute
tween analyte resolution and analysis time [33]. For the higher order polymeric species [31]. Based upon
simple systems it is often possible to work with a this demonstrated affinity for exchange sites, a LaCl3

significant laminar flow-rate towards the detector to separation electrolyte solution was chosen. The
minimise the analysis time. electrolyte concentrations used were 4 or 5 mM

Optimisation of the ICP-MS operating parameters LaCl and were pH modified to between 3 and 63
24was performed using a 5?10 M Cr sample solu- with HCl (where specified) resulting in electrolyte

tion. One end of the electrophoresis capillary is conductivities between 1100 and 1800 mS. At 30 kV,
placed in the Cr sample solution that is drawn currents between 10 and 15 mA were observed. The
through the capillary by induced laminar flow. From electrolyte conductivity was typically 53 greater
experience, it has been found that the optimum than the analyte sample solutions studied. La(NO )3 3

nebuliser gas flow setting is |0.80 l /min [56]. With or La(ClO ) electrolyte solutions would probably4 3

this setting, the sheath flow-rate (e.g., 50 ml /min) is have made better choices due to the non-complexing
set to provide a fixed laminar flow-rate (e.g., |0.1 nature of the anions. A comparison of La and Na
ml /min) and, therefore, a constant uptake of Cr based electrolyte solutions of equivalent conductivity
analyte. The x–y position of the plasma torch, ion- indicated poorer separation efficiency for the Na
optic cylinder lens, power and nebuliser gas flow- based separation electrolyte. Working with higher
rate are then fine-tuned. conductivity separation electrolytes should be pos-

The physical properties of the separation elec- sible with smaller capillaries, however, this is at the
trolyte are important, as they will ultimately affect expense of sample size and sensitivity [50,60].
the quality of the separation. In particular, the The normal analytical procedure is summarised as
concentration of the electrolyte chosen should be follows: With the ICP-MS optimised and running:
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(1) the nebuliser gas flow is turned off, (2) the tion of the dimer is dependent on the form of the
sheath flow-rate turned off, (3) sample is injected monomer, where formation from, for example,

31 21and the end of the capillary placed back in the Cr 1Cr(OH) is slow (|300 0003) compared
1 1separation electrolyte reservoir, (4) the sheath flow- with Cr(OH) 1Cr(OH) . From the data presented2 2

rate is turned on, (5) the nebuliser gas flow is turned by Stunzi et al. [17], it is estimated that the forma-
on, (6) the high-voltage power supply is turned on, tion of polymeric species does not become signifi-
(7) data acquisition is initiated and (8) upon comple- cant until |pH 4 for a total Cr(III) concentration of

24tion of the run the high-voltage power supply is 5?10 M. Usually, the formation of the dimer
turned off. The sheath flow-rate is then reduced to precedes the formation of the trimer, which likewise
facilitate the induced flow of electrolyte through the precedes the formation of the tetramer and other
capillary for flushing purposes until the next run is higher order polymeric species [16].

21ready. Not visible in Fig. 2, is the CrCl species
distribution profile, which has a maximum that is
much less than 1%, indicating that chloride com-

4. Results and discussion plexation is only a very minor component of the
Cr(III) speciation for the conditions described. With

4.1. CE–ICP-MS identification of polymeric hydrolysis, however, chloride complexation may
species and method development play a greater role [62].

In a common preparatory route for polymeric
24A species distribution diagram for Cr(III) (5?10 species [14], a base (NaOH) is added to the stock

23M) in the presence of LaCl (4?10 M) is shown in solution to facilitate hydrolysis and promote poly-3

Fig. 2 from pH 2 to 7. The plot illustrates that merisation. The solution is aged for a specified
hydrolysis starts to become significant at pH 3 with period of time and is then separated into its polymer

21the formation of Cr(OH)(H O) . The rate of forma- fractions using ion-exchange chromatography prior2 5

24Fig. 2. A Cr(III) (5?10 M) monomer species distribution diagram in the presence 12 mM chloride over the pH range 3–7. The data plot
21was generated using MINTEQA2 [61]. A curve for CrCl is also present, however, its relative concentration was less than 1% over the pH

ranges studied.
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to characterisation or further chemistry. The amount for Fig. 3a–c) and an increase in the formation of
of base added (expressed as equivalents) and the polymeric species. The electropherogram shown in
ageing period, will determine the relative speciation Fig. 3c indicates the presence of as many as eight
at the time of analysis. Stunzi et al. [17] have peaks (species) at a sample solution pH of 4.30.
presented time vs. speciation data on solutions to Because the species formed in the higher pH solu-
which 0.8 equiv. of NaOH were added and then tions have shorter migration times than the monomer
allowed to age for over 4 years. They report slow yet fraction, it is assumed that the polymeric species are
significant changes in speciation over these periods formed with increasing charge to size and therefore
indicating a slow attainment of equilibrium. increasing electrophoretic mobility. Further discus-

Using the same principles described above, a sion on the correlation of migration times with
series of Cr(III) solutions containing 0, 1 and 2 polymeric species will be given below.
equiv. of NaOH were prepared, allowed to age 30 For comparison, the relative peak areas for the
days and then analysed using CE–ICP-MS. The data electropherograms shown in Fig. 3 and one not

24presented in Fig. 3a was generated from a 5?10 M shown, were determined and expressed as percentage
CrCl solution aged in the absence of NaOH, fractions of the total Cr peak area calculated in each3

whereas the data presented in Fig. 3b and c were electropherogram. The results are listed in Table 1.
generated from solutions aged in the presence of 0.5 The peaks in Fig. 3a and b have been labelled
and 1.0 mM NaOH, respectively. The results shown numerically from 1 to 8. Peaks 1–3 are tentatively
in Fig. 3 clearly indicate that there is a change in the assigned to the monomer, dimer and trimer fractions,
speciation of Cr(III) as a function of pH and that the respectively. In Fig. 3b and c, although it is possible
number of species formed increases with pH over the to label all of the peaks, the peaks corresponding to 4
range studied. and above have been grouped. Presumably within

There are three peaks present in the electrophero- this fraction, is the tetramer, pentamer and hexamer
gram shown in Fig. 3a, a major peak at 400 s, a along with other higher order species. The data
minor peak at 365 s and a very weak peak at 345 s. clearly shows the shift to increased polymeric con-
The pH of this solution at the time of measurement tent with increased pH. At 2 equiv. of NaOH (Fig.
was 3.60, which suggests that polymeric species will 3c), the electropherogram indicates that the monomer
be present in only a relatively small concentration contributes only |24% of the total Cr present in the
[17] and that the dominant species (Fig. 2) will be sample. These results, although similar in nature with
the ‘‘monomer’’ equilibrium mixture. Due to the that presented by Stunzi et al. [17], show a larger
relatively rapid exchange kinetics of this mixture, the relative shift from the monomer to polymeric
monomer fraction will elute with a migration time species. This large relative shift favouring the forma-

31between that of the pure Cr species (low pH, high tion of polymeric species may be a natural conse-
mobility) and that of the slowest monomer species quence of the ageing process under the experimental

21 1present, e.g., Cr(OH) or Cr(OH) (high pH, low conditions currently employed. We have used a less2
24mobility). The exact time will be related to the concentrated sample (5?10 M) and more base (2

relative concentration of these species, dictated by equiv.), than that reported by Stunzi et al. [17], the
the sample and separation electrolyte pH. Olesik et later would certainly favour the formation of poly-
al. [32,33] have reported relative mobilities of meric species. Alternatively, it could also be attribut-
Cr(III) fractions that were dependent on the sample able to the initial mixing of base with the sample in
pH and therefore the equilibrium distribution. The which localised regions of high pH can exist. As
more mobile, yet less intense peaks are consistent such this may have contributed to the formation of
with the presence of the equilibrium dimer (365 s) extremely large or colloidal particles that are not
and trimer (245 s) species, both of which will have amenable (detected) by CE initially (i.e., see Fig.
pH dependent equilibrium distributions [14]. 4b). With time (i.e., 30 days), however, these species

Assuming that the dominant peak in Fig. 3a is due may be converted back to smaller (detectable) poly-
to the monomer, then the change in speciation with meric species as the pH equilibrates to its lower
pH (Fig. 3b and c) would be consistent with a value.
decrease in monomer concentration (peak at |400 s In addition to pH and concentration, ageing plays
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Fig. 3. The effect of pH on the polymeric speciation of Cr(III) as detected by CE–ICP-MS. In all cases the separation and sheath electrolyte
was 5 mM LaCl (pH 5). The sheath flow-rate was set just above the balance point from which the estimated induced laminar flow-rate was3

24|0.005 ml /min. A 5?10 M CrCl solution was allowed to age 30 days in the presence of (a) 0, (b) 1.0 and (c) 2.0 equiv. of NaOH,3

corresponding to 0, 0.5 and 1.0 mM NaOH, respectively. For further details see Table 1.
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Table 1
aA comparison of the relative peak areas of the Cr(III) fractions detected in Fig. 3

pH Peak 1, Peak 2, Peak 3, Peaks 41,
monomer dimer trimer higher order oligomers

Fig. 3a 3.6 93.19 6.06 0.75 –
Not shown 3.7 91.15 7.67 1.19 –
Fig. 3b 4.0 63.91 16.74 11.51 7.84
Fig. 3c 4.2 23.87 14.66 15.34 46.14

a 52 1Expressed as a percentage of the total of all Cr CE–ICP-MS peak areas in each electropherogram.

an integral part in defining the speciation of Cr(III) due to the monomer equilibrium mixture. After 3
in a given system. For freshly prepared solutions the days, only two species are present; the monomer at
conversion of the monomer to the dimer and the |360 s and a more mobile species at 330 s that most
subsequent formation of higher order polymeric likely is the dimer. Considering Fig. 3a to be the
species is dependent on pH. At low pH, the forma- eventual product of the ageing mixture, the third
tion of the dimer is slow [16] and therefore the more mobile peak at |340 s is probably a trimer
sequential formation of the trimer on to higher order species. The solution pH was recorded for each
polymeric species will also be slower. For solutions experimental run, starting at 3.8 it decreased to 3.4
that age at a higher pH (base added), the conversion (3 days), which is characteristic of polymerisation
of the monomer into the dimer, trimer, etc. occurs at processes [14].
a faster rate. In either case the formation of poly- In the second system, a freshly prepared stock
meric species or ‘‘ageing’’ in aqueous solutions is solution of CrCl , was diluted immediately to 5?3

24typically characterised by a decrease in solution pH 10 M in presence of a base giving a final con-
[17]. Qualitatively, it should be possible to follow centration of 1 mM NaOH. Aliquots of this mixture
the species progression within an ageing solution to were measured as a function of time immediately
help facilitate peak assignment in the CE–ICP-MS after dilution and selected electropherograms are
electropherograms. As such, the ageing of two shown in Fig. 4b. On the first day (20–160 min) the
solutions, one without NaOH added and one with electropherograms reveal the monomer (major) and
NaOH added, was monitored as a function of time two other species, possibly the dimer and trimer
(Fig. 4). present initially (20 min). With time, however, the

In the first system, a freshly prepared stock relative intensity of the monomer species decreases
solution of CrCl , was diluted immediately to 5? and the intensity of the peak at |360 s starts3

2410 M in deionised water. From this solution increasing (90 min). This is consistent with the
sample aliquots were analysed using CE–ICP-MS increased formation of the trimer from the dimer and
over regular periods of time. Initial measurements monomer as the solution ages. At 160 min a more
followed the ageing period over 3 h, the solution was mobile series of peaks starts to become significant
then run periodically after this on separate days, as a between 300 and 350 s. Again, this is consistent with
result some experimental variation is expected. The the formation of higher order polymeric species
results from a selected number of electropherograms which becomes possible with the formation of the
are shown in Fig. 4a. The series of electropherog- lower mass dimer and trimer (precursors) building
rams reveals that initially (|8 min) three species are blocks. The electropherogram from Fig. 3c collected
present and elute at |330, 350 and 390 s. The third at 30 days is also included for comparison, highlight-
species at 390 s, however, is significantly reduced by ing the age dependent progression of solution species
20 min. This speciation is expected based upon the to higher order polymeric species. Similar to the data
slow exchange (kinetically inert) of Cl in the inner discussed previously (Fig. 4a), the pH of the solution
solvation sphere of the chromium monomer resulting used to generate Fig. 4b decreased over the course of
in a time dependent (transient) Cr–Cl complex. The the measurement period. The data are also consistent
more intense peak at |350 s, again, is most likely with that presented by Stunzi et al. [17] in that the
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change in monomer concentration as a function of
time is more pronounced in solutions with larger
amounts of base added. At a lower pH the evolution
of oligomers is expected to be small compared with
higher pH solutions, which can be in excess of 50%
[17].

Even though the LaCl separation electrolyte–3

sheath flow electrolyte has demonstrated its utility
for the separation of the hydrolytic Cr(III) species, it
also appears to limit the analytical performance of
the ICP-MS. In particular, the potential degradation
in signal sensitivity due to space-charge effects can

1be significant. La (m /z 139) is larger in mass and is
delivered to the plasma per unit mass at rates much

1greater than the analyte (Cr , m /z 52). For example,
24consider a 5310 M sample plug (47 nL) that

travels through the capillary under the influence of
laminar flow alone (i.e. no external voltage applied).
For simplicity, if the peak is assumed to elute with a
perfect rectangle or ‘plug’ like profile with a peak
width of 30 s at the base, then during this time |1
pmol / s analyte is delivered to the nebuliser tip. Over
the same time period, the LaCl separation elec-3

trolyte / sheath flow (4 mM) is delivered to the
nebuliser tip at a rate of 50 ml /min or |3000
pmol / s. Assuming a transport rate efficiency of 30%
[56] this corresponds to |1000 pmol / s LaCl and3

31|0.3 pmol / s Cr delivered to the plasma on
average. For comparison, the typical transport ef-
ficiency through a double pass spray chamber with a
sample uptake rate of 1 mL/min (typical sample
introduction) is only |1–2%. For a 4mM LaCl3

solution, this would correspond to transport rates
between 700 and 1400 pmol / s respectively. There-
fore, a large amount of lanthanum is introduced into
the plasma that may result in significant space charge
induced loss of analyte sensitivity. The use of higher
shealth flow rates normally associated with increased
resolution (decreased induced laminar flow rate) will
exacerbate this effect.

An additional consequence of the use of high
concentration electrolyte solutions is the gradual
accumulation of electrolyte salt deposits on the

Fig. 4. The effect of sample ageing on the polymeric speciation of sampling orifice, skimmer cone and the cylinder ion
24Cr(III) as detected by CE–ICP-MS. Sample: 5?10 M CrCl3 optic lens. Significant accumulation could degrade

aged in the presence of (a) 0 and (b) 1 mM NaOH. In all cases the
the sampling efficiency and hence, analytical per-separation sheath electrolyte was 5 mM LaCl (pH 5). The sheath3
formance of the ICP-MS. For LaCl , significantflow-rate was set just above the balance point from which the 3

estimated induced laminar flow-rate was |0.005 ml /min. cloudy white enamel-like deposits become noticeable
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on the tip of the skimmer after several hours of there are any deleterious effects due to the pH
operation. modification or mixing of the different electrolyte

Although the separation electrolyte is required in solutions at the electrophoresis capillary tip. It would
the electrophoresis capillary, is not essential in the seem reasonable, however, that matching the counter
sheath flow. As discussed above, one of the purposes ion in the separation electrolyte with that of the
of the sheath flow electrolyte is to provide sufficient sheath flow electrolyte would be desirable to mini-
conductivity such that a good electrical contact can mise any mixing due to the counter-migration of
be made with the grounded stainless steel tubing. anions with the applied electric field.
Large differences in conductivity between the solu- A further consideration when using a dilute HNO3

tion exiting the electrophoresis capillary and the sheath flow electrolyte for CE–ICP-MS, is that all
sheath flow electrolyte can lead to additional field metal in contact with the charged electrolyte solution
gradients that might affect the quality of the sepa- should be inert. In particular, to avoid electrochemi-
ration. With this in mind a dilute nitric acid solution cal contamination of the sheath electrolyte, a
was prepared for use as a sheath electrolyte. The platinum tube should replace the stainless steel
nitric acid sheath flow electrolyte was conductivity ground tubing (Fig. 1). In addition, non-conducting
matched with the sheath flow electrolyte (e.g., 1200 materials (plastic based) should be used in place of
mS). Results using the dilute HNO sheath flow any metal (brass) connections at the syringe pump.3

electrolyte were compared to the standard LaCl When this precaution is not taken, contamination3

sheath electrolyte based upon a 47-nl injection of from the stainless steel or brass fittings can give rise
245?10 M CrCl (pH 2.85). Experimental runs with to significant Cr, Fe and Cu contamination. Matrix3

40 12 1and without applied voltage were conducted, in both dependent molecular ion overlaps such as Ar C
1 37 16 1cases the analytical area of the Cr MS signal (m /z 52) or Cl O (m /z 53) that have been

increased approximately one order of magnitude reported in other Cr ICP-MS literature [63] were not
without any significant change in the migration time observed here.
or peak shape. The experimental results for the
injections where voltage was applied as in a normal 4.2. Relative electrophoretic mobility
analytical run is given in Fig. 5a. Comparison of
peak areas with a multi-element solution (e.g., see Using the above method, the relative mobility of
Table 1) using the same experimental conditions is Cr(III) species was investigated in more detail. To a
given in Fig. 5b. For a sheath flow-rate of 50 ml /min freshly prepared multi-element solution (Table 1),

24this improvement is presumably due to the fact that containing CrCl (5?10 M), HCl was added to3

now only 0.03 ml /min (|1/1700) LaCl is delivered provide a final concentration of 1 mM and a pH of3

to the nebuliser due to induced laminar flow. Al- 2.85. The mixture was separated using a 4 mM
though the improvements in sensitivity are consistent LaCl electrolyte that was pH modified to 3. The3

with that expected based upon space-charge phenom- slight imbalance in pH between the sample and
enon, it should be noted that the ICP-MS ion-optic separation electrolyte implies that some pH modi-

1was optimised only for Cr . Using the dilute HNO fication of the labile Cr(III) monomer distribution is3

sheath flow it was also found that the sampler and possible during the course of the run in addition to
skimmer cones remained relatively clean and that the slight modification of any polymeric species
there was little or no discernible salt accumulation acid–base equilibrium distribution. Regardless of
over periods of 8–10 h of operation. this fact, the Cr(III) monomer should exist primarily

31Under the conditions used, a slight positive lami- as the Cr aquo-ion, with only minor contributions
21nar flow was present in addition to the positive due to the Cr(OH) species. The formation of any

electroosmotic flow. As such, there was a net flow of polymeric species such as dimer should therefore
liquid from the capillary tip into the sheath flow. only occur in small concentrations. In addition, the
Although there was little or no significant change in dimer should exist primarily in its protonated form,

41the migration time or peak shapes recorded using [Cr (OH) (H O) ].2 2 2 8

simple chemical systems, it is unknown whether The CE–ICP-MS electropherogram of this mixture
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52 1 24Fig. 5. Effect of sheath flow electrolyte on CE–ICP-MS signal. (a) Cr signal traces recorded from 5?10 M CrCl sample solutions with3

dilute HNO and LaCl (4 mM, pH 3) sheath flow electrolyte solutions. The conductivity of both electrolyte solutions is |1800 mS. Solution3 3

pH: 2.85, injection volume: 47 nl, laminar flow-rate: 0.034 ml /min., CE voltage: 30kV, CE current: 10 mA. (b) Change in the peak area
recorded for a series of analytes with increasing mass (Table 1) when a dilute HNO sheath flow electrolyte is used compared with an LaCl3 3

sheath electrolyte. Experimental conditions are the same as Fig. 5a.

is shown in Fig. 6a. The figure clearly indicates that the monomer fraction elutes before a typical 21
21the dominant species present is the monomer with solution ion (Co ).

only a very minor contribution by the dimer at 165 s. Similar to the monomer, the equilibrium dimer
Also shown in Fig. 6a are a number of ‘‘marker’’ distribution is composed primarily of the highly

41species used to gauge the relative mobility of the mobile, fully protonated form, Cr (OH) (H O) , in2 2 2 8

Cr(III) species. The equivalent ionic conductance of addition to a smaller concentration of the singly
31each ion is listed in Table 2. The migration time for deprotonated form, Cr (OH) (H O) [14]. Overall,2 3 2 7

the Cr(III) monomer peak is longer than expected the dimer distribution at this pH has a mobility
31based on the equilvalent conductance for the pure similar to that of the highly mobile Ce aquo-ion.

31Cr aquo ion (Fig. 2). As a bench mark for this pH, In Fig. 6b, a similar multi-element solution mix-
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24Fig. 6. CE–ICP-MS electropherograms of (a) CrCl (5?10 M) aged for 2 weeks in the presence of HCl giving a pH of 2.85 at the time of3
24measurement and (b) CrCl (5?10 M) aged naturally for 2 weeks giving a final pH of 4.0. Each solution contains various electrophoretic3

mobility markers for reference (Table 2). The separation electrolyte in each case was pH matched (LaCl , 4 mM). The sheath electrolyte3

was dilute HNO (conductivity matched) generating an induced laminar flow-rate of 0.03 ml /min.3
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Table 2
A list of the test analytes used and relevant physical parameters

Element m /z Concentration Equivalent ionic conductance
24 24 2 21 amonitored (310 M) l (1?10 m S mol )i

1Li 7 10.0 38.7 (Li )
1Na 23 5.0 50.1 (Na )

21Co 59 1.1 55.0 (1 /2Co )
31Cr 52 5.0 67.0 (1 /3Cr )

31Y 89 1.1 62.0 (1 /3Y )
31Ce 142 0.5 69.4 (1 /3Ce )

1Cs 133 0.6 77.2 (Cs )
a From Ref. [69].

ture was aged ‘‘naturally’’ for 2 weeks. The sepa- the solution pH. The second, is that regardless of the
ration electrolyte was pH matched to that of the pH the migration times (mobilities) of the polymeric
sample solution prior to analysis. In this elec- species are faster than that of the monomer equilib-
tropherogram, it is unclear why there is a noticeable rium distributions.
difference in the overall migration times for all

31species. The relative separation between the Ce , 4.3. IS-MS identification of hydrolytic
31 21Y and Co marker ions, however, changes little polymerisation products of Cr(III)

as a function of pH, whereas the mobility of the
Cr(III) species changes significantly relative to these The above CE–ICP-MS method has demonstrated
markers. At pH 4, the monomer equilibrium dis- its ability to separate and detect polymeric species as

31tribution will shift from primarily the Cr aquo-ion well as provide qualitative assignments to a number
31to almost an equal concentration of Cr and of species; direct evidence for the existence of

21CrOH , thus reducing the overall mobility of this polymeric species, however, is still lacking. One
fraction resulting in migration times longer than the method that has demonstrated great potential for the

21Co ion. Because the overall migration time is direct determination of inorganic complexes is ES-
based upon the relative contribution of the equilib- MS [64,65]. This is primarily due to its ability to
rium species it can probably be assumed that the transfer solution phase ions intact into the gas phase

21Cr(OH) species has a mobility less than that of for sensitive MS detection. Initial investigations by
21Co (l 555, Table 1). The dimer which elutes at Van den Bergen et al. [66] of analogous Cr(III)i

|225 s, will have longer migration times due to a polynuclear species suggest that the determination of
similar shift in the equilibrium distribution to in- Cr(III) oligomers should also be possible. Later
creasing concentrations of the fully deprotonated investigations by Stewart and Horlick [67] provided

31forms [i.e., Cr (OH) (H O) and only indirect evidence for the presence of polymeric2 3 2 7
21Cr (OH) (H O) ]. The more mobile species elut- species. The lack of success can be attributed in part2 4 2 6

ing at |200–210 s are most likely that of the trimer to the use of an instrument with limited mass range
(equilibrium distribution) and possibly tetramer. The (,300 u) and sensitivity. In addition, non-aqueous
smaller difference in elution times between the dimer solvents such as methanol were used to dilute analyte
and monomer fractions may be attributable to the test solutions. Although the exact effect of using
larger shifts in the equilibrium distributions for the non-aqueous solvents for the ES-MS measurement of
dimer because of its smaller (more acidic) pK values Cr(III) oligomers is unclear, the presence of metha-a

[14]. nol is thought to suppress the formation of oligomers
The data in Fig. 6 illustrates two important points. [6].

The first is that the relative migration time of In this paper we report some of our preliminary
monomer and polymeric species is dependent on the results characterising polymeric Cr(III) species as a
equilibrium distribution, which in turn is dictated by function of sample pH and ageing. In our experi-
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ments we have used a laboratory-constructed ion- imply that solvent ligands are less strongly bound by
spray source coupled with an PE/Sciex API 300 the oligomer due to charge delocalisation. If so, then
instrument capable of MS–MS experiments with a it would partially explain the higher mobility typical-
|3000 u mass range. The source has proved ideally ly observed with the polymeric Cr species in CE.
suited for the determination of species in purely This needs to be explored in more detail before a
aqueous solutions that cover a wide range of conduc- more definite relationship can be drawn.

24tivities [55]. Mass spectra acquired from two differ- In Fig. 7b, a 5?10 M CrCl solution was3

ent solutions are shown in Fig. 7. prepared by diluting a stock solution in deionised
24In Fig. 7a, a 5?10 M CrCl solution was water and 1 mM NaOH the solution was allowed to3

prepared by diluting a stock solution in doubly age for approximately 3 days prior to analysis. The
distilled water, the solution was allowed to age for mass spectrum (Q1 scan) shown was acquired under
approximately 3 days prior to analysis. The mass mild conditions to provide a compromise between
spectrum (Q1 scan) was acquired under mild con- conditions that would not promote the fragmentation
ditions so as not to promote the fragmentation of of larger polymeric species yet would provide a
larger polymeric species. Fig. 7a reveals almost simplified, solvent stripped mass spectrum of the
exclusively monomeric species, in particular the species present. A qualitative comparison with Fig.
solvated singly and double charged reduced species 6a indicates a significant change in the solution

21 1Cr(OH)(H O) and Cr(OH) (H O) , that are typi- speciation. This is consistent with what would be2 n 2 2 n

cal for these operating conditions and solution pH expected based on the data presented in Figs. 3 and
(3.85) [66]. In addition there is also a series of 4. In Fig. 7b the most intense peak is due to the
hydrated Cr–Cl complexes that observed almost monomer species at m /z 158. Other, singly charge
exclusively from m /z 200 and up. These species may reduced monomeric species with accompanying
be residual of the slow exchange process of the solvation are also observed between m /z 90 and 130.
kinetically inert Cr(III) centre, or more likely they At the higher pH (5.38), of this solution, the
were formed as a result of the electrospray process equilibrium distribution of the monomer is expected

21 1 31itself. Although the mass spectrum reveals that to be |65% Cr(OH) , 30% Cr(OH) and 5% Cr2

monomer species are predominant, similar to Fig. 4a, (Fig. 2), thus favouring the formation of the dimer
there is also a small contribution by the dimer and other higher order polymeric species. Although

21Cr (OH) (H O) at m /z 140, in addition to other not shown, the change in monomer distribution as a2 4 2 6

more solvated species. At pH 3.85 a significant function of pH, recorded under similar MS con-
portion of the dimer will exist in a protonated form ditions is reflected in the mass spectrum and is
(pK 53.68, pK 56.04) [14]. Further charge reduc- consistent with previous work [67].a a1 2

tion (hydrolysis) of the dimer in the gas phase also Fig. 7b reveals the presence of several polymeric
occurs to yield the final charged reduced dimer species present in the solution, most notably; dimers,
species recorded by the mass spectrometer. This is to trimers, tetramers, pentamers and hexamers. Each
be expected considering that the dimer species was species was confirmed by MS–MS studies. Fig. 8
recorded with relatively few H O ligands shows a ‘‘blow-up’’ of the region from m /z 225 to2

21[Cr (OH) (H O) ¯3 per Cr center], whereas con- 275 (Fig. 7b) acquired with increased resolution and2 4 2 6

version from the singly charge reduced monomer to longer integration times (see caption). The figure
the doubly charge reduced monomer species occurs shows the overlapping tetramer and hexamer dis-
with as many as seven H O ligands, i.e., at tributions, with insets provided for comparison with2

21Cr(OH)(H O) (Fig. 7a). The presence of the the theoretical isotopic distribution of select species.2 7

deprotonated dimer was confirmed using MS–MS. Although Fig. 6b indicates that the monomer is the
Perhaps a more significant note from this work is dominant species, to more accurately compare the
that under the conditions employed, the monomer relative Cr(III) distribution with that of CE–ICP-MS,
species can be observed with as many as 12 H O e.g Figs. 3 or 4, the intensity of each of the2

ligands whereas the dimer species is only partially polymeric species recorded in Fig. 6b must be
solvated. Although purely speculative, this may multiplied by their respective Cr nuclearity. In this
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24 23Fig. 7. Electrospray mass spectrum of a purely aqueous solution of CrCl (5?10 M) with (a) no NaOH added (pH 3.85) and (b) 1?10 M3

NaOH added (pH 5.38). The solutions were aged for approximately 3 days.



244 I.I. Stewart, J.W. Olesik / J. Chromatogr. A 872 (2000) 227 –246

31Fig. 8. A close up of the region from m /z 225 to 275 (Fig. 7b) including insets of the isotopic abundance for Cr (OH) (H O) and6 15 2 8
21Cr (OH) (H O) . For this experiment, the resolution was adjusted to allow the multiply charged isotope distributions (31) to be4 10 2 6

distinguished from each other. The dwell time was increased to 1 s per point.

manner, the tetramer (m /z 243) becomes a signifi- sation products by mass spectrometry. Based on this
cant species having a relative Cr intensity of |2.4? success a much more thorough ES-MS investigation

610 counts / s. Under these solution conditions it is of these species is currently underway.
expected that the polymeric species will exist pri-
marily in their deprotonated (hydrolysed) forms in
solution, and although their large size should help 5. Conclusions
support a greater charge, gas phase charge reduction
does occur under the conditions employed. From the work presented above, a number of

The data presented in Figs. 7 and 8 are important important conclusions can be drawn on the use of
as they link the species observed in CE–ICP-MS CE–ICP-MS as a tool for polymeric Cr(III) specia-
electropherograms (Figs. 3 and 4) to polymeric tion. (1) CE–ICP-MS can be used to separate and
species which are present in solution under these detect monomeric and polymeric Cr(III) species; (2)
conditions. This strongly supports the hypothesis that the species distribution is similar, qualitatively to
CE–ICP-MS can be used to separate and detect that predicted in aged and ageing solutions of
individual hydrolytic polymerisation products of Cr(III); (3) the various species migrate through the
Cr(III) in aqueous solution. In addition the data capillary at a rate proportional to their equilibrium
presented in Figs. 7 and 8 offer the first direct distribution in that a single peak may have a
evidence for the existence of hydrolytic polymeri- migration time that is the concentration weighted
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31average of more than one species (such as Cr and used to separate and detect polymeric ions from
21Cr(OH) ) if the kinetics of inter-conversion are other easily hydrolysed elements such as Al or Fe.

rapid enough. In addition, the data indicate that the For example, the ability to use a simple non-com-
polymeric species have a greater electrophoretic plexing medium for the separation and identification

a b cmobility than the monomer and suggests that they of Al , Al and Al fractions is an extremely
follow the order, trimer.dimer.monomer. More attractive feature [68].
definite assignment of higher order tetrameric, penta- Although, the above technique has demonstrated
meric or hexameric forms is still needed. great promise, further clarification of the identifica-

The use of auxiliary methods such as IS-MS has tion or elution order of the various polymeric species
independently confirmed the presence of various, is still necessary. Using the method of Stunzi and
expected, monomeric and polymeric species present Marty [14], it should be possible to generate and
in solution. Further, the relative Cr(III) speciation as separate fractions of the various polymeric species.
a function of time, pH and concentration are con- The identity of the fractions can first be confirmed
sistent (qualitatively) with that determined in the using IS-MS. Once identified, the fractions can be
analogous CE–ICP-MS experiments. Although pre- used to correlate the elution times with each poly-
liminary in nature, the IS-MS data presented here are meric species by spiking the sample solution. The
significant because they represent a direct way of coupling of CE with IS-MS also provides an attrac-
characterising Cr(III) oligomers in solution. As such, tive alternative, as it offers the potential for direct
a more in depth study of Cr(III) polymeric species species information with the corresponding elution
using IS-MS is currently underway. order.
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