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A method was developed for the speciation analysis of the oxyanions of As(III), As(V), Cr(VI), Mo(VI),
Sb(III), Sb(V), Se(IV), Se(VI) and V(V) in leachates from cement-based materials, based on anion-exchange
HPLC coupled with ICP-MS. The method was optimized in a two-step multivariate approach: the effect of
sample pH and mobile phase composition on resolution, peak symmetry and analysis time was studied.
Optimum conditions were then identified for the significant experimental factors by studying their inter-
dependence. A mobile phase composition of 20 mM ammonium nitrate, 50 mM ammonium tartrate and
PLC-ICP-MS
xyanions
oncrete
eaching
peciation analysis

pH 9.5 was found to be a compromise optimum for the separation of the target analytes using isocratic
elution. The optimum condition provided separation of the analytes in less than 6 min, at a mobile phase
flow rate of 1.0 mL/min. The signal intensities of the analytes were improved by adding 1% methanol
to the mobile phase. The limit of detection of the method was in the range 0.2–2.2 �g/L for the various
species. The effect of sample constituents was studied using spiked concrete leachates. The method was

rget o
−, Mo
used to determine the ta
pH range 3.5–12.4; CrO4

2

. Introduction

Construction and demolition waste are recycled for various
pplications. In several countries, these materials are used as
ggregate substitutes for road construction. The environmentally
cceptable application of recycled materials necessitates evalu-
tion of the mobility of their constituents. As the release and
ransport mechanisms as well as the environmental impact of ele-

ents depend on their chemical forms, the leaching of elements
rom such materials should preferably be assessed based on the
etermination of their distinct species. The release of oxyanion-
orming metals and metalloids from cement-based materials is
nhanced when the pH of the materials is lowered as a result of

ong-term processes such as carbonation. There are few experi-

ental studies on the speciation analysis of this group of elements
eleased from cement-based materials [1]. In our recent studies,
he species of As, Cr, Mo, Sb, Se and V leached from such mate-
ials were determined using charge-based fractionation [2,3] and

∗ Corresponding author. Tel.: +47 22855516; fax: +47 22855441.
E-mail address: grethe.wibetoe@kjemi.uio.no (G. Wibetoe).
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oi:10.1016/j.chroma.2010.07.082
xyanionic species in leachates generated from a concrete material in the
O4

2− and VO4
3− were detected in most of the leachates.

© 2010 Elsevier B.V. All rights reserved.

redox speciation [4] analyses. Interest in the mentioned oxyanion-
forming elements in relation to the land-filling and recycling of
waste materials is growing. As and Cr have for a long time been
recognized as priority pollutants whereas Mo, Sb, Se, and V came
to the environmental agenda more recently [5].

The charge-based fractionation analyses of leachates from a
concrete material showed that As, Cr, Mo, Sb, Se and V predomi-
nantly exist as anions in the leachates [2,3]; however, the species
of the elements were not determined individually in the mentioned
studies. The present work aimed to develop a method for the speci-
ation analysis of the anionic species of the above-listed elements in
such leachate samples. High performance liquid chromatography
(HPLC), in combination with spectrometric techniques, has been
much used in elemental speciation analysis because of its capa-
bility to separate, and unequivocally identify and quantify species
[6–8]. Inductively coupled plasma mass spectrometer (ICP-MS) is
a preferred detector for HPLC systems because of its diverse ana-
lytical advantages which include high sensitivity, multi-element

capability and ease for online coupling [9–11]. Furthermore, due to
its element specificity, resolution needs to be monitored only for
species of a given element, unless there are interfering substances.
Ion-exchange liquid chromatography is suitable for the separation
and identification of ionic or ionizable substances.

dx.doi.org/10.1016/j.chroma.2010.07.082
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:grethe.wibetoe@kjemi.uio.no
dx.doi.org/10.1016/j.chroma.2010.07.082
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Table 1
Operating conditions of the anion-exchange HPLC-ICP-MS system.

ICP-MS ELAN 5000

Instrument parameters
RF power, W 1000
Plasma Ar flow, L/min 15
Auxiliary Ar flow, L/min 1.0
Nebulizer Ar flow, L/min 0.85 - 1.0 (optimized daily)
Sample uptake rate, mL/min 1.0
Data acquisition parameters
Scanning mode Peak hopping transient
Data acquisition mode Graphics (signal intensity vs time)
Dwell time per unit, ms 10
Sweeps per reading 1
Estimated replicate time, ms 40,000
Number of replicates 1
Reading per replicate 4000
Isotopes monitored As (75), Cr (53), Mo (98), Sb (121), Se (82),

V (51)

HPLC Anion-exchange

Columna PRP-X100 (250 × 4.1 mm i.d., 10 �m
particle size)

Guard columna PRP-X100 (20 × 2.0 mm i.d., 10 �m particle
size)

Mobile phase 20 mM ammonium nitrate, 50 mM
ammonium tartrate, 1% (v/v) methanol, pH
9.5 (adjusted with NH3)

Elution mode Isocratic
Flow rate, mL/min 1.0
Sample injection volume, �L 200
M. Mulugeta et al. / J. Chrom

In the present study, an anion-exchange HPLC-ICP-MS method
as developed for the speciation analysis of the oxyanions of As, Cr,
o, Sb, Se and V in leachates generated from cement-based mate-

ial over a broad pH range (3–13). The target elements may exist
s oxyanions in the following oxidation states: As(III), As(V), Cr(VI),
o(VI), Sb(III), Sb(V), Se(IV), Se(VI) and V(V) [12]. Anion-exchange
PLC-ICP-MS methods have been developed for the determina-

ion of some of the analytes considered in the present study in
ater samples [13–17], and in fly ash extracts [18]. However,
one of the methods addressed the simultaneous determination
f all the species targeted in this study. In the development of
chromatographic method, selecting an appropriate separation

olumn and identifying the optimum mobile phase composition
re key steps. Carbonate and phosphate salts are often used to
repare the mobile phase for anion-exchange liquid chromatog-
aphy. However, the use of these salts is not advisable in systems
tilizing an ICP-MS detector, because carbonate leaves carbon
eposits on the sampling and skimmer cones [19] and phos-
hate causes clogging and rapid erosion of the cones [20]. Thus,

nstrument- as well as plasma-friendly salts should be used. Stud-
es have shown that ammonium nitrate is a suitable salt because
t does not cause clogging and interference problems [16,21,22].
n addition, it has minimal effect on the ionization characteris-
ics of the plasma; such an effect is normally encountered when
he mobile phase is prepared from salts of alkali or alkaline earth

etals.
Chromatographic methods are often optimized in a univariate

pproach, i.e. by varying one parameter at a time. Such optimiza-
ion does not take the interdependence of experimental factors into
ccount, and the approach is also time-consuming [23]. The present
ethod was optimized in a stepwise multivariate approach. A

lackett–Burman experimental design was used to evaluate the
ffect of sample pH and mobile phase composition (ammonium
itrate and ammonium tartrate concentration, and pH) on reso-

ution, peak symmetry and analysis time. Optimum values were
hen identified for the factors which had significant effect using
face-centred central composite design (FC-CCD) of experiments.
compromise optimum condition was identified for the sepa-

ation of the target analytes based on isocratic elution. Isocratic
lution requires relatively simple instrumentation, and unlike gra-
ient systems, it needs no equilibration time between sample runs.
he statistically found optimum conditions were validated experi-
entally. In addition, an optimum concentration was identified for
ethanol in the mobile phase to improve the signal intensities. The

ffect of matrix constituents on the chromatographic separation of
he analytes was also studied. Finally, the oxyanionic species were
etermined in concrete leachates of pH 3.5–12.4.

. Experimental

.1. Instrumentation

An ELAN 5000 ICP-MS (Perkin-Elmer, Norwalk, USA) with cross-
ow nebulizer and double pass spray chamber was used. The

nstrument operating conditions, data acquisition parameters and
elected mass-to-charge ratios of the elements are given in Table 1.

The chromatographic system consisted of an anion-exchange
olumn (PRP-X100, Hamilton, see Table 1), a metal-free HPLC pump
Model DXP-1, Dionex), a high pressure pulse damper (Dionex), a
ressure monitor (LDC, Milton Roy) and a six-port syringe-loading

ample injector (Model 7125, Rheodyne). A guard column (PRP-
100, Hamilton, see Table 1) was fitted to the separation column.
amples were introduced manually using a syringe (Hamilton).

A switching valve was used to connect the nebulizer inlet of the
CP-MS to the HPLC column outlet or to a peristaltic pump which
a The column has trimethylammonium strong anion-exchange functional group
supported on a polystyrene-divinylbenzene resin. Its working pH range is 1–13.

delivered the ICP-MS optimization solution and drained waste from
the spray chamber. After optimization, the ICP-MS instrument was
connected to the column by switching the valve.

2.2. Chemicals and working solutions

1000 mg/L stock standard solutions of As(III), As(V), Cr(VI),
Mo(VI), Sb(III), Sb(V), Se(IV), Se(VI) and V(V) were prepared
from NaAsO2 (Fluka), Na2HAsO4·7H2O (Merck), Na2CrO4 (Merck),
Na2MoO4·2H2O (Sigma), KSbOC4H4O6·0.5H2O (Merck), KSb(OH)6
(Sigma), Na2SeO3 (Fluka), Na2SeO4·10H2O (BDH) and Na3VO4
(Aldrich), respectively. The solutions were prepared in polyethy-
lene containers and kept at 4 ◦C. Ultrapure water (18.2 M� cm,
Millipore, USA), ammonium nitrate (Merck), ammonium-l-tartrate
(Alfa Aesar), HPLC grade methanol (BDH), NH3 solution (25%,
Merck), Suprapur HNO3 (65%, Merck), and pro-analysis NaOH
(Fluka) were used.

Three separate solutions (I, II and III), which contained 25.0 �g/L
of each of the target elements, were prepared with the follow-
ing compositions—I: As(III), Sb(III), Se(IV); II: As(V), Cr(VI), Mo(VI),
Sb(V), Se(VI), V(V) and III: mixture of I and II. The three solutions
were prepared by mixing appropriate volumes of the stock stan-
dard solutions of the analytes just before analysis to minimize any
change in the speciation of the analytes during storage of their
mixtures.

2.3. Mobile phase preparation

The optimum composition of the mobile phase is given in

Table 1. For the method optimization, mobile phases of various
compositions were prepared (see Section 3.2.1). The mobile phases
were pH adjusted with HNO3 and NH3, filtered through a 0.45 �m
membrane filter and degassed with helium before use.



6188 M. Mulugeta et al. / J. Chromatogr. A 1217 (2010) 6186–6194

Table 2
pKa values of the oxyanionic species of As, Cr, Mo, Sb, Se and V at 25 ◦C.

Species Formula Protonated form pKa Reference

Arsenite, As(III) AsO2
− HAsO2 9.29 [27]

Arsenate, As(V) AsO4
3− H3AsO4 2.24, 6.69, 11.50 [27]

Chromate, Cr(VI) CrO4
2− H2CrO4 −0.20, 6.51 [28]

Molybdate, Mo(VI) MoO4
2− H2MoO4 4.24, 8.24 [28]

Antimonite, Sb(III) SbO2
− HSbO2

− H)5
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Antimonate, Sb(V) Sb(OH)6 Sb(O
Selenite, Se(IV) SeO3

2− H2Se
Selenate, Se(VI) SeO4

2− H2Se
Vanadate, V(V) VO4

3− H3VO

.4. Leachate samples

Four leachate samples of pH 3.5, 7.6, 10.3 and 12.4 were pre-
ared according to a standard pH-dependent leaching test [24]
rom the concrete material described in our previous study [4].
he crushed concrete sample (<1 mm particle size) was mixed with
eachants in polyethylene containers at a liquid-to-solid ratio of
0. Deionised water was used as a leachant to prepare the pH
2.4 leachate (the pH of the leachate was dictated by the concrete
aterial itself), and deionised water acidified with different vol-

mes of HNO3 were used to generate the other three leachates. The
ixtures were agitated in an end-over-end fashion for 48 h. Follow-

ng separation of the solid and liquid phases by settling, leachate
H measurements were taken and the suspensions were filtered
hrough 0.45 �m membrane filter using vacuum filtration, and the
ltrates (leachates) were kept in a deep freeze.

.5. Software and data handling

Chromatograms were plotted by exporting the experimental
ata from ELAN to MATLAB (The Mathworks Inc., USA, 2008).
MINITAB Release 14” software (Minitab Inc., USA, 2003) was used
or building the Plackett–Burman and the FC-CCD experiments.

.6. Identification of analyte species and quantification

In the method optimization, the peaks of the analyte species
ere identified by separately injecting solution I and II (see Section

.2), whereas the chromatographic response variables were deter-
ined from the chromatograms of solution III. Peaks for the species

f an element were identified according to the retention times of
he analytes. Calibration curves were plotted on the basis of peak
eight.

.7. Chromatographic response parameters

The resolution (Rs) for species ‘a’ and ‘b’ of an element was
alculated as Rs = 2(tRb − tRa)/(wa + wb), where tR represents the
etention time of a species and w denotes the baseline width of
peak. w was measured as the length of a segment between the

ntersections of the tangent lines on each side of the peak with the
aseline. The complete separation of adjacent peaks is signalled by
minimum Rs value of 1.5 [25].

The asymmetry factor of a peak (As) was calculated as As = B/A,
here A and B represent the distance between a perpendicular line
assing through the peak maximum and the edges of the peak on
he left and right side of the line, respectively, at 10% of the peak
eight [25]. Symmetrical peaks have As = 1.0. As is greater than 1.0
n case of peak tailing and its value will be less than 1.0 for fronted
eaks.

Analysis time (t) was measured as the retention time of the last-
luting peak. To avoid discrepancies which arise due to the delay
ime and the variation in the length of the tubing connecting the
2.7 [29]
2.27, 7.78 [28]
<0, 1.7 [28]
4.0, 8.5, 14.3 [28]

parts of the HPLC system, t was measured relative to the solvent
front (t0) as tR(last) − t0. A response function was set for t based
on preliminary studies as used elsewhere [26]: moderate separa-
tion of the analytes (with poor Rs and As for some of the species)
was achieved in about 400 s; hence, analysis time function (ta) was
defined as ta = t/400 s. ta close to or less than 1 were targeted in the
method optimization (see Section 3.2.2).

3. Results and discussions

3.1. Analyte species and their pKa values

The pKa values of the oxyanionic species (protonated form)
of the target elements are given in Table 2. Only the monomeric
species were considered because polymerization of the oxyanions
occurs only at high concentration in strongly acidic solutions [12].
According to these values, all the species except As(III) should exist
predominantly as anions in neutral and alkaline solutions. As(III)
should be 50% ionized at pH 9 and almost not ionized below pH 7.

3.2. Optimization of the chromatographic method

Optimization of a chromatographic method should be carried
out to find a condition which separates analytes with well-resolved
and symmetrical peaks in a short analysis time [30]. The present
anion-exchange HPLC-ICP-MS method was optimized using a
two-step multivariate approach. A two-level Plackett–Burman’s
factorial experimental design [31] was used to study the effect of
sample pH and the composition of the mobile phase in the initial
screening step. In the subsequent step, optimum conditions were
identified for the factors which showed significant effect on the
system, using a three-level FC-CCD [31] of experiments. Rs, As and
ta were used as response parameters for optimization (see Section
2.7 for the definition of the parameters).

3.2.1. Effect of experimental factors on the chromatographic
response parameters

The mobile phase was prepared from ammonium nitrate. Pre-
liminary experiments showed that this mobile phase cannot elute
Sb(III) from the anion-exchange column. This was possibly due to
the strong adsorption or on-column precipitation of the species
[29]. Literature reports show that the problem can be solved by
adding tartrate [13,32–34], citrate [35] or phthalate (with [36] or
without [37] EDTA) to the mobile phase. Lindemann et al. [13]
showed that tartrate gives better elution of Sb(III), thus, this reagent
(as its ammonium salt) was used in the present study.

The effect of sample pH and mobile phase composition (ammo-
nium nitrate and ammonium tartrate concentration, and pH) on the

chromatographic response parameters (Rs, As and ta) was studied
using a two-level Plackett–Burman’s factorial design of experi-
ments as shown in Table 3. The low and high (− and +, respectively)
values used in the design were: sample pH (3, 13), ammonium
nitrate concentration (20, 50 mM), ammonium tartrate concentra-
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Table 3
Plackett–Burman’s experimental design for studying the effect of sample pH and mobile phase composition (ammonium nitrate and ammonium tartrate concentrations, and
pH) on the chromatographic response parameters (Rs, As and ta).

Factor Analysis*

1 2 3 4 5 6 7 8 9 10 11 12

A − − + + + − − + − − + +
B + + + − + − − − − + − +
C + + + + − − − − + − + −
D − + − + + − + − − + + −

(A) Ammonium nitrate concentration, mM: (−) = 20, (+) = 50.
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B) Mobile phase pH: (−) = 4, (+) = 10.
C) Ammonium tartrate concentration, mM: (−) = 20, (+) = 80.
D) Sample pH: (−) = 3, (+) = 13.

* Each analysis was carried out two times using a solution containing 25 �g/L of

ion (20, 80 mM) and mobile phase pH (4, 10). The boundary values
f sample pH reflect the pH range in which leachates are prepared
ccording to the pH-dependent leaching test. The values for the
ther experimental factors were set based on preliminary studies
nd literature reports [13,14,16,32–34].

The analyses in Table 3 were carried out in a randomized
rder using solution III (see Section 2.2) in two replicates. A total
f 24 chromatograms were recorded and the chromatographic
esponses parameters were determined for the analytes from
ach chromatogram. The data obtained from the Plackett–Burman
xperiments gave the standardized main effect Pareto charts
hown in Fig. 1(a)–(c). The relative significance of the factors on
chromatographic response parameter was evaluated by compar-

ng the length of their bars. The effect of an experimental factor
s significant (at 95% confidence level) if its bar length is greater
han the critical value, 2.36. The plots show absolute values of the
stimated effects of the factors. In the present study, a factor was
aid to have a positive effect if an increase in its value improves the
hromatographic response parameter(s), i.e. if it provides high Rs,
ow ta or low As (no experimental condition gave peak fronting of
nalytes, hence As was ≥1.0 in all cases). A negative effect implied
hat increasing the experimental factor lowered Rs or increased As

nd ta.
The Pareto charts showing the effects of the experimental fac-

ors on the Rs for the As, Sb and Se species are presented in Fig. 1(a).
he concentrations of ammonium nitrate and ammonium tartrate,
nd the mobile phase pH were significant on the Rs of As(III)–As(V),
b(III)–Sb(V) and Se(IV)–Se(VI), except the concentration of ammo-
ium nitrate on the Sb species. The effect of the salts was negative,

.e. increasing the concentration of the salts decreased Rs. This may
e because a high salt concentration in the mobile phase decreases
he interaction of the ionic analyte species with the ion-exchange
ites leading to faster elution and poorer Rs of the analytes. The

obile phase pH had positive effect on the Rs of the As species and

egative effect on the Sb and Se species (the reasons are discussed
n Section 3.2.2).

The Plackett–Burman screening experiments showed that none
f the four experimental factors had significant effect on the As of

able 4
23 + star face-centred central composite design” matrix used for the optimization of the
oncentrations, and mobile phase pH.

Factor Analysis*

1 2 3 4 5 6 7 8 9 10

A 0 − 0 0 + 0 0 0 − 0
B + 0 0 0 0 − 0 0 + 0
C 0 0 − + 0 0 0 0 + 0

A) Ammonium nitrate concentration, mM: (−) = 20, (0) = 35, (+) = 50.
B) Mobile phase pH: (−) = 4, (0) = 7, (+) = 10.
C) Ammonium tartrate concentration, mM: (−) = 20, (0) = 50, (+) = 80.

* Each analysis was carried out three times using a solution containing 25 �g/L of each
f the analyte species (solution III, see Section 2.2).

the analytes except for Sb(III) and V(V). The chromatograms from
the experiments showed that the peaks of Sb(III) and V(V) were
tailed mostly at low mobile phase pH. As can be seen from Fig. 1(b),
the pH of the mobile phase had significant effect on the As for
both species and the ammonium tartrate concentration on that for
Sb(III). The effects were positive; increasing the factors decreased
the As for both species.

Fig. 1(c) presents a Pareto chart showing the effect of the four
experimental factors on ta. The mobile phase pH was the only factor
which had significant effect on this parameter; ta decreased as the
mobile phase pH increased. It was observed in the chromatograms
from the Plackett–Burman experiments that either Cr(VI), Mo(VI),
Sb(III) or V(V) were the last-eluting species (i.e. which determined
ta). According to the pKa values given in Table 2, the deprotona-
tion of the analyte species increases with increasing mobile phase
pH. Hence, the interaction of the analytes with the ion-exchanger
and in turn their retention times are expected to increase with pH.
However, when the mobile phase contains a negatively charged
component such as tartrate at a concentration much higher than
those of the analytes, the interaction of this component with the
ion-exchanger will decrease the elution time of the analytes [38].
The positive effect of the mobile phase pH on ta was probably due to
elevated elution capacity of the mobile phase which resulted from
the increased concentration of doubly charged tartrate ions at high
pH (tartrate: pKa1 = 3.0, pKa2 = 4.4).

As observed in Fig. 1(a)–(c), the concentrations of ammonium
nitrate and ammonium tartrate, and the mobile phase pH had
significant effect on the chromatographic response parameters of
most of the analyte species. The effect of sample pH was not signifi-
cant for any of the analytes; this may be because the pH of the small
sample portion injected into the HPLC system was dominated by
the pH of the larger volume of the carrier stream (the mobile phase).
3.2.2. Identifying optimum conditions for the significant
experimental factors

Table 4 shows the three-level FC-CCD of experiments used to
study the interdependence of the significant experimental factors
and to identify their optimal values. The upper and lower values for

three significant experimental factors; ammonium nitrate and ammonium tartrate

11 12 13 14 15 16 17 18 19 20

0 + − + 0 − 0 − + +
0 + − − 0 + 0 − − +
0 − − + 0 − 0 + − +

of the analyte species (solution III, see Section 2.2).
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ig. 1. Standardized main effect Pareto charts showing the effect of (A) ammonium
D) sample pH on (a) the resolution (Rs) for As(III)–As(V), Sb(III)–Sb(V) and Se(IV)–S
ta). The vertical lines in the charts indicate the minimum value for the statistical si
he significant factors were set as in the Plackett–Burman design
see Section 3.2.1), and the sample pH was kept at 7. The exper-
ments were run randomly in three replicates. The experimental
ata gave two second-order polynomial equations for the analytes
here ammonium nitrate and ammonium tartrate concentrations,

ig. 2. Contour plots showing the interdependence of a pair of experimental variables an
t its middle value (see Table 4). Contour areas: (Rs < 0.5), (Rs 0.5–1.0), (Rs 1.0–2.0
te concentration, (B) mobile phase pH, (C) ammonium tartrate concentration and
(b) the asymmetry factor (As) for Sb(III) and V(V), and (c) the analysis time function
ance of a parameter at 95% confidence level.
and mobile phase pH were independent variables, and Rs and As

were responses. A response equation of the same variables was
also obtained for ta. The models showed good agreement with the
experimental data as characterised by multiple regression coeffi-
cients (R2) of ≥0.992.

d their effect on the resolution (Rs) for As and Se species. The third factor was fixed
) and (Rs > 2.0).
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ig. 3. Contour plots showing the interdependence of a pair of experimental variab
iddle value (see Table 4). Contour areas: (As 1.0–2.0), (As 2.0–3.0) and (As

Contour plots were used to observe the interdependence
etween a pair of factors and the predicted responses. Optimum
alues were identified for the experimental factors by visu-
lly inspecting the plots. Representative plots are presented in
igs. 2–4; the plots show interactions between two factors within
heir experimental ranges keeping the third one at its middle
alue.

Fig. 2 presents contour plots which show the interaction
etween a pair of experimental factors and the predicted Rs for the
s and Se species. All the examined conditions resolved Sb(III) and
b(V) with Rs ≥ 2.0 (contour plots not shown). As can be seen from
he figure, the Rs for the As species can be >2.0 if the mobile phase
H is kept above 9, provided that the concentrations of ammo-
ium nitrate and ammonium tartrate are very low, i.e. less than
bout 25 mM and 30 mM, respectively. In this pH range, As(III) pre-
ominantly exists as AsO2

− and As(V) as HAsO4
2− or AsO4

3− (see
able 2). As the ionic strength of the mobile phase is lowered, the
nteraction between the two differently charged species and ion-
xchange site will be improved and results in better resolution for
he species. Rs in the range between 1.0 and 2.0 can be obtained over
he whole pH range at moderate salt concentrations (the maximum
alt concentration depends on the pH). The plots illustrate that Rs
ecreases when the concentration of mobile phase salts increases,
ecause the anionic analyte species will have less interaction with
he ion-exchange site when the ionic strength of the mobile phase
ncreases. The pKa values (Table 2) can be helpful in explaining the
ehaviour of the species. For example, the low Rs for As(III)–As(V) at

H below 6 is probably due to the predominance of singly charged
pecies of As(V), H2AsO4

− and uncharged species of As(III) in this
H region. At higher pH values the As(V) species become doubly
harged, whereas the As(III) species remain uncharged or singly
harged, giving rise to a higher Rs value.

ig. 4. Contour plots showing the interdependence of a pair of experimental variables a
iddle value (see Table 4). Contour areas: (ta < 0.75), (ta 0.75–1.5), (ta 1.5–2.0) an
d their effect on the asymmetry factor (As) for V(V). The third factor was fixed at its
The plots were similar for Sb(III).

The contour plots for Se in Fig. 2 show that all the examined
conditions separate Se(IV) and Se(VI) with a minimum Rs of 1.0.
The Rs can be increased above 2.0 if a mobile phase of pH < 6 is
used with maximum ammonium nitrate and ammonium tartrate
concentrations of 30–40 mM and 40–50 mM, respectively (the val-
ues depend on the mobile phase pH). Below pH 6 Se(IV) is singly
charged (HSeO3

−) whereas Se(VI) exists as SeO4
2− (see Table 2).

The species probably interact differently with the ion-exchange
sites resulting in high Rs. However, above pH 8, also Se(IV) becomes
doubly charged (SeO3

2−). Due to their very similar ionic radii [39],
SeO3

2− and SeO4
2− may interact with the ion-exchange sites in the

same way, and they will therefore be eluted close to each other.
Fig. 3 presents contour plots showing the effect of the experi-

mental factors on the As for V(V); the effects were similar for Sb(III).
As no experimental condition gave peak fronting, the As values were
≥1.0. As can be seen from the plots, the pH of the mobile phase sig-
nificantly affects the As of V(V) whereas the ammonium nitrate and
ammonium tartrate concentrations have less pronounced effect. A
mobile phase of high pH (mostly above 9) will lower the As of V(V)
to the range of 1.0–2.0.

The interaction between the experimental factors and their
effect on ta is shown in Fig. 4. The contour plots show that a mobile
phase of pH < 6 results in ta higher than 2.0 (t > 800 s) at all concen-
trations of the two salts. ta can be lowered below 0.75 (t < 300 s) if
the concentrations of ammonium nitrate and ammonium tartrate
are higher than about 35 mM and 50 mM, respectively, provided
that the pH of the mobile phase is above 9.
3.2.3. Compromise optimum condition
When several experimental parameters are optimized for the

simultaneous determination of a number of analytes, it may be diffi-
cult to find conditions which are equally optimal for all the analytes.

nd their effect on the analysis time function (ta). The third factor was fixed at its
d (ta > 2.0).
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Fig. 5. Chromatograms for the speciation analysis of the oxyanions of As, Cr, Mo,
Sb, Se and V using anion-exchange HPLC-ICP-MS. A standard solution containing
25.0 �g/L of each of the species was analysed using the optimum conditions estab-
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s can be inferred from the results discussed in Sections 3.2.1 and
.2.2, the optimum conditions predicted to give better chromato-
raphic responses vary among the analytes. For instance, a mobile
hase of low ionic strength improves Rs, but increases As (for some
pecies). A high mobile phase pH decreases As and ta, but had no
imilar effect on the Rs for the As, Sb and Se species. Therefore, it was
ompulsory to find a compromise condition at which the analytes
an be separated simultaneously with acceptable chromatographic
haracteristics. The compromise optimization was performed using
INITAB software. As observed from the results discussed in Sec-

ion 3.2.2, a high ionic strength mobile phase lowers the Rs for the
s species below 1 (the values depend on the mobile phase pH). In
ddition, the As of Sb(III) and V(V), and the ta are highly affected
y the mobile phase pH. The compromise optimization was carried
ut by setting limit values for these highly affected parameters; the
alues were Rs (1.0–1.5), As (1.5–2.5) and ta (1.0–1.5). The optimal-
ty of a condition for each parameter was measured as individual
esirability function (di) and the suitability of the condition for the
imultaneous analysis of the analytes was evaluated from the geo-
etric mean of the di values (composite desirability function, D)

40]. The compromise optimization of the factors gave an optimum
obile phase composition of 20 mM ammonium nitrate, 50 mM

mmonium tartrate and pH 9.5, with di and D values of ≥0.90 and
.96, respectively.

.3. Validation of the compromise optimum conditions

The validity of the predicted compromise optimum conditions
as experimentally verified by analyzing a standard solution con-

aining 25.0 �g/L of each of the analyte species (solution III, see
ection 2.2). 200 �L of the sample was injected and analyzed using
socratic elution at a mobile phase flow rate of 1.0 mL/min. The
hromatogram recorded for the analysis is shown in Fig. 5; the opti-
um condition provided baseline separation for the species of each

lement in less than 6 min (ta < 0.9). The As, Sb and Se species were
ell-resolved and peaks of acceptable symmetry were obtained for

ll of the species.

.4. Sensitivity improvement

In HPLC-ICP-MS systems where samples are introduced by con-

entional nebulization, the signal intensity will be relatively low
wing to the small sample volumes introduced. Water-miscible
rganic solvents such as methanol and acetonitrile can be added to
he mobile phase to improve the signal intensity of analytes [19]. In
his study, the mobile phase was treated with 1–3% (v/v) methanol.

ig. 6. Effect of methanol on the signal intensities of the analytes. The horizontal dotted
(1%), (2%) and (3%) (v/v) methanol added to the mobile phase.
lished in this study. Column: PRP-X100 anion-exchange column; mobile phase:
20 mM ammonium nitrate, 50 mM ammonium tartrate, pH 9.5; flow rate: 1 mL/min,
injected sample volume: 200 �L. Peaks: (1) AsO2

− , (2) AsO4
3− , (3) MoO4

2− , (4)
Sb(OH)6

− , (5) SbO2
− , (6) SeO3

2− , (7) SeO4
2− , (8) VO4

3− and (9) CrO4
2− .

As shown in Fig. 6, 1% methanol significantly increased the inten-
sities for most of the species. Further increase in intensity with
increasing amount of methanol was observed for As, Cr and V, but
the trend was opposite for Mo, Sb and Se. A methanol concentra-
tion of 1% (v/v) was used in further experiments (except for Fig. 7
where 2% methanol was used). Addition of the organic solvent did
not affect the chromatographic characteristics of the analytes apart
from increasing the background level for Cr with constant noise (see
Fig. 7).

3.5. Effect of matrix constituents

The effect of matrix constituents in the chromatographic sep-
aration of the target analytes was evaluated by addressing the
composition of leachate samples. Three concrete leachates of pH
3.5, 7.6 and 12.4 were spiked with 25.0 �g/L of each of the analyte
species and analyzed using the optimum chromatographic condi-

tion established in this study. Fig. 7 shows chromatograms for the
unspiked and spiked leachates. The chromatograms of the pH 12.4
leachate are similar to that of the standard solution in Fig. 5; the Rs
and the retention times of the analytes are similar for the two solu-
tions, indicating no significant matrix effects. This is because this

line represents the relative sensitivity of the analytes without methanol. Shadings:
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ig. 7. Chromatograms for the speciation analysis of the oxyanions of As, Cr, Mo, Sb
PLC-ICP-MS. Unspiked and spiked (25 �g/L) leachates were analysed using the f
mmonium nitrate, 50 mM ammonium tartrate, 2% (v/v) methanol, pH 9.5; flow rat
4) Sb(OH)6

− , (5) SbO2
− , (6) SeO3

2− , (7) SeO4
2− , (8) VO4

3− and (9) CrO4
2− .

eachate had a low concentration of interfering anions as it was
repared using only deionised water (see Section 2.4). But even for
he pH 3.5 and 7.6 leachates, which were prepared using leachants
cidified with HNO3, relatively small changes in the retention times
nd Rs were observed. The changes observed were possibly due to
he high concentration of NO3

− in these leachates which resulted
n faster elution of analytes. Apart from the small changes in reten-
ion time and Rs, no significant matrix effect was observed for the
hromatographic characteristics of the species in these leachates,
hich were prepared using leachants acidified with HNO3.

.6. Limit of detection (LOD)

The LOD of the analytes were determined as the concentration

hich provides a signal three times the level of the baseline noise

25]. Ten blank solutions were injected and the noise levels were
easured for each species at the respective retention times. With

% methanol in the mobile phase, the following LOD values, given
s �g/L of the target element, were obtained for a 200 �L injec-

able 5
otal concentrations (�g/L) of As, Cr, Mo, Sb, Se and V, and concentrations of the element
s the average of three determinations. The RSD values were in the range 2.9–7.5%.

pH Concentration (�g/L)a

As Sb Se Cr

Total Total Total Total C

3.5b 0.6 0.4 2.8 190 3
7.6b 1.2 1.4 3.6 17 1
10.3b 0.9 0.8 2.6 114 1
12.4 0.5 0.3 1.8 19 1

D: not detected (<LOD).
a The As, Sb and Se species were below LOD.
b Leachate prepared using leachants acidified with HNO3.
d V in leachates of a concrete material at pH 3.5, 7.6 and 12.4 using anion-exchange
ing condition; column: PRP-X110 anion-exchange column; mobile phase: 20 mM
L/min; injected sample volume: 200 �L. Peaks: (1) AsO2

− , (2) AsO4
3− , (3) MoO4

2− ,

tion volume: AsO2
− (0.6), AsO4

3− (0.5), CrO4
2− (2.2), MoO4

2− (0.2),
SbO2

− (0.9), Sb(OH)6
− (0.1), SeO3

2− (1.0), SeO4
2− (1.3) and VO4

3−

(0.2).

3.7. Speciation analysis of the target elements in leachates from a
concrete material

Four concrete leachates of pH 3.5, 7.6, 10.3 and 12.4 (see Section
2.4) were analyzed using the developed method to determine the
target oxyanionic species. The leachates were spiked with 10, 15
and 25 �g/L of each of the species and the analytes were determined
based on standard addition calibration. Table 5 presents the total
concentrations of As, Cr, Mo, Sb, Se and V and the concentrations of
the target species in the leachates. CrO4

2− was detected in all the

four leachates, MoO4

2− in all but the pH 12.4 leachate and VO4
3−

only in the pH 7.6 and 10.3 leachates. The As, Sb and Se species
were all below the LOD. Table 5 illustrates that Cr, Mo and V are
present in the leachates predominately as their oxyanions, except
for CrO4

2− at pH 3.5, which was much lower than total Cr at this pH.

s in the respective oxyanionic species in leachates of a concrete material. Each data

Mo V

rO4
2− Total MoO4

2− Total VO4
3−

2 2.1 1.6 1.8 ND
2 38 29 14 11
02 26 22 11 8
7 1.7 ND 0.6 ND
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second peak was identified for Cr at pH 3.5 close to the solvent
ront (see Fig. 7).

The results of this study for the speciation of Cr, Mo and V are
n good agreement with the findings of our previous works which
dentified the predominance of the anionic fractions of the ele-

ents in concrete material leachates [2,3]. Studies have identified
hat cement hydrate phases such as ettringite and calcium silicate
ydrate retain CrO4

2−, MoO4
2− and VO4

3− via different mecha-
isms [1,41,42] (see also the references therein). As the pH of the
ement matrix is lowered, these phases are degraded [41] releasing
he species from their structures into the leaching medium. The sec-
nd peak for Cr at pH 3.5 was probably due to cationic Cr species; the
harge-based fractionation analysis [2] identified a high cationic Cr
raction in acidic leachates (pH < 4).

. Conclusion

In this study, an anion-exchange HPLC-ICP-MS method was
ptimized for the speciation analysis of the oxyanions of As(III),
s(V), Cr(VI), Mo(VI), Sb(III), Sb(V), Se(IV), Se(VI) and V(V) in

eachates from cement-based materials of a broad pH range (3–13).
t is shown that a mobile phase containing ammonium nitrate and
artrate is suitable for the separation and analysis of the species;
artrate is required for the elution of Sb(III). The concentrations
f ammonium nitrate and ammonium tartrate, and the pH of the
obile phase were found to affect the selected chromatographic

esponse parameters, i.e. resolution, peak symmetry and analysis
ime, whereas the sample pH proved to have insignificant effect.
he optimum conditions determined by multivariate analysis were
erified experimentally, and confirmed the effective separation of
he analytes in less than 6 min. The signal intensities of the analytes
ere improved by a small amount (1%) of methanol in the mobile
hase. It is shown that the chromatographic response of the ana-

ytes is not much affected by the constituents of the leachate matrix,
ot even a very high concentration of nitrate affected the retention
ime and resolution much. The study thus illustrates that rela-
ively complex inorganic matrices can be analyzed with the present
PLC-ICP-MS approach. Analysis of leachates of a wide pH range

howed that Cr, Mo and V predominately exist in the leachates
s their oxyanions. The analytical method thus provides rele-
ant information regarding the pH-dependent release mechanism
nd stability after the release of the elements from cement-based
aterials.
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