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Abstract

Transition metals [Fe(III), Fe(Il), Cu, Ni, Zn, Co, Cd, Mn] were separated using a mixed-bed ion-exchange column
(Dionex IonPac CS5A). A pyridine2-6-dicarboxylic acid eluent was used and detection was accomplished using post-column
reaction with 4-(2-pyridylazo)resorcinol and absorbance monitoring at 530 nm. Under the suggested chromatographic
conditions both Mg”>* and Ca’", up to 0.1 g/l and 0.3 g/, respectively, do not interfere with separation quantitation.
Detection limits ranged from 0.06 pg/1 for Co(Il) to 0.38 wg/1 for Fe(Il). The calibration graphs were linear (r*>0.986)
over two orders of magnitude (5-5000 ng/l). The selective separation of eight metals in 20 min was obtained and the
method was applied to the analysis of natural and waste waters related to the maintenance of a sewage treatment plant.
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1. Introduction

The use of ion chromatography (IC) for the
determination of metals in water samples is very
diffuse. IC offers several advantages for the metals
determination which include the ability for oxidation
state speciation (i.e.,: Fe’" /Fe’", Cr’* /Cr®", Sn?*/
Sn**, etc.) and the multi-element capability in a
single analysis. Thus, IC is a useful tool for bioavail-
ability studies of metals and their effect on the
environment. Conversely the low concentration g/
1) of metals and the relatively high concentrations of
alkali and alkaline—earth metals in environmental
samples represent a limitation in use of IC for direct
metal analysis. In order to deal with this problem,
significant work has been done utilising matrix
elimination and/or preconcentration in order to

*Corrcsponding author.

minimize interference and to lower detection limits
[1-8].

Most IC methods for metal separations are based
on cation-exchange with reversible complexation [9—
18], while fewer studies have explored anion-ex-
change with irreversible complexation. The anion-
exchange approach does offer some advantages with
respect to selectivity and for the analysis of complex
samples [19-25]

This paper focuses on the development of a simple
IC method for the determination of eight common
metals in aqueous matrices using and a new mixed-
bed ion-exchange column, the Dionex IonPac CS5A.
The selectivity control is the main advantage of a
mixed-bed column for transition metals separation,
because a mixed-bed column allows separation of
transition metals by cation, anion or cation/anion-
exchange depending on the complexing agent
chosen. In this case, for the intended application, the
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anion-exchange selectivity with post-column reaction
(PCR) and visible absorbance detection was pre-
ferred. Linearity, reproducibility, detection limits and
interference due to alkaline—earth metals (noticeably
Mg and Ca) were evaluated. The influence of in-
jection volume (up to 1 ml) on the chromatogram
was studied, the injection size of the samples lowers
the detection limits to less than 1 pg/l, comparable
to atomic absorption spectrometry (AAS) or induc-
tively coupled plasma--atomic emission spectrometry
(ICP-AES) techniques.

The determination of transition metals in real
samples, such as river water, tap water and effluents
from urban waste treatment-plants, without the need
for complete acid digestion of the samples is shown.

2. Experimental
2.1. Instrumentation

Chromatographic analyses were performed on a
metal-free high-pressure ion chromatograph, Model
45001 (Dionex, Sunnyvale, CA, USA) which in-
cluded one gradient pump GPM-2, a post-column
pneumatic controiler for post column reagent addi-
tion, and a VDM-2 variable wavelength absorbance
detector at 530 nm. A Rheodyne Model 9126
injector was used with different volume sample
loops. The injection volume was selected in relation
to metal concentration.

Trace of metals in the chromatographic system
were removed by flushing all flow paths, pump and
columns with 5X concentrated eluent at 1 ml/min
prior to use.

The 250X4 mm I.D. IonPac CS5A (Dionex)
analytical column was used for the separation of
transition metals. The 50X4 mm L.D. IonPac CG5SA
guard column is placed prior to the IonPac CS5A to
prevent potential fouling of the analytical column. In
order to remove oxygen from columns, a solution of
0.1 M sodium sulfite was pumped through the
columns for 1 h.

All measurements were made isocratically and at
room temperature. In all cases, injection of the
sample was done at least in triplicate. All the
samples were filtered through 0.45 pm filter. The
sample loop ranged from 50 to 1000 pl and 750 pli

Table 1
Ton chromatographic conditions

Fe(1IT), Cu, Ni, Zn, Co, Cd, Mn, Fe(II)

Column IonPac CG5A+CS5A
Eluent 7 mM PDCA
66 mM KOH
5.6 mM K,SO,
74 mM HCOOH
(pH 4.2)
Eluent flow-rate 1.0 ml/min
Injection volume 750 wl
Detection Visible absorbance (530 nm)
Post-column 0.3 mM PAR
reagent 1 M 2-dimethylaminoethanol
0.5 M NH,OH
0.3 M NaHCO,
(pH 10.4)
PCR flow-rate 0.6 ml/min

was chosen for all the determinations. Chromato-
graphic conditions are summarized in Table 1.

Data manipulation and the operation of all com-
ponents in the system were controlled by Dionex
AI-450 chromatography software and interfaced via
an ACI-2 Advanced Computer Interface to a 80486
based computer (Olivetti, Ivrea, Italy).

2.2. Reagents and standards

All reagents were analytical grade and must
contain very low concentrations of trace metals.
Nitric acid and hydrochloric acid were Suprapur
(Merck, Darmstadt, Germany). Pyridine-2,6-dicar-
boxylic acid (PDCA) and 4-(2-pyridylazo)resorcinol
(PAR) were obtained from Aldrich (Milwaukee WI,
USA). Potassium hydroxide, potassium sulfate, for-
mic acid, 2-dimethylaminoethanol, ammonium hy-
droxide and sodium bicarbonate were analytical
reagent grade (Novachimica, Milan, Italy). Ultrapure
water with conductivity <0.1 pS (DI water) was
obtained from a Milli-Q system (Millipore, Bedford,
MA, USA).

Working standard solution of metals were pre-
pared by serial dilution of stock standard solutions of
each metal containing 1000 mg/l (BDH, Poole, UK).
Normal precautions for trace analysis were observed
throughout.
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2.3. Mixed-bed ion-exchange column

The IonPac CS5A has been designed to separate a
broad range of chelated metal complexes by anion-
and cation-exchange chromatography. The column
has a 55% cross-linked, microporous, hydrophobic
poly(ethylvinylbenzene—divinylbenzene) based resin
core that has been agglomerated with 2 layers of
permeable ion-exchange latex particles. The first
sulphonic latex layer is attached to the surface of the
structural polymer by a quaternary amine graft. The
outer aminated latex layer is electrostatically bonded
to the sulphonic layer. Hydrated and weakly com-
plexed metals can be separated as cations on cation-
exchange sites. By adding a chelating carboxylic
acid to the eluent the net charge on the metal is
reduced, and if the chelating agent concentration is
high and the 8 constant is >10" then the net charge
of metal complexes is negative and the metal ion
complexed can be separated by anion-exchange.

2.4. Eluent

The eluent is 7.0 mM PDCA, 66 mM potassium
hydroxide, 5.6 mM potassium sulfate and 74 mM
formic acid. The pH of the eluent was 4.2. The
PDCA eluent was purged with nitrogen for 20 min
before use, since ferrous ion is easily oxidized to
ferric ion.

Eluent flow-rate was 1 ml/min.

2.5. Post-column reagent

The post-column reagent was 0.3 mM PAR, 1 M
2-dimethylaminoethanol, 0.5 M ammonium hydrox-
ide and 0.3 M sodium bicarbonate. The pH of the
reagent was 10.4. Prior to use, the reagent must be
filtered on 0.2 wm filter. Since PAR is readily
oxidized by oxygen, the reagent was degassed and
store under nitrogen. The reagent flow-rate was set at
0.6 ml/min.

2.6. Samples

Water samples were collected using a poly-
(ethylene) bottle washed with nitric acid and DI
water before use. Samples were acidified immedi-
ately after collection by the addition of 6 M hydro-

chloric acid (pH 2). The acidification of the sample
eliminates the adsorption of metals on organic
colloids and lowers oxidation rate of Fe(II) [26].

Waste water contains organic ligands that complex
with trace metals. Therefore, when using IC without
sample treatment, only the free metal and moderately
complexed metal ions will be determined. Organic
interferences cannot always be removed by acidifica-
tion: however, it is very important to have knowl-
edge of this fraction as it is most toxic to organisms.
Filtration is an essential step in the collection of this
type of sample. Before filtration, the filter was
leached with 500 ml of ultrapure water. After
acidification, samples were filtered through a Milli-
pore membrane with 0.2 wm nominal pore size and
stored at 4°C. The samples were analysed within one
week after filtration.

3. Results and discussion

3.1. Chromatographic separation

Since the IonPac CS5A has both anion- and
cation-exchange capacity, metals can be separated by
cation- and anion-exchange. Thus, major selectivity
changes can be made by simply changing the eluent.
For example, a separation of transition and heavy
metals such as Pb(II), Cu(Il), Cd(II)+Mn(Il),
Co(II), Zn(II), and Ni(II) is achieved using an oxalic
acid eluent. This separation has both an anion- and
cation-exchange component since metals such as
Pb(Il) and Cd(Il) form relatively weak complexes
with oxalate. With the oxalate eluents, Mg(II) and
Ca(II), which are typically present at relatively high
levels in many water samples may precipitate on the
column as insoluble oxalate complexes. There is also
a need for injecting large volumes of samples (up to
1 ml) in order to detect metal concentrations at the
pg/l level.

PDCA forms strong anionic complexes, cumula-
tive stability constant 8,>>10°, with most metal ions.
Thus, the separation of metals with PDCA and the
IonPac CSSA column is an anion-exchange sepa-
ration chosen despite longer retention times (about
20 min) as in Fig. 1. For waste water samples, the
PDCA separation is superior to the oxalic separation
since Mg(Il) elutes without interfering with Mn(1l)
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Fig. 1. Chromatogram of a standard solution of eight transition and heavy metals (chromatographic conditions as in Table 1). Peaks:
1=Fe’", 2=Cu*", 3=Ni’", 4=2n*", 5=Co’", 6=Cd’", 7=Mn’" and 8=Fe’". Concentration 30 pg/] each.

and Fe(Il) and Ca(II) only slightly affects retention
time of the other metals. In addition, the PDCA
eluent allows for the Cd(II) and is possible to made
Fe(ILIH) speciation. Analysis time can be reduced
by increasing the temperature to 40°C, increasing the
flow-rate to 1.2 ml/min and using gradient elution,
but in these cases faster elution increases Mg inter-
ference with Mn(II) and Fe(Il). The elution 1s
influenced also by pH and concentration of the eluent
[27].

Because of the necessity of sample acidification,
the influence of sample pH was also investigated. No
relevant influence of sample pH was observed on the
separation to pH 1. Fig. 2 shows chromatograms of
deionized water acidified at pH 2 with hydrochloric
acid.

3.2. Interferences

The selectivity of IonPac CSS5A was evaluated in
order to avoid the potential interference of main
cationic components in water samples, i.e., alkali and
alkaline—earth metals. Alkali metals do not interfere
with the determination, while Mg and Ca reacts with
PAR, but the sensitivity in these IonPac CSSA
operating conditions is 100-500 times lower than
that of transition metals [28]. Mg elute in the

chromatogram, can thus interfere at high levels. High
levels of Mg and Ca can overload the PDCA eluent
and anion-exchange portion of the column due to the
formation of Mg[PDCA]:™ and Ca[PDCA]". Thus
efficiency and retention times of transition metals
will be adversely affected. An evaluation of limiting
concentration of Mg and Ca was made and Fig. 3
shows the chromatogram of eight metals spiked with
0.1 g/1 of Mg(Il) and 0.3 g/l of Ca(II).

3.3. Linearity and detection limits

This method shows a good linearity for all consid-
ered metals (r*>0.986) for concentrations ranging
from 5 to 5000 pg/l. The use of a large loop (750
jul) lowers the detection limits and does not have any
detrimental effect on peak efficiency or asymmetry.
Under these large volume injections, the relatively
large quantity of water injected into the eluent stream
does not elute the metals present in the sample.
Instead, the metals concentrate at the head of the
column. The detection limits, calculated according
IUPAC suggestions [29], are summarised in Table 2.

3.4. Samples

Samples relative to River Lenne water, inlet and
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Fig. 2. Chromatogram of a blank. Sample solution was HCI (pH 2) then diluted 1:10 (v/v) prior to injection (chromatographic conditions as

in Table 1).

outlet stream of a sewage treatment plant, and well
water were analysed. Samples were acidified with 6
M hydrochloric acid to pH 2 then filtered and diluted
1:10 (v/v) with DI water. Chromatograms relative to
River Lenne, inlet stream and outlet stream and well

for these samples are summarised in Table 3.
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Fig. 3. Chromatogram of an eight-metals standard solution (300 pg/! each) and spiked with 0.1 g/1 of Mg”" and 0.3 g/l of Ca’". Sample
solution was HCI (pH 2) then diluted 1:10 (v/v) prior to injection (chromatographic conditions as in Table 1).

water are shown in Figs. 4-7, respectively. IC data

The knowledge of chemical speciation of trace
metals in natural waters is essential for the interpre-
tation of biological cycling of metals. The non-labile
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Table 2

Limit of detection (LOD) and limit of quantitation (LOQ) for
different metals calculated on IonPac CSSA column according
TUPAC guidelines [29]

Element LOD** LOQ*
Fe(III) 0.15 0.28
Cu(II) 0.32 0.59
Ni(II) 0.12 0.19
Zn(1I) 0.33 0.60
Co(II) 0.06 0.10
Cd(II) 0.61 1.1
Mn(Il) 0.09 0.17
Fe(Il) 0.38 0.70

* Values in pg/l. Injected volume 750 ul.

fraction is the one not determined by IC and likely
includes stable metal complexes with fulvic and/or
humic acids and metals strongly associated with
colloidal particles. This fraction could be determined
by difference if total metal concentration is de-
termined, for example after sample acidic digestion.

In natural waters, complexation of trace metals by
humic acids is dependent on the pH value [30]. At
pH>5 a large fraction of transition metals is com-
plexed. Under these conditions, there is a lower
concentration of H+ ions to compete for binding
sites on the humic and fulvic acids. Thus, the metals

100 T

will be bound more strongly to the humic and fulvic
acids.

The capability of forming more or less stable
complexes depends on both metal and ligand type. In
river water, for example, Cd(II) and Zn(II) exist
primarily as labile metal species [31-33], while a
significant fraction of Cu(ll) is strongly associated
with organic matter. About 30% of Cu(II) in humic
acid solution and river water samples were bound to
species with size greater than 5.1 nm [34], thus
acidification and filtration of the sample are fun-
damental together with standard addition method for
quantitation.

4. Conclusions

The novel IonPac CS5A allows the simple and
efficient determination of trace levels of transition
metals in natural and waste waters. Low detection
limits can be achieved using larger (750 pl) sample
volumes.

The possibility of labile or weak complexed
metals determination by direct injection of the
sample without any further manipulation is very
important for reduction of analysis time and for
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Fig. 4. Chromatogram of River Lenne water. Sample solution was HCI (pH 2) then diluted 1:10 (v/v) prior to injection (chromatographic
conditions as in Table 1). Peaks: 1=Fe*" (0.11 mg/1), 2=Cu>" (0.64 mg/1), 3=Ni>" (56.8 pg/l), 4=Zn>" (0.78 mg/1), 7=Mn>" (22.9

wg/l).
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Fig. 5. Chromatogram of the inlet stream of sewage treatment plant. Sample solution was HC! (pH 2) then diluted 1:10 (v/v) prior to

injection (chromatographic conditions as in Table 1). Peaks: 1=Fe" (0.29 mg/1), 2=Cu*" (5.87 mg/1), 3=Ni’*" (0.42 mg/1), 4=7Zn*"
(23.8 mg/l), 6=Cd** (0.12 mg/).

lowering the risk of chemical contamination of the
sample. Examples shown demonstrate the ap-

natural waters and waste waters. In this last case,
plicability to the analysis of real samples, such as

particularly for the ease of automation, the method
represents a valuable alternative for metals controlled
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Fig. 6. Chromatogram of the outlet stream of sewage treatment plant. Sample solution was HCI (pH 2) then diluted 1:10 (v/v) prior to
injection (chromatographic conditions as in Table 1). Peaks: 1=Fe’” (35.4 ug/1), 2=Cu*" (0.14 mg/l), 3=Ni’" (35.6 pg/l), 4=7zn**
(0.57 mg/1), 8=Fe’* (1r.).
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Fig. 7. Chromatogram of a sample of well water. Sample solution was HCl (pH 2) then diluted 1:5 (v/v) prior to injection (chromatographic
conditions as in Table 1). Peaks: 1=Fe’* (75.8 pg/l), 2=Cu** (0.13 mg/l), 3=Ni*"* (15.6 pg/1), 4=Zn*" (0.61 mg/l), 7=Mn>" (18.2

pg/l), 8=Fe’" (25.7 pg/l).

in different processes of water treatment and the
control of final efftuent.

It should be remembered that only free and
moderately labile metal fractions are determined by
the IC method. If the total concentration is required,
the sample must be digested.

Table 3

Summary of results in IC metal analysis of different water
samples related to sewage treatment plant streams

Elements Samples
River Inlet Outlet Well
Lenne stream stream water
Fe(II) 0.11 0.29 0.035 0.076
Cu 0.64 5.87 0.14 0.13
Ni 0.057 0.42 0.036 0.016
Zn 0.78 238 0.57 0.61
Co - - - -
Cd - 0.12 - -
Mn 0.023 - 0.018
Fe(Il) - - tr. 0.026

Values in mg/l. R.S.D.£10% (range 0.005-0.100 mg/l); *4%

(range 0.010-5.00 mg/1).
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