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a b s t r a c t

A solid-phase extraction procedure using mini-columns packed with Chelex-100 and two new chelating
agents based on poly(vinyl chloride) functionalized with 3-ferrocenyl-3-hydroxydithioacrylic acid and
N,N′-[1,1′-dithiobis(ethylene)]-bis(salicylideneimine) (H2sales) loaded on microcrystalline naphthalene,
is reported. The columns were used to separate labile copper fractions in model solutions and in real
samples with subsequent determination using electrothermal atomic absorption spectrometry (ETAAS).

−1 2+ −1
eywords:
abile metal fraction
helating agent
helex-100
-Ferrocenyl-3-hydroxydithioacrylic acid

′ ′

Various model solutions containing 20 �g L of Cu and 0.0, 0.2, 2.0 and 20.0 mg L of humic acid,
respectively, and buffered to pH 6.0, 7.0 and 8.0 were considered. Results showed a decrease in labile cop-
per fraction with increase in humic acid concentration. Application of the procedure to speciation of Cu,
Ni, Zn and Pb in various environmental water samples yielded labile fractions in the range of 1.67–55.75%
against a total dissolved fraction of 44.08–69.77%. Comparison of the three chelating agents showed that

al ch
,N -[1,1 -dithiobis(ethylene)]-
is(salicylideneimine)

H2sales had a weaker met
strength to Chelex-100.

. Introduction

It has long been established that the toxicity, bioavailability,
obility and other critical properties of heavy metals depend on

heir speciation rather than their total concentrations only [1]. Thus
o fully understand the environmental chemistry of an element in
given system, it is important to identify and quantify the various

pecies (forms) that make up its total concentration. Several meth-
ds and techniques have been used to determine various heavy
etal species and fractions. A recent review by Pesavento et al. [2]

etails the traditional methods as well as the emerging ones. Of spe-
ial importance in speciation studies is the distinction between the
labile’ and ‘inert’ metal fractions. The labile fraction includes the
ree forms (aqua species, e.g. [Cu(H2O)6]2+) and simple complexes
haracterized by fast dissociation rates, while inert fraction repre-

ents the strongly bound metal complexes [3]. The labile fraction
s an indicator of the bioavailability and toxicity of heavy metals
as been supported by both the Free Ion Activity Model (FIAM) [4]
nd the Biotic Ligand Model (BLM) [5]. For this reason it is useful

∗ Corresponding author. Tel.: +254 067 52181; fax: +254 067 52164.
E-mail address: kiptoojac@yahoo.com (J.K. Kiptoo).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.07.119
elating strength than Chelex-100, but PVC-FSSH had comparable chelating

© 2009 Elsevier B.V. All rights reserved.

to estimate the composition of labile metal forms as a measure of
the potential risk posed by heavy metals in environmental water
systems.

Chelating resins have found widespread use in heavy
metal determination and speciation studies. In particular, the
iminodiacetate-based Chelex-100 has been widely used [6–8].
Since the discovery of the ability of Chelex-100 to separate labile
metal complexes by Florence and Batley [9], it has been used to
determine operationally defined ‘labile’ and ‘inert’ metal species
in water systems. When the chelating agent is packed in a col-
umn, the metal species retained by the column represents the
labile forms. Other workers have exploited changes in flow rates to
vary contact times and determine ‘very labile’, ‘moderately labile’,
‘slowly labile’ and ‘inert’ species [10,11]. Although many studies
have demonstrated Chelex-100 as an effective chelating agent for
solid-phase extraction of labile metal forms in water systems, new
chelating agents are being developed to meet emerging ecological,
environmental and other research challenges [12–14]. In addition,

many studies have not successfully demonstrated the relationship
between Chelex-100 separations and indices of biological response
such as toxicity and bioavailability [15]. Questions have been raised
about the relevance of the type of binding in Chelex-100 columns
to the metal binding modes encountered at biomembranes. It has

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:kiptoojac@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2009.07.119
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ETAAS to obtain labile forms of Cu, Zn, Ni and Pb.
ig. 1. The structures of poly(vinyl chloride) modified with 3-ferrocenyl-
-hydroxydithioacrylic acid, PVC-FSSH (a) and N,N′-[1,1′-dithiobis(ethylene)]-
is(salicylideneimine), H2sales (b).

een suggested that complexation involving thiol groups may be
etter models since these groups are present in biological systems.
or instance, the disulphide group is found in cystine, an important
onstituent of many proteins as well as lipoic acid, which partici-
ates in many enzymatic reactions. This group is well recognized
s a potential binding site for metal ions in many biological systems
16].

This paper reports results of studies on new chelating
gents based on poly(vinyl chloride) functionalized with 3-
errocenyl-3-hydroxydithioacrylic acid (PVC-FSSH) (Fig. 1a) and
,N′-[1,1′-dithiobis(ethylene)]-bis(salicylideneimine) loaded on
icrocrystalline naphthalene (Naph-H2sales) (Fig. 1b). Glass mini-

olumns packed with these chelating agents were used to separate
abile metal fractions in model solutions of humic acid and some
nvironmental water samples, with subsequent determination by
lectrothermal atomic absorption spectrometry (ETAAS). Results
re compared with those obtained using the commercially available
helex-100.

. Experimental

.1. Instruments

The determination of metal ions was performed using a Shi-
adzu AA-6800 electrothermal atomic absorption spectrometer,

himadzu Corporation (Kyoto, Japan) equipped with a deuterium
ackground corrector, a pyrolytic graphite tube atomizer and hol-

ow cathode lamps. The analytical wavelengths used for zinc, nickel,
opper and lead were 213.9, 232.0, 324.8 and 283.3 nm, respec-
ively. Other conditions were similar to those recommended by the

anufacturer. A HI 110 Hanna digital pH meter purchased from
anna Instruments (Póvoa de Varzim, Portugal), was used to mea-

ure pH, while a multi-channel Gilson Miniplus 3 peristaltic pump,
ilson International (Viliers Le Bel, France) was used to pump test
ater samples through the columns. Ultrahigh purity water (UHP)
sed in this work was obtained by passing distilled water through a
illi-Q reverse osmosis water system, Millipore Corporation (Bed-

ord, MA, USA).

.2. Reagents

All reagents used were of the highest purity available and
ere used without further purification. Standard stock solutions

−1 2+ 2+ 2+ 2+
1000 mg L ) of Zn , Ni , Cu and Pb , SAARCHEM (Johannes-
urg, South Africa) were diluted appropriately with UHP water to
btain the working solutions. Tetrahydrofuran (THF), ethylenedi-
minetetraacetic acid (EDTA), tris-[hydroxymethyl]aminomethane
nd naphthalene, Sigma–Aldrich Corporation (St. Louis, MO, USA)
Materials 172 (2009) 1163–1167

were of analar grade. Other reagents, nitric acid, sodium hydrox-
ide, hydrochloric acid, ammonia and humic acid, Fluka (Butchs,
Switzerland) were of spectral purity.

2.3. Preparation of microcrystalline Naph-H2sales

A Naph-H2sales solution was prepared by dissolving 2.0 g of
naphthalene and 0.5 g of H2sales in 20.0 mL of tetrahydrofuran. It
was then added drop wise into a conical flask containing 200 mL
of UHP water with continuous stirring at room temperature. The
Naph-H2sales precipitate formed was allowed to stand for 2 h after
which it was filtered, washed three times with UHP water and dried
at room temperature.

2.4. Preparation of solid-phase extraction (SPE) columns

The SPE columns were prepared by slurry-packing 0.1 g (in
UHP water) each of PVC-FSSH, Naph-H2sales and Chelex-100 resin
into glass columns of dimensions 50 mm × 2 mm, i.d. Both ends of
the column were fitted with small pieces of glass wool (soaked
overnight in 10% nitric acid and rinsed several times with UHP
water) to retain the resin in the column. A multi-channel Gilson
Miniplus 3 peristaltic pump furnished with silicone tubes was used
to pump the solutions through the column.

2.5. SPE procedure

The columns were first washed and then preconditioned prior
to sample loading. The PVC-FSSH column was washed by pass-
ing 10.0 mL of 2.0 M HCl to remove any adsorbed metal. It was
then preconditioned with 10.0 mL of 0.1 M Na2CO3 at the rate of
1.0 mL min−1, followed by 10.0 mL of UHP water. The Naph-H2sales
column was first washed with 10.0 mL of 0.1 M EDTA followed by
10.0 mL of UHP water. The Chelex-100 column was first washed
with 10.0 mL of 2.0 M HCl and then converted to the calcium form
by passing 10.0 mL of 2.0 M Ca(NO3)2 through and finally washed
with 10.0 mL of UHP water. Model solutions containing 20.0 �g L−1

of Cu2+ and 0.0, 0.2, 2.0 and 20.0 mg L−1 of humic acid were pre-
pared in 0.05 M Tris buffer (tris-[hydroxymethyl]aminomethane).
pH was adjusted to 6.0, 7.0 and 8.0 using 2.0 M HNO3 or 2.0 M
NaOH. The model solutions were left to stand for 48 h at room
temperature. 50.0 mL of the model solutions were passed through
the columns at a flow rate of 0.5 mL min−1. The columns were
washed with 10.0 mL of UHP and the adsorbed metal ions were
finally eluted with 1.0 mL of 2.0 M HCl (PVC-FSSH and Chelex-100
columns) or 1.0 mL of 0.1 M EDTA (Naph-H2sales column) at a flow
rate of 1.0 mL min−1. The eluents were determined for labile copper
using ETAAS.

2.6. Speciation of Cu, Zn, Ni and Pb in environmental water
samples

The SPE procedure described in Section 2.5 was applied to the
speciation of Cu, Ni, Zn and Pb in real water samples, namely surface
water, borehole water and brewery wastewater samples. The sam-
ples were first filtered through a 0.45-�m membrane filter. Aliquots
of the filtered samples (100.0 mL) were then passed through the
column at a flow rate of 0.5 mL min−1 and the retained metal was
subsequently eluted at 1.0 mL min−1. The eluent was analyzed by
Total metal was obtained by subjecting the unfiltered samples to
conventional acid digestion (HNO3/HClO4, 3:1) with direct deter-
mination by ETAAS. To determine the dissolved metal fraction, the
samples were filtered through a 0.45-�m membrane filter and then
analyzed directly by ETAAS.
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. Results and discussion

This study compares the ability of three chelating agents
ith different functionalities to separate labile metal fractions

rom aqueous solutions. The styrene–divinylbenzene copolymer
ncorporating iminodiacetate groups (Chelex-100) is well known
s a strong chelating agent, and has been used in the equi-
ibrium as well as column techniques in speciation studies.
VC-FSSH (Fig. 1a) was synthesized in our laboratory and has
een shown to exhibit strong metal complexing ability through
he O,S donor set. It was successfully used to preconcentrate some
eavy metal ions from water samples [17]. The ligand N,N′-[1,1′-
ithiobis(ethylene)]-bis(salicylideneimine) (Fig. 1b) was prepared
rom the condensation reaction between cystamine and salicylde-
yde following a procedure earlier reported in the literature [16],
nd incorporated into microcrystalline naphthalene to make it
menable to the column procedure. The disulphide group in H2sales
as been shown to exhibit weak metal ligation [16], but is stabilized
y the neighbouring ring –OH groups. Our interest in this work was
o compare the metal speciation capabilities of the three chelating
gents in model solutions as well as in real water samples.

.1. Effect of humic acid concentration on labile metal fraction in
odel solutions

Humic substances (including fulvic acids, humic acids and
umin) form a major portion of dissolved organic carbon in fresh-
ater systems [18]. Their complexation reactions with metal ions

re known to affect trace metal speciation, mobility in the environ-
ent and toxicity. Therefore, knowledge of metal binding to humic

ubstances is critical. For this reason, fulvic acids and humic acids
re often used to model metal complexation patterns in freshwater
ystems. We therefore used a commercial humic acid and mod-
led the pH (6–8) and humic acid concentrations (0.0–20.0 mg L−1)
o represent the conditions that obtain in most natural water sys-
ems. The Cu2+ ion is known to exhibit a strong affinity for natural
omplexing ligands. For this reason it is often used to model metal
omplexation reactions in water systems [19–21]. Copper com-
lexation with humic acids has been assumed to be complete
ithin the equilibration period of 48 h. In the separation of labile
etal fraction, the competing ligand exchange method (CLEM) is

mployed with PVC-FSSH, Naph-H2sales and Chelex-100 as com-
eting ligands, with subsequent determination using ETAAS. The
ollowing reactions are envisaged: the metal ions interact with the
eak and strong binding sites of humic acid to form labile and inert

omplexes, respectively (Eq. (1)) (charges omitted for simplicity).

+ HA � MHA(labile) + MHA(inert) (1)

n the solid-phase extraction step, the labile metal–humic acid
omplex is assumed to undergo a first-order or pseudo-first-order
issociation to give the free metal ion, which is then retained by the
helating agent (L) in the column (Eqs. (2a) and (2b)). Thus in princi-
le, the metal fraction retained in the column represents free metal

ons and easily dissociated complexes. The CLEM has been applied
n similar studies and the theory is well covered in the literature
22].

HA(labile) � M + HA (2a)

+ L(column) → ML(column) (2b)

ecovery values of copper ions extracted by the chelating agents

rom the model solutions with no humic acid added were quantita-
ive (recoveries >95%) at all pH values for Chelex-100 and PVC-FSSH
Fig. 2a and b), demonstrating the strong chelating ability of the
wo resins. Using the Naph-H2sales column, quantitative recover-
es were obtained at pH 7.0 and 8.0, but not at pH 6.0 (92.43%).
Fig. 2. Labile copper (%) in model solutions humic acid (HA) obtained after sorption
onto Chelex-100 (a), PVC-FSSH (b) and Naph-H2sales (c) columns.

H2sales is a Schiff base and is expected to be more sensitive to pH
changes. It is possible that H2sales is slightly protonated at this
pH, significantly reducing its metal chelating ability. Furthermore,
the disulphide group is known to exhibit weak metal chelating
property. A significant decrease in the proportion of labile cop-
per fraction with increase in humic acid concentration is observed
(Fig. 2a–c). The difference between copper recovery values in the
model solutions of copper ions without humic acid (free forms)
and those in which humic acid was added, gives the inert forms.
Thus the highest composition of inert copper forms are observed
in the model solutions with the highest humic acid concentration
(20.0 mg L−1).

Humic substances (including humic acids) are irregular poly-
meric macromolecules with variable structures depending on their
origin. Their metal exchange capacity has been attributed mainly to
the presence of carboxylic and phenolic hydroxyl groups [23,24].

The complexation capacity of humic acids has been estimated to
be about 4.88 mmol g−1 [25]. Based on this, the calculated ratio
of binding sites to the metal ion concentration in the model solu-
tions is about 30, 300 and 3000 for concentrations of 0.2, 2.0 and
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Table 1
Total, dissolved and labile metal fractions in surface water (SW), borehole (BH) water and brewery wastewater (BW) samples.

Sample identity Element Total (�g L−1) Dissolved (�g L−1) Labile fraction (�g L−1)

Chelex-100 PVC-FSSH Naph-H2sales

SW Cu 9.13 ± 2.18 6.37 ± 1.47 4.41 ± 0.58 5.09 ± 0.64 2.45 ± 0.22
Ni 12.80 ± 1.72 5.77 ± 0.94 2.08 ± 0.66 1.94 ± 0.42 0.88 ± 0.19
Zn 15.45 ± 2.83 10.16 ± 3.71 5.89 ± 0.42 5.11 ± 0.80 2.14 ± 0.49
Pb 2.40 ± 0.48 1.06 ± 0.39 0.08 ± 0.02 0.12 ± 0.03 0.04 ± 0.01

BH Cu 15.01 ± 2.25 8.23 ± 1.96 6.70 ± 1.02 5.32 ± 0.94 3.52 ± 0.32
Ni 18.06 ± 1.87 7.07 ± 1.85 4.67 ± 0.72 4.02 ± 0.68 2.57 ± 0.44
Zn 10.12 ± 3.33 8.44 ± 2.15 5.70 ± 1.01 5.17 ± 0.98 3.90 ± 0.89
Pb 1.93 ± 0.61 0.64 ± 0.04 0.72 ± 0.09 0.85 ± 0.06 0.08 ± 0.02
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BW Cu 24.53 ± 4.31
Ni 16.44 ± 2.47
Zn 42.18 ± 6.14
Pb 7.40 ± 0.99

0.0 mg L−1 humic acid solutions, respectively. The labile copper
raction determined using the column technique is assumed to be

etal bound to weaker binding sites, and the inert fraction to be
ound to strong binding sites. Given that up to a maximum of about
0% of the metal was present as the inert fraction, against a large
xcess of available binding sites, the implication is that only a small
raction represent strong binding sites.

At low pH, the competition between the proton and the metal
ons for binding sites is high. Hence it is expected that lability
ncreases with increase in pH. It should be noted that at high pH,
he Chelex-100, PVC-FSSH and Naph-H2sales are deprotonated and
herefore their metal binding strength is expected to increase. Sim-
larly, the carboxyl groups and the phenolic hydroxyl groups in
umic acids are also deprotonated at high pH and also expected
o bind metal ions strongly. Overall, an increase in pH favours
helating agents owing to their stronger chelating ability, hence
he observed increase in lability at higher pH values. In addition,
ydrolysis becomes significant at higher pH, further contributing
o the labile fraction. This may explain why the labile fraction is
enerally higher at pH 8.0.

.2. Speciation of copper, nickel, zinc and lead in environmental
ater samples

The SPE columns packed with Chelex-100, PVC-FSSH and Naph-
2sales were also used to separate labile copper, nickel, zinc and

ead in real water samples. Surface water (SW) samples were col-
ected from the Okavango delta, Botswana, while borehole (BH)

ater samples were collected from boreholes around Gaborone
ity, Botswana. Brewery (BW) wastewater samples were collected
rom the settling/septic tank of the Kgalagadi Breweries plant sit-
ated at Gaborone, Botswana. Table 1 gives the results of total,
issolved and labile Cu, Ni, Zn and Pb. As expected, the values of
otal metal content obtained after acid digestion was the highest
ompared to the dissolved and labile metal content. Total metal
ontent comprises of the inert and labile metal complexes as well
s particulates. The dissolved fraction obtained by direct ETAAS
etermination after filtration through 0.45-�m membrane filter
ere comparable for the surface water (mean 56.94%) and bore-
ole water (mean 52.63%) samples, while it was much lower in
he case of brewery wastewater samples (mean 23.14%). This is
ndicative of the proportion of particulate matter in the samples.
verall, about 50% of the total metal forms are present in the dis-
olved fraction (11.25–83.40%), while the labile fraction is much
ower (1.67–55.75%), depending on the type of column used. The
roportion of labile species is dependent on the nature of the
ompeting ligand in the column and the ligands present in the sam-
le. Brewery wastewater had the least proportion of labile species
6 ± 1.05 1.09 ± 0.71 0.86 ± 0.09 0.40 ± 0.06
5 ± 0.80 0.43 ± 0.12 0.55 ± 0.08 0.15 ± 0.03
7 ± 2.91 3.39 ± 1.30 3.02 ± 0.89 1.78 ± 0.73
0 ± 0.45 0.54 ± 0.07 0.60 ± 0.07 0.22 ± 0.06

(1.67–26.83%) followed by freshwater (3.33–45.34%) and borehole
water (5–55.75%). This is indicative of the nature of the ligands
present in the water system. Brewery wastewater is expected to
contain strong complexing ligands, mainly carbohydrates and some
protein materials. Thus the metals may be present in strongly com-
plexed forms that cannot be retained in the column. Complexing
ability of borehole and freshwater samples may be attributed to
humic substances, which are ubiquitous in freshwater systems.

A comparison of the three columns shows that the Naph-H2sales
column yielded the lowest fraction of labile forms (1.67% Pb, 6.88%
Ni, 13.85% Zn, and 26.83% Cu). H2sales bonds through the imine
nitrogen, phenolic hydroxo groups and weakly through the disul-
phide group [16]. Overall, the results show that H2sales is a weaker
chelating agent compared to Chelex-100 and PVC-FSSH. This is con-
sistent with the results obtained when using model solutions of
copper.

4. Conclusions

Columns packed with Chelex-100, PVC-FSSH and Naph-H2sales
have been used in speciation studies of copper (20.0 �g L−1) in
model solutions containing 0.2, 2.0 and 20.0 mg/L of humic acid.
Results show that lability decreases with increase in humic acid
concentration to a minimum of about 50% at 20.0 mg L−1 of humic
acid, suggesting that only a small fraction of the binding sites in
humic acids are strong complexing sites. Results from environmen-
tal samples (borehole water, river water and brewery wastewater)
showed that most of the heavy metals existed in the inert (non-
labile) fractions suggesting that strong natural complexing agents
are present in these water samples. Comparison between the
three chelating agents showed that Chelex-100 and PVC-FSSH were
of comparable chelating strengths, while Naph-H2sales displayed
weaker exchange capacity as revealed by the consistently lower
values for labile metal fraction in synthetic model solutions and
real water samples.
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