Fresenius J Anal Chem (1999) 363: 662—666

© Springer-Verlag 1999

ORIGINAL PAPER

C. Locatelli - G. Tors - T. Garai

Determination of heavy metals in environmental bio-indicators
by voltammetric and spectroscopic techniques

Received: 7 June 1998 / Revised: 2 November 1998 / Accepted: 5 November 1998

Abstract The determination of copper, lead, cadmium
and zinc in matrices involved in the food chain as algae,
species Ulva rigida, and clams, species Tapes philip-
pinarum by differential pulse anodic stripping voltamme-
try (DPASV) was carried out. For the mercury determina-
tion in these matrices, a new accurate and precise method
was devel oped employing a mixture of concentrated acids
H,S0,-K,Cr,0O; for digestion and subsequent cold vapor
atomic absorption spectrometry (CV-AAS) by reduction
with SnCl,. The analytical procedures were verified for
four reference standard materials: Ulva lactuca BCR-
CRM 279, Lagarosiphon major BCR-CRM 060, Oyster
tissue NBS-SRM 1566, Mussel tissue BCR-CRM 278.
For all the elements the precision, expressed as relative
standard deviation (s,), and the accuracy, expressed as rel-
ative error (€), were in the order of 3 to 5%, while the de-
tection limits were in the range 0.010-0.100 pg/g. The
standard addition technique improved the resolution of
the voltammetric method even in the case of very high el-
ement concentration ratios. The analytical procedure was
used for real matrices sampled in the Adriatic Sea south to
Po river mouth, in the zone “Goro bay”, and at open sea
north to the Ravenna shore.

Introduction

One of the major problems in ecology is related to the
path of heavy metals contained in wastes and waste wa-
ters polluting the aquatic environment. Heavy metals may
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accumulate in certain species of marine plants and thus
enter the food chain and endanger living organisms, like
algae, mussels, clams or shrimps, which sequestrate and
concentrate heavy metals from their aqueous environment
[1]. For this reason they may be utilized as bio-indicators
of metal pollution in alimited ecosystem [2, 3].

Seaweeds were found to accumulate several metals [4,
5]. Interestingly the trace element concentration of eigh-
teen different species of agae collected along the Me-
diterranean shore near Israel did not differ significantly
from that found in unpolluted regions [6].

However, it is important to emphasize that large dif-
ferences in metal levels as those of copper, lead, cad-
mium and zinc, have been found from species to species
and from tissues to tissues in algae, molluscs, shrimps,
etc. [3].

Copper and cadmium exerted their toxic action by re-
ducing the growth of Dunaliella minuta populations [7]
and affected the photosynthetic potential of this alga by
reducing the relative volume of the chloroplast [8].

Cadmium was found to accumulate as dense deposit
within the cell wallsand nuclei of alga Cystoseira barbata
[9].

Uptake and growth inhibition of the algae Chlorella el-
lipsoidea [10] and Selenastrum copricornutum [11] were
found to increase with increasing concentration of cad-
mium and mercury, respectively.

Similarly, heavy metal levels were found to increase
upon exposure in algae Nitzschia closterium and Proro-
centrum micans present in the Adriatic Sea[12].

Molluscs are also largely influenced by heavy metals.
They show the possibility to concentrate severa elements
and, for this reason, can be usefully employed as biologi-
cal monitors for trace metals in the aquatic environment
[13-15].

Additionally other problems as sampling, digestion
technique and the analytical procedure may affect the re-
sults, e.g., in the case of cadmium and lead determination
in seaweed nitric acid — perchloric acid digestion was
found to give significantly different results than that after
dry ashing or other digestion techniques [16].



Therefore, reliable methods were developed for moni-
toring copper, lead, cadmium, zinc by differential pulse
anodic stripping voltammetry (DPASV), and mercury by
cold vapor atomic absorption spectroscopy (CV-AAS) in
matrices applicable as bio-monitors and involved also in
the food chain.

The marine organisms under study were Ulva rigida and
Tapes philippinarum, both very common in the Adriatic Sea.

In the case of the proposed analytical procedure, the
presence of H,SO, in the supporting electrolyte, ab-
solutely necessary for the organic matrix digestion, influ-
ences the voltammetric peak potentials of each metal,
causing strong interferences and signal overlappings. To
overcome such a problem [17, 18], even in the case of
very high metal concentration ratios, the standard addition
method is employed.

Experimental
Apparatus

DPASV curvesfor the simultaneous determination of copper, lead,
cadmium and zinc were recorded with a Multipolarograph AMEL
(Milan, Italy) Mod. 433, employing a conventional three electrode
measuring cell. The experimental conditions are reported in Table 1.

The voltammetric cell was rinsed every day with suprapure
concentrated HNO; to avoid contamination.

The solutions were thermostated at 20 + 0.5°C and deaerated
with pure nitrogen prior to analysis, while a nitrogen blanket was
maintained above the solutions during the experiments. The solu-
tions were stirred with a PTFE-coated magnetic stirring bar in the
electrolysis step.

Mercury determination was performed using a Perkin-Elmer
Model 50 mercury system (absorption wavelength 253.7 nm). The
instrument settings were those recommended by the manufacturer
[19].

Reagents and reference solutions

Nitric, sulfuric acids and all other chemicals were suprapure grade
(Merk, Germany). Stock solutions of copper, lead, cadmium, zinc

Table 1 Experimental conditions for the determination of cop-
per(11), lead(11), cadmium(Il) and zinc(l1) by differential pulse an-
odic stripping voltammetry (DPASV)?2

Eq Electrolysis potential (mV/Ag, AgCl, KCl satd.) —1100
E¢ Final potential (mV/Ag, AgCl, KCl satd.) 200
dE/dt Potential scan rate (mV/s) 10
f Pulse repetition (s) 0.1
AE Pulse amplitude (mV) 50
\Y Pulse duration (ms) 40
ts Sampling time (ms) 8
ty Electrolysis time () 180
t, Rest time () 15
t Purging time prior of the electrolysis (s) 300
u Stirrer speed (r.p.m.) 600

aSupporting electrolyte: 5 mL HNO; + 5 mL H,SO, diluted to
50 mL with deionized water (see text). Peak potentias (V/Ag,
AgCl, KCI sat.): +0.010 [Cu(l1)]; —0.470 [Pb(11)]; —0.535 [Cd(lI)];
—0.890 [Zn(I1)]
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and mercury (1000 mg/L, BDH, England) were employed for the
preparation of reference solutions at varying concentrations for
each element, using demineralized water through a Milli-Q system
for dilution.

A specia treatment was applied to K,Cr,O; in order to render
it virtually mercury-free. The salt was heated at 350°C for 4 days,
then the temperature was raised to 410°C and the mass kept
melted for 24 h. Successively, the solidified salt was completely
homogenized by a corundum ball-mill.

The reducing agent SnCl, - 2H,0 was dissolved in 10% (v/v)
H,SO, to give a 25% (m/m) solution, which was bubbled with N,
for 20 min to strip away any residual Hg and O,.

Ulva lactuca BCR-CRM 279, Lagarosiphon major BCR-CRM
060, Oyster tissue NBS-SRM 1566 and Mussel tissue BCR-CRM
278 were employed as standard reference materials for optimizing
and setting up the analytical procedure.

Sample preparation
Determination of Cu, Pb, Cd and Zn

For al the standard reference materials, approximately 0.5-1.0 g
of the sample was exactly weighed and digested in a Pyrex tube
with a mixture of 5 mL H,SO, and 5 mL HNO;. The tube was in-
serted into the cold home-made block digestor, raising gradually
the temperature up to 150°C, and keeping it for 4 h.

After digestion and cooling the solutions were filtered on
Whatman No. 541, transferred into a volumetric flask and filled up
to 50 mL with deionized water.

Voltammetric determinations were carried out after further di-
lution of this solution (1: 20) with deionized water.

In the experimental conditions employed the blank concentra-
tions for all the elements were lower than the respective limits of
detection. The limits of detection (LOD), expressed according to
IUPAC [20] (K = 3), correspond to a probability of 99% [21] and
were calculated on 10 blank signals.

Determination of Hg

Several methods have been described for the mercury determina-
tion at low concentrations in environmental samples [22-28].
However, in al cases, the most important step of the analytical
procedure is the sample preparation before the instrumental mea-
surements due to the possible loss of mercury. A new sample di-
gestion procedure, employing H,SO, and K,Cr,O; as attack mix-
ture, was carefully tested on standard reference materials of differ-
ent origin [29-31].

The present work reports the first application of such a proce-
dure to real biological environmental samples like algae and
clams, which are more and more frequently employed as trace
toxic metal biomonitors.

Approximately 1.0 g of the standard reference materials,
weighed accurately, was placed in a pyrex digestion tube, having a
magnetic bar at its bottom, together with 1.2 g K,Cr,O; and 20 mL
H,O. A condenser, equipped with alateral and removing funnel in
the lower side, was connected to the digestion tube, placing this as-
sembly on the magnetic stirrer. The stirring was started and 20 mL
H,SO, were slowly added drop by drop through a lateral funnel.
The funnel was removed and the assembly was transferred to the
hot-block preheated at 180°C. The digestion was allowed to pro-
ceed for 60 min. The assembly was then removed from the block
and kept for 5 min at room temperature. The condenser was re-
moved, rinsed with three 5 mL H,O portions and washings added
to the digest; the open digestion tube, without the condenser, was
replaced in the hot-block for a further 30 min boiling time. Finally,
after cooling and extraction of the stirring bar, the digest was di-
luted to 100 mL.

Mercury analyses by CV-AAS were performed employing
SnCl, as the reducing agent.
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Results and discussion
Aqueous reference solutions

For the voltammetric determinations, a preliminary study
was carried out employing an aqueous reference solution
containing 5 mL H,SO, + 5 mL HNO; diluted to 50 mL
and successively again 1:20 with deionized water; the
same mixture was used for the sample preparation before
the voltammetric determinations (see “Sample prepara-
tion”). A linear i, vs. metal concentration relationship was
found for each element.

The simultaneous determination of copper, lead, cad-
mium and zinc was studied in a large range of concentra-
tion ratios, in order to verify the elemental concentration
ratios, within which each single element could be deter-
mined without mutual interference. To a fixed, but very
small concentration of one element, standards of the inter-
fering element were added in such a way as to change
their concentration ratios.

The peak current values obtained were then compared
to those determined for the same concentration of the sin-
gle element without interferent and the relative errors
were calcul ated.

To be included in the non-interference concentration
ratio intervals, the errors derived from such a comparison
must not attain the limit of 5% at the confidence level
of 95%. Figure 1 reports such errors as a function of
the concentration ratio in the case of Pb and Cd and
shows that the determination of Pb and Cd was possible
within a maximum error of 5%, in the concentration
ranges 13:1 > cpy:Ceq > 1:15, for concentrations ex-
pressed in mol/L.

Peak overlappings were found only in the case of Pb
and Cd (AE, py-cq = 65 mV), while the determinations of
Cu and Zn did not show problems; Cu was well separated
from the Pb peak and Zn from the Cd peak (AE; pp.cy =
480 mV; AE, c4.zn = 355 mV).

However, thiswork concentrates on the determination of
metals at the lowest concentration range together with an
unfavorable concentration ratio of the interferent elements,
outside the concentration ratios interval reported above.

By appropriately adding a standard solution of the
metal with the lowest concentration, the concentration ra-
tio can be shifted to the interval of non-interference. Due
to the overlapping of the peaks, the i, vs. concentration
plots showed a non linear behavior. A linear section was
obtained when the concentration ratios attain values
within the validity of the bivariate analysis. An extrapola-
tion of this linear section permitted the evaluation of the
metal content in the mixture with acceptable accuracy. As
example, Fig. 2 reports the fitting of the experimental data
for the determination of cadmium in the presence of a
high lead concentration in Ulva lactuca BCR-CRM 279
(see “Standard reference materials’ section). The limit
where linearity prevails was well defined and statistically
evaluated according to the method of Liteanu et al. [32]
using the t-test criteria
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Fig.1 Relationship between the metal concentration ratios and the
relative errors in the determination of the element present at the
lowest concentration. Supporting electrolyte: 5 mL HNO; + 5 mL

H,SO, diluted to 50 mL and successively again 1:20 with deion-
ized water
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Fig.2 Analytical calibration function of Cd in Ulva lactuca BCR-
CRM 279 (Cpy:Ceq = 26.7). Technique: differential pulse anodic
stripping voltammetry. Experimental conditions: see Table 1

Standard reference materials

The method developed for agueous reference solutions
was applied to standard reference materials, in order to
confirm and verify the applicability of the analytical pro-
cedure, determining its accuracy and precision.

The standard reference materials Ulva lactuca BCR-
CRM 279, Lagarosiphon major BCR-CRM 060, Oyster
tissue NBS-SRM 1566 and Mussel tissue BCR-CRM
278 have been employed for algae and clams, respec-
tively.

Using the experimental conditions of Table 1, both sta-
tistical parameters, the former expressed as relative error
e, and the latter asrelative standard deviation s, are satis-
factory, being in all cases less than 5% (Tables 2 and 3),
and also for Pb and Cd in Ulva lactuca BCR-CRM 279
and Lagarosiphon major BCR-CRM 060, where the
Pb-Cd concentration ratios are unfavorable (Pb:Cd =
26.7 and 15.7, respectively).
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Table2 Accuracy and preci-

sion of the analytical procedure Element Certified value Determined value e (%) s (%) LODP
in the algal matrixa (Mg/9) (Mg/9) (ng/g)
aExperimental conditions; see Ulva lactuca Cu(ll) 13.14 +0.37 127 +05 -34 2.8 0.011
Table 1. Number of indepen- SO CRM 279 Pb(I1) 1348 +0.36 138 +03 +23 31 0018
bThe limit of detection (LOD) zZn(I1) 513 +12 531 +21 +35 39 0.101
corresponds to a probability of Hg (11) 0.05° 0.047 +0.004 6.0 3.7 0.027
99% [20, 21]. In both voltam- ) )
metric and Spmtroscopic mea- Lagarosi phon major CU(l |) 512 +19 499 £19 —25 31 0.016
surements, the blank concen- BCR-CRM 060 Pb(I1) 638 +32 620 +21 28 3.6 0.025
trations for all the elements cd(I1) 220 +0.10 2.26 +0.09 +2.7 18 0.017
ere Lﬁé@igme respective zn(l) 313 +8 305 +10 26 43 009
c\Value not certified Hg(l1) 0.34 +0.04 0.32 +0.03 -5.9 3.8 0.037
Table 3 Accuracy and preci- - ]
sion of the analytical procedure Element Certified value Determined value e (%) s (%) LODP
in the clam matrixa (ng/9) (Mg/9) (Hg/g)
Oyster tissue cu(ll) 63.0 * 30 654 + 28 +3.8 40 0.023
NBS-SRM 1566 Phb(I1) 048 = 0.02 046 + 003 4.2 2.3 0.048
Cd(ll) 35 + 02 34 + 03 29 36 0.013
zZn(ll) 852  +23 869  +27 +2.0 39 0.077
Ho(l1) 0057+ 0.002 0.054+ 0004 -53 4.2 0.035
Mussel tissue Cu(ll) 9.60 + 0.16 977 + 023 +18 2.9 0.015
BCR-CRM 278 Pb(I1) 191 + 0.04 182 £ 007 47 31 0.027
2Experimental conditions: see cd(IN) 0.34 + 0.02 035 + 0.03 +29 1.9 0.007
1abje 1. Nurmber of indepen- () 76 o+ 2 78 + 3 +26 36 0069
bSee footnote in Table 2 Hg(l1) 0.188+ 0.007 0.181+ 0.010 -37 2.3 0.021

The detection limits for the metals are also reported in
Tables 2 and 3.

Real samples

The method was applied to the determination of mercury,
copper, lead, cadmium and zinc in the marine organisms
under study, namely Ulva rigida and Tapes philippinarum.

Sampling and pretreatment of Ulva rigida

About 10 kg of Ulva rigida were collected employing a
rubber boat near the mouth of the Po River, in the zone
“Goro Bay” (sdinity: 2.7%, temperature: 29°C), and at
open sea north to the Ravenna shore (salinity: 3.1%, tem-
perature: 27 °C) with asmall net and transferred into poly-
ethylene bags and transported to the laboratory in a
portable refrigerator in order to avoid alterations during
transport.

The samples (water content > 89% in all cases) were
dried in the laboratory for 48 h at 40-45°C, then finely
ground and homogenized.

Different aliquots (0.5-1.0 g) were taken from that
batch, exactly weighed, digested and analyzed as de-
scribed above.

Sampling and pretreatment of Tapes philippinarum

About 8 kg of Tapes philippinarum were collected near
the mouth of the Po River in the zone “Goro Bay”. The
clams were sampled at the sea bottom and immediately
taken to the laboratory and prepared for anaysis. The
clams were opened with a plastic appliance and the or-
ganisms were carefully extracted and placed in polyethyl-
ene containers, previously treated with suprapure HNO;
diluted in 1:1 proportion with water for 48 h and fol-
lowed by repeated rinsing with Milli-Q water in order to
avoid any contamination. The samples were frozen and
then lyophilized for 30 h. Such a procedure, employing
very low temperatures for drying the samples, avoids the
loss of volatile analytes like mercury.

Then the sample was homogenized thoroughly in an
agate mortar. About 0.5-1.0 g sample were exactly
weighed, digested and analyzed as described above.

The experimental results relevant to both matrices are
listed in Table 4.

For Ulva rigida, from both sampling sites, even if Pb
and Cd showed mutual interference and unfavorable con-
centration ratios (Cpy: Coq > 13), both elements could be
equally determined following the standard addition proce-
dure previously described.
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Table4 Mean values of the metal concentrations (ug/g + s.d., dry
weight) relevant to the real matrices sampled in the Adriatic Sea?

Element Ulvarigida Tapes philippinarum

Ravenna Shore Po River Mouth Po River Mouth

Cu(ll) 230 +11 272 +09 117 +05
Po(ll) 696 +027 569 +023  7.69+023
Cd(l) 009 +001 015 +001  1.96+ 0.09
zn(ll) 87 +5 9 x4 77 %3
Hg(l)  0.123+0.005 0.070+0.003 0.169 + 0.007

aThe standard deviation (s.d.) is determined on 5 independent di-
gestions

Conclusion

— The voltammetric technique has shown to be a sensitive
and selective analytical procedure, suitable for the mul-
ticomponent element determination in complex real
samples (in the present case environmental matrices like
algae and clams).

— The standard addition method allows to simultaneously
determine neighboring elements also in the case of
strong interferences and signal overlappings.

— A final consideration: the results obtained for such ma-
trices are substantially in the same order of magnitude
and in agreement with those obtained in the same [33]
and in other ecosystems [34—-36].

— The set up of acorrect analytical procedure for the trace
metal determination in algae and clams allows to use
such species as bio-indicators of toxic metals [2, 3], or
also in biodetoxification procedures, and, last but not
least, for checking high quality food [14].
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