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Abstract. Chemical vapour generation by reduction with sodium tetraborohydride and coupled to induc-
tively coupled plasma spectrometry (HG-ICP-AES) was examined for tin analysis in high-content calcium
matrix samples. Comparison of calibration curves in aqueous and matrix-matched solution showed good
linearity (R = 0.9951 — 0.9999) in the observed range of concentration. The effects of added calcium were
established as attenuation of emission intensity for 3 % at 224.605 nm and 235.484 nm and only 1 % at
283.999 nm and 189.991 nm of tin lines. The best limit of detection, i.e. 1.9 mg L™ in aqueous and 2.1 mg
L' in matrix-matched solution were obtained at 189.991 nm. Method of standard addition was applied for
the analysis of laboratory samples of high purity calcite and aragonite shell structures and it gave 0.11 pg
g and 0.17 ug g ' of tin, respectively. The accuracy of method was tested by certified reference material
(NRCC, MESS-3) and good recoveries (100.08 %) were obtained in both calibration modes. Tin content
was determined by HG-ICP-AES method using matrix-matched calibration in shell samples of Mytilus
galloprovinciallis. The obtained values of tin content showed relatively flat distribution in shells along the
coast (0.511 —0.718 pg g ). Higher concentrations were measured on several hotspots, especially fishing
ports and harbours. (doi: 10.5562/cca2259)
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INTRODUCTION

Atomic spectrometry methods based on absorption or
emission of electromagnetic radiation combined with
optical or mass spectrometers are firmly established in
elemental analysis of environmental samples and bio-
logical tissues." Analytical performances of inductively
coupled plasma atomic emission spectrometry (ICP-AES)
allow simultaneous measurements of numerous elements
and more emission lines of the particular element.
However, interference effects in direct measurements of
real sample solutions were not avoided completely,
especially those caused by complex matrix. Quantita-
tive determination of elements present at very low
concentration range in calcium matrix is concerning and
unpleasant analytical task which predicts a whole
separate study of the calcium interference effects in
plasma. It is already known that the high content calcium
matrices produce either rising or reducing element
emission line intensity in plasma. The nature of calcium
effects were for the first time described by Thompson and

Ramsey who found strong correlation of interferences
with excitation and ionization energy for observed
elements.” High calcium content matrix effects in plasma
were studied recently by modern echelle spectrometers.
Paama and Peramaki have determined several elements in
calcite mortars and established effects of Ca.® They found
that Ca influenced measured concentrations up to 2 %
when it was present in concentration range higher than
600 mg L', and up to 1 % in concentration range of 100—
200 mg L. Stepan et al. found that depressive effect of
Ca on ionic and atomic lines could be minimized with
robust plasma conditions i.e. higher power and lower
carrier gas flow.* However, matrix matching or internal
standardization is recommended in the case of metal
analysis in high content Ca solutions.’

The technique of hydride generation with induc-
tively coupled plasma optical emission spectrometry
(HG-ICP-AES) is widely used to enhance the sensitivity
of metal determination and to eliminate the majority of
matrix interferences in plasma. Chemical generation of
volatile hydrides is usually achieved by reaction of
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aqueous sample with tetrahydroborate salts which al-
lows complete separation of analyte from the matrix.
Consequently, it results in enhanced sensitivity and
suppression of interferences.

Chemical vapour generation coupled to ICP-AES
was applied in this work for the determination of tin
content in samples with high content calcium carbonate
matrix. In order to evaluate possible non-spectral inter-
ferences which could rise from complex sample matrix,
the detection power and linearity of intensity measure-
ments response were compared for standard aqueous and
matrix matched solutions. The aim of study was to select
the most appropriate analytical conditions for the tin
determination in mollusks shell, since it was already
known that they could incorporate different metals
through biomineralization processes.’® The major input of
tin into aquatic systems derives from its use in antifouling
paints in the form of organotin compounds.” Even though
the use of antifouling paint is regulatory banned,® there
are still some harbor areas where the removal of old coat-
ings may cause locally high concentrations of organotin
compounds.’ A bioavailability and bioaccumulation stud-
ies based on speciation of organotin compounds from
mussels tissue requires comprehensive analytical separa-
tion and sensitive detection, but their results are in great
extent influenced by actual environmental conditions.
Therefore, the data of total tin content in shell which was
obtained more rapidly by described HG-ICP-AES meth-
od is valuable record in screening of accumulated long-
term effects in environmental system.

EXPERIMENTAL

Instrumentation

A Teledyne Leeman Labs. (Hudson, NH, USA) Prodigy
High Dispersion ICP system is used. The instrument is
equipped with 40 MHz “free-running” radiofrequency
generator and echelle grating spectrometer with a large-
format programmable array detector (L-PAD). Sample
introduction system which consisted of a glass cylonic
spray chamber and a glass concentric nebulizer was
connected to a three channel peristaltic pump and reac-
tion coil of hydride generator (HG, Leeman Labs. Inc.).
The dual-view torch for observing both axial and radial
position was used. The sample solution uptake rate was
adjusted on 0.9 mL min™'. The r.f. power of 1.3 kW, and
flow rates of argon (coolant 18 L min', auxiliary 0.8 L
min ") were held constant in all measurements.

Reagents and Solutions

Single element standard solutions of Sn and Ca 1000
mg L! (Plasma Pure, Leeman Labs, Hudson, NH, USA)
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were used for the preparation of calibration standard
solutions and control of plasma line positioning. High-
purity deionised water (18 MQ cm, Milli-Q Element
system, Millipore, USA) was used for the dilution of
reagent standards and samples. A fresh solution of
NaBH,4 1.0 % m/v in NaOH 0.8 % m/v was prepared for
reduction of samples. Tartaric acid which serves as a
reaction medium for hydride generation was prepared
by dissolution of 10 g of solid compound in 1 L of wa-
ter. The first set of calibration solutions of tin were
prepared in the range of 0.1-10.0 mg L' by dilution
with 1 % m/v tartaric acid solution to appropriate vol-
ume. Calibration blank contained only aqueous solution
of tartaric acid. The second set of calibration solutions
was prepared in the same manner with addition of Ca
standard to final concentration of 160 mg L™'. The con-
centration of added standard matched the expected con-
tent of Ca in examined samples. Method of standard
addition (MSA) included aliquots of dissolved samples
in which a standard solution of tin was added. MSA
solutions were diluted with 1 % m/v tartaric acid solu-
tion. The final concentration range in MSA sample
solutions was 0.1-10.0 mg L™ of tin.

Measurements

For the purpose of HG-ICP-OES measurements, all
calibration standards and samples were mixed with a
solution of NaBH, by three-channel peristaltic pump at
a rate of 0.9 mL min . Solutions were introduced into a
reaction coil where stannane gas was generated and
introduced into plasma through nebulizer and cyclonic
nebulization chamber. Emission lines of tin were select-
ed from image on L-PAD detector as the most promi-
nent lines without spectral and background interfer-
ences. Additional argon purging of spectrometer optics
was switched on before and during signal acquisition.
Integration time was adjusted to 40 s and signal acquisi-
tion was repeated three times throughout measurements.
The advantage of used ICP-AES instrument is the re-
moval of matrix interferences by subtracting images of
background signal. Therefore, calcium content in model
solutions for background correction was adjusted to 160
mg L' of Ca and a recorded spectral image was sub-
tracted from spectral images of tin lines. The RF power
and nebulizer gas flow rate were optimized to give the
maximum intensity of Sn lines on L-PAD detector, i.e.
1300 W and 0.9 L min ', respectively. Sample uptake
delay before starting of intensity measurement was set
on 50 seconds. This value was selected after collecting a
signal by option of Time Resolved Analysis (TRA) of
instrument software. The signals started to rise after 25
seconds and plateau of signals was reached after 50
seconds from aspiration start.
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Samples and Sample Preparation

Samples of Mytilus galloprovincialis were collected from
different locations on east coast of Adriatic Sea during
2009. Each sample was consisted of whole mussel of al-
most equal length (5-6 cm) which is habitually reached in
the second year of mussel growth. Before the samples were
delivered into laboratory, the soft tissue was removed;
shells were cleaned, dried and powdered in grinding mill.

Powdered shell samples of mussel Mytilus gallo-
provincialis were dried in drying oven at 105 °C before
starting analytical procedures. An amount of 0.1 g of
each pulverised sample was weighted with 0.0001 g of
precision and placed in Teflon vessels of MWS-2 Mi-
crowave System Speedware (Berghof, Eningen, Germa-
ny). A volume of 5 mL of concentrated HCI was added
and vessels were kept open for 30 min due to removal
of carbon dioxide. The microwave digestion was con-
ducted in three steps (145 °C / 15 min; 180 °C / 30 min;
100 °C / 15 min). The clear remainder solutions were
transferred into 25 mL volumetric flasks and diluted
with high-purity deionised water. Before the HG-ICP-
AES measurements, samples were ten-fold diluted with
tartaric acid solution. All samples and procedural blank
samples were prepared as duplicates.

Control of accuracy for applied analytical proce-
dure was performed by use of certified reference material
of marine sediments NRCC MESS-3. Two control sam-
ples made in laboratory were also used; the first was
PJSC (Pecten jacobaeus Standard Calcite) and the second
CESA (Cerastoderma Standard Aragonite). This control
samples were provided by courtesy of Centre of Marine
Research, Institute Ruder Boskovi¢, Rovinj, Croatia.
They consist of powdered shells of Pecten jacobaeus and
Cerastoderma made of calcite and aragonite mineral of
high purity which had already been confirmed by XRD
method. The purity of samples was tested in MSA mode
of measurement by addition of tin standard solution of
0.1mgL"', 5mgL" and 10 mg L' in digests of CESA
and PJSC sample. Solutions of MESS-3, calcite and arago-
nite shell standards were prepared by the same digestion
procedure in microwave oven as was described above.

RESULTS AND DISCUSSION

Matrix Matching Calibration and Analytical
Accuracy

In order to evaluate the effects of calcium on tin emis-
sion, the two sets of calibration standards were meas-
ured by HG-ICP-AES method. The first set was repre-
sented by aqueous solutions with added tartaric acid
which acts as interference retarding agens.'”'' The sec-
ond set of solutions with the same concentration range
of tin and tartaric acid additive was matrix-matched to
contain the same calcium content as was expected for
the shell samples. The precision of signal measurements
expressed as relative standard deviation was established
in the range 0.1-1.0 % for both sets of calibration. A
good linearity of calibration curves for all observed Sn
lines was obtained (R* = 0.9995-0.9999) for the first set
of solutions. The calibration with matrix-matched solu-
tions showed slightly worse linearity (R = 0.9951—
0.9999). The method detection limits (¢;) which were
calculated using 3¢ criterion, ie. the concentration
equivalent to three times standard deviation (30) of
the signal (n = 10) of the reagent blank solution, are
given in the Table 1. The limits of quantification (LOQ)
were calculated from calibration curves and expressed
inng g of sample mass.

The sensitivity of measurements in aqueous stand-
ards and matrix-matched standards should be examined
from the obtained calibration curves which are shown in
Figure 1. The effect of added calcium can be seen as
slightly reduced emission intensity at emission lines
224.605 nm and 235.484 nm. This reduction comprises
3 % of intensity values in standard aqueous solution.
The better sensitivity of signal was noted at 283.999 nm
and 189.991 nm lines in both series of calibration.
Comparison of detection capability of tin at most sensi-
tive lines showed lower detection limit at ionic line of
189.991 nm than at atomic line of 283.999 nm. Lower
detection limits, good linearity in the observed range of
concentrations, and the better precision of measure-
ments favoured the determination of tin content at

Table 1. Selected tin emission lines, calibration linear coefficients and detection power in standard and matrix-matched calibra-

tion mode
A/nm cali?jtrzrtli(i)arf(z ) e, /pgl!  LOQ/ngg’ gﬁgﬁﬁfcﬁf MM¢, /ugl' MMLOQ/ngg'
SnII 189.991 0.9995 1.9 6.4 0.9991 2.1 7.0
Snl 224.605 0.9996 1.4 4.5 0.9951 1.9 59
Snl 235.484 0.9998 6.3 20.0 0.9988 8.2 26.0
SnI 283.999 0.9999 6.5 20.7 0.9999 8.5 22.7
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Figure 1. Calibration curves obtained by HG-ICP-AES in
standard aqueous solutions and in matrix-matched solutions
(MM with 160 mg L™ of Ca).

189.991 nm. The effects of Ca matrix on two prominent
lines were almost negligible (< 1 %). Considering that
the background correction on tin lines was performed by
subtracting spectra of matrix-matched solutions, the
resulting reduction of signal intensity was not caused by
any spectral interference. Hydride generation from solu-
tion with added interference-retarding tartaric acid pro-
vides a selective formation of stannane gas which enters
into plasma.'” Thus, there is no need to perform ex-
tensive study of possible interfering effects.”> Such fine

effects as we noted here are usually explained by slight-
ly different transport properties of solution and generat-
ed vapour.'"'*

The accuracy of analytical procedure was tested
by certified reference material of marine sediments
(NRCC MESS-3) with declared tin content of 2.50 +
0.52 mg kg '. ICP-AES measurements of tin content
from dissolved sediment material by generation of vola-
tile stannane gave the result of 2.52 + 0.05 mg kg ' after
standard calibration and 2.50 + 0.08 mg kg™ after ma-
trix matched calibration. The recovery of tin after hy-
drochloric acid digestion of reference material in mi-
crowave system was 100.08 % and 100.00 % which
implies excellent agreement with declared value in both
calibration modes.

Analysis of Shell Samples

It is already known that metal content in the molluscs
shell is influenced by environmental conditions; metals
are accumulated through biomineralization process,
precipitation or adsorption from water.'> ' After incor-
poration into mineral structure they are not subjected to
reproductive or physiological conditions, and kinetic of
their removal is extremely slow comparing to soft tis-
sue.'’ Different mineralogical structure of shell layers
implies incorporation of metals with different ionic
radius into calcite or aragonite layer.”’ Therefore, for the
control of tin presence in rhombohedra calcite and

Table 2. Total tin content in shell samples determined by HG-ICP-AES

No. Sampling site Description y(Sn)(: Z%;Lg gil E;ﬁﬁ;?e}) Pl;ilgl(litgie
1 Zablace Harbour, city waste and sewage 0.643 +£0.021 6 66.60 %
2 Srima Fishing port 0.611 £0.011 8 53.30%
3 Jadrija Non-urban area, yachting area 0.598 £0.013 9 46.60 %
4 Martinska Estuary (r. Krka), marina 0.718 £0.032 1 100.00 %
5 Mala Klacina Bay, yachting area 0.571£0.010 10 40.00 %
6 Sv. Ivan Agriculture, estuary (r. Neretva) 0.706 = 0.022 93.30 %
7 Gruz Harbour, city waste 0.655+£0.015 80.00 %
8 Omis Fishing port, estuary (r. Cetina) 0.674 £ 0.027 86.60 %
9 Rijeka Dubrovacka Marina, estuary (r. Dubrovacka) 0.554 +0.041 11 3330 %
10 Ploce Harbour, agriculture, estuary (r. Neretva) 0.552 +0.029 12 26.60 %
11 Srima 2 Fishing port 0.549 +0.018 13 20.00 %
12 Bajlo Non-urban area, yachting area 0.511+0.024 16 0.00 %
13 Bacvice Urban area, recreational 0.632 £ 0.021 7 60.00 %
14 Jadrija 2 Non-urban area, yachting area 0.547+0.011 14 13.30 %
15 Vranjic Industrial waste 0.653 +0.014 5 73.30 %
16 Martinska 2 Estuary (r. Krka) 0.522 +0.027 15 6.60 %

@ Mean: 0.606 pg g, Median: 0.6045 pg g, Standard Deviation: 0.065099 pg g™, Sample Variance: 0.004238, Kurtosis:
~1.14055, Skewness: 0.228415, Range: 0.207 pg g ', Minimum: 0.511 pg g ', Maximum 0.718 pg g', Count 16.
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orthorhombic aragonite the analysis of two laboratory
samples was performed. Samples were represented by
powdered shells of Pecten jacobaeus Standard Calcite
(PJSC) and Cerastoderma Standard Aragonite (CESA)
which mineralogical purity was confirmed by X-ray
diffraction. They were tested on tin impurities by HG-
ICP-AES method using the mode of standard addition
(MSA). Linear coefficients in MSA operation mode
comprised the same values (R* = 0.9996) at each ob-
served line. Calculation of tin concentration was made
using the intensity values on the most prominent ionic
line at 189.991 nm. The obtained reference values
for tin content were 0.11 £ 0.01 pg g™ in PJSC and 0.17
+ 0.02 pg g ' in CESA sample. The measured values
can be related to the fact that ion with smaller radius
than Ca (i.e. Fe, Mn, Cu and Zn) can easily be incorpo-
rated into calcite structure and ion with greater radius
(Cd, Ba and Pb) can be incorporated into aragonite
structure.'>*” Consequently, radius of tin ion is slightly
smaller than radius of lead and hence is prevalent in
CESA sample rather than in PJSC sample.

Tin content in shell samples determined by HG-
ICP-AES method is presented in Table 2. Samples of
Mpytilus galloprovincialis were collected at several loca-
tions along the east coast of the Adriatic Sea, especially
near the hot-spots of possible anthropogenic impact on
the marine environment i.e. near harbours, city waste
outlets, industrial zones, and also near the estuaries of
several rivers. Description of each sampling site is also
presented in Table 2. The results of tin measurements in
M. galloprovincialis shell samples were corrected by
subtracting the value of 0.14 ug g ' which was the aver-
age of tin concentration measured form CESA and PJSC
samples. The correction was performed because both
mineralogical forms, i.e. calcite and aragonite, build
the shell of investigated molluscs. The obtained range
of total tin content in shell samples lay between 0.511
pg g and 0.718 pg g . Statistical description of results
returns the negative excess kurtosis (—1.14055) and
positive skewness (0.228415) of data set which indi-
cates the relatively flat distribution of tin in collected
samples. By ranking the measured tin contents and
the sampling sites it can be observed that samples
which show the concentration above the median values
(No. 4, 6, 8, 7, 15, 1, 13, 2) were collected from sites
near aluminium processing industry centre, harbours,
and fishing ports.

Calculated total Sn concentrations have also re-
ported in some recent studies which concern butyltin
and octyltin speciation in M. galloprovincialis tissue
and seawater.”’ In the malformed shell chambers of
marine bivalve species Ostrea edulis it was found by
X-ray photoelectron spectroscopy (XPS) and X-ray
microprobe (EDX), that tin is present in amounts of
0.1-0.2 %. Such amount indicates heavy TBT pollution

and environmentally induced mechanisms of metal
incorporation.”** For the entire Croatian Adriatic Coast
it was ranged between 0.46 to 27.98 ng L' for seawater
and between 6 to 1675 ng g ' for mussels.”* It was
demonstrated that Mytilus species can rapidly metabo-
lize organotin compounds from antifouling reagents.
The range of estimated bioconcentration factor for this
species (2000-90000) suggests that tin occurrence in
tissue samples shows huge temporal and spatial varia-
tions.”> Comparison of tin content in shell and tissue
must account complex relations between metabolism
and biomineralization processes which is still challeng-
ing problematic. Therefore, the total tin content deter-
mined in shell samples is appreciable record especially
by knowing that slow growth and long life of mussels
provide a time integrated indication of environmental
contamination. It could also be very useful for rapid
screening and recording of long term effects at monitor-
ing sites.

CONCLUSIONS

Quantitative determination of tin content in calcium
carbonate matrix has been utilised by HG-ICP-AES
method. Chemical vapour generation was achieved by
reduction of sample solutions with sodium borohydride
in tartaric acid medium. Selective generation of stan-
nane vapour was detected at low concentration levels
and without spectral interferences on all observed lines.
Comparison of two modes of calibration showed that
intensity emission on chosen lines was slightly reduced
in solutions with added calcium than in standard aque-
ous matrix. It was established that emission line at
189.991 nm was less influenced regarding to detection
power and sensitivity. However, matrix matched cali-
bration standards is recommendable for sample analysis
due to the compensation of non-spectral effects caused
by different transport properties. Control of analytical
preparation and HG-ICP-ES measurement procedure by
certified reference material showed excellent recoveries
of tin. Analysis of laboratory pure shells samples
showed the presence of tin at low concentration levels
in calcite and aragonite structures. The method was also
applied in determination of tin content in shells of Myti-
lus galloprovincialis which were collected along the
Croatian Adriatic Coast. The results obtained by HG-
ICP-AES analysis of carbonate matrix samples show
relatively flat distribution of tin but also suggest several
hot-spots of possible anthropogenic influence on envi-
ronmental contamination.
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