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Abstract—Total external reflection X-ray fluorescence spectrometry is a promising method for the highly
sensitive determination of heavy metals in seawater, offering such advantages as the mobility of the used
equipment and the low cost of analysis. Various methods of sample preparation to the analysis of seawater
aimed at the elimination of interferences with the salt matrix were compared. It was shown that the method
based on the preliminary extraction of metals as dichyldithiocarbamate complexes followed by back
extraction is characterized by the highest efficiency. A procedure was developed for the determination of Ni,
Cu, and Co in seawater with limits of detection at a level of 0.16—0.26 ng/L.
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Because of a high toxicity of heavy metal ions, their
determination in environmental samples is one of the
most important problems of environmental monitor-
ing [1]. Taking into account an increasing interest of
researchers in the problems of human impact on the
ecosystem of seas and oceans, seawater deserves spe-
cial attention as an object of monitoring. Heavy metals
are present in seawater in extremely low concentra-
tions against a background of a complex salt matrix
and organic substances of different classes; therefore,
their determination is a complex analysis task [2, 3].
The methods of analysis must satisfy such require-
ments as high sensitivity (low limit of detection) and
selectivity [2].

At present the problem is solved using methods of
stripping voltammetry (SVA), electrothermal atomi-
zation atomic absorption spectrometry (ETAAS), and
inductively coupled plasma atomic emission spec-
trometry and mass spectrometry (ICP AES and ICP
MYS) [4].

The ETAAS and ICP MS techniques possess the
best characteristics and ensure the attainment of limits
of detection for the majority of heavy metals at a level
of 0.01 pg/L [5—7]. However, the problems of matrix
effects in the analysis of seawater by the specified
methods have not been solved yet, and the complexity
of the used equipment and cost of analysis remain
high.

Total external reflection X-ray fluorescence spec-
trometry (TXRF), finding more and more wide appli-
cation to the highly sensitive elemental analysis of var-

ious objects [8], can be a state-of-the-art alternative to
the above methods. The sensitivity of the method is
comparable to that of ICP AES [9] and, in contrast to
AAS, this method is multielemental and ensures the
simultaneous determination of concentrations of sev-
eral dozens of components in one sample. Among the
important advantages of TXRF, making it especially
promising for field research, are small dimensions and
weight of the equipment, low energy consumption,
and low cost of analysis. The last factor is determined
by the fact that all operations are done with the small-
est amounts of test samples (from hundreds of micro-
litres to several milliliters) and reagents, and consum-
ables are virtually not required for the work of equip-
ment. The physical basics and scopes of TXRF were
considered in detail in review [9].

The application of this method to the analysis of
natural waters [9—12], including seawaters, was
described in [13—15]; numerous publications were
devoted to the use of TXRF for the study of drinking,
mineral, waste, and other waters [16—29].

The application of TXRF to the determination of
heavy metals in seawaters is undoubtedly promising
and offers certain advantages over other methods.
However, a number of the problems dealing with the
preparation of samples with a salt matrix must be
solved. Thus, to improve the signal-to-background
ratio, some authors used sample dilution in the ratio
up to 1000, which led to a considerable decrease in the
sensitivity of analysis [10]. Approaches to sample
preparation based on the separation of analytes from
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the matrix seem to be more promising. Samples are
prepared using different versions of sorption precon-
centration [4, 30, 31], and also the extraction of metal
ions with organic solvents as complexes [32—34]. In
procedure [35], it was recommended to use an
approach ensuring the extraction of a number of met-
als from seawater with tetrachloromethane as die-
thyldithiocarbamate complexes, followed by back
extraction to nitric acid and determination by ETAAS.
Along with the removal of salts, such preparation
includes preconcentration, which significantly lowers
the limits of detection for analytes.

In this work, we set a problem of the development
of a methodology of the highly sensitive determination
of heavy metals in seawater with using TXRF on the
basis of the search for and improvement of methods of
sample preparation focused on the elimination of
matrix effects.

EXPERIMENTAL

Test samples. The test samples were samples of sur-
face seawater collected in the Barents Sea during field
works in 2015. Directly after their selection, samples
were preserved by acidification with nitric acid to
pH 1-2.

Equipment. To determine the concentration of
heavy metals, we used an S2 Picofox total external
reflection X-ray fluorescence spectrometer (Bruker,
Germany) in the modification with a high-efficiency
module and automatic sample loading. The X-ray
tube with a maximum power of 37 W (50 kV, 750 uA)
with a Mo anode, equipped with a multilayered Ni/C
monochromator, was an excitation source (energy
17.5 keV). A silicon drift detector with a thermoelectric
cooling area of 30 mm? was used. The maximum
counting rate was more than 100000 pulses/s and
power resolution, <150 eV at the MnK|, line.

Preparation of solutions. We used prepurified 1%
solutions of sodium N, N- diethyldithiocarbamate and
an acetate buffer solution of pH 5.4 to obtain metal
complexes. The purification procedure was similar to
that described in [35].

Standard solutions were prepared with using certi-
fied reference materials of the composition of metals
(GSO series), by diluting aliquot portions taken with
micropipettes to volumetric flasks with deionized
water. Deionized water of the resistivity 18.2 MQ cm
was obtained on a Simplicity UV system for the prepa-
ration of ultrapure water (Millipore, Germany). Stan-
dard solutions were stabilized by acidification with
conc. high-purity HNO;, predistilled without boiling
on a DST-1000 apparatus (Savillex, United States).

The internal standard was a Ga solution for ICP
(Panreac, Reference standards acc. NIST CRM
3119a) of the concentration 1.000 = 0.002 g/L.
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Metal complexes were extracted with tetrachloro-
methane “for spectroscopy” (Komponent reactive,
Russia) and used without additional purification.

Determination of metal concentrations. A 10-puL
portion of a sample containing 50 pg/L of the internal
standard was placed on a quartz sample holder with a
micropipette and dried on a warm plate with a surface
temperature of 65 = 1°C for 300 £ 5 s. The volume of
the organic phase in the case when it was placed on the
holder was 15 uL.

Fluorescence intensity was measured within 1200 s
at an accelerating voltage across the X-ray tube 50 kV
and current 600 pLA. The spectrum obtained was auto-
matically processed by the spectrometer software
(Spectra7, Bruker) using the Profile Bayes (normal
fit) deconvolution mode. The concentrations of ele-
ments in the prepared sample were calculated by the
internal standard method; recalculation to the con-
centration in the initial sample depended on the
method of sample preparation.

Sample preparation to the direct determination of
metals. A sample of seawater was filtered through a
membrane filter (syringe cap) with a pore diameter of
0.25 um (Millex-GN, Millipore, Germany). Seawater
(800 uL) was mixed with a standard Ga solution of the
concentration 250 ug/L (200 uL ) in a polypropylene
microcentrifuge tube using a vortex within 60 s. Metal
concentration in the sample was calculated by multi-
plying the found concentration (taking into account
blank sample) by the dilution coefficient, equal to
1.25.

In the determination of metals in diluted seawater,
50 uL of seawater was similarly mixed with 750 uL of
deionized water and 200 pL of a standard Ga solution
of the concentration 250 ug/L. The dilution coeffi-
cient in this case was equal to 20.

Extraction of metals. The procedure for the
extraction of metal complexes from seawater [35] was
modified to minimize the volume of the sample nec-
essary for analysis. Extraction was performed in poly-
propylene microcentrifuge test tubes of the volume
1.5 mL. An 1-mL portion of a sample was mixed with
100 uL of an acetate buffer solution and 50 UL of a
sodium diethyldithiocarbamate solution, 100 WL of
tetrachloromethane was added to the test tube, and
extraction was performed within 5 min by stirring with
a vortex. Then 15 pL of the lower organic layer
(extract) was taken from the test tube with a micropi-
pette and placed in a sample holder. Metal concentra-
tions in this version of procedure were not calculated,
the repeatability of the results was assessed by fluores-
cence intensity.

Back extraction of metals. Extraction was per-
formed in polypropylene microcentrifuge test tubes of
the volume 1.5 mL. One milliliter of a sample was
mixed with 100 uL of an acetate buffer solution and
50 uL of a solution of sodium diethyldithiocarbamate,
200 pL tetrachloromethane was added to the test tube,
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Fig. 1. A fragment of an X-ray fluorescence spectrum of (/) seawater and (2) seawater diluted 20-fold.

and extraction was performed within 5 min under stir-
ring. Then 150 UL of the lower organic layer
(extract) was taken from the test tube and transferred
to a 0.2-mL microcentrifuge test tube, 4 L of conc.
HNO; was added, and the mixture was stirred again
within 5 min. Metal complexes decomposed and were
transferred into nitric acid (back extraction). After
adding 76 pL of an internal standard solution (Ga,
50 ug/L), an aliquot portion of the back extract (upper
layer in the test tube) was placed in a sample holder
and dried. The concentration of metals in the sample
was calculated by multiplying the found concentration
by the concentration factor, previously determined for
each element using a series of standard solutions.

RESULTS AND DISCUSSION

Direct determination of metals. The simplest ver-
sion of sample preparation to TXRF is the direct dos-
ing of a sample of seawater on a sample holder followed
by drying. An example of a fluorescence spectrum
obtained by this method is shown in Fig. 1 (curve ).
One can see that the level of background signal due to
the scattering of X-radiation is very high. Intense scat-
tering is due to the formation of a thick layer of a dry
residue (salt) on the surface of sample holder in drying
the sample. In addition to the high intensity of the
background signal, we observed its strong oscillations.
As a result, the signal-to-background ratio for the spec-
trum recorded under such conditions was extremely
unfavorable, which resulted in high values of the limit of
detection.

To improve the signal-to-background ratio, we
selected the multiplicity of dilution. The acceptable
level of background scattering (integrated intensity of
background under the GakK, line below 5000 pulses/s)
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was attained at sample dilution by 10—20 times.
Figure 1 presents a spectrum of a sample of 20-fold
diluted seawater (curve 2) with an addition of an inter-
nal standard (Ga). In the fluorescence spectrum
recorded under such conditions, line resolution was
improved and the level of signal background was
decreased significantly. However, the intensity of lines
of characteristic radiation of sample elements was low,
which in combination with dilution resulted in unac-
ceptably high values of the limit of detection for heavy
metals. Thus, for iron and lead, the limits of detection
were 70 and 50 pug/L at maximum permissible concen-
trations of 50 and 10 pug/L, respectively. In [10], the
limit of detection for manganese in seawater (400 pg/L
and more) was reported at a multiplicity of dilution
from 1 to 1000. Because of the unfavorable signal-to-
background ratio, the reproducibility of the results of
the determination of trace amounts of elements
remained low.

Therefore, we can conclude that the direct deter-
mination of metals even with dilution can be used only
for the determination of macrocomponents in seawa-
ter; trace amounts of heavy metals cannot be deter-
mined by this method. This conclusion agrees with the
results of work [10].

Determination of heavy metals using extraction. We
used metal extraction as chelate complexes to elimi-
nate the effect of the salt matrix.

In TXREF, it is important that the product of metal
preconcentration is in the liquid phase or can be easily
transferred to it. From this viewpoint, the most prom-
ising method of separation is the extraction of metal
complexes to an organic solvent. An important advan-
tage of extraction is the short duration of the separa-
tion procedure, which improves the rapidity of the
whole analysis.

No. 6 2017
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Fig. 2. A fragment of a fluorescence spectrum of an organic extract (results of three replicate determinations).

A combination of advantages of the extraction sep-
aration of the components of seawater with the X-ray
fluorescence determination of metals seems to us
promising. An analysis by TXRF requires several doz-
ens microlitres of a sample. Therefore, the volume of
the analyzed water can be reduced from 500 mL [35]
to 1 mL. In this case, preconcentration is performed
by liquid—liquid microextraction.

To simplify the procedure of sample preparation, it
seemed expedient to directly apply the organic extract
onto the sample holder. However, this arose a number
of methodological difficulties. As can be seen in Fig. 2,
fluorescence intensity in this case varied over a wide
range even for replicate measurements. The reason for
the instability of the results can be that dosing small
volumes of organic solvents (below 15 puL) results in
errors in the measuring volume and reduces the repro-
ducibility of dosing. Application of 10—25 pL of an
organic phase with low surface tension onto a sample
holder led to its spreading outside the central zone of
the sample holder. As a result, considerable part of a
sample could appear outside the zone of the effective
operation of the detector, which resulted in the low
reproducibility of the results of measurements. The
problem of the low reproducibility of the results in the
application of the organic phase onto the sample
holder was also noted in the work [18].

Therefore, metal extraction as complexes ensures
the elimination of noises due to salt matrix; however,
the low reproducibility of the results limits the use of
this version of the procedure.

Determination of heavy metals using back
extraction. We used back extraction of metals from the
organic phase to eliminate the above shortcomings. In
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this case, in dosing an acid back extract onto the sam-
ple holder, the reproducibility of the results remained
high (Fig. 3).

Fluorescence spectra of the initial seawater (curve /)
and of a back extract obtained after sample prepara-
tion are shown in Fig. 4 (curve 2). It is clear that the
intensity of background scattering for the back extract
is low in comparison to that for the initial water. The
intensity of the characteristic lines of elements present
in the sample, on the contrary, considerably increases
after preconcentration.

The completeness of the reaction of complex for-
mation by metals with chelating agents depends on the
pH of solution. The recovery of the analytes was esti-
mated by varying pH in the range from 4.0 to 6.3
because of changes in the composition of the acetate
buffer solution (Fig. 5). In our opinion, pH 5.4 was
optimum for group preconcentration.

The intensity of characteristic lines in the X-ray
fluorescence spectrum of the back extract, except for
the properties of the analyte, depends on the com-
pleteness of its transition from water to the extract and
from the organic phase to nitric acid. Different recov-
eries of elements make expedient the introduction of
an internal standard into the back extract rather than
into the initial water. In this case, the concentration of
elements calculated by the spectrometer software will
correspond to the back extract and, to calculate the
concentration of analytes in the sample, one should
use recalculation. The recalculation coefficients (con-
centration factors) for analytes were calculated from
the found concentrations of standard solutions with
the preset concentration of metals. Standard solutions
contained from 2.5 to 250 pg/L of V, Cr(VI), Mn, Fe,
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Fig. 3. A fragment of a fluorescence spectrum of a back extract of seawater (results of two replicate determinations).
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Fig. 4. A fragment of a fluorescence spectrum of (/) seawater and (2) product of the back extraction of the organic extract with

nitric acid.

Co, Ni, Cu, Zn, Cd, Pb, and Bi. The concentration
factor was the slope of the dependence of element con-
centration in the back extract on its concentration in
the sample (Fig. 6). For some elements, we observed
deviations from direct proportionality (nonzero value
of the absolute term in the linear equation). They
were due to the presence of traces of these elements
on the sample holder and in the solvents (nitric acid
and deionized water). These trace amounts could not
be eliminated completely [4]; therefore, in quantita-
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tive analysis, it was necessary to perform a blank
experiment.

Residual amounts of Fe and Zn on the sample
holder were rather great and unstable, so that the
determination of these elements was insufficiently
accurate even taking into account the result of the
blank experiment.

Under the conditions of the proposed procedure,
chromium gave response only if it was present as
Cr(VI); Cr(IlI) was not preconcentrated as a die-
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thyldithiocarbamate complex. Manganese compounds
were also not extracted from water. Concentration fac-
tors for Pb and Cd must be additionally refined
because of possible interelement effects (of As and K,
respectively). Interelement effects were reduced to
partial (CdL, and KK,) or complete (PbL, and AsK)
overlaps of spectral lines. Using back extraction, we
could multiply reduce the concentration of alkali and
alkaline earth metals in the sample; however, they
were not removed completely (the residual concentra-
tion of K and Ca was of about 3 mg/L and of Sr,
50 ug/L). Concentration factor for V and Bi under the
selected conditions was rather low, which increased
the limit of detection for these elements by the above
procedure.

Therefore, using of the proposed procedure, one
can most efficiently determine Ni, Cu, and Co. The
determination must include the preliminary treatment
of a sample of seawater, extraction of metal diehyldid-
ithiocarbamate complexes with tetrachloromethane,
and back extraction of metals with nitric acid. Prelim-
inary treatment consists in filtering of a sample
through a membrane filter and the addition of a com-
plexant solution and a buffer solution for the attain-
ment of the optimum pH value. The water sample is
subjected to extraction with tetrachloromethane under
stirring, an aliquot portion of the organic extract is
taken, and back extraction is performed. Back
extraction is performed with nitric acid to which an
internal standard (Ga) is added.

The accuracy of the results obtained by the pro-
posed procedure was estimated by the added—found
method. The concentration of heavy metals in the
sample of seawater (Fig. 7, curve 2) and in the same
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sample with an addition of a standard solution with the
concentration 50 ug/L (Fig. 7, curve 3) was found.

The results of analysis of the sample of seawater
and seawater with an additive are presented in Table 1.
The agreement between added and found amounts of
analytes (by the 7-test for a confidential probability of
95% [36]) can be considered satisfactory. The limits of
detection for elements taking into account preconcen-
tration at the step of sample preparation (Table 1) were
calculated for samples of seawater using the spectrom-
eter software.

The results of statistical processing of the obtained
experimental data for a series of eight replicate deter-
minations are presented in Table 2. They point to an
insignificant scatter of the data: the value of the varia-
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tion coefficient did not exceed 33% and the studied set
of samples was uniform [37].

The values of the limits of detection we obtained
are higher than those for alternative procedures, ICP
MS [5] and ETAAS [6], which also included the pre-
concentration stage. An advantage of the proposed
procedure is in a small amount of consumables and

reactants used for sample preparation and low energy
consumption, which ensures the low cost of single
analysis. The procedure can be performed in a mobile
(ship) laboratory, which excludes the need in the
delivery of samples to a stationary laboratory. The full
cycle takes 60 min, which is approximately equal to the
time of metal determination by atomic absorption
spectrometry.

Table 1. Assessment of the accuracy of the results of analysis*

Metal Found, pg/L Limit of detection,
seawater seawater with additive difference he/L
\% 1.3 46.5 45.2 0.92
Cr(VI) 2.3 40.9 38.6 0.68
Fe 591 647 55 0.36
Co <0.26 45.98 45.96 0.26
Ni 66.1 117.8 51.7 0.18
Cu 4.75 48.06 43.31 0.16
Zn 39.3 104.1 64.8 0.15
Cd <3.1 45.20 45.20 3.1
Pb 0.51 40.58 40.07 0.06
Bi <0.13 44.24 44.24 0.13
* Added 50 pg/L of each metal.
JOURNAL OF ANALYTICAL CHEMISTRY Vol. 72 No. 6 2017
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Table 2. Relative error boundaries and coefficients of variation

Relative error
boundaries
at a probability
of P=10.95, %6, %

Coefficient of variation
Vunder the condition
of reproducibility, %

Element

Co 11 4

Cu 17 7

Ni 14 6
k sk ok

Thus, in using total external reflection X-ray fluo-
rescence spectrometry for the determination of the
concentration of Ni, Cu, and Co in seawater, the opti-
mum version of sample preparations consists in the
extraction preconcentration of metals as diethyldidith-
iocarbamate complexes followed by back extraction.
The proposed approach ensures the determination of
the concentration of Ni, Cu, and Co with errors (n = 8,
P =095) 14, 17, and 11% and limits of detection
(ug/L) 0.26 for Co, 0.18 for Ni, and 0.16 for Cu,
respectively.
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