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a b s t r a c t

Energy-dispersive X-ray fluorescence spectrometry (EDXRF) is a well-established analytical technique
successfully applied with good precision and accuracy to determination of many elements. However,
in the case of elements of low atomic number, such as silicon, direct determination is hampered due to
low fluorescence yield and relatively low energy easily absorbed by sample matrix. An indirect method
for determining surface water silicate is thus proposed. The method is based on silicate determination
via molybdenum present in silicomolybdenum blue complex. Determination follows directly suspended
droplet microextraction. Optimum conditions for both microextraction and EDXRF measurement were
studied. A good ratio of silicon to molybdenum (1–41) and a sensitive Kα line of molybdenum make it
possible to determine low concentrations of silicate. Under optimized conditions, good linearity, up to
3 μg mL�1 (r¼0.9990), and good detection limit (6 ng mL�1) were achieved. The total RSD for the EDXRF
determination of silicate following DSDME was 6.7%. Taking into account all steps preceding the
determination and the uncertainty of XRF measurements, the proposed method can be recognized as
precise. The enrichment factor was 140. The developed method was used to determine dissolved silicate
content in surface water samples. The accuracy and repeatability of the proposed procedure were
checked by standard addition method and compared to the results obtained using ICP-OES technique.
The recovery (92.2–96%) was satisfactory and indicates usefulness of the developed procedure.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Determination of trace amounts of silicate in water samples is
presently of special concern in such applications as semiconduc-
tors, metallurgical products, industrial and purified waters as well
as production of pure reagents or biomedical samples. Considering
low concentration of silicate in water, reliable and high-quality
analytical techniques and procedures are strongly desired.

Different analytical techniques have been proposed so far to
determine silicate, including spectrophotometry [1–5], atomic
absorption spectrometry (AAS) [6–8], inductively coupled plasma
atomic emission spectrometry (ICP-OES) [6,9–10], and inductively
coupled plasma mass spectrometry (ICP-MS) [6,11–12], ion chro-
matography (IC) [13–17] or capillary electrophoresis (CE) [18]. The
interest in sensitive methods of silicate determination is evident
since many of the reported methods have drawbacks or suffer
from interference, e.g. (in ICP-MS) from polyatomic ions produced
by nitrogen, oxygen, hydrogen and carbon or (in ICP-OES), due to
the influence of acid digestion mixtures when Si and other silicate-
bound elements are dissolved. In some cases, the required instru-
ments are expensive and their day-to-day maintenance cost is

high. Furthermore, direct determination of silicate in water sam-
ples is usually hampered due to its low concentration and various
types of inherent interferences. Thus, a preconcentration step is
often required prior to measurement in order to improve detection
limits and to remove matrix effects.

Energy dispersive X-ray fluorescence spectrometry (EDXRF) is a
well-established instrumental technique which has a truly multi-
element character and can be successfully applied to determine
several elements with good precision and accuracy. However,
direct EDXRF analysis of liquid samples is difficult due to the
behavior of liquid samples during XRF analysis (under X-ray
irradiation solution heating and formation of bubbles occur) and
due to high X-ray scatter background resulting in essential errors
such as a poor signal-to-noise ratio. Furthermore, typical detection
limits of conventional direct XRF analysis with 30 min counting
time are in the mg L�1 range which is not satisfactory for
environmental analysis [19]. Moreover, in the case of elements of
low atomic number such as silicon, direct determination is ham-
pered due to low fluorescence yield and relatively low energy easily
absorbed by sample matrix. Therefore, EDXRF determination of trace
elements in liquid samples usually requires a preconcentration step.
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The use of preconcentration usually improves detection limit,
increases sensitivity and accuracy of results by several orders but,
on the other hand, increases time required for analysis.

A great progress in the application of EDXRF technique for trace
analysis of liquid samples was made by introducing to laboratory
practice the liquid–liquid microextraction (LLME). As a preconcen-
tration step, LLME offers short extraction time, ease of operation,
low cost, and high enrichment factor. Moreover, it eliminates, or
significantly reduces, the use of chemicals, in particular organic
solvents. From EDXRF perspective, small volume of organic phase-
containing enriched analyte can be easily evaporated to obtain a
solid thin target suitable for XRF analysis. Compared to spectro-
scopic techniques usually combined with LLME, in EDXRF there is
no need to dilute extractant phase prior to measurement, so the
obtained enrichment factors are significantly higher [20–26].

In this paper, a method of EDXRF determination of silicate
dissolved in surface water is described. The proposed procedure
takes advantage of directly suspended droplet microextraction
(DSDME) of silicomolybdenum blue complex into isoamyl alcohol.
The enriched extractant phase separated from water sample is
then deposited onto a Millipore filter and the Kα line of molybde-
num is recorded by EDXRF. This technique allows preconcentrating
the analyte as well as measuring an efficient X-ray fluorescence
emitter (41:1 ratio to silicon). The proposed method offers high
sensitivity of silicate determination, low consumption of both
sample and organic solvent, simplicity of sample preparation,
and low operating costs. To the best of my knowledge, DSDME
as a step that allows preconcentrating trace amounts of silicate has
not been used in combination with any spectroscopic technique,
nor with XRF determination of silicon in the form of silicate (via
silicomolybdenum blue complex). However, the original pattern
for the strategy adapted in this paper for the detection of Si was
previously succesfully applied for phosphate determination in
water samples [27].

2. Experimental

2.1. Reagents and materials

All reagents were of analytical grade. Deionized water from a
Milli-Q system was used for solution preparation. A stock standard
solution of silicon (1 mg mL�1) was purchased from Merck. Work-
ing standard solutions were prepared daily by suitable dilution
of the stock solution. Other reagents used in the developed

procedure were: 5% (m/v) hexaammonium heptamolybdate tetra-
hydrate solution (POCh), 2% hydrazine sulfate (m/v) solution
(POCh), 2% (m/v) oxalic acid solution (POCh), 1 mol L�1 sulfuric
acid solution (POCh), 1-butanol (POCh), 1-hexanol (Acros), isoamyl
alcohol (POCh) and methyl isobutyl ketone (Fluka). The pH levels
were adjusted with 0.1 and 0.01 mol L�1 H2SO4 solutions.

2.2. Instrumentation

The measurements were performed using a laboratory-
constructed EDXRF spectrometer. The air-cooled side window Rh
target X-ray tube of ca. 100 μm nominal focal spot size (XTF 5011/
75, Oxford Instruments, USA) supplied by an XLG high-voltage
generator (Spellman, USA) were used as excitation sources. The
X-ray tube was operated at 45 kV and 600 μA. The counting time
was 300 s. X-ray spectra emitted by the sample were collected
using a thermoelectrically cooled Si-PIN detector (XR-100CR
Amptek, Bedford, MA, USA) with a 145 eV resolution at 5.9 KeV
that was coupled to a multichannel analyzer (PX4 Amptek, Bed-
ford, MA, USA). The spectrometer is described in detail in Ref. 28.
The deconvolution of X-ray spectra was performed using XRF-FP
Amptek software.

Measurements were also carried out using SpecroFMS16a
spectrometer with excitation in the ICP plasma (Spectro Analytical
Instruments) and application of the following operating para-
meters: plasma power – 1.4 kW, coolant gas – Ar, 12 L min�1,
auxiliary gas – Ar, 1 L min�1, nebulizer gas – Ar, 1 L min�1,
nebulizer pressure – 3.2 bar, nebulizer-cross-flow type, sample
uptake rate – 2 mL min�1, wavelength – 251.611 nm.

pH measurements were performed using pH-meter CP-315
(Elmetron) with a combination glass electrode.

2.3. DSDME procedure

An aliquot (5 mL) of the solution, containing less than 15 μg of
Si, was placed in a polypropylene vial. Then, 200 μL of 5%
ammonium molybdate was added and pH of the sample was
adjusted to 1.3 using 0.1 mol L�1 H2SO4. The sample was sonicated
and heated (80 1C) in an ultrasonic bath for 40 min. After cooling,
1.2 mL of 1 mol L�1 H2SO4, 1 mL of 2% hydrazine sulfate (m/v), and
250 μL of isoamyl alcohol were added. The sample was shaken for
5 min and centrifuged for 10 min at 4000 rpm. Next, 20 μL of the
organic phase was deposited (using a microsyringe) in 3 portions
onto a 5-mm diameter Millipore 390 filter with intermittent
drying of the filter. The blank sample was prepared in the same

Fig. 1. DSDME procedure applied prior to EDXRF measurements.
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way as described above, but 5 mL of high-purity water was added
instead of silicate solution. The analytical procedure is shown in
Fig. 1.

3. Results and discussion

EDXRF spectrum of a sample containing 10 μg of silicon is
shown in Fig. 2. As can be seen, Kα line of silicon is not sensitive
enough to be used for determining trace amounts of silicate due to
low energy (1.74 keV), usually absorbed by sample matrix, as well
as low fluorescence yield (ωSi¼0.05). In such cases, to improve the
detection limit, indirect EDXRF determination via more efficient
X-ray fluorescence emitters is usually proposed. In this study,
determination of silicon via Kα line of molybdenum present in the
silicomolybdenum blue complex was performed. As emitter,
molybdenum has excellent sensitivity compared to silicon, result-
ing from high fluorescent yield (ωMo¼0.77). Moreover, molybde-
num is strongly excited by characteristic radiation of the rhodium
target X-ray tube, owing to a very small distance of rhodium Kα
and Kβ lines (20.20 and 22.71 keV, respectively) from the absorp-
tion edges of molybdenum (20.00 keV). Furthermore, favorable
weight ratio between silicon and molybdenum in the silicomo-
lybdenum blue complex (1:41) makes the proposed methodology
very sensitive.

The proposed method of EDXRF determination of dissolved
silicate is based on the formation of silicomolybdenum blue
complex and its extraction into a microvolume of an organic
solvent. The following complex formation reactions apply:

SiO4�
4 þ12MoO2�

4 þ28Hþ-H4SiMo12O40þ12H2O ð1Þ

H4SiO4ðMoO3Þ12 ⟹
reduction

silicomolybdenum blue ð2Þ

The first reaction, formation of 12-molybdosilicate heteropoly
acid (HPA), is a rate-limiting step in silicate determination. It
depends on some experimental parameters such as pH, sonication
time, temperature and concentration of ammonium molybdate.
The second reaction, reduction of HPA to silicomolybdenum blue
complex and its microextraction, is faster and depends on the
concentration of sulfuric acid and hydrazine sulfate, as well as
organic solvent type and volume, and extraction time. All para-
meters influencing the formation of silicomolybdenum blue com-
plex were optimized independently and in all cases three replicate
measurements were carried out. Optimization studies were per-
formed with 10 μg of silicon aqueous standard.

3.1. Optimization of the HPA formation

Initial studies showed that EDXRF determination of silicates via
silicomolybdenum blue complex strongly depends on the forma-
tion reaction of HPA. It is well known that this reaction occurs
slowly. According to literature data, to speed up the complex
formation, sample heating has been usually employed. Ultrasound
can also facilitate the formation of heteropolyacids [29]. Therefore,
influence of both sonication time and temperature on the forma-
tion of HPA was tested.

The effect of sonication time (5–60 min. range, 60 1C) was
studied using solutions of fixed pH, analyte and reagents' concen-
tration. As shown in Fig. 3a, extending sonication time up to
40 min brings an increase of the analytical signal resulting from
faster achievement of equilibrium state during HPA formation.
Above 40 min, radiation intensity of the complex remained fairly
constant. Thus, a sonication time of 40 min was selected for
further studies.

The effect of temperature (20–90 1C, 40 min sonication) was
also studied using solutions of fixed pH, analyte and reagents'
concentration. As shown in Fig. 3b, temperature elevation up to
80 1C increases significantly the analytical signal as a result of
speeding up HPA formation reaction. Above 80 1C the radiation
intensity of the complex remained fairly constant. Hence, a
temperature of 80 1C was selected for further studies.

HPA formation reaction strongly depends also on pH and
molybdate concentration. Thus, influence of these two parameters
on the measured analytical signals was studied.

The effect of pH value (1–1.5) on the fluorescent radiation
intensity of the HPA complex is shown in Fig. 3c. Sensitivity of the
reaction increases with rising pH up to 1.3. Above this pH, analytical
signal decreases with decreased concentration of the acid. The
highest and constant radiation intensity of the complex was obtained
for pH 1.3 and this value was chosen for further experiments.

The effect of ammonium molybdate concentration (6.5�10�4–

1.8�10�3 mol L�1) on the radiation intensity of the complex was
also studied and the results of experiments are shown in Fig. 3d.
They indicate that the addition of molybdate gives rise to an
increased analytical signal, up to 8.1�10�4 mol L�1. Therefore,
further experiments were performed with 8.1�10�4 mol L�1

ammonium molybdate in the sample.

3.2. Optimization of silicomolybdenum blue complex formation and
microextraction

3.2.1. Selection of organic solvent type and volume
The criteria of solvent selection in DSDME include high enrich-

ment factor, low volatility, low water solubility and density lower
than that of water. Taking into account silicomolybdenum blue
complex solubility in oxygen solvents, four of them having
different physicochemical properties were tested. They included
1-butanol, 1-hexanol, isoamyl alcohol and MIBK (water solubility
63.2 g L�1 [30], 5.9 mg L�1 [31], 26.7 g L�1 [32] and 19 mg L�1

[33] at 25 1C, respectively). Extraction efficiency of the studied
solvents decreased in the following order: isoamyl alcohol4
1-butanol4MBIK41-hexanol (in the case of 1-hexanol the
extraction process did not occur). The highest extraction efficiency
was achieved using isoamyl alcohol and this solvent was selected
for further studies as extractant. Moreover, it forms a stable and
well-defined drop after centrifugation which facilitates uptake of
the enrichment extractant phase separated from the water sample.

The impact of isoamyl alcohol volume used (200–300 μL) on
the extraction efficiency of the complex was also studied (Fig. 4a).
At volumes lower than 200 μL the drop did not form due to high
solubility of isoamyl alcohol in water. It was noted that the
enrichment factor at equilibrium increases with decreasing solventFig. 2. EDXRF spectrum of a sample containing 10 μg of silicon.
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volume, but the time to achieve equilibrium state is longer.
Moreover, using solvent volumes lower than 250 μL brings about
higher blank values and worse repeatability, due to smaller drop
and difficulty in uptaking the organic phase into a microsyringe.
Accordingly, a 250 μL volume of isoamyl alcohol was selected as
the most suitable. After the extraction process, volume of the
organic phase was 3573 μL. For EDXRF determination, 20 μL of
the enrichment extractant phase was used.

3.2.2. Extraction time
Mass transfer within the droplet is a limiting step of microextrac-

tion kinetics. If the process is only driven by molecular diffusion, time

required to approach the equilibrium state is long. Owing to sample
mixing, both molecular diffusion and convective mass transfer occur
in a droplet and equilibrium state is achieved faster. In classical
DSDME, to intensify mass transfer the sample is vortexed. However,
in this study shaking of the sample was employed. Due to strong
dispersion of the organic phase following mechanical shaking, it was
necessary to centrifuge the sample to obtain a well-defined drop of
the enrichment extractant phase. The effect of shaking time length
on the extraction efficiency was checked (0–420 s). As shown in
Fig. 4b, longer shaking time (up to 300 s) increases analytical signal
as a result of enhanced mass transfer. At times longer than 300 s
radiation intensity of the complex remained fairly constant. Shaking
time of 300 s was thus selected for further studies.

Fig. 3. The influence of: (a) sonication time; (b) temperature; (c) pH, and (d) molybdate concentration on radiation intensity of the molybdenum blue complex by the
proposed procedure. Error bars represent standard deviation for N¼3.

Fig. 4. The influence of (a) isoamyl alcohol volume; (b) extraction time; (c) H2SO4 concentration, and (d) hydrazine sulfate concentration on radiation intensity of the
molybdenum blue complex by the proposed procedure. Error bars represent standard deviation for N¼3.
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3.2.3. Effect of sulfuric acid concentration
The reduction of 12-molybdosilicate heteropoly acid to a blue

complex strongly depends on the concentration of sulfuric acid,
due to the possibility of self-reduction of the molybdate (non-
phosphate sensitized reduction) under low acidity conditions [34].
The effect of sulfuric acid concentration (1.2�10�1–2.6�10�1

mol L�1) on the radiation intensity of the complex was studied. As
shown in Fig. 4c, sensitivity of the reaction increased with higher
concentrations of sulfuric acid, up to 2.4�10�1 mol L�1. Above
this concentration the analytical signal decreased. The highest and
constant radiation intensity of the complex was obtained for
2.4�10�1 mol L�1 value and this concentration was selected for
further experiments.

3.2.4. Effect of reductor concentration
The type and concentration of reductor both influence the

kinetics of HPA reduction and the stability of molybdenum blue
complex. Ascorbic acid [2,4,5,16,35,36], tin(II) chloride [37] and
1-amino-2 naphtol-4-sulfonic acid [38] are the most common
reductants used in determining silicate concentration in natural
waters. Ascorbic acid has a major disadvantage of developing color
slowly [37]. The addition of antimony to ascorbic acid increases
the rate of HPA reduction [39]. When using tin(II) chloride,
unstability of the silicomolybdenum blue complex has been
observed. On the other hand, this compound offers a much faster
reaction rate than ascorbic acid [37]. In the present study hydra-
zine sulfate was employed for reduction of 12-molybdosilicate
heteropoly acid. The reductor action is temperature-independent;
a stable blue complex is formed and the reaction kinetics is
satisfactory. The effect of hydrazine sulfate concentration (1.5�
10�2–4.6�10�2 mol L�1) on radiation intensity of the blue com-
plex was studied and the results of experiments are presented in
Fig. 4d. The obtained results indicate that the addition of reductant
up to 3.1�10�2 mol L�1 increases the analytical signal. Above this
concentration radiation intensity of the complex remained fairly
constant. Therefore, 3.1�10�2 mol L�1 hydrazine sulfate concen-
tration in the sample was selected for further studies.

3.3. Interferences

Phosphate is the major potential interferent when determining
silicate in surface waters due to the fact that both have similar
reaction chemistries with molybdate in acidic solution. Ground
waters rarely contain more than 0.1 mg L�1 phosphorus unless
they have passed through soil containing phosphate or have been
polluted by organic matter [40]. Thus, the effect of phosphate
content on determination of silicate by the proposed method was
investigated. The obtained results show that, at optimal condi-
tions, phosphate does not affect silicate determination if the
former is present in quantities equal or lower than that of silicate.
Above 1:1 ratio the radiation intensity of phosphate is increased
compared to the results obtained for standard solution of silicate.
To avoid interference of phosphate on determination of silicate,
a selective masking with oxalate was used. Oxalic acid suppresses
interference from phosphate by decomposing molybdophosphate
without affecting the molybdosilicate formation [41]. The studies
showed that 0.009 mol L�1 oxalic acid is sufficient to eliminate the
effect of 8-fold weight excess of phosphate over silicate. The
studied phosphate content is far higher than normal phosphate
content in surface waters.

3.4. Analytical characteristics of the method

In order to construct a calibration curve, reference samples
containing varying concentrations of silicate were prepared under
conditions optimized for both extraction and measurement steps.

The calibration plot was linear in the 0.06–3 μg mL�1 range of
silicate ion. The obtained regression coefficient was 0.9990. A non-
linearity observed above 3 μg mL�1 can be explained by self-
absorption effects which increase with increasing thickness of the
dried residue.

The detection limit (DL) calculated from the equation: DL¼(3/
K)(B/t)1/2 [where k is the sensitivity in counts s�1 μg�1; B is the
background count rate in counts s�1; and t is the counting time],
was 6 ng mL�1.

To assess precision of the method seven replicates of samples
containing 0.2 μg of silicon (in the form of silicate) were examined.
Total precision of a DSDME–EDXRF determination is dependent on
several errors that occur at: the extraction step (sextraction), deposi-
tion of the organic phase onto the carrier (sdeposition), positioning of
the sample in the spectrometer chamber (spositioning), and during
measurement (smeasurement). smeasurement was calculated based on
repeated (7 times) measurements of the same sample without
removing it from the spectrometer chamber; spositioning was
calculated by measuring the same sample removed every time
from the chamber and recentered before the measurement. Total
standard deviation was obtained by measuring 7 replicates pre-
pared under conditions optimized for preconcentration procedure.
For calculating sdeposition, a sample was prepared containing
reagent volumes 10-fold higher than those described in DSDME
procedure. After extraction, 7 replicates were prepared by using
each time 20 μL of the same organic phase. sextraction was calcu-
lated from the equation:

stotal ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2extractionþs2depositionþs2positioningþs2measurement

q

As can be seen in Table 1 the extraction step and the deposition
of organic phase onto the carrier have considerably greater
influence on total uncertainty than factors associated with mea-
surements. Nevertheless, the total precision of DSDME combined
with EDXRF spectrometry was 6.7%. For concentrations higher
than 0.2 μg mL�1, total precision of the proposed procedure did
not exceed 4%. Taking into account all steps preceding the
determination and the uncertainty of XRF measurements, the
proposed procedure can be recognized as precise.

The enrichment factor calculated as a ratio of the sample
volume to the volume of the organic phase (after extraction
process) was found to be approximately 140.

Detailed analytical information concerning the developed pro-
cedure is shown in Table 1.

3.5. Determination of dissolved silicate in surface water

Reliability of the recommended procedure was examined by
determining silicate in different kinds of water samples collected
from the Upper Silesia region in Poland. Water samples before
analysis were filtered through a Millipore cellulose acetate mem-
brane (0.45 μm) and stored at 4 1C. The accuracy of the method

Table 1
Analytical characteristics of DSDME–EDXRF proce-
dure for determination of silicate in water samples.

Parameter Analytical feature

Linear range, μg mL�1 0.06–3
Correlation coefficient, R 0.9990
Detection limit, ng mL�1 6
RSDtotal, % (n¼7) 6.7
RSDmeasurement, % (n¼7) 0.5
RSDpositioning, % (n¼7) 0.9
RSDdeposition, % (n¼7) 4.8
RSDexctraction, % (n¼7) 6.2
Enrichment factor 140
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was verified by analyzing samples spiked with a known amount of
Si standard solution, and by using ICP-OES technique. As illu-
strated in Table 2, recoveries of the added standard solution are
good, between 92.2% and 96%, and there is no significant differ-
ence between the results obtained by the developed procedure
and reference ICP-OES technique. Thus, the proposed method is
indeed capable of measuring dissolved silicate in surface water
samples.

4. Conclusion

An indirect method was developed for determining nanoscale
levels of silicate by DSDME combined with EDXRF. The main
benefits of the proposed procedure include wide linear range,
low detection limit, good precision, high enrichment factor
achieved for 5-mL samples along with minimized use of organic
solvent and low cost. The proposed DSDME–EDXRF combination
significantly broadens the scope of XRF application to liquid
samples and belongs to eco-friendly procedures, in accordance
with green chemistry rules.
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Table 2
Analysis of surface water samples and samples spiked with silicate standard solution.

Sample Added Si, μg∙5 mL�1 Determined Si, μg∙5 mL�1 Recovery, (%) ICP-OES, μg∙5 mL�1 Relative difference, (%)

Water I 0 0.22370.008 92.8 0.21970.006 �1.8
0.2 0.40770.009 – – –

Water II 0 1.7870.09 94.1 1.7470.05 –2.3
1 2.7270.08 – – –

Water III 0 10.970.7 98.0 11.170.3 1.8
5 15.770.6 – – –

Water IV 0 5.270.3 95.4 5.370.2 1.9
2 7.170.3 – – –

Water V 0 12.870.7 94.5 13.070.4 1.5
5 17.570.7 – – –
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