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Abstract

Reliable methods for the analysis of silicon are of great importance, because it seems that the silicate anion can
reduce aluminum bioavailability in patients undergoing dialysis. Thus, a simple and sensitive spectrophotometric
method is described for the determination of silicate traces in dialysis solutions. The method is based on the reaction
between silicate ions and excess ammonium molybdate reagent to give a yellow silico-molybdic complex. This
complex is then reduced to the heteropoly blue compound by means of ascorbic acid. Absorbance values are
measured at 830 nm, and are stable for more than 2 h. A good linearity was obtained up to 300 ng ml~! of silicon
concentration. The accuracy and the precision of the method were good; relative standard deviation values of 2%
intraday and of 3.9% interday for six replicates on 40 ng ml— ' standard silicate solutions were found. Results of the
analysis of some commercial hemodialysis solution samples, obtained by means of the ‘standard additions’ method,
are provided. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction tion in central nervous system tissues of alu-
minum, which sometimes can be present as a
Patients suffering from chronic renal failure contaminant in hemodialysis solutions [I—-4]. In
who undergo hemodialysis can show the symp- developed countries, dialysis solutions are con-
toms of anaemia, bone aches and ‘dialysis demen- stantly screened for the aluminium levels, but in
tia’, a severe neurological disease. The onset of developing countries, the aluminum contamina-
this disease has been correlated to the accumula- tionbl of dialysis solutions is still a pressing
problem.
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physiological conditions. This chemical interac-
tion between aluminum and silicon is currently [6]
considered of great interest in the biological field
due to its possible role in the aluminum detoxifi-
cation in patients undergoing hemodialysis.

Silicon is an essential trace element for humans,
but its real biological function is still unknown.
The aim of this investigation is the implementa-
tion of a simple and sensitive method for the
determination of silicon levels in dialysis solu-
tions. Silicon is not present in dialysis solutions as
a normal component, but at trace levels in the
form of silicic acid, Si(OH),.

Several reports on the determination of silicates
in water and in biological fluids have been pub-
lished; the most commonly used techniques in-
clude inductively coupled plasma-atomic emission
spectroscopy [7-10], atomic absorption spec-
trometry [10—13], molecular absorption spec-
trophotometry [14], polarography [15], neutron
activation analysis [16] and X-ray fluorescence
spectrometry [17].

The spectrophotometric method proposed
herein for silicate analysis is based on the reaction
of silicic acid with ammonium molybdate and the
subsequent reduction of the complex formed to
heteropoly blue, which can be analyzed at 4 = 830
nm. This method was found to be sensitive and
reliable, and was successfully applied for the de-
termination of trace amounts of silicon in dialysis
solutions.

2. Experimental
2.1. Apparatus and materials

A Perkin Elmer (Beaconsfield, UK) model 554
double beam spectrophotometer and a Crison
(Barcelona, Spain) micropH 2000 pHmeter were
used. Quartz cuvettes (optical path, 1 cm) were
used for the spectrophotometric analysis; after
each measurement, they were washed sequentially
with water, diluted hydrochloric acid, water and
ultrapure water.

Ammonium molybdate (NH,);Mo,0,,-4H,0),
ferrous sulfate, sulfuric acid, 70% perchloric acid,
ascorbic acid (Merck, Darmstadt, Germany), all

of analytical grade, sodium metasilicate as silicon
standard for atomic spectroscopy (Carlo Erba,
Milan, Italy) and ultrapure water from a Mil-
lipore (Bedford, MA, USA) MilliQ apparatus
were used.

Low-release polyethylene flasks and containers
were used throughout the experiments because of
the strength with which molybdenum blue at-
tached to the internal surfaces of the glassware.

2.2. Solutions

The stock silicon solution (1 mg ml~!, ex-
pressed as silicon) was obtained by diluting a
commercial vial of sodium metasilicate to 1 1 with
ultrapure water; standard solutions (10 pg ml—")
were prepared by diluting the stock solution with
ultrapure water. The 4.8% (w/v) ammonium
molybdate standard solution (38.8 mM) was pre-
pared by dissolving 9.6 g of molybdic salt in 200
ml of ultrapure water. The 1% (w/v) ascorbic acid
solution (5.68 mM) was prepared by dissolving
0.25 g of ascorbic acid in 25 ml of ultrapure
water. The 35% (w/w) perchloric acid solution
(6.25 M) was obtained by diluting a 70% (w/w)
HCIO, solution 1+ 1 with ultrapure water. The
commercial dialysis solutions were provided by
Sifra (Isola della Scala, Verona, Italy)

2.3. Optimal experimental conditions

In order to determine the optimal concentration
of perchloric acid, and the optimal reaction condi-
tions, sample solutions (0.80-2.00 ml of 35%
perchloric acid, 1.00 ml of 1% ascorbic acid, 1.00
ml of 4.8% ammonium molybdate, 0.05 ml of 10
pug ml—! silicon standard solution, ultrapure wa-
ter to 25 ml) and blank solutions (prepared in the
same way as the samples, except for the standard
silicon solution) were thermostated at various
temperatures, from 40 to 70°C. Absorbance val-
ues were measured at 5-min intervals, at A= 830
nm.

In order to determine the optimal concentration
of ammonium molybdate solution, sample solu-
tions (1.60 ml of 35% perchloric acid, 1.00 ml of
1% ascorbic acid, 0.50—1.50 ml of 4.8% ammo-
nium molybdate, 0.05 ml of 10 pg ml—! silicon
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standard solution, ultrapure water to 25 ml) and
blank solutions were thermostated at 70°C for 45
min. The solutions were subsequently subjected to
spectrophotometric analysis at 4= 830 nm.

In order to determine the optimal concentration
of ascorbic acid solution, sample solutions (1.60
ml of 35% perchloric acid, 0.50—1.50 ml of 1%
ascorbic acid, 1.00 ml of 4.8% ammonium molyb-
date, 0.05 ml of 10 pg ml~! silicon standard
solution, ultrapure water to 25 ml) and blank
solutions were thermostated at 70°C for 45 min.
The solutions were subsequently subjected to
spectrophotometric analysis at 4 =830 nm.

2.4. Calibration curve

Into 25 ml volumetric flasks were added: 10 ml
of ultrapure water, 1.6 ml of 6.25 M HCIO,, 1 ml
of 4.8% ammonium molybdate, 1 ml of 1% ascor-
bic acid, different amounts of the 10 pg ml—!
standard silicon solution in order to obtain sam-
ples with the following concentrations: 0, 5, 10,
20, 40, 60, 100, 200 and 300 ng ml~!, and ultra-
pure water up to volume. The calibration point
were analyzed in triplicate.

The samples were thermostated for 45 min at
70°C, then the absorbance values were measured
at 4 =830 nm at room temperature.

In order to speed up the procedure, 10 ml of a
ready-made reagent were used. It was composed
of 35% HCIO,:4.8% ammonium molybdate:1%
ascorbic acid:ultrapure water in the ratio
1.6:1:1:6.4 (v/v/v/v). The reagent is stable at room
temperature for a few days.

The standard deviation was calculated on six
samples containing 40 ng ml~ ' silicon, and using
a kinetic procedure at 70°C for 45 min.

2.5. Application to dialysis solutions

Various kinds of dialysis solutions, both
hemofiltration (SIF-BH 504 B and SIF-BH 499)
and peritoneal dialysis (SIF-BP 466 A) solutions
were analyzed. Their declared compositions are
reported in Table 1.

In a 25 ml volumetric flask, to 10 ml of dialysis
solution, 10 ml of ready-made reagent and ultra-
pure water up to volume were added. The result-

ing solution was thermostated at 70°C for 45 min,
then subjected to spectrophotometric analysis at
A =830 nm.

The Si levels were obtained by the ‘standard
addition’ method. To analyze hemofiltration solu-
tions (SIF-BH 504 B, SIF-BH 499 and ‘recon-
structed’), other flasks were prepared as above,
but adding 50, 100 and 150 pl, respectively, of a
10 pg ml—! standard silicon solution, in order to
obtain a final addition of 20, 40 and 60 ng ml '
silicon.

In order to apply the standard addition method
to peritoneal dialysis solutions (SIF-BP466 A),
other flasks were prepared as already stated, but
adding 150, 200 and 250 pl, respectively, of a 10
pg ml—! standard silicon solution, in order to
obtain an addition of 60, 80 and 100 ng ml~' of
silicon.

2.6. Recovery assays

Recovery on hemofiltration solutions: to 10 ml
of dialysis solution, 50 ul of a 10 pg ml~—' stan-
dard silicon solution were added, to obtain a final
spiking of 20 ng ml~'. The resulting solution was
subjected to the same procedure as described in
Section 2.5.

Recovery on peritoneal dialysis solutions: to 10
ml of dialysis solution, 250 ul of a 10 pg ml—!
standard silicon solution were added, in order to
obtain a final spiking of 100 ng ml~'. The result-
ing solution was subjected to the same procedure
as described in Section 2.5.

3. Results and discussion

It is well known that molybdate (as well as
tungstate) ions form polyanions in acidic medium,
and that, in the presence of silicate ions, give
rise to the formation of heteropolyoxyanions
[18].

The reduction of the Keggin-structure anion
[SiMo0,,0,.]* ~ leads, in aqueous acidic solutions,
to the stable heteropoly blue [SiMo,,0,,]° ~, with
a peculiar intervalence band at 830 nm, due to a
mixed valence species with Mo>* center [19].
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3.1. Preliminary studies

Preliminary assays were carried out, using a
procedure previously implemented by one of the
authors [20], which allowed for the determination
of silicates dissolved in mineral waters. After
some trials on hemodialysis solution samples, it
was apparent that the results were not reliable; in
particular, silicon recovery was far too high
(about 130%). Subsequent attempts proved that
the high ion concentration from salts contained in
the dialysis solutions created strong interference,
such that the method could not be directly applied
to this matrix.

Drastic modifications were thus applied in or-
der to render the procedure suitable for the deter-
mination of silicate ion levels in dialysis solutions,
namely the acidic medium (perchloric acid instead
of sulphuric acid), and the reducing agent (ascor-
bic acid instead of ferrous sulfate) were changed,
thus excluding from the procedure the ferrous and

Table 1

Silicon and aluminum levels found in examined dialysis solutions

sulfate ions, which were considered to be respon-
sible for the interference.

3.2. Study of the optimal experimental conditions

The main factors that influence analysis perfor-
mance are: the pH at which the silico-molybdate
complex is reduced to heteropoly blue, the tem-
perature of the reduction reaction and the reagent
concentrations.

3.2.1. Perchloric acid concentration and reaction
temperature

The reduction reaction on which the method is
based depends strongly on the acidity of the
medium. The first optimized parameter was the
amount of perchloric acid in the reaction mixture.
Several concentrations of acid were tried, in the
0.2-0.5 M perchloric acid range. For every con-
centration, a sample and a blank were analyzed at
830 nm after reaction completion. The highest

Name, type and composition

Aluminum
(ng ml—")?

Silicon (ng ml—")?

SIF-BH 504 B (hemofiltration)
NaCl, 5.73 g

KCl, 0.11 g

CaCl,2H,0, 0.22 g
MgCl,-6H,0, 0.10 g

Na lactate, 4.70 g

Glucose, monohydrate, 2.20 g
Water for injectables to 1000 ml
SIF-BH 499 (hemofiltration)
NacCl, 6.28 g

KClL 0.15 g

CaCl,2H,0, 0.26 g
MgCl,-6H,0, 0.10 g

Na lactate, 4.76 g

Water for injectables to 1000 ml
SIF-BP 466 A (peritoneal dialysis)
NaCl, 5.67 g

CaCl,2H,0, 0.26 g
MgCl,-6H,0, 0.07 g

Na lactate, 3.92 g

Glucose, monohydrate, 16.50 g
Water for injectables to 1000 ml

Solution reconstructed following the declared SIF-BH 504 B composition

25240.5 52+0.1

354407

6.0+0.1

390+ 8

29.8+£0.4

4 Each value is the mean of three determinations + standard deviation.
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Fig. 1. Influence of temperature on reaction kinetics. Ab-
sorbances of standard silicon solutions (40 ng ml—!) ther-
mostated at various temperatures (S, =70°C; S,=60°C;
S; =50°C; S, =40°C) are plotted against the time of reaction.

absorbance values are obtained in the 0.30-0.40
M range of HCIO, concentration.

At the same time, the reduction kinetics of the
silico-molybdate complex were studied. Results
obtained by thermostating samples and blanks at
temperatures between 40 and 70°C are reported in
Fig. 1. At room temperature, the kinetics are very
slow, and thus are not reported in the figure. At
higher temperatures, however, the reaction is con-
siderably faster, but some very high absorbance
values were found after protracted exposure to
high temperatures (70°C for more than 80 min).
Such results can only be explained by degradation
of the sample (uncomplexed molybdate probably
undergoes reduction). In order to guarantee fast
reaction kinetics, high temperatures as well as

Table 2

high concentrations of perchloric acid are thus
required. A temperature of 70°C maintained for
45 min and a concentration of 0.40 M of perchlo-
ric acid were found to be the optimal parameters.

3.2.2. Concentration of ammonium molybdate
reagent

The second step was the determination of the
optimal concentration of the ammonium molyb-
date reagent.

Blanks and samples prepared as already stated,
but containing various concentrations (0.78-2.33
mM) of ammonium molybdate, were ther-
mostated at 70°C for 45 min; absorbance values
at 830 nm were then determined. The results are
reported in Table 2. The optimal concentration of
ammonium molybdate was 1.55 mM since higher
amounts caused a sharp rise in blank absorbance.

3.2.3. Amount of ascorbic acid (reducing agent)

Assays were carried out using several amounts
(0.5-1.5 ml) of a 1% ascorbic acid solution. Ob-
tained data indicate that the amount of ascorbic
acid within these limits is fairly irrelevant since
the absorbance difference values between samples
and blanks are almost constant. This result was
predictable, since the amount of ascorbic acid
present is always in very large excess with respect
to the silico-molybdate amount.

3.3. Method validation

A calibration curve was set up by carrying out
the previously described procedure on silicate
standard solutions at nine different concentrations
(in triplicate), and by plotting absorbance values
against silicon concentrations. Linearity was

Determination of the optimal concentration of ammonium molybdate

Ammonium molybdate concentra-

Amount of 4.8% ammonium molyb-

Blank absorbance Sample absorbance

tion (mM) date (ml) (4 =2830 nm) (A=2830 nm)
0.78 0.50 0.001 0.017
1.16 0.75 0.002 0.086
1.55 1.00 0.006 0.192
1.94 1.25 0.393 0.949
2.33 1.50 2.160 >2.500
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found to be from 5 to 300 ng ml~! silicon (regres-
sion equation: y=0.007+ 0.0009x, r=0.999).
The limit of determination was 5 ng ml~!,
calculated following USP XXIII guidelines [21].

For each analysis of dialysis solution samples,
the experimental calibration points were deter-
mined again in order to verify method reproduci-
bility and reagent contamination. Under optimal
conditions, reagents and water contained a total
interference corresponding to a silicon concentra-
tion of about 7 ng ml~' (relative standard
deviation (RSD), 6.1%), a value which can be
considered generally acceptable, indicating low
levels of contamination.

Repeatability (or intraday precision) was evalu-
ated on six assays performed on samples contain-
ing 40 and 10 ng ml ! silicon. The obtained RSD
values of 2.0 and 4.8%, respectively, indicate a
good precision.

Intermediate precision was evaluated on six
assays performed interday on samples containing
40 ng ml—! of silicon. The RSD was 3.9%.

Regarding stability, it was found that, under
these optimal conditions, the heteropoly blue
complex is stable for more than 2 h at room
temperature.

3.4. Determination of silicate traces in dialysis
solutions

Once validated, the method was applied to the
assay of silicon levels in some commercially avail-
able samples of hemofiltration solutions and of
peritoneal solutions. In order to overcome the
problem of sample matrix effects, the method of
‘standard additions’ was applied and silicon
amounts in dialysis solutions were determined by
means of extrapolation.

Analysis of 2.5 ml volumes of dialysis solutions
(1:10 dilution) gave results which were near the
quantitation limit of the method, and thus were
barely reliable; subsequent analysis were thus per-
formed using 10 ml of dialysis solution (1:2.5
dilution). The use of larger volumes of samples is
not problematic, since dialysis solutions are al-
ways available in large amounts. Various volumes
of 10 pg ml—! standard silicon solutions were
added to 10 ml aliquots of dialysis solution sam-

0.08

ABS

I N

|
20 40 60
Silicon conc. (ng/mlL)

Fig. 2. (a) Determination of silicon concentration in hemodial-
ysis solution by means of extrapolation; (b) silicon calibration
curve; (c) recovery assay on the same hemodialysis solution as
in (a).

ples and subjected to the described procedure.
Resulting absorbance values were plotted against
concentrations of added silicon, and the original
silicon concentrations were determined by extrap-
olating the least-square straight line to zero ab-
sorbance value. The assay results for a sample of
solution SIF-BH504 B and the corresponding
daily calibration curve are reported in Fig. 2(a)
and 2(b), respectively. The difference between the
x axis intercepts is 10 ng ml~!, which, multiplied
by 2.5 (dilution coefficient, as reported in Section
2), gives a final silicon concentration in the sample
equal to 25 ng ml—".

The silicon levels obtained analyzing different
samples of dialysis solutions are reported in Table
1, where the analysis of a ‘hemodialysis solution’
prepared in our laboratory is also reported, fol-
lowing the declared contents of a commercially
available solution. Results are consistent and
comparable between them (except for solution
SIF-BP 466 A), as can be seen from Table 1. The
high levels of silicon found in the SIF-BP 466 A
solution, which is a different kind of dialysis
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solution (peritoneal dialysis solution), could be
abscribed to the different composition.

In order to validate the method accuracy,
known amounts of standard silicon solution were
added to known amount of dialysis solution sam-
ples and subjected to the described procedure.
Preliminary experiments carried out by direct
spiking of the samples with the standard silicon
solution showed strong interference, due to sili-
cate—matrix interactions, which give rise to floc-
culation or precipitation compounds. Only by
adding standard silicon solutions after acidifica-
tion of the sample could these interactions be
eliminated.

The absorbance values obtained by means of
the ‘standard additions’ method on a sample of
hemodialysis solution (SIF-BH 504 B) spiked with
50 pl of a 10 pg ml—! standard silicon solution (in
order to give a final silicon addition of 20 ng
ml—") are shown in Fig. 2(c). The difference
between the intercepts of the zero absorbance in
curves (c) and (a) gives a final value of 19.6 ng
ml ~ !, which corresponds to a silicon recovery of
98%. By analyzing all other dialysis solutions after
an addition of standard silicon solution (20 ng
ml~' for SIF-BH 499 and ‘reconstructed’, 100 ng
ml~! for SIF-BP 466 A), recovery values of 99%
for solution SIF-BH 499, of 98.2% for the ‘recon-
structed’ solution and of 98.5% for solution SIF-
BP 466 A were found. These results demonstrate
the good accuracy of the method.

Moreover, Table 1 reports the values of alu-
minum levels found in the same samples of dialy-
sis solutions wusing a recently developed
spectrofluorimetric method [22]. As can be seen,
the Al levels are always very low and fall within
the limit (10 ng ml—!) required by the European
Pharmacopeia [23]. These results testify to the
good manufacturing quality of the examined dial-
ysis solutions.

4. Conclusions

The spectrophotometric method for silicic acid
determination, based on the formation of the
‘heteropoly blue’ complex, seems to be suitable

for silicate trace analysis in dialysis solutions. The
method, simple and sensitive, has also the advan-
tages of good accuracy and satisfactory precision.
Investigations are currently in progress in order to
verify the application of this method, after suit-
able modifications, to silicate anion dosage in
body fluids. Clinical tests recently revealed [24]
that the silicic acid influences the bioavailability
of aluminium by reducing its absorption. This is
of great importance, since the administration of
appropriate amounts of silicate to dialysis patients
could lead to a better understanding of the alu-
minum detoxification problem.
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