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1. Introduction

It was shown that dentifrices containing
fluoride ions can significantly contribute to caries
prevention [1,2]. In the presence of F—, the hy-
droxylfluorapatite Ca,,(PO,)s(OH),_ .F., which
is more resistant to acids than hydroxylapatite
Ca,,(PO,)((OH),, is sedimented on the tooth sur-
face. As a result, the reconstitution of the tooth
surface is much better and faster. The source of
fluoride ions in dentifrices is sodium fluoride, tin
fluoride, zinc fluoride, aminfluoride or sodium
monofluorphosphate. The latter compound is the
one used most frequently. It contains covalently
bonded fluorine and releases usually about 6% of
fluoride ions during the application of dentifrice
by hydrolysis in the mouth. Sodium monofluor-
phosphate is used in various dentifrices which
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contain Ca?* and Mg?> ™" insoluble salts as abra-
sives and the active fluoride ion can be lost as
sparingly soluble CaF, or MgF,. When Na,FPO,
is present, the F~ that disappeared is compen-
sated by new F~ ions delivered by continuous
hydrolysis of Na,FPO; by dentifrice application
in the mouth.

Since the difference between toxic and thera-
peutic concentrations of fluoride ions is rather
small, an accurate and precise method for the
determination of the fluoride source in dentifrice,
like Na,FPO; discussed here, is crucial.

Various methods, like potentiometry [1-4], gas
chromatography [5,6], liquid chromatography [7],
atomic absorption spectroscopy [8], titrimetry [9]
and UV/Vis absorption spectroscopy [6], were
applied for the determination of Na,FPO; in den-
tifrices. Among them, the potentiometric method
using F~ selective electrodes seems to be very
suitable because it is simple, rapid and economi-
cal. However, inspection of the literature data
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reveals that the potentiometric procedures de-
scribed have manifold disadvantages, which can
cause insufficient precision and accuracy. The aim
of this work was to analyse the characteristics of
the potentiometric method and to point out fac-
tors influencing its accuracy and precision. A sim-
ple, rapid, accurate and precise procedures are
proposed.

2. Experimental
2.1. Reagents and instrumentation

All reagents used were of analytical reagent
grade from Kemika, Zagreb. Dentifrices were
products of Pliva, Pharmaceutical, Chemical,
Food and Cosmetic Industry, Inc., Zagreb, Croa-
tia. Deionised water (<5 puS cm~') was used
throughout.

A fluoride-selective electrode (ORION 94-09),
reference Ag/AgCl electrode (ORION 94-01) and
pH/mV meter (ORION 901) were used in all
potentiometric measurements. Separation of
phases was performed on a SANYO, Mistral 3000
centrifuge.

2.2. Procedures

2.2.1. Procedure 1

To the suspension of dentifrice in water, ob-
tained by dispersing 1 g dentifrice (weighed to the
nearest 0.1 mg) in 20.0 ml of deionised water, 4.0
ml of 6 M HCI was added. Suspension was stirred
and heated at 80°C on a water bath for 30 min,
cooled at room temperature and diluted to 50.0
ml. The amount of fluoride was determined by
direct potentiometric measurement. For potentio-
metric measurements a 1.0 ml aliquot of hy-
drolysed sample was mixed with 25.0 ml of
TISAB buffer (1.0 M sodium chloride, 0.25 M
acetic acid, 0.75 M sodium acetate, 0.001 M
sodium citrate, pH 5.2 [12]) and finally water was
added up to 50.0 ml. Standard solutions for cali-
bration contained NaF (1 x 107°~1 x 10=2 M),
as well as TISAB buffer and HCI in the same
concentrations as the measuring samples de-
scribed above.

2.2.2. Procedure I1

The suspension of dentifrice in water, obtained
by dispersing 1 g dentifrice (weighed to the
nearest 0.1 mg) in 20.0 ml of deionised water, was
stirred at room temperature with a magnetic stir-
rer for 10 min. The solid and liquid phase were
separated by centrifugation at 3000 rpm for 10
min. After separation, the insoluble part was
washed several times with deionised water, which
was collected and added to the supernatant. To
both, the supernatant and the insoluble part, 4.0
ml of 6.0 M HCIl was added. The resulting mix-
tures were stirred at 80°C on a water bath for 30
min, then cooled and diluted to 100.0 ml.
Aliquots of 2.0 ml were used for direct potentio-
metric measurements, which were performed in
the same way as in Procedure I.

2.2.3. Procedure ORION

To 10 g dentifrice (to the nearest 0.1 mg), 5 ml
of concentrated HCl was added. The resulting
mixture was stirred, left to stand over night and
than NaOH was added to 5 <pH < 7. The mix-
ture was diluted to 250.0 ml with deionised water
before analysis. The samples for potentiometric
measurements contained 10.0 ml of the hy-
drolysed mixture, 90.0 ml of deionised water and
10.0 ml of TISAB III buffer. The fluoride content
was determined by direct potentiometric measure-
ments using standard solutions containing NaF
and TISAB III buffer (Ch. Hiiggli, ORION, per-
sonal communication).

2.3. Validity of the experimental procedures

Selectivity coefficient of the F~ electrode used
to OH~ amounted to K;°*=0.1. The linear
working range, slope, reproducibility and detec-
tion limit of the electrode were determined by
measurements in standard NaF solutions, which
contained TISAB buffer and HCI in the same
amounts as the measuring samples. Linear range
and detection limit of the electrode were 1 x
107°-1x 10" M fluoride and 1x10-¢ M
fluoride, respectively. Reproducibility of the elec-
trode expressed as the standard deviation of the
mean value of the slope of the linear part of the
calibration curve, obtained by measuring in the
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above mentioned solutions during 3 months, was
(—58.87+0.34) mV (n=9).

Precision of procedures for Na,FPO; determi-
nation was expressed as standard deviation (SD)
of data obtained by replicate performing of com-
plete procedures, including weighing of sample,
extraction, hydrolysis and potentiometric mea-
surement. Deviation of the mean value of data
obtained for Na,FPO; content in the dentifrice
from the specified value obtained by accurate
weighing by the dentifrice manufacturer was
taken as the measure for the accuracy of the
procedures.

3. Results and discussion

Apart from a compound that liberates fluoride,
a typical dentifrice contains water, insoluble cal-
cium and/or magnesium salts (e.g. carbonates,
various phosphates), sorbitol, glycerine, miscella-
neous formulating agents like titan(IV) oxide, aro-
mas, sodium lauryl sulphate, etc. Despite the
complexity of dentifrices, fluoride-selective elec-
trodes give satisfying results in the potentiometric
determination of sodium, tin(II) and zinc fluoride
[10-12]. However, procedures for the potentio-
metric determination of fluoride which originates
in sodium monofluorphosphate are not suffi-
ciently refined for quality control in the industrial
production, or for clinical evaluation of the effi-
cacy of dentifrices [1-4].

Heidbiichel tried to estimate the Na,FPO; con-
tent in dentifrice from the fluoride released by
spontaneous hydrolysis in a freshly prepared sam-
ple, proposing that 6% of Na,FPO; was sponta-
neously hydrolysed [1]. However, liberation of
fluoride from Na,FPO; is dependent on time,
temperature, Na,FPO; concentration as well as
on the content of other dentifrice components. It
was shown that in some Na,FPO,; containing
dentifrices even 12% of fluoride was sponta-
neously liberated [2]. Therefore, such procedure is
characterised by low precision and accuracy.
More precise and accurate determination of
Na,FPO; is possible after complete hydrolysis by
acid. The problem in applying corresponding pro-
cedure arises from high salt concentrations after

hydrolysis which can cause interferences and er-
rors. Therefore, Konig even at an early stage
stated that a fluoride-selective electrode was suit-
able only for qualitative analysis of Na,FPO; in
dentifrice, and recommended alternative methods
like gas chromatography and spectrophotometry
for quantitative determination [6]. In the follow-
ing, it is shown that errors originating in interfer-
ences of salts present in high concentrations due
to hydrolysis, as well as those originating in other
sources (like loss of fluoride during dissolution of
the sample, insufficient amount of hydrolysis
reagent, ionic strength, pH value, etc.) can be
avoided, without jeopardising the simplicity and
velocity of the procedure.

In assessing procedures for potentiometric de-
terminations it is useful to break down Na,FPO,
analysis into three steps: extraction of Na,FPO,
by dispersing of dentifrice in water (Section 3.1),
hydrolysis of dissolved Na,FPO; in the presence
of acid (Section 3.2) and measurement of released
fluoride using a selective electrode (Section 3.3).

3.1. Quantitative extraction of total Na, FPO;
content

Since Na,FPO; is water soluble, it is easily
extracted into the water. Consequently, in most of
the procedures described in the literature, total
Na,FPO; is analysed in the soluble part of tooth-
paste after extraction and removal of the insoluble
part.

However, the stability of Na,FPO; in dentifrice
depends on its age and composition. During the
ageing of dentifrice, Na,FPO; is partly hydrolysed
to fluoride which may react with Ca®>* and/or
Mg?+ liberated from abrasives to form sparingly
soluble salts [2]. The conversion of Na,FPOj; into
insoluble fluoride is dependent on the kind of
abrasive and on other dentifrice components. It
takes place when the solubility of abrasive in the
toothpaste is greater than a solubility of CaF,. (It
should be kept in mind that the solubilities of
abrasives and of CaF, vary dependent on pH,
ionic strength, on concentration of common ions,
etc.) As a consequence, the quantitative transfer
of total fluorine from paste into the water solu-
tion is sometimes difficult to achieve. Some au-
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Table 1
Percentage of total fluorine in the insoluble part of dentifrice
dependent on the time of extraction of dentifrice with water®

Extraction time F in the insoluble

(stirring of dentifrice suspension) part
(min) (%)
10 5.3
30 5.4
60 5.3
120 5.4
240 5.4
240 (heating at 60°C) 6.8

& After extraction, the insoluble part of dentifrice was sepa-
rated from the solution, treated by acid and analysed using a
F~ selective electrode according to procedure II. Total ex-
pected content (expressed as 100% F) was 0.10 g of fluorine in
100 g of dentifrice.

thors suggest heating and stirring of dentifrice
suspension in water for 0.5-4 h to achieve quanti-
tative extraction [1,3,9]. In fact, such procedures
are time consuming and inefficient, when the
above mentioned reactions take place. Table 1
shows that the amount of undissolved fluorine
remains constant regardless of the stirring time
and even increases by heating of the dentifrice
suspension in water. Non-quantitative extraction
of fluorine causes errors in the determination of
total Na,FPO; in water solution after separation
and discharging of the insoluble part of dentifrice
[1,3,9].

However, quantitative extraction can be
achieved in a short time by the addition of acid.
In this way, the extraction and hydrolysis of
Na,FPO; are carried out in one step. Simulta-

Table 2

neously, the fluoride originating in sparingly solu-
ble salts, eventually formed during the ageing of
toothpaste, is also extracted into water. After 30
min, 98-100% of total fluorine is converted to
water soluble F —, which can be analysed directly
in the hydrolysed solution (see Sections 2.2.1 and
2.2.3). Attention should be paid to the concentra-
tions of the measuring samples. The Na,FPO,
concentration and the amount of abrasives should
not exceed a critical level, because above this level
the fluoride liberated by Na,FPO; hydrolysis and
Ca’™* released from abrasives by acid treatment
may form precipitate even under this acidic condi-
tion. Table 2 illustrates errors in the determina-
tion of Na,FPO; caused by the presence of
calcium salts. Experiments were carried out on
model samples containing Na,FPO; and calcium
carbonate. The liberated fluoride was measured
using a fluoride-selective electrode after total hy-
drolysis with HCI had been made, without separa-
tion of the insoluble sample part. In model
samples, the critical level was achieved at the
Na,FPO; (fluoride) concentration of 1 x 10~* M
and at amounts of 4 x 10 =3 mol CaCO; added in
1 1 of the solution. In the case of the ORION
procedure, this critical level can be exceeded (e.g.
measuring samples of the Pliva dentifrice ‘Super-
fresh’, contained in addition to 2x10~* M
fluoride, 1 x 10~2 mol total calcium from abra-
sives in one litre of the solution) and errors are
possible. Such errors can be completely avoided if
the sample is properly diluted before hydrolysis,
like in procedure I (Section 2.2.1). With procedure
I, maximum amounts of fluoride and Ca?* in
measuring samples originating in most toothpaste

Determination of Na,FPO; in model samples containing CaCO; and Na,FPO; after complete hydrolysis with HCI

¢ (Na,FPO;) added Amounts of CaCO; added

¢ (F7) measured Relative error

(mol 171 (mol 171) (mol 171) (%)

2.00x 1073 1.0x1073 1.99x 103 —0.5
2.00x 1073 20x1073 2.03x10—3 1.5
2.00x 1073 4.0x1073 1.99x 1073 —0.5
1.00 x 10—4 40x1073 9.89x 103 —1.1
1.00x 10— 20x1072 9.38x 103 —6.2
1.00 x 10—4 4.0x10"2 579%x10—> —42.1
5.00x 10~ 4.0x10"2 1.45x 10~ —71.0
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formulations were 2.1 x 107> mol fluoride and
1.2 x 10~ *mol Ca®* in 11 of the solution, i.e. they
were below the range of interferences. The fluoride
concentration in measuring samples according to
procedure I is still in the measuring range of the
electrode enabling accurate and precise potentio-
metric analysis.

The extraction can be carried out without the
addition of acid provided both, the insoluble and
the soluble parts are treated with acid and analysed
after separation (procedure II, Section 2.2.2). Since
Na,FPO; is in the soluble part and the abrasives
are in the insoluble part, a possible reaction of
fluoride from hydrolysed Na,FPO; with complex-
ing ions (Ca®>*, Mg>*), released from abrasives
during acid treatment is avoided. Such analysis
takes longer, but is very accurate and precise.
Additionally, it gives the information about the
amount of Na,FPO; which is converted to insolu-
ble fluoride during ageing. The procedure is suit-
able for clinical investigations in which the
processes taking place during the ageing of tooth-
paste are monitored.

3.2. Hydrolysis of Na,FPO;

The hydrolysis of Na,FPO; follows the ionisa-
tion of the salt in aqueous solution and protonation
of FPO3~. Excess of acid is known to catalyse
hydrolysis [13]. Therefore, an excess of acid should
be added. Most authors use HCIl as hydrolysis
reagent [1,3,4,6], but in some cases the excess of
acid applied is not sufficient [1,3].

Table 3 presents the results evaluating the
amount of liberated fluoride in dependence on the
acid to monofluorphosphate ratio. Hydrolysis was
carried out by addition of various volumes of 6 M
HCl to 5.0 ml of Na,FPO; solution and heating for
30 min at 80°C. This corresponds to the conditions
applied most frequently. The released fluoride was
measured with a fluoride-selective electrode. The
table shows that at least a 400-fold excess of HCI
was necessary for complete hydrolysis.

3.3. Potentiometric measurement of fluoride

The potentiometric procedures developed for
dentifrices containing NaF and SnF, can be

Table 3
Fluoride liberated during acid hydrolysis of monofluorphos-
phate at various mol ratios of HCl and Na,FPO;*

¢ (Na,FPO,) v (6M HCI)
(mol 171 (ml)

n (HCI) Liberated
fluoride®

n (Na,FPO3) (%)

1.0 2.0 2.4 37.1
4.0 4.8 65.8
1.0x 107! 1.0 12 91.3
2.0 24 94.5
4.0 48 97.0
1.0x 102 1.0 120 97.8
2.0 240 98.7
4.0 480 100.1

& Heating for 30 min at 80°C; ¢ (HCI), 6M; v (Na,FPO;), 5.0
ml.
® Each value is the mean of two independent measurements.

utilised for the determination of fluoride liberated

by acid hydrolysis [10—12]. Direct potentiometric

measurement can be successfully applied under the
following conditions:

e the pH of the sample has to be between 5.2 and
5.5 in order to avoid interferences from OH ~
and conversion of F~ to HF and HF;

e the standards and unknowns must have the
same ionic strength

e interferences of ions which form complexes or
precipitates with fluoride must be avoided.
These conditions are fulfilled by proper dilution

of samples and the use of total ionic strength
adjustment buffer, TISAB. Additionally, as high
excesses of acid are necessary for total hydrolysis
of Na,FPO,, it is reasonable to add acid in corre-
sponding amounts to the standards. The TISAB
buffer is capable of adjusting the ionic strength of
so prepared standards as well as of properly di-
luted samples to the same value. Most authors
make a mistake when neutralising the excess of
HCI with NaOH after hydrolysis (see e.g. Section
2.2.3) [1-4]. Neutralisation of the excess of HCI
with NaOH after hydrolysis should be avoided
because the resulting high concentrations of salts
in the sample solution can overcome the ionic
strength compensation capacity of the buffer. In
the properly diluted samples, the pH value still
remains in the required range.



570 M. Pavi¢ et al. /J. Pharm. Biomed. Anal. 20 (1999) 565-571

3.4. Results of analysis of Na,FPO; in dentifrice
by two suggested procedures

Table 4 shows the results of repeated analyses
of Na,FPO; in the Pliva dentifrice ‘Superfresh’
with a high content of calcium salts by direct
potentiometric measurement after hydrolysis. The
dentifrice contained 0.76% Na,FPO;, 18.5%
CaCO; and 10% CaHPO, - 2H,0, corresponding
to 528 x 107> mol g—' Na,FPO; and 2.42 x
1073 mol g—! Ca?*. In the case of the content
of Na,FPO; the producer guaranteed a value of
(0.760 + 0.001)%. Accordingly, the fluoride and
calcium amounts in measuring samples were
2.1x107% mol F~ and 9.7 x 10=% mol Ca>*
per 1 of the solution. Two procedures were ap-
plied. In the first procedure (Section 2.2.1), the
extraction and hydrolysis of Na,FPO; were per-
formed in one step and the liberated fluoride was
determined directly in the hydrolysed solution. In
the second procedure (Section 2.2.2), the extrac-
tion of Na,FPO; from dentifrice into the water,
separation of phases and hydrolysis were carried
out successively. The phases were hydrolysed and
analysed after separation. The relative standard
deviations in the applied procedures were 4.5%
(procedure I) and 1.8% (procedure II), which in
both cases was very good precision for direct
potentiometric measurement. The insoluble part
of dentifrice was analysed in both procedures.
When it was analysed separately (procedure II),
higher precision and accuracy were achieved.
Both procedures were easily repeatable, unlike to
the potentiometric procedures described in the

Table 4
Analysis of Na,FPO; in dentifrice using a fluoride-selective
electrode®

Procedure  w (Na,FPO,), measured, Standard devia-
mean value % tion (n=10) %

I 0.75 0.03

11 0.76 (insoluble: 0.04; solu- 0.01

ble: 0.72)

“ Content of Na,FPO; in dentifrice was specified to be
(0.760 £+ 0.001)% (w/w); number of measurements in each pro-
cedure, n=10.

literature [1-3]. Our analysis of the same denti-
frice following the procedures of Heidbiichel [1]
and Friedman [3] gave results characterised by a
systematic error of 5—-50%. Systematic errors up
to 10% were noted if the procedure suggested by
ORION was applied.

In terms of accuracy, precision and simplicity,
the two procedures suggested in this work fully
satisfied the requirements for quality control in
view of clinical application. The disadvantages of
the methods for the potentiometric Na,FPO; de-
termination described in the literature, like loss
of the fluoride during dissolution of the sample
[1,3], insufficient amount of hydrolysis reagent
[1,3], and errors originating from inadequate
ionic strength or pH [1-4] are completely
avoided in the procedures described here. Our
procedures are simpler compared with the poten-
tiometric procedure including the step of separa-
tion of fluoride from the dentifrice by
hexamethyldisiloxane diffusion [4].

Compared with alternative methods, like GC,
HPLC, spectrophotometry and AAS [5-8], the
precision of the potentiometric method is as high
or even higher and less time consuming. Due to
the achieved characteristics, potentiometric
method should be the method of choice for the
assessment of dentifrice quality with regard to
Na,FPO;, except when characterisation of
Na,FPO; reactions in biological fluids is re-
quired, where other methods, like HPLC, are
more informative.
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