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Fluorine  was  determined  via  the  rotational  molecular  absorption  line  of  aluminum  mono  fluoride  (AlF)
generated  in  C2H2/N2O flame  at 227.4613  nm  using  a high-resolution  continuum  source  flame  atomic
absorption  spectrophotometer  (HR-CS-FAAS).  The  effects  of  AlF  wavelength,  burner  height,  fuel  rate
(C2H2/N2O)  and  amount  of  Al on the  accuracy,  precision  and  sensitivity  were  investigated  and  optimized.
The  Al–F  absorption  band  at  227.4613  nm  was  found  to be  the  most  suitable  analytical  line  with  respect
to  sensitivity  and  spectral  interferences.  Maximum  sensitivity  and  a good  linearity  were  obtained  in
acetylene-nitrous  oxide  flame  at  a  flow  rate  of 210  L  h−1 and  a burner  height  of  8  mm  using  3000  mg  L−1

of  Al  for  10–1000  mg  L−1of  F.  The  accuracy  and  precision  of  the  method  were  tested  by  analyzing  spiked
oothpaste
igh resolution continuum source flame
tomic absorption spectrometry

samples  and  waste  water  certified  reference  material.  The  results  were  in  good  agreement  with  the  cer-
tified  and  spiked  amounts  as  well  as  the  precision  of several  days  during  this  study  was  satisfactory
(RSD  <  10%).  The  limit  of detection  and  characteristic  concentration  of  the  method  were  5.5  mg  L−1 and
72.8  mg  L−1,  respectively.  Finally,  the  fluorine  concentrations  in  several  toothpaste  samples  were  deter-
mined.  The  results  found  and  given  by the  producers  were  not  significantly  different.  The  method  was

 sens
simple,  fast,  accurate  and

. Introduction

Fluorine is a natural element which is found abundantly in world
rust. Like various elements, fluorine is also required in the body
ut in small amounts. It is essential for human body in a very small
ritical concentration range and many harmful effects occur in case
f its excess or deficiency. Fluorine is helpful for dental health in low
osage and added to many dental products like toothpastes, mouth
inses, gels and varnish as active ingredient. However, chronic
xposure to fluoride in large amounts interferes with bone forma-
ion and can cause skeletal fluorosis, hence the amount of fluoride
ntake is very important [1].

There are numerous methods for determining fluorine and
uorine forms in toothpastes such as analytical methods [2], ion-
elective electrodes [3,4], potentiometric determination [5], ion
hromatography [6], spectrophotometric methods [7] and capillary

lectrophoresis [8] while each of them have their own  disadvan-
ages. There are some extraordinary studies about determining
uorine in toothpastes with atomic absorption spectrometry

∗ Corresponding author. Tel.: +90 2122853160; fax: +90 2122856386.
E-mail  address: akmans@itu.edu.tr (S. Akman).

039-9140/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.talanta.2012.03.034
itive.
© 2012 Elsevier B.V. All rights reserved.

[9,10]. Gomez et al. formed gaseous AlF molecule in nitrous
oxide–acetylene flame and measured its absorption by Pt hallow
cathode lamp’s absorption line. Method’s sensitivity is very low
(around 60 mg  L−1) because of line source spectrometer, hence it
enables the determination of low concentrated fluorine samples
[9].

Atomic absorption spectrometry (AAS) has been a routine
analytical method for quantitative determination of trace met-
als and metalloids for years but with recent developments in
high-resolution continuum source atomic absorption spectrome-
try, halogens and sulphur can be determined as well. It is impossible
to determine fluorine directly by traditional line source spec-
tral lamp since its main resonance line is located at 95 nm. With
traditional AAS, some studies have been performed for the deter-
mination of fluorine which are well reviewed in literature [11].
In order to achieve these kinds of studies, diatomic molecules of
fluorine in gas phase were generated by adding some metals. The
absorption of a suitable hyperfine rotational line selected from the
molecular absorption spectrum (MAS) of diatomic molecule was

evaluated using corresponding emission line of any hollow cath-
ode lamp (HCL). However, this method has some drawbacks: (i) a
suitable HCL may not always be found, (ii) selected HCL’s emission
line may  not exactly overlap with MAS  line of diatomic molecule
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ausing low sensitivity as well as spectral interference. On the other
and, high resolution continuum source atomic absorption spec-
rometer (HR-CS-AAS) with high intensity xenon short-arc lamp,
igh resolution double monochromator, CCD detector [12], it is
ossible to get whole wavelength range from vacuum-UV to near

R with a line width of 2 pm which is narrower than that of HCL as
ell as any line of rotational hyperfine structure of the diatomic
olecule. In this case, the above mentioned drawbacks of HCL do

ot occur. Many studies have been performed for the determination
f fluorine by HR-CS-AAS using any rotational molecular absorption
ine of GaF, AlF, MgF  and CaF [13–19].

The aim of this study is to develop a novel method for the deter-
ination of F in toothpaste samples by HR-CS-AAS using molecular

bsorption line of AlF formed in acetylene–nitrous oxide flame.
he experimental parameters were optimized and the method was
alidated. To the best of our knowledge, this is the first time that
luminum is used as a molecule forming element for the determi-
ation of F in flame by high-resolution continuum source atomic
bsorption spectrometry.

.  Experimental

.1. Instrumental

An  Analytik Jena ContrAA 700 High Resolution Continuum
ource Atomic Absorption Spectrophotometer (Analytik Jena, Jena,
ermany) equipped with a 300 W xenon short-arc lamp as a
ontinuum radiation source was used throughout the work. AlF
as formed in acetylene-nitrous oxide flame with a flow rate of

10 L h−1. The molecular absorption measurements of AlF were
arried out at 227.4613 nm and at a burner height of 8 mm.  The
umber of pixels of the array detector used for detection of AlF

ine was 1 (central pixel). All measurements were carried out in
riplicates. In order to prepare samples, ultrasonic bath (Bandelin
onorex, Waldorf, Germany) has been used.

.2. Reagents and solutions

High-purity  water was obtained from a TKA reverse osmo-
is connected with a deionizer (TKA Wasseraufbereitungsysteme
mbH,  Niederelbert Germany). All chemicals were of Merck, Darm-
tad, Germany). The stock solutions of 5000 mg  L−1 of fluorine and
0,000 mg  L−1 aluminum standards were prepared by dissolving
igh purity sodium fluoride and aluminum nitrate (Merck, Darm-
tad, Germany) in water and further diluted daily appropriately.
he waste water standard reference material SPS-NUTR-WW2,
hich includes 10.0 ± 0.1 mg  L−1 of F−, 50.0 ± 0.5 mg  L−1 of
l−, 7.5 ± 0.08 mg  L−1 of PO4

3−, 5.0 ± 0.05 mg  L−1 of NO3
−and

00 ± 1 mg  L−1 of SO4
2−, was provided from LGC Standards (Mid-

lesex, England). Six different brands of toothpaste samples
ontaining sodium fluoride and sodium monofluorophosphate
ere  purchased from market in Istanbul, Turkey.

.3. Procedure

Matrix-free standard solutions of fluorine, waste water refer-
nce standard and blanks were mixed with aluminum 3000 mg  L−1

s the molecule forming element and aspirated to the flame at
ptimized conditions. Blank solution was 3000 �g mL−1 Al as the
itrate. In order to prepare the toothpaste solution (or suspen-
ion), 1 g of sample was precisely weighed, dispersed in ultra pure
ater and completed to 50 mL  again with ultra pure water. The

ixture was homogenized in ultrasonic bath at 50 ◦C for 30 min

nd an aliquot of 5 mL  was then immediately made up to 10 mL
ith 6000 �g mL−1 of Al as the nitrate. In spite of an effective
ltrasonic homogenization, the samples slowly precipitated upon
a 94 (2012) 246– 250 247

waiting.  Therefore, the mixture was vortexed for about 1 min  prior
to aspiration in to the flame. The samples were introduced as their
suspensions (or dilute slurries). The slurry was diluted to a certain
level that it was  aspirated like a solution without any problem (e.g.
without clogging or deposition in the burner head and aspiration
capillar tube). The results were given as the mean of 3 repetitive
aspiration of each sample.

3.  Results and discussion

3.1.  Choice of molecule forming element

In this method a diatomic molecule is formed in the flame
among the analyte and an element (molecule forming element)
and MAS  of the molecule is measured. The element is chosen so
that the diatomic molecule containing the analyte should be sta-
ble enough to stay in the flame during the measurement while
its sensitivity is sufficient for the detection of the analyte concen-
trations (strictly speaking the concentration of diatomic molecule
formed from the analyte) in the samples studied. It is assumed
that diatomic species with bond dissociation energies higher than
500 kJ mol−1 are suitable for this purpose [16]. The dissociation
bond energy of AlF is 653 kJ mol−1 [18]. Therefore, Al is an appro-
priate element for the determination of F. In addition, it is easily
available and cheap. AlF may  be formed by decomposition of AlF3
(AlF3(g) → AlF(g) + F(g)) and/or recombination of Al and F atoms
in the gas phase (Al(g) + F(g) → AlF(g)). However, we do not make
overestimations on the formation mechanisms of AlF(g).

3.2.  Choice of calibration standard

The stock solution of fluorine was  prepared from high purity
sodium fluoride and HF. Optimization was  done with two different
fluorine reagents, and no significant difference was found between
the sensitivities of the two standards. Since HF is risky for health and
corrosive to flame parts of instrument, NaF was used as a calibrant.

3.3. Choice of wavelength

The  wavelength of the analyte containing diatomic molecule is
chosen such that its sensitivity is high enough to detect the analyte
in the sample while the analyte absorption line does not spectrally
interfere with neighboring wavelengths of other species. The spec-
tral interferences in HR-CS-AAS are less likely compared to line
source AAS as a result of extraordinary high resolution power of the
former at pm level. Spectral interferences occured due to the over-
lapping of the two wavelengths (analyte and the species formed in
the flame) can be corrected if and only if the source of the interfer-
ence is known.

In  the literature, F has been determined by molecular absorption
of AlF at lines 227.5 [14], 277.45 [9], 227.438 and 227.485 [20] by
hollow cathode lamps. Some other lines are listed for AlF by Pearse
and Gaydon [21] as 227.4613, 227.4659, 227.5790, 227.6631 nm.
All of these lines were investigated with respect to their sen-
sitivities and spectral interferences and the highest absorbances
were obtained at 227.4613 nm.  The absorption spectra obtained
for toothpaste in the vicinity of molecular absorption peak of AlF at
227.4613 nm is depicted in Fig. 1. In the toothpaste samples used in
this work, the background is low and there is no spectral interfer-
ence from close environment of molecular absorption peak of AlF
at 227.4613 nm.
3.4. The effect of the amount of Al on the sensitivity

The linearity of the calibration curve for the determination
of halogens via MAS  of their diatomic molecules needs extra
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ig. 1. The absorption spectrum of a toothpaste sample in the vicinity of molecular
ines  for AlF at 227.4613 nm (Al:3000 mg  L−1).

recaution and effort since it depends not only on the concentration
f the analyte but also that of the molecule forming reagent as well.
s shown in Figs. 2 and 3, molecular absorbance for AlF changed

inearly with both Al and F concentrations. Therefore, the change
f absorbance with F concentration was investigated at different
l amounts simultaneously. In the presence of a fix amount of Al
elected for the quantification of F in samples studied, absorbances
hould linearly change with F concentration in a wide range. Other-
ise, depending on the F concentration in the sample, recalibration
ith different amounts of Al should have been required. As shown

n Fig. 2, the maximum sensitivity for AlF was obtained with dif-
erent Al concentrations depending on the F concentration. When

 concentration was fixed to 100 mg  L−1, optimum Al concentra-
ion was 3000 mg  L−1, whereas for 500 mg  L−1 F, the most suitable
l concentration was found as 5000 mg  L−1. Since the slurries of

oothpaste samples were expected to contain around 20–30 mg  L−1

f F, which corresponds to around 1000–1500 �g g−1 F in tooth-
aste, 3000 mg  L−1 Al could be safely used as the optimum amount

n all quantifications. After finding optimum Al concentration, in
he presence of 3000 mg  L−1 of Al, a linear calibration curve was
btained up to 1000 mg  L−1 of F which was much higher than F con-
entrations in the sample solutions prepared for analysis (Fig. 3). In

ther words, 3000 mg  L−1 of Al can be used for the determination
f F in toothpaste samples without any problem. The precisions
f measurements in Fig. 3 were quite satisfactory. However, since

ig. 3. Linear calibration curve (�) and standard addition curve (�) for F as AlF. Sample: 

eviation (N:3).
Fig. 2. The change of the AlF molecular absorption with the Al concentration at
constant F concentration (a) 100 mg L−1 and (b) 500 mg  L−1. Error bars represent the
standard deviation (N:3).

the data points are very close to each other in a very narrow range
below 100 mg  L−1, they are appeared more than once and their error
bars could not be distinguished clearly.

In real samples, many concomitants are likely to react competi-
tively with Al and F, e.g. ametals with Al; metals with F causing the
concentration of AlF(g) (i.e. the sensitivity of F) to decrease com-
pared to matrix-free solutions. This interference depends on the
matrix concomitants and their concentrations which are mostly
unknown. In this case, since the use of linear calibration technique
with aqueous standards may  be risky, standard addition technique
quantifications of F in all real samples. Therefore, if the results
found by the two  techniques are not in agreement, those found
by standard addition technique is more reliable.

waste water SPS-NUTR WW2;  Al:3000 �g mL−1. Error bars represent the standard
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Table  1
Comparison of figures of merit for the determination of F by flame AAS using differ-
ent molecule forming elements.

AlFb (this
study)

AlF [9] AlF [10] GaFb [17]

Absorption
wavelength, nm

227.461 227.5 227.5 211.248

Concentration  of
molecule  forming
agent,  g L−1

3 10.8 21.6 12

Characteristic
concentration,  mg L−1

72.8 NGa NGa NGa

Linear range, mg L−1 0–1000 0–6300 0–3800 0–4000
Limit  of detection,
mg  L−1

5.5 60 24 1

Coefficient  of
determination, R

0.9995 NGa NGa NGa
ig. 4. Comparision of absorbances with flame type; �: nitrous oxide/acetylene
ame,  �: air/acetylene flame (Al:3000 mg  L−1). Error bars represent the standard
eviation  (N:3).

.5. Optimization of flame conditions

One of the critical parameters optimized in the method is the
ype of the flame. As shown in Fig. 4, the usability of different flame
ypes for the determination of MAS  via AlF was investigated and it
s found that the method is more stable and has lower RSD when
itrous oxide/acetylene flame is used.

For optimization, the fuel rate (nitrous oxide/acetylene ratio)
nd burner height in nitrous oxide/acetylene flame were simulta-
eously optimized. As shown in Fig. 5, the maximum molecular
bsorbance for AlF was gained at a fuel rate of 210 L h—1 and

 height of 8 mm above the burner. The sensitivity in nitrous
xide/acetylene flame at 227.4613 nm was significantly better than
hat in air/acetylene flame and after optimization experimen-
al/instrumental parameters, the former is effectively used.

.6.  Validation

The limit of detection for the determination of F was 5.5 mg  L−1

ased on 3 times of the standard deviations obtained from 10
epetitive measurements of the blank solution (3000 mg  L−1 of Al)
spirated to the flame, i.e. 3�/slope of linear calibration graph
N:10) whereas the characteristic concentration was  72.8 mg L−1

alculated as the concentration of F corresponding to 0.0044 A, i.e.
.0044/slope of linear calibration graph. Blank signals were stable
nd around baseline level. The standard deviation of blank sig-
als (N:10) were 1.8 mg  L−1 with <10% RSD. Standard deviations

f the slope and the intercept of the calibration curve given in
ig. 3 were calculated as 3.32 L mg−1 and 0.00374, respectively.
he characteristic concentration and LOD of the method seem to
e high for real samples analysis. Nevertheless, they are suitable

ig. 5. Optimization of flame parameters with 3000 mg  L−1 Al and 500 mg L−1 F.
a NG: not given.
b Works accomplished by HR-CS-FAAS whereas the others were by LS-FAAS.

for some samples containing quite high F concentrations such as
toothpaste. The calibration curve was linear up to 1000 mg  L−1 of F.
The analytical performances of the method and the previous meth-
ods’ were summarized in Table 1. The linear range for this method
is less than the others. However, much less molecule forming ele-
ment (Al) was used in this study. It should be stated that the F
concentration of toothpaste samples were around 30–40 mg  L−1

before aspiration and toothpaste is one of the most F rich sam-
ples. There is no use of extending the linear calibration curve to
very high F concentrations. Therefore, the linear range with AlF
is sufficient for almost all the samples for the determination of F.
LOD was somewhat worse than that found by Gleisner et al. [17].
However, the LOD obtained is enough to detect the F concentra-
tions in toothpaste samples. Also, the characteristics of calibration
curves as well as the analytical parameters given in Table 1 are not
strict because their values may  vary for different set of experiments
from day to day. After optimization of experimental parameters, the
validity of the method was  tested by analysis of a spiked certified
reference material SPS-NUTR WW2  (Table 2). The certified concen-
tration of F in CRM could be determined in the uncertainty limits
as well as the added concentrations could be recovered satisfacto-
rily (Table 2), which shows that the interference from the waste
water matrix is not significant in the presence of 3000 mg  L−1 of
Al and F concentration. However, this does not mean that F can
always be determined by using linear calibration technique in all
samples.

Finally, F contents of different toothpaste samples were
determined applying standard addition and linear calibration
techniques. Since the samples were introduced directly as their
suspensions (or dilute slurries), the results reflect their total flu-
orine content. As shown in Table 3, the results found by the two
techniques were generally not in agreement (at least in 95% con-

fidence level). However, in case of any significant difference, the
results found by standard addition technique should be more reli-
able due to the non-spectral interferences originating from cross
reactions of Al and F with the matrix concomitants. It should be

Table 2
Determination of fluorine concentrations in waste water SPS-NUTR WW2  and recov-
ery of added F concentrations found by using via molecular absorption of AlF at
227.4613 nm (Al:3000 mg L−1; N:3).

Sample Certified value
(mg  L−1)

Found value
(mg  L−1)

Recovery (%)

Waste water
(SPS-NUTR
WW2)

10.0  ± 0.10 10.1 ± 0.3 –

+20 mg L−1 of F 31.4 ± 0.2 104
+50 mg L−1 of F 59.5 ± 0.5 99
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Table 3
Determination of fluorine in various toothpaste samples (N:3).

Sample Expected
valuea

(mg  kg−1) Value found by lineer
calibrationb

(mg  kg−1)

Value found by
standard  additionb

(mg  kg−1)

Toothpaste 1c 1000 1110 ± 45 910 ± 30
Toothpaste 2d 1450 1495 ± 35 1395 ± 25
Toothpaste 3d 1450 1520 ± 20 1390 ± 25
Toothpaste 4d 1450 1455 ± 45 1510 ± 40
Toothpaste 5d 1450 1410 ± 35 1505 ± 55
Toothpaste 6c 1450 1565 ±  40 1510 ±  40

a The value given by the producer on the package of toothpaste.
b Mean ± SD.
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[19]  B. Darwent, Bond Dissociation Energies in Simple Molecules, NSRDS-NBS,
c Toothpaste samples with sodium monofluorophosphate.
d Toothpaste samples with sodium fluoride.

tated that the values given by the producers on the packages of
he toothpastes are only informative and cannot be used as a refer-
nce. Therefore, although not being the sole criteria for the accuracy
f the our experiments, it is observed that the results were found
uite close to the values given by the producers.

The ionic fluorine (fluoride) and covalent bounded fluorine orig-
nated from dissolution of toothpaste samples containing NaF and
odium monofluorophosphate, respectively could be determined
round those given by the producers. It should be stressed that
he fluorine in monofluorophosphate cannot be determined with
C or ICE because fluoride is slightly released. As a result, after opti-

ization of experimental conditions, the fluorine concentrations in
oothpaste samples can be easily and successfully determined via

AS  of AlF by HR-CS FAAS.

.  Conclusion

The present work proves that the HR-CS FAAS can be employed
or the determination of fluorine in toothpaste samples by measur-
ng an appropriate molecular absorption line of AlF generated in a
itrous oxide–acetylene flame. It is reliable, fast and simple. There-

ore, after the validation of the method, nitrous oxide/acetylene
ame came into prominence for the determination of F via AlF
y HR-CS-AAS. The most remarkable advantages of the method
roposed in this study are as such; Al is a cheap and an easily avail-
ble molecule forming element and flame used as an atomizer in
his study is a cheaper atomizer than graphite furnace that is used
xtensively in the previous studies.

However, this is an indirect method and like other similar stud-

es, there are extra parameters to be optimized such as appropriate
oncentration of molecule forming reagent. In addition, the inter-
erences due to competitive reactions of complicated heavy matrix
onstituents with analyte and the molecule forming element are

[
[

potential sources of error and cannot be prevented. Therefore, in
case of any difference between the results found by linear calibra-
tion and standard addition techniques, the latter is more reliable
due to the above-mentioned reasons.
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