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Abstract A slurry sampling method was described for the
determination of total fluorine in flour via molecular absorp-
tion of calcium monofluoride (CaF) at 660.440 nm using a
high-resolution continuum source graphite furnace atomic ab-
sorption spectrometer (HR-CS GF AAS). The slurries were
prepared in 1 % Triton X-100, kept in an ultrasonic bath for
15 min, mixed in a shaker for 5 min (750 rpm), and then
vortexed for 30 s shortly before sampling. The samples were
mixed with 40 μg of Ca in the graphite furnace, pyrolyzed at
900 °C, and the absorbances for CaF were measured at
2200 °C. The LOD and characteristic mass of the method
were 0.22 and 0.16 ng, respectively. The F concentrations of
certified reference bush branches and leaves were determined
in the uncertainty limits of the certified values. Finally, the F
concentrations of different types of flours were determined
applying the optimized conditions.

Keywords High-resolution continuum source graphite
furnace atomic absorption spectrometer (HR-CSGFAAS) .

Molecular absorption spectrometry (MAS) . Fluorine
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Introduction

Flour is one of the most commonly used food ingredient in the
world since it is the main component of bakery and pastry. The
foods made mainly from flour such as bread, cake, biscuit,
confectionery, macaroni, etc. are consumed very frequently
in large amounts by adults and children all over the world.
Therefore, the flour content influences human body in their
whole life. Fluorine is considered as an essential addition to
our daily diet for preventing dental cavities but long term
exposure of high concentrations of this element may cause
cancer, dental fluorosis, and bone fractures (USA Public
Service Department of Health and Human Services 1991).
The range of optimal fluoride intake for adults, 1.5 to 4 mg
per day, was adjusted for children and adolescents aged 1 to 19
by relating these limits to body weight and energy intake
(Marthaler 1992).

Slurry sampling is assumed to be an intermediate sampling
technique between solid sampling and digestion techniques
(Baysal et al. 2008; Borges et al. 2014a; de Andrade et al.
2014; Nakadi et al. 2013; Ye et al. 2015; Soares and
Nascentes 2013; Vignola et al. 2010). Like all the sample
preparation methods, slurry sampling has some advantages
as well as disadvantages compared to the others. Its advan-
tages over digestion are (i) no analyte loss or contamination
during sample preparation; (ii) no (or minimum) acidic wastes
and no hazardous toxic or corrosive vapors during sample
preparation, i.e., environmentally friendly; and (iii) less ex-
pensive with respect to consumption of energy, reagents, and
consumables used during digestion. The advantages of slurry
sampling over solid sampling can be summarized as follows:
(i) slurry can be diluted easily, (ii) modifier is more effective
(effective mixing and better contact with the analyte), (iii)
sample introduction is easy and does not need special tools,
and (iv) analyte standard addition technique can be applied

* Nil Ozbek
nil.ozbek@itu.edu.tr

1 Faculty of Science and Letters, Chemistry Department, Istanbul
Technical University, 34469 Maslak, Istanbul, Turkey

Food Anal. Methods (2016) 9:2925–2932
DOI 10.1007/s12161-016-0488-4

http://orcid.org/0000-0002-2814-5442
http://crossmark.crossref.org/dialog/?doi=10.1007/s12161-016-0488-4&domain=pdf


easily. However, slurry sampling is not free of problems. The
preparation of a homogeneous slurry remaining stable for
quite a long time needs some efforts and many parameters
should be optimized carefully after a series of tests.
Moreover, some samples cannot be slurried (e.g., sand, many
minerals, and inorganic samples are precipitated at once and
cannot be homogeneously dispersed) (Ozbek and Akman
2012b). Since the literature is full of papers and reviews on
slurry sampling determination of metal and metalloids using
conventional AAS, they will not be repeated here again.

Fluorine, strictly speaking fluoride, has been determined by
various methods such as potentiometry (Kissa 1983), spec-
trometry (American Public Health Association 1995), ion
chromatography (Umile and Huber 1993), and capillary elec-
trophoresis (Wang et al. 1997). Since the resonance atomic
absorption and emission lines of fluorine are located at vacu-
um UV region, its determination by atomic absorption spec-
trometers (AAS), inductively couple plasma atomic emission
spectrometers (ICP-AES) is not possible. Moreover, fluorine’s
high ionization potential makes its quantification by induc-
tively coupled plasma mass spectrometers (ICP-MS) hardly
possible (Ozbek and Akman 2012a). The drawbacks and lim-
itations of those methods were extensively discussed in the
literature (Gleisner et al. 2010). However, there are some stud-
ies in the literature to determine fluorine by a LS-AAS instru-
ment via molecular absorption of diatomic molecules formed
between fluorine and a metal, namely molecule forming ele-
ment in an atomizer, flame, or graphite furnace. The molecular
absorption of the diatomic molecule at one of its structured
rotational lines is measured using a suitable HCL so that one
of the emission lines of HCL should overlap with the rotation-
al absorption line for the diatomic molecule. For this purpose,
Ga (Dittrich 1978), Al (Butcher 1993; Tsunoda et al. 1979),
and Mg (Dittrich and Vorberg 1982) were selected as
molecule-forming elements. Recently, owing to the produc-
tion of high-resolution continuum source atomic absorption
spectrometers, total fluorine (ionic and covalently bonded) in
all solvents (organic and inorganic) could be determined via
molecular absorption of its diatomic molecules. For this pur-
pose, same principle is used, the sample or standard is mixed
with a molecule-forming element and the diatomic molecules
of the analyte with a molecule-forming element are generated
in the gas phase of the graphite furnace or flame. The molec-
ular absorption for the diatomic molecules at one of its fine
rotational lines is measured. There were many studies for de-
termination of fluoride with different molecule-forming ele-
ments, i.e., GaF (Gleisner et al. 2010, 2011; Kruger et al.
2012), AlF (Bücker and Acker 2012), SrF (Ozbek and
Akman 2012a), BaF (Ozbek and Akman 2014), and calcium
monofluoride (CaF) (Borges et al. 2014b, 2016; Huang et al.
2014; Machado et al. 2015; Mores et al. 2011; Ozbek and
Akman 2015). Welz et al. (2009) reviewed the determination
of sulfur, phosphorus, and the halogens using line source

conventional flame and graphite furnace AAS and HR CS-
AAS. Since fluorine generally forms volatile compounds, its
loss at high temperatures during digestion, especially when
the vessels of microwave oven are opened, is very likely
(Borges et al. 2016). Therefore, slurry sampling determination
of fluorine without any digestion is advantageous.

In this study, a method for the slurry sampling determina-
tion of total fluorine (ionic and covalently bound) in flour via
molecular absorption of CaF in a graphite furnace of a high-
resolution continuum source atomic absorption spectrometer
was described. Flour is found to be an appropriate sample to
prepare homogenous and stable slurries while its fluorine con-
centration has never been investigated before. The conditions
to provide maximum sensitivity as well as a stable and homo-
geneous slurry were optimized.

Exprerimental

Instruments

An Analytik Jena ContrAA 700 high-resolution continuum
source atomic absorption spectrometer equipped with a 300-
W xenon short arc lamp (XBO 301, GLE, Berlin, Germany),
high-resolution double monochromator, consisting of a prism
for predispersion and an echelle monochromator for
highresolution, and a charge-coupled device (CCD) array de-
tector was used for all measurements throughout this study.
Absorbances for CaF were measured at 606.440 nm with
3 pixels (central pixel ±1). All solutions and slurries were
introduced in pyrolytically coated graphite tubes with integrat-
ed PIN platform (Analytik Jena Part No. 407-A81.025) by
means of MPE 60 auto sampler (Analytik Jena, Jena,
Germany) as 10 μL. PRECISA XR 205SM-DR with preci-
sion as ±0.00002 g (for 5 g, ten measurements) was used as a
balance.

Reagents and Solutions

In all dilutions, high purity water with 18.2 μΩ cm resistivity
obtained from a TKA reverse osmosis and a TKA deionizer
system (TKA Wasseraufbereitungsysteme GmbH,
Niederelbert Germany) was used. Ten thousand micrograms
per milliliter of fluorine and calcium stock solutions were
prepared from NaF and Ca(NO3)2·4H2O and diluted daily.

Samples

For this study, different types of flours, namely wheat, rice,
corn, and whole wheat flours of different origins, were pur-
chased from markets in Istanbul, Turkey. For validation pur-
poses, the bush branch standard reference material (NCS DC
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73349) was provided from the China National Analysis
Center for Iron and Steel, Beijing, China.

Procedure

Prepared slurries and 4000 μg mL−1 of calcium prepared
from Ca(NO3)2·4H2O were co-injected into the graphite
tube as 10 μL from each. Fluorine determination was per-
formed by HR-CS GF AAS via molecular absorption lines
of CaF at 606.440 nm. The slurries of flour and standard
reference material were prepared as 1.0 % (w/v) (0.1 g in
10 mL) in 1 % Triton X-100 without adding any acid. The
samples kept in an ultrasonic bath for 15 min, mixed in a
shaker for 5 min, and then vortexed for 30 s, shortly before
transferring to the vials. The slurries were transferred to
vials, put on the autosampler tray and immediately pipetted
to the furnace. The optimized graphite furnace program is
given in Table 1. Analyses were performed both by linear
calibration and standard addition. All results were given as
the mean of at least three replicates.

Results and Discussion

In order to prepare a homogeneous slurry and provide its
homogeneity during the analysis, the effects of surfactant,
mixing method, and slurry concentration, i.e., the ratio of the
amount of sample to slurry volume, were investigated.

At first, the experimental conditions to provide a satis-
factory homogeneity were optimized. In order to lower
the surface tension and to improve the dispersion and
stability of the slurry, the effects of different surfactants
such as Tween 20, Triton X-100, and Triton X-114 were
investigated. After a series of studies, it was found that
the RSD values (N 10) for the slurries prepared in 1 %
Triton X-100 (subjected to ultrasonication for 15 min,
mixed in a shaker for 5°min, and then vortexed for 30 s,
shortly before pipetting) were below 10 % and remained
stable during the whole analysis. Moreover, the absor-
bances for slurry portions taken from different depths of
autosampler vials were almost the same and did not

change significantly. This is an evidence that a homoge-
neous slurry was prepared and a precipitation did not oc-
cur at least during the sampling.

The effect of HNO3 on the sensitivity was checked.
When the slurries were prepared in 1.0 mol L−1 of HNO3,
the results were lower compared to acid-free slurries,
which can be attributed to losses of fluorine from slurry
or during the drying or pyrolysis stages in the graphite
furnace and absolutely in good agreement with the finding
of Borges et al. (2016). The other acids, e.g., HCl, H2SO4,
H3PO4, etc. were not tried because they may cause some
nonspectral interferences for the formation of CaF due to
competitive reactions of their anions with Ca (Huang et al.
2014).

Choice of Molecule-Forming Metal and Wavelength

Fluorine cannot be determined directly by conventional atom-
ic absorption spectrometry because its atomic absorption line
is in vacuum UV range around 95 nm. In order to determine
fluorine, a diatomic molecule of fluorine formed in gas phase
and its molecular absorption is measured. This diatomic mol-
ecule should be stable (i.e., its bond dissociation energy
should be higher than 500 kJ mol−1), and its sensitivity should
be high as much as possible to maintain lower LOD values.
Since the bond dissociation energy of CaF is around
550 kJ mol−1 and its applicability is well explained (Borges
et al. 2014b; Ozbek and Akman 2015), CaF was selected as a
suitable diatomic molecule for this study. The wavelength-
resolved absorption spectrum obtained from a flour sample
in the vicinity of 606.440 nm, which is a part of the rotational
fine structure of X2Σ+-A2Π electronic transition of CaF, is
depicted in Fig. 1.

One of the advantages of using CaF is that calcium acts
both as the molecule-forming reagent and as a chemical
modifier, so that no other reagent had to be added.
Besides, the molecular absorption band is in the visible
range of the spectrum, where only very few atoms have
absorption lines, minimizing the possible spectral interfer-
ences. One of the possible interference caused by Cl
(Huang et al. 2014), a broadband of CaCl formed in the

Table 1 The optimized graphite
furnace temperature-time pro-
gram for the determination of
fluorine in flour via MAS of CaF

Step Temperature (°C) Ramp (C°s−1) Hold time (s) Gas flow (L min−1)

Drying 80 6 20 2.0

Drying 90 3 20 2.0

Drying 120 5 10 2.0

Pyrolysis 900 300 10 2.0

Gas adaption 900 0 5 Stop

Molecule formation 2200 2000 5 Stop

Cleaning 2500 500 4 2.0
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presence of Cl overlapped with the CaF l ine at
606.440 nm. However, the sensitivity of CaCl absorption
band was very low and the concentration of Cl in flour
slurries was not high enough to cause a detectable spectral
interference. In the spectrum of the slurried flour sample in
Fig. 1, spectral interference due to overlapping of CaF line
(660.440 nm) with the molecular absorption band of CaCl
as well as another line or band originated from sample was
not detected even in the near vicinity of CaF line at
606.440 nm.

Optimization of Ca and Calibration

The determination of F was performed via molecular absorp-
tion of CaF formed in a graphite furnace of HR-CS AAS. For
this purpose, calcium was pipetted on the slurry or standards
in the graphite furnace and the molecular absorption for CaF
were measured at its most sensitive rotational line of
606.440 nm. The effect of the amount of Ca on CaF sensitivity
is depicted in Fig. 2. When 40 μg of Ca was used, the sensi-
tivities for CaF in slurries and standards were reached to max-
imum and remained almost constant at higher concentrations
of Ca. Actually, the maximum sensitivity for matrix-free stan-
dards were obtained above 20 μg of Ca. However, the absor-
bances for CaF in the slurry samples reached to maximum and
stable values above 25 μg. Therefore, with safety of margin,
40 μg of Ca was used throughout this study. Due to the com-
petitive reactions of Ca and F with matrix components in the

condensed and gas phases, e.g., Ca with nonmetals and anions
and F with metals and cations, some nonspectral interferences
may inevitably occur depending on the matrix components
and their concentrations (Ozbek and Akman 2015).

In this study, in order to test the effect of nonspectral inter-
ferences due to flour matrix on CaF molecular absorbance, the
recovery of an analyte added to the slurry was investigated.
The analyte added to the slurry was quantitatively recovered
>90 % which showed that conditions, the sensitivities of CaF
in the matrix-free aqueous solution and slurried samples, were
not significantly different. In other words, at optimized condi-
tions, the effects of nonspectral interferences on CaF forma-
tion efficiency were at negligible level.

Effect of Slurry Concentration

The homogeneity of F distribution in a slurry was tested by
measuring the precision (RSD) of F concentrations for repet-
itive pipettings taken from the same slurry. The precisions of
F in the same slurry were satisfactory (RSD 5–10 %, N 10)
which is in the range of RSDs of matrix-free standards. This
means that the fluorine distribution in the slurry was satisfac-
torily homogeneous due to an effective homogenization/
stabilization procedure applied. In addition, the F concentra-
tions obtained in a time interval of 30 min. did not signifi-
cantly change (RSD 10–15 %) which proved that the distri-
bution of solid particles in the slurry remained stable in a
reasonable time. On the other hand, the F concentrations in
different depths of slurry were almost the same which meant
that the distribution of flour in the slurry was homogeneous.
In another set of experiments, the precision of the mean F
concentrations of slurries prepared from different sample por-
tions in a flour package were compared. It was found that the
RSD was around 10 % for the means of more than three
slurries prepared from different portions from the same flour
package.

As shown from Fig. 3, a good linearity was obtained up to
0.1 g of flour in 10 mL, i.e., 1.0 % (w/v) of slurry

Fig. 1 The wavelength and time resolved CaF molecular absorption
spectrum for a slurried flour sample around 606.440 nm (Ca
4000 μg mL−1)

0

0.005

0.01

0.015

0.02

0.025

0.03

0 20 40 60 80 100

A
b
so

rb
an

ce

Ca Amount (µg)

Fig. 2 Effect of Ca amount on absorbances of CaF diatomic molecule.
Flour sample of 0.1 mg was slurried in 10 mL of 1 % Triton X-100 (N 3)
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Fig. 3 Effect of sample mass on absorbance (N 3). The samples were
slurried in 10 mL
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concentration. To determine the F concentrations in real sam-
ples of flours, the slurries were prepared as 1.0 % (w/v). In
order to eliminate the errors caused by heterogeneity, every
result is given as mean F concentration of three different slurry
samples, which were analyzed three times. The precision of
each data point was calculated as the pooled standard devia-
tion of three slurries.

Optimization of Graphite Furnace Program

The pyrolysis and volatilization (molecule formation) curves
for CaF obtained from a slurry and standard F solution (pre-
pared from NaF) are depicted in Fig. 4. The general behaviors
of curves for slurries and standards are almost the same. The
maximum sensitivity was obtained when a pyrolysis temper-
ature of 900 °C and a volatilization temperature (molecule
formation step) of 2200 °C were applied.

In a previous paper, it was shown that during the determi-
nation of F via SrF, gas-phase combination reactions between
Sr and F played an important role for the formation of SrF,
which can be adopted for the formation of other diatomic
molecules as well (Ozbek and Akman 2013). The sensitivity
for CaF highly depends on the formation rate of CaF as well as
the stability of CaF molecule (dissociation energy) and its
removal rate in the gas phase. It is likely that at low volatili-
zation temperatures, the concentrations of Ca and F in the gas
phase did not reach to the maximum which results in lower
CaF concentrations in the gas-phase. On the other hand, at
higher temperatures, the combination efficiency of Ca and F
is less likely as well as the CaF formed is more effectively
removed from the furnace due to excessive thermal expansion.
Under the effects of various processes, the maximum CaF
concentration was reached at 2200 °C. The graphite furnace
program given in Table 1 was applied for the determination of
F via MAS of CaF.

Figures of Merit

The figures of merits are given in Table 2. The limit of detec-
tion (LOD) and limit of quantitation (LOQ) for the determi-
nation of F in flour were determined as the three and ten times
the standard deviation (σ) for ten repetitive pipettings of the
blank solution (1 % Triton-X 100) with 10 μL of 4000mg L−1

Ca, respectively, whereas the characteristic mass (m0) was
calculated as the concentration of F corresponding to
0.0044 A, i.e., 0.0044/slope of calibration graph. The LOD
and m0 values were 0.22 ± 0.02 and 0.16 ± 0.02 ng,
respectively.

The flour seems to be homogeneously distributed in the
package as well as in the slurry and finally remained stable
in a reasonable time (30 min). The F contents of a standard
reference material (bush brunches) and various kinds of flours
sold in Turkey were determined, and the results are given in
Table 3. As can be seen in Table 3, the fluorine concentrations
in various kinds of flour samples changes in a small range
between 8.01 and 10.22 μg g−1.

Analysis of CRM and Various Flour Samples

The F concentration in certified reference material (CRM)
(bush branch standard reference material, NCS DC 73349)
found by linear calibration using aqueous standards was in
the uncertainty limits of the certified value which shows
that the optimized conditions for slurry sampling were ap-
propriate. Obviously, the interaction of Ca with other an-
ions in the CRM did not cause an interference.
Nevertheless, the fluorine concentrations determined in
the flour samples by the linear calibration technique were
compared with those found by the standard addition tech-
nique in which the fluorine in the sample and that added to
the sample are present in the same environment and
interacted with the sample concomitants, i.e., the effects
of competitive reactions with sample concomitants are
the same for the analyte in the sample and the calibrants
added for calibration. Therefore, if there were significant
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Fig. 4 Pyrolysis curves and molecule formation curves for CaF for
(squares) 0.05 μg mL−1 of fluorine in an aqueous standard solution
(1 % Triton X-100) and (diamonds) slurried flour sample. For pyrolysis
runs Tmf 2200 °C, for molecule formation runs Tpyr 900 °C (N 3)

Table 2 Figures of merit for the determination of fluorine by slurry
analysis via molecular absorption of CaF

Absorption line (nm) 606.440

Evaluated pixels 3 (central ± 1)

Characteristic mass (m0) (ng)
a 0.16

Limit of detection (LOD) (ng)a 0.22

Limit of quantifications (LOQ) (ng)a 0.76

Linear range (ng) LOQ-10

a Solutions were injected as 10 μL. m0, LOD, and LOQ corresponds to
1.6, 2.2, and 7.6 μg g−1 , respectively, if 0.1 g of flour is slurried in 10 mL
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differences between the results found by the two tech-
niques, the results found by the standard addition tech-
nique would be accepted to be more reliable because the
analyte added to the sample is exposed to the chemical and
physical effects of matrix as well. To compare the results
obtained by the two calibration techniques more reliably,
the same slurry was used for both linear calibration and
standard addition techniques. According to Student’s t test,
there were no significant differences between the results
obtained by the two calibration techniques at 95 % confi-
dence level (p> 0.05). This shows that the competitive re-
actions of F and Ca with sample components do not cause
any significant nonspectral interference in fluorine deter-
mination in flour. On the other hand, standard addition is
inadequate for some systematic errors due to calibration
imperfection of laboratory wares such as balance, pipette,
and volumetric flask, as well as impurities of standards.
However, all those errors are independent of the sample
matrix. By considering the results obtained by standard
addition technique and analysis of a CRM, it can be con-
cluded that there were no systematic errors and non-
spectral interferences. Therefore, the F concentrations in
different kinds of flour samples were reported according
to aqueous calibrants. Nevertheless, this is valid for the
samples analyzed and not a general conclusion. For the
determination of F in many other real samples, the contents
of which are unknown, a cross check by standard addition
is strongly advised to test the nonspectral interferences. In
case of any significant difference, standard addition tech-
nique should be preferable.

Each result was given as the average of three different
slurries prepared from different portions of the same package,
and each slurry was measured three times whereas the overall

uncertainty was given as the pooled standard deviation of
three different slurries prepared from each package with three
repetitive pipetting of each slurry.

Conclusion

In this study, a practical method was described for deter-
mination of the total fluorine (ionic and covalently bound)
concentrations in different types of flours via molecular
absorption of CaF formed in the graphite furnace of a HR-
CS GFAAS with slurry sampling. The flour samples were
simply slurried in water, effectively homogenized and in-
troduced to the graphite furnace. The advantages of slurry
sampling, e.g., no risk of analyte loss during sample prep-
aration, less time required for sample preparation, no toxic
or corrosive reagents (environmentally friendly), no time
and energy consumption, etc., were benefited in this
study. In slurry sampling, there is no need to digest the
samples which provided a great advantage because in
acidic medium, fluorine losses may occur. The calcium
acted both as a molecule-forming element and as a mod-
ifier as well. Therefore, there was no need to add an extra
modifier which is another advantage of the method.
Moreover, since CaF molecular absorption band is in the
visible range of the spectrum, there are minimum spectral
interferences from other atoms and molecules. Flour prod-
ucts are very commonly consumed all over the world.
Therefore, the levels of components in flour are important
for human life. The fluorine concentrations of various
kinds of flour samples were varied in small range between
8.01 and 10.22 μg g−1 which are far from daily fluorine
intake limits.

Table 3 Fluorine concentrations
in various types of flours applying
slurry analysis, Ca 40 μg, Triton
X-100 1 %, slurry concentration
1.0 % (w/v)

Fluorine concentration (μg g−1)

Sample Linear calibration method Standard addition method

NCS DC 73349a 25.3 ± 4.9 24.2 ± 2.1

Wheat flour 1 9.31 ± 0.52 9.61± 0.32

Wheat flour 2 8.25 ± 0.64 8.75± 0.34

Wheat flour 3 9.03 ± 0.62 9.12± 0.42

Wheat flour 4 8.79 ± 0.83 8.32± 0.64

Rice flour 1 9.56 ± 0.95 9.92± 0.65

Rice flour 2 8.95 ± 0.82 8.76± 0.74

Corn flour 1 10.22 ± 0.92 11.44 ± 0.82

Corn flour 2 8.09 ± 0.12 8.05± 0.32

Whole wheat flour 1 8.58 ± 0.64 9.38± 0.74

Whole wheat flour 2 8.01 ± 0.32 8.35± 0.52

Each result was given as the average of three independent analyses of slurries prepared from different portions of
the flour in the sample package, and each slurry was pipetted three times with its pooled standard deviation
a The certified value is 23 ± 4 μg g−1
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