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Abstract: Fluoride ions are the major constituents of dental products because they prevent cavities
through bacterial growth inhibition. However, excessive consumption of fluoride ions results in
fluorosis, thereby causing tooth staining and roughness. Therefore, there is a crucial need to develop
rapid and effective methods for monitoring fluoride levels in dental products. The current study
describes a greener water-based microwave-assisted digestion (WB-MAD) prior to fluoride-ion-
selective electrode (F-ISE) measurement for the determination of fluoride ions in various toothpaste
products. The optimum conditions of the developed WB-MAD method were 180 ◦C digestion
temperature, 60 min digestion time, 0.05 g toothpaste amount and 10 mL distilled water. Under
the optimum conditions, the method detection limit (MDL) of 0.00302 µg/kg and the method
quantification limit (MQL) of 0.01007 µg/kg obtained were favorably comparable with the literature
reports. The proposed WB-MAD method was both accurate (99.2 to 101%) and precise (≤0.75%)
for the quantitative determination of F− in toothpaste samples using F-ISE. Furthermore, the newly
developed WB-MAD method showed better accuracy (97–100%) than the traditional microwave-
assisted acid digestion methods (71–92%). It is worth indicating that since water was used as the only
digestion reagent, it was possible to validate the F-ISE results with ion chromatography (IC). The
percentage recoveries obtained from IC (91–104%) and F-ISE (93–100%) were statistically insignificant.
In view of the validation data, the proposed WB-MAD method can be considered as an alternative to
the conventional microwave-assisted acid digestion (MAAD) methods for the determination of F− in
toothpaste samples containing sodium monofluorophosphate.

Keywords: water-based microwave-assisted digestion; fluoride-ion-selective electrode; method
detection limit; method quantification limit; ion chromatography; toothpaste samples

1. Introduction

Although fluoride is known to prevent cavities in dental products, overexposure leads
to fluorosis, kidney failure, and skeletal defects [1,2]. Fluoride ions are added to dental prod-
ucts in the form of various dissolved salts such as sodium fluoride (NaF), tin(II) fluoride
(SnF2), 2-[3-[bis (2-hydroxyethyl) amino]propyl-octadecylamino]ethanol;dihydrofluoride
(olafur, C27H60F2N2O3), and sodium mono-fluorophosphate (Na2PO3F) [3]. Dental prod-
ucts are also made of active and inactive ingredients such as abrasives, solvents, humectants,
detergents, surfactants, thickening or binding agents, flavoring agents, therapeutic agents,
coloring agents and preservatives [3,4]. It must be noted that toothpastes and mouthwashes
frequently contain NaF and Na2PO3F. Moreover, NaF dissociates completely in an aqueous
solution; that is why it is more effective in inhibiting dental caries than Na2PO3F [3–8].
However, the margin between the amount of fluoride ions that convey health benefits
and the amount that causes toxicity is very minimal. Therefore, there is a need for the
development of a simple, reliable, accurate and rapid analytical method to monitor F−

concentration levels, thereby resolving this ambiguity [1,2].
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Various analytical techniques such as laser-induced breakdown spectroscopy (LIBS) [8,9],
X-ray fluorescence spectrometry (XRF) [10], electrothermal vaporization coupled to in-
ductively coupled plasma optical emission spectrometry (ETV-ICP-OES) [11] and high-
resolution graphite furnace molecular absorption spectrometry (HR-GF-MAS) [12] have
been used for the direct determination of F− in different solid sample matrices. Even
though direct analytical techniques are non-destructive, sensitive and rapid, they have
limitations such as the need for sophisticated calibration curves, especially in the absence of
matrixed-matched certified reference materials (CRMs), and evenly homogenous samples
to obtain acceptably accurate and reproducible results, and they are also costly, which
is a serious drawback for routine analysis in developing countries like South Africa [13].
To resolve some of the disadvantages of the direct analytical methods, researchers have
made use of indirect analytical techniques such as fluoride-ion-selective electrode (F-ISE)
measurement [14], gas chromatography (GC-MS) [15] and ion chromatography [16–18].
However, the indirect analytical techniques are only compatible with aqueous solutions;
therefore, there is the requirement of a sample preparation step to convert solid matrices
into solutions prior to analysis [8]. The most documented sample preparation methods
for halogen determination in solid matrices are acid digestion [19] pyrohydrolysis [20],
combustion in bombs [21] and microwave-induced combustion [22]. Classical combustion
and wet digestion methods use different acidic reagents for digestion, which result in
loss of F− as volatile HF gas, and corrosive acidic matrices can cause interferences and
damage nebulization systems and chromatographic columns. The nitrous oxides normally
produced during acid digestion when using HNO3 as a reagent are carcinogenic [8,22].

Therefore, the aim of the current study was to develop a greener sample preparation
method prior to total F− determination by using F-ISE potentiometric and IC analytical
devices. To the best of our knowledge, this is the first time the use of water as the sole
green reagent to digest toothpaste containing monofluorophosphate under microwave
radiation has been reported. A fluoride-ion-selective electrode (F-ISE) device was selected
due to its high sensitivity, selectivity, and simplicity [23,24]. The high selectivity of F-ISE
measurement is enhanced using an electrode that is specifically designed for F− ions with
a wide range of concentration measurements [25–27]. Moreover, IC has rapidly developed
over the years; therefore, reproducible determination of halides is widely reported to be
possible in a single analytical run [28].

2. Experimental Method
2.1. Materials, Reagents and Standards

Ultrapure deionized water with a resistivity of 18.2 MΩ cm was obtained by using
Millipore RiOs 5 reverse osmosis and a Millipore Milli-Q academic deionizer system
(Millipore, Bedford, MA, USA). All glass and plasticware were soaked in soapy water
overnight, washed and rinsed with deionized water. Analytical-grade NaF salt purchased
from Sigma-Aldrich, Modderfontein, South Africa, was used to prepare stock solution.
A series of dilutions was conducted by using deionized water to prepare appropriate
fluoride calibration standards for both F-ISE and IC measurements. A total of twelve
samples of South African toothpaste (8 for adults and 4 for toddlers) were purchased in
local supermarkets, Florida Park, Johannesburg, South Africa (see Table 1). All prepared
solutions were stored in polyethylene flasks at ±4 ◦C.

2.2. Instrumentation

A microwave digester system from Anton Paar Multiwave that allows a maximum
of twenty-four 50 mL microwave digester polytetrafluoroethylene (PTFE-TFM) samples
and a 24 HVT rotor, including a control, was used to digest the toothpaste samples. Each
vessel assembly had a vessel body, safety relief valve, cap, and venting hole for pressure
release to prevent explosions. The microwave system was also equipped with an advanced
reaction sensor for the temperature (maximum 250 ◦C) regulator.
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Table 1. Toothpaste samples with varied F− concentration levels as declared by the manufacturer.

Toothpaste Sample Declared F− Concentration
(mg/kg) Age Group F− Source

A 1450 Adult Na2FPO3
B 1000 Adult Na2FPO3
C 1450 Adult Na2FPO3
D 1450 Adult Na2FPO3
E 1000 Adult Na2FPO3
F 1450 Adult Na2FPO3
G 1450 Adult Na2FPO3
H 1450 Adult Na2FPO3
I 500 Toddler Na2FPO3
J 500 Toddler Na2FPO3
K 500 Toddler Na2FPO3
L 500 Toddler Na2FPO3

The F-ISE was used throughout the experiments for the total determination of fluoride
ions in toothpaste samples. The choice of F-ISE was motivated by the fact that it is cost-
effective, available, sensitive, selective, and portable [29,30]. Determination of fluoride
ion concentration with F-ISE potentiometry was carried out by using a CPI-502 Ion Meter
and an ion-selective electrode (ISE) from Analytical Solutions, South Africa. To prepare
for TISAB solution, 2.5 g of NH4Cl was accurately weighed and mixed with 100 mL of
deionized water in a volumetric flask. The 1000 mol/L solution of NaF was prepared by
dissolving 0.4199 g salt in 1 L deionized water. From this solution, two appropriate dilutions
were conducted to prepare two standard solutions of 0.0001 mol/L and 0.00001 mol/L NaF,
which were used for the two-point calibration [31].

An Eco Ion chromatography instrument (Metrohm, Switzerland) was used for valida-
tion purposes, and the instrumental conditions were as follows: data source, conductivity
detector 1 (Eco IC 1); recording time, 12.00 min; integration, automatic type; column type,
Metrosep A Supp 17-150/4.0; elution composition, 17−5 mM Na2CO3 and 0.2 mM NaHCO3;
flow rate, 1.200 mL/min; pressure, 14.41 MPa. The fluoride calibration standards in the
range of 0.2–10 mg/L were prepared through appropriate dilutions from 1000 mg/L F−

stock solution purchased from Sigma-Aldritch, South Africa.

2.3. Water-Based Microwave-Assisted Digestion (WB-MAD) Procedure

The current study was performed on twelve different brands of toothpaste. The
toothpaste brands contained monofluorophosphate, as indicated by the manufacturers. All
samples were prepared by accurately weighing known aliquots of toothpaste (previously
homogenized in the case of striped toothpaste) and mixing with 10 mL of deionized
water in a microwave Teflon vessel [32,33]. The latter was closed, and the digestion was
conducted under optimum conditions. After digestion, the Teflon vessels were cooled at
room temperature and digests were quantitatively transferred into 10 mL plastic volumetric
flasks, which were topped up to the mark using deionized water. Thereafter, 5 mL of
the digest solution was mixed with 5 mL of TISAB. The latter provides a constant ionic
strength and similar diffusion potentials at the reference electrode in standard and test
samples [34,35].

3. Results and Discussion
3.1. Optimization of Toothpaste Sample Mass

These experiments were carried out to examine the highest amount of toothpaste
sample A feasible to be fully digested. It is pertinent to note that while optimizing sample
amount, temperature and time were kept constant at 180 ◦C and 60 min, respectively. The
results for this investigation are illustrated in Figure 1. The latter shows that satisfactory
agreement (100.06–99.65%) was obtained when low toothpaste amounts (0.025–0.1 g) were
weighed and mixed with 10 mL of deionized water. An increase in toothpaste amounts
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(0.15, 0.20, 0.25 and 0.30 g) led to a decrease in the digestion efficiencies, which resulted
in low agreements of 83.04, 73.89, 69.64 and 69.18%, respectively. Based on the above
information, 0.05 g of toothpaste sample was then considered as the optimum mass for
obtaining a clear digest with good precision (≤0.7%) and accuracy (≤96.56%).

1 

 

 
Figure 1. Influence of sample weight on fluoride determination in toothpaste samples using F-ISE
after WB-MAD. Digestion conditions: digestion temperature, 180 ◦C; digestion time, 60 min; water
volume, 10 mL and n = 3.

3.2. Optimization of Digestion Temperature

Since the amount of energy used for the digestion of sodium monofluorophosphate in
the toothpaste sample is an important factor, five temperature levels (100, 120, 140, 160 and
180 ◦C) were evaluated. It is worth indicating that sample mass was kept at 0.05 g and time
at 60 min. As can be observed in Figure 2, low agreements (50–67%) were obtained when
toothpaste samples were subjected to lower temperatures of 100, 120 and 140 ◦C. These
observations suggest that temperatures less than or equal to 140 ◦C are insufficient to break
the covalent bond between phosphorus and fluoride in monofluorophosphate (Figure 3).
Therefore, an increase in temperature to 180 ◦C drastically increased agreement from 50%
to 100%. Thus, the optimum digestion temperature was 180 ◦C, as agreed in other studies
in the literature [26,27]. Therefore, temperature was directly proportional to the digestion
efficiency of toothpaste samples using deionized water.
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Figure 3. Break of the covalent bond between phosphorus and fluoride in monofluorophosphate.

3.3. Optimization of Digestion Time

Time is one of the critical parameters in any sample preparation method, because it
is associated with cost, and less time-consuming digestion methods are appealing as they
save energy [27,36]. Therefore, the different digestion time intervals of 10, 20, 30, 40 and
60 min were investigated, while sample mass (0.05 g) and digestion temperature (180 ◦C)
were kept at optimum levels. The results presented in Figure 4 show that 60 min digestion
time was the optimum, as it resulted in the highest agreement of 100%.
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3.4. Analytical Performance of Water-Based Microwave-Assisted Digestion Method

Under the optimum conditions, analytical figures of merit for the proposed WB-
MAD method were investigated. The studied parameters include sensitivity, correla-
tion coefficient (R2), limit of detection (LOD), Equation (2), limit of quantification (LOQ),
Equation (3), method detection limit (MDL), Equation (4), method quantification limit
(MQL), Equation (5), precision and accuracy. The LOD is the lowest signal that can be
detected using the instrument, the LOQ is the lowest concentration that can be quantified
using the instrument or using MQL and the MDL is the minimum measured concentra-
tion [37]. These analytical figures of merit are extremely important to determine whether
the newly developed analytical method is more efficient than the ones used in previous
studies [1]. Firstly, the calibration curve was obtained by analyzing a series of seven
standard solutions prepared through WB-MAD followed by F-ISE analysis.

Figure 5 shows a linear least-squares fit plot of E_meas (mV) versus log [Fˆ-], and the
slope was found to be 56.397 mV. Therefore, the results suggest that the sensitivity for F−

was 56.397 mV. It is pertinent to note that for an ideal F-ISE, the cell potential is linearly
related to the logarithm of the fluoride ion concentration ([F−]) and should increase by
59.16 mV for every 10-fold decrease in the [Fˆ-] [38,39]. In the present study, an increase
of 59 mV in the cell potential was observed, and this is acceptable [38]. The other figures
of merit were determined by using the standard deviation (SD) of 20 blank samples and
their responses for F−. The average of the twenty measurements was 0.0668 µg/kg and
the standard deviation (SD) was 0.0104 mV. By comparing the obtained slope (56.397 mV)
with the theoretical (57.93 mV) at 19 ◦C, it can be clearly seen that there is a deviation of
around 2%, which is acceptable [39]. Furthermore, the observed analytical figures of merit
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presented in Table 2 were comparable with the literature reports, but with better accuracy
and precision [39,40].

Limit of detection (LOD) =
3 ∗ SD

Method calibration slope
(1)

Limit of quantification (LOQ) =
10 ∗ SD

Method calibration slope
(2)

Method detection limit (MDL) =
LOD ∗ Final volume

Optimum mass
(3)

Method quantification limit (MQL) =
LOD ∗ Final volume

Optimum mass
(4)
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Table 2. Determined analytical figures of merit for the proposed WB-MAD method using sample A.
Digestion conditions: sample amount, 0.05 g; digestion time, 60 min; digestion temperature, 180 ◦C;
water volume, 10 mL and n = 3.

Analytical Features Specification

Correlation coefficient (R2) 0.995
Standard deviation (SD) in mV 0.01039.
Limit of detection (LOD) in µg/kg 0.10070
Limit of quantification (LOQ) in µg/kg 0.33820
Method detection limit (MDL) in µg/kg 0.00302
Method quantification limit (MDQ) in µg/kg 0.01007
Precision based on intraday (%) ≤0.7
Accuracy (%) ≤96.56

3.5. Validation of Water-Based Microwave-Assisted Digestion Method

Firstly, the validation of the proposed method was conducted by comparing the fluo-
ride concentration levels obtained through F-ISE after WB-MAD and classical microwave-
assisted acid digestion (MAAD) of sample A. The latter made use of diluted HNO3. The
description of the literature-reported method is as follows: weigh 0.3 g of toothpaste sample
and dissolve it in 10 mL of HNO3 (0.05% HNO3) for digestion at 190 ◦C, over 20 min [4].
The results are illustrated in Figure 6, where agreement of the literature-reported MAAD
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method was low (71.33 to 92.10%) compared to that of the WB-MAD method (96.56 to
99.88%) The low digestion efficiency of MAAD is attributed to the reaction of fluoride ions
in the presence of acid, which forms HF, as illustrated in Figure 7 [8]. The HF gas is highly
volatile, and it is easily released into the atmosphere [41].
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3.6. Application of WB-MAD Method for the Determination of Fluoride in Twelve
Different Toothpastes

The World Health Organization (WHO) established dental decay prevention by lim-
iting concentration levels of fluoride ions to a maximum of 1500 mg/kg for adults and
the maximum of 550 mg/kg for children [42]. In the interest of counterchecking whether
the declared fluoride ions in the toothpaste brands that are used daily comply with the
recommended concentrations established by WHO or not, twelve different brands of tooth-
paste were purchased in a South African local supermarket (sample A–L) and subjected
to the optimum conditions of the proposed WB-MAD method. Table 3 shows that all F−

concentration levels detected using F-ISE after WB-MAD agree with the manufacturer’s
concentrations recorded on the product label and are within the acceptable ranges as
prescribed by WHO [43–45]. Secondly, validation was carried out by comparing fluoride
concentration levels obtained by using F-ISE and ion chromatography (IC) after the WB-
MAD method. Table 3 shows that the F− concentration levels obtained from IC and F-ISE
were insignificantly different, with excellent precision. Furthermore, Figure 8 presents
chromatograms of three different digests from toothpaste samples A, B and I. The F− ions
were eluted at 2.5 min, while Cl− and CO3

−2 ions were delayed and appeared at 4.3 and
8.4 min, respectively [41].
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Table 3. Concentration levels of F- determined in 12 toothpaste digests using ISE and IC.

Toothpaste
Sample F− Content Determined Using ISE F− Content Determined Using IC Declared F−

Concentration

(mg/kg ± SD), n = 3 (%R) (mg/kg ± SD), n = 3 (%R) (mg/kg)

A 1448.36 ± 1.74 99.9 1443.34 ± 0.34 99.5 1450
B 970.21 ± 1.90 97.0 997.31 ± 0.36 99.7 1000
C 1452.13 ± 3.99 100.1 1447.17 ± 1.07 99.8 1450
D 1437.72 ± 4.34 99.2 1460.61 ± 2.17 100.7 1450
E 989.41 ± 3.78 98.9 908.01 ± 0.24 90.9 1000
F 1449.17 ± 2.86 99.9 1454.83 ± 3.53 100.3 1450
G 1353.31 ± 4.85 93.3 1445.76 ± 1.56 99.7 1450
H 1456.85 ± 4.76 100.5 1452.31 ± 0.84 100.2 1450
I 482.81 ± 0.103 96.6 508.22 ± 0.98 101.6 500
J 499.33 ± 1.70 99.9 495.65 ± 1.05 99.1 500
K 496.71 ± 1.25 99.2 518.44 ± 1.11 103.7 500
L 500.12 ± 1.05 100 497.01 ± 0.78 99.4 500

Appl. Sci. 2023, 13, x FOR PEER REVIEW 9 of 12 
 

 

3.6. Application of WB-MAD Method for the Determination of Fluoride in Twelve Different 
Toothpastes 

The World Health Organization (WHO) established dental decay prevention by lim-
iting concentration levels of fluoride ions to a maximum of 1500 mg/kg for adults and the 
maximum of 550 mg/kg for children [42]. In the interest of counterchecking whether the 
declared fluoride ions in the toothpaste brands that are used daily comply with the rec-
ommended concentrations established by WHO or not, twelve different brands of tooth-
paste were purchased in a South African local supermarket (sample A-L) and subjected to 
the optimum conditions of the proposed WB-MAD method. Table 3 shows that all 𝐹ି 
concentration levels detected using F-ISE after WB-MAD agree with the manufacturer’s 
concentrations recorded on the product label and are within the acceptable ranges as pre-
scribed by WHO [43–45]. Secondly, validation was carried out by comparing fluoride con-
centration levels obtained by using F-ISE and ion chromatography (IC) after the WB-MAD 
method. Table 3 shows that the 𝐹ିconcentration levels obtained from IC and F-ISE were 
insignificantly different, with excellent precision. Furthermore, Figure 8 presents chroma-
tograms of three different digests from toothpaste samples A, B and I. The F- ions were 
eluted at 2.5 min, while Cl− and CO3−2 ions were delayed and appeared at 4.3 and 8.4 min, 
respectively [41]. 

 
Figure 8. Chromatograms of digested toothpaste samples A (Blue), B (Red) and I (Black) showing 
different anionic peaks using a mixture of 5 × 10ିଷM NaଶCOଷ and 0.2 × 10ିଷM NaHCOଷ as an elu-
ent, at a flow rate of 1.200 mL/min. The peak assignments are as follows: 1 is fluoride, 2 is chloride 
and 3 is carbonate. 

Table 3. Concentration levels of F- determined in 12 toothpaste digests using ISE and IC. 

Toothpaste 
Sample 

F− Content Determined Using ISE F− Content Determined Using IC Declared F− 
Concentration  

 (mg/kg ± SD), n = 3 (%R) (mg/kg ± SD), n = 3 (%R) (mg/kg) 
A 1448.36 ± 1.74 99.9 1443.34 ± 0.34 99.5 1450 
B 970.21 ± 1.90 97.0 997.31± 0.36 99.7 1000 
C 1452.13 ± 3.99 100.1 1447.17 ± 1.07 99.8 1450 

Figure 8. Chromatograms of digested toothpaste samples A (Blue), B (Red) and I (Black) showing
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eluent, at a flow rate of 1.200 mL/min. The peak assignments are as follows: 1 is fluoride, 2 is chloride
and 3 is carbonate.

4. Conclusions

The novel and greener WB-MAD method was successfully developed for complete
digestion of toothpaste samples containing sodium monofluorophosphate prior to F- deter-
mination using a fluoride-ion-selective electrode (F-ISE). The newly developed acid-free
digestion method resulted in water-based digests that were also compatible with ion chro-
matographicanalysis. The proposed WB-MAD method was accurate (96.0–100.1%) and
precise (≤0.7), with a low method detection limit of 0.0159 µg/kg. The F– concentra-
tion levels in all the investigated samples (A–L) were within the regulation limits (500
to 1500 mg/kg) specified by the World Health Organization (WHO) and thereby safe
for consumption by both toddlers and adults. The proposed WB-MAD method showed



Appl. Sci. 2023, 13, 13315 10 of 12

better accuracy (96.6 to 99.9%) compared to the classical microwave-assisted acid digestion
method (MAAD) (71.3 to 92.1%). Moreover, Table 3 shows that the F− concentration levels
obtained from both F-ISE and IC were statistically insignificant. In view of the validation
results and the figures of merit discussed, the WB-MAD method can be considered as an
alternative to substitute the conventional acid digestion methods for decomposition of
sodium monofluorophosphate (Na2PO3F) in any dental or oral hygiene products.
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