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ABSTRACT: Fluorine determination techniques using inductively coupled plasma-tandem mass spectrometry (ICP-

MS/MS), which depend on BaF* detection, are severely constrained in foods with high sulfate content because of the precipitation

of barium sulfate. For this purpose, a chloride-enhanced SrF* method was developed using ICP-MS/MS and ammonia as the reaction

gas. The signal response of SrF* was increased by up to ~3-fold relative to that in water as the solvent under controlled standard

conditions by adding chloride as 4% HCI, which was

mechanistically related to the formation of the SrCl" intermediate.
The water-related interferences were lowered by 80% using the
Peltier cooling system to keep the spray chamber at —2 °C. The
method showed a linear range of 1-20 mg L', an analytical
sensitivity of 2.6x10°> CPS/mg L', and a method detection limit
of 4.5x103 mg L' for fluorine. It demonstrated improved
resistance to elevated sulfate concentrations, overcoming one of
its main limitations of BaF+*-based methods. Analysis of quality
control samples and certified reference materials for validation
demonstrated good agreement with certified values, while spike

recoveries in real food samples ranged from 94.2% to 99.8%.
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INTRODUCTION

Fluorine is essential for human health at trace levels, with
concentrations below 1.0 mg L™ helping prevent dental caries.'
However, chronic fluorine overexposure can induce dental and
skeletal fluorosis,” irreversibly damage the nervous system, and
adversely affect the lungs, kidneys, liver, and heart.> Prolonged
high-level fluorine exposure is also associated with an increased
risk of higher lung, bone, bladder, and uterine cancers.*
Monitoring fluoride levels in complex food matrices represents a
critical public health priority. Nevertheless, the accurate
quantification of fluorine remains analytically difficult due to its
high first ionization potential of fluorine (17.4 eV), which leads to

poor ionization efficiency in argon plasma, and severe spectral
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interferences from polyatomic ions at m/z 19.°

Conventional methods for determining fluoride, such as the
fluoride ion-selective electrode (F-ISE)-based methods and
combustion ion chromatography (CIC), have several drawbacks
in complex food matrices, including susceptibility to ionic strength
and pH fluctuations, time-consuming sample preparation,® and
insufficient sensitivity.”® High-resolution continuum source
graphite furnace molecular absorption spectrometry (HR-CS
GFMAS) is used to analyze both solid and liquid samples through
the molecule-specific absorption of species such as CaF or GaF.!*
13 However, the cost of this special equipment is relatively high.
The flame-based variant, high-resolution continuum source flame
molecular absorption spectrometry (HR-CS FMAS), employs the
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same molecular-absorption principle while utilizing a cost-
advantaged benchtop platform. '#1® Although it enables

determination at the mg L' level in some samples, 1416

generally
it is less sensitive. Atmospheric pressure plasma-assisted reaction
chemical ionization (PARCI) is an emerging technique that utilizes
argon plasma atomization followed by a post-plasma reaction with
a cationic reagent.!” ' The molecular ions generated by this
reaction are then detected by mass spectrometry using an Orbitrap-
MS or a triple quadrupole MS.""2! Meanwhile, negative ion
inductively coupled plasma mass spectrometry (ICP-MS) is
capable of simultaneously detecting multiple halogens, but
instrumental modifications are required.* Both techniques remain
under development in research laboratories and have not yet been
commercialized for routine analytical applications.

To circumvent these limitations, fluorine can be transformed
into detectable metal-fluoride polyatomic ions (e.g., AIF* and
BaF") within the plasma environment, enabling its indirect
detection.??> The advent of inductively coupled plasma tandem
mass spectrometry (ICP-MS/MS) with reaction gases has
substantially improved selectivity, as demonstrated by the
BaF(NH3)s*
detection.? However, the analysis of sulfur-rich foods still faces a
significant unresolved challenge. According to their solubility
product constants (pKsp), barium sulfate (BaSO4, pKsp = 9.97)
exhibits substantially lower solubility than barium fluoride (BaF2,
pKsp = 6.74), while strontium sulfate (SrSOas, pKsp = 6.46) is
more soluble than strontium fluoride (StF2, pKsp = 8.36).27 This

ammonia-mediated mass-shift method for

thermodynamic disparity indicates that sulfate ions preferentially
form insoluble precipitates with barium cations. Consequently,
sulfate-induced partial precipitation with reagent cations (Ba®",
etc.) decreases recoveries and leads to gradual clogging of the
sample introduction systems of ICP-MS/MS during long-term
routine analysis, and thus serves to highlight the desirability of
developing highly sensitive analytical methods with inherent
sulfate tolerance to ensure reliable fluorine quantification in
complex food matrices. Detection of SrF" provides a
thermodynamically preferred route to sulfate tolerance due to the
higher solubility of SrSO4 than BaSO4. Based on systematic
evaluations of bond energies, first ionization energies, and second
ionization energies, the Sr—F system has been reported to be
inferior to that of the Ba—F system.?® The main difficulty has been
the low intensity of the SrF* signal, which is mainly due to the poor
solubility of SrFa. As a result, no reliable SrF*-based ICP-MS/MS
method has yet been reported for practical sample analysis. Thus,
a strategy to overcome the signal limitation of SrF2 and improve
the signal intensity of SrF* is essential for preparing an analytical
system for the quantification of fluorine in samples containing
high concentrations of sulfate.

In this study, a novel chloride-enhanced SrF* strategy was
proposed for fluorine determination using ICP-MS/MS. It is

hypothesized that the addition of chloride would result in a
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significant enhancement in the 33Sr'°F* signal intensity relative to
aqueous or nitrate-based matrices. Mechanistic investigations
employing product-ion and neutral-gain scans were designed to
test whether this enhancement stems from the formation of a
reactive SrCl" intermediate that facilitates more efficient SrF*
generation. This approach is expected to exhibit improved sulfate
tolerance, providing a distinct advantage over the BaF*-based
approach. Rigorous validation tests using certified reference
materials (CRMs) and quality control materials (QCMs) were
conducted to verify its sensitivity, detection limits, and precision.
Moreover, applications to sulfate-rich food samples were
undertaken to evaluate its correlation with ion chromatography
results, aiming to establish a streamlined sample preparation
protocol that eliminates complex cleanup procedures. This work
seeks to address a critical gap in food safety monitoring by
enabling accurate fluorine determination in challenging matrices.

EXPERIMENTAL

Instrumentation and apparatus. Fluorine determination
analyses were performed using a PerkinElmer NexION 5000G
ICP-MS/MS (Shelton, CT, USA). Samples were introduced with
a PFA ST3 nebulizer and a SilQ cyclonic spray chamber, with
temperature controlled at —2 °C by a PC3X Peltier cooler. The
setpoint refers to the target temperature of the cooler unit, and no
ice formation was observed during long-term operation, with
freezing only occurring when the setpoint was lowered to -4°C. To
facilitate SrF* formation, a strontium solution (300 mg L, 0.07
mL min') and a fluoride-containing sample or a fluoride solution
(50 mg L', 0.28 mL min') were mixed online via a T-piece
connector using a peristaltic pump. Ammonia (99.999%) was
employed as the reaction gas in the dynamic reaction cell (DRC)
to suppress interferences from water-derived ions and the silver
isotope ('"?Ag") at m/z 107, ensuring selective SrF* detection.
Schematic diagrams of the sample introduction system with Peltier
cooling and the instrumental configuration are illustrated in Fig. 1A
and 1B.

A commercial tuning solution containing Li, Co, Y, Ce, and Tl
(10 pg L' each) was used for daily instrument calibration and
daily performance verification. The optimized operating
parameters for product ion scan mode, MS/MS mode, and neutral
gain mode are summarized in Table S1 (Supporting Information).
Sub-boiling acid distillation was conducted using a Milestone
duoPUR system (Sorisole, Italy), and microwave digestion was
performed with a Milestone UltraCLAVE microwave high-
pressure reactor system (Sorisole, Italy). An Integrion ion
chromatography system (Thermo Fisher Scientific, DE, USA) and
a Nabertherm model L5 11 B410 muffle furnace (Lilienthal,
Germany) were also employed for complementary analyses.
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Fig. 1 Schematic diagrams of (A) the sample introduction system with Peltier cooling and (B) instrumental configuration used in this study.

Materials and reagents. Guaranteed reagent (GR) grade
chemicals were utilized in all experiments. Ammonium chloride
(>99.8%) was purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. (Shanghai, China). Nitric acid (65% w/v)
was obtained from Merck (Darmstadt, Germany). Hydrochloric
acid, perchloric acid, and potassium hydroxide were supplied by
Guangzhou Chemical Reagent Factory (Guangzhou, China). The
hydrochloric acid and perchloric acid were purified by sub-boiling
distillation before use. Ultrapure water (resistivity > 18.2 MQ cm)
was prepared using an A2S-05-C purification system (Aquapro,
USA). H*-form (2.5 mL), Ag*-form (1 mL), and Na*-form (1 mL)
cation-exchange cartridges were acquired from Guangzhou
Taiwei Biotechnology Co., Ltd. (Guangzhou, China).

Stock standard solutions of fluorine (1000 mg L', as NaF) and
strontium (1000 mg L") were purchased from Guobiao Testing
and Certification (Beijing, China). Working standard solutions
were prepared daily by appropriate dilution. Certified reference
materials (GBW07602, GBW07603, GBW10015, GBW10052a,
GBW10023, GBW10024, and GBW10025) and quality control
materials (RMS-A031, TMQC2966, and TMQC0460) were
purchased from TMRM Quality Inspection Technology Co., Ltd.
(Changzhou, China). Instrument tuning and calibration were
performed using a commercial calibration and setup standard
solution (PerkinElmer, USA). All containers and centrifuge tubes
were made of polypropylene and were pre-cleaned by soaking in
a 1% v/v nitric acid, followed by thorough rinsing with deionized
water.

Optimization of ICP-MS/MS parameters. The instrumental
parameters of the ICP-MS/MS system were systematically
optimized to achieve maximum sensitivity and minimal
interference for 38Sr!°F+ detection. First, the RF power of the ICP
source was investigated over the range of 1000 to 1600 W. As
demonstrated in Fig. S1 the RF power had a significant effect on
the 38Sr!%F* formation efficiency and the strontium oxidation rate
(calculated as the 33Sr'%0*/38Sr* ratio). The ®Sr!°F* signal intensity
was maximized, and strontium oxide formation was minimized at
1600 W. Therefore, 1600 W was chosen as the optimal RF power.
Second, the ammonia gas flow rate was optimized to enhance the
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88Sr!9F+ signal-to-background ratio. An evaluation of flow rates
from 0.1 to 1.5 mL min! (Fig. S2) demonstrated that a flow rate
of 1.0 mL min! provided the lowest equivalent background
concentration (BEC) after background correction, indicating the
optimal conditions for interference removal. Finally, a wide range
of hydrochloric acid concentrations (0.05-10% v/v) was evaluated
to maximize the ¥Sr'°F* signal intensity. As presented in Fig. S3,
the signal intensity increased with increasing HCl concentration
up to 4% (v/v), beyond which a plateau was observed. Therefore,
a HCl concentration of 4% was selected as the optimal condition
for maximizing the sensitivity.

Kinetic experiments. Sr and F solutions were prepared in 4% (v/v)
HCI and water, respectively. The concentrations of Sr and F and
the flow rates were set as described in the Instrumentation and
Apparatus section. SrF' signal responses were monitored in
MS/MS mode. The moment the mixed Sr and F solution was
observed to enter the spray chamber was taken as the starting point
(i.e., zero time). The SrF* responses at 10 s and 50 s were recorded,
respectively, and subsequent responses were recorded at 30 s
intervals.

Sample preparation. Frozen samples were thawed at 4 °C for 10
h in a refrigerated cabinet. Next, surface moisture was gently
removed from the thawed samples using laboratory-grade filter
paper. The samples were then homogenized using a high-speed
homogenizer before analysis.

Approximately 0.5 g portions of the standard reference
materials (SRMs), quality control materials (QCMs), and real
samples were accurately weighed into polytetrafluoroethylene
(PTFE) digestion vessels. Nitric acid (6 mL) was then added to
each vessel. Digestion was performed using a two-stage
temperature program. The temperature was first ramped to 150 °C
over 10 min at 800 W, and the samples were maintained at this
temperature for 10 min. The temperature was then further
increased to 200 °C over 10 min at 1600 W, and the samples were
held at this temperature for an additional 20 min. After cooling to
ambient temperature, the resulting solutions were transferred and
diluted to 50 mL with high-purity water. Procedural blanks were
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Fig. 2 Chloride-enhanced effect on SrF* formation. (A) Product ion scan spectra at m/z 107 for Sr solutions in H,0, 4% (v/v) HNOs, 4% (v/v) NH4Cl, 4%
(v/v) HCIOs, and 4% (v/v) HCI without F. (B) Corresponding spectra with 20mg/L F. (C) Signal net enhancement factors for key ions in each solvent,
calculated as (S-B)/S, where S denotes the signal intensity of the target ion and B denotes the blank signal. (D) Relative enhancement factors at m/z 107 and
m/z 192, calculated as (Ssoientr — SwaterF)/ SsolventFs Where Sonenyr and Syaerr present the signal intensities of the target ions in each solvent and in water.

prepared and examined for background fluorine contamination
monitoring and correction.

Ion chromatography (IC). Ion chromatography is a standard
method for fluorine determination, currently approved in China®
and by the International Organization for Standardization (ISO)*.
Therefore, IC was employed in this study to measure the fluorine
content in the samples for comparison with the developed
chloride-enhanced SrF* ICP-MS/MS method. For sample
preparation, 0.5 g of each sample was weighed into a nickel
crucible, and 2 mL of saturated potassium hydroxide solution was
added to completely cover the sample surface. Each mixture was
heated until complete sample carbonization was achieved. The
carbonized residue was then transferred to a muffle furnace and
ashed at 500 °C for 10 min. After cooling, the ash was dissolved
in 20 mL of water and transferred to a 50 mL volumetric flask,

followed by dilution to volume with water. Each solution was

filtered and sequentially passed through H'-form (2.5 mL), Ag*-

form (1 mL), and Na*-form (1 mL) cation-exchange cartridges for
purification. All purified solutions were then filtered with a 0.45

pm aqueous-phase membrane filter, and the filtrate was collected
and analyzed using ion chromatography.

https://www.at-spectrosc.com/as/article/pdf/20260032

The separation was carried out on a Dionex lonPac AS19
analytical column (250 mm x 4 mm, 5 pm) with an attached guard
column. Column temperature was kept at 30 °C. The gradient
elution with potassium hydroxide eluent was performed as follows:
0.8mmolL", 0 to 3 min; 7.8mmolL"', 3.1 to 23 min;
38mmol L', 23.1 to 40 min; 60 mmol L', 40.1 to 50 min; and
back to 0.8 mmol L', 50.1 to 55 min, for re-equilibration of the
column. Flow rate: 1.2 mL min™!; Volume of injection: 25 pL.

RESULTS AND DISCUSSION

Chloride-enhanced SrF' monitoring and reaction cell mode
selection. A schematic diagram of the experimental process is
shown in Fig. 1B. The SrF* signal was evaluated using the product
ion scan mode with Q1 set at m/z 107 and Q3 scanning from m/z
90 to 200 for Sr and F standard solutions prepared in various
solvents. The signal responses obtained by continuously
introducing a Sr solution and a reagent blank through the separate
channels of a T-piece connector are displayed in Fig. 2A. For each
measurement, Sr solutions and blank solutions were prepared
using five solvents: water, 4% (v/v) nitric acid, 4% (v/v)
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ammonium chloride, 4% (v/v) perchloric acid, and 4% (v/v)
hydrochloric acid. The peaks at m/z 173 and 190, respectively,
corresponded to ¥Sr(M*N'H3)s* and 3¥Sr(14N'Hs)s*, which were
formed by the interaction of 3Sr* ions with ammonia to yield
polyatomic adduct ions. The peaks at m/z 107, 175, and 192 were
respectively attributed to adduct ions formed by initial collision
recombination or fragmentation of 38Sr*, 33Sr(!4N'Hs)4*, and
88Sr('4N'H3)s* upon interaction with NH3, followed by multi-step
ligand exchange with '8O'H* or 'H3'°0O*. These polyatomic
interferences originated from the aqueous matrix background.

The signal responses obtained when a Sr solution and an F
solution (each prepared in the same five solvents) were introduced
through the T-piece connector are displayed in Fig. 2B. Compared
to the results in water and nitric acid, the signal intensity of 83Sr!°F+
at m/z 107 was markedly enhanced in the chloride-containing
solvents (ammonium chloride, perchloric acid, and hydrochloric
acid), with the maximum enhancement observed in hydrochloric
acid. The net signal enhancement factors for the 5 major peaks
across the evaluated solvents were calculated by comparing the
signals with and without the addition of F, as shown in Fig. 2C.
Using hydrochloric acid as the solvent resulted
approximately 25-fold net enhancement (RSD = 1.1%, n = 3) of
the peak intensity at m/z 107.

in an

Upon the addition of F, the peak intensities at m/z 173 and 190
substantially declined. This indicated that F participated in the
reaction by displacing one coordinated ammonia molecule from
the cluster to form #Srl°F(1*N'H3z)4* and #Sr°F(1*N'H3)s* adduct
ions. The peak intensity at m/z 175 exhibited solvent-dependent
behavior after the addition of the F solution. Specifically, this peak
was significantly enhanced in neutral media (water and
ammonium chloride), moderately enhanced in strongly oxidizing
media (nitric acid and perchloric acid), and suppressed in
hydrochloric acid. While the peak intensity at m/z 192 increased in
all solvents, a net enhancement of about 11-fold (RSD = 0.8, n=3)
was achieved (Fig. 2C), substantially lower than that observed for
the peak at m/z 107. Consequently, subsequent experiments
employed hydrochloric acid as the solvent, and the peak intensity
at m/z 107 was monitored to achieve the optimal sensitivity.

The relative signal enhancement factors for the peaks at m/z 107
and m/z 192 in the ammonium chloride, nitric acid, perchloric acid,
and hydrochloric acid solvents to the response in water are shown
in Fig. 2D. Hydrochloric acid provided the highest relative
enhancement factors, showing an approximately 3-fold (RSD =
0.06, n=3) increase at m/z 107 and a 2-fold increase at m/z 192.
The chloride-containing solvents provided consistently higher
relative enhancement factors than chloride-free nitric acid,
confirming the choice of hydrochloric acid as the optimal solvent.
Thus, subsequent quantitative analysis was performed in the on-
mass mode at m/z 107 rather than in the mass-shift mode at m/z
192.
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of SrF*
enhancement. To eclucidate the mechanism underlying the

Mechanistic  elucidation chloride-mediated
chloride-enhanced formation of SrF*, spectral profiles were
obtained in neutral gain mode by scanning both Q1 and Q3 from
m/z 100 to 140. First, spectra were obtained for a Sr solution and a
solvent blank in the five different solvents, as shown in Fig. 3A. In
these spectra, peaks 12 and 14 (highlighted in grey) were assigned
to #Sr3°Cl* and #Sr’Cl*, respectively. The intensity ratio of these
two peaks corresponded to the natural abundance ratio of *Cl and
3Cl. Furthermore, only the spectra of the chloride-containing
solvents (HCl, HCIO4, and NH4Cl) showed these peaks, which
confirmed the direct participation of chloride in the reaction and
the formation of SrCl*. This is consistent with previous direct
detection of SrCl* ion pairs in chloride-rich aqueous solution at
high temperatures, where Sr—Cl association was demonstrated by
spectroscopic and computational techniques.?"> 3> Among these
solvents, HCI provided the strongest intensities for peaks 12 and
14, indicating that SrCl" generation was most favored in this
solvent. Interestingly, peak 13, which was tentatively assigned to
88Sr'H*CI*, was observed in all chloride-containing solvents, and
the signal intensity of this peak followed the order: HC1>HCIO4 >
NH4CI. This adduct ion was presumably highly reactive and prone
to collision-induced dissociation with NHs, resulting in a lower
signal intensity. Peaks 5 and 6, which were attributed to adduct
ions formed between chloride and NH3 fragments, were only
detectable in HCI and HC1O4. The appearance of these peaks was
correlated with the higher molar concentrations of free chloride in
these solvents. The remaining spectral peaks corresponded to
various ions formed by reactions between Sr and NH3 fragments.
19,
8Sr(“N'Hz)2('*N'Hz)*, was notably intense, suggesting the
preferential formation of this ion as an intermediate that
subsequently collision, fragmentation,
recombination to yield other species.

Among them, peak which was ascribed to

underwent and

The corresponding spectra for the same solutions with the
addition of F are displayed in Fig. 3B. Adding fluoride caused the
appearance of peak 4. Comparing the spectra for the chloride-
containing solvents in Fig. 3A and 3B demonstrated that adding
fluoride negatively affected the intensities of peaks 12, 14, and 19.
This indicated that fluoride displaced the ligands (Cl or NH3
fragments) in these strontium-containing intermediates to form
SrF*. Conversely, in the chloride-free solvents (HNOs and H20),
the addition of fluoride primarily reduced the intensity of peak 3,
which was assigned to #Sr('“N'H3)", while the intensity of peak
19 was largely unchanged. Therefore, in the absence of chloride,
the positively charged fluorine-containing species undergo
collision recombination with strontium in the ¥Sr(**N'Hz)* ions to
generate ¥Sr'°F*, explaining the lower signal intensity of peak 3
in these solvents.

To further investigate the reaction kinetics, the SrF* signal was
separately monitored in HCI and H20 over time. The pseudo- second
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-order kinetic model was used for experimental data analysis. The
reaction rate is assumed to be proportional to the square of the
concentration of reactants, and the model can be written

t

inits linearized formas: = ¢+ -, where trepresents the reaction

time, qt denotes the SrF' signal intensity at time t, and e is the
equilibrium signal intensity. Plots of (t/qt) versus time for both
solvents are depicted in Fig. S4. As confirmed by the linear
correlations with coefficients of determination (R?) exceeding
0.999, SrF* formation proceeded via pseudo-second-order kinetics
for both solvents. The corresponding kinetic curves of the SrF*
signal intensity was also fitted to a pseudo-second-order kinetic
model with high correlation coefficients (R? > 0.99), as displayed
in Fig. S5. The uncertainties indicated as + values are the standard
errors of the regression estimates obtained from the fitting
procedure using the Levenberg-Marquardt algorithm. The
calculated rate constant (k) for the reaction in HCl was
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approximately 4.73x107 + 1.22x10° L pg™' min~!, which was
approximately 3.2 times greater than that obtained in H2O
(1.50x105+6.31x10”7 L ug™' min™"). This significant quantitative
difference demonstrated that HCl dramatically accelerated the
formation of SrF*. Consequently, the reaction reached equilibrium
more rapidly in HCI (~6 min) compared with H2O (~9 min).
Results from Figs. S4 and S5 demonstrate that solution reactions
with manifestation in analyte transport to the ICP constitute a key
contributor to the observed enhancements. The results in Fig. S5
further demonstrate that the signal enhancement of SrF* by HCI
relative to water as the solvent is time-dependent under the
MS/MS mode. These differences emphasize the distinct kinetic
advantage imparted by the chloride-rich environment of HCI, with
chloride ions facilitating the SrF* formation pathway (Fig. 3C).

Reduction of spectral interference. To mitigate spectral
interferences, the effects of the spray chamber temperature were
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Fig. 4 Spectral interference suppression and signal enhancement via Peltier cooling. (A) Product ion scan spectra at m/z 107 of Sr in 4% (v/v) HCI without F
at variable spray chamber temperatures. (B) Magnified view of (A), highlighting background interference at m/z 107. (C) Corresponding spectra at m/z 107

of Sr in 4% (v/v) HCI with F. (D) Net enhancement factor of the main ions at different temperatures.

investigated. Product ion scan spectra (Q1: m/z 107; Q3: m/z 100—
200) were acquired at different temperatures, as shown in Fig. 4A.
Notably, the peak at m/z 107, which was attributed to the adducts
of 38Sr with 'H3'°0 or '8O'H,* 3 26, exhibited a low intensity. In
contrast, stronger intensities were obtained for the higher-mass
peaks at m/z 173, 175, 190, and 192, which corresponded to ®Sr-
ammonia adducts incorporating water-derived species. Rather
than suppressing these peaks, cooling the spray chamber slightly
increased their intensities, indicating that ammonia effectively
shifted the interference from m/z 107 to higher masses. Notably,
cooling the spray chamber reduced the intensity of the m/z 107
peak, and the minimum signal was reached at —2 °C, as depicted
in Fig. 4B. However, temperatures below —2 °C caused the liquid
sample to freeze, impairing nebulization. Therefore, —2 °C was
selected as the optimal temperature to balance interference
reduction and operational stability. The corresponding spectra
obtained after the addition of F are shown in Fig. 4C. The peaks at
m/z 173 and 190 (*3Sr-ammonia adducts) showed marked declines
in intensity, suggesting that F competed with NHs for coordination
and displaced ligands.?* The m/z 175 peak also had a diminished
intensity, implying a shift toward higher-coordination species.
Conversely, the m/z 107 peak exhibited a marked enhancement

https://www.at-spectrosc.com/as/article/pdf/20260032

with minimal temperature-dependent variation, while the m/z 192
peak was slightly strengthened, particularly at 0 °C and —2 °C,
indicating temperature-dependent complex stability. The net
enhancement factors for the peaks at m/z 107 and m/z 192 at
different spray chamber temperatures are shown in Fig. 4D. The
peak at m/z 107 demonstrated the highest net enhancement at
—2 °C, offering improved analytical sensitivity. Collectively, these
findings validated the effectiveness of spray chamber cooling in
suppressing interference peaks and optimizing the detection of the
target ion.

Analytical figures of merit and method validation. A series of
fluoride standard solutions with concentrations ranging from 1-20
mg L' was used to construct a linear calibration curve with a
correlation coefficient (R?) of 0.9994 (Fig. 5A). The limit of
detection (LOD), which was calculated as 3 times the standard
deviation of the blank divided by the slope of the calibration curve,
was 0.0045 pg mL™". As illustrated in Fig. 5B, the proposed
chloride-enhanced SrF* ICP-MS/MS method exhibited good
repeatability, with a standard deviation (SD) of 3.9 counts per
second (CPS) obtained from 40 replicated measurements each
comprising 4 consecutive independent 6-second integrations, with
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Fig. 5 (A) Calibration curve for F based on **Sr'’F* signal in ICP-MS/MS analysis. (B) Reproducibility assessed using 40 parallel blank tests each with 4
consecutive independent 6-second integrations, taking the mean of the 4 integrations as the result for per test.

Table 1. Fluorine detection results in food-related certified reference
materials and quality control materials using the proposed method (n = 3)

Sample Certified value Measured
Sample ID
type (mg kg™ value (mg kg?)
Bush
GBW07602 branches 24 +3 23.7+09
and leaves
GBWO07603 Tea 2344 21.9+0.7
GBW10015 Spinach 14) 13.4 +0.6
GBW10052a Tea (155) 152.9+1.9
GBW10023 Seaweed 27 26.4 0.7
GBW10024 Scallop 13) 13.1+0.5
GBW10025 Spiral @7 37.0+1.1
algae
RMS-A031 Comn 50.5 +4.8 50.1 2.5
TMQC2966 Milk 55.5 +8.3 55.3+5.3
power
TMQC0460 Tea 287 +4 286.5 +0.6

Note: Values in parentheses denote information values, for which the
associated uncertainty could not be assessed due to insufficient data.

the mean of the 4 integrations taken as the result per measurement.

To validate the developed method, seven food-related CRMs
and three QCMs were analyzed. As shown in Table 1, the results
obtained with the proposed method agreed well with the certified
or information values, and lower relative standard deviations
(RSDs) were obtained. No statistically significant difference was
observed between the measured and certified values. Spike
recovery tests were also performed for infant formula, frozen
surimi ball, frozen peeled shrimp, and ready-to-eat jellyfish
samples (Table S2). At spike levels of 5, 10, and 20 mg L', the
recoveries ranged from 94.2% to 98.8% (RSDs <9.6%), 96.3% to
98.8% (RSDs < 5.6%), and 98.6% to 99.8% (RSDs < 3.2%),
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respectively. The key performance metrics of sensitivity, LOD,
and background equivalent concentration (BEC) are summarized
in Table 2, alongside a direct comparison with values reported in
the literature.

Considering the chloride-enhanced characteristics of the
method, possible memory and long-term stability were
investigated. A thorough rinse procedure was followed using
deionized water between all samples and after the samples
analysis containing high levels of fluorine, an effective procedure
of reducing memory effects as verified by blank signal monitoring.
The effectiveness of this rinsing procedure was in line with other
reported results in the literature.> Stability of the instrument was
investigated by repeated analysis of a calibration standard (10 mg
L") during 12 h. The RSDs for signal response were kept below
13.5%, showing good stability for routine batch analyses.

Effects of coexisting ions. After microwave acid digestion, the
organic components in the samples were effectively mineralized
into inorganic species. Therefore, potential matrix effects with the
proposed strategy are mostly due to inorganic ions rather than
organic components. The effects of the matrix on chloride-
mediated #¥Sr'°F* measurement was evaluated by investigating the
influence of common coexisting cations. Varying concentrations
(0, 3, 10, 30, 100, and 300 mg L") of cations (Na*, K*, and Ca?")
and anions (PO4*", NO3", and SO4") were added to standard
solutions containing fixed concentrations of F (20 mg L") and Sr
(100 mg L), and each concentration level was analyzed using
twenty replicates to ensure statistical robustness. The influence of
these ions on the SrF* signal is illustrated in Fig. S6. For
comparison, the BaF* system was also evaluated, as shown in Fig.
S7. Significant signal suppression was observed for both target
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Table 2. Comparison of analytical performance for fluorine detection using ICP-based MS techniques

Spray

. . chamber Reaction cell Sensitivity LOD BEC
Technique Targetion Year Solvent CPS/ma L
temperature gas ( mg Lt Lt
1 (mgL™) (mg L)
() )
Negative ion mode 19 1988  Dilute HNO; RT NA 6.0x10* 1.1x10°* NA
ICP-MS
1
IC-ICP-MS¥ AlF;* 1999 0.45HII3(0)1 L 2 NA NA 1.0x10* 3.3x107%
3
0,

ETV-ICP-MS® p 2001 25;;"123':"_' NA NA 1.6x10° 3.2 6.2¢
HR-ICP-MS* PF+ 2003 DIwW RT NA 2.6<10 51 2.1°
ICP-MS/MS® S'BaF* 2017 DIW RT 0 ~2.0x410° 4.3x102 4.0x101t2
ICP-MS/MS? S7BaF+ 2017 DIwW RT O: 2.0x10° 6.0x107? 4.0x10t
ICP-MS/MS? 28BaF(NH)st 2017 DIwW 2 NHs ~1.610° 2.2x1072 2.1x107?

2 mmol L 1.8x10°—
- 17 65 B 2a la
PARCI-MS NazF 2019 NaOH RT NA 5 054.0° ~4.6x10 2.7x10
ICP-MS? S7BaF+ 2020 DIW 2 NA 4.010? 3.2x107? 3.0x1072
ICP-nanospray- 5Tt 11 . S o
MS BaF 2022 HLO:McCN RT NA 2.8x10 1.1x10 1.9x10
LC-ICP- 11
nanospray- 156903+ 2022 N Ice bath NA ~2.0x10°2 4.0x10°° NA
Orbitrap-MS® HO:MeCN
This work 0TS+ 2026 4% HCI —2 NHs ~2.6%10° 4.5x1073 1.9x10*

Note: 1C: Ton chromatography; ETV: electrothermal vaporization; RT: Room temperature; TMAH: Tetramethylammonium hydroxide; HR: High-
resolution; DIW: Deionized water; PARCI: Plasma-assisted reaction chemical ionization.
NA: Not available; a: Estimated based on data in the literature; b: Under medium-resolution mode.

Table 3. Determination of fluorine in food samples by the developed
ICP-MS/MS method and the ion chromatography method (7 = 3)

This method  IC method
Sample ID Sample type
(mgkg™) (mgkg™)
1 Infant formula <0.45 <0.40
2 Infant formula <045 <0.40
3 Infant formula <0.45 <0.40
4 Infant formula <0.45 <0.40
5 Infant formula 0.98 +0.12 0.98 0.1
6 Frozen surimi ball 35402 34403
7 Frozen surimi ball 24403 24403
8 Frozen surimi ball 12401 1.4+0.2
9 Frozen surimi ball 2.6 +0.2 27104
10 Frozen surimi ball 3.8+0.2 3.6+04
11 Frozen peeled shrimp 15+0.2 1604
12 Frozen peeled shrimp 12401 11+03
13 Frozen peeled shrimp 23402 20404
14 Frozen peeled shrimp 2502 2204
15 Frozen peeled shrimp 20401 21405
16 Ready-to-eat jellyfish 8.2+0.2 8.0+05
17 Ready-to-eat jellyfish 6.5+0.2 6.8+04
18 Ready-to-eat jellyfish 4.2+0.2 4.0+0.3
19 Ready-to-eat jellyfish 6.9 +0.3 7.0+03
20 Ready-to-eat jellyfish 7.3+0.3 7.1+02

Note: Values in parentheses denote information values, for which the
associated uncertainty could not be assessed due to insufficient data.

ions when the Na*, K* or Ca?* concentrations exceeded 30 mg L
I, At300 mg L', the signal decreased by 32.7% (Na*), 36.8% (K*),
and 53.8% (Ca?") for SrF* and by 32.3% (Na*), 36.2% (K*), and
55.2% (Ca?") for BaF*. The observed signal suppression for Na*,
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K*, and Ca?" is believed to be due to ionization competition. These

cations dominate the ionization environment, -efficiently
outcompeting analytes with greater ionization energies for
available electrons (in ICP-MS), thereby lowering the ionization
efficiency and detectable signal of the target species.?® In contrast,
the presence of PO4+*~ and NOs~ did not significantly suppress
either target ion signal across the entire tested concentration range.
For SO4%", the SrF* signal was only suppressed at concentrations
above 100 mg L', with a reduction of 33.7% observed at 300 mg
L. However, the BaF* signal was severely suppressed by SO+
at a concentration as low as 30 mg L', and the signal was reduced

by approximately 55.2% at 300 mg L.

These results confirm the excellent tolerance of the developed
method toward common anions, with anion-induced suppression
only becoming notable at relatively high concentrations
(>300 mg L). The substantially higher susceptibility of the BaF*
system to sulfate interference highlights the advantage of this
SrF*-based approach for detecting fluorine in samples with
elevated sulfate levels.

Analysis of real samples. In this study, the fluoride content of 20
samples representing 4 food categories was determined using the
proposed chloride-enhanced SrF* ICP-MS/MS method, and ion
chromatography (IC) was used as the reference method. All
measurements were performed in triplicate. The sample set
consisted of 5 samples each of infant formula (for ages 6—12
months), frozen surimi balls, frozen peeled shrimp, and ready-to-
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eat jellyfish. Calcium sulfate is typically added during the
manufacturing of frozen surimi balls and frozen peeled shrimp
products, whereas potassium aluminum sulfate is commonly used
in the processing of ready-to-eat jellyfish. Infant formula has large
quantities of sulfur-containing proteins and amino acids, which

can be transformed into sulfate species during sample pretreatment.

Due to their relevance to fluoride monitoring and high sulfate
background, these food matrices are good models in the
assessment of analytical performance in adverse conditions. As
summarized in Table 3, the developed chloride-enhanced SrF*
ICP-MS/MS method and the conventional IC method did not
show any significant differences. The infant formula, frozen
surimi ball, frozen peeled shrimp, and ready-to-eat jellyfish
samples had total fluorine content values ranging from < LOD—
0.98 mg kg1, 1.2-3.8 mg kg!, 1.2-2.5 mg kg'!, and 4.2-8.2 mg
kg™, respectively. The agreement between the two methods was
evaluated using Statistical analysis. The results of a paired samples
t-test showed no statistically significant difference between the
means (p = 0.3527 > 0.05).

CONCLUSION

In this work, a chloride-enhanced SrF* signal method was
developed using ICP-MS/MS for the determination of fluorine in
sulfate-rich food matrices. To effectively suppress background
interference from water-derived species, the spray chamber
temperature was controlled with a Peltier cooler. The SrF* signal
was enhanced approximately 3-fold when 4% hydrochloric acid
was used as the solvent instead of pure water within a minute.
Pseudo-second-order reaction kinetics were confirmed, and the
rate constant was determined, showing that the Cl-mediated SrF*
signal enhancement is time-dependent. Product ion scan and
neutral gain spectra were utilized to identify key intermediates and
product ions, leading to mechanistic insights. This analysis also
highlighted the critical role of the SrCl* intermediate in the signal
enhancement process. It is important to note that the signal
improvement depends on the concentration of the chloride; thus,
the acid composition used in the calibration solution needs to be
controlled during sample preparation. This dependency may also
hinder effectiveness in alkaline samples, where chloride activity
and reaction pathways may be affected. For food samples with
excessively high Na, K, and Ca contents, H"-form cation-
exchange cartridges can be employed to remove cations from the
matrix. Additionally, although the method can be quite tolerant of
the presence of sulfate, adding high concentrations of chloride
may cause the sampler and skimmer cones in the ICP-MS/MS
interface to corrode more rapidly. The developed method was
validated with CRMs and QCMs, confirming its high sensitivity,
low matrix effects, excellent reproducibility, and strong tolerance
to sulfate interference. Compared with IC for the analysis of real
samples, the proposed method offers minimal and rapid sample
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preparation, avoids complex cleanup procedures, and provides
high sensitivity with a low detection limit, making it suitable for
the routine monitoring of fluorine in sulfate-rich foods.

ASSOCIATED CONTENT

The supporting information (Tables S1—S2 and Figs. S1-S7) is
available at https://www.at-spectrosc.com
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