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Abstract
Introduction:
Sulfuryl fluoride (SF) is registered for the control of insect pests in stored grains and
processed commodities. However, SF can break down to toxic fluoride ion residue in the
fumigated commodities. This research aimed to understand the correlation between the
sorption of sulfuryl fluoride (SF) and the levels of cumulative fluoride residue in Australian
wheat. The accumulated fluoride residue was evaluated after multi-fumigation with SF.
Methods:
Australia Standard White (ASW) wheat was collected from a farm in WA. The wheat
samples were placed into one litre Erlenmeyer flasks (760±5 gram/flask) with a 90% filling
ratio. The wheat samples were fumigated with sulphur fluoride (SF) at 45 mg/L (g/m3)
dosage at 23°C and 60% RH for one week. After 0, 1, 2, 4, 7, 14 and 28 days’ aeration,
twenty-five grams of the wheat samples with two replicates were grounded and digested in
0.1 M HNO3. Fluoride ion was detected and measured in SF fumigated wheat using a fluoride
ion-selective electrode.
Results:
The calculated concentration × time (Ct) products were averaged at 5742 g·h·m-3. While the
headspace concentration of SF decreased from 45 mg/L to 20 mg/L, in comparison with
untreated wheat at a natural background level of 0.1 mg/L fluoride ion residue, SF fumigation
has resulted in increased fluoride ion residue by 2.7, 2.8 and 3.8 mg/kg after the 1st, 2nd and
3rd SF fumigation treatments.
Conclusions:
The fluoride found in Australian wheat was mainly due to SF fumigation at the post-harvest
stage. The fluoride ion can accumulate owing to a repetition of SF treatments. The
accumulated levels of fluoride ion may be elevated beyond the safety level, threatening
consumer safety and human health.
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1 Literature Review
1.1 General Introduction
1.1.1 Grain Production and Storage
Based on FAO’s statistical data, as world grain production increased by over 2,750 million
tonnes in 2020/21, the stored grain climbed over 850 million tonnes (Figure 1). Grain is one of
the Australian key exports after mining resources. And Australian grain production contributes
a substantial share of Australia’s economy (AEGIC, 2016).

Figure 1. Trends of cereal production, utilisation and stocks (FAO, 2020)
Grains are usually stored in bags or bulk in indoor or outdoor storage structures (FAO 1994;
CBH, 2003; Singh et al., 2017). Australian farmers stored more than 95% of bulk grain in silos,
with the remainder stored in bags or sheds (GRDC, 2013); bulk handlers worldwide tend to use
large scale airtight horizontal or vertical silos with aeration systems, with single silos having a
capacity of up to 34,000 tonnes (CBH, 2003).

The quantity and quality of post-harvest grains are affected by environmental factors such as
temperature and humidity. Bad weather conditions and pests can have serious adverse effects
on germination ratio, colour, oil content, and other quality characteristics of grains. Besides,
metabolic activities of pests can generate heat and moisture in the bulk grain, providing
favourable living conditions to other problematic organisms (Bond, 1984). Therefore, grain
crops have to be stored appropriately post-harvest. Since 2014, over 800 million tonnes of postharvest grains were centralised for trade and long-term storage each year, mainly for food
security (FAO, 2020). Farmers also store grains on farms for seed or livestock feed.
Stored Grain Insects
Stored grain can be partially damaged or totally destroyed by insect pests. The stored product
insect pests are invertebrates that can damage or destroy stored food or other valuable stored
organic matter. It has been estimated that about one-quarter of the world’s stored grain is lost
every year, mainly because of direct and indirect attack by stored grain insects. When stored
grain insects feed on and develop in the grain flour and kernels, heat and moisture can be
generated and indirectly impair the grain quality and quantity by providing favourable
conditions for insects and moulds to develop quickly (Bond, 1984).
The stored grain insect is a serious threat to the Australian grain industry reputation and
international market access, posing national priority risks to the economy, grain industry,
environment, and community from pests and diseases entering, establishing, and spreading.
Therefore, it is crucial to control the insect infestation presence in the post-harvest grain
(Hwaidi et al., 2016). The grain embryos are the favourite of stored grain insects. The decreased
protein content and germination rate in attacked grain seeds directly affect agricultural
sustainability. Fumigation is an effective method widely used to manage pests by the
application of toxic gaseous chemicals. However, the manufacture of toxic chemicals to control
this food loss to insects is a significant contributor to greenhouse gas emissions.
The export grains industry is the largest agricultural commodity in international trade,
especially for Australia. For example, the Australian wheat industry exports 65-75% of the
annual production valued at billions of dollars to more than 50 countries (AEGIC, 2016). To
maintain

product

reputation

and

market

access,

the

Australian

grain

industry

promises/guarantees no live insects in the export grains. However, implementing the federally
mandated ‘nil tolerance’ for live insects in exports has been identified as one of the most
significant industrial challenges to safeguard the international grain crop trade.

1.2 Stored Grain Fumigants
As excess grain needs to be stored for long-term consumption, grain storage technologies are
developed and applied to prevent grain loss with considerations of climatic conditions,
capacity, material, and financial affordability. Fumigation is one of the most effective chemical
protection technologies used in pest control and management.

1.2.1 Fumigants
The gaseous pesticides, called fumigants, suffocate or poison the pests in a confined space.
Phosphine (PH3), methyl bromide (MB), sulfuryl fluoride, carbonyl sulphide, ethyl formate,
and ethanedinitrile (EDN) have been registered as fumigants worldwide (Bartholomaeus &
Haritos, 2005; Bond, 1984; Hooper et al., 2003; Ren & Mahon, 2006; Sriranjini & Rajendran,
2008).
An ideal fumigant must have the capability to penetrate the materials rapidly to reach the
hidden insects, without matrix absorption, and remain effective at all life stages of the insect
for a sufficient period. The physicochemical properties of SF are suitable in this regard (Table
1). The gaseous sulfuryl fluoride has a more substantial density of 4.17 g/m3 than that of methyl
bromide at 3.97 g/m3, and sulfuryl fluoride also has a much lower boiling point (BP) of -55.4°C
compared to 4.0°C BP of methyl bromide (Derrick et al., 1990). Consequently, the close to
60°C difference in boiling point and high gas density had given sulfuryl fluoride more potential
to penetrate hard and dense material surfaces than methyl bromide. This hypothesis was
validated by showing that SF can 100% control black carpet beetle larvae and confused flour
beetle adults on the hardwood floor. However, only a 0% and 6% mortality rate respectively
can be achieved for methyl bromide (Kenaga, 1957).
Table 1. Cereal Grains – Resistance and Efficacy Guide for Stored Grain Insects (from
storedgrain.com.au)

Sulfuryl fluoride also has a deficient 0.2% of solubility in water compared to 1.75% of methyl
bromide (Table 2). The 8.75 times lower solubility provides sulfuryl fluoride with tolerance to
high moisture materials and environmental conditions.
Sulfuryl fluoride is described in chemical terms as a distorted tetrahedral molecule with one
sulphur, two oxygen and two fluoride atoms (Table 2). Its molecular weight is 102 Dalton,
which is the highest among common fumigants. In 1963 Dow Chemical Company patented the
method of producing sulfuryl fluoride by passing sulphur dioxide, chlorine, and hydrogen
fluoride over an activated charcoal catalyst Eq. 1 (Ruh et al., 1963).

𝑺𝑶𝟐 + 𝑪𝒍𝟐 + 𝟐𝑯𝑭

𝒄𝒂𝒕𝒂𝒍𝒚𝒔𝒕
→ 𝑺𝑶𝟐 𝑭𝟐 + 𝟐𝑯𝑪𝒍
𝟑𝟓°𝑪

Eq. 1

Sulfuryl fluoride is also a non-flammable gas (Table 2). This property renders SF safer than
other fumigants that are flammable.
Table 2. Comparison of physical and chemical properties of Sulfuryl Fluoride and two other common
fumigants, Methyl Bromide and Phosphine sourced from https://pubchem.ncbi.nlm.nih.gov.

1.2.2 Dosages and Concentration × time (Ct) product
The fumigant dosage is the amount of fumigant applied and expressed as the weight of the
fumigant per volume of a particular space treated. Usually, fumigation treatments are
recommended based on the dosage followed by a consideration of the length of the treatment
in hours, called the concentration x time (Ct) product, at a specific range of temperatures that
the fumigant is applied. The Ct product is calculated as shown in Eq. 2 (Ren et al., 2011).
𝒏

𝑪 × 𝒕 = ∑(𝑪𝒊 + 𝑪𝒊+𝟏 )
𝒊=𝟏

𝒕𝒊+𝟏 − 𝒕𝒊
𝟐

Where:
C is fumigant concentration (mg/L);
t is the time of exposure (hours);
i is the order of measurement;
Ct is concentration x time product (mg h/L).

Eq. 2

While Ct products are usually based on the scientific data of successful treatments under certain
conditions, in practice, the fumigation technician also modifies the dosage by taking into
account the loading ratio of commodity, the insect life stages, and leakage from the structure
undergoing treatment into account to modify the dosages. Therefore, fumigation
recommendations based on the Ct product principle can ensure the treatment is adequate to
control the insects in an acceptable means.

1.2.3 Application of SF to Grain Product as a Fumigant
Sulfuryl fluoride (SF) is a colourless, odourless, heavy and toxic chemical lethal to insects and
micro-organisms (Tsai, 2010). Based on its physiochemical properties, SF has a long history
of being registered as a fumigant with different brands for pest control in buildings, timber, and
stored products (Figure 2) (APVMA, 2014; EPA, 2016; Osbrink et al., 1987). Sulfuryl fluoride
was first reported to treat building structures to control termites in the middle of the last century
(Stewart, 1957). It has been registered under the name Vikane by Dow Chemicals for protecting
buildings from termites for more than half a century (Osbrink et al., 1987). After methyl
bromide (MB) was banned under the Montreal Protocol, more SF was produced and applied as
an alternative to MB to control and manage biological infestation (UNEP, 1987). SF has been
registered as a ProFume gas fumigant for stored products in Australia and in the US (APVMA,
2014; EPA, 2016). The fumigation applications include nematodes, fungi, insects in various
ranges of the matrix, such as soil, forest, grain, and processed food (Abbar et al., 2018; Cao et
al., 2014; Jagadeesan & Nayak, 2017; Opit et al., 2016; Uzunovic et al., 2017). So far, ProFume
has expanded its usage to food processing facilities, warehouses, and shipping containers
(APVMA, 2014; EPA, 2016).

Figure 2. Vertical Timeline of Sulfuryl Fluoride Registered as a fumigant branded Vikane and
ProFume
Many chemicals have been developed and registered as fumigants worldwide, such as
phosphine (PH3), methyl bromide (MB), sulfuryl fluoride, carbonyl sulphide, ethyl formate,
ethanedinitrile (EDN) (Athanassiou et al., 2015; Bartholomaeus & Haritos, 2005; Bond, 1984;
Hooper et al., 2003; Ren & Mahon, 2006; Sriranjini & Rajendran, 2008). After restrictions on
the use of methyl bromide (MB), phosphine becomes the only worldwide recognised stored
grain fumigant allowed for the international cereal grain trade to meet both regulatory and
market requirements. With the over-reliance on a single chemical, the levels of insect resistance
to chemicals are increasing worldwide. This phenotype has been detected in many farmer and
bulk handler sites in western and eastern Australia (Jagadeesan & Nayak, 2017). As sulfuryl
fluoride (SF) has no cross-resistance with phosphine, it has been chosen to be the phosphine
resistance breaker registered under the brand name ProFume in Australia and the USA
(APVMA, 2014; EPA, 2016). However, SF hasn’t been approved for use in Western Australia
because of the toxic fluoride issue.

1.3 Residues of Sulfuryl Fluoride and Fluoride
1.3.1 Sulfuryl Fluoride Fumigant Residue
The volatile fumigant residue and derivatives are serious concerns associated with food safety
and occupational health, safety and environment. As sulfuryl fluoride (SF) is highly volatile

with a boiling point at -55.4°C (Table 2), the issue of direct gaseous SF residue is less
challenging than the non-volatile fluoride ion residue degraded during the fumigation
(APVMA, 2014; EPA, 2016). This reaction occurs naturally and affects the SF treated
materials and foods (Mühle et al., 2009; Sriranjini & Rajendran, 2008). SF fumigation can
adversely affect seed germination rate and increase the cooking loss of pasta (Hwaidi et al.,
2016). Based on the track analysis of radioactive isotope sulfuryl-S35, there are two proposed
chemical reaction pathways of SF in flour (Meikle, 1964). When SF is absorbed in flour
physically, the irreversible breakdown to sulphate and binding to grain proteins occurs. The
typical end product resulting from both reactions is fluoride ion (FAO & WHO, 2005; Meikle,
1964). However, SF is registered and used as a phosphine-resistance breaker in phosphine
resistance management (Hwaidi et al., 2015). Therefore, there is a solid need to accurately
estimate the residue of these derivatives in the processed foods sold to consumers.

1.3.2 Toxicity of Fluoride Ion
Fumigants are toxic volatile or semi-volatile chemicals. Apart from the direct residue of the
fumigant itself, the poisonous derivatives and metabolites generated or degraded from the
fumigant also have caused a severe impact on human and environmental health. Several
government authorities and international organisations have issued restrictive Maximum
Residue Levels (MRLs) on different commodities that lead to food safety concerns associated
with fumigants. Lower limits were set for more toxic fumigants (Authority, 2012; Commission,
2008).
Fluoride is an inorganic anion with the chemical formula F-, mainly in the form of salts, such
as sodium fluoride and potassium fluoride. Concentrated fluoride is corrosive and can attack
the skin. Although fluoride is safe for dental treatment at trace level, accumulated daily fluoride
consumption in water, toothpaste and foods may be harmful to human health chronically.
Under normal conditions, sulfuryl fluoride is an inert and stable chemical agent. Although the
solubility of sulfuryl fluoride in water is as low as 0.2%, sulfuryl fluoride does react quickly
with bases to hydrolyse Eq. 3 (Cady & Misra, 1974):

𝑺𝑶𝟐 𝑭𝟐 + 𝟐𝑶𝑯− → 𝑺𝑶𝟑 𝑭− + 𝑭− + 𝑯𝟐 𝑶

Eq. 3

Fluoride can dissolve in blood and diffuse across biological membranes to retain non-ionic
corrosive hydrogen fluoride (HF) acid (Gutknecht & Walter, 1981). The accumulation of
hydrogen fluoride in the bone tissue is the cause of dental fluorosis and skeletal fluorosis and
is toxic to human neurodevelopment, leading to lower cognitive outcomes (Guth et al., 2020;
Saxena et al., 2012).

1.4 Method for Analysis of Sulfuryl Fluoride and Fluoride Residues in Grain
1.4.1 Method for Analysis of Sulfuryl Fluoride
There are different measurement requirements for monitoring high-level SF during fumigation
operation and analysis of SF residue within commodities. Several analytical technologies,
including non-dispersive infrared (NDIR), photometric, photoacoustic, electron capture
detection (ECD) and mass spectrometry (MS), have been applied to analyse SF gas in different
application scenarios (Du et al., 2019; Minini et al., 2017; Opit et al., 2016; Park et al., 2014;
Ren & Mahon, 2007). The complex matrix can significantly affect the accuracy of
measurement (Amrein et al., 2014). Individual detection technology cannot resolve low
concentration SF from complex matrix gas, such as ‘cocktail’ gas in a sea container. Therefore,
the combination of gas chromatography and the varied detection technologies becomes the only
solution specific and sensitive enough to detect SF fumigant at low and high concentrations
(Du et al., 2019; Park et al., 2014; Ren & Mahon, 2007).
Appropriate sample preparation methods can extract and enrich the gaseous SF from grains to
improve the method accuracy and precision, such as charcoal adsorption, microwave
irradiation and solid-phase microextraction (Dimitriou & Tsoukali, 1998; Du et al., 2019; Ren
& Mahon, 2007).

1.4.2 Method for Analysis of Fluoride Ion
A fluoride ion (F−) is a monatomic anion of fluorine in the form of inorganic salt. Because the
ion is considered a trace element, the analytical method is sensitive and accurate. The
traditional analytical approach is based on wet-chemistry titration with aluminium chloride
(Saylor & Larkin, 1948). This technology is non-specific and less sensitive than modern
technologies. The modern quantitation methods, including ion chromatography (IC) and ionselective electrode (ISE), have been broadly used in the fluoride ion analysis in different
matrices (Hang & Liu, 2007; Horák et al., 2015). After 1975, IC technology had been

introduced and provided reliable and sensitive methods for the simultaneous determination of
multiple inorganic ions (Haddad & Jackson, 1990). However, the quality of IC results heavily
relies on the separation performance of expensive IC columns. The ISE technology provides
simple, reliable, and inexpensive analytical methods of measuring fluoride concentrations by
converting ion activities. Many official analytical methods have been established and used
daily (EPA, 1996; NEMI-NERL, 1974).
Grain kernels are heterogeneous matrices. Therefore, samples have to be homogenised for
fluoride ion analysis by either IC or ISE. The solution is to convert the matrices from
heterogeneous to homogeneous by grinding and milling seeds to flour powder (Desmarchelier
& Ren, 1999).

1.5 Research Aim
The sorption behaviour of SF fumigant on grain surface induces a series of physical and
chemical reactions to create the toxic residue fluoride ion. According to the APVMA database,
SF has an MRL of 0.05 mg/kg, 200 times less than the MRL value of fluoride ion in wheat
germ. However, there is no MRL data on wheat kernel and no regulation on the safety allowed
limit of the SF fumigation cycles on food. This research aimed to evaluate the impact of the
increased number of SF fumigation cycles and understand the correlation between the
accumulative fluoride residue level and the sorption of sulfuryl fluoride (SF) applied on
Australian wheat.

2 Materials and Methods
2.1 Wheat Samples
2019-2020 harvested wheat, Australia Standard White (ASW) wheat with 11.3% (w/w, wet
basis) moisture content (m.c), was purchased from a local farm located in Lake Grace, Western
Australia. The samples were stored at 4°C until used and conditioned at 23°C.
The moisture contents were determined using a Graintec HE 50 electronic moisture meter
(Graintec Pty Ltd, Toowoomba, Australia). The moisture contents obtained were calculated
from three replicate measurements.

2.2 Chemicals and Reagents
100 ppm Fluoride Ion Standard (Cat No.: 940907 NaF calibration standard, Thermo Fisher,
Perth, Australia) were purchased and used as the stock to prepare calibration standards by the
serial dilution method. To decomplex fluoride ions and adjust the solution pH, a total ionic
strength adjustment buffer, TISAB II (Cat No.: 940909 Thermo Fisher, Perth, Australia), was
applied into each calibration standard and solvent extract of the wheat sample. Nitric Acid
(HNO3) and Potassium Hydroxide (KOH) were purchased from Sigma-Aldrich (Merck, Perth,
Australia). Deionised water (DI) was collected from Millipore-A10 Water Purification System
(Millipore Australia, NSW, Australia) when the water resistance reached 18.2 MΩ•cm at 25°C.
ProFume® Sulfuryl Fluoride Fumigant (Douglas Products) was available in the Post-harvest
Biosecurity and Food Safety Laboratory. A licensed fumigation technician conducted SF
fumigation in a fume hood.

2.3 Apparatus
Thermo-Fisher Orion DualStar Meter was equipped with a temperature probe, a Thermo glass
pH probe and a Fluoride ionplus® Sure-Flow® solid-state combination ISE probe. A Sartorius
GMBH R200D, analytical laboratory balance with dual ranges (Max. range 1: 41 g with
accuracy 0.01 mg and Max. range 2: 252g with accuracy 0.1 mg), was calibrated externally
under NATA accredited ISO/IEC 17025. A high-speed grinder modified by CSIRO was used
to homogenise grain samples. An Aipu ZD-85 water bath (Hangzhou, China) and IKA C-MAG
HS 4 magnetic stirrer (Speed range:100-1500 rpm; Temperature range: 50 - 500°C) were used
to keep the wheat extract uniform.
Erlenmeyer flasks of 1000 mL (Bibby Sterilin, Staffordshire, USA), each equipped with a
cone/screw-thread adapter (Quickfit, STS, USA), were used in the preparation of standards and
fumigant sorption experiment. For monitoring fumigation concentration, 60 μL of headspace
was redrawn from 100 mL flask and transferred to GC injection port by a 100 μL airtight
syringe with a Teflon-tipped plunger (SGE, Austin, Texas, USA).
An Agilent 5977E GCMSD system (Agilent Technologies, Melbourne, VIC, AUS) was used
to identify and quantify SF fumigant in the headspace gas. The Agilent 5977E GCMSD was
equipped with a split/splitless injector and an SPME inlet (Supelco, Bellefonte, PA, USA),
which operated under splitless mode during the operation. The injection inlet was set at 160°C,

and the GC purge valve was set to be switched on 0.5 min after injection. The fumigant gas
was purified on an Agilent PoraPLOT Q 50 m × 0.32 mm × 10 µm column. Ultra-High Purity
(UHP) helium was used as carrier gas at a constant pressure of 10 psi. The initial oven
temperature was held at 70°C for 10 min, then ramped up to 150°C at 10°C/min and held for
10 min. The MSD transfer line, the ion source and the quad-pole temperatures were 200, 230,
and 150°C, respectively. The selective ion monitor (SIM) mode was used for monitoring MS
peak 102 m/z for SF with electron energy of 70eV. The solvent delay was set at 2 min.

2.4 Diluted Standards and Calibration
A diluted Fluoride ion standard of NaF was prepared by adding a calculated volume of the 100
ppm Fluoride ion stock into the water to make a 100 mL diluted solution containing two ppm
(m/m) of fluoride ion, which was stored at 23°C. The NaF solutions containing 0.1, 0.2 and 0.5
ppm were prepared as fluoride calibration standards by pipetting the appropriate amount of the
two-ppm diluted standard into a 100 mL volumetric flask, which was topped up to the mark
with deionised water and TISAB II (1:1).

2.5 SF Fumigation of Wheat
WA farm wheat samples were placed into fourteen 1 litre Erlenmeyer flasks (760±5
gram/flask) with a 90% filling ratio. The wheat samples were fumigated with sulphur fluoride
(SF) at 45 mg/L (g/m3) dosage at 23°C and 60% RH for one week. The SF concentration in the
headspace of the flask was monitored by the Agilent 5977E GCMS. There were four weeks of
aeration before the 2nd and 3rd multi-fumigation treatment. Fluoride samples are collected at 0,
1, 2, 4, 7, 14, and 28 days after the endpoint of fumigation treatment (Figure 3). The collected
samples were stored in a freezer at -20˚C until the analytical instrument was ready.

Figure 3. Experiment design for multi-fumigation of wheat with Sulfuryl Fluoride (SF)

2.6 Extraction and Analysis of Fluoride Ions
Twenty-five grams of the wheat samples were ground by a modified high-speed grinder
(CSIRO) for 2 min. Three grams of the homogenised wheat flour was transferred into a 50 mL
plastic beaker containing 30 mL of 0.1 M HNO3. Every sample had two replicates. The beaker
was placed in a water bath with a gentle shaker at 60°C for 30 min. At the end of the defined
extraction time and cooling process, the stirring probe, pH probe, temperature probe, and
fluoride ion probe were immersed in the extraction solution together at room temperature (23
± 0.5˚C).
Fluoride ion was detected in SF fumigated wheat by fluoride ion-selective electrode, consisting
of a highly sensitive sensing element crystal, inner reference element and filling solution

chamber. When the sensing crystal surface contacted the fluoride extraction solution, an
electrode potential was created and developed across the contents, which correlated with the
level of free fluoride ion in solution. The ISE meter was calibrated by firstly testing a series of
fresh diluted NaF standards and then rechecking the instrument performance every ten
measurements (Figure 4). During the measurement, samples and standards were stirred at a
constant speed and neutralised with 0.1 M KOH to adjust pH to 6. Then the stable reading of
the fluoride ion concentration was recorded both manually and by EZ control software
automatically.

Thermo Scientific Orion 2
Star™ Meter

Fluoride
Ionplus®
Combination
ISE Probe and
stirrer Automatic
Stirrer Probe

Thermo Scientific Fluoride
Standard with TISAB Buffers

Typical Fluoride Ion Calibration
Curve

Figure 4. Analytical experiment equipment and a typical calibration curve of fluoride ions
in solution.

2.7 Data Process and Statistical Analysis
The fluoride ion concentration in the solution was calculated and recorded by the Thermo
Scientific Orion 2 Start ISE meter directly. As the daily sample was duplicated, the averaged
concentration readings were used to calculate the concentration of fluoride residue in the grain
kernel (Eq. 4). Quality control solution (0.2 ppm F-) was prepared and analysed for every 10grains to correct the instrument drift and ensure the data quality. Collected sample data were
compiled and analysed using R and Excel 365 software.

𝐶𝐹𝑙𝑢𝑜𝑟𝑖𝑑𝑒 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 (

𝐶𝐹 − (𝑝𝑝𝑚) × (𝑊𝑡𝑜𝑡𝑎𝑙 − 𝑊𝑏𝑒𝑎𝑘𝑒𝑟 − 𝑊𝑤ℎ𝑒𝑎𝑡 𝑓𝑙𝑜𝑢𝑟 )(𝑔)
𝑢𝑔
)=
𝑔
𝑊𝑤ℎ𝑒𝑎𝑡 𝑓𝑙𝑜𝑢𝑟 (𝑔)

Eq. 4

3 Results
3.1 SF Fumigant Sorption
It is typically observed that the SF concentration was reduced in the enclosure over time due
to penetration, sorption, and gas leakage. Therefore, SF fumigations must be conducted in
sufficiently gas-tight enclosures to maintain sufficient concentration levels to control insects
over the duration of the exposure period. To ensure successful SF fumigation, the online
monitoring of fumigant absorption behaviour is critical. The monitoring results show that the
sorption behaviours of three SF fumigations were consistent with the initial dosages at 45 mg/L.
The SF absorption curve was maintained above 20 mg/L until the fumigation practice finished
(Figure 5). The SF fumigation dosage rate expressed as a function of concentration and time
(Ct product) was calculated individually and averaged at 5742 g·h/m3 with 8% relative standard
deviation (RSD) (Eq. 3). The Ct products of three SF fumigations were above the maximum
dosage rate of 2985 g·h/m3 required in Jagadeesan’s experiments (Jagadeesan & Nayak, 2017).

Figure 5. Online monitoring of fumigant concentration in headspace of the 1st, 2nd and 3rd cycle
of Sulfuryl Fluoride fumigation in the airtight flasks from 0 to 166 h using Agilent 5977E
GCMS.

3.2 Fluoride Ion Residue in Fumigated Wheat
While the headspace concentration of SF decreased from 45 mg/L to 20 mg/L, SF fumigation
directly resulted in sharply increasing the average fluoride ion residue by 2.7, 2.8 and 3.8 mg/kg
before the 1st, 2nd and 3rd post-fumigation aerations (Figure 6 and 7). During the three aerations,
the fluoride ion increased by 0.7, 3.0 and 2.5 mg/kg respectively. Over the three full fumicycles, including fumigation and aeration, the total cumulative fluoride ion concentration
stepped up from 3.1, to 7.6 and 14 with RSD 9%, 13% and 8%, respectively (Figure 7). The
scatterplot of fluoride ions degraded in wheat kernels over time shows that there is a non-linear
relationship. The natural logarithmic regression fits the relationship between degraded fluoride
ion and time of three individual fumigation cycles, including SF fumigation and aeration, with
increasing slope 0.59, 0.91 and 1.04 (Figure 8). The log model is reasonably flat, but the gap
between each fumi-cycle curve becomes wider and wider, which indicates there are significant
differences, in terms of the increasing slope. Greater slope means higher SF penetration and
conversion rate. Based on the fluoride concentrations of endpoints of three repeat SF fumicycles, including fumigation and aeration, and natural background, a linear quantitative mode
of fluoride ion was regressed, y=4.8838x+0.15, with R² = 0.983 (Figure 7).

Figure 6. Stacked bar chart of cumulative fluoride ions during three cycles of SF fumigation
treatment and post-fumigation aeration in wheat kernels.

Figure 7. Scatterplot of fluoride ions degraded in wheat kernels over three full fumi-cycles
including SF fumigation (7 days) and aeration (28 days) with the trend of the average of
duplicated grain samples; Red circle indicates the outliers identified in the third fumi-cycle;
Black dash line is the linear regression trend of three full fumi-cycles with R2=0.9815

Figure 8. Scatterplot and non-linear regression equations of fluoride ions in wheat kernels over
three full fumi-cycles including SF fumigation (7 days) and aeration (28 days)

4 Discussion
4.1 Discussion
The natural background fluoride level was negligible compared to that induced by SF
fumigation (APVMA, 2014). Under the SF fumigation at 45 mg/L for seven days, the
headspace concentration of SF decreased while the fluoride ion residue increased significantly.
The overlapping absorption curves of SF fumigation illustrated that the three fumigation
practices were consistent and the experimental system reproducible. The increased fluoride ion
concentration in wheat kernels indicated that the SF repeated the absorption on the grain
surface physically and degradation to fluoride ion occurred three times (Figure 6).
Based on Equation 3, water is another critical material in the fluoride conversion chemical
reaction (Cady & Misra, 1974). Therefore, higher water content or humidity may lower and
inhibit the degradation reaction of fluoride ions from SF. As the headspace of the Erlenmeyer
flask is smaller than the vertical cylinder silo, the level of fluoride residue in grain repeatedly
fumigated with SF can be underestimated. Due to the SF residue between grain kernels, the
fluoride ion continued to accumulate slowly during the aeration period. In summary, the
conversion rate of fluoride was dependent on the chemical reaction rate rather than the physical
absorption rate. As the converted fluoride ion from SF kept rising in the third fumigation
treatment, higher accumulated fluoride should be expected with continued repeat fumigations.
High environmental temperature can provide excessive energy to allow more proteins to react
with SF gas, leading to a high fluoride conversion rate.
Stored grain containing a high level of fluoride ion needs to be blended with clean grains to
meet the domestic and international regulatory requirements, leading to extra material and
labour costs. Intake of elevated fluoride levels also causes dental and skeletal fluorosis, and
even impaired neurodevelopment (Guth et al., 2020; Saxena et al., 2012). So far, there is no
maximum residue level (MRL) of fluoride ion (including fluorine) on whole wheat though
there is an MRL of 10 mg/kg for wheat germ. So far, there is no direct evidence to show the
linkage between wheat products containing high fluoride ions and human health, although the
current upper levels (UL) of human daily intake are 0.10 mg/kg/day for children and 10 mg/day
for an adult (Guth et al., 2020).

4.2 Conclusions
Although fluoride is safe at low concentrations, elevated fluoride ion levels are toxic to the
human body. This paper focuses on the effect of multiple SF fumigation on the fluoride ion
accumulation phenomenon. In nature, fluoride is present in plants, soil, and water at trace
levels. So, the fluoride found in grain was mainly contributed by SF fumigation during the
post-harvest stage. The physical and chemical behaviour of fluoride ions derived from triple
SF

fumigation

and

aeration

was

well

modelled

on

a

linear

regression

line

(Y=4.81X+0.15/R2=0.9815).
Furthermore, the fluoride ion could accumulate inside grain which had repeated multiple SF
treatments. The accumulated concentration of fluoride ions may be elevated above the safety
level and threaten human health. It was evident that multiple SF fumigations can potentially
breach the MRL of fluoride ion on the wheat kernel, given the MRL of fluoride ion on the
wheat should be lower than wheat germ. Yet, there is no MRL of fluoride ion (including
fluorine) on the whole wheat. Australian standards for fluoride residue in grain and processing
products should be updated to protect human health by preventing stored grains experiencing
excess exposure to SF fumigants.

4.3 Future Research
Various factors such as environmental conditions, type and moisture content of the grain
fumigated, which may affect the SF degradation, were not considered due to financial and time
constraints. Different types of commodities have other morphological characters affecting the
SF absorption. For example, the smooth and hard seed coats (Testa) of canola and legume seeds
reduce SF absorption compared to wheat seeds. While high moisture content may dissolve SF
and therefore facilitate the chemical reactions, the presence of water molecules on the active
physical absorption spots may instead reduce the likelihood of SF reactions. Therefore, further
studies on the effect of repeated SF fumigation on different commodities and moisture content
types are needed.
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