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Abstract 
There is a generally accepted conclusion that trifluoroacetic acid (TFA) does 
occur naturally, in part based on the large quantities of TFA in the oceans (61 
- 205 million tonnes, measured in 1998-2002). However, the recent review 
paper “Insufficient evidence for the existence of natural trifluoroacetic acid” 
concludes that “the presence of TFA in the deep ocean and lack of closed TFA 
budget is not sufficient evidence that TFA occurs naturally, especially without 
a reasonable mechanism of formation”. Industrial sources of TFA can only 
result from the use of fluoride minerals in industrial processes. Major indus-
trial uses of fluorspar started significant expansion from about the same time 
(1930s). Over 190 million tonnes of fluorspar have been mined in the period 
1930 to 1999. An inventory has been developed (1930-1999), accounting for 
most of the fluorspar production (86%) and estimating emissions of TFA. 
Industrial emissions of TFA are estimated as 230,000 to 470,000 tonnes. Sig-
nificant other industrial uses of fluorides have not been identified that could 
account for the large burden of TFA in the oceans. This inventory provides 
complementary evidence that the quantity of TFA in the oceans must include 
a large natural burden.  
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1. Introduction 

There is a generally accepted conclusion that trifluoroacetic acid (TFA) does 
occur naturally, in part based on the undisputed large quantities of TFA in the 
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oceans. However, the recent review paper “Insufficient evidence for the existence 
of natural trifluoroacetic acid” (Joudan, De Silva, & Young, 2021) concludes that 
“the presence of TFA in the deep ocean and lack of closed TFA budget is not 
sufficient evidence that TFA occurs naturally, especially without a reasonable 
mechanism of formation.” The large burden of TFA in the oceans (Frank et al., 
2002), estimated at 61 - 205 million tonnes (Scott et al., 2005) was measured in 
the period 1998-2002. TFA was detected in the deep arctic ocean, with a re-
ported 14C age of about 1000 years, and oceanic TFA concentration measure-
ments (Scott et al., 2005) included the Canadian Basin (western Arctic Ocean) 
deep or bottom waters. The average age of the Canadian Basin Deep Waters was 
concluded to be comparably high at perhaps 400 years (Rudels & Quadfasel, 
1991). At 3000 m depth in the Canadian Basin of the western Arctic Ocean TFA 
concentration was measured as 160 ng/L similar to the concentrations measured 
in the Atlantic (Frank et al., 2002). A supplemental part of the oceanic mea-
surement project for AFEAS (Alternative Fluorocarbons Environmental Accep-
tability Study) was a comparison of analytical results obtained using the methods 
employed by the two participating laboratories, the Universität Bayreuth and the 
University of Nevada, which carried out studies on TFA concentrations in pre-
cipitation in California and Nevada (Wujcik, Cahill, & Seiber, 1999).  

In contrast to the reported TFA concentration measurements, PFAS were not 
found at depths below 250 m in the Arctic Ocean and the study did not include 
TFA (Yeung et al., 2017). “The detection of PFASs in the four depth profiles was 
limited to the 150 m below the surface, except for the North Barents Sea where a 
PFAS was detected down to 250 m below surface.” Samples were taken at depths 
down to 3000 m in the Nansen and Amundsen Basins of the Arctic Ocean “Deep 
layer water samples (3000 m depth from 4 different stations) were served as field 
blanks and were found below limits of quantification”. The paper states that the 
lifetime of tracers in Arctic Deep water is about 75 - 300 years.  

Industrial sources of TFA can only result from the use of fluoride minerals in 
industrial processes. An inventory has been developed for the period 1930 to 
1999, to account for the vast majority (86%) of fluorspar consumption by appli-
cation, identify those uses that result in significant emissions of TFA, and esti-
mate emissions of TFA. The objective of the inventory is to provide comple-
mentary evidence that the quantity of TFA in the oceans measured in the period 
1998-2002 must include a large natural burden. While there are a wide range of 
studies for TFA emissions (Boutonnet et al., 1999; Neale et al., 2021; World Me-
teorological Organization, 2018), none of these studies have considered TFA 
emissions from all industrial sources in the period until 1999. Combining TFA 
emissions with an inventory of fluorspar production and consumption of other 
fluoride minerals provides additional confidence that significant sources of TFA 
have been considered, and such a study has not previously been published. 
However, a general background for fluorine uses has been published (Villalba, 
Ayres, & Schroder, 2007). 
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2. Development of the Inventory 

The inventory was developed to account for most of the fluorspar consumption 
by application and estimate emissions of TFA from fluorspar uses in the period 
1930 to 1999, using a wide range of publicly available data sources and input 
from industry and academic experts. For substances emitted to atmosphere, in-
cluding HCFCs and HFCs, the quantity of TFA formed from each substance in 
the period up to 1999 depends on the amount emitted, its atmospheric lifetime, 
and TFA yield. Production and emissions of the major HCFCs and HFCs are 
well characterized, either by atmospheric measurements (top-down) or from 
production, use and bottom-up emission factors (e.g., AFEAS, 2000). Some pes-
ticides containing the CF3 group, can generate TFA by decomposition in soil, 
which will enter surface and ground waters. The yield of TFA is uncertain for 
some pesticides and their global use in the period until 1999 is also uncertain. 
Therefore, a maximum generation of TFA from pesticides has been estimated. 
Establishing a robust estimate for the use of fluorspar (as HF) for aluminium 
production is important as it was a significant consumer of HF, but also used 
fluoride from other sources, and fluoride consumption/tonne aluminium over 
the period 1930-1999 was reduced. The supplementary information provides in-
formation for the TFA emission estimates and fluorspar use by application.  

3. Inventory for Fluorspar Production and Emissions of TFA 

The supplementary information provides details on the derivation of the fluo-
rspar use and TFA emissions for each of the applications in Table 1. The inven-
tory accounts for most of the fluorspar production (86%) by application. In ad-
dition, there are many other uses of fluorspar (as HF) that are not as easily esti-
mated but would also not result in the formation of TFA, as these uses are 
aqueous HF, inorganic, catalysis, solvent, or uses that do not result in the forma-
tion of substances that could degrade to TFA. For example, oil and gas well acid 
treatment may be a significant use of aqueous hydrofluoric acid. These uses are 
also discussed in the supplementary information. Several very minor uses of HF 
could be estimated but are not included in the inventory and do not result in the 
formation of TFA. These include the minor CFCs (e.g. CFC-13, -216, -217) and 
NF3. The industrial use of other fluoride minerals is also considered, but these 
are relatively minor compared to fluorspar. 

Industrial emissions of TFA are estimated at 84,000 tonnes until end of 1999, 
excluding pesticides and pharmaceuticals, and in the range 230,000 to 470,000 
tonnes including pesticides and pharmaceuticals. An important conclusion from 
this inventory is that before 1947 extremely limited quantities (if any) of TFA 
were emitted from industrial sources. Steel and aluminium production are dis-
cussed in detail as both are major uses of fluorspar but are not considered to 
produce TFA, either based on the process conditions, by analysis or the genera-
tion of inorganic fluorides.  

Significant other industrial uses of fluorides have not been identified that 
could account for the large burden of TFA in the oceans. 
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Table 1. Inventory: Summary of production and consumption of fluorspar and emissions of TFA 1930-1999. 

Inventory for the period 1930-1999 
Fluorspar 

(million tonnes) 

TFA 
emissions 
(tonnes) 

Global fluorspar production 191.9  

Metspar and ceramic grade production, inorganic uses 96.9 0 

Acidspar grade production (at 97% minimum purity) for HF 95.0  

Losses due to HF yield from acidspar (assuming 97.5% purity) 8.9 0 

Overall availability of HF as CaF2 equivalent 86.1  

Identified uses of HF as CaF2 equivalent   

CFCs (CFC-11, 12, 113, 114, 115) 14.6 0 

HCFCs (non-feedstock): For CaF2 consumption HCFC-22, 123, 124, 141b, 142b. TFA 
emissions: HCFC-123, 124 

5.6 16,100 

HFCs: For CaF2 consumption: HFC-134a, 125, 143a. 
TFA emissions: HFC-134a, 227ea, 125, 143a 

1.1 6700 

PTFE & other fluoropolymers. TFA emissions for PTFE degradation, estimated based on 
Cui et al., 2019 methodology (A) and from feedstock emissions: Hexafluoropropene (HFP) & 
HCFC-133a (B). 

2.5 
60 (A) 

7300 (B) 

Halon 1211 (Fluoride for Halon 1301 is included in HCFC-22 F-efficiency) 0.1 0 

Anaesthetics: halothane, isoflurane, sevoflurane, desflurane 0.1 23,600 

Pesticides, assuming 100% yield of TFA (and assuming 90% efficiency of CaF2 utilisation). 0.2 to 0.4 (~0.3) 
140,000 to 

380,000 

Pharmaceuticals—example fluoxetine (Prozac) maximum TFA trivial 5000 

TFA manufacture, assumes all TFA manufactured equals TFA emissions (unlikely) 0.03 30,000 

Aluminium production 25.3 0 

SF6 and SOF2 0.3 0 

Uranium processing 2.3 0 

Petroleum alkylation 1.3 0 

Niobium and tantalum (aqueous HF) 1.0 0 

Stainless steel pickling (aqueous HF) 3.0 0 

Inorganic fluorides (mainly aqueous HF) indicative estimate 1.7 0 

Total uses of HF as CaF2 equiv. 59.2  

Total TFA emissions Excl. pesticides & pharmaceuticals (C)  84,000 (C) 

Incl. pesticides & pharmaceuticals (D)  
230,000 to 

470,000 (D) 

TFA emissions are rounded up   

Total fluorspar production accounted for 86%  

Other HF uses as CaF2 equivalent 26.9  
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3.1. Emissions of TFA 

Emissions of TFA were estimated at a maximum of 470,000 tonnes in the period 
1930-1999. Significant sources of TFA are some HCFCs, some HFCs, anaesthet-
ics, some fluorinated feedstocks, and potentially TFA manufacture, with TFA 
emissions from these sources estimated at 84,000 tonnes. Other sources of TFA 
emissions include some pharmaceuticals and potentially from incineration or 
thermolysis of PTFE and other fluoropolymers, although the experimental re-
sults may not translate to “real world” conditions. It is difficult to estimate the 
TFA generation from pesticides due to the various substances used and the un-
certain or unknown yield of TFA. Pesticides containing the CF3-group, could 
account for 140,000 to 380,000 tonnes of TFA, over the period until end 1999. 
Two methods were used to estimate the potential TFA emissions from pesti-
cides; 1) based on published European pesticide use data and scaling this to 
global use, and 2) from the available trifluralin use data, as it had the greatest 
production volume in 1987, about 50,000 tonnes (Jordan & Frank, 1999) for 
these relevant pesticides, with the USA accounting for about 25% of its global 
use in that year. Trifluralin was the first fluoro-herbicide introduced in 1963 and 
is also one of the most globally used herbicides (Ogawa et al., 2020). Pesticides 
are most likely the largest source of TFA emissions in the period until 1999, if 
those pesticides containing a -CF3 group and introduced before 1999, degraded 
to give 100% yield of TFA. The supplementary information provides details for 
the TFA estimates by application.  

The UNEP Environmental Effects Assessment Panel (EEAP, 2022, 2023) gives 
estimated yields and upper limits for TFA generated from degradation of HFCs, 
HCFCs, and anaesthetics. Applying upper limits of TFA yields has minimal ef-
fect on the total TFA emissions until end of 1999, resulting in an increase of 
about 8500 tonnes. TFA from pesticides is already an indicative maximum esti-
mate.  

Estimated annual TFA emissions from HCFCs, HFCs, feedstock emissions 
(hexafluoropropene and HCFC-133a), anaesthetics, and pesticides are shown in 
Figure 1. This shows insignificant emissions of TFA (<100 tonnes/year) before 
1950. According to a 1968 USA industry report (Bradbury, Finger, & Major, 
1968), fluorinated aromatics were of minor importance “Although still of minor 
importance among fluorochemicals, the fluorinated aromatic, alicyclic, and he-
terocyclic compounds and their derivatives are receiving increased attention in 
academic and industrial laboratories. Because of their limited application thus 
far, no production or dollar value data are available.” 

3.2. Production of Fluorspar and Other Fluoride Minerals 

In the period 1930-1999 cumulative reported fluorspar production was 191.9 
million tonnes (British Geological Survey, 2014). Complete data are not available 
for production of acidspar grade (used for HF production) from 1930, but the 
US Minerals Yearbook (United States Bureau of Mines, 1993; National Minerals  
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Figure 1. Estimated annual TFA emissions (tonnes) from significant sources. Explanato-
ry note: Pesticides is an indicative maximum estimate based on an estimate of trifluralin 
consumption, and assuming degradation to give 100% yield of TFA, which may not oc-
cur. 
 
Information Center, 2022) reports global production from 1970, although some 
production by country is not segregated by grade. World production of fluorspar 
by grade is also available for more recent years (Clarke & Huxtable, 2017). Prior 
to 1970, the US Minerals Yearbook data for domestic US acidspar used for HF 
production is assumed to be a good proxy for global acidspar production. Over 
the period 1930 to 1999, acidspar production is estimated as 95 million tonnes, 
about 50% of the total fluorspar production, and metspar (metallurgical)/ceramic 
grade is estimated as 96.9 million tonnes, used for inorganic processes, mainly 
steel production. The use of fluorspar by the ceramics industry is relatively mi-
nor, accounting for about 10% of total annual fluorspar consumption in the 
United States in the early 1960s (Bradbury, Finger, & Major, 1968), reducing to 
about 1% in 1980 (United States Bureau of Mines, 1981).  

Cryolite and fluorapatite are other relatively minor sources of fluoride used 
industrially. Cryolite mineral (sodium hexafluoroaluminate, Na3AlF6) was com-
mercially mined in Greenland from 1854 to 1987 resulting in 3.7 million tonnes 
of ore with an average content of 58% cryolite in the ore (Geological Survey of 
Denmark and Greenland, 2002). Cryolite has been found in small quantities in 
other locations, but the only large commercial deposit of cryolite was in Green-
land. It was originally used in the production of soda, and later for iron enamel-
ling and the production of opaque glass. Until 1900, cryolite was used to produce 
soda (cryolite soda), with peak consumption in the period 1865-1870, when 
about 44,000 tonnes of cryolite were consumed annually for this use (Kruse, 
2016). Natural cryolite was used for aluminium production.  

Fluorapatite (Ca5(PO4)3F) is mined along with other apatites for its phosphate 
content and is used mostly to produce fertilizers. Most of the Earth’s fluorine is 
bound in this mineral, but because the percentage within the mineral is low 
(3.5%), the fluorine historically was mainly discarded as waste, although some 
recovered fluorosilicic acid was used for water fluoridation, AlF3 production for 
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aluminium production, and other uses (Agency for Toxic Substances and Dis-
ease Registry, 2003).  

3.3. Production and Use of HF 

Anhydrous HF is produced from acidspar (minimum purity of 97%) by reaction 
with concentrated sulphuric acid. There are stringent limits on the sulphur, ar-
senic, and phosphorus contents (British Geological Survey, 2011). The yield of 
HF from acidspar has increased since the 1930s as the manufacturing process 
has improved. Fluoride inefficiency results in some CaF2 lost in solid synthetic 
anhydrite (CaSO4). For many years, this was considered as a waste, but much of 
it is now dried in a kiln and used as a raw material for producing cement, plas-
ter, and flooring. It is also used as a filler in the production of plastics and paper 
products (Chemical Book, 2022). Some fluoride is lost as H2SiF6, although this 
can be used for a range of applications if recovered. In the 1990s/2000s fluoride 
recovery systems were introduced for HF production. 

Anhydrous HF is normally produced with a concentration of 99% - 99.9%, 
and aqueous HF (hydrofluoric acid) is primarily produced as a 70% solution, al-
though a range of other strengths are then prepared for a wide range of applica-
tions (U.S. EPA, 1993). In 1944, in the USA, the total HF production was 43,000 
tonnes, with about 50% of was earmarked as anhydrous acid and a similar quan-
tity as aqueous hydrofluoric acid. By 1948 more anhydrous acid was being gen-
erated than aqueous. By then the industrial trend was to produce anhydrous HF 
with subsequent dilution to the desired aqueous strengths. In earlier years 
aqueous hydrofluoric acid was made directly and not by dilution of anhydrous 
HF (Hamrick & Voskuil, 1949). The organic fluorochemicals industry and alu-
minium production use anhydrous HF, with aqueous hydrofluoric acid mainly 
being used for a wide range of inorganic applications. 

The use of HF (as CaF2 equivalent) can be estimated by year when there is 
production and usage data for the specific application. Figure 2 shows the con-
sumption CaF2 for more significant uses of HF. AFEAS compiled annual pro-
duction data for reporting companies from 1931 for the main CFCs: 11, 12, 113,  
 

 

Figure 2. Some uses of HF as CaF2 equivalents in million tonnes annually. 
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114 and 115 (AFEAS, 2000, 2003). AFEAS production data are available for most 
of the major commercial HCFCs, except HCFC-123, and in 2000 is thought to 
represent about 98% of global HFC-134a production. The AFEAS data excludes 
Chinese production. Fluoride efficiencies, provided by industry experts, are used 
to account for consumption of HF for production of these substances. PTFE was 
commercialised in 1947, with a succession of fluoropolymers introduced in the 
following decades. The total production of PTFE was about 1.1 million tonnes 
until 1999, estimated from the global production in the late 1990s (Teng, 2012), 
growth rate, and year of commercialization in 1947. The HF alkylation process 
for motor and aviation fuel production takes place in the presence of anhydrous 
HF catalyst. Developed during the late 1930s and early 1940s, alkylation was a 
major consumer of HF from the early 1940s, initially due to the demand for avi-
ation fuel (Hamrick & Voskuil, 1949). Pickling of stainless steel is the most 
common chemical procedure used to remove oxides and iron contamination. 
Besides removing the surface layer by controlled corrosion, pickling also selec-
tively removes the least corrosion-resistant areas such as the chromium-depleted 
zones. The most common pickling solution is 10% to 15% nitric acid plus 1% to 
3% hydrofluoric acid. The treatment leaves the stainless-steel surface in a clean, 
passivated condition (Speciality Steel Industry of North America, 2022). Nio-
bium and tantalum are chemically similar and are associated with each other in 
nature which makes it very difficult to separate. For many years, the separation 
of tantalum from niobium involved the fractional crystallization of potassium 
heptafluorotantalate away from potassium oxypentafluoroniobate monohydrate. 
Fluorides are prepared by the initial reaction of the oxides with aqueous hydrof-
luoric acid (Ayanda & Adekola, 2011).  

Before 1944 any other uses of HF are most likely to be as aqueous hydrofluoric 
acid for inorganic applications based on the USA aqueous hydrofluoric acid 
consumption for 1944. Although uranium processing is a significant use of an-
hydrous HF, the production of U3O8 by mining cannot be used to determine 
CaF2 consumption by year as stocks were created and processing to UF6 de-
pended on demand (Nuclear Energy Agency, 2016). It is clear from Figure 2 
that, prior to 1950, only a minor proportion of HF (as CaF2 equivalent) is not 
accounted for and most likely is predominantly used in aqueous hydrofluoric 
acid applications. There are a wide range of other uses for aqueous hydrofluoric 
acid which are not easily estimated. One of these, which may be a significant use, 
is the acid treatment of oil and gas wells and geothermal wells. Oil and gas oper-
ators have used acid treatment (acidizing) to improve well productivity for al-
most 120 years. Acidizing predates all other well stimulation techniques, includ-
ing hydraulic fracturing which was not developed until the late 1940s. Commer-
cial use of aqueous HF for acid treatment started in 1940 (American Petroleum 
Institute, 2014).  

3.4. Production of Aluminium 

Aluminium production was reported as 272,000 tonnes in 1930 reaching about 
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10 million tonnes in 1970 and 23.6 million tonnes in 1999 (U.S. Geological Sur-
vey, 2022a). Cumulatively, this is 594.5 million tonnes globally in the period 
from 1930 to 1999. Aluminium fluoride (AlF3) and cryolite (Na3AlF6) form the 
electrolyte for the aluminium smelting process from alumina, allowing the 
process to operate at about 960˚C. One of the uses of aluminium fluoride or 
cryolite is to replace lost fluoride, which is consumed (Hyland et al., 2000) by 
emissions, as gaseous fluoride mainly HF, fluoride particulates, PFCs (Tabereaux 
& Peterson, 2014), and by absorption of fluoride into the pot linings (Samec, 
Mikša, & Kokalj, 2004).  

Since the 1940s, the dominant source of fluoride for synthetic cryolite or alu-
minium fluoride is fluorspar (CaF2). It is estimated that 25.3 million tonnes of 
fluorspar have been used by for aluminium production in the period 1930 to 
1999. In addition, an estimated 1.9 million tonnes of natural cryolite and 1.8 
million tonnes of AlF3 from H2SiF6 (from phosphate minerals) have been used. 
The derivation of the estimate is described in detail in the supplementary infor-
mation. Figure 3 shows the consumption of fluoride minerals and primary alu-
minium production by year for the period 1930-1999. This also shows the reduc-
tion in relative use of fluoride minerals as aluminium production technology 
improved.  

From the 1970s, Spent Pot Linings (SPL) has been recognised as a valuable 
resource for other industries, including as a feedstock in the cement, mineral 
wool, and steel production processes (International Aluminium Institute, 2022). 
The primary use of aluminium fluoride in modern reduction cells is to neutral-
ize the inputs of sodium oxide and calcium oxide in alumina to a target ratio of 
sodium fluoride to aluminium fluoride in the electrolytic bath. Small quantities 
of perfluorocarbons (PFCs) are produced at the anode; this occurs during the 
anode effect condition. The formation of fluorocarbons in primary aluminium 
production occurs at the anode when the local consumption of alumina becomes 
higher than the supply, reducing the local concentration of alumina to allow 
competitive anode reactions (Aarhaug & Ratvik, 2019). The emission factors for  
 

 

Figure 3. Calcium fluoride and other mineral consumption for aluminium production. 

https://doi.org/10.4236/gep.2023.113001


A. A. Lindley 
 

 

DOI: 10.4236/gep.2023.113001 10 Journal of Geoscience and Environment Protection 
 

PFCs have decreased from around 2.1 - 4.4 kg/tonne for CF4, 0.49 - 0.72 
kg/tonne for C2F6 and 0.004 - 0.05 kg/tonne for C3F8 in 1940 to about 0.04, 0.003 
and 0.0001 kg/tonne in recent years. Over the period 1930 to 1999, total PFC 
emissions from primary aluminium production are estimated as CF4: 560 kilo-
tonnes, C2F6: 70 kilotonnes and C3F8: 9 kilotonnes (Trudinger et al., 2016). 

The formation of other fluorinated organic species has been investigated 
(Aarhaug & Ratvik, 2019), “While formation of COF2 is favourable thermody-
namically, this species has only been reported once in laboratory-scale experi-
ments with inert gas. An attempt to reproduce this experiment was not success-
ful. It has been suggested that COF2 is unstable and will either react with carbon 
to form PFCs or self-disproportionate to form CF4 and CO2.” The potential for-
mation of TFA has been investigated (Jordan & Frank, 1999), and concluded. 
“Formation of TFA or trifluoroacetyl fluoride was also considered possible, but 
analysis of a stack gas sample of an aluminium production site did not reveal any 
TFA. An upper limit of 0.25 g of TFA emitted per ton aluminium as derived 
from the limit of determination would result in a maximum annual global re-
lease of 5 tes/yr from this source, assuming a global annual aluminium produc-
tion of 20 million tons. However, these are preliminary results which warrant 
more detailed investigations.” 

3.5. Production of Steel 

Metallurgical-grade fluorspar is consumed mainly in steelmaking but is also 
used in making Portland cement and casting iron and steel (Miller, 2018). Fluo-
rspar use for cast iron was reported in the 19th century (Henderson, 1871). Most 
of the 96.9 million tonnes of metspar/ceramic grade fluorspar in the period 1930 
to 1999 was used by the iron and steel industry, which is by far the largest single 
industrial use of fluoride. Metallurgical grade fluorspar has a calcium fluoride 
content typically > 80%, but it can be as low as 60%, depending on the require-
ment. Steel production uses metspar as a flux to lower the melting temperature, 
reduce viscosity, and increase the chemical reactivity to help the absorption and 
removal of sulphur, phosphorus, carbon, and other impurities in the slag (Criti-
cal Raw Materials Alliance EU, 2022). Fluoride-containing slag modifiers have 
been widely used for decades in industry (Schrama et al., 2020). Raw steel pro-
duction processes in the period 1930 to 1999, initially open hearth, then replaced 
by the basic oxygen process, and electric arc, used fluorspar as a flux, at a rate of 
2 - 10 kg/tonne in 1982. Steel slags can be recycled for use in iron blast furnaces 
(Kokal & Ranade, 1994). The basic oxygen process is the main process for raw 
steel manufacture accounting for about 70% of global production in 2021 
(World Steel Association, 2022). Around 160 - 250 million tonnes of steel slag 
were generated in 2014 (van Oss, 2015). Slag is widely used as aggregate and in 
other applications (Zulhan, 2013). The electroslag remelting (ESR) process is 
used to remelt and refine steels and various super-alloys, resulting in high-quality 
ingots, and conventional commercial ESR slag contains a large amount of CaF2 
(typically 50 - 70 mass %), to reduce the melting temperature and viscosity of the 
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slag (Zheng, Li, & Shi, 2020). Where fluorspar is used as a flux, electric arc fur-
nace (EAF) steel slag typically contains < 1% fluoride (Teo et al., 2020). If this 
was typical of steel slags generally, then 0.5% fluoride content for 160 - 250 mil-
lion tonnes of slag would be equivalent to 1.5 - 2.5 million tonnes of calcium 
fluoride, in the range expected for fluorspar use. In 2019, 6.5 million tonnes of 
fluorspar were produced, and 40% as metspar at a minimum of 80% purity 
would be about 2 million tonnes of calcium fluoride.  

The basic oxygen process for raw steel production uses molten iron (melting 
point 1538˚C) and the hot metal is treated by blowing oxygen to remove carbon 
and other elements that have a high affinity to oxygen. When the reaction 
process is complete, molten crude steel collects on the bottom of the furnace and 
the liquid slag floats on top of it. The crude steel and the slag are tapped into 
separate ladles/pots at temperatures typically above 1600˚C (Euroslag, 2022). 
Open hearth was the most widely used steel production process until the 1960s, 
being replaced by the basic oxygen process. The open-hearth process achieves 
similar temperatures to the basic oxygen process. Scrap is charged to the furnace 
through doors in the furnace front. Hot metal from the blast furnace is added by 
pouring from a ladle through a trough positioned in the door. Melting heat is 
provided by gas burners above and at the side of the furnace. The most signifi-
cant emissions from the basic oxygen process occur during the oxygen blow pe-
riod. The predominant compounds emitted are iron oxides, although heavy 
metals and fluorides are usually present. Particulate emissions from an open- 
hearth furnace vary considerably during the process but are mostly iron oxides 
(U.S. EPA, 1986). 

The most difficult fluorinated organic compound to decompose is CF4, re-
quiring temperatures over 1400˚C. Limited studies on the thermal destructibility 
of fluorotelomer-based polymers found no detectable levels of perfluorooctanoic 
acid after 2 second residence time and 1000˚C (U.S. EPA, 2019). Generation of 
TFA by the iron and steel industry is not expected and fluoride used as a flux for 
steel production remains as an inorganic substance predominantly in the slag. It 
is worth noting that some chlorinated hydrocarbons (mainly C1 and C2) are 
formed during iron and steel production, and these may be attributable to in-
complete combustion of chlorinated fuel and raw coal. The emission factor for 
ClVOCs is reported as 0.08 g Cl/tonne for steel making (Ding et al., 2020). In 1999, 
the world production of steel was 784 million tonnes (U.S. Geological Survey, 
2022b). Applying the reported ClVOCs emission factor to this production quanti-
ty, equates to about 63 tonnes of chlorine as VOCs.  

4. Conclusion 

Industrial sources of TFA can only result from the use of fluoride minerals in 
industrial processes. Major industrial uses of fluorspar started significant expan-
sion from about the same time (1930s). The inventory accounts for most of the 
fluorspar production (86%) of the 191.9 million tonnes of fluorspar that has 
been mined in the period 1930 to 1999. In addition, there are many other uses of 
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fluorspar (as HF) that are not as easily estimated but would also not result in the 
formation of TFA, as these uses are aqueous HF, inorganic, catalysis, solvent, or 
uses that do not result in substances that could degrade to TFA. Other fluoride 
minerals were only a minor source of fluoride used for industrial processes in 
this period, mainly for aluminium production.  

Industrial emissions of TFA are estimated at 84,000 tonnes until end of 1999, 
excluding pesticides and pharmaceuticals, and in the range 230,000 to 470,000 
tonnes including pesticides and pharmaceuticals. It is difficult to estimate the 
TFA generation from pesticides due to the various substances used and the un-
certain or unknown yield of TFA. Pesticides are most likely the largest source of 
TFA emissions in the period until 1999, if those pesticides containing a CF3- 
group and introduced before 1999, degraded to give 100% yield of TFA. Steel 
and aluminium production were the two largest consumers of fluoride minerals, 
predominantly fluorspar, but are not considered to produce TFA, either based 
on the process conditions, by analysis or the generation of inorganic fluorides. 
Significant other industrial uses of fluorides have not been identified, in the pe-
riod 1930-1999, that could account for the large burden of TFA in the oceans. 
An important conclusion from this inventory is that before 1947 extremely li-
mited quantities (if any) of TFA were emitted from industrial sources. However, 
TFA was detected in the deep Arctic Ocean in waters with a reported 14C age of 
about 1000 years, with a different study concluding that the waters have a com-
parably high average age at perhaps 400 years.  

The inventory for the period 1930-1999 provides complementary evidence 
that the quantity of TFA (61 - 205 million tonnes) measured in the oceans in the 
period 1998-2002 must include a large natural burden. 
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