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Abstract

This study reports an experimental exploration of the combustion inhibition efficiency of iron short-

chain perfluorocarboxylates, namely, iron trifluoroacetate (FeTFA) and iron pentafluoropropionate

(FePFP). The aim is to develop a new phosphor-free fire-extinguishing agent. The synthesized FeTFA

and FePFP were characterized by ultraviolet-visible spectroscopy, Fourier-transform infrared

spectroscopy, X-ray fluorescence measurements, and fast-atom bombardment mass spectrometry. The

FeTFA and FePFP ligands (i) coordinate with the iron ions in bridging form via carboxylate oxygens,

(i1) contain no CI", and (iii) are hexanuclear complexes with chemical formulas of Ci3F2702,Fes and

Cu7F4502Fes, respectively. Suppression trials and thermogravimetric measurements revealed that (i)

both FeTFA and FePFP have higher combustion inhibition ability at lower suppressant concentrations

than ammonium dihydrogen phosphate (an active component in conventional fire-extinguishing

agents), (ii) FePFP is remarkably more inhibition-efficient than FeTFA, and (iii) neither FeTFA nor

FePFP hinder cellulose pyrolysis and char combustion in the condensed phase. Thermogravimetry—

mass spectrometry measurements confirmed that (i) the main gas-phase decomposition product of

FeTFA and FePFP is CF3, and (ii) FePFP is a better CF3 generator than FeTFA. The different inhibition

abilities of the two complexes were attributed to their different CF3; generation abilities and eases of

decomposing the complex.
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Nomenclature

Symbols

Ck Concentration of suppressant k (mol g™!)
Cp Fuel heat capacity (J g! K1)

g Gravitational acceleration (9.8 m? s™!)
M Molar concentration (mol dm™)

MEC Minimum extinction concentration (mol g™')

M Molar mass of suppressant k (g mol™')

mlz Mass-to-charge ratio

n Carbon number of the perfluoroalkyl group

R Generation rate (ppm s~!, ppm: mass/mass basis)



T Temperature (K)

U Downward flame spread rate (mm s™')

Vi Normalized downward flame spread rate of the sample on which suppressant £ was adsorbed

(dimensionless)

/4 Weight (mg)

Abbreviations

ADP Ammonium dihydrogen phosphate

AFFF  Aqueous film forming foam

BCF Bioconcentration factor

br Broad

DFSR  Downward flame spread rate

DTG First derivative of TG curve

FAB-MS Fast-atom bombardment mass spectrometry

FeTFA Iron trifluoroacetate



FePFP  Iron pentafluoropropionate

FT-IR  Fourier-transform infrared spectroscopy

HR High-resolution

LR Low-resolution
M Metal or third body
n Normal

NBA m-Nitrobenzyl alcohol

NMR  Nuclear magnetic resonance

PFC Perfluorinated compound or perfluorocarboxylate (also known as perfluorocarboxylato

complex)

PFCA  Perfluorocarboxylic acid

PFOA  Perfluorooctanoic acid

PFP Pentafluoropropionic acid or pentafluoropropionate

POPs  Persistent organic pollutants

r.t. Room temperature



SC Short-chain

SEM Scanning electron microscopy

TFA Trifluoroacetic acid or trifluoroacetate

TG Thermogravimetry

TG-MS Thermogravimetry—mass spectrometry

TLC Thin-layer chromatography

UV-Vis Ultraviolet—visible spectroscopy

XRF X-ray fluorescence

Greek letters

) Solid fuel thickness (mm) or chemical shift (ppm)

A Difference

€ Molar extinction coefficients (dm® mol™' cm™', M em™)
A Gas phase thermal conductivity (W cm™' K™)

Amax Wavelength of maximum absorption (nm)
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Ds Solid fuel density (g mm3)

% Stretching vibration
Subscripts

as Asymmetric

c Complex

f Flame

k Suppressant or F-containing gas
0 Onset

r Residual

s Sample

sym Symmetric

\% Vaporization

0 Pure

o0 Ambient



1. Introduction

According to Japan’s fire statistics, the number of deaths, injuries, and economic losses caused by

fires in 2019 amounted to 1,477, 5,814, and 80.2 billion yen, respectively. Gollner [1] mentioned that

the proper use of an effective fire-extinguishing agent can reduce these fire-induced losses.

The active substance of a powder ABC fire-extinguishing agent is ammonium dihydrogen

phosphate (NH4H,PO4, ADP). Unfortunately, high-grade phosphate rock (phosphorite), a raw

precursor material of ADP, has been depleted worldwide, and is now categorized as a critical raw

material [2]. Although the depletion scenarios of economically exploitable phosphate rock resources

depend on the consumption, conservation, and recycling of the resources, several recent studies report

that phosphorus will be depleted by the twenty-second century at the earliest [3, 4]. Moreover, the

phosphate rock market has been volatized by speculation (Fig. 1) [5]. This situation necessitates the

development of a new phosphorus-free fire suppressant.



140

120 |
100 A
A
80 - u] o D\ PN

o ~o_2
60 |- /
of

o
A
D/D/D‘D/D o

20+

Price (average value, U.S. dollars per ton)

2000 2005 2010 2015 2020
Year

Figure 1

Trends in average market prices of phosphate rocks from 2000 to 2020 (adapted from [5]). a: Estimated.

Several metal compounds can scavenge the radicals in chain reactions within flames, thus

behaving as effective fire suppressants. To date, several scholars have reported effective phosphorus-

free agents. For instance, Ni et al. [6] developed transition metal compounds (Mn?* and Cu?")

supported on zeolite particles. Koshiba et al. found that the extinguishing abilities of chromocene

(Cr(CsHs)2) and manganocene (Mn(CsHs)2) are 75 and 35 times higher, respectively, than that of ADP

[7]. However, these compounds are minor metal compounds and toxic. Recent experiments on base-

metal compounds have identified iron compounds as good suppressants. Linteris et al. demonstrated

the high suppression efficiency of ferrocene (Fe(CsHs),) by measuring the burning velocities of

premixed methane/air flames [8]. Koshiba et al. reported that ferrocene dispersions (oil-in-water
9



microemulsions and aqueous dispersions of fine ferrocene particles) more effectively extinguish pool

fires than a conventional extinguishing agent [9—11].

Perfluorinated compounds (PFCs) are common firefighting ingredients. Fukaya et al.’s ab initio

study [12] revealed that compounds with perfluoroalkyl groups partake in CF3e-catalyzed radical

recombination reactions. LeFort et al. investigated the fire suppression efficiency of water mists

containing Forafacs [13], while Magrabi et al. reported the drainage properties of aqueous film

forming foams (AFFFs) containing PFCs [14]. Perfluorocarboxylic acid (PFCA) is an organofluorine

compound with the chemical formula: C,F2,+1CO,H. Unlike haloalkanes (e.g., Halons 1301 and 1211),

PFCAs have zero ozone depletion potentials. The major disadvantage of perfluorooctanoic acid

(PFOA, n = 7) is the toxicity of its salts. PFOA-related compounds are listed in the Stockholm

Convention on Persistent Organic Pollutants (POPs), because PFOAs are persistent, bioaccumulative,

and harmful to the environment and living organisms [15]. Prevedouros et al. [16] summarized the

global use and production of AFFF, and reported an estimated global AFFF emission of 50-100 t in

1965—-1974. By contrast, short-chain (n < 6) PFCAs have insignificant bioconcentration factors [17],

so were delisted as POPs as of 2019.

As-is well-known in chemistry, carboxylates are common ligands that can bind iron ions.

According to the principle of hard and soft acids and bases (the so-called HSAB theory [18]), hard
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acid Fe*" prefers to coordinate with a hard base (e.g., carboxylate) than a soft base (e.g., phenanthroline

[19]). The main objectives of the present study were to (i) synthesize iron short-chain

perfluorocarboxylates (Fe-SCPFC, n =1 and n = 2) and (ii) investigate their fire suppression efficiency.

The combination of iron with perfluorocarboxylates has not been previously reported in fire-related

research.

The remaining sections of this study proceed as follows. Section 2 explains the synthesis and

instrumental analysis of the iron perfluorocarboxylato complexes (n = 1 and n = 2). Hereafter, iron

trifluoroacetate (or trifluoroacetic acid, » = 1) and iron pentafluoropropionate (or pentafluoropropionic

acid, n = 2) are referred to as FeTFA and FePFP, respectively. Section 3 describes the combustion

inhibition efficiency of the synthesized Fe-SCPFCs, and Section 4 derives the suppression

mechanisms from thermogravimetry (TG) and TG-mass spectrometry (TG-MS) data. Section 5

concludes the study.

2. Synthesis of Fe-SCPFCs

2.1 Chemicals

Iron (II) chloride (FeCls), TFA, and PFP (see Fig. 2) were of reagent grade with purities of >99.0%

(Junsei Chem. Co., Inc. (Japan), >98.0% (FUJIFILM Wako Pure Chem. Corp., Japan), and >97.0%
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(FUJIFILM) respectively. They were used without further purification. All water was deionized (<1

uS cm™).

a b

OH F OH

Figure 2

Chemical structures of (a) trifluoroacetic acid (TFA) and (b) pentafluoropropionic acid (PFP).

2.2 Synthesis methods of FeTFA and FePFP
2.2.1  Preparation of FeTFA

An oven-dried two-necked round-bottom flask was charged with FeCls (5.0 g, 31 mmol) and
excess TFA (5.0 x 1072 dm?, 0.65 mol, 21 mol. eq.). When supplied in excess, TFA was both reactant
and solvent. Water (5.0 x 10~* dm?) was then added dropwise to dissolve the FeCls. The mixture was
stirred (400 rpm) under reflux for 26 h. The reaction proceeded under an Ar atmosphere and was

monitored on cellulose thin-layer chromatography (TLC) plates (TLC Cellulose F, Merck). After slow
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cooling to room temperature (r.t.) to precipitate the crystals, the mixture was filtered and washed with
n-hexane, then dried in a vacuum desiccator for >5 h at 60 °C to remove the TFA. The FeTFA product

(7.82 g) was obtained as dark red hexahedron crystals (Scheme 1a; Fig. 3a).

a
FeCl;  H,O n-hexane
TFA > > > — > > >
Ar Reflux, 26 h Slow cooling, Filt. wash Drying, 60 °C
crystallization
b
FeCl;  H,O n-hexane
PFP > > > — > > >
Ar Reflux, 26 h Slow cooling, Filt. wash Drying, 86 °C

crystallization

Scheme 1 Synthesis methods of (a) FeTFA (water/TFA, reflux, 26 h) and (b) FePFP (water/PFP, reflux,

26 h).

Figure 3

Appearance of synthesized (a) FeTFA (dark red hexahedron crystals in a dry N» purged vial) and (b)
13



FePFP (dark orange needle-like crystals in a dry N» purged vial).

2.2.2  Preparation of FePFP

An oven-dried two-necked round-bottom flask was charged with FeCls (5.0 g, 31 mmol), and PFP

(as both reactant and solvent) was added in excess (5.0 x 1072 dm?, 0.48 mol, 15.5 mol. eq.). The FeCls

was then dissolved by dropwise addition of water (5.0 x 10~* dm?). The mixture was stirred (400 rpm)

at the reflux temperature for 26 h in Ar, then analyzed by cellulose TLC (TLC Cellulose F, Merck).

After slow cooling to r.t., the precipitate was filtered, washed with n-hexane, and then dried under

reduced pressure for >5 h at 86 °C. The FePFP product (11.1 g) was obtained as dark orange needle-

like crystals (Scheme 1b; Fig. 3b).

2.3 Characterization methods

Melting point: The melting points of synthesized FeTFA and FePFP were measured using an ATM-

02 melting point measuring instrument (AS ONE, Japan) under a dry N, atmosphere (H>O < 15 ppm).

Ultraviolet—visible spectroscopy (UV-Vis): The coordination of the ligands (i.e., trifluoroacetate

and pentafluoropropionate) with the metal (i.e., iron ions) was determined from UV-Vis
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measurements. The UV—Vis spectra of aqueous FeTFA and FePFP solutions were recorded on a UV—

Vis spectrophotometer (Jasco V560, Japan) in the wavelength range 200-800 nm. The solute

concentrations were 1.00 x 10* M in 1-cm quartz cells. The measurements yielded the wavelengths

of maximum absorption (Amax, nm) and the molar extinction coefficients (g, dm> mol™! cm™).

Fourier-transform infrared spectroscopy (FT-IR): The ligands’ iron-binding sites were determined

by FT-IR. The infrared spectra were recorded with an FT-IR spectrometer (Jasco FT-IR 6200, Japan)

using KBr disks (16 scans).

X-ray fluorescence (XRF): The absence or presence of FeCl; residues (the starting reactant) in the

synthesized FeTFA and FePFP was checked by XRF (JSX-3100RII, JEOL Ltd., Japan) with an Al

filter [20]. In addition, CI” ions were detected in an elution test following a standard method [21] based

on ion chromatography.

Fast-atom bombardment mass spectrometry (FAB-MS): The molecular masses and chemical

structures of the synthesized FeTFA and FePFP were verified by FAB-MS (mass spectrometer, JEOL

JMS-700N, Japan; ion mode, positive; output m/z range, 50—1,800). lonization of a sample by FAB-

MS generally requires a matrix to prevent the evaporation of ions under the high-vacuum conditions;

in this study, the matrix was m-nitrobenzyl alcohol (NBA).
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2.4 Characterization results of FeTFA and FePFP

241  Melting points

Both FeTFA and FePFP were obtained at approximately 100% yield. As the FeTFA and FePFP

complexes are highly hygroscopic, we attempted to measure their melting points (as a check of their

purities) under a dry N> atmosphere. Unfortunately, no melting points were observed (Fig. S1). FeTFA

and FePFP visually decomposed at ca. 140 °C, as supported by the color change and volume decrease

of the crystals during the measurements. This result was consistent with the TG and TG-MS results

(see Section 4).

2.4.2  UV-Vis measurements

FeCls displayed two main absorption bands at Amax = 245 nm (¢ = 3.88 dm® mol™' cm™) and 359

nm (¢ = 3.78 dm? mol™! cm™'). No absorption bands in the spectra of TFA and PFP (i.c., the ligands)

were observed at >350 nm [22]. FeTFA yielded absorption bands at Amax = 322 nm (¢ = 4.09 dm?® mol™!

cm ') and 474 nm (¢ = 2.47 dm® mol™' cm™"), while FePFP yielded absorption bands at Amax = 304 nm

(e =3.91 dm® mol! cm™") and 497 nm (¢ = 2.66 dm? mol™! cm™!). Comparisons of the complex’s

spectra with the ligand spectra reveal a redshift of the higher-energy band, and new absorption bands

at 474 and 497 nm appeared in the spectra of FeTFA and FePFP, respectively. The charge—transfer

bands are responsible for the colors of these complexes, supporting the observation that the ligands
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were coordinated with iron ions.

2.4.3  FT-IR measurements

The FT-IR spectrum of pure TFA displayed bands at around 3,200, 1,783, 1,447, and 1,170 cm™!,

corresponding to the stretching frequency of the O—H bonds, asymmetric stretching (vas) of the CO2~

group, symmetric stretching (vsym) of the CO,~ group, and stretching vibrations of the C—F bonds,

respectively [23, 24]. The corresponding bands of pure PFP are 3,200, 1,744, 1,434, and 1,162 cm™',

respectively [23]. The infrared spectra of the synthesized FeTFA and FePFP are shown in Fig. 4a and

4b, respectively. After complexation, CO,~ asymmetric stretching of FeTFA and FePFP appeared at

around 1,655 and 1,678 cm™!, respectively. The observed redshifting confirmed that these ligands

coordinated with the iron ions via carboxylate oxygens, mainly because the decreased electron density

of the CO;™ groups after complexation lowered the absorption frequency.
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Figure 4

FT-IR spectra (KBr, r.t.) of (a) FeTFA and (b) FePFP.

From the differences in the CO,™ group frequencies vas and vsym (Av = vas — vsym), We determined
the coordination types of the CO,~ group complexed with metal ions. Typical coordination structures
are unidentate, bidentate, chelating, and bridging (Fig. S2). The Av values are roughly ordered as
unidentate > ionic > bridging > bidentate chelating [25, 26]. In the infrared data of M trifluoroacetate
(M: metal cation), Deacon and Phillips [26] reported Av values of 147-245, 202, and 264-382 cm™!
for the bridging, ionic, and unidentate coordinations, respectively. As shown in Fig. 4, the Av value of
the synthesized FeTFA was approximately 200 cm™!. This result strongly suggests that although the

ionic form cannot be denied, TFAs coordinated with the iron ions in the bridging form.
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2.4.4  XRF measurements and CI~ elution tests

Cl is a well-known flame inhibitor [27, 28]. As noted in Section 3, the combustion inhibition

abilities of FeTFA and FePFP cannot be accurately evaluated if these synthesized complexes contain

FeCl; residues and Cl1™ ions.

Elemental XRF analysis of the synthesized FeTFA and FePFP detected only Fe (100%) (Fig. 5). It

must be noted that the Rh peaks (e.g., the ca. 2.7 eV peak) arose from the Rh tube. The elution test

also revealed the absence of C1 ions (<1073 wt%, below the detection limit of XRF) in the synthesized

FeTFA and FePFP.

In summary, no CI™ impurity was present in the FeTFA and FePFP complexes, meaning that the

combustion inhibition efficiency of the complexes could be evaluated without inhibition by chlorine.

a b
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Figure 5

XREF spectra of (a) FeTFA and (b) FePFP (30.0 kV). The rhodium peaks are contributed by the Rh
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tube.

245  FAB-MS measurements

Elemental analysis and single-crystal X-ray diffraction (XRD) studies directly determine the

elemental composition and chemical structure (e.g., bond length and angle) of a synthesized sample.

Unfortunately, these analyses were precluded by the high hygroscopicity of FeTFA and FePFP. Instead,

insights into the chemical compositions of FeTFA and FePFP were obtained by the FAB-MS technique.

Low-resolution (LR) FAB-MS of FeTFA detected (M + H)* ions at m/z = 1,416.5 (31%) and m/z

=1,303.4 (M + H— TFA, 36%). High-resolution (HR) FAB-MS (mass tolerance: + 5 mmu) of FeTFA

detected CisF27°°FeOn,. The m/z values of the calculated and experimental values were consistent

(m/zcarca = 1416.4546, m/zsouna = 1416.4544). Fe has several stable isotopes, namely, *°Fe: 91.75%,

4Fe: 5.85%, 3"Fe: 2.12%, and >®Fe: 0.28%. The HR FAB-MS measurements also yielded an isotopic

peak at m/z = 1414.4549, indicating the C;sF27°*Fe’*FesO2 complex.

The LR and HR FAB-MS of FePFP detected (M)" ions at m/z = 1,866.5 (59%), m/z=1,703.5 (M

— PFP, 68%), m/zfound 1866.4264 (m/zcaicd for C27F457Fe02n = 1866.4259), and 1703.4440 (m/zcaied for

M — PFP). The soft ionization technique of FAB-MS generally yields a protonated cation, [M + H]".

Importantly, the corresponding intact cation M* is often observed [29]. In the HR FAB-MS
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measurements, an isotope peak was also detected at m/z = 1864.4312 (indicating C27F45>*Fe’°Fes0n,).

Unfortunately, the strong paramagnetic properties of FeTFA and FePFP prevented insights into

their chemical structures by nuclear magnetic resonance (NMR) (Fig. S3), so that the coordination

number could not be determined from the Job plot [30]. However, from the results of Section 2, we

concluded that both synthesized FeTFA and FePFP were hexanuclear complexes. Assuming that both

complexes possess symmetrical structures and CF3;CO> -counter ions, the chemical formulas of

FeTFA and FePFP were estimated as Ci¢F24020Fes'CF3CO2 and C24F40020Fes  CF3CF2CO3,

respectively.

To date, several mono- and polynuclear trifluoroacetate complexes have been reported in the

literature. For instance, Adibi et al. [31] reported a mononuclear iron trifluoroacetate (Fe(TFA)3). A

tetranuclear zinc—TFA complex (known as ZnTAC24) is commercially available [32], and Guntlin et

al. used a trinuclear trifluoroacetate complex as a precursor in the preparation of popcorn-shaped

Wiistite [33]. Hence, the observation of polynuclear trifluoroacetate complexes in the present study is

not surprising.

3. Combustion inhibition efficiency of Fe-SCPFCs

The combustion inhibition efficiency was evaluated by measuring the downward flame spread
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rates (DFSR) over a thermally thin filter paper adsorbed with a uniformly dispersed suppressant.

Cellulose is a well-known and typical solid combustible material, and the cellulose combustion

method is an established technique for measuring combustion inhibition efficiency. For instance, an

earlier work investigated the combustion inhibition ability of sodium bicarbonate by measuring the

flame spread rates of filter papers adsorbed with sodium bicarbonate and sodium carbonate [34].

McCater compared the downward spread rates of thermally thin cellulosic fuels containing 185

inorganic compounds [35]. Elsewhere, Koshiba et al. reported the downward spread rates of thermally

thin filter papers containing transition metal compounds [36]. The decomposition is limited at high-

temperature fuel surfaces. If the combustion inhibitors do not affect pyrolysis or the degradation

process of the solid fuel, the suppression efficiency does not significantly differ between combustion

inhibitors discharged onto a burning fuel and those adsorbed on the solid fuel [37]. The major

drawback of this method is the formation of suppressant crystals on the paper surfaces, which change

the dispersion of the adsorbed suppressants from uniform to heterogeneous. However, as will be noted

in Section 3.2, we were able to prepare homogeneously adsorbed samples.

Data from related studies suggest that the upward flame spread rate of a solid fuel (even a thermally

thin one) is generally unsteady [38], reflecting the co-occurrence of flame propagation, buoyant

convection, and diffusive gas transport. By contrast, the DFSR is generally reproducible [39]. In actual

solid fuel combustion, the upward flame propagation should be considered, but in the present study,
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the experimentally measured DFSRs obtained reproducible results on suppression efficiency.

The downward flame spreading of thermally thin fuels is typically calculated by Eq. (1) [40]:

TR NLIA)

= 1
PsCpO \T, — T, M

where U, 4, ps, ¢p, and 0 represent the DFSR, gas phase thermal conductivity, solid fuel density, fuel
heat capacity, and solid fuel thickness, respectively. Tt, Ty, and T denote the flame, vaporization, and
ambient temperature, respectively. As explained below, all variables except 7t can be regarded as

constant, because the suppressants were adsorbed at low concentrations on the filter papers.

3.1 Materials and chemicals

FeTFA and FePFP were used as prepared. The reference chemicals FeClz (>99.0%) and ADP
(>99.0%) were used as received. The suppressants were dissolved in dry alcohol (>99.5%). Hardened
filter papers (No. 4A, >99% cellulose, [41]) with a uniform thickness of 0.12 mm, a density of 96 g

m 2, and an ash content of 0.025% were purchased from Tokyo Roshi Kaisha, Ltd. (Japan).
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3.2 Sample preparation methods

Each suppressant was adsorbed on rectangular filter papers as described in a previous study [42].
First, the round hardened filter paper was cut into rectangular pieces of length 120.0 mm and width
5.0 mm. The cut paper was dried in a vacuum desiccator for >48 h and then weighed (W)). The dry
rectangular pieces were immersed in the ethanol solutions of the suppressants for the desired times.
The rectangular piece was dried in a vacuum desiccator for >48 h and subsequently weighed (75).
Scanning electron microscopy (SEM) observations verified no agglomeration of any suppressant on
the filter papers, confirming that the suppressants were homogeneously adsorbed on the filter paper

samples.

The concentration of the adsorbed suppressant (Ci) per unit weight of the rectangular sample was

calculated as

=)W, @)

where My denotes the molar mass of suppressant k.
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3.3 Experimental details

The experimental apparatus of the suppression trials is shown in Fig. 6. The same apparatus was
employed in a previous study [42]. The transparent acrylic tube was 300 mm high and 80 mm in
diameter. The sample piece was vertically fixed with the sample holder in the tube. Air was then passed
upward through a mass-flow controller (flow rate: 5.0 dm® min™!, laminar, dry: H,O < 15 ppm). The
DFSR generally depends on various experimental parameters (e.g., gravity, experimental pressure, and
oxygen concentration) [43]. However, as all current experiments were performed under the same
conditions (an air atmosphere under atmospheric pressure), we could directly compare the DFSRs

among the samples.

<
1

Air

Figure 6

Schematic of the experimental apparatus for the suppression trials: (a) air cylinder, (b) valve, (c) mass-

flow controller, (d) small pilot flame, (e) transparent acrylic tube, (f) flame, (g) filter paper sample, (h)

sample holder, and (i) flow conditioner.
25



The upper edge of the sample piece was kindled with a small pilot flame. To avoid any effect of

the small pilot flame, the DFSR was determined by measuring the time during which the flame edge

propagated downward from a line 10 mm below the top of the sample piece to a line 80 mm below the

top.

The normalized DFSR, V, is defined as

W=-— 3)

where Uy and Up represent the DFSRs of the sample adsorbed with suppressant £ and a pure paper

sample, respectively. Within the range 1 > Vx > 0, smaller Vy indicates higher flame-suppressing

efficiency. When Vi = 0, the fire is extinguished, and when Vi > 1, combustion is enhanced.

3.4 Experimental results

Figure 7a plots the normalized DFSRs as functions of FeTFA and FePFP concentration. In this

figure, the error bars denote one standard deviation. As a reference, the normalized DFSRs versus the
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ADP and FeCl; concentrations are plotted in Fig. 7b. Note that as mentioned above, the filter papers

with each suppressant were prepared and burned under dry conditions; thus, the influences of water

on the DFSRs were negligible in this study.
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Normalized downward flame spreading rates, Vs, as functions of suppressant concentration: (a)

FeTFA (closed circles) and FePFP (open triangles) and (b) ADP (open squares) and FeCls (closed

stars). Error bars represent one standard deviation. Smaller Vi values indicate stronger combustion

inhibition efficiency. Note the different scales of the horizontal axes.

As shown in Fig. 7b, both Vapp and Vrecis gradually decreased with increasing concentration,

eventually reaching 0 (i.e., fire extinction) at 5.3 x 10# mol g'! and 4.5 x 10™* mol g!, respectively
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[7]. These concentrations are called the minimum extinction concentrations (MECs) of ADP and FeCls.

No glowing was observed in the tested concentration ranges of ADP and FeCls, and no re-ignition was

noticed above their MECs.

The Vretra and Veeprp values decreased more steeply at low concentrations than Vapp and Vreciz

(Fig. 7a). Vretia and Veeprp were minimized at Veerra = 0.15 and Veeprp = 0.14 at Crerra = 0.83 X 1074

mol g! and Crerra = 0.61 x 107 mol g!, respectively. Note that over the tested concentration range

([FeTFA] and [FePFP] = 0-3.0 x 1074 mol g '), the Vrerra and Vreprp values plateaued and did not

reach zero, meaning that FeTFA and FePFP could not extinguish the flame. The sample pieces burned

below at Cretra = 0.83 x 107 mol g ™! and Creprp = 0.61 x 107* mol g, whereas glowing (flameless)

was observed at Crerra > 0.83 x 107# mol g ! and Creprp > 0.61 x 10 mol g™!. The Vrerra and Veeprp

values might reach zero at higher concentrations of Crerra > ca. 2.9 x 107* mol g™ and Creprp > ca.

1.4 x 10* mol g'. Unfortunately, samples with such high concentrations were prevented by the

adsorption limits of the FeTFA and FePFP complexes on the filter paper. The limit defines the

concentration at which the weight of the filter paper with the complex no longer increases. FeTFA and

FePFP might extinguish the flame if the adsorption concentration could be enhanced beyond the

adsorption limit.
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4. Combustion inhibition mechanisms of Fe-SCPFCs

When a flame propagates, volatile fuel vapors are pyrolytically produced in the preheated zone of

the sample piece, resulting in a diffusion flame [44]. Heat transfer from the flame to the unburned

cellulosic fuel yields flame inhibitors (i.e., inhibitor-derived vapors) and flammable fuel vapors.

In the condensed phase, if the Fe-SCPFCs hamper the pyrolysis of cellulosic fuel and/or oxidative

degradation of the residual char (i.e., burnout), they will hinder the generation of volatile fuel vapors,

eventually decreasing the flame spread rate. If Fe-SCPFCs decompose at low temperatures and behave

as flame inhibitors in the gas phase, they will (along with fuel vapors) reduce the flame spread rate.

Consequently, both condensed and gas phase inhibition effects were observed in the combustion test,

which is one disadvantage of the method. Thus, the phase in which the Fe-SCPFCs exerted their

inhibition effects was not determinable from the combustion test results alone.

A fundamental insight into the inhibition phase is crucial for elucidating the inhibition mechanism

[36]. A TG analysis provides useful information on solid phase reactions. In earlier studies, the

degradation mechanisms of solid cellulosic fuels were determined by monitoring the sample weight

loss/gain as a function of temperature in TG analyses. For instance, Xian et al. researched the pyrolysis

pathways of solid cellulosic fuels containing inorganic compounds (potassium chloride and copper

(IT) sulfate) in a TG analysis, and reported that the decomposition temperatures of solid fuels depend

29



on their salt concentration [45]. Koshiba et al., who investigated the degradation of cellulose,

demonstrated that the decomposition temperatures shift toward higher temperatures in the presence of

metallocenes [7].

4.1 Materials and chemicals

FeTFA and FePFP were used as prepared. Fine cellulose powder (<20 pm, >99.0%, Sigma-—

Aldrich) was dried in a vacuum desiccator for at least 48 h.

4.2 Sample preparation methods for TG

In a dry N»-filled glovebox, the dry FeTFA and FePFP were well mixed with cellulose. As listed

in Table 1, the concentrations of the complexes in the TG samples were relatively low

(FeTFA/cellulose sample: Crerra = 0.34 x 107* and 1.13 x 107 mol g™'; FePFP/cellulose sample:

Creprp = 0.36 x 107* and 1.09 x 107* mol g!). Each former concentration (entries 1 and 3 in Table 1)

was lower than the concentration at which U plateaued, whereas each latter concentration (entries 2

and 4 in Table 1) was the complex concentration at which U plateaued (see Fig. 7). Each mixed sample

was prepared at ca. 100 mg to avoid concentration bias of these complexes in the TG samples. From

each 100-mg preparation, 2 mg was weighed into an alumina pan in a dry N»-filled glovebox. The TG
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measurements were collected three times for each sample, and no significant differences were

observed. We further verified no significant differences in the TG curves of samples weighed in

aluminum and alumina pans.

Table 1 FeTFA and FePFP concentrations in the TG analysis samples (see Figs. 9 and 10).

Entry Sample Suppressant concentration Cy (mol g™")
1 FeTFA/cellulose 0.34 x 107
2 FeTFA/cellulose 1.13x 1074
3 FePFP/cellulose 0.36 x 10
4 FePFP/cellulose 1.09 x 1074

Researchers have long debated the decomposition/combustion processes of cellulose at high

temperatures. Nevertheless, the following main steps are non-contentious [46]: pyrolysis of cellulose

at ca. 300 °C, which occurs under anaerobic atmospheres (Step 1), and residual char combustion at ca.

>430 °C, which occurs under aerobic atmospheres (Step 2). In the present study, dry N> (>99.99%)

and air were purged over the ranges of 1.t.—400 °C and 400—600 °C, respectively, at a flow rate of 5.0

x 1072 dm? min".

The TG curves were obtained using a Shimadzu DTG-60 instrument (Japan) via a Shimadzu TA-

60WS data processer (Japan) at a heating rate of 10 °C min™'. Prior to measurements, the instrument

31



was calibrated using indium, tin, and zinc standards.

4.3 TG results

The TG and DTG curves of pure cellulose and FeTFA/cellulose are shown in Figs. 8 and 9,

respectively. Pure cellulose exhibited a one-step weight loss. The onset temperature 7, was ca. 310 °C,

which corresponds to the cellulose pyrolysis temperature [46]. In this study, the onset temperature was

defined as the intersection point of the tangent to the DTG peak with the extrapolated baseline.
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Figure 8

TG curves of pure cellulose (heating rate: 10 °C min~!, purge gas: N> (r.t.—400 °C) and air (400—

600 °C) (crucible: open alumina, initial sample weight: ca. 2 mg).
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Figure 9

TG curves (heating rate: 10 °C min™!, purge gas: N, (r.t.—400 °C) and air (400-600 °C), (crucible:

open alumina, initial sample weight: ca. 2 mg). (a) Black circles: FeTFA/cellulose sample with Cretra

=0.34 x 10* mol g! (Entry 1 of Table 1). (b) Blue triangles: FeTFA/cellulose sample with Crerra =

1.13 x 10# mol g™! (Entry 2 of Table 1).

The TG curves of the FeTFA/cellulose samples exhibited two weight losses. The first weight loss

at ca. <300 °C was attributed to the decomposition of FeTFA (see Section 4.5). The weight loss

differences in the curves of Entries 1 and 2 at < 300 °C are explained by differences in the FeTFA

weights in each sample. The second weight loss was related to cellulose pyrolysis. The TG curves of

FeTFA at both concentrations showed no significant differences in 7,. The residual weight (W;) of

pure cellulose was 0.4%, and those of the FeTFA/cellulose samples with Cretra = 0.34 x 107* and
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Cretra = 1.13 x 107* mol g ™! were 0.4% and 2.3%, respectively.

Like the curves of FeTFA-containing cellulose, the TG and DTG curves of the FePFP/cellulose

samples (Fig. 10) displayed no significant differences in 7, among the pure cellulose and both

FePFP/cellulose samples. The W; values of the FePFP/cellulose samples with Creprp = 0.36 x 10~* and

1.09 x 107* mol g™ were 0.0%.
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Figure 10

TG curves (heating rate: 10 °C min!, purge gas: N> (r.t.—400 °C) and air (400-600 °C) (crucible: open

alumina, initial sample weight: ca. 2 mg). (a) FePFP/cellulose sample with Creprp = 0.36 x 107* mol

g ! (Entry 3 of Table 1). (b) FePFP/cellulose sample with Creprp = 1.09 x 107* mol g”!' (Entry 4 of

Table 1).
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The similar 7, and W; values in the TG results indicate that FeTFA and FePFP (and their pyrolysis

products) did not impair the cellulose pyrolysis, nor hamper the char combustion. From the results of

this section, which are linked to the solid phase reactions of the perfluorocarboxylato complexes with

cellulose, together with the findings of the suppression trials in Section 3, we conclude that both FeTFA

and FePFP exert their combustion inhibition effects not in the solid phase, but rather in the gas phase

through a process of elimination.

4.4 TG-MS measurement methods

Judging from the results of Section 4.3, a clear insight into the gas phase pyrolysis products of

FeTFA and FePFP is essential for elucidating their combustion inhibition mechanisms. In this study,

the decomposition mechanisms of pure FeTFA and FePFP were elucidated by the simultaneous TG-

MS technique.

Measurements were performed by a quadruple mass spectrometer (GCMS-QP2010 SE, Shimadzu,

Japan) connected to a thermogravimetric analyzer (STA2500 Regulus, Netzsch, Germany). Pure

complexes (ca. 1 mg) were loaded into alumina pans and heated from r.t. to 600 °C at 10 °C min™!

under a helium flow rate of 7.0 x 1072 dm? min!. The ionization method was electron ionization.
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4.5 TG-MS results and combustion inhibition mechanisms

As expected, the perfluorocarboxylato complexes (as-is) and their derivatives (i.e., iron species)
were not detected by the mass spectrometer, because they agglomerated before reaching the detector.
The major pyrolysis products in the gas phase were H,O (m/z = 18), HF (m/z = 20), CO (m/z = 28),

CO; etc. (m/z = 44), and CF3 (m/z = 69). As such, only F-derivatives are addressed in this section.

Fig. 11 plots the generation rates Ry of HF and CF3 as functions of temperature, together with the

TG curves of FeTFA and FePFP. The generation rate is calculated as

Wi
R, =— %100, 4
k=7 (4)

where Wy and W, denote the weights of generated gas &k and the complex loaded in the alumina pan,
respectively. At least five decomposition steps were observed in the curve of FeTFA. No significant
weight loss appeared at 73 °C (the boiling point of TFA), strongly suggesting that no free TFA resided

on the FeTFA sample.
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Figure 11

HF- and CFs-generation rates (green and pink, respectively) and weight loss curves (black) as

functions of temperature: (a) FeTFA and (b) FePFP. The ppm concentrations are based on weight.

Heating rate: 10 °C min!, purge gas: He (1.t.—600 °C), crucible: open alumina.

Woérle et al. [47] synthesized iron (III) trifluoroacetate, Fe(TFA)3, by a different synthesis approach

to ours. They reported an infinite chain structure of Fe(TFA)s. Their TG-MS (purge gas: Ar) and XRD

analyses revealed that (i) Fe(TFA); decomposed at 300 °C with a 52% weight loss attributable to the

formation of FeF2(TFA), (ii) FeF; was generated at ca. 360 °C, causing a 19% weight loss (at that

temperature, the total weight loss from Fe(TFA); to FeF3; was 71%), and (iii) F-compounds (i.e., CF3

ad F), CO,, and CO were the decomposition products in the gas phase (detected by a mass

spectrometer). Guntlin et al. synthesized a trinuclear iron trifluoroacetate complex, FesOTFA [33], and
37



found four decomposition stages in the TG-MS curves, with weight losses of 26% and 14% at 300 and

340 °C, respectively. The key decomposition products were CF3 and COF,. The findings of the earlier

and present studies suggest that the TG behavior and decomposition products largely depend on the

synthesis scheme and structure of the iron perfluorocarboxylato complexes.

In the present study, the total concentrations of generated HF for FeTFA and FePFP at r.t. —600 °C

were determined to be 4.2 x 10° and 4.2 x 10° ppm, respectively. Clearly, the generated HF

concentrations for FeETFA and FePFP were identical and low. In contrast, the total concentrations of

generated CF3 for FeTFA and FePFP at r.t. 600 °C were 2.4 x 10* and 6.2 x 10* ppm, respectively,

one order of magnitude higher than the HF concentration, and 2.5-fold higher for FePFP than for

FeTFA.

The combustion inhibition process is illustrated in Fig.12. Fukaya et al.’s ab initio study

demonstrated that in radical recombination mechanisms, CF3 is a more important radical than F (or

HF) [48]. Fukaya et al. [12] and Linteris et al. [49], who proposed fire suppression processes of

trifluoromethyl radical and iron species, suggested the following chemical suppression mechanisms:

CF3(g) + OH(g) — CF;0H(g) (5)
CF;0H(g) + H(g) — CFs(g) + H20(g) (6)
CFs(g) + H(g) — CF3H(g) (7
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CF3H(g) + H(g) — CF3(g) + Ha(g) (3

CF3H(g) + OH(g) — CF3(g) + H:0(g) ©)

Fe(g) + Oa(g) + M(g) — FeOx(g) + M(g) (10)
FeOa(g) + O(g) — FeO(g) + Oa(g) (11)
FeO(g) + HO(g) — Fe(OH)a(g) (12)
Fe(OH)a(g) + H(g) — FeOH(g) + H20(g) (13)
FeOH(g) + H(g) — FeO(g) + Ha(g) (14
FeOH(g) + H(g) — Fe(g) + H2O(g) (15)
FeO(g) + O(g) — Fe(g) + Oa(g) (16)

where M denotes the third body. As shown here, the trifluoromethyl radical and active iron species

inhibit the catalytical recombination of hydroxyl, hydrogen, and oxygen radicals. The different

combustion inhibition abilities described in Section 3 are probably explained by different CF3

generation capabilities and eases of complex decomposition. Unfortunately, although FeTFA and

FePFP showed high combustion inhibition ability at low concentrations, they could not extinguish the

flame at high concentrations (see Fig. 7). This failure is probably due to the

agglomeration/condensation of active metal species produced from the polynuclear complexes in the

39



gas phase.
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Figure 12

Schematic of downward flame spread over the thin filter paper adsorbed with the suppressant complex;

0, U, and g denote the thickness of the filter paper sample, downward flame spread rate, and

acceleration due to gravity, respectively. The orange, green, and blue circles represent the adsorbed

suppressant complex, CF; radicals, and iron species, respectively.

4.6 Remarks

As noted in Section 2.4, the chemical structures of FeTFA and FePFP were not determinable by
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single-crystal XRD, owing to the high hygroscopicity of the complexes. Furthermore, the starting

reactants of FeTFA and FePFP (the as-is TFA and PFP, respectively) are somewhat toxic to aquatic

animals such as fishes and aquatic invertebrates. Further research on the toxicity of Fe-SCPFCs is

necessary for their practical application as fire-extinguishing agents.

Prior to our study, the combustion inhibition ability of Fe-SCPFCs had not been reported. In

addition, the high water solubility of the synthesized FeTFA and FePFP is a distinct advantage,

meaning that Fe-SCPFCs can be applied as effective additives (or co-additives) of water-based fire-

extinguishing agents. Notwithstanding the above-mentioned limitations, this study lays the

groundwork for future preparations of new perfluorocarboxylate-based flame inhibitors.

5. Conclusions

In this work, we prepared iron trifluoroacetate and iron pentafluoropropionate and investigated

their combustion inhibition efficiencies. The key findings are summarized below.

1. UV-Vis and FT-IR measurements confirmed that the TFA and PFP ligands are coordinated with

iron ions in bridging form. XRF measurements and CI™ elution tests revealed the absence of C1~

ions in the synthesized FeTFA and FePFP complexes. The LR and HR FAB-MS measurements
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demonstrated that FeTFA and FePFP are hexanuclear complexes with chemical formulas

C18F27022F66 and C27F45022F66, respectively.

2. The fire suppression trials experimentally demonstrated that although FeTFA and FePFP could

not extinguish the flames over the tested concentration range, their combustion inhibition

efficiency exceeded that of ADP, an active substance of a powder fire-extinguishing agent, at low

suppressant concentrations. In addition, FePFP exerted a dramatically higher inhibition effect than

FeTFA.

3. TG measurements confirmed that both FeTFA and FePFP generated their combustion inhibition

effects not in the solid phase, but in the gas phase. As revealed in the TG-MS measurements, the

major gas-phase decomposition product of FeTFA and FePFP was CF3. The major difference

between FeTFA and FePFP was the generated CF3 concentration. This difference probably

accounts for the different inhibition abilities of FeTFA and FePFP.

This study provided the first demonstration of the combustion inhibition efficiency of Fe-SCPFC

(n=1 and n=2). The findings will assist the development of a novel phosphorus-free, iron- and short-

chain perfluorocarboxylate-based fire-extinguishing agent, which can potentially reduce fire-related

fatalities and economic losses.
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Figure captions

Figure 1

Estimated trends in average market prices of phosphate rocks from 2000 to 2020 (adapted from [5])

Figure 2

Chemical structures of (a) trifluoroacetic acid (TFA) and (b) pentafluoropropionic acid (PFP).

Figure 3

Appearance of synthesized (a) FeTFA (dark red hexahedron crystals in a dry N, purged vial) and (b)
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FePFP (dark orange needle-like crystals in a dry N» purged vial).

Figure 4

FT-IR spectra (KBr, r.t.) of (a) FeTFA and (b) FePFP.

Figure 5

XRF spectra of (a) FeTFA and (b) FePFP (30.0 kV). The rhodium peaks are contributed by the Rh

tube.

Figure 6

Schematic of the experimental apparatus for the suppression trials: (a) air cylinder, (b) valve, (c) mass-

flow controller, (d) small pilot flame, (e) transparent acrylic tube, (f) flame, (g) filter paper sample, (h)

sample holder, and (i) flow conditioner.

Figure 7
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Normalized downward flame spreading rates, Vs, as functions of suppressant concentration: (a)

FeTFA (closed circles) and FePFP (open triangles) and (b) ADP (open squares) and FeCls (closed

stars). Error bars represent one standard deviation. Smaller Vi values indicate stronger combustion

inhibition efficiency. Note the different scales of the horizontal axes.

Figure 8

TG curves of pure cellulose (heating rate: 10 °C min™!, purge gas: Nz (r.t.—400 °C) and air (400—

600 °C) (crucible: open alumina, initial sample weight: ca. 2 mg).

Figure 9

TG curves (heating rate: 10 °C min™!, purge gas: N, (r.t.—400 °C) and air (400-600 °C), (crucible:

open alumina, initial sample weight: ca. 2 mg). (a) Black circles: FeTFA/cellulose sample with Cretra

=0.34 x 107* mol g! (Entry 1 of Table 1). (b) Blue triangles: FeTFA/cellulose sample with Crerea =

1.13 x 10™* mol g™! (Entry 2 of Table 1).

Figure 10
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TG curves (heating rate: 10 °C min~!, purge gas: N2 (r.t.—400 °C) and air (400-600 °C) (crucible: open

alumina, initial sample weight: ca. 2 mg). (a) FePFP/cellulose sample with Creprp = 0.36 % 107* mol

g ! (Entry 3 of Table 1). (b) FePFP/cellulose sample with Creprp = 1.09 x 10* mol g (Entry 4 of

Table 1).

Figure 11

HF- and CFs-generation rates (green and pink, respectively) and weight loss curves (black) as

functions of temperature: (a) FeTFA and (b) FePFP. The ppm concentrations are based on weight.

Heating rate: 10 °C min™!, purge gas: He (r.t.—600 °C), crucible: open alumina.

Figure 12

Schematic of downward flame spread over the thin filter paper adsorbed with the suppressant complex;

0, U, and g denote the thickness of the filter paper sample, downward flame spread rate, and

acceleration due to gravity, respectively. The orange, green, and blue circles represent the adsorbed

suppressant complex, CF; radicals, and iron species, respectively.
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Table caption

Table 1

FeTFA and FePFP concentrations in the TG analysis samples (see Figs. 9 and 10).

Scheme caption

Scheme 1

Synthesis methods of (a) FeTFA (water/TFA, reflux, 26 h) and (b) FePFP (water/PFP, reflux, 26 h).
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