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Abstract

This study focuses on the fire-suppression capabilities and corrosive properties of ferrocene

dispersions. The motivation behind the present study was to develop a high-performance,

phosphorus-free fire suppressant. Aqueous dispersions containing micron-sized ferrocene particles

and surfactants were prepared using sonication techniques. In this study, Triton X-100 (TX), Noigen

TDS-80 (NT), Tween 60 (T60), and Tween 80 (T80) were used as surfactants. Suppression

experiments involving pool fires clearly indicated that aqueous ferrocene dispersions containing TX

and micron-sized ferrocene with a dsp = 16.9 micron exhibit shorter extinguishing times than a

conventional wet chemical. Corrosion trials using steel plates immersed in ferrocene dispersions

containing TX confirmed that there was no pitting corrosion, implying that ferrocene dispersions

containing TX do not present a corrosion risk.

Keywords: Ferrocene powder; Fire suppression; Agqueous dispersion; Water mist; Additive;
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1. Introduction

As shown in Fig. 1, the fire statistics of Japan indicate that the number of deaths and the

economic losses due to fires were 1,678 and approximately 85.3 billion yen, respectively, in 2014 [1].

Developing a more effective fire suppressant can make a large contribution to containing fires and

reducing casualties and economic losses caused by such fires. Ammonium dihydrogen phosphate

(NH4H2PO4) is an active substance in ABC powder, which is widely used as a multipurpose

fire-extinguishing agent. Serious concerns, however, exist about the risk of depletion and the

increasing cost of phosphate rock [2]; hence, new fire-extinguishing agents should be phosphate-free

materials. Needless to say, unlike halogenated hydrocarbon fire suppressants such as Halon 1301

(bromotrifluoromethane) and Halon 2402 (dibromotetrafluoroethane), new agents are required to

have zero ozone depletion potential [3, 4]. Fine water mist with or without additive(s) is a prime

candidate for a new fire-extinguishing agent because of its environmentally friendly, inexpensive,

and high-performance characteristics [5]. Additives are used to further enhance the fire suppression

efficiency and typically include a surfactant [6, 7], alkali metal salts [8], and transition metal salts [9].

A performance-enhancing agent reduces the amount of suppressant required to extinguish a flame,

perhaps resulting in preventing damages due to water.

Transition metal compounds generally have a high ability to extinguish a flame. For instance,

iron pentacarbonyl is up to two orders of magnitude more effective than Halon 1301 [10]. However,



iron pentacarbonyl is highly toxic, and the use of this material as a fire-extinguishing agent is

therefore very limited. In general, fire suppression applications require the suppressants to have low

toxicity and cost and be noncorrosive to fire-extinguishing equipment. Of all the transition-metal

compounds, ferrocene (illustrated in Fig. 2a) has drawn attention because of its high suppression

capability and low toxicity; several researchers in related fields experimentally demonstrated that

ferrocene and its derivatives are good flame inhibitors [11] and flame retardants [12]. For instance,

Linteris et al. numerically and experimentally demonstrated the high flame inhibition efficiency of

ferrocene vapor [13], and Mehdipour-Ataei and co-workers reported a good flame retardancy for

poly(amide ether amide)s having ferrocene moieties [14]. In addition to the good inhibition

efficiency of ferrocene, an advantage of using ferrocene is that iron is an abundant element. However,

when ferrocene is employed as an additive in water, it has two distinct disadvantages: water

insolubility and a decrease in the extinguishing efficiency at higher ferrocene fractions. The former

means that it is difficult to use lipophilic ferrocene (as is) as an additive in water. The latter shows

that the fire suppression ability of a ferrocene dispersion depends on its concentration [13, 15],

implying that the amount of ferrocene added to a flame must be carefully controlled when using

ferrocene as an additive. To solve these issues, Koshiba and co-workers [16] recently proposed a

novel water-based suppressant containing ferrocene: an aqueous dispersion of ferrocene powder.

Such an approach would offer the advantage of easy preparation of dispersions containing an



optimum ferrocene concentration. The earlier studies mainly demonstrated that (i) the extinguishing

efficiencies of aqueous ferrocene dispersions are maximized at a ferrocene concentration of

approximately 100 ppm (i.e., the fire-extinguishing capability of ferrocene dispersions is also

fraction dependent) and that (ii) the extinguishing capability is positively correlated with the

dispersibility of ferrocene dispersions. Unfortunately, however, only a few expensive gemini

surfactants have been employed. In addition, the corrosive properties of ferrocene dispersions were

not investigated. The suppression ability of ferrocene dispersions containing general-purpose and

commercially available surfactants and the corrosive properties of such ferrocene dispersions must

be investigated.

The present paper describes the fire-extinguishing properties of aqueous ferrocene dispersions

containing commercially available and inexpensive nonionic surfactants: Triton X-100 (hereafter

referred to as TX), Noigen TDS-80 (NT), Tween 60 (T60, also known as Polysorbate 60), and Tween

80 (T80, also known as Polysorbate 80). The influences of the ferrocene particle size and the

surfactant used on the ability of the dispersions to extinguish fires are addressed. Furthermore, the

corrosive properties of ferrocene dispersions were studied.

2. Material and Methods

2.1 Chemicals and Materials



Ferrocene was of reagent grade (>98.0%, Wako Pure Chem. Ind. Ltd, Japan). Dry n-heptane

(purity: >99.9%, Kanto Chem. Co. Inc., Japan) and deionized water (<1 uS cm™) were used. As

stated above, four commercially available nonionic surfactants (i.e., TX, NT, T60, and T80) were

used to disperse ferrocene in water. The chemical structures of TX, NT, T60, and T80 are depicted in

Fig. 2b—d. These surfactants are widely used in bio-, food, agricultural, and organic chemistry

[17-21]; for instance, a feature of NT is its high biodegradability. Ferrocene and the four surfactants

were used as received, without further purification.

Cold-rolled steel plates (also known as SPCC [22], C <0.15%, Mn <0.60%, P <0.100%, and S

<0.050%) with a width of 50 mm, a length of 50 mm, and a thickness of 2 mm were obtained from a

fire-extinguisher manufacturer in Japan. SPCC steel is commonly used as the material for

fire-extinguisher vessels. In commercial use, the inside wall of the vessel is coated with an epoxy

resin; however, the vessel component is not completely covered. From this perspective, SPCC plates

without any coating were employed to simply evaluate the corrosion behavior of the aqueous

ferrocene dispersions.

2.2 Sample Preparation

Crystalline ferrocene was ball-milled with water at 1,000 rpm for 3 h in an alumina pot using ¢

3-mm alumina balls or ground in an agate mortar to yield three micron-sized ferrocene samples



(F1-F3) with different particle size distributions. Crystalline ferrocene is light orange in color, while
the micron-sized ferrocene powders were light yellow. Table 1 lists the milling conditions. The
particle size distributions of these samples were measured by a laser diffraction particle size analyzer
(LMS-2000e, Seishin Enterprise Co., Ltd., Japan). As shown in Fig. 3a, the particle size analysis of
the F1 sample gave dso value of 16.9 um. For the F2 sample, the values of dso were determined to be
30.9 um (see Fig. 3b), and dsg value for the F3 sample were measured as 42.6 um (see Fig. 3c). The
Rosin—-Rammler (R—R) equation, which is used to describe the particle size distribution of crushed
brittle powders [23, 24], is as follows:
In [_1 (P(X > x)

n T)] =fB(0nx —Ina) (1)

where x is the ferrocene particle diameter, P (X > x) represents the cumulative percentage of oversize
particles, « is a size parameter (also known as the R—R geometric mean length), and g is a
distribution parameter. As the value of g decreases, the distribution becomes wider. The plots of
In(=In(P(X > x)/100)) versus log(x) provided S values of 1.28, 1.35, and 2.00 for the F1, F2, and F3
samples, respectively.

A sample of the milled ferrocene was added to an aqueous solution of each surfactant. For each

experiment in this study, the ferrocene concentration was set to 100 ppm on a mass/mass basis and



the surfactant concentration was fixed at twice the critical micelle concentration (CMC) to permit the

formation of micelles in the solution while reducing the influence of the concentrated surfactants

themselves on the suppression efficiency. The CMC values of the surfactants were measured using

the du Nody ring method [25]. Ultrasonication (43 kHz) for 20 min at 50 °C readily allowed the

preparation of the aqueous ferrocene dispersions. It should be noted here that the dispersions must be

prepared below the cloud points of the surfactants (i.e., the point at which phase separation initiates).

Prior to the dispersion experiments, we confirmed that the cloud points of TX, NT, T60, and T80

were greater than 50 °C. The determination of these cloud points followed a standard method [26].

2.3 Characterization Methods

2.3.1 Visual Observation and Nephelometric Analysis

A visual observation and nephelometric measurement typically provide qualitative and

guantitative information, respectively, regarding the dispersibility. Turbidity is known to be a

function of dispersed particle concentration [27]; turbidity has a positive correlation with the particle

concentration. The nephelometric technique is widely applied to evaluate the dispersibility and

stability of dispersions (e.g., emulsions, suspensions) because the method is simple and rapid [28].

To permit visual observations, 100 mL of the ferrocene dispersions was poured into test tubes 22 mm

in diameter and 200 mm in length. Nephelometric analysis using a turbidimeter (2100Q, Hach Co.,



USA) was conducted to quantitatively evaluate the dispersibility of each dispersion. The turbidity

measurements were sequentially repeated 12 times for each sample, and the values were then

averaged. Turbidity was determined from the ratio of 90° scattered light signals to transmitted light

signals, since ferrocene’s color itself strongly affects the turbidity. Both the visual observations and

turbidity measurements were performed at room temperature.

2.3.2  Suppression Experiments

The suppression trials were performed using the experimental apparatus illustrated in Fig. 4a,

which was designed to simply compare the extinguishing capabilities of the ferrocene dispersions.

80 mL of n-heptane was poured into a pan with a diameter of 83 mm. Following ignition, the fires

were allowed to burn freely until a quasi-steady state was reached. A nozzle placed 600 mm above

the pan was then activated. The flow rate and spray angle were set to 250 mL min! and 60°,

respectively. Mean extinguishing times (z) for each dispersion were determined following 10 repeat

experiments.

Prior to the suppression trials, the spray characteristics were evaluated. The spray pattern was

similar to a full-cone. In this study, the Sauter mean diameter (D32, Eq. 2) of the mist droplets were

measured by the immersion technique [29],
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where N; is the measured number of droplets with diameter D;i. Droplets collected into silicone oil
positioned 600 mm below the nozzle were inspected using a digital microscope (DMI 3000B, Leica,
Germany). As a result, Dz and Dgo were found to be 313 and 416 pum, respectively. An advantage of
the immersion method lies in the direct observation of gathered droplets. Note that Hurlburt pointed
out that the droplet diameter may depend on the droplet measuring technique, such as laser
diffraction, phase Doppler, and freezing methods [29]. Regardless of this, the diameter of the
ferrocene powder used in this study was an order of magnitude smaller than the mist droplets,
thereby indicating that the ferrocene particles are contained within the water droplets.

The viscosities () of the ferrocene dispersions containing nonionic surfactants were determined
at 19 °C using a viscometer (SV-10, A&D Company, Japan) according to a standard test method

[30].

2.3.3  Corrosion Tests

The corrosion experiments were conducted using the experimental setup depicted in Fig. 4b.
Prior to the corrosion experiments, the SPCC plate was thoroughly rinsed with ethanol and then
dried. An acrylic tube with a 45 mm diameter and 100 mm height was attached to the plate with an

adhesive. The corrosion trials were performed under a nitrogen atmosphere, as nitrogen is commonly
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used in Japan for stored-pressure fire extinguishers. In this experiment, the ferrocene dispersions

containing TX were tested, as they exhibited superior fire-suppression abilities compared to the other

ferrocene dispersions tested in this study (as noted later). 100 mL of the aqueous TX solution, the

TX-containing F1 ferrocene dispersions, and deionized water was degassed with nitrogen (>99.99%)

for 2 h prior to the measurements of potential. They were then poured into the acrylic tube; the area

of the specimen plate exposed was 15.9 cm? The corrosion potentials of the specimens were

measured using a high-input-impedance electrometer (PS-14, Toho Technical Research, Japan) at

room temperature. To avoid eluting ions from the reference electrode (Ag/AgCl, sat. KCI), it was

immersed in the test solutions only during the potential measurements. After 14 days, the surfaces of

the specimen plates were rinsed with ethanol and then inspected with a laser scanning microscope

(VR-3000, Keyence, Japan) to evaluate the corrosion behavior of the mixtures.

3. Results

3.1 Dispersibility of the Ferrocene Dispersions

To visually observe the sedimentation behavior of the ferrocene particles at room temperature,

the ferrocene dispersions were poured into long test tubes. At 0 min, the dispersions containing F1

ferrocene had a cloudy yellow appearance, while the F3 ferrocene dispersions immediately produced

a small amount of yellow precipitate at the bottom of the test tubes. These results imply that

11



dispersibility had a negative relationship with the ferrocene particle size. After 240 min, the F1

ferrocene dispersions were somewhat yellow and turbid, while most of the ferrocene particles were

observed at the bottoms of the test tubes for the F3 ferrocene dispersions.

Fig. 5 depicts the turbidity of the dispersions as a function of time. The variations in the turbidity

of the dispersions containing F1, F2, and F3 ferrocene are shown in Fig. 5a, 5b, and 5c, respectively.

By comparing the turbidity among the surfactants, it is clear that the surfactants ranked in the

following order in terms of their dispersibility: TX > NT > T60 > T80. These figures also show that

the turbidity of the ferrocene dispersions increased in the order F1 > F2 > F3. The results obtained

from the nephelometric measurement are therefore in good agreement with the visual observations

described above.

3.2 Fire Suppression Efficiency of the Ferrocene Dispersions

In general, surfactant concentration has a remarkable influence on fire suppression efficiency [6].

However, the present study confirmed that pure water mist, either with or without a surfactant (i.e.,

TX, NT, T60, and T80) at twice their CMC value, did not extinguish the pool fire, thus enabling a

direct comparison of the fire suppression efficiency among the ferrocene dispersions. This is

probably because the concentrations of surfactants used in this study were too low to permit fire

suppression activity (TX: 0.028 wt%, NT: 0.011 wt%, T60: 0.005 wt%, and T80: 0.002 wt%).

12



The extinguishing times of the ferrocene dispersions are shown in Fig. 6; the extinguishing time

of a conventional wet chemical containing 45-wt% potassium carbonate is also depicted for

reference (z=12.9 s [16]). With the exception of dispersion containing TX, the F2 and F3 ferrocene

dispersions containing the nonionic surfactants exhibited significantly longer extinguishing times

than the wet chemical agent, whereas the F1 ferrocene dispersions tested in this study had better

suppression abilities:z = 5.5 s for the F1 ferrocene dispersion containing TX, = 6.1 s for the F1

ferrocene dispersion containing NT, 7= 11.5 s for the F1 ferrocene dispersion containing T60, and

= 8.9 s for the F1 ferrocene dispersion containing T80. Interestingly, the ferrocene dispersions

containing TX were effective at suppressing pool fires, even if F2 and F3 ferrocene powders were

employed (7= 6.5 s for the F2 ferrocene dispersion containing TX and = 6.8 s for the F3 ferrocene

dispersion containing TX). The ferrocene dispersions tested in this study were ranked in the

following order in terms of their suppression capabilities: F1 ferrocene dispersions > F2 ferrocene

dispersions > F3 ferrocene dispersions.

3.3 Corrosion Behavior

Fig. 7 depicts the corrosion potentials for the three types of solutions as a function of time. In the

initial stages, there were significant differences in the potentials of the solutions studied: pure water,

an aqueous solution of TX, and the F1 ferrocene dispersions containing TX. This is because an oxide

13



layer formed in air dissolves, which is not due to ferrocene itself but due to the surface conditions of

the specimen plates. The corrosion potentials eventually reached a plateau after 4 days, and the

potentials after 14 days were —489, —459, and —471 mV vs. SHE for pure water, the aqueous solution

of TX, and the F1 ferrocene dispersions containing TX, respectively. Surfactants typically behave as

corrosion inhibitors [31], which hampers metal dissolution. However, no significant difference was

observed in terms of the potentials of the pure water and the aqueous TX solution after 14 days. This

is probably because the surfactant concentrations used in this study were too low to reduce corrosion

rates. The potentials should decrease if ferrocene itself acts as a one-electron reducing agent

according to Eq. (3) [32]; however, the corrosion trials also revealed no significant difference in the

potentials of the aqueous TX solution and the F1 ferrocene dispersions containing TX after 14 days.

FE(C5H5)2 — FE‘(CsHs)z+ +e (3)

Fig. 8 shows the Pourbaix Diagram for iron-water systems at 298 K; the corrosion potential of

each solution after 14 days plotted as a function of the pH is superimposed on the diagram. All the

plots in the diagram were in the corrosion region. We confirmed that no clear pitting corrosion was

observed after 14 days immersion for any of the three specimens. These results clearly demonstrated

that the specimens tested were uniformly corroded. In general, pitting corrosion may cause more

14



severe damage than uniform corrosion [33]. The corrosion risks associated with the use of

epoxy-coated SPCC steel, which is used for the inside walls of fire-extinguishers, are negligible

under standard operating conditions; thus, it is probable that ferrocene dispersions containing

nonionic surfactants will also not present a corrosion risk.

4, Discussion

The main objectives of the present study were to investigate (i) the effects of ferrocene particle

size and surfactant type on fire-extinguishing capability and (ii) the corrosive properties of ferrocene

dispersions containing the general-purpose nonionic surfactants: TX, NT, T60, and T80. The

corrosion experiments described above revealed that ferrocene dispersions containing nonionic

surfactants did not exhibit corrosive properties. Hence, hereafter, only the extinguishing capability

will be addressed.

For statistically testing the differences in the extinguishing times among the ferrocene

dispersions containing nonionic surfactants, a two-way analysis of variance (two-way ANOVA)

followed by a post hoc analysis (Tukey’s honest significant differences (HSD) test [34]) was

conducted. Before performing the ANOVA tests, all data were log-transformed to correct for

heteroscedasticity and non-normality; homoscedasticity was assessed with the Levene’s and

Bartlett’s tests, and normality was confirmed using the Kolmogorov—Smirnov test [35]. In this study,

15



a significance level of 0.05 was used.

A two-way ANOVA confirmed that the interaction between the nonionic surfactant and the

ferrocene particle size was not statistically significant (F = 0.256, p = 0.96). A simple main effects

analysis revealed that the type of nonionic surfactant (F = 13.053, p < 0.001) and the ferrocene

diameter (F = 11.612, p < 0.001) were significant factors.

A Tukey’s HSD multiple comparison revealed significant differences in the extinguishing times

between ferrocene-TX and ferrocene-NT dispersions (p < 0.05), ferrocene-TX and ferrocene—T60

dispersions (p < 0.001), ferrocene—TX and ferrocene—T80 dispersions (p < 0.001), and ferrocene-NT

and ferrocene—T60 dispersions (p < 0.05) (see Table 2). This result means that the extinguishing

capabilities decreased in the following order: ferrocene dispersions containing TX > ferrocene

dispersions containing NT > ferrocene dispersions containing T60 ~ ferrocene dispersions containing

T80. Fig. 9 shows the variations in the extinguishing times as a function of the corresponding initial

turbidity of the ferrocene dispersions containing nonionic surfactants, with the exception of

dispersions containing TX. These plots were approximately linear with a high coefficient of

determination (0.80), which demonstrates that the suppression efficiency is positively correlated

with the dispersibility of the ferrocene nonionic surfactant dispersion systems; the result obtained

from the present study was in good agreement with that reported in the literature [36]. In an

iron-catalyzed radical recombination mechanism involving H, OH, and O, the radical-recombination

16



efficiency markedly depends on the concentrations of active iron-inhibiting species (e.g., FeO,

Fe(OH),, FeOH, and Fe) [37]. The presence of iron-inhibiting species at extremely high

concentrations triggers their agglomeration and condensation, which leads to a reduction in the

suppression efficiency [37]. The fact that ferrocene at its optimum concentration must be

homogeneously added into a flame agrees well with the result that ferrocene dispersions with poor

dispersibilities exhibit high suppression capabilities, even if ferrocene dispersions have the same

ferrocene concentration, as shown in Fig. 9. Remarkably, however, even the TX-containing

ferrocene dispersions that showed poor dispersibilities exhibited high fire suppression abilities. The

suppression efficiency is influenced not only by the presence of an additive(s) but also by the spray

characteristics (e.g., droplet size) [38]. The droplet size is generally dominated by surface tension,

viscosity, specific gravity, and pressure. In this study, the pressure was kept constant, and there were

no significant differences in the other three parameters between the ferrocene dispersions since the

concentrations of the surfactants and ferrocene were extremely low (100 ppm of ferrocene and twice

CMC of the surfactants). For example, » = 1.05, 1.06, 1.06, 1.06, and 1.07 mPa-s for the ferrocene

dispersions containing TX, NT, T60, and T80, and pure water, respectively. Hence, further research

is needed to explain the anomalous behavior of ferrocene dispersions containing TX.

A Tukey’s HSD multiple comparison also revealed significant differences in the extinguishing

times among F1, F2, and F3 ferrocene dispersions. As seen in Table 3, F1 ferrocene dispersions had
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significantly higher extinguishing abilities than F2 and F3 ferrocene dispersions. This result is

entirely consistent with the finding that the extinguishing capability is negatively correlated with the

particle size of the suppressant [39, 40].

5. Conclusions

In this paper, the extinguishing capabilities and corrosion properties of ferrocene dispersions

containing general-purpose nonionic surfactants were investigated, leading to the following

conclusions:

»  Suppression experiments and two-way ANOVA tests revealed that aqueous dispersions

containing smaller ferrocene particles exhibited higher extinguishing capabilities. In particular,

when prepared with F1 ferrocene (dso = 16.9 um), ferrocene dispersions have significantly

shorter extinguishing times than a wet chemical. Suppression trials and nephelometric

measurements also demonstrated that for the ferrocene dispersions containing such nonionic

surfactants, the suppression ability of the ferrocene dispersions was positively correlated to their

dispersibilities (i.e., their initial turbidities).

« Corrosion experiments clearly demonstrated that no pitting corrosion of SPCC steels are

observed, thus indicating that ferrocene dispersions containing TX do not pose a serious

18



corrosion problem.

The experimental results given in the present study open the way for the development of new,

effective fire suppressants containing ferrocene.
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Figure captions

Fig. 1

Trends in fires, deaths, and economic losses from 2009 to 2014 in Japan (adapted from [1]).

Fig. 2

Chemical structures of (a) ferrocene and the nonionic surfactants: (b) Triton X-100 (TX, m = 10), (c)

Noigen TDS-80 (NT, n = 8, R = n-Ci3Hy7), and (d) Tween 60 (T60, w + x + y + z = 20, R =

CO(CH2)16CHs3) and Tween 80 (T80, w + x +y + z = 20, R = cis-CO(CH2)7CH=CH(CH2)7CHjs).

Fig. 3

Particle size distributions of (a) F1 ferrocene, (b) F2 ferrocene, and (c) F3 ferrocene powders.

Fig. 4

Schematic representation of the experimental apparatus used for (a) the suppression tests and (b) the

corrosion tests.

Fig. 5

Turbidities of ferrocene dispersions as a function of time (triangles = dispersions containing TX,
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squares = dispersions containing NT, lozenges = dispersions containing T60, and circles =

dispersions containing T80. (a) F1 ferrocene, (b) F2 ferrocene, and (c) F3 ferrocene.

Fig. 6

Extinguishing times of the ferrocene dispersions (dark gray bars = F1 ferrocene dispersions, light

gray bars = F2 ferrocene dispersions, and striped bars = F3 ferrocene dispersions) and wet chemical

containing 45-wt% potassium carbonate. Error bars indicate standard deviations. a: adapted from

[16].

Fig. 7

Corrosion potentials of SPCC plates in a nitrogen atmosphere as a function of time; triangles = pure

water, squares = aqueous solution of TX, and circles = F1 ferrocene dispersions containing TX.

Fig. 8

Experimental data superimposed onto the Pourbaix Diagram for an iron-water system at 298 K and

1075 mol/kg.

Fig. 9
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Extinguishing times of ferrocene dispersions containing nonionic surfactants as a function of their

corresponding initial turbidities. The line depicted is generated using the least squares method.

Table captions

Table 1

Ferrocene milling conditions and parameters of the Rosin—Rammler distribution.

Table 2

p-Values matrix assessing the main effect of the surfactant on the extinguishing time.

Table 3

p-Values matrix assessing the main effect of the ferrocene size on the extinguishing time.
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Table 1

Sample Method Milling condition dso (um)® B¢

F1 Ball milling Wet ? 1000 rpm, 3h 16.9 1.28
F2 Ball milling ~ Wet®, 1000 rpm,3h  30.9 1.35
F3 Agate mortar ~ Dry 42.6 2.00

a: Ferrocene/water ratio: 3.31, b: ferrocene/water ratio:3.0, c: determined by
a laser diffraction particle size analyzer, d: determined by the Rosin
Rammler equation.



Table 2

2 3 4
1 Ferrocene dispersions containing TX 0.0172" 0.000” 0.000™
2 Ferrocene dispersions containing NT 0.0363" 0.384
3 Ferrocene dispersions containing T60 0.575

4 Ferrocene dispersions containing T80

*:p <0.05; ** p <0.01



Table 3

1 2 3
1 F1 ferrocene dispersions 0.001™ 0.000™
2 F2 ferrocene dispersions 0.588

3 F3 ferrocene dispersions

** <0.01
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Figure 3
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Figure 4a

1. nozzle, 2. valve, 3. pump,
4. ferrocene dispersion, 5. pan, 6. n-heptane.



Figure 4b
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Figure 5
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Figure 6
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Figure 7
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Figure 8

Potential vs. SHE (V)
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Figure 9
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Highlights

»  The extinguishing abilities and corrosive properties of ferrocene dispersions are

investigated.

»  The extinguishing capability is negatively correlated with the particle size of ferrocene.

»  The extinguishing capabilities decrease in the following order: ferrocene dispersions

containing TX > ferrocene dispersions containing NT > ferrocene dispersions containing

T60 = ferrocene dispersions containing T80.

»  The ferrocene dispersions containing triton X-100 do not present a corrosion risk.
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