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Abstract

Forest fire statistics are progressing dramatically in the world and humankind is called to
address these natural disasters more effectively. Class A foams are firefighting foams aimed
at materials prone to catch fire easily, such as wood, and may therefore be used in forest fires.
Firefighting foams often face rapid degradation due to gravity-induced drainage and bubble
collapse. This thesis is aimed at enhancing the fire suppression performance of Class A
foams by incorporating nanoparticles (NPs) under different conditions. In the course of this
investigation, nanoparticles (NPs) with specific sizes, shapes, and morphologies are synthe-
sised using the hydrothermal and reflux methods seeking to optimise their integration in the
foam structure to improve its stability and fire suppression performance. Iron oxide nanos-
tructures with silica (IONPs)/S10, are also produced through the already synthesised iron
oxide nanoparticles (IONPs) and commercial SiO,. These are used to compare fire suppres-
sion performances. Characterisation techniques, including Scanning Electron Microscopy
(SEM), X-ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), and
Thermogravimetric Analysis (TGA) are used to validate the desired properties of the NPs,
such as size uniformity, crystallinity, and resistance to degradation at high temperatures.

This thesis also investigates foam stability under drainage, surface tension, particle size dis-
tribution, and the evolution of bubble coalescence over time. A series of foam experiments
are performed to study foam deterioration. Test results suggest that liquid loss is delayed
when NPs are incorporated, thus keeping the foam wetter for longer. Results also indicate
that the morphology of the bubbles remains stable over time, which means that bubbles can
withstand being bumped, squeezed, and deformed. Surface tension is also reduced when
adding IONPs, and the particle size distribution in the liquid solution tends to be larger at
higher concentrations.

Small-scale fire experiments to test the enhanced foam on shredded wood wool (Excelsior)
fuel suggest enhanced fire suppression performance. Notably, the addition of the synthesised
IONPs with controllable size and morphology significantly enhanced the commercial Class
A foam. This is evidenced by slower mass loss rate, reduced flame height, decreased rate of
spread, and increased residual mass post-burning. This is attributed to the NPs’ high ther-
mal stability, large surface area, radical capture capabilities, and the formation of a protec-
tive layer acting as a firebreak. Furthermore, the investigation into the foam’s performance
in small-scale fire experiments elucidates the positive impact that adding NPs has on fire
suppression performance. It reveals a notable reduction in average flame surface area and
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suggests potential alterations in the combustion surface’s molecular structure as well as the
sooting properties of the fire. Comparative analysis between wet and dry foam applications
highlights unique benefits for enhanced fire control management. This suggests the potential
for an ideal firefighting foam that leverages the advantages of both, promising enhanced fire
suppression performance.

Overall, this research demonstrates the fire suppression performance enhancement that may
be achieved for a Class A foam by adding various types and concentrations of NPs.



Contents

1__Introduction| 1
(1. Background . . . . .. ... .. ... 1
(L2 Problem Statementl . . . . . ... .. ... ... L 1
1.3 Research Questions| . . . . . . . . . . . . . . . . ... 2
(1.4 Ammand Objectives| . . . . . . . . . . .. . 2
(1.5 Methodology| . . . ... ... .. .. ... .. 2
(1.6 Layoutofthe Thests| . . .. ... ... ... .. ... .. ... ... 3

2 Literature Survey| 5
DI _WAIAresl. . . . o o o o e e e e 5

2.1.1 Introduction|. . . . . . . . . . ... 5
[2.1.2  Types of Wildland Fires| . . . . . ... ... ... ... ... ... 5
2.1.3 Combustion|. . . . . .. .. .. 7
2.2 Firefighting Foams| . . . . . .. ... ... o o000 14
2.2.1 Intr TON|. « v v v e e e e e e e e e e e e e e e e 14
222 ClassAFoams| . . ... ... ... ... ... .. 14
223 ClassBFoams . ... ... ... ... ... ... ... ... 16
[2.2.4  Expansionof Foams| . . .. ... ... ... ... ... ...... 17
25 FoamsvsPlainWated. . . . ... ... ... ... ........ 21
2 Foam D ilisation Mechanisms| . . . . . .. ..o oL 22
3.1 Introduction|. . . . . . . . . ... L 22
[2.3.2  Foam Drainage| . . . . . . ... ... ... ... .. .. 24
2.3.3 Bubble Coalescencel . . ... ... ... ... ... ... ... . 24
[2.3.4  Bubble Coarsening| . . . . .. ... ... ... ... ...... 25
2.4 Foam Stability|. . . . . ... ... ... 26
2.4.1 Introduction|. . . . . . . . . ... L 26
2.4.2 Foam Film Stabilisation| . . . . . ... ... .. ... ... .. .. 26
2.4.3 Bubble Size Distribution| . . . . . . .. ..o oo 27
[2.5 Mechanisms of Foam Action in Fire Suppression| . . . . . ... ... ... 28
2.5.1 Intr TON| .« v v v e e e e e e e e e e e e e e e e 28
252 Cooling . . . . . .. .. 29
2.5.3 Smothering| . . . . ... ... 30




CONTENTS vi

254 Chemical Inhibition| . . . . . . . ... o oo 30

2.6  Mechanisms of NPs in Fire Suppression| . . . . . . ... ... ... .... 31
2.6.1 Introductionl. . . ... ... ... ... ... .. .. .. .. .. .. 31
[2.6.2 Heat Absorption| . . . ... .. ... ... ... ... ... . ... 31
[2.6.3  Free Radical Trapping| . . . . . ... ... ... ... .. ..... 32
[2.6.4  Formation of a Protective Layer] . . . . . .. ... ... .. .. ... 33
[2.6.5 Enhanced Foam Stability| . . . . . .. ... ... ... ....... 34
2.6.6  Surface Tension Reduction] . . . . . ... .............. 35
[2.6.7  Smoke Suppression|. . . . . ... ... oL 35

277 NPsas Foam Additives| . . . . . . . ... ... oo 36
.71 Introduction|. . . . . . . . . . .. 36
[2.7.2  Effect of NPs Size on Foam Properties|. . . . . . . ... ... ... 36
273 NPsinteraction with Foams| . . . . ... ... ... ........ 37
[2.7.4  Tron Oxide NPs (IONPs) in Fire Suppression| . . . . .. ... ... 38

2.8 Importance of thestudy| . . . . . . . . ... ... ... .. L. 40
13 Experimental Setup| 41
3.1 Introductionl . . . . . . . . . . 41
(3.2 Synthetic Procedures| . . . . .. ... ... Lo 41
[3.2.1 Hydrothermal-Solvothermal Synthesis|. . . . . ... ... .. ... 41
[3.2.2  Reflux Synthests| . . . . .. ... ... ... ... ... ..., 46

3.3 Maternials Characterisationl . . . . . . . . ... ... ... .. ... ... 48
3.3.1 NPsCharacterisation] . . . . ... ... ... .. .......... 48
[X-Ray Diffraction (XRD)| . . . ... ... ... ... ... 48

[Scanning Electron Microscopy (SEM)| . . . . . ... ... ... .. 49

[Fourier Transform Infrared Spectroscopy (FTIR), . . . . . . .. .. 49
[Thermogravimetric Analysis (TGA)| . . . .. .. ... .. .. ... 50

332 Foam Characterisationl . . . . . .. ... ... .. ......... 50
[Drop Shape Analysis (DSA)| . . . . .. ... ... ... .. ... 50

[Dynamic Light Scattering (DLS). . . . .. ... ... ... ... 51

Burface Tensionl . . . . . . . . .« ... . 52
............................. 52

[Bubble Surface Morphology| . . . . . ... ... ... ... .... 53

B4 Foam Formulation|. . . . . . . . ... .. .. ... 53
[3.4.1 Preparation of Class A foams| . . ... ... ... ......... 53
3.42 Foam Generationl . . . . . . . .. ... 55
[3.4.3  NPslIntegration| . . . . . . . ... ... ... ... .. ..., 55

[3.5 Setup for Fire Experiments| . . . . . .. ... ... ... ... ... .. 56
[Fuel: Excelsior (dried shredded wood)|. . . . . . ... ... .... 56

[Fire Experiments Testing Setup| . . . . . .. .. ... ... .... 58

[Foam Delivery Methods| . . . . ... ... ... ... ....... 58

[3.6 Summary| . . ... ... 59




CONTENTS vii

4 Synthesis and Characterisation of Iron Oxide Nanoparticles | 63
4.1 Introduction . . . . . . . ... 63
4.2 Synthetic process conditions| . . . . . . ... ... oL 63

2.1 Results and Di 1008 . ... 64
[Effectof reactiontimel . . . . . .. ... ... 64

[Other typesof NPs| . . . . . . ... ... .. ... ... 70
(Thermal Stability| . . . . . ... ... ... ... .......... 74

4.2.2  Summary and Conclusions| . . . . . . .. ... ... ... ..... 76

5 Foam Stability| 78
B.1 Introduction| . . . . . . . . . .. 78
5.2 Resultsand Discussionsl. . . . . . . ... ... oo o o oo 78

[5.2.1 Foam Dramnage| . . . . ... .. ... ... ... ... ...... 78
B22 Surfacetensionl . . . . . . . ... 85
023 ZetaPotentiall . . . . .. .. ..o o 87
[5.2.4  Bubble Morphology| . . .. .. ... ... ... ... ... ... 88
[5.2.5 Summary and Conclusions| . . . . . ... .. ... ... ..., 91

(6 Small-Scale Fire Experiments| 92
6.1 Introductionl . . . . . . . . . ... 92
[6.2 Results and Discussions|. . . . . . . ... ... ... ... ... 93

21 Masslossl . . . ..o 93
[6.2.2 Flameheight . . . .. ... ... ... ... .. 0 .. 97
[6.2.3 Flamespread . . . .. ... ... .. ... ... ... .. .. 102
624 ResidualMassl . . . . .. ... ... 111
[6.2.5 Flame surfaceareal . . . . ... ... ... ... ... ....... 113
[6.2.6  Summary and Conclusions| . . . . .. ... ... ... ....... 116

[7__Conclusions| 117
/.1 Summaryof key findings| . . . . ... ... ... ... . L L. 117
(7.2 Original contribution to knowledge|. . . . . . . ... ... ... ... ... 118
(73 Future Work| . . . . . . . . .. .. 119

Append 141

A" Simulation of combustion process| 142

(B Code for calculating the Flame Surface Areal 144

[C  Materials characterisation (additional figures) 148

(D Foam stability (additional figures)| 157

[E  Fire experiments (additional figures)| 161




CONTENTS viii

F Tist of Derived Publicafi 172



List of Figures

(L1 Flowchart of thesis structure . . . . . . . ... ... ... ... ... .. 3
(2.1 Illustration of a surface fire. [Jff. . . . . . . . .. . .. ... ... ..... 6
2.2 Illustration of acrown fire.[1l]|. . . . . . . . . . . . ... ... ... ... 6
(2.3 Illustration of a Ground fire. L] . . . . . . . . . . . ... .. ... ... 7
2.4 Low Expansion Firefighting Foam [2].[ . . . . . ... ... ... ... ... 17
[2.5  Medium Expansion Firefighting Foam.|. . . . . .. ... ... ... ... 18
[2.6 High Expansion Firefighting Foam.| . . . ... ... ... ... ... ... 18
[2.7  Picture of the foam that persists 2 h after shaking an aqueous solution con- |
| taining 5% sodium dodecyl sulfate. The bubble shapes are more polyhedral |
| near the top, where the foam 1s dry, and more spherical near the bottom, |
| where the foam is wet. The average bubble size is ~2mm. [3] . . . . . . . 20
2.8 Critical applicationrate. [4]. . . . . . . ... ... ... ... ...... 22
[2.9  Foam destabilisation mechanisms. (a) liquid drainage due to gravity, (b) |
| coalescence between two bubbles and (c) coarsening of the bubbles due to |
| Laplace pressure [S]. . . . . . . . . ... ... 23
2.10 Foam film [6]| . . . . . . . . . . . . 27
[2.11 Foam 1mages of SDS-stabilized foam (without NPs) (a) immediately after |
| generation and (b) 60 min after generation [7]] . . . . . .. ... ... ... 28
[2.12 Foam’s action on the fire triangle. [8] . . . . . ... ... ... ... ... 29
[2.13 Schematic representation of iron-catalysed radical pathways. [Off . . . . . . 40
[3.1  Stainless-steel pressure autoclave and a 125 mL Teflon liner used for Hy- |
| drothermal Synthesis.| . . . . . . .. ... o oo 43
[3.2  Reflux Synthesis of Iron Oxide NPs IONPs).| . . . . ... ... ... ... 46
[3.3  Overhead Stirrer for mixing the NPs with the foam solution.,| . . . . . . .. 54
[3.4  Foam generation through the double syringe techmque.| . . . . . . . .. .. 55
[3.5 NPs dispersion through a digital ultrasonic cleaner| . . . . . . . ... ... 56
3.6 Excelsiorfuell. . . . . ... ... 57
B.7 _Excelsior for foam additives] . . . . . .. ... ... .. ... ... .. 58
3.8 Fuelbedsetup.| . ... ... ... . ... ... .. 59
3.9 Airbrushl . . . ... 60
[3.10 Airbrush spray on Excelsior fuel.|. . . . . ... ... ... ... ... ... 60

ix



LIST OF FIGURES X

[3.11 Double syringe technique-dry foam generation.| . . . . . . ... ... ... 60
[3.12 Dry foam on Excelsior fuel .. . . . . ... ... ... ... ... ...... 60

4.1 SEM 1mages of the hydrothermal products synthesised at 170°C with a con-
| stant 2mmol of Fe(NO3)3 - 9H, 0O precursor for different reaction times of a)
| 3hoursb)24 hours.|. . . . . . . .. . 64
4.2 SEM 1mages of the hydrothermal products synthesised at 170°C with a con-
| stant 3mmol of Fe(NO3)3 - 9H, O precursor for different reaction times of a)
| 3hoursb)24hours.|. . . . . . ... ... 65
4.3 SEM 1mages of the hydrothermal products synthesised for a reaction time of |
| 3 hours at 135°C. (a) 20 mLL ammonium hydroxide and 40 mL water; (b) 10 |
| mL ammonium hydroxide and 50 mL water; (¢) 5 mL ammonium hydroxide |
| and 55 mL water; and (d) 30 mL ammonium hydroxide and 30 mL water. | . 66
4.4 SEM 1mages of the reflux products synthesised for a reaction time of 3 hours |
| at 135°C. (a) 20 mL ammonium hydroxide and 40 mL water; (b) 10 mL |
| ammonium hydroxide and 50 mL water; (¢) 5 mL ammonium hydroxide |
| and 55 mL water; and (d) 30 mL. ammonium hydroxide and 30 mL. water| . 67
4.5 XRD analysis of the synthesised IONPs. Figure 2a shows the XRD spectra |
| for both materials, b) presents the peak 1dentification for the IONPs synthe- |
| sised with the hydrothermal method, whereas c) shows the Rietveld refine- |

| ment. Finally, d) presents the simulated patterns for both phases.| . . . . . . 68
4.6 SEM 1mages of the a) [ONPs/S102 nanostructure and b) Commercial S102 |
L NP - o 70
4.7 a) XRD analysis of IONPs/Si0, (S39), Si0, (S40) and synthesised [ONPs |
| (S837); b) FTIR spectra of IONPs/Si0O, (S39) and S:0, (S40).f . . . . . . .. 72
4.8 FTIR spectra of synthesised IONPs where a) samples S26-S29; b) samples |
I S34-S37J. . . e 73

4.9 TGA analysis of samples S27-0.1 wt%(IONPs-Hydrothermal), S29-0.1 wt%(IONPs§-
| Hydrothermal), S35-0.1 wt%(IONPs-Reflux), S37-0.1 wt%(IONPs-Reflux), |
| S40-(commercial Si0, NPs) and S39-0.1 wt%(IONPs/Si0, NPs), illustrat- |
| ing thermal decomposition and overall weight loss from O to 1000°C.| . . . 75
{4.10 TG and DTG curves for the best-performing sample S27-0.1 wt%.| . . . . . 76

[5.1 Plain foam drainage for various blade heights (h1, h2, h3), speeds, and time.| 80
[5.2  Plain foam drainage for various blade heights (h1, h2, h3), speeds, and time.] 81
[5.3  Influence of IONPs synthesised by hydrothermal method on foam drainage.| 83

[5.4  Influence of IONPs synthesised by reflux method on foam drainage.| . . . . 84
[5.5 Water droplets analysed by pendant drop method at different concentrations |
| of IONPs (Hydrothermal synthesis).| . . . . .. ... ... ... ... ... 86

[5.6  Water droplets analysed by pendant drop method at different concentrations |
| of [ONPs (Reflux synthesis)| . . . . ... ... ... ... ... ...... 86




LIST OF FIGURES

X1

[5.7

Interfacial surface tension (SF'T) for different concentrations of IONPs dis-

persions in foam solution synthesised using reflux and hydrothermal tech-

niques, with error bars representing standard deviations.|. . . . . . .. . ..

5.8

Foam bubble morphologies (10x magnification) at # = 0 min (foam gener-

ation) and ¢ = 10 min after foam generation for plain foam, and for foam

enhanced with 0.1wt% Fe;O, synthesised using the Hydrothermal (H) and

the Reflux (R)methods.| . . . . . . ... ... ... ... .. ... .....

5.0

[llustration of the mechanism that IONPs stabilise the foam system. The

drainage time of the film may be reduced due to the accumulation of the

IONPs within the plateau borders.| . . . . . ... ... ... ... .....

6.1

Comparative analysis of mass loss rate and total mass for Excelsior where a)

Dry Excelsior, b) Wet Excelsior, ¢) S39-0.025 wt% d) S39-0.1 wt%.| . . . .

6.2

Comparative analysis of mass loss rate and total mass for Excelsior with a)

527-0.025 wt% b) S27-0.1 wt%, c) S35 0.025 wt% and d) S35 0.1 wt%.| . .

6.3

Mass loss rate and total mass loss over time for plain wet foam.|. . . . . . .

6.4

Comparative analysis of a) mass loss over time between dry Excelsior and

Excelsior treated with dry foam and NPs, b) variability in degradation speed

throughout time for the dry foam with or without NPs.| . . . . . .. .. ..

6.5

Flame heights at leading and trailing edges of fire for Excelsior fuel covered

with plain wet foam (WF-00) at various positions across the fuel bed: a)

leading edge at 20 cm, b) trailing edge at 20 cm, c) leading edge at 40 cm,

d) trailing edge at 40 cm, and e) leading edge at60 cm.| . . . . . . . .. ..

6.6

Flame heights at leading and trailing edges of fire for Excelsior fuel covered

with wet foam and synthesised IONPs (WE-S27-0.1 wt%) at various posi-

tions across the fuel bed: a) leading edge at 20 cm, b) trailing edge at 20 cm,

c) leading edge at 40 cm, d) trailing edge at40cm. . . . . . ... ... ..

6.7

Average height (cm) of wet foam formulations at various leading and trailing

edge positions of the fire (20 cm front, 20 cm back, 40 cm front, 40 cm back,

60cmfront). . . . . . .

6.8

Excelsior fuel covered with Sample DF-S27-0.1 wt%.[. . . . . .. ... ..

6.0

Flame heights at leading and trailing edges of fire for Excelsior fuel covered

with plain dry foam (DF-00) at various positions across the fuel bed: a)

leading edge at 20 cm, b) trailing edge at 20 cm, c¢) leading edge at 40 cm,

d) trailing edge at 40 cm, and e) leading edge at60 cm.| . . . . . . . .. ..

6.10

Flame heights at leading and trailing edges of fire for Excelsior fuel covered

with dry foam and synthesised IONPs (DF-S27-0.1 wt%) at various positions

across the fuel bed: a) leading edge at 20 cm, b) trailing edge at 20 cm, ¢)

leading edge at 40 cm, d) trailing edge at 40 cm, and e) leading edge at 60 cm.|104

G.11

Measurement of flame spread on excelsior treated with foam containing iron

oxide nanoparticles as additives.| . . . . .. ... ...

6.12

Average rate of spread (ROS) 1n cm/s for various wet foam formulations.|. .




LIST OF FIGURES

Xii

[6.13  Average rate of spread (ROS) 1n cm/s for various dry foam formulations and

dryexcelsior| . . . . . . . . . ... ..

[6.14 Average residual mass (g) for various wet foam formulations.|. . . . . . . .

[6.15 Average residual mass (g) for various dry foam formulations.| . . . . . . ..

110
111
113

[6.16 Average flame surface area over time for a) Dry Excelsior, b) Plain wet foam

(WF-00), c) WF-827-0.1 wt%, d) WE-S35-0.1 wt%, ) WF-539-0.1 wt%, 1)

WE-540-0.1 wt%. . . . . . .. ...

115

|A.2 ADF Powerful molecular DFT simulations for a) Isooctane b) Diolane.|. . .

142
143

IC1

SEM Characterisation of NP samples a) Sample S1 with a rod agglomerated

structure, b) Sample S2 with aggregated particles mostly circular in shape, c)

Sample S4 consisted of clustered particles, d) Sample S5 showing particles

consisting of two phases both nearly circular and rod-like structures, e) Sam-

ple S6 with different sizes of nearly circular-shaped particles and f) Sample

S’/ with a clear distribution of nearly spherical particles with some degree of

agglomeration.] . . . . . . . .. ... e

149

C2

SEM Characterisation of NP samples a) Sample S8 exhibits elongated rods

and circular structures, b) Sample S14 the rod structure 1s visible, ¢c) Sample

S12 1s characterised by dense, rod-like formations, d) Sample S13 displays

rod-like structure with some aggregation, ) Sample S14 shows a compact ar-

rangement of both spherical and rod structures and f) Sample S15 presents a

better distribution of a heterogeneous composition with both rods and spher-

cal particles.| . . . . ..o

150

iC3

SEM Characterisation of NP samples. a) Sample S16 exhibits rod structure

with small cubes, b) Sample S18 with variable particle sizes and clustering,

¢) Sample S19 shows irregular particle aggregation, d) Sample S20 with

a more homogeneous distribution, e) Sample S21 depicting agglomerated

particles, and 1) Sample S22 presenting densely packed particles.| . . . . . .

151

iC4

SEM Characterisation of NP samples. a) Sample S23 shows clustered NP

formations, b) Sample S24 with a densely packed structure, c) Sample S25

presents a more amorphous agglomeration, d) Sample S30 illustrates dis-

persed NPs with evident individual features, e) Sample S31 reveals spherical

rhomboidal NPs with agglomeration, and f) Sample S32 displays rhomboidal

NPs with defined edges.|. . . . . . ... .. ... ... . ... ...

152

iC5

SEM Characterisation of NP samples a) Sample S33 displays micro-scale

elongated formations b) Sample S38 presents a densely clustered structure

with distinct particle size.| . . . . . . .. ... o oo

153

iC6

a) Scanning Electron Microscopy and Energy-dispersive X-ray spectroscopy

analysis for samples a,b) S10, b,c) S26,e,{) S29.. . . . . . ... ... ...

154



LIST OF FIGURES

Xiii

IC.7

a) Scanning Electron Microscopy and Energy-dispersive X-ray spectroscopy

analysis for samples a,b) S34, b,c) S35,e,f)S36.f. . . . ... .. ... ...

155

C8

a) Scanning Electron Microscopy 1mage of synthesized S3/ nanoparticles

showing their morphology. b) Energy-dispersive X-ray spectroscopy analy-

sis of S37 NPs confirming elemental composition.|. . . . . . .. ... ...

156

iC9

FTIR Spectra of synthesised IONPs where a) Samples S3-S9; b) samples

S10-S17; c) samples S18-S25|. . . . . . . . . .. ... .. ... ......

D.1

Foam drainage experiments for a) Plain foam vs S27-0.05 wt%, b) Plain

foam vs S27-0.1 wt%, c¢) Plain foam vs S27-0.5 wt%, d) Plain foam vs S27-

0.7 wt%, e) Plain foam vs S27-1.0 wt%, 1) Plain foam vs S30-0.05 wt%.| . .

D2

Foam structure after 24hr drainage where on the left visualises IONPs from

series 5 (Tabld3.7) and on the right IONPs from series 4(Table[3.6)) |

D3

Dynamic light scattering (DLS) for different concentrations of sample 27.| .

159
160

[E.1

Flame heights at leading and trailing edges of fire for excelsior fuel covered

with wet foam (WF-S39-0.025 wt%) at various positions across the fuel bed:

a) leading edge at 20 cm, b) trailing edge at 20 cm, c¢) leading edge at 40 cm,

and d) leadingedgeat60cm.|. . . . . . .. ... ... ... ...

E2

Flame heights at leading and trailing edges of fire for excelsior fuel covered

with wet foam (WF-S39-0.1 wt%) at various positions across the fuel bed:

a) leading edge at 20 cm, b) trailing edge at 20 cm, c) leading edge at 40 cm,

and d) leadingedgeat60cm.|. . . . . . ... ... ... L.

E3

Flame heights at leading and trailing edges of fire for excelsior fuel covered

with wet foam (WF-S35-0.025 wt%) at various positions across the fuel bed:

a) leading edge at 20 cm, b) trailing edge at 20 cm, c) leading edge at 40 cm,

and d) leadingedgeat60cm.|. . . . . . . . ... ..o oL

E4

Flame heights at leading and trailing edges of fire for excelsior fuel covered

with wet foam (WF-S35-0.1 wt%) at various positions across the fuel bed:

a) leading edge at 20 cm, b) trailing edge at 20 cm, c) leading edge at 40 cm,

and d) leadingedgeat60cm.|. . . . . . ... ... Lo

E5

Flame heights at leading and trailing edges of fire for excelsior fuel covered

with wet foam (WF-S40-0.025 wt%) at various positions across the fuel bed:

a) leading edge at 20 cm, b) trailing edge at 20 cm, c¢) leading edge at 40 cm,

d) trailing edge at 40 cm, and e) leading edge at60 cm.| . . . . . .. .. ..

E.6

Flame heights at leading and trailing edges of fire for excelsior fuel covered

with wet foam (WF-S40-0.1 wt%) at various positions across the fuel bed:

a) leading edge at 20 cm, b) trailing edge at 20 cm, c) leading edge at 40 cm,

d) trailing edge at 40 cm, and e) leading edge at60cm.| . . . . . . . .. ..

[E7

Flame heights at leading and trailing edges of fire for excelsior fuel covered

with dry foam (DF-S27-0.5 wt%) at various positions across the fuel bed: a)

leading edge at 20 cm, b) trailing edge at 20 cm, c¢) leading edge at 40 cm,

d) trailing edge at 40 cm, and e) leading edge at60 cm.| . . . . . . . .. ..




LIST OF FIGURES Xiv

[E.8  Flame heights at leading and trailing edges of fire for excelsior fuel covered

with dry foam (DF-S27-1.0 wt%) at various positions across the fuel bed: a)

leading edge at 20 cm, b) trailing edge at 20 cm, c¢) leading edge at 40 cm,

d) trailing edge at 40 cm, and e) leading edge at60cm. . . . . . . . .. .. 169
[E.9  Flame heights at leading and trailing edges of fire for excelsior fuel covered

with dry foam (DF-S39-1.0 wt%) at various positions across the fuel bed: a)

leading edge at 20 cm, b) trailing edge at 20 cm, ¢) leading edge at 40 cm,

d) trailing edge at 40 cm, and e) leading edge at60cm.| . . . . . . . .. .. 170
[E.10 Flame heights at leading and trailing edges of fire for excelsior fuel covered

with dry foam (DF-S40-1.0 wt%) at various positions across the fuel bed: a)

leading edge at 20 cm, b) trailing edge at 20 cm, c) leading edge at 40 cm,

d) trailing edge at 40 cm, and e) leading edge at60 cm.| . . . . . .. .. .. 171




List of Tables

[2.1 Characteristics of foam solutions [10].] . . . . . . . . . . ... ... .... 19

[3.1  Summary of reagents used 1n this study including their grades, suppliers and |

QUANEILIES.| . . . . . o o e e e e e e e e e e e e e 42
(3.2 Experimental parameters (Series O)|. . . . . . . . .. ... ... 43
[3.3 Experimental parameters (Sertes 1)[. . . . . . ... ... ... ....... 44
[3.4  Experimental parameters (Sertes 2)|. . . . . . . ... ... ... ... 44
[3.5 Experimental parameters (Sertes 3)[. . . . . . .. ... ... L. 44
[3.6 Experimental parameters (Sertes4)[. . . . . . . . .. .. ... ... ... 45
(3.7 Experimental parameters (SeriesS)|. . . . . . .. ..o 45
[3.8  Experimental parameters (Sertes6)[. . . . . . .. .. ... ... .. ..., 47
[3.9  Experimental parameters (Sertes 7-8)] . . . . . ... ... 48
[3.10 Summary of experiments carried out 1n this thesis.|. . . . . . .. ... ... 62

.1 List of the XRD peaks for IONPs synthesised by reflux and hydrothermal |

| PrOCESS. . . v o v o e e e e e e 69
.2 Parameters for the calculation of crystallite size and phase quantification |
| analysis. . . . . . L 70
B3 FTIR samples S26-S37] . « o o o o o o e e e 71

[5.1 Plain foam drainage for various blade heights (h1, h2, h3), speeds, and time.| 79
[5.2  Formulations of Class A foam solutions used to generate foam with 1ron |

| oxide nanoparticles as additives.| . . . . .. ..o Lo 82
[5.3  Foam drainage times at different concentrations of synthesised H-Fe;O, into |

lass A foam solutions. . . . . . . . ... oL oo 84

[5.4  Foam drainage times at different concentrations of synthesised R-Fe;O, 1nto |

| Class A foam solutions. . . . . . . . . . . . ... L 85
[5.5 Average zeta potential and particle diameter of IONPs at different concen- |

| trations for hydrothermal and reflux methods.| . . . . . ... ... ... .. 88
[6.1 Flame heights for dry foam (DF) formulations.| . . . . .. ... ... ... 105
[6.2  Flame heights for wet foam (WF) formulations.| . . . . .. ... ... ... 106
[6.3  Rate of spread for fire experiments with wet foam (WF).| . . . . ... . .. 109

XV



LIST OF TABLES XVvi

[6.4  Rate of spread for fire experiments with dry foam (DF).[. . . . . . .. . .. 109
[6.5 Rate of spread for dry Excelsior without any foam.| . . .. ... ... ... 109
[6.6  Average residual mass for wet foam formulations.| . . . . . ... ... L. 112

[6.7  Average residual mass for dry foam formulations.| . . . . . . .. ... ... 112




Chapter 1

Introduction

1.1 Background

Foams find extensive applications in mineral flotation, food production, personal care, fire-
fighting, and several other sectors. Nevertheless, they remain unstable and prone to rapid
drainage and collapse. This instability mainly results from the Laplace pressure difference,
which leads to slow gas diffusion through the bubble walls. Consequently, smaller bub-
bles shrink faster than larger ones, ultimately leading to their disappearance. The use of
surfactants is essential to achieve foam stability by impeding bubble coalescence through
steric effects and reducing foam drainage. Furthermore, the inclusion of nanomaterials with
surfactants displays optimistic potential for improving foam stability. Nanoparticles can as-
semble at the gas-liquid interface, forming a layer that defers foam drainage and impedes
gas diffusion between bubbles. Recently, iron oxide nanoparticles have received attention
for their remarkable flame retardancy and smoke suppression properties, which have led to
the introduction of them as potential additives in firefighting foams. However, no research
has been reported on the use of iron-based additives in firefighting foams and their possible
enhancement mechanisms. In this investigation, our objective is to analyse the impact of
incorporating iron oxide nanoparticles along with other types of nanoparticles into a com-
mercial Class A foam on its stability, drainage rate, bubble surface morphology, wetting
characteristics, and fire suppression efficiency. Recognising the mechanisms of foam en-
hancement will greatly affect the ability to enhance the suppression of forest fires.

1.2 Problem Statement

The efficiency and applicability of Class A foams to fight forest fires have been investi-
gated numerous times in the past. However, due to challenges such as their inherent low
stability and the need for specialised equipment, significant advancements in their develop-
ment have been limited. The primary issue resolves around the need to optimise their low
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stability to improve the firefighting capabilities, thereby reducing the quantity of product re-
quired to suppress fires. Recent developments in nanotechnology indicate that certain types
of nanoparticles can increase the stability of firefighting foams, thus making them more ef-
fective in suppressing fires.

1.3 Research Questions

The research questions of this project are the following:

1. Does the addition of nanoparticles to Class A foams enhance their overallfire suppres
[sion performancef?

2. What relevant properties are enhanced by adding nanoparticles?

3. What are the key underlying mechanisms for nanoparticles to enhance desirable prop-
erties?

4. How do Class A foams’ performances compare when adding different types of nanopar-
ticles?

5. How do concentrations of nanoparticles affect their impact on Class A foams to max-
imise fire suppression performance?

1.4 Aim and Objectives

Aim: Enhance the fire suppression performance of Class A foams with the addition of
nanoparticles.

Objectives:

1. Synthesise nanoparticles with tailored properties that enhance their potential for fire
suppression.

2. Identify the optimal concentration of nanoparticles using standard laboratory proce-
dures

3. Produce the enhanced Class A foam with the nanoparticles being uniformly distributed.

4. Test the enhanced Class A foam on the suppression of real fires and record perfor-
mance metrics.

1.5 Methodology

This study involves synthesising various types of iron oxide nanoparticles (IONPs) and com-
bining them with silicon dioxide to create structured nanoparticles for comparison against
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commercial silicon dioxide nanoparticles. The synthesis focuses on controlling the morphol-
ogy and size distribution of IONPs. Characterisation of these nanoparticles is crucial, em-
ploying techniques such as Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD),
Fourier Transform Infrared Spectroscopy (FTIR), and Thermogravimetric Analysis (TGA).
These methods are selected to provide comprehensive data on the morphological character-
istics, crystalline structures, chemical compositions, and thermal stability.

Incorporating these nanoparticles into Class A foam at various concentrations allows for the
preparation of multiple foam formulations. Evaluating the physical properties of these for-
mulations, including foam stability and bubble morphology, is essential. Such assessments
determine the foam’s efficacy in adhering to surfaces and maintaining structural integrity
under high temperatures, which are pivotal for fire suppression performance.

For a thorough assessment of the foam’s fire suppression performance, controlled small-
scale fire experiments using Excelsior (wood wool) as the fuel will be carried out. Excelsior
is chosen for its standardised combustion properties, making it suitable for wildfire scenar-
10s. These experiments should measure the efficiency of fire suppression based on time to
extinguishment and foam quantity, alongside additional parameters such as mass loss rate,
rate of spread, residual mass, and flame surface area. These metrics are fundamental for un-
derstanding the enhanced fire suppression performance of the foam during exposure to fire.
A flowchart has been created as shown in Figure [I.1] This flowchart graphically visualises
the relationships between the various chapters and sections of this thesis.

- Foam degrades over time
- Degraded foam decreases fire suppression performance

= Hypotheses proved
- Insight gained

a———
Research J - Can added NPs improve fire

uestions suppression performance?
= Conclusions derived ) Q - What is the relationship between
- . concentration and performance?
‘l' Successful !
- p- S - ing NPs improve foam stability
Adding NPs i i bili
Hypotheses Devise - Improved foam stability enhances fire
Validated? — otheses suppression performance
H)‘p - Adding NPs decrease surface tension
o W, Unsuccessful " /- Lower surface tension enhances fire
{\ !Rel;'e_. rd:l:ny. t?uz_r;u ar ‘ suppression performance
sject Hypothesis|
fee ™ =
P
C:l:;t;l ::d ( Design - Measure stability of plain foam vs NPs
Y — Experiments |- Surface tension experiments
Experlmenta! to Test - Fire expariments {plain vs enhanced foam
Data &
Hypothesis
N Y \
. J/

Figure 1.1: Flowchart of thesis structure.

1.6 Layout of the Thesis

This thesis is divided into seven chapters. Chapter 1 presents background on foam appli-
cations, instability issues and the novel approach using nanoparticles for firefighting foams.
Chapter 2 includes a review of previous work on wildfires, firefighting foams and nanopar-



CHAPTER 1. INTRODUCTION 4

ticles’ role in enhancing foam stability and fire suppression. Chapter 3 details the experi-
mental setup used for synthesising and characterising nanoparticles, generating foams and
testing their fire suppression performance. Chapter 4 discusses the synthesis methods, char-
acterisation techniques and the effect of various reaction conditions on the development of
nanoparticles with unique sizes and morphologies. Chapter 5 investigates the effects of iron
oxide nanoparticles on the stability of Class A firefighting foams. Chapter 6 presents the
results from fire suppression tests using the enhanced foam with nanoparticles. Mechanisms
that cause fire suppression and flame retardancy are also discussed. Chapters 7 summarise
the findings, conclusions and recommendations for future research directions.



Chapter 2

Literature Survey

2.1 Wildfires

2.1.1 Introduction

Fires are one of the oldest natural phenomena. Without fire, humankind would have struggled
as it has been a vital tool for protection and survival since the early beginning of human
history. However, fires can lead to devastating results for humans as they are very hard to
control on a large scale. Combating fires can be achieved both from the ground and the
air. The most common method of fighting fires is the application of firefighting foams,
which separate the burning material, provide cooling effects, and prevent re-ignition. Fires
are due to extremely complex physical and chemical processes. The interactions of these
processes depend on various parameters, such as weather (atmosphere), topography, fire,
and combustible material (vegetation).

2.1.2 Types of Wildland Fires

Forest fires, or large-scale fires, can be categorised into three types: surface fires, crown fires,
and ground fires [11]]. Surface fires are the most common type, burning slowly through the
forest and causing damage to vegetation and other living organisms. As illustrated in Figure
surface fires can spread with a flaming front and burn various fuels at ground level such
as fallen branches, leaf litter and other combustible materials.

Crown fires, on the other hand, are the most intense and dangerous type of fire, burning trees
throughout their length and causing the disintegration and fragmentation of the trees [[12].
Ground fires manifest themselves in deep accumulations of peat and other dead vegetation
that are dry enough to burn [[13]]. While these types of fires move at a slow pace, they can be
extremely difficult to extinguish or fully destroy. In some cases, ground fires may smoulder
underground all winter and then resurface in spring. Figure shows that crown fires will
mainly burn through the top layer of foliage on a tree, known as the canopy.
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Figure 2.1: Illustration of a surface fire. [1]

Figure 2.2: [llustration of a crown fire.[1]
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Finally, ground fires usually occur in deep accumulations of peat, and similar dead vegetation
that dry out enough to burn. These fires have a very slow pace and can be very difficult to
fully extinguish or suppress. Figure [2.3] illustrates that such fires can burn organic matter in
the soil beneath the surface and are sustained by glowing combustion [14]].

Figure 2.3: [llustration of a Ground fire. [I]

Fires usually occur between April and October, with the highest levels of activity occurring
between mid-May and August [15]]. Particularly devastating fires often occur during long
droughts or strong winds. Fires can be categorised as either natural or anthropogenic [16].
In recent years, human activity has been responsible for about 75% of all fires [17]. These
fires are due to unprotected flames, combustible debris, equipment malfunctions, carelessly
discarded cigarettes, and deliberate acts of arson. In contrast, naturally occurring fires are
often the result of lightning-ignition and are more likely to occur in remote areas where
properties, timber values, and human lives are not at risk. In these cases, fire suppression can
be limited, allowing it to fulfil its natural role within the ecosystem.

2.1.3 Combustion

Fire is essentially an uncontrolled combustion [[18]. Combustion is an exothermic reaction,
meaning it releases heat, but sometimes the reaction progresses slowly enough that the tem-
perature change is insignificant [19]. The chemical processes that take place in the flame
are very complex and usually involve a large number of chemical reactions and intermediate
species, most of which are radicals. [9} 20, 21l]. Fragments of molecules or atoms can be
such radicals and have a high reactivity. The single-step chemical reaction of methane-air
combustion is represented by the equation 2.1 below:

CH4(g) + 202(g) — COZ(g) + 2H20(g) 2.1

This chemical process of fuel oxidation eventually produces carbon dioxide and water, simul-
taneously releasing heat. The chemical reaction cannot be fully described by a single equa-
tion, as it involves many elemental reactions. During the combustion process of methane,
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the chain reaction gradually slows down due to the increased rate of consumption of newly
formed free radicals as well as the reduction of the growth rate of free radicals [22].

The term chain reaction in the context of methane-air combustion refers to a series of re-
actions where reactive intermediates, often free radicals, propagate the combustion process
[23]]. This process includes several stages [24]:

¢ Initiation:

The reaction starts with the formation of highly reactive radicals. For methane (CHy),
this involves breaking the methane and oxygen (O,) molecules into radicals, as shown

in Equation
CHa(g) +O2(g) — -CH3(g) +-OH(g) (2.2)

* Propagation:

These radicals react with other molecules to form new radicals, propagating the reac-
tion as shown in Equation 2.3}

‘CH3(g) +0O2(g) — -CH30,(g) (2.3)
‘CH302(g) — -CH,0(g) +-OH(g) (2.4)

* Branching:

Some reactions produce multiple new radicals, exponentially increasing the number of
reactive species as shown in Equation 2.5}

‘OH(g) +CHa(g) — -CH3(g) + H20(g) (2.5)

¢ Inhibition:

The reaction slows as radicals are consumed or recombine to form stable molecules,
thus reducing the number of reactive intermediates as shown in Equation 2.6

‘CH3(g) +-OH(g) — CH30H(g) (2.6)

However, methane is a simple hydrocarbon with a consistent molecular structure compared
to a forest fuel. Wood-based fuels do not burn efficiently and cleanly like methane, be-
cause primarily wood is composed of a complex mixture of compounds, including cellulose,
hemicellulose and lignin. Additionally, it can have a variable moisture content, which can
significantly impact its combustion characteristics. The following equation [2.7|is an empiri-
cal formula based on the ultimate chemical analysis of poplar wood [25]].

C43He302.59(5) +4.58 (Oz(g) + 3.76N2(g)) — 4.30C0,(g) +3.15H20 —|—4.58(3.76N2(g))
2.7)
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To extinguish a fire, one of the three basic elements of the fire triangle must be eliminated.
The three elements essential to ignite a fire are fuel, heat, and oxygen. Flammable materials
such as wood, fabric, or plastic serve as fuel. Heat ignites the flammable vapours present
in the fuel to start the fire, and oxygen acts as an oxidising agent in the chemical reaction.
At least 16% oxygen is required for fire ignition regarding natural plant-based materials
[26]]. Fire blankets and fire extinguishers are designed specifically to remove one of the three
elements of fire, usually heat or oxygen, to cool the fire and stop its spread. The successful
elimination of one of those three elements can significantly reduce the incidence of fires and
the catastrophic damage they can cause.

Combustion Models:

Kung [27]] studied a partially pyrolysed element of wood which is regarded to be a partially
residual char and partly unpyrolysed active material. As the element pyrolyses the active
material is continuously converted into fuel volatiles and residual char. In that case, p, is
the time-dependent density of the active material. Initially, the active material density is
equal to the virgin wood density, p,,. As the pyrolysis proceeds this active material gradually
disappears leaving only the char of final density, p. At any given moment, 7, the total density
p is assumed to be:

p(t) = < —g—f) pat)+p; (kgm™) (2.8)

w

For simplicity, a single Arrhenius decomposition reaction is considered, that is:

0, E
Ep = —dpPaexp <_R_§") (kgm—s71) (2.9)
Where ap is the pre-exponential factor, R is the universal gas constant, and E, is the activa-
tion energy.

Combining equation (2.8 and equation (2.9)) :

_ _E
%p:—ap(p ?fl)ixgg RT) (kgm3s71) (2.10)

To get more insight in the endothermic energy Q, which is related to the generation of unit
mass of vapours using the ambient reference temperature 7., the authors [27] have altered
the previous equations with:

Pw Pf
0,— ha + he+h (2.11)
Sox o { ! Pw—Pf Pw — Py ¢

or 0 [(kOT Oh, Op
Pcpsgza—x(g) +M,—f + ==
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Where Cp; is defined as pCps = pcCpc + paCpa. M, represents the outward mass flux of
volatiles within the solid while A, h, and h, are the char-specific enthalpy, the active wood-
specific enthalpy and the gaseous specific enthalpy respectively. The first three terms de-
scribe the effects of transient and spatial temperature changes whereas the last group of
terms describe the instantaneous local energy absorption associated with the generation of
volatiles.

The energy in equation (2.12)) represents the effective local heat of vaporisation at tempera-
ture 7', which is the energy per unit mass of generated volatiles that one would have to supply
to a solid element if it were at uniform and constant temperature.

P e —PL_pon, (kg (2.12)

L) =0 = o et 5

The term pp_wpf is the mass of active material consumed per unit mass of generated volatiles

and the prTfpf is the char produced. Overall, this study developed a complex model to sim-
ulate the pyrolysis of wood slab, through transient conduction, Arrhenius decomposition,

endothermic decomposition and other physical processes.

On the other hand, Asensio [28] introduced a 2-D simplified wildland fire model based on
conservation laws, taking into account radiation as the dominant thermal transfer mechanism,
as well as convection, which represents the effect of the wind and the slope. Since chemical
processes in a wildfire are too complex, their goal was to control the amount of unburnt solid

fuel through a simplified chemical reaction for two phases (gas and solid) and two species
(fuel and oxygen) with a form of 2.13;

Fuel + Oxidant— > [r|Products (2.13)

The reaction rate constant r was given empirically by the Arrhenius Law in equation

E
r=Aexp (—R—AT) (molL™'s™1) (2.14)

Where R is the universal gas constant (R = 1.9872,cal /K, mol) and T the absolute tempera-
ture. E4 represents the activation energy, and A is the pre-exponential factor for the reaction.
In the above equation [2.14] Ey4 is a constant but A may depend weakly on T'. Typically, the
approximation for the pre-exponential factor is described in equation [2.15]:

A= BT (2.15)

Where B is constant and « € (—1,2] is within the experimental error. Moreover, the authors
claimed that there are two well-defined phases in wildfire processes: an endothermic phase
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that is denoted as the solid or condensed phase, and an exothermic phase that is denoted as
the gaseous phase.

Perminov [29]] studied the behaviour of a coupled atmosphere/crown model which is based
on the conservation of mass, species, energy and momentum. The main achievement of this
mathematical model was the ability to determine the total CO and CO, emissions into the
atmosphere during the propagation of forest fire at different times. The rate of formulation
of the gas-dispersed mixture Q is described in equation [2.16|:

M
Q=(1-ac)Ri+ R+ Rs (kgs™) (2.16)
1

Where R; is the mass rate of chemical reaction (1- dry organic substance) and is described
by:

E
Ry = kip1 @1 exp (-R; ) (kgs™ ) (2.17)

R; (see Equation2.18)) is the mass rate of chemical reaction (2- moisture), & is the coefficient
of radiation attenuation, ¢, is the volume fraction of condensed phase, 7 is the temperature
of the solid phase and Ej is the activation energy.

E
Ry = kopa oY T~ exp (— 2

o7 ) (kgs ™) (2.18)

Rj is the mass rate of chemical reaction (3- condensed pyrolysis products) and is described
by equation [2.19}

E _
Ry = kap@3sfci exp (—R; > (kgs™1) (2.19)

Where c; is the mass concentration of the density of oxygen and s is the specific surface of
the forest fuel.

Morvan [30] described the physical behaviour and the propagation of a small-scale surface
fire in a pine needles litter. Flames exhibit three-dimensional behaviour, but their study is
often limited to a two-dimensional configuration because the width of many propagating
fires in nature is more critical than their depth. This study uses a model based on a detailed
physical approach, considering the conservation equations (mass, energy, and momentum)
of the system formed by the litter and the surrounding gas mixture.

The authors refer to the mathematical formulation in the solid phase where the reaction rate
of water (combustion) is described in equation [2.20
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i kn,o Eno 3
®H,0 = T;PsasYIfIZOeXP (‘ R; ) (kem™s™) (2.20)
S S

Where YI—S120 is the mass fraction of moisture content, p; is the density of the solid phase,
ay is the volume fraction of the solid phase, T is the temperature of the solid particles and
Ep,o 1s the activation energy. The study reveals that the propagation of a surface fire is
predominantly governed by radiative heat transfer and that the increased flow of fresh air
can accelerate the propagation velocity of a smaller fire.

Porterie, Morvan and Larini [30, 131, 132]], presented a 2D multi-phase radiative and reactive
model of line fire propagation of thermally thin cellulose particles which takes into account
the hydrodynamic aspects of the flow and the basic physic-chemical procedures of thermal
degradation such as heating, drying, pyrolysis and combustion using first-order Arrhenius
kinetics.

Under the assumption that the fuel particles are thermally thin, i.e., the temperature through-
out any solid particle is uniform while it is being heated, the solid-phase heat conduction
equation reduces to[2.21

or ) ) )
akpkcp,kg — _ml’erPyr _ mcharLchar o mHzoLHQO 4 [Qcond] 4 [Qrad] + [Qﬂame]lgf (221)

Where C,  is the specific heat of solid phase k and the subscript Igf refers to the interface
of gas fuel bed, [Qcong refers to the conductive-convective energy flux between the gas and
the solid phase k, Q;.q represents the radiative heat flux between particles of the same phase
k and Qgame refers to the radiative energy flux from the flame to the particles at the top of
the fuel bed. Finally, a two-dimensional multi-phase radiative and reactive model for line
fire propagation was developed, addressing hydrodynamic flow aspects and basic physico-
chemical processes like heating, pyrolysis, drying and combustion by employing first-order
Arrhenius kinetics.

Grishin [33] suggested that the mass rates due to drying, pyrolysis and char combustion can
be extracted from the following Arrhenius-type laws:

H,

%0 = 6 % 105T*0'5pk Oakpk exp (—6000)

1)

. 9400
mP" =3.63 % 104T_O'5plfy aPr €Xp (—Tk>

1
mchar — _430Akp02 exp (_w>
51 Ty
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Where p,f " and p,? 20 are the initial percentage of pyrolysis products and the moisture content

of particles of solid phase k and sy is the stoichiometric ratio of the heterogeneous reaction
which is assumed to be in s; = 8/3 because char is considered as pure carbon. The study’s
numerical solution indicates a minimum wind velocity threshold in the forest canopy below
which a fire does not propagate. Moisture content plays a significant role, revealing that in
ventilated forest fuels, radiative heat transfer from an upstream fire front is significantly less
than convective heat transfer.

The Prasad model is notable for its ability to address fire suppression using water mist. This
model is particularly significant because it represents a major advancement in fire suppres-
sion modelling by incorporating water mist as a key factor. Prasad and his co-workers [34]
presented a two-continuum formulation in which the gas phase and the water mist are both
described by equations of the Eulerian form. In their model, they adopted a sectional water
mist model in which the entire droplet size domain is divided into discrete sections, and track
only one integral quantity within each section. They considered a two-continuum formula-
tion, wherein the gas properties and the droplet properties are each described by equations
in the Eulerian form. This Eulerian-Eulerian form is useful when resolution is desired only
on a scale larger than the average distance between the droplets.

In this approach, the droplet properties are treated as if they were continuous in the domain
of the gaseous properties. The droplet property at a point in space and time represents the
average value over many droplets in the neighbourhood of that point. The size distribution of
the spray droplets can be described by the concentration of discrete droplets of various sizes
per unit volume of fluid n (x, y, ) as a function of spatial coordinates x, y and of time t where
i =1,2,... The magnitude of the integer i represents the total number of discrete droplet sizes.
The vaporisation process can be described by a set of coupled differential equations for the
concentration of the discrete droplet sizes (see Equation2.22)):

on; on; on; )
5’ +uz,ia—xl ‘|‘Vl,i@l =—En;i+Eiiniv1, i=1,2,... (2.22)

where u;; and v;; are the x and y components of the velocity vector of the i droplet size
and E; is the frequency of the molecule evaporation.

Since the total number of droplet sizes needed to simulate actual water mist sprays can be
immense, sectional conservation equations have been developed. This method is based on
dividing the droplet size domain into sections and dealing only with one integral quantity
in each section. This sectional representation has the advantage that the integral quantity
is conserved within the computational domain and the number of conservation equations is
substantially reduced to equal the number of sections. They divided the entire droplet size
domain into M arbitrary sections, and defined Q; to be an integral quantity of the spray with
the j* section. Thus the quantity of the spray is described in equation
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v
Qj:/j vadv, j=1,2,....M (2.23)
v

j—1

where n(v,t) is the number concentration function and v;_; and v; denote the volumes of the
smallest and largest droplets, respectively, in section j.

The governing equations are rewritten in terms of finite-volume approximations on an Eule-
rian mesh and solved numerically for specific boundary and initial conditions. A complete
solution to these governing equations requires solving the terms for each of the individual
processes, as well as accounting for the interaction among the processes.

Lee and his co-workers [35]] examined the effects of water addition on the fundamental com-
bustion characteristics of a counter-flow flame. The authors showed that with water addition
the yellow luminous zone of a non-premixed flame is reduced instead of the blue zone that
is extended. The term blue zone describes the zone that has the maximum flame temperature
and therefore primary combustion occurs instead of the yellow zone where soot precursors
are formed. This observation is supported by the fact that with more enhanced water addi-
tion (H,O), OH radicals attack and oxidise soot precursors like acetylene. However, they
had some discrepancies between the computation and experimental results of the maximum
flame temperature due to the conductive and convective heat losses. Therefore, they consid-
ered only the radiation heat losses for their experiment.

2.2 Firefighting Foams

2.2.1 Introduction

Firefighting foam is perfectly suitable for suppressing fires. It consists of a premix solution
(a ratio of water and concentrated foam) mixed with air. It forms a stable layer of foam that
spreads over the fuel and adheres to burning surfaces. Some types of foam, form a blanket
over the surface of the fuel and seal the vapors. Firefighting foam can prevent the fuel’s
contact with oxygen, resulting in fire suppression. It also has a high cooling effect and will
prevent re-ignition of the burning material.

Types of Foams:

Firefighting foams can be divided into two very large categories: These categories corre-
spond to the types of fuels for which the foams have been designed.

2.2.2 C(lass A Foams

Class A foams were developed in the mid-1980s specifically for combating wildfires [36].
They consist of a biodegradable mixture of foaming agents and and do not con-
tain fluorinated chemicals, making them environmentally sustainable and non-toxic. Class
A foam is 99 % water. The foam increases the efficiency and effectiveness of water as a
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fire extinguishing agent [36]. The mechanism by which Class A foams extinguish fire, pri-
marily involves the absorption of heat energy, thus facilitating the phase transition of water
molecules to steam. This is the same process that makes water a promising extinguishing
agent. However, the introduction of foam enhances the surface area relative to mass, which
may allow the liquid to convert to steam more rapidly [36]. Class A foams act as insulating
blankets on class A fuels, which help to form a vapour barrier between the burning fuels and
oxygen [37]. Class A fuels are materials that involve ordinary combustibles such as wood,
paper, cloth, rubber, and some plastics. These materials are commonly found in most envi-
ronments and require water-based extinguishing agents like foams for effective suppression
[37].

Class A foams have physical characteristics that vary depending on the method of generation.
These characteristics are influenced by a range of variables such as the concentration of the
foam solution, the type of foam concentrate| used, hose length, nozzle design and aeration
technique. Typically they are classified into three broad categories based on their physical
state: wet foam, fluid foam and dry foam [10, 36]].

Wet foam is defined by its smaller bubble size and lower expansion ratio, due to the reduced
incorporation of air, leading to fast [drain time| These kinds of foams are good for initial fire
suppression, overhaul and penetrating deeply embedded fires [10, 136} 138] . It can range from
an expansion ratio of 1:1 (no expansion) to 5 <: 1 [39].

Fluid foam features medium to smaller bubbles and moderate drainage times. It is good
for direct attack of the fire as well as protection against exposure, and mop-up operations
[10L 36]. The range of the expansion ratio of this foam is 5:1 to 10:1 [39]. Fluid foam can
also release the liquid solution more rapidly than dry foam but holds its shape and adheres
better than In that case, fluid foam has the potential to be better at cooling and

wetting than [8]].

Finally, dry foam, characterised by a high expansion ratio, resembles shaving or whipped
cream. These foams are different due to their slow drainage times and their capacity to
maintain structural integrity for longer periods. This provides good exposure protection and
the ability to cling to vertical surfaces over extended periods [10, 36, 38]]. The range of this
foam is 10:1 or greater [39]. This form of foam is suitable for class B fire scenarios. On the
other hand, its opposite structure which is the wet foam, exhibits lower expansion ratios and
shorter drainage times, with its increased water content which may result in more effective
fire suppression [39].

When mixed in the right proportions with water, Class A foam will mainly alter two prop-
erties of the liquid. First, it increases its wetting efficiency, allowing for greater penetration
into Class ”A” fuels. Second, it imparts a foaming ability to water, allowing it to adhere
to both vertical and horizontal surfaces without ”beading up” [36]. Thus, water can absorb
more heat.

In recent years, there has been increased research interest in Class A foams due to the chal-
lenges in evaluating the potential effects of fluorinated firefighting foams on human health
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and the environment [40, 41,142, 43| 44]].

2.2.3 Class B Foams

Class B foams are designed for extinguishing fires involving flammable liquids (classified
as Class B fires) and are categorised as fluorinated or fluorine-free [45]. Fluorinated foams,
such as aqueous film-forming foams (AFFF), contain various amounts of Per- and Polyfluo-
rinated Substances (PFAS) and have raised concerns about their potential long-term negative
effects on human health and the environment [43, 46]. As a result, there has been an in-
creasing effort to identify alternative foams that are safer to use. In comparison to Class A
foams, Class B foams have a high biochemical oxygen demand (BOD), meaning they require
large amounts of oxygen to biodegrade. When these foams enter aquatic environments, they
can lead to reduced oxygen levels and asphyxiation of organisms [47]. Understanding the
biodegradability and toxicity of firefighting foams is of vital importance, as their compo-
sition plays a significant role in their environmental impacts. However, this information is
usually proprietary and available from the manufacturer.

Main difference between Class A and Class B Foams:

The main difference between Class A and Class B foams is their intended use and the types of
fires for which they are designed [36]. Class A foam concentrates typically range in percent-
ages between 0.1% and 1.0%, whereas Class B foam concentrates are in higher percentages
ranging from 3% to 6%. For example, using 0.3%, 1,000 gallons of Class A foam can be
produced with just 3 gallons of Class A foam concentrate and 997 gallons of water [36]. In
contrast, an equivalent amount of Class B foam at 3% would require 30 gallons of Class B
foam concentrate and 970 gallons of water, resulting in a higher production cost. Thus, Class
A foams provide a more economical solution while maintaining high performance.

The fundamental difference between a Class A foam and a Class B foam lies in the way that
they interact with the burning fuel. A Class B foam is designed to repel carbon and form a
film over the liquid, which suppresses the vapours that are burning [48]. In contrast, a Class
A foam penetrates the fuel and combats the fire by cooling the surface, displacing oxygen,
and separating the fuel from the heat source. Class A foams are designed for extinguishing
fires involving common fuels such as wood, paper, fabric, and other solid materials [36]. One
of their main characteristics is that they reduce the surface tension of the water, allowing it to
penetrate and cool the combustible material [36]. Also, foam creates a layer that contributes
to the extinguishing of the fire due to the suppression of oxygen. Class A foams are typically
used in structural firefighting, wildland firefighting, and some industrial applications [43}49].

Class B foams, on the other hand, are designed for extinguishing fires involving flammable or
combustible liquids, such as gasoline, diesel fuel, and oil [46]. This type of foam also forms
a white that floats on top of the fuel and suppresses the release of flammable
vapours, thus preventing the re-ignition of the fire. Class B foams are typically used in
industrial and petrochemical firefighting, in aviation firefighting, and in other applications
where flammable liquids are stored or transported.
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2.2.4 Expansion of Foams

Firefighting foams are classified into three categories based on their expansion ratio. These
are low, medium, and high expansion foams [2].

[Cow expansion foam| (see Figure [2.4) is typically used for large hydrocarbon fires, for ex-
ample in storage tanks and retention basins. This type of foam has a higher density allowing
the use of long-range nozzles with hoses or monitors. Regardless of weather conditions,
low-expansion foam is the least sensitive to atmospheric conditions. It is stable and provides
strong coverage of the burning fuel. Also, it possesses low viscosity and high water content
ensuring significant additional cooling [50].

Figure 2.4: Low Expansion Firefighting Foam [2]].

[Medium expansion foam| (see Figure [2.5)) is used for smaller surfaces, such as solvent stor-
ages and cellars, typically in enclosed or semi-enclosed spaces where the spreading is lim-
ited. Medium expansion foam can be sprayed to a height of about ten meters. This foam is
sensitive to wind and adverse weather conditions due to its low density [51]].

[High expansion foam|(see Figure[2.6)) is preferably used for fires of dry products or in spaces
where there are mixed hazards, such as stores and warehouses. This type of foam is typically
applied in large, enclosed spaces where strong winds will not affect the foam’s utility and
where internal positions are hard to access [52].

The expansion ratio of the foam represents the ratio of the foam’s volume to the volume of
the foam solution used to create it. [53]]. Equation [2.24] depicts the expansion ratio of the
foam.
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Figure 2.5: Medium Expansion Firefighting Foam.

Figure 2.6: High Expansion Firefighting Foam.
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. . Volume of Foam Produced
Expansion Ratio = - (2.24)
Volume of Foam Solution Used

Foams can be mainly classified as either dry or wet according to liquid content as illustrated
in Figure which may be represented by liquid volume fraction ¢ [54]. The expansion
ratio is related to the volume fraction by ¢ ~!'. The gas volume fraction is represented by the
equation [2.25] while the liquid volume fraction is represented by equation [2.26}

VOlgas
= 2.25
¢gas VOlfoam ( )
vol.liquid
¢11qu1d - m =1- (pgas (2.26)

Engineers define the 1 — ¢g, as the foam quality. When @gas ~ 0.65 then the foam is char-
acterised as wet whereas when @g,s ~ 0.99 the foam is characterised as dry [3]]. The critical
value of @,5 where bubbles begin to deform is around 0.72.

Table lists the foam types that can be made by altering the amount of air and/or foam
concentrate to produce the final foam.

Type of Foam Appearance Bubble Size Texture Drain Times
Foam Solution Clear to milky Lacks bubble structure Mostly water -
fluid
Wet Foam Watery Large to small bubbles Lacks body  Fast
Fluid Foam Similar to wa- Medium to small bubbles Flows easily Moderate
tery  shaving
cream
Dry foam Like a shaving Medium to small bubbles Mostly air Slow
cream

Table 2.1: Characteristics of foam solutions [lI0)].

All foam types may be effectively used for both active and passive suppression of fire [S3]].
The type of foam generated for wildfire applications depends on the intended use. More
specifically, its consistency or appearance is usually referred to as being either “wet” or
”dry” foam. These two terms have less to do with the actual water content in the foam and
more to do with how they visually appear when discharged [56].

A ”wet” foam looks runny and does not hold much of its shape. This kind of foam is just the
opposite of dry foam, but the greater water content may result in better fire extinguishment
[39]. On the other hand, a ”dry” foam holds its shape and has a thicker-looking consistency
more like a shaving cream. Dry foams are often used to build a firebreak. National Fire
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Figure 2.7: Picture of the foam that persists 2 h after shaking an aqueous solution
containing 5% sodium dodecyl sulfate. The bubble shapes are more polyhedral
near the top, where the foam is dry, and more spherical near the bottom, where
the foam is wet. The average bubble size is ~2 mm. [3)]
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Protection Association (NFPA 1145) [39] suggests that to tackle a fire-ground scenario, a
wet type of foam should be applied to wet the material and follow up with dry foam to
blanket the exposure.

2.2.5 Foams vs Plain Water

Plain water has limitations in effectively cooling and penetrating burning fuels due to its high
surface tension of 72mN/m [57]. This property causes water to form into droplets, which
can roll off the surface of fuels, reducing its ability to absorb heat.

Compared to standard hydrocarbon fuels, water is heavier and when applied directly to them,
will submerge and have little or no quenching or vapour suppression effect [S8]. Addition-
ally, if the fuel temperature exceeds 100 °C, the water will boil and potentially spread the fire
by expelling it out of the container [S9].

However, controlling a fire can be achieved by reducing or eliminating one of the three
components required by the combustion process (see Subsection [2.5.2)). Water can help
achieve this by reducing the available oxygen to the fire when it turns to steam and dilutes the
air [60]. Nonetheless, using excessive amounts of water on fuel can create more problems,
especially when fuels with lower density than water float to the top and continue to burn.

In this study [61] Class A foam was found to be faster than plain water in fire suppression
and extinguishment. Direct and indirect attack was used to evaluate the effectiveness of
compressed air Foam systems (CAFs), Class A foams and water. The is the
most widely common technique where water is used at the base of the fire to suffocate it.
On the other hand, an indirect attack on a fire involves applying suppression tactics that take
place away from the burning edge of the fire [62].

Firefighting foams, unlike water, can extinguish a wildland fire by combining cooling and
suffocation mechanisms (see Subsection while separating the ignition source from the
fire’s surface. Finished foam alters the properties of water, creating a lighter extinguishing
agent than flammable or combustible liquids. By forming a foam blanket, bubbles adhere
better to fuels and gradually release water, thus wetting fuels for a longer period than water
alone [8,163]]. Thus, foam can both affect the oxygen from the fire triangle (see Figure [2.12)
as well as the heat compared to plain water where it only focuses on removing the excess heat
of the burning material. This change in physical properties gives firefighters an advantage in
controlling fires by creating a barrier on top of the fuel.

However, it is still the water that makes the foam perform better in extinguishing fires. Every
fire has a critical application rate which means that in each scenario there is a minimum
amount of water that must be applied to extinguish the fire. This applies to the foam as well.
Figure [2.§] suggests that both water and foam become more effective in reducing the time for
fire extinguishment as more of the product is applied.

Firefighting foams can save water [64} 65] through their ability to spread more easily over
the surface of the fuels creating a barrier that cools the fire and achieves better performance
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Figure 2.8: Critical application rate. [4|]

with less water.

2.3 Foam Destabilisation Mechanisms

2.3.1 Introduction

Firefighting foams are a critical tool for suppressing fires due to their stable structure that
covers the fire and prevents the vapour release of the burning material. However, the foam
can be easily destabilised by certain conditions, thus decreasing its fire suppression capabil-
ities.
The foam is destabilised by three major mechanisms [} 66]:

* Foam drainage

* Bubble coalescence

* Bubble coarsening

The three destabilisation mechanisms are very interdependent and can accelerate one an-
other.
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Figure 2.9: Foam destabilisation mechanisms. (a) liquid drainage due to gravity,
(b) coalescence between two bubbles and (c) coarsening of the bubbles due to
Laplace pressure [3)]
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2.3.2 Foam Drainage

Foams are inherently thermodynamically unstable due to their high interfacial free energy
[67]], resulting in liquid drainage and bubble coalescence over time (see Section [2.3). The
stability of foam is commonly characterised by the time required to lose either 50% of the
liquid or 50% of the volume from the foam [68]].

Foam drainage is the process of gas and liquid separation by which the liquid within the foam
structure drains out due to forces induced by gravity [69,[/0]. Foams, (see subsection [2.2.1])
consist of gas bubbles that form a white-rich blanket to cover a spill or a fire. As time passes,
the foam blanket begins to degrade [71]. The drainage rate is based on how long it takes for
the liquid to be drained out out of that foam blanket. During foam drainage, the foam quality
decreases with time, and has an impact on foam’s rheology [69, (72, [/3]. However, drainage
does not make all the liquid drain out of the foam [74]. This phenomenon is explained by
the equilibrium state that is already obtained, implying that there is a liquid layer that is kept
at the bottom of the foam. The length of that layer is represented by equation

Y
(=" (m (2.27)
peD (m)
where ( is the length over which the liquid fraction (see Equation [2.26)) varies from 0.36 to
0.18 (p is the surfactant solution density and 7 is the surface tension [74]].

Moreover, foam drainage is closely related to the dynamics of foams [75 [76l]. A short
drainage time tends to indicate a more vulnerable foam as it loses its water content quickly
and renders it unsuitable to high-temperature flame and hot surfaces [77]. Foams with long
drainage times, are referred to as being of good quality thus suppressing fires more effec-
tively [78]. The mechanism of the foam decay depends on the liquid volume fraction, the
types of surfactant and the foam films separating the foam cells [79]. Foam drainage is the
main factor that affects as liquid flows down from the top to the bottom of
the foam due to gravity, leading to a thinner and less stable foam as its films have a higher
chance to break and coarsening occurs at a faster rate.

2.3.3 Bubble Coalescence

Bubble coalescence refers to the process where the films separating bubbles, progressively
thin and eventually rupture as foam drainage takes place [80]. Langevin and his colleagues
[80]] observed that coalescence in foams occurs when certain critical values such as liquid
fraction, bubble sizes and applied pressure are reached. However, it is challenging to differ-
entiate those mechanisms due to their interconnected nature and constant changes over time
due to drainage. The progressive thinning of the foam, results in the breaking of smaller
unstable bubbles to form larger ones (see Figure2.9p) [5, [7]. The coalescence of the gas
bubbles leads to foam destabilisation, as larger gas bubbles tend to be less stable than their
smaller counterparts [81]].
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Bubble coalescence can also be induced by external factors such as evaporation or applied
pressure, which aids in overcoming the disjoining pressure barrier. In the case of foams,
evaporation plays a significant role as it causes film thinning and reduces the liquid content
within the foam, thereby increasing capillary pressure [82]. In foams, there is a maximum
capillary pressure p"®* at which liquid film ruptures [83]]. As this value becomes high, the
film is more stable. Capillary pressure is the difference in pressures between two distinct
phases, that arises from the surface or interfacial tension [84]. This is typically described by

the Young-Laplace equation and is given by:

P="T (pa (2.28)

Where:
* P is the capillary pressure,
* 7yis the surface tension of the liquid,
* R is the radius of curvature of the bubble interface.

Hinnant and his team [71]], observed bubble coalescence in the context of foam degradation
with fuels like n-heptane. The bubbles underwent sudden rupture of the separating
them, leading to coalescence into larger bubbles. They also noted that bubbles farther away
from the interface of the foam grew larger but at a much slower rate than those close to the
interface. Finally, they found that as the temperature of the fuel was raised, it led to increased
coalescence by forming larger bubbles, which in turn enhanced liquid drainage in the foam.

In a recent study, Qiu and his co-workers [85]] explored the dynamics of bubble coalescence
in firefighting foams, particularly focusing on the interaction between aqueous foams and the
presence of hydrocarbons. The fire extinguishing performance of foams with different inter-
facial states was evaluated in pool fire tests, depicting that liquid foams with mobile films
spread faster over the burning fuel, whereas those with rigid films were better at suppressing
fuel combustion.

Ultimately, coalescence within foams represents a detrimental process, typically occurring
at a specific liquid fraction. This process is further influenced by factors such as surfactant
concentration and environmental conditions.

2.3.4 Bubble Coarsening

Bubble coarsening in foams, often referred to as Ostwald ripening [[86], happens when small
gas bubbles merge into larger ones, which are less stable due to thinner film [81]. Coars-
ening can lead to an increase in the average bubble size over time (see Figure 2.9c)). This
phenomenon occurs because smaller bubbles have higher internal pressure due to their cur-
vature (Young-Laplace equation), thus leading to a higher stability of the gas inside the
bubbles. As a result, gas diffuses from smaller to larger bubbles through the liquid film.
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The type and concentration of surfactants used to generate the foam as well as the tem-
perature, and the presence of various additives can significantly affect bubble coarsening.
Surfactants are used to slow down this process by reducing the surface tension and thus the
pressure in the bubbles.

Ping et al. [87] focused on the effect of temperature on the stability and film thinning
behaviour of class B foams (aqueous film-forming foam) (AFFF). Their study shows that
as temperature increases, there is a significant difference in foam morphology over time.
More specifically, there is a transition from a three-dimensional elliptical shape to a two-
dimensional polygonal structure, which occurs faster at higher temperatures. This indicates
that bubble coarsening is accelerated at higher temperatures, thus reducing foam lifetime.

At lower temperatures, coarsening is driven by Laplace pressure [88]. However, at higher
temperatures, coarsening is not only driven by the Laplace pressure but also by bubble film
breaking under high temperatures [88].

2.4 Foam Stability

2.4.1 Introduction

Foam stability refers to the ability of a firefighting foam to maintain its structure and remain
effective over an extended period. In other words, the foam bubbles can maintain their
integrity and properties over a specific amount of time. For a firefighting foam to be effective,
it must maintain its initial structure long enough to create a barrier between the burning fuel
and the air, thus smothering the fire and preventing it from re-ignition. Foam stability is often
tested in the laboratory under controlled conditions, where the foam’s resistance to breaking
down, shrinking, or dissolving over time is measured.

2.4.2 Foam Film Stabilisation

Surfactants are essential for foam film formation and stabilisation. Based on the hydrophilic
part of the molecule, surfactants can be non-ionic, cat-ionic, anionic or zwitter-ionic [89].
Their purpose is to lower the surface tension of the liquid, allowing bubbles to form more
easily [90]]. Surface tension gradients can stabilise films through the Marangoni effect. This
phenomenon involves the flow of liquid from areas of low to high surface tension, which can
reinforce thinning areas of foam films. Figure[2.10]shows the foam where the polar
head groups of the surfactant are oriented in the interior of the film, while the non-polar
tails head toward the gas phase. If the area of the liquid film is expanded, the surfactant
concentration will decrease in the expanded area as shown in Figure This expansion
causes a rise in local surface tension that provides resistance to further expansions thereby
initiating surface contraction. As a result, this contraction prompts fluid movement towards
areas where the film is thinner, counteracting film weakening. This is called the Gibbs-
Marangoni effect.
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Figure 2.10: Foam film [6]]

Ping et al. [87] describe the Marangoni effect as a phenomenon linked to marginal regen-
eration. This marginal regeneration facilitates the movement of liquid between thicker and
thinner areas at the film boundaries. This movement helps to make the film thickness equal
and mitigates thinning, effectively stabilising the foam film.

Yu et al. [91] linked the fire extinguishing performance to the foam film stability. Fluorinated
foams, with more stable films, exhibited better fire-extinguishing capabilities and burn-back
performance. The fluorocarbon surfactants reduce the surface tension of the foam system,
thus slowing down liquid drainage and reducing the rate of bubble coarsening. This leads to
the formation of more stable foam films. Foams that have high stability, can resist bubble
coalescence and collapse, thus prolonging the foam half-life [68].

2.4.3 Bubble Size Distribution

Bubble size distribution is closely related to foam stability, as the foam has the trend to self-
organise into different structures, principally to minimise the surface area [5]. Smaller and
more uniform bubbles increase the foam’s surface area [92, 93], thus enhancing its ability to
create oxygen barriers and cool down the fire area, leading to more efficient fire suppression.
However, larger or unevenly sized bubbles can reduce foam stability and effectiveness due
to their inherent instability [94]. Those large-sized bubbles tend to coalesce and burst more
rapidly than smaller ones, leading to a shorter lifespan of the foam structure.

Magrabi et al. [95] focused on characterising the bubble size distribution in aqueous foams
generated by compressed-air foam generators (CAFs). They observed that the initial bubble
size distribution in a freshly generated foam with varying liquid fractions, changes as the
foam aged with time. The study found that foam with smaller bubbles exhibited enhanced
foam stability due to reduced drainage.

Bisprenik et al. [96] explored the relationship between bubble size distribution and various
foam characteristics. Their study revealed that smaller and more uniform bubbles contribute
to increased foam stability, primarily due to reduced gas diffusion and decreased drainage.

In the study by Yekeen et al. [7]], the influence of nanoparticles on foam stability was exten-
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sively investigated at both bulk and bubble scales. They explored the effects of silicon oxide
Si0, and aluminum oxide Al,O3; nanoparticles on the stability of sodium dodecyl sulfate
(SDS) foams. Their findings indicated that the addition of nanoparticles at a concentration
of 1 wt% significantly improved foam stability. Specifically, the presence of nanoparticles
led to smaller and more numerous bubbles, indicating a reduction in bubble coarsening and
coalescence. This improvement was attributed to the adsorption and aggregation of nanopar-
ticles at the foam lamellae, which increased the film thickness and enhanced the foam’s
dilational viscoelasticity. In the absence of nanoparticles the bubbles were larger and fewer
(see Figure [2.T1), indicating a high rate of bubble coarsening and coalescence.

The enhanced foam stability was observed to be dependent on the hydrophobicity of the
nanoparticles, with modified silica nanoparticles demonstrating superior performance com-
pared to hydrophilic silica and aluminum oxide nanoparticles. This was evidenced by the
increased half-life of foams and the finer, more stable bubble structures observed in the pres-
ence of nanoparticles.

Figure 2.11: Foam images of SDS-stabilized foam (without NPs) (a) immediately
after generation and (b) 60 min after generation [[7)]

The histograms of bubble size distribution further confirmed these observations, depicting a
clear difference in bubble size and quantity in the absence of the NPs.

Politova et al. [97]] found that the properties of the surfactant solutions in foams, such as
viscosity and surface modulus, play a significant role in determining the bubble size distri-
bution. Higher viscosity and surface modulus lead to smaller bubble sizes. Moreover, the
shear rate during the mixing process influences both the rate of foam generation and the size
of bubbles formed.

2.5 Mechanisms of Foam Action in Fire Suppression

2.5.1 Introduction

Fire suppression mechanisms refer to the various physical and chemical processes that are
involved in extinguishing fires. There are several mechanisms by which foam can be used to
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suppress fires, including cooling, smothering, and chemical inhibition.

2.5.2 Cooling

The cooling mechanism is a primary method of fire suppression that involves reducing the
temperature of the fuel below its ignition point. By lowering the temperature of the fuel, the
combustion process is slowed or stopped, and the fire is eventually extinguished.

Cooling can be achieved through a variety of methods, including the application of water,
foam, or other coolants to the surface of the fire [S7]. The cooling effect is achieved by
absorbing the heat released by the fire, which causes the temperature of the fuel to decrease.
The amount of heat required to raise the temperature of a fuel can vary depending on the
fuel’s specific heat capacity, which is the amount of heat required to raise the temperature of
one unit of mass by one degree Celsius.

Water is one of the most commonly used coolants in firefighting, due to its high heat capacity
and availability [98, 99]. When water is applied to a fire, it absorbs the heat released by the
fire, which causes it to evaporate into steam. This process removes heat from the fuel and
cools it, which can slow or stop the combustion process. In addition to its cooling effect,
water can also help to dilute the fuel and reduce its concentration, which can make it less
flammable [[100]].

Firefighting foam can also be used to cool fires. As mentioned in Section foam is a
mixture of air, water, and a foaming agent, and is often used in combination with water to
enhance its cooling and extinguishing properties [101]. When foam is applied to a fire, it
creates a stable layer of bubbles that cover the surface of the fuel [36, [102]. These bubbles
help to insulate the fuel from the heat of the fire, while also absorbing and dissipating heat.
The foam also provides a barrier between the fuel and the oxygen needed for combustion,
which can prevent the fire from spreading.

This ultimately leads to the cessation of the fire as shown in Figure [2.12]

FUEL FUEL FUEL

Figure 2.12: Foam’s action on the fire triangle. [8]
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2.5.3 Smothering

Smothering is another commonly used mechanism for suppressing fires. It involves the use
of a physical barrier to separate the fuel from the oxygen needed for combustion [75, [102].
Firefighting foams are often used to create a thick layer of bubbles that can smother the fire
and prevent it from spreading. The foam can also provide a cooling effect by absorbing heat
from the fire. Another example of smothering is the use of dry chemical powders, which can

extinguish the fire by forming a layer of fine particles that separates the fuel from the oxygen
[1O3].

The effectiveness of the smothering mechanism depends on several factors, including the
type and concentration of the smothering agent, the size and intensity of the fire, and the
duration of the smothering application [[104, [105, 106, [107]. In general, the more complete
the separation of fuel from oxygen, the greater the smothering effect, and the more effective
the fire suppression will be.

2.5.4 Chemical Inhibition

The chemical inhibition mechanism is a method of fire suppression that involves the use
of chemicals to interrupt or prevent the combustion process. This mechanism works by
disrupting one or more of the three elements required for fire which are heat, fuel, and
oxygen.

One commonly used chemical inhibition agent is dry chemical powder [20]. Dry chemical
powders work by interrupting the chemical chain reaction that occurs during combustion.
They do this by creating a barrier between the fuel and the oxygen, which can prevent the
combustion process from continuing. Dry chemical powders can be effective on a variety of
fuels, including flammable liquids, gases, and solids.

Another chemical inhibition agent is halon, which is a gaseous fire suppressant that works by
disrupting the chemical reaction that occurs during combustion [108]]. Halon extinguishes
fires by interfering with the free radicals that are involved in the combustion process. Halon
is effective on a wide range of fires, including Class A, B, and C fires.

Foam can also act as a chemical inhibition agent by adding a film-forming agent, such as a
fluorinated surfactant [63,91]], to the foam solution. The film-forming agent forms a protec-
tive layer on the surface of the fuel, which can prevent the fuel from vaporizing and releasing
flammable gases [[109,|110]. This can help to reduce the fuel’s concentration and prevent the
fire from spreading. However, it has been observed that fluorinated (or polyfluorinated)
surfactants exhibit detrimental environmental effects due to their persistence, potential for
bio-accumulation, and toxicity [46, [111].
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2.6 Mechanisms of NPs in Fire Suppression

2.6.1 Introduction

Nanoparticles (NPs) are materials with overall dimensions in the nanoscale, under 100 nm.
Incorporating NPs into foams, clothes, and many other materials, can transform them to
become more resistant to fires, thus creating a safer environment. Several different mech-
anisms by which NPs affect fire suppression or fire containment have been highlighted by
researchers in the field.

2.6.2 Heat Absorption

The physical mechanism involves heat absorption during the thermal decomposition of the
material, thus reducing the flame temperature [[112]. Upon exposure to fire, high heat ab-
sorption can occur that reduces the temperature in the outer layer of the material, providing
active protection from burning [[113}[114)]. Rabajczyk et al. [113]] mention in their study that
nanotechnology-based solutions, particularly the use of inorganic NPs like silica and metal
oxides, are increasingly being incorporated into firefighting tools and extinguishing agents
to enhance their efficiency. These innovations can lead to faster fire extinguishing, greater
efficiency and lower heat transmission. However, this depends on the selection of NPs and
their effect on the firefighting foams as well as their impact on the environment and human
health.

NPs have a high surface area-to-volume ratio, which allows them to better interact with the
flame [[112]. This increased surface area, allows more material to interact with surrounding
substances and react at much faster rates because additional surfaces are available to react
[11501116,117,[118]. The surface-to-volume ratio is an essential aspect of reactivity, which is
defined as the rate at which a chemical reaction will proceed. When incorporated as additives
to a material they can absorb heat from the flame and reduce its overall temperature. Latent
heat is defined as the amount of heat that a substance absorbs or releases during a phase
change under constant temperature and pressure conditions [119]. Han et al [119] claim that
the addition of nano-additives can alter the original latent heat of the phase change material,
probably because nano-additives take up space in the new composite solution. Consequently,
the heat required for the material to change its state depends on the combined properties of
the solution and the nano-additives. This change in composition alters how the material
absorbs heat during phase transition.

Jebasingh and Arasu [120], observed that the latent heat in phase change materials with
added NPs (NPs) changes depending on how much concentration of NPs is used. They
mainly found that two key factors play an important role in this process. Firstly, the way
that NPs and the material interact at a molecular level, and secondly, the heat properties of
the NPs that do not involve melting. For composites that have less than 1 % concentration
of NPs, the molecular interactions are what mainly influence the latent heat. However, for
composites with more than 1 % concentration of NPs, the heat properties of the NPs them-
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selves have a bigger impact. Delaying the onset of combustion or reducing the burning rate
can be possible through that mechanism.

This view is supported by Zhou et al. [121] who showed that functional NPs such as silica
could significantly enhance the thermal stability of a firefighting foam due to the absorption
of the external heat radiation. Insulation performance was found to be improved with higher
NP concentrations, which adsorbed the liquid film between bubbles and increased the scat-
tering of the external heat radiation. This heat absorption can cool the flame front line and
surrounding areas of the fuel, making the fire less intense and slowing its propagation.

2.6.3 Free Radical Trapping

Free radicals are fundamental to the combustion process. When a material heats up, its
molecules begin to vibrate from side to side. During these oscillations, some molecules may
break away from the main body of the material. These detached molecules are known as
free radicals. The chemical mechanism primarily focuses on scavenging flame-free radicals
(FFR) such as H- OH- O-, which are responsible for the branching of radical chain flame
reactions [[112, [122]].

The fire is an exothermic oxidation reaction, characterised by a sequence of gaseous free
radical reactions as described below:

H-+0,— HO-+0- (2.29)
O-+H, - HO-+H- (2.30)
HO-+CO — H-+CO, (2.31)

The key radicals responsible for maintaining the combustion chain reaction in the fire are the
hydroxyl (OH-) and hydrogen (H-) [112].

The flammability of a given material strongly depends on the concentration of radicals [[123]].
Radical trapping effectively eliminates the material’s ability to burn [124]].

Jiang et al. [20] showed that particles at the nano-scale with high specific surface area can
absorb a large number of free radicals needed for combustion to quench. More specifically,
the metal iron ion could efficiently capture burning free radicals, thus interrupting the chain
reaction and leading to fire extinguishing. In another study [[125], the simulation results that
decreased burning speed for the flame was attributed to the smaller hydrogen radical pool
that iron could remove. Particles in the nanoscale can act as fire suppressants by scavenging
radicals in combustion reactions [9} [126]. In the study by Sai et al. [127], the free radical
trapping mechanism effectively reduced the peak heat release rate (PHRR) and mass loss
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rate in the resultant polymeric nanocomposites. This indicates that NPs, through their inter-
action at a molecular level, can capture and neutralise the free radicals that are crucial in fire
propagation, thereby reducing the overall flammability of the material.

However, few studies have been published on the suppression characteristics of sub-micron
or nano-sized suppressants in the literature [[126, 128} [129].

2.6.4 Formation of a Protective Layer

During combustion, the material is exposed to extreme heat and undergoes a process known
as pyrolysis, where it decomposes into solid residue (char) and volatile gases [130]. When
NPs are used as additives, they can change this char formation and improve the protective
layer that acts as thermal insulation and a barrier between oxygen and fuel [131,132].

Spencer Umfreville Pickering was a pioneering researcher who in 1907 [[133]], proposed that
small solid particles could stabilise emulsions. The emulsions stabilised by the small par-
ticles have been termed as ’Pickering emulsions.” The solid particles can adsorb onto the
surface of the liquid they are mixed with and create a rigid barrier around the droplets.

In the case of NPs, their adsorption on the interface of the liquids is irreversible [66, 68, 134,
135)]. This makes the NPs difficult to detach from the interface due to high adhesion energy,
thus providing solid properties to the bubble interface [[136]].

The energy, E, required for detaching a particle from the interface is related to both the
contact angle, 6, and the interfacial tension, Yap (135} 1136} [137]. Provided that the parti-
cle is sufficiently small, typically with a diameter less than a few micrometres, such that
gravitational effects can be neglected, the adhesion energy E can be expressed as:

E = nryup(1+cos0)* (J) (2.32)

The very high adhesion energy between NPs and the gas-liquid interface hinders particles’
desorption and deformation of bubbles [[138, [139].

It is important to note that while NPs exhibit a significant energy barrier to detachment due
to the aforementioned relationship, surfactants tend to detach more readily from the bubble
surface under conditions of elevated temperature [140, [141], such as those encountered in
fire suppression scenarios.

Lowden and Hull [[142] showed that iron oxide along with other types of NPs could improve
the flame retardancy of wood by forming a protective layer that induced a ceramic structure
on the material. This can act as a physical barrier that limits the availability of the surround-
ing oxygen to the burning material. Without sufficient oxygen, the combustion process is
slowed or even comes to an end. Zhao and his co-workers [68]] showed that surfactant-NPs
assemble at the bubble surfaces and act as a solid barrier to prevent mass transfer between



CHAPTER 2. LITERATURE SURVEY 34

bubbles. Their research utilised [coalescence] time, the duration until bubbles fully merge, as
a crucial metric for assessing bubble dynamics.

Zhang et al. [143] showed in their study that the fire retardancy effect of the surface layer
increases as the pyrolysis process progresses because the depth of the surface layer increases
as more NPs are accumulated on the surface. Another study [144] indicated that NPs form a
layer that works to create an impenetrable barrier against fire and block the access of oxygen
to the organic components of wood.

Furthermore, most NPs tend to aggregate once they are hydrated [[145]]. The NPs aggregate
easily because they have a large ratio of surface area to volume (due to the small particle
size); therefore, possess high surface energies and consequently create an aggregate form to
minimise these surface energies [146]]. This aggregation form can ultimately lead to the form
of a close protective layer so that the thermal stability is increased [147, [148]]. Tang et al.
suggested that under thermal radiation, there is a dense protective layer that is provided by
NPs on the surface of the alcohol-resistant foam that improves its anti-burning capability.

2.6.5 Enhanced Foam Stability

Many studies have indicated that NPs (NPs) can improve the foam stability of foam solu-
tions [149] [150, 151} [152]. Foam stability is the most important parameter of firefighting
foams, as it can directly affect the fire extinguishing efficiency. The aspect of foam stability
is extensively discussed in section 2.4, which highlights the concept of foam stability and
various factors influencing it. One of the main characteristics of NPs is that they improve
foam stability by their adsorption and aggregation at the foam lamella to increase film thick-
ness and dilational viscoelasticity [7]. According to a similar study [[153], NPs can improve
foam stability, owing to their accumulation at the foam lamella and plateau boundaries.

NPs can also improve the longevity and structural integrity of firefighting foams which cor-
relates with foam stability [88] (147, [121] . In this way, the foam can maintain a stable and
consistent barrier between the fire and the fuel source.

Enhanced foam stability is essential in firefighting since foams collapse rapidly and fail to
maintain the necessary barrier to extinguish fires [47, [121]. NPs can inhibit foam drainage
and prevent gas diffusion between bubbles, thus enhancing the stability of foams [66, (70,
135, [154]]. Sheng et al. [155], studied the enhancement mechanism of NPs on the foam
stability of a mixture with surfactants. They found that with increasing NP concentration,
the foam stability was enhanced but the foaming properties were weakened. In conclusion,
NPs can have a great influence on the properties of foams. This enhanced foam stability can
be crucial for fire suppression, showing that NPs can enhance firefighting methods, making
them more efficient.
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2.6.6 Surface Tension Reduction

NPs can modify the surface properties of foams by reducing their surface tension [7, [70].
Generally, a lower surface tension, means that the foam can spread more effectively over
surfaces, ensuring a better and more uniform coverage. This is particularly important in
penetrating narrow spaces which is essential in firefighting to cover as much area as possible.
The surface tension affects foam in two obvious ways, though they are the same thing [156]].

* The energy needed to increase the surface area A is ¥ %—f so a low Y means more foam
for less energy.

* The pressure inside a foam of radius R that leads to its eventual collapse is %Y

Consequently, a foam with the lowest surface tension achieved is going to create a more
enduring foam.

Both the contact angle of particles and the interfacial or surface tension are factors that
influence the equation for the adhesion energy [2.32][149] [157].

Foam stability is increased as the contact angle is decreased to 0°. The contact angle is es-
tablished by the balance of the adhesive force (the liquid maintaining contact with the solid)
and the cohesive force inside the liquid (both the internal cohesive force and the force of
surface tension). An increase in adhesive force between the liquid and the solid or a decrease
in the cohesive force (surface tension) within the liquid will result in greater wettability and
a smaller contact angle [158]. However, based on this study by Yekeen et al. [7], NPs will
adsorb more surfactant molecules at higher concentrations, thus increasing the surface ten-
sion of the foaming solution by reducing the free surfactant available in the bulk aqueous
phase. Therefore, foam generation reduces with increasing NP concentration. This indicates
a complex interaction between NPs, surfactants and other ingredients about their combined
effect on foam properties, highlighting the need for a balanced approach in optimising the
concentration of NPs to ultimately optimise the foam’s performance.

2.6.7 Smoke Suppression

The smoke released during fire poses severe risks to people as well as the environment [[113]].
Apart from the improved visibility that smoke suppression can offer, smoke contains also a
variety of unburnt, partially burnt and fully pyrolysed materials [159]. Smoke suppression
can reduce the quantity of these flammable compounds which can significantly contribute to
the growth of the fire [160, [161].

Zhang et al. [162] showed that foam induced with NPs not only reduced the combustion
sustain time from 520 sec to 211 sec but also decreased the peak heat release rate from
117 kW/m? to 58 kW/m? and decreased the peak smoke production rate from 0.084m> /s to
0.0049m? /s, indicating good fire retardant properties and smoke suppression.

NPs can decompose to produce non-combustible gases and block the smoke released at high
temperatures [163] [164, (165, [166]. Fu et al. [166] showed that bamboo wood filled with
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NPs inhibited the release of combustible gas and smoke as well as isolating the oxygen from
outside. Smoke suppression is not only beneficial for visibility and toxicity concerns but can
have a huge impact on the fire’s dynamics since smoke can carry combustible materials to
new locations and ignite more fires [167]].

The exact mechanism has not been yet elucidated, however, a probable explanation seems to
be that carbon resulting from fuels’ degradation, is deposited on the oxide that is produced
by the decomposition of metal hydroxide and then, this is volatilised as carbon dioxide,
releasing no smoke [[168}, (169, 170, [171]].

2.7 NPs as Foam Additives

2.7.1 Introduction

NPs, which are known for their unique physico-chemical properties due to their nanoscale
dimensions, have emerged as promising additives to improve the performance of firefighting
foams. The inclusion of NPs can modify the foam structure and change their interaction
with burning materials. The biggest challenge with the use of NPs is that we know very
little about the effects on the health of the individuals who come across these materials or
generally in the environment. However, as Paracelsus (1493-1541) said, ‘No substance is a
poison by itself. It is the dose that makes a substance a poison’ [172]]. Exploring the role of
NPs as foam additives can broaden our understanding of fire suppression mechanisms and
provide new firefighting solutions for the future.

2.7.2 Effect of NPs Size on Foam Properties

The effect of NPs size is a crucial parameter when used as an additive. Small particle size re-
sults in a high surface-area-to-volume ratio, which facilitates interactions with various types
of chemical species, both aqueous and gaseous [173]]. Controlled NP size and compatibil-
ity with foam are essential for improving thermal stability and flame-retardant properties.
When used either alone or in combination with conventional fire retardants, NPs reduce the
ignitability of wood. The high surface area and nano-size of nanomaterials make them more
effective at low concentrations than other conventional compounds, providing enormous in-
dustrial and economic advantages [[174]. As the particle size decreases, more particles can
be adsorbed at the gas—liquid interface to make the films more stable [[144, 147, 175, [176].
Generally, a lower particle size indicates that NPs may easily collect sufficient oxygen to
combust [177]. This happens because the number of surface atoms/molecules increases sig-
nificantly and that leads to a significant reduction of the activation energy (see Equation
2.14).

The effect of the size of silica NPs on the foaming capability and thermal stability of a foam
extinguishing agent has been studied [[147], showing that the addition of silica NPs reduced
the foaming capability of alcohol-resistant foam but increased the thermal stability of the
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foam. Silica provided a dense protective layer on the surface of the foam, improving its anti-
burning capability. The smaller silica NPs were readily adsorbed at the gas-liquid interface
to make the lamella thicker, increasing the viscosity of the liquid and overall foam stabil-
ity. When the foam was heated, the adsorbed silica NPs readily aggregated at the surface,
increasing the rigidity of the lamella and creating a more stable film with high-temperature
tolerance. The silica powders with small sizes had high interfacial energy, readily adsorbing
at the bubble surface to reduce interfacial energy, and thus, the surface tension of the bubbles
in the foam decreased.

However, to ensure NP stability, the particle size must remain consistent. Aggregation to
larger particles affects their mobility and reactivity [178]]. NP stability is defined as an even
distribution of particles throughout the whole volume and the ability of the particles to stay
separated from each other over time. Most NPs tend to aggregate once they are hydrated
[179], because of their large surface area-to-volume ratio, which creates high surface ener-
gies and leads to the formation of aggregates to minimise these energies [146]. Reactivity,
defined as the rate at which a chemical reaction will proceed, is an essential aspect that is in-
fluenced by the surface-to-volume ratio. Materials with a high surface-to-volume ratio react
at much faster rates because additional surfaces are available for reaction.

2.7.3 NPs interaction with Foams

NPs have been widely used in many different industries to improve materials [180]. They
have been added to coatings for fire retardant applications and sunscreens to enhance their
efficiency. Foams stabilised by NPs are highly dependent on the shape, size, concentration,
and hydrophobicity of the particles [66]. For foam generation, the contact between gas and
liquid is the first condition, and some surfactants (foaming agents) should be added to sta-
bilise the foam. Two mechanisms of particle location can be considered: (i) particles present
only inside the film but not at its surfaces and (ii) at least part of the particles firmly attached
to the film surfaces, i.e., to the vapor-water interface [150} [181]. In the first case, solid parti-
cles can form a layered structure inside the thinning film, stabilizing it through the so-called
oscillatory structural force. The strength of particle attachment to the liquid interface should
also be considered when foam stability is evaluated. The stabilizing mechanisms identified
in aqueous emulsion films are likely relevant to aqueous foam films [[134]. The insertion
of NPs can minimise the total surface energy and lead to foam stabilization by creating a
network in the bulk aqueous phase. High surface viscosity may also form a more stable
foam.

Yekeen et al. [/] investigated the mechanism of foam stability improvement with NPs by
studying the bubbles’ morphology, films’ strength and thickness, and the rate of liquid
drainage from the foam. The foam lamella of hydrophilic surfactant (SDS) in combination
with NPs showed little or no sign of liquid drainage. However, appropriate concentrations
and hydrophobicity of other NPs for firefighting foam stability are yet to be discovered. The
accumulation of NPs can also prevent film thinning and bubble of the foam by
creating an interfacial shield around them, proving that agglomeration of NPs can play a ben-
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eficial role. Agglomeration may lead to a faster drainage behaviour due to the extra weight
of the particles [[147]]. Still, it has been stated that it is an alternative way to reduce the overall
surface energy and foam stability [66]].

Adding NPs to foams may cause different interactions that might lead to possible toxicity.
A safer design formulation to reduce the DNA damage potential is presented by Sotiriou et
al. [182], which involves encapsulating nanostructured materials to diminish the hazards to
the environment and human health. Encapsulation can enclose potentially hazardous NPs
within a less hazardous material. With the encapsulation strategy, firefighting foams can be
mixed with any kind of NPs, as long as there is reliability that the potentially hazardous NPs
remain encapsulated during the applicable product life cycle stages where exposure may be
a risk.

The hydrophobicity of silica NPs affects their ability to stabilise aqueous foams. For very
hydrophilic or very hydrophobic NPs, no foam is formed, but the increases for
particles of intermediate hydrophobicity [183]]. Particle aggregation due to the incorporation
of NPs increases the viscosity of the aqueous phase, leading to slower drainage of foams and
increased foam stability. Overall, NPs can improve foam stability, provided that the potential
hazards are considered and addressed.

An innovative approach to the use of SiO, NPs in firefighting foams has been extensively de-
scribed by researchers [176], demonstrating an extremely high fire prevention efficiency and
complete biodegradation. The silica-based sol-gel foams illustrate almost 50 times higher
extinguishing efficiency than typical plain water and 15 times better than the state-of-the-art
fire extinguishing agent AFFF. This is an important factor in reducing water consumption,
which is often wrongly considered an unlimited source. Extinguishing using gelated foams
is also characterised by the complete absence of re-ignition of the treated surface during
extended exposure to open flame compared to traditional extinguishing agents.

2.7.4 Iron Oxide NPs (IONPs) in Fire Suppression

Iron ranks fourth as one of the most abundant elements on Earth by weight and it constitutes
the majority of the planet’s core [184]. Hematite and magnetite are the most common sources
of iron. Iron oxide nanoparticles (IONPs) are highly effective catalysts due to their small
size and increased surface area. This results in an increased number of atoms located on
the surface, enhancing the catalytic activity of IONPs such as hematite and maghemite [173),
1835]]. In addition, these NPs are biocompatible and non-toxic, making them ideal for use in
a range of applications [146, [173] [186]. However, all the catalysts do not act in the same
way. Most of them speed up the chemical process, while some impede it. The ones which
accelerate the rate of a chemical reaction are referred to as positive catalyst. On the other
hand, the catalysts that decelerate the chemical reaction rate are known as negative catalysts
or inhibitors [187].

To make use of these materials on a large scale, it is crucial to develop strategies for syn-
thesising particles of the desired size, shape, and surface, as well as to protect them from
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oxidation. Iron oxide is also used as a flame retardant, as it can disrupt the free radical mech-
anism involved in the combustion process [21]]. By reacting with highly reactive species, it
forms less reactive or inert molecules, gradually weakening the chain reaction of a combus-
tion explosion and causing it to become extinguished. IONPs can also adsorb small organic
molecules during a flame, catalysing them into chars and improving the flame retardancy
of materials due to their catalytic activity [128]. Wang and his co-workers [[188] found that
magnetite IONPs (Fe;0,4) proved to act both as a physical barrier and a catalytic agent when
added to thermoplastic polyurethane. This in turn reduced the peak heat release rate and total
heat release, indicating suppressed heat release and smoke production rate. The magnetism
of IONPs shows significant advantages such as a low cost of production, environmental
safety, great stability, and compatibility [173, [189].

Transition metal compounds such as iron have received much attention due to their strong
radical-scavenging ability in flame chain reactions [[190,191,1192,[193]]. The iron species that
have inhibitory effects are FeO, FeOH, and Fe(OH), [122, 125/ 190]. Although the efficiency
of suppression can differ depending on the type of flame, typically higher concentrations
do not demonstrate effective flame inhibition [9]. When IONPs are evenly mixed with the
complex surfactant solution, they can improve the thermal insulation properties of the foam
layer, which in turn affects the efficiency of extinguishing and controlling solid and liquid
fires [[113,,[194].

In previous work by Linteris et al. [125]], iron can have a huge impact on the reduction of
hydrogen-free radicals and assist in flame extinguishment through these equations below:

FeOH(g) + H(g) == FeO(g) + Hx(g) (2.33)
FeO(g) + H,O(g) == Fe(OH),(g) (2.34)
Fe(OH)y(g) + H(g) == FeOH(g) + H,0(g) (2.35)
(net: H(g) + H(g) — Ha(g)) (2.36)

The simulation results indicated that they reduced the burning velocity of premixed methane
flames due to the radical inhibition mechanism (see Subsection [2.6.3)).

Figure [2.13| represents a series of redox reactions involving iron (Fe) and its various com-
pounds under varying conditions.

Additionally, iron can react with hydrogen to form iron(Il) hydroxide Fe(OH),, which can
release water (H,O) to form iron(Il) oxide (FeO). This scheme also depicts the possibility
of forming iron (II) hydroxide directly from iron (III) oxide by hydrogen addition, which is
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Figure 2.13: Schematic representation of iron-catalysed radical pathways. [9l]

particularly relevant when considering the catalytic effect and the reactive roles of IONPs in
fire suppression applications.

Nanomaterials are very costly to produce as compared to more traditional materials, but
when greater quantities are produced, they can become more cost-effective on a per-unit
basis as production scales up, hence their price decreases [173,[193].

2.8 Importance of the study

Recent years have seen an increased need to explore the challenging and practically impera-
tive area of fire suppression. This project aimed to enhance the performance of Class A foam
by introducing NPs. This was achieved by improving the stability and cooling properties of
the foam so that it could have a catalytic effect in suppressing fires. The ultimate goal was
to create an efficient tool for suppressing fires, which can quickly limit fire propagation, thus
protecting natural habitats and biodiversity. These results provide critical information about
the selection of the appropriate size and concentration of NPs for restraining fire expansion.



Chapter 3

Experimental Setup

3.1 Introduction

The experimental procedures used for the synthesis and characterisation of the nanostruc-
tures as well as the mixed firefighting will be discussed in this chapter. The
first section concerns the techniques of hydrothermal and reflux synthesis that were followed
to synthesise the iron oxide nanoparticles (IONPs). The second section analyses the com-
plementary characterisation techniques used to appraise the acquired nanostructures and the
aqueous foam solution prepared with them. However, after a thorough investigation, it was
determined that the complexities involved in accurately simulating the foam both by itself
and with nanoparticles, were numerous. Appendix [A]includes the strategies considered to
mitigate computational challenges and a discussion on the simulation results.

3.2 Synthetic Procedures

3.2.1 Hydrothermal-Solvothermal Synthesis

The hydrothermal synthesis method involves the crystallisation of the NPs. It usually does so
at a high vapour pressure level and using a high-temperature aqueous solution. The process
is maintained at a constant temperature difference between the opposing ends of the crys-
tallizing compartment [196]. The end with a higher temperature is wherever the solvent is
dissolved. While on the other end, which is comparatively cooler, where the NP growth takes
place. The hydrothermal method is versatile and is superior to other methods such as sol-gel,
and micro-emulsion because of its advantages in terms of producing NPs of desirable size,
shape, high crystallinity, and homogeneous composition.

The reagents used in this study, along with their grades and suppliers, are detailed in Ta-
ble 3.1] High-purity reagents were selected to ensure the accuracy and reliability of the
experimental results. Ethanol, tetracthoxysilane, ammonium hydroxide, acetone, iron(II)
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sulfate heptahydrate, N,N-dimethylacetamide, iron(IIl) chloride hexahydrate, iron(II) chlo-
ride tetrahydrate, triethylamine, iron(IIl) nitrate nonahydrate, and N,N-dimethylformamide
were sourced from reputable suppliers such as Fisher Chemical, Thermo Scientific Chem-
icals, and Alfa Aesar. The grades of these reagents ranged from analytical to extra pure,
ensuring the minimisation of impurities and consistency in the experimental procedures.

Reagent Grade Supplier Quantity
Absolute, Extra . )
Ethanol Pure, SLR Fisher Chemical 25L
. Thermo  Scien-
Tetraethoxysilane 99+% tific Chemicals 500 g
$i0, 5_ 15 1m T 2}nd Merck Life 50 g
Science
. . 25% solution in | Thermo  Scien-
Ammonium Hydroxide water, Extra Pure | tific Chemicals 25L
Acetone 99+%, Extra Pure Thermo 'Scwn— 25L
tific Chemicals
Iron(IT) Sulfate Hep- | 99.5%, For Anal- | Thermo  Scien- 250
tahydrate ysis tific Chemicals &
N,N- 99.5%, Extra | Thermo  Scien- 1L
Dimethylacetamide Pure tific Chemicals
Iron(IIT) Chloride Hex- | 97.0-102.0%,
ahydrate ACS Alfa Aesar 1 kg
Ammonium Hydroxide | 28% NH3 Alfa Aesar 2500 ml
Iron(II) Chloride
Tetrahydrate 98% Alfa Aesar 1000 g
Triethylamine 99+% Alfa Aesar 1 kg
Iron(III) Nitrate Non- 98+%, Metals Alfa Aesar kg
ahydrate Basis
N.N- 99% Alfa Aesar 2500 ml
Dimethylformamide ?

Table 3.1: Summary of reagents used in this study including their grades, suppli-
ers and quantities.

¢ Pressure autoclave:

The chemical precursor solution was poured into a Teflon liner positioned within the pres-
sure autoclave, as shown in Figure The bolts on the cap of the autoclave were tightened
to seal the liquid solution within the vessel. The autoclave was inserted into a temperature-
controlled furnace at a reaction temperature of 135 °C and placed onto a steel grid to allow
uniform heating from all sides. After the reaction time elapsed, the autoclave, once removed
from the furnace, was allowed to cool down to room temperature naturally at the fume cup-
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Figure 3.1: Stainless-steel pressure autoclave and a 125 mL Teflon liner used for
Hydrothermal Synthesis.

board.

» Experimental parameters (Series 0,1,2,3):

IONPs were synthesised using the solvothermal technique. More specifically, 0.808 g Fe(NO3)3 -
9H,0 and 6 mL triethylamine were dissolved in distilled water (60 mL) to form a homoge-
neous solution and then the solution was stirred for 25 minutes.

Ultrasonic sonication for about 10 minutes was used as the next step to enhance the dis-
persibility of the sample and the homogeneity of the mixture. After that, the solution was
sealed in a 120 mL Teflon-lined autoclave and the container was maintained at 170 °C for
3,8,12, 24 and 48 hours respectively. The resulting orange products were separated by cen-
trifugation and successively washed with de-ionized water and ethanol at 4000 rpm several
times, and finally dried overnight under vacuum at a temperature of 65 °C.

Tables [3.2] [3.3] [3.4] [3.5khow the details of the synthesis of IONPs using the hydrothermal
technique.

Sample Precursor Mass Solvent Mass/Volume Reaction Temperature Reaction Time
S1 Fe(NO3); 9H,O 1mmol (0.404g) Triethylamine and Water 3mL and 10mL 170 °C 8h
S2 Fe(NO;3); 9H,O 1mmol (0.404g) Triethylamine and Water 3mL and 10mL 170 °C 12h

Table 3.2: Experimental parameters (Series 0)

» Experimental parameters (Series 4):
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Sample Precursor Mass Solvent Mass/Volume Reaction Temperature Reaction Time
S3 Fe(NO3); 9H,O 2mmol(0.808g) Triethylamine and Water 6mL and 20mL 170 °C 3h
S4 Fe(NO;3); 9H,0 2mmol(0.808g) Triethylamine and Water 6mL and 20mL 170 °C 6h
S5 Fe(NO;3); 9H,0 2mmol(0.808g) Triethylamine and Water 6mL and 20mL 170 °C 8h
S6 Fe(NO3); 9H,O 2mmol(0.808g) Triethylamine and Water 6mL and 20mL 170 °C 12h
S7 Fe(NO3); 9H,O 2mmol(0.808g) Triethylamine and Water 6mL and 20mL 170 °C 16h
S8 Fe(NO;3); 9H,0 2mmol(0.808g) Triethylamine and Water 6mL and 20mL 170 °C 18h
S9 Fe(NO;3); 9H,0 2mmol(0.808g) Triethylamine and Water 6mL and 20mL 170 °C 24h
Table 3.3: Experimental parameters (Series 1)
Sample Precursor Mass Solvent Mass/Volume  Reaction Temperature Reaction Time
S10 Fe(NO3); 9H,O 3mmol(1.212g) Triethylamine and Water ~ 6mL and 60mL 170 °C 3h
S11 Fe(NO3); 9H,0 3mmol(1.212g) Triethylamine and Water ~ 6mL and 60mL 170 °C 6h
S12 Fe(NO3); 9H,O 3mmol(1.212g) Triethylamine and Water ~ 6mL and 60mL 170 °C 8h
S13 Fe(NO3); 9H,0 3mmol(1.212g) Triethylamine and Water ~ 6mL and 60mL 170 °C 12h
S14 Fe(NO3); 9H,0 3mmol(1.212g) Triethylamine and Water ~ 6mL and 60mL 170 °C 16h
S15 Fe(NO3); 9H,0 3mmol(1.212g) Triethylamine and Water ~ 6mL and 60mL 170 °C 18h
S16 Fe(NO3); 9H,0 3mmol(1.212g) Triethylamine and Water ~ 6mL and 60mL 170 °C 24h
S17 Fe(NO;3); 9H,0 4mmol(1.616g) Triethylamine and Water 12mL and 40mL 170 °C 12h
Table 3.4: Experimental parameters (Series 2)
Sample Precursor Mass Solvent Mass/Volume Reaction Temperature Reaction Time
S18 Fe(NO3); 9H,O 3mmol(1.212g) Triethylamine and DMF 6mL and 60mL 170 °C 6h
S19 Fe(NO3); 9H,0 3mmol(1.212g) Triethylamine and DMF 6mL and 60mL 170 °C 8h
S20 Fe(NO3); 9H,O 3mmol(1.212g) Triethylamine and DMF 6mL and 60mL 170 °C 3h
S21 Fe(NO3); 9H,0 3mmol(1.212g) Triethylamine and DMF 6mL and 60mL 170 °C 12h
S22 Fe(NO3); 9H,0 3mmol(1.212g) Triethylamine and DMF 6mL and 60mL 170 °C 16h
S23 Fe(NO3); 9H,O 3mmol(1.212g) Triethylamine and DMF 6mL and 60mL 170 °C 18h
S24 Fe(NO3); 9H,0 3mmol(1.212g) Triethylamine and DMF 6mL and 60mL 170 °C 24h
S25 Fe(NO3); 9H,O 3mmol(1.212g) Triethylamine and DMF 6mL and 60mL 170 °C 48h

Table 3.5: Experimental parameters (Series 3)
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IONPs were synthesised via a one-step solvothermal process. An amount of 3.796 g (FeCl,
4H,0), and four different variations (5, 10, 20, and 30 mL) of ammonium hydroxide (NH,OH)
and water H,O (55, 50, 40 and 30 mL) were used for the synthesis. Initially, the FeCl, 4H,O
was dispersed into ultra-pure water to form a homogeneous solution, and then ammonium
hydroxide solution was added followed by stirring for 30 minutes and subsequent mixing via
ultrasonication. The obtained solution was transferred to a 120 mL Teflon-lined autoclave
and sealed. The autoclave was placed in a preheated oven at 135 °C and kept under these
conditions for 3h. The resulting black precipitate had magnetic properties and was separated
from the solvent by centrifugation and successively washed with 3D water at 4200 rpm at
least 3 times, and finally dried overnight under vacuum at 65 °C.

Sample Precursor Mass Solvent Mass/Volume Reaction Temperature Reaction Time
S26 FeCl, 4H,0 2Immol(4.3g) Ammonium Hydroxide and water 20 mL and 40mL 135 °C 3h
S27 FeCl, 4H,0 2Immol(4.3g) Ammonium Hydroxide and water 10 mL and 50mL 135 °C 3h
S28 FeCl, 4H,0 21mmol(4.3g) Ammonium Hydroxide and water 5 mL and 55mL 135 °C 3h
S29 FeCl, 4H,O0 2Immol(4.3g) Ammonium Hydroxide and water 30 mL and 30mL 135 °C 3h

Table 3.6: Experimental parameters (Series 4)

Table 3.6/ shows the details for the synthesis of IONPs (Series 4) using the hydrothermal
technique.

* Experimental parameters (Series 5):

IONPs (series 3) were synthesised via a one-step solvothermal process. An amount of 2.65
g (FeCl; 6H,0) and 0.824g C¢H4(CO,H), (Terephthalic acid) was mixed either with DMF
or DMF and ethanol, in two separate beakers for 30 minutes.

Initially, the FeCl; 6H,O was dispersed into DMF to form a homogeneous solution which
was followed by stirring for 30 minutes and subsequent mixing via ultrasonication. The ob-
tained solution was transferred to a 120 mL Teflon-lined autoclave and sealed. The autoclave
was placed in a preheated oven at 135 °C and kept under these conditions for 3h. The re-
sulting black precipitate was separated from the solvent by centrifugation and successively
washed with 3D water at 4200 rpm at least 3 times, and finally dried overnight under vacuum
at 65 °C.

Sample Precursor 1 Precursor 2 Mass Solvent Mass/Volume Reaction Temperature Reaction Time
S30  CgH4(CO,H), FeCl; 6H,O  4.95mmol(0.824g) + 9.8mmol(2.65 g) DMF 60 mL 110 °C 20h
S31 CgH4(CO,H), FeCl3 6H,0 4.95mmol(0.824g) + 9.8mmol(2.65 g) DMEF + Ethanol 30 mL and 50 mL 110 °C 20h
S32  CgH4(CO,H), FeCl; 6H,0 7.4mmol(1.228g) + 7.4mmol(2g) DMF 60 mL 110 °C 20h
S33 CgH4(CO,H), FeCl; 6H,0O 7.4mmol(1.228g) + 7.4mmol(2g) DMEF + Ethanol 30 mL and 50 mL 110 °C 20h

Table 3.7: Experimental parameters (Series 5)

Table shows the details of the synthesis of IONPs (Series 5) using the hydrothermal
technique. During the synthesis of IONPs via a solvothermal process, several safety con-
siderations were taken into account. The use of a Teflon-lined autoclave was handled with
care as it can rupture under high pressure or temperature, causing severe injuries or damage
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to the laboratory equipment. Therefore, suitable protective clothing, such as heat-resistant
gloves and face shields was used. The use of ammonium hydroxide requires careful han-
dling as it is a caustic and toxic substance that can cause severe skin and eye irritation, as
well as respiratory problems. Adequate ventilation and protective clothing, including gloves
and goggles were used. Moreover, the resulting NPs may pose a risk if not handled properly.
Therefore, the NPs were handled in a fume hood and were disposed of properly according to
the laboratory’s waste management guidelines.

3.2.2 Reflux Synthesis

Reflux involves heating the chemical reaction for a specific amount of time, while contin-
uously cooling the vapour produced back into liquid form, using a condenser [197]. The
vapours produced above the reaction continuously undergo condensation, returning to the
flask as a condensate (see Figure [3.2). The reflux method is advantageous in terms of lower
equipment cost and less labour over hydrothermal synthesis.

Figure 3.2: Reflux Synthesis of Iron Oxide NPs (IONPs).

Further adjustment of experimental parameters of reflux synthesis such as lower temperature
and longer duration may result in the formation of nanostructures with higher specific surface
area.

* Experimental parameters (Series 7):




CHAPTER 3. EXPERIMENTAL SETUP 47

IONPs were synthesised via a reflux procedure. An amount of 3.796 g (FeCl, 4H,0), and
4 different variations (5, 10, 20, and 30 mL) of ammonium hydroxide (NH,OH) and water
H,O (55, 50, 40 and 30 mL) were used for the synthesis. Initially, the FeCl, 4H,O was
dispersed into ultra-pure water to form a homogeneous solution, and then ammonium hy-
droxide solution was added followed by stirring for 30 minutes and subsequent mixing via
ultrasonication. The obtained solution was transferred to a 250 mL flask which was sealed by
a condenser that contained spirals inside. The flask was placed in a heating mantle at 100 °C
and kept under these conditions for 1.5h. The resulting black precipitate was separated from
the solvent by centrifugation and successively washed with 3D water at 4200 rpm at least 3
times, and finally dried overnight under vacuum at 65 °C. The black powder had magnetic
properties.

Sample Precursor Mass Solvent Mass/Volume  Reaction Temperature Reaction Time
S34 FeCl, 4H,0 21mmol(4.3g) Ammonium Hydroxide and water 20 mL and 40mL 100 °C 1h
S35 FeCl, 4H,O 2Immol(4.3g) Ammonium Hydroxide and water 10 mL and 50mL 100 °C 1h
S36 FeCl, 4H,0 21mmol(4.3g) Ammonium Hydroxide and water 5 mL and 55mL 100 °C 1h
S37 FeCl, 4H,O 2Immol(4.3g) Ammonium Hydroxide and water 30 mL and 30mL 100 °C 1h

Table 3.8: Experimental parameters (Series 6)

Table [3.8] shows the details for the synthesis of IONPs (Series 6) using the reflux technique.

» Experimental parameters (series 7-8):

Synthesised IONPs of Fe;O4, with a mass of 200 mg, were ultra-sonicated in 300 mL of
ethanol at room temperature for 45 minutes to ensure homogeneity. This was followed by the
drop-wise addition of 6 mL of ammonium hydroxide, and subsequently, 94 mL of deionised
water, both introducing them gradually. After these additions, 1.2 mL of tetra-ethyl orthosil-
icate (TEOS) was also added drop-wise. The mixture was then stirred continuously for 8
hours at room temperature. When the time elapsed, the NP powder still had magnetic prop-
erties coming from the IONPs (series [3.6), and was isolated using a fishing magnet with a
metal base, avoiding the typical centrifugation process for separation to save time. That was
named as Fe;0,4/S10, T1 (Technique 1).

For the Fe;0,4/S10, T2 (Technique 2) initially 225 mg of Fe;04 NPs were dispersed into 80
mL of water via ultra-sonication for 45 minutes to achieve a uniform suspension of the NPs.
Following this, 10 mL of ammonium hydroxide was added into the solution drop-wise with
a burette. Subsequently, 390 mL of ethanol was added slowly and drop-wise. The final step
involved the cautious and gradual addition of 4 mL of tetra-ethyl orthosilicate (TEOS) into
the stirring mixture, also performed drop-wise. Ultimately, the new NP powder possessed
magnetic properties and was isolated using a fishing magnet with a metal base, avoiding the
typical centrifugation process for separation to save time.

Table [3.9]shows the details for the synthesis of IONPs (Series 8-9).

The magnetic properties of Series can be utilised to improve the precision and ef-
fectiveness of firefighting foam by enabling targeted delivery through a drone system [[198]].
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Sample Precursor 1 Precursor 2 Mass Solvent Mass/Volume Reaction Temperature Reaction Time
S38 Synthesised Fe30, Tetraethoxysilane 200 mg Ammonium hydroxide-Water-Ethanol ~ 6-94-300 mL 25 °C 8h
S39 Synthesised Fe;0, Tetraethoxysilane 225 mg Ammonium hydroxide-Water-Ethanol ~ 10-80-390 mL 25 °C 8h

Table 3.9: Experimental parameters (Series 7-8)

By utilising a magnetic field, the foam containing IONPs as additives can be directed pre-
cisely to the desired area, thereby minimising the quantity of foam required and enhancing
accuracy.

The use of drones equipped with magnetic field generators to fly over areas affected by
surface fires, loaded with a firefighting foam solution mixed with nanoparticles, facilitates
targeted delivery. This approach addresses significant challenges, including access to remote
locations and the rapid spread of fires.

3.3 Materials Characterisation

3.3.1 NPs Characterisation
X-Ray Diffraction (XRD)

Basic Principles X-ray diffraction (XRD) is a powerful tool for analysing the crystal struc-
ture of materials. The technique works by exposing a sample to X-rays and measuring the
diffraction pattern of the resulting scattered X-rays. The diffraction pattern provides infor-
mation about the arrangement of atoms in the sample and can be used to determine the crystal
structure and phase composition of the material.

Moreover, it is a non-destructive technique and can be used to analyse a wide range of mate-
rials, including powders, thin films, and bulk samples. XRD can be used to determine crystal
structure, lattice parameters, phase composition, and crystallite size of the material. XRD is
also useful for identifying unknown phases and detecting impurities.

X-ray diffraction occurs when the following equation, also known as Bragg’s law is fulfilled:

nA = 2dsin 6 (3.1)

In this equation, n stands for the order of diffraction, A is the wavelength of the incident
wave, d represents the distance between the lattice planes, and 6 is the angle of incidence
that satisfies the condition for diffraction.

XRD analysis involves preparing a sample for analysis, mounting the sample on the XRD
instrument, and collecting the diffraction pattern. The data is then processed and analysed
using specialised software to obtain information about the crystal structure and composition
of the material. Crystalline phase features were identified using X-pert High-Score plus
computer software.
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The crystalline size, 7, is calculated using the Debye-Scherrer formula Equation [3.2}

KA

T= —[3 " (3.2)

where:
* 7 is the mean size of the ordered (crystalline) domains;

* K is a dimensionless shape factor, with a value close to unity. The shape factor has a
typical value of about (0.89;K; 1), but varies with the actual shape of the crystallite;

* A is the X-ray wavelength;

* J is the line broadening at half the maximum intensity (FWHM), after subtracting the
instrumental line broadening, in radians. This quantity is also sometimes denoted as
A(20);

* 0 is the Bragg angle.

Scanning Electron Microscopy (SEM)
Basic Principles:

Scanning Electron Microscopy (SEM) is a powerful imaging technique used to visualise the
morphology and topography of materials at high magnification. SEM works by focusing
a beam of electrons onto the surface of the sample [199], which then interacts with the
atoms and produces a range of signals, including secondary electrons and back-scattered
electrons. These signals are then detected and used to create an image of the sample surface.
SEM can provide high-resolution images with magnifications ranging from 10 to 300,000
times, depending on the instrument and the sample. SEM can also provide information
about the elemental composition and distribution of a sample using energy-dispersive X-ray
spectroscopy (EDS). In EDS, X-rays are generated when the electron beam interacts with the
sample, and the energy and intensity of these X-rays are measured to identify the elements
present in the sample [200]. The size distribution can be derived by capturing high-resolution
SEM images of the samples, followed by image processing and analysis using specialised
software. The software measures the dimensions of individual nanoparticles visible in the
SEM images, and these measurements can be used to calculate the size distribution. SEM
is widely used in various fields such as materials science, nanotechnology, biology, and
geology for the analysis and characterisation of samples. SEM was used to determine the
size and the surface morphology of the NPs. The Scanning Electron Microscopy (SEM)
micro-graphs were recorded with a ZEISS Gemini SEM 360 microscope.

Fourier Transform Infrared Spectroscopy (FTIR)

Basic Principles:
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Fourier Transform infrared spectroscopy (FT-IR) is a powerful analytical technique that pro-
vides detailed information about the molecular structure of a sample. This technique uses
infrared light to scan the sample and observe bond properties. FT-IR operates in the infrared
region of the electromagnetic spectrum, measuring how much light is absorbed by the bonds
of vibrating molecules to provide a unique molecular fingerprint. The FT-IR Spectrometer
generates an absorbance spectrum in the form of a graph that shows the unique chemical
bonds and the molecular structure of the sample material. This absorption spectrum will
have peaks representing components present, which indicate functional groups (e.g., alka-
nes, ketones, acid chlorides). Different types of bonds and functional groups absorb infrared
radiation of different wavelengths. The FT-IR spectra were recorded using a Thermo Scien-
tific Nicolet 50 FT-IR spectrometer.

Thermogravimetric Analysis (TGA)
Basic Principles:

Thermogravimetric Analysis (TGA) is a powerful analytical technique used to investigate
the thermal stability and decomposition behaviour of materials. In this study, TGA was em-
ployed to evaluate the thermal stability of the NPs. The NPs in powder form were subjected
to a controlled heating rate under an inert atmosphere, and the weight loss of the sample was
measured as a function of temperature. The resulting TGA curves provide information about
the thermal degradation profile of the NPs, including onset temperature, rate of degradation,
and final residue. The thermal degradation data can be used to assess the potential of the NPs
as foam additives. The TGA experiments were performed using a commercial TGA instru-
ment equipped with a high-precision balance and a thermocouple for accurate temperature
measurements.

3.3.2 Foam Characterisation
Drop Shape Analysis (DSA)
Basic Principles:

Drop Shape Analysis (DSA) is a technique used to measure the contact angle of a liquid
droplet on a solid surface. It is based on the Young-Laplace equation [2.28] which describes
the balance of forces at the three-phase contact line between the droplet, the solid surface,
and the surrounding atmosphere. DSA can provide information about the wettability and
surface tension of the liquid as well as the surface energy of the solid surface. In DSA, a
droplet of known volume is placed on the surface of interest and an image of the droplet is
taken. The contact angle is then calculated from the shape of the droplet at the three-phase
contact line using software analysis. DSA is a non-destructive and non-invasive method that
can be used to study a wide range of surfaces and liquids. It is commonly used in materials
science, surface chemistry, and biophysics to understand the behaviour of liquids on surfaces.
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Ap=—yV-n
= —2YHy

o 1+1
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where Ap is the Laplace pressure, the pressure difference across the fluid interface (the
exterior pressure minus the interior pressure), ¥ is the surface tension (or wall tension), 7 is
the unit normal pointing out of the surface, Hy is the mean curvature, and Ry and R; are the
principal radii of curvature.

(3.3)

Dynamic Light Scattering (DLS)

Dynamic Light Scattering (DLS) is a powerful technique for studying the particle distribu-
tion in a suspension and understanding the behaviour of materials containing NPs. In DLS,
a laser beam is directed at the sample, and the scattered light is detected at a specific angle.
The intensity of the scattered light fluctuates over time due to the Brownian motion of the
particles [201]]. These fluctuations are analysed using an autocorrelation function to deter-
mine the diffusion coefficient, which is then used to calculate the hydrodynamic diameter of
the particles through the Stokes-Einstein equation [3.4}

kT
D=
67751]RH

(3.4)

where k is the Boltzmann constant, T is the temperature in Kelvin, 7 is the viscosity of the
dispersing medium, and Ry is the hydrodynamic radius of the particle. This equation is valid
for spherical particles that do not interact among themselves [202].

DLS and SEM provide a comprehensive understanding of nanoparticles size and distribution.
SEM offers detailed morphological images of nanoparticles, showing their shape and surface
structure. In contrast, DLS provides statistical data on the size distribution of particles in sus-
pension, giving a broader view of particle size and behaviour in solution [203]. Moreover,
by combining DLS with zeta potential measurements, the tendency of nanoparticles to ag-
glomerate can be studied over time [204]. Agglomeration of nanostructures results in less
surface energy and a more stable system, following thermodynamics [205]]. This information
is crucial in supporting the research and development of new and enhanced products before
they are commercially available.

The samples were prepared by dispersing the nanoparticles in a suitable solvent such as water
and foam concentrate, and measurements were conducted to assess their size distribution and
stability. This information was critical for understanding the behaviour of the nanoparticles
and ensuring the reliability of the experimental results.
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Surface Tension

Surface tension is a fundamental physical property that plays a significant role in determining
the behaviour of fluids and their interactions with other materials. It is defined as the force
per unit length acting perpendicular to an imaginary line drawn on the surface of a liquid, and
it arises due to the attractive forces between molecules at the liquid-gas interface. Surface
tension affects many aspects of fluid behaviour, such as wetting, spreading, and adhesion.
According to thermodynamics, any material or system is stable only in a state with the lowest
Gibbs free energy [206]. Thus, reducing surface tension can lower the energy of the foam
system and stabilise the foam.

In foam systems, surface tension determines the ability of the liquid to form stable bub-
bles and influences the bubble size, distribution, and stability. Therefore, measuring and
understanding the surface tension of the liquid used in foam generation is crucial for design-
ing effective foam solutions. Various methods are available for measuring surface tension,
including the pendant drop technique, the Wilhelmy plate method, and the capillary rise
method.

Low surface tension is a crucial factor in firefighting, as it lowers the net force of attraction
among molecules, making the foam mixture break down the triangle of a wildfire [207].

A low surface tension ¥ means more foam for less energy [208]]. So, a foam with the lowest
surface tension achieved is going to give an easier, long-lasting foam. Finally, lower surface
tension allows water to go deeper into the centre of the flame in the burnt materials [209].
Surface tension can be defined as in equation [3.5}

r ~1
=— (Nm 3.5
r=5; (Nm™) (3.5)
where F is the force necessary to increase the surface area per unit length L. In this study,
the pendant drop method is used to analyse the surface tension of the foam solution and
understand its wettability characteristics along with iron oxide NPs.

The pendant drop technique is preferred for measuring surface tension because it provides a
highly accurate and precise measurement of the surface tension of a liquid [210]. This tech-
nique allows for the measurement of small changes in the shape of a hanging droplet under
the influence of gravity, which in turn provides information about the surface tension of the
liquid. Additionally, the pendant drop technique can be used to measure the surface tension
of both pure liquids and liquid mixtures, making it a versatile and widely used method in the
field of surface science.

Zeta potential

Zeta potential is a useful tool for measuring the degree of aggregation of NPs in a liquid
[211, 212, 213]. In the context of foam generation, understanding the extent of NP aggrega-
tion in the surface or interior of the foam can be critical to optimizing its fire-extinguishing
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properties. The zeta potential of a sample is commonly used as an indicator of its dispersion
stability, with larger magnitudes indicating a more electrostatically stable suspension. High
absolute values of zeta potential suggest a higher net electric charge on the surface of the par-
ticles, leading to greater electrostatic repulsion between them [214]. By indicating the degree
of electrostatic repulsion between adjacent, similarly charged particles in a dispersion, the
magnitude of the zeta potential can determine the stability of the solution or dispersion and
its resistance to aggregation [214, 2135].

Bubble Surface Morphology

Bubble surface morphology is an important aspect in the study of foams and bubbles [7, 77,
147, [154]]. It refers to the surface features of bubbles, which are a result of the interactions
between the surface active agents and the gas-liquid interface. These surface features include
the size and shape of the bubbles. The morphology of the bubble surface is influenced by
various factors, such as the concentration and type of surfactant, the pH of the solution, the
temperature, and the gas flow rate [216]. The study of bubble surface morphology is crucial
in understanding the foam stability [217] and the ability of the foam to perform in a more
efficient way, such as in the case of fire extinguishing foams.

3.4 Foam Formulation

3.4.1 Preparation of Class A foams

To prepare the Class A foam, a 100 mL mixture of conventional foam concentrate, (0.6 %
v/v foam solution as standard in aerial firefighting applications) was prepared for each foam.
The foam concentrate used was Forexpan, a commercial concentrate specifically designed
for Class A fires and was purchased from Angus Fire UK [218]]. The remaining volume was
made up of triple distilled water, with various concentrations of IONPs at 0, 0.025 wt%, 0.05
wt%, and 0.1 wt%. The use of triple distilled water aimed at ensuring the highest level of
purity and consistency in the experimental conditions.

In the initial phase, the foam was tested under various conditions to determine the optimal
mixing parameters [148]. The foam was mixed using an overhead stirrer (see Figure [3.3)) at
different durations: 5, 10, and 15 minutes, and at varying rotation speeds of 750, 1000, 1250,
and 1500 RPM. At the highest speed of 1500 RPM, the stirrer became unstable, causing the
foam solution to spill out of the plastic container.

Based on these preliminary results, further experiments were conducted with the foam at
rotation speeds of 750 RPM, adjusting the height of the agitator blade inside a Nalgene PP
plastic container (250 mL, 8 oz with a 61 mm diameter). The agitator blade, with a width of
36 mm, was positioned at heights of 1 cm, 2 cm, and 3 cm from the bottom of the container.

After evaluating the outcomes of these tests under different conditions, it was decided to
proceed with experiments at three rotation speeds (750, 1000, and 1250 RPM) and a single
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Figure 3.3: Overhead Stirrer for mixing the NPs with the foam solution.
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agitator blade height of 2 cm from the bottom. The mixing times selected for these trials
were 5, 10, and 15 minutes, applying these parameters to foam formulations with varying
concentrations of NPs.

3.4.2 Foam Generation

The double syringe technique was used to generate the foam [219]. This technique is pre-
sented in Figure[3.4] It consists of 2 syringes with 60 mL volume each, connected by a small
plastic tube. The gas bubbles mix with the liquid, and as they move through the mixing
chamber, they create foam. For each foam generation trial, the volumes of gas (air) and
liquid (foam solution) were 40 and 20 mL respectively. Foam was created by pushing the
liquid and gas dispersion repeatedly over 15 times.

Syringe 1 I
F L ] =
Liquid (Vi)
=3
Tube
)
Alr (Va)
ng e
Syringe 2

15 cycles

Figure 3.4: Foam generation through the double syringe technique.

3.4.3 NPs Integration

After testing with the plain foam solution and water to create foam, the next step involved
adding NPs. However, it was essential first to identify an optimal method for dispersing
the NPs in the plastic vessel, focusing on rotation speed and sonication time. It is known
that when the foam solution from the manufacturer is mixed with water, the surfactants are
effective only for a brief period initially, critical for creating the most effective foam.

Thus, the NPs were first dispersed in water and subjected to sonication for two different
times: 15 minutes and 30 minutes [[112]]. It was observed that after 15 minutes of sonication,
aggregates were still present in the beaker. However, after 30 minutes, the solution of water
and NPs achieved complete homogeneous dispersion as shown in Figure [3.5] Following
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this, the foam solution was added at a 0.6% v/v concentration at a fixed rate, with stirring
continued for a few more minutes to ensure thorough mixing.

Figure 3.5: NPs dispersion through a digital ultrasonic cleaner.

Experiments were conducted with varying NP concentrations, commencing at 0.025% w/v,
and progressing through 0.05, 0.1, 0.3, 0.5, 0.7, to 1.0% w/v, utilising both reflux and hy-
drothermal synthesis methods.

3.5 Setup for Fire Experiments

Fuel: Excelsior (dried shredded wood)

Excelsior (dried shredded wood) was selected to simulate surface fires (see subsection[2.1.2))
as the combustion fuel due to its resemblance to loose forest debris in burn behaviour [220].
For instance, in the study on the spread of fires in sloping fuel beds, excelsior was used to
model wild-land fuels, demonstrating similar flame spread and heat release characteristics
to those observed in natural forest fires [221]]. Class A fires involve the combustion of solid
materials. These fires include a variety of substances acting as fuel, ranging from vegetation
in wildfires to construction materials. Excelsior was first chosen for its ease of implementa-
tion, allowing homogeneous bed properties on a wide area. Furthermore, this fuel, composed
of fine-sized elements, has a very high consumption ratio (> 90%) and very few materials
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remained after the fire spread [222]]. Moreover, this choice ensured a controlled and repro-
ducible assessment of the foam application on the surface and the fire suppression efficacy
of the fuel. Figure [3.6 displays the excelsior fuel utilised in the fire experiments, provided
by Peacock Fibres in the UK [223]].

Figure 3.6: Excelsior fuel.

This type of fuel is commonly used in laboratory experiments because its combustion occurs
easily and without residue. Excelsior was first separated and weighed on a Mettler Toledo
scale in two portions totalling 30 g distributed over the dedicated 20 x 60-cm surface
area for the foam suppression experiments. The first portion was kept completely dry to
initiate ignition with a lighter, allowing the fire to spread to the second portion. The second
part, embedded with foam and its additives, was used to assess the efficiency of its new
fire-extinguishing characteristics.

Each experiment uses 20 g of Excelsior for pre-wetting as shown in Figure and 10 g of
Excelsior as the ignition point, which makes a total of 30 g fuel mass.

The procedure followed was first to select the Excelsior and calculate the specific weight
using an electronic scale with high accuracy. Then, the bulk density was fixed to be as
uniform as possible. Excelsior fuel beds must be carefully constructed to achieve the precise
fuel depth, as any variation can drastically alter the bulk density, significantly affecting the
rate of spread. The compacted excelsior (fluff) was pulled apart to decrease the bulk density
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Figure 3.7: Excelsior for foam additives.

so it would burn readily.

Fire Experiments Testing Setup

The surface of the fuel bed is covered with excelsior as shown in Figure [3.8] After igniting
the fuel, the sides of the fume hood were lowered to maintain a consistent airflow over the
fuel bed. Moreover, the flame front generated after ignition is homogeneous, thus lessening
the flame instabilities during the burning.

The fire behaviour in all experiments was recorded with a high-quality Nikon camera, and
the mass loss of the excelsior over time was live recorded through a laptop connected to the
Mettler Toledo high accuracy scale.

The excelsior fuel was conditioned in a large dehydration oven at a temperature of 35 °C for
a minimum of 12 hours to obtain an equilibrium moisture content of approximately 9.125%
oven-dry weight, indicative of the specific moisture conditions studied in these experiments.
This moisture content is representative of moderate to high wildfire conditions [225]].

Foam Delivery Methods

Two methods were employed for foam delivery onto the surface of the excelsior. The first
method utilised a commercial airbrush as shown in Figure [3.9] into which the foam con-
centrate, at a 0.6% concentration in 20 mL of liquid solution with water or water and NPs,
was placed in a 20 mL cup and then sprayed over the excelsior surface. The excelsior was
placed inside a tray on a high-accuracy scale to record the mass increase following wet foam
deposition as shown in Figure[3.10]

In the second approach, foam was produced using a double syringe technique as shown in
Figure 3.11] employing the same concentrate solution to create 60 mL of dry foam, which
was then applied to the dry excelsior surface as shown in Figure [3.12] This consistent quan-
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Figure 3.8: Fuel bed setup.

tity aimed to evaluate the efficiency of the minimal water and liquid solution needed to delay
or even suppress fire spread. This facilitated a comparison between the foams’ expansion
rates, despite containing identical liquid volumes but generated under varying pressures.

3.6 Summary

In the experimental setup, hydrothermal and reflux synthesis were utilised for the synthesis of
IONPs, focusing on their ability to produce NPs with precise morphological characteristics
and size.

Several characterisation techniques have been used in this study to analyse the properties of
the synthesised NPs and the foam generated. The synthesised NPs were characterised using
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Syringe 1 ; I ;

Liquid (Vi)

ITube

Air (Vo)

i

Syringe 2 I 15 ci:cles
Figure 3.11: Double sy-
ringe technique-dry foam
generation.

60

Figure 3.10: Airbrush
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Scanning Electron Microscopy (SEM), X-ray diffraction (XRD), Fourier Transform Infra-
Red Spectroscopy (FT-IR), and Zeta Potential analysis. SEM provided information about
the size and morphology of the NPs, while XRD gave insights into their crystal structure.
FT-IR helped to identify the functional groups present in the NPs, and Zeta Potential analysis
was used to measure their stability in a liquid suspension.

For foam characterisation, the drop shape analysis was used to measure the surface tension
and contact angle of the foam solution. Additionally, Dynamic Light Scattering (DLS) and
Zeta Potential analysis were used to study the particle distribution and understand the mate-
rial behaviour with NPs. Moreover, the double syringe technique was used to generate the
and observe its stability, while the bubble surface morphology was analysed using a
digital microscope.

Finally, the foam’s fire suppression performance was analysed by conducting small-scale
fire tests using a standard procedure. In fire suppression experiments, excelsior was se-
lected as the fuel for its structural similarity to fine shrub fuel and grassland, with careful
measurement and setup of fuel beds to ensure repeatability of the results. The efficiency
of foam formulations in suppressing fires was evaluated using two delivery methods, an
airbrush for wet foam and a double syringe technique for dry foam. The latter aimed to
ascertain the minimal water and liquid solution necessary to impede fire spread. The fire
behaviour and the excelsior’s mass loss were recorded through a high-resolution camera and
a precision scale, respectively. Subsequent digital image analysis provided details into flame
characteristics. This comprehensive methodology established a foundation for the system-
atic investigation of NP-enhanced Class A foams aimed at reducing fire spread and ensuring
suppression across various fire scenarios.

Table [3.10] summarises the key experiments conducted in this thesis. It outlines the various
synthesis methods used for producing iron oxide nanoparticles, the characterisation tech-
niques employed to analyse these nanoparticles, and the procedures for generating and char-
acterising the Class A foams. Finally, it details the small-scale fire experiments performed
to evaluate the fire suppression performance of the enhanced foams.



CHAPTER 3. EXPERIMENTAL SETUP 62

Experiment

Description

Hydrothermal-solvothermal synthesis

Reflux synthesis

NPs Characterisation

Foam characterisation

Foam generation

Fire experiments

Synthesis of iron oxide nanoparticles (IONPs) us-
ing hydrothermal and solvothermal methods to
control size and morphology.

Reflux method for synthesising IONPs, focusing
on different reaction conditions to address scala-
bility.

Characterisation of nanoparticles using SEM,
XRD, FTIR, and TGA to determine size, mor-
phology, crystallinity, and thermal stability.
Analysis of foam properties including drop shape
analysis (DSA), dynamic light scattering (DLS),
foam drainage, surface tension, zeta potential,
and bubble surface morphology.

Preparation and generation of Class A foams with
and without nanoparticle integration, using the
double syringe technique and ultrasonic disper-
sion.

Small-scale fire experiments using excelsior
(dried shredded wood) as fuel to evaluate the fire
suppression performance of enhanced foams.

Table 3.10: Summary of experiments carried out in this thesis.



Chapter 4

Synthesis and Characterisation of Iron
Oxide Nanoparticles

4.1 Introduction

In this chapter, the development of Iron oxide nanostructures using a wide range of hy-
drothermal synthesis (HS) and reflux synthesis (RS) processing conditions is presented.
These are standardised methods presented in Chapter [3| However, a systematic investiga-
tion of the effect of synthetic procedures on temperature, solvent and reaction time on the
iron oxide nanostructures, morphology crystallinity and molecular structure provides a com-
prehensive ’protocol outline’ for their development and incorporation into firefighting foams.
The synthesis of the IONPs by alternating the synthetic parameters allowed precise control
over the size, shape and composition of the IONPs.

4.2 Synthetic process conditions

The hydrothermal processing of Fe(NO3); 9H,0, FeCl, 4H,0, FeCl; 6H,0 enabled the syn-
thesis of Iron oxide nanoparticles with different morphology and sizes, depending on the
reaction temperature, time and solvent. Following the hydrothermal process, reflux synthe-
sis was employed to upscale the quantities of NPs, providing a comparative analysis of the
efficiency and yield between hydrothermal and reflux synthesis methods. Finally, the syn-
thesised IONPs were utilised to create Iron oxide/Silica nanostructures using two distinct
techniques. The range of experimental conditions investigated is summarised in the method-
ology chapter (see chapter [3).

63
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4.2.1 Results and Discussions

Effect of reaction time

Iron oxide nanoparticles (IONPs) were synthesised from different precursors and in varying
masses, starting from 1 mmol up to 4 mmol for iron nitrate nonahydrate (Fe(NO3)3 - 9H,0),
21 mmol for iron chloride tetrahydrate (FeCl; - 4H,0), and 7.4 to 9.8 mmol for iron chlo-
ride hexahydrate (FeCl3 - 6H,O). The synthesis explored various reaction times, particularly
for iron nitrate nonahydrate, ranging from 3 hours up to 24 hours, and incorporating three
different solvents: water, triethylamine, and dimethyl-formamide (DMF).

Scanning electron microscopy (SEM) images reveal the impact of extending reaction times
on the gradual growth of IONPs at a consistent temperature of 170°C across series [3.3]
[3.4]and [3.5] The SEM analysis revealed the morphology of IONPs, highlighting elongated
shapes and finely distributed rods as shown in Figure f.1]. More specifically, the SEM
images showed two distinct particle shapes: larger, rhomboid-like crystals measuring several
micrometres in length and 1-3 um in width, alongside smaller, spherical particles. This
variation suggests the presence of two phases (goethite and hematite) in the prepared samples
from series[3.3] The samples were first ensured to be in a fine powder form. This was critical
to maintain uniformity and ease of handling during the SEM imaging process.

Moreover, to reduce charging effects and enhance the quality of the SEM images, a thin
layer of gold-palladium alloy (Ag/Pd) was applied to the powdered samples. This coating
process helps to increase the conductivity of the samples, which in turn reduces active surface
spots that can interfere with image clarity. Once the coating was applied, the samples were
carefully placed in the sample holder of the SEM.
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Figure 4.1: SEM images of the hydrothermal products synthesised at 170°C with
a constant 2mmol of Fe(NO3)3 - 9H, O precursor for different reaction times of a)
3 hours b) 24 hours.

For a higher quantity of the iron precursor at 3 mmol, a noticeable difference in the morphol-
ogy of the IONPs was observed. At 24 hours, both rod-shaped particles and distorted cubes
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were present, while at lower reaction times (3 hours), the majority of the particles were rod-
shaped as shown in Figure 4.2] The SEM images in Figures [4.1) and [4.2}) for the samples
S3 and S10 show a mixture of particle shapes and sizes. Specifically, the particles appear as
larger, elongated, and rhomboid-like crystals measuring several micrometers in length and
1 —3 um in width. Alongside these larger particles, there are smaller, spherical particles dis-
persed throughout the sample. This suggests that at shorter reaction times, the IONPs exhibit
a heterogeneous morphology with a combination of larger, well-defined crystals and smaller
spherical particles.

Figure 4.2: SEM images of the hydrothermal products synthesised at 170°C with
a constant 3mmol of Fe(NO3)3 - 9H, O precursor for different reaction times of a)
3 hours b) 24 hours.

The SEM images in Figuresd.1p) and[4.2b) for the sample S3 and S10 show a notable change
in morphology. The particles appear to be more densely packed and finer in distribution
compared to samples with less reaction time. There is an indication of a more uniform size
and shape, with a significant reduction in the presence of the larger rhomboid-like crystals.
The elongated shapes and finely distributed rods are more commonly observed in the sample,
suggesting that the extended reaction time leads to a more uniform and refined morphology.

The SEM images of Figure .3]illustrate the morphologies of nano-materials grown with dif-
ferent amounts of solvents at a specific temperature (135 °C) for a reaction time of 3 hours
from series [3.6] In images a) and b) the particles appear to be relatively uniform in size with
some degree of agglomeration. They are spherical and show good mono-dispersity with an
average grain size of 60-70 nm. The intermediate stages of higher agglomeration can be vis-
ible in c¢) and d) where the ammonium hydroxide quantity is higher. A higher concentration
of ammonium hydroxide can raise the pH level of the solution inside the Teflon autoclave,
which can affect the surface charge of the NPs. This indicates that a higher quantity of water
shows less agglomeration under hydrothermal conditions. Agglomeration results in larger
clustered particles which can be used to improve the stability of foams. Agglomeration of
NPs has been considered a mechanism that has been called to explain the high stability of
particle-stabilised foams and bubbles. The NPs can accumulate at the gas-water interface
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and form a dense protective layer, thus effectively preventing the droplets from getting coa-
lescing or merging. However, while agglomeration can contribute to the higher stability of
the foams, excessive agglomeration can lead to several issues.

First of all, it can cause the formation of larger particle clusters that are difficult to diffuse in
the foam solution and homogeneously distributed at the gas-water interface. This can lead
to uneven distribution of the materials thus making the foam structure even more susceptible
to coalescence. Moreover, larger agglomerates may not be efficient in reducing the surface
tension of the foam solution thus reducing their surface activity. Finally, a high degree of
agglomeration will also reduce the overall high surface area of the NPs, diminishing their
potential to interact with more chemical species both aqueous and gaseous of the combustion
process.

In Appendix [C] SEM images reveal detailed morphologies of the nanoparticles at various
concentrations. Although not discussed in the main text, these images provide supplementary
visual evidence of the synthesised nanoparticles under different parameters.
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Figure 4.3: SEM images of the hydrothermal products synthesised for a reaction
time of 3 hours at 135°C. (a) 20 mL ammonium hydroxide and 40 mL water; (b)
10 mL ammonium hydroxide and 50 mL water; (c¢) 5 mL ammonium hydroxide
and 55 mL water; and (d) 30 mL ammonium hydroxide and 30 mL water.
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The SEM images in Figure [d.4] depict the morphologies of the same product from series [3.6]
reproduced under reflux conditions at a steady temperature of 135°C over 1 hour from3.8]as
shown in this process (See Figure [3.2).

)
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Figure 4.4: SEM images of the reflux products synthesised for a reaction time of
3 hours at 135°C. (a) 20 mL ammonium hydroxide and 40 mL water; (b) 10 mL
ammonium hydroxide and 50 mL water; (c) 5 mL ammonium hydroxide and 55
mL water, and (d) 30 mL ammonium hydroxide and 30 mL water.

The role and mechanism of nanoparticles (NPs) as additives in fire suppression depend on
various factors, primarily including their morphology, the presence of functional groups, and
their thermal resistance. Nano-additives are usually classified according to their morphol-
ogy as one-dimensional (including nanotubes, nanowires, and nanofibers), two-dimensional
(including nano-sheets and wafers) and three-dimensional (such as spherical nanoparticles,
nanoscopes, and nanoclusters) [113]. The morphology and functionalisation of these NPs
have significant effects on the thermal properties and fire resistance of the modified materi-
als.

The crystal structure of the as-prepared IONPs R-(Fe;0,4) and H-(Fe;O,4) was characterised
using XRD. The XRD spectra of both materials are presented in Figure 4.5 Various diffrac-
tion peaks appeared, related to the crystalline nature of the samples. In the XRD analysis
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of the IONPs, it was observed that the dominant phase present in the sample was magnetite
(Fe30y), as evidenced by the characteristic diffraction peaks. However, a closer examina-
tion of the XRD pattern revealed the presence of an additional phase, identified as goethite
(a-FeOOH), as seen in Figure d.5p). Figure 4.5k shows the Rietveld refinement of the XRD
spectrum for the H-(Fe;O4). This secondary phase was discerned through the detection of
specific diffraction peaks 260 = 21.1381° that correspond to the goethite phase, as listed in
the standard reference XRD pattern for goethite (ICDD-PDF card # 01-081-0462) [226].
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Figure 4.5: XRD analysis of the synthesised IONPs. Figure 2a shows the XRD
spectra for both materials, b) presents the peak identification for the IONPs syn-
thesised with the hydrothermal method, whereas c) shows the Rietveld refinement.
Finally, d) presents the simulated patterns for both phases.

Table [.1] presents the main peaks for the IONPs synthesised by hydrothermal and reflux
processes. From Figure [4.3] it was confirmed that the diffraction peaks belong to mag-
netite (Fe;04) (ICDD-PDF card # 01-085-1436) phase [227]. The XRD analysis of the
magnetite nanoparticles revealed a high degree of crystallinity, as evidenced by the sharp,
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well-defined peaks in the diffraction pattern. The XRD patterns obtained for both synthesis
techniques exhibit remarkable similarities, strongly suggesting that the resulting materials
possess nearly identical crystal structures. Nonetheless, minor variations in peak positions
were observed, which could potentially be attributed to differences in crystallite size and
the distinct methods of preparation employed. A comparative analysis of the XRD patterns
for the reflux-synthesised magnetite nanoparticles R-(Fe;0,) and the hydrothermally synthe-
sised magnetite nanoparticles H-(Fe;0,) indicates that the application of the reflux technique
does not produce any significant impact on the crystal structure of the nanoparticles.

IONPs (Reflux) IONPs (Hydrothermal)
Sample Pos. (20) d-spacing (A) hkl Sample Pos. (260) d-spacing (A) hkl
R-FeO,; 18.3124 4.84481 111 | H-FeO4 18.3243 4.84170 111
R-FeO, 21.1381 4.20312 110 | H-FeO, 21.2447 4.18226 110
R-FeO4 30.1029 2.96872 220 | H-FeO4 30.1544 2.96377 220
R-FeO4 35.4037 2.53544 311 | H-FeO4 35.5022 2.52864 311
R-FeO4 37.0983 2.42343 222 | H-FeO4 37.1264 2.42166 222
R-FeO, 43.0912 2.09926 400 | H-FeO, 43.1547 2.09632 400
R-FeO4 53.4428 1.7152 422 | H-FeO, 53.5285 1.7197 422
R-FeO4 56.9084 1.61807 511 | H-FeO4 57.0508 1.61436 511
R-FeO4 62.6069 1.48380 440 | H-FeO, 62.6268 1.48337 440

Table 4.1: List of the XRD peaks for IONPs synthesised by reflux and hydrother-
mal process.

To obtain the average crystallite size of the samples, the diameter, d, is calculated using
Debye-Scherrer formula (equation 4. 1)):

KA
d =
Bcos©O

4.1)

where K is equal to 0.89 (Scherrer’s constant), A is the wavelength of X-rays, 0p is the
Bragg diffraction angle, and B is the full width at half-maximum (FWHM) of the intense
diffraction peaks. The average crystallite size of the IONPs synthesised by hydrothermal
and reflux method was found to be d = 35.56 nm and d = 31.57 nm respectively. These
findings are consistent with previous studies on magnetite nanoparticles synthesized using
similar methods, which have reported crystallite sizes in the range of 20-30 nm and high
phase purity [196, 228]].

Table [4.2]lists the parameters for the calculation of crystallite size and phase quantification
analysis for the IONPs synthesised by the hydrothermal method.
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Product | Reaction time (h) | Temperature( °C) Phases Amount (%) | Peak Position (degrees) | FWHM (degrees) | Crystallite size (nm)
S25 3 135 Magnetite/ Goethite 98.4/1.6 35.61 0.381+0.006 22.88
S26 3 135 Magnetite/ Goethite 96.8/3.2 35.53 0.3394+0.005 25.71
S27 3 135 Magnetite 100 35.55 0.255+0.004 34.18
S28 3 135 Magnetite/ Goethite 96.8/3.2 35.56 0.443 +0.008 19.68

Table 4.2: Parameters for the calculation of crystallite size and phase quantifica-
tion analysis.

The concentration of Ammonium Hydroxide (A.H) affects the crystallite size of the Iron
Oxide nanoparticles. More specifically the ratio for S25 was 20 mL (A.H) and 40 mL (H20).
S26 had a ratio of 10 mL (A.H) and 50 mL (H20). S27 had a ratio of 05 mL (A.H) and 55
mL (H20). S28 had a ratio of 30 mL (A.H) and 30 mL (H20O) depicting the lowest crystallite
size for the highest concentration of (A.H).

Other types of NPs

Silica nanoparticles (Si0O,) are well-known in the literature for their excellent properties at
resisting high temperatures and their effectiveness as additives in firefighting foams (see
subsec [2.7.3)). Consequently, following the synthesis of IONPs, they were combined with
tetraethoxysilane as shown in Table [3.9] to create a nanocomposite structure and evaluate
the effectiveness of this combination in the modified firefighting foam. On the other hand,
commercial silica nanoparticles were obtained for comparison as detailed in Table[3.1] These
nanoparticles were of reagent grade, purchased as nano-powder with a particle size of 5 — 15
nm from Merck Life Science.

Figure {.6| presents clusters of nanoparticles with distinct morphologies. Their shape seems
to be almost spherical with many small NPs contributing to larger clusters.
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Figure 4.6: SEM images of the a) IONPs/SiO2 nanostructure and b) Commercial
SiO2 NPs

Figure[4d.7]illustrates the X-ray diffraction (XRD) pattern as well as the chemical composition
presented by Fourier Transform Infrared Spectroscopy (FTIR). In XRD analysis the peak
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marked in blue represents the commercial silica NPs, indicating its crystalline phase which
is likely to be quartz or a similar crystalline form. The presence of sharp and well-defined
peaks suggests a high degree of crystallinity which is essential for the behaviour of NPs in
applications. NPs with small sizes and high crystallinity have higher interfacial energy. Thus,
they will readily be adsorbed on the bubble surface [147], making them good candidates for
firefighting foam additives as the surface tension of the solution will be decreased. IONPs
catalytic activities depend on their size and surface area [183].

The FTIR spectra in Figure 4.7b obtained from SiO; (red curve) and IONPs/SiO, (blue
curve) show clearly the molecular structure of the NPs. The broad peak around 3375 cm™!
suggests the presence of Si-OH stretching vibrations, that could be associated with hydroxyl
groups attached to silicon atoms. The sharp peak around 1632 cm™! corresponds to the
bending vibrations of water molecules. Moreover, the peak around 1056 cm~! is attributed to
Si-O-Si stretching vibrations for silica-based materials. Finally, there is a difference between
those two samples and that is around the peak at 561 cm~! where it is visible that this is a
Fe-O bond confirming the existence of an IONPs/SiO, structure.

The chemical composition of the rest NP series was investigated using FTIR spectroscopy.
Figure |4.8| presents FTIR spectra obtained from series [3.6} and [3.8| from 4000 cm~! to
400 cm™ . The data for the rest of the series are shown in Appendix The peaks
are mainly ascribed to functional groups (O-H, C=N, C-H, Fe-O) present in the compound.
The spectrum in Figure a),b) reveals characteristic peaks from the hydrothermal and
reflux methods respectively, at 3115 cm~! which shows a medium broad appearance and is
connected to the group of O-H stretching. The band at 1556cm ™! and 1636cm™!belongs to
the C=O0 stretching.

Moreover, FTIR spectra show characteristic absorption bands at 540 cm ™! corresponding to

the metal-oxygen vibrational band (Fe—O) at the tetrahedral site for series

Table shows the synthesis methods of IONPs (Fe;04) used in the FTIR spectra, distin-
guishing them between those prepared via hydrothermal (H) and reflux (R) methods, and
also lists the IONPs combined with silicon dioxide (IONPs/Si0O,), along with commercial
silicon dioxide NPs (S10,).

Sample ID Composition

S26 F63 04 (H)
S27 F63 04 (H)
S28 Fe;04 (H)
S34 Fe3 04 (R)
S35 Fe304 (R)
S36 Fe304 (R)
S37 Fe304 (R)

Table 4.3: FTIR samples S26-S37.
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Figure 4.7: a) XRD analysis of IONPs/SiO; (S39), SiO; (S40) and synthesised
IONPs (837); b) FTIR spectra of IONPs/SiO, (S39) and SiO; (S40).
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Figure 4.8: FTIR spectra of synthesised IONPs where a) samples S26-529; b)
samples S34-S37.
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Thermal Stability

Thermogravimetric analysis (TGA) was used to determine the NP thermal stability by mon-
itoring the weight change that occurred while the sample was heated at a constant rate of
20°C/min to 1000°C under air. Figure 4.9p) presents the total weight loss as a function of
temperature with different slopes. The slopes suggest that samples S27 and S29, both refer-
ring to IONPs synthesised by the hydrothermal method, whose weight remained relatively
constant, exhibit the best thermal stability among the samples. The fact that the IONPs (H)
maintain a higher percentage of their original weight at high temperatures indicated that they
decompose much slower and can have a significant effect when added to the foam for fire
suppression applications. Similarly, Figure [4.9b) provides the derivative thermogravimetric
(DTG) curve which illustrates the rate of weight change of the material as a function of tem-
perature. The samples undergo different thermal events such as the decomposition of organic
compounds or dehydration. In the DTG, S27 shows a very slow rate of weight loss as the
curve remains close to zero, indicating gradual and minimal weight changes.



CHAPTER 4. SYNTHESIS AND CHARACTERISATION OF IRON OXIDE NANOPARTICLES 75

a)
100
98 -
96
2
=
5
]
=
92 4
90 -
88 T T T T T T T 1 !
0 200 400 600 800 1000
Temperature (°C)
b)  0.00
-0.02 -
o
< 0.04-
-
£
2
Q |
3_ -0.06 4| |
= |
1
@
o
-0.08 4V
-0.10

1 ! I . I L I L
200 400 600 800 1000
Temperature (°C)

Figure 4.9: TGA analysis of samples S27-0.1 wt%(IONPs-Hydrothermal),
8§29-0.1 wt%(IONPs-Hydrothermal), S35-0.1 wt%(IONPs-Reflux), S37-0.1
wt%(IONPs-Reflux), S40-(commercial SiOy NPs) and §39-0.1 wt%(IONPs/SiO,
NPs), illustrating thermal decomposition and overall weight loss from 0 to
1000°C.
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Figure [4.10] shows the beginning decompose temperature of S27-0.1 wt% is around 220 °C.
By around 600 °C the sample weight seems to have levelled off, indicating the loss of most
of the volatile components where possibly only the char residue is left. The DTG curve
shows the initial decomposition of the sample just before 200 °C due to the moisture loss
phase and approximately at 300 °C which may correspond to a major decomposition peak,
possibly occurring due to the breakdown of organic components or other volatile substances
in the sample.
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Figure 4.10: TG and DTG curves for the best-performing sample S27-0.1 wt%.

This enhanced thermal stability indicates that the IONPs can be beneficial for firefighting
purposes as they will remain intact and functional at elevated temperatures, which can lead
to more efficient heat absorption and retardation of the flame spread.

4.2.2 Summary and Conclusions

This chapter presents the synthesis of iron oxide nanoparticles (IONPs) from various pre-
cursors and in different masses to investigate their impact as additives in Class A foams.
The synthesis conditions included various reaction times with different solvents, such as wa-
ter, triethylamine, and dimethylformamide (DMF), which are widely used in hydrothermal
synthesis for the dissolution of precursors and the promotion of particle growth. Scanning
electron microscopy (SEM) analysis provided insights into the morphology of the nanopar-
ticles, revealing diversity in particle shapes and sizes. The degree of agglomeration for
the nanoparticles is a critical factor in determining which nanoparticles ensure the stabil-
ity of the firefighting foams by avoiding excess agglomeration. X-ray diffraction (XRD) and
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Fourier transform infrared spectroscopy (FTIR) provided details on the crystalline nature and
chemical composition of the nanoparticles, indicating a high degree of crystallinity and the
presence of functional groups relevant to their use in fire suppression. Thermogravimetric
analysis (TGA) and derivative thermogravimetric (DTG) curves highlighted the exceptional
thermal stability of IONPs, suggesting they can remain stable at elevated temperatures, thus
being effective in fire suppression applications.



Chapter 5

Investigation of the impact of Iron Oxide
Nanoparticles on the stability of Class A
foam for firefighting purposes

5.1 Introduction

In this chapter, a thorough investigation into the stability of the dry foam, measured by its
half-life, was carried out after the addition of the synthesised nanoparticles. The purpose of
this evaluation was to determine the impact of the synthesised IONPs on the foam’s strength
and durability, both of which are vital factors in its effectiveness in suppressing wildfires.
To further understand the foam coarsening with time, the morphology of the bubbles was
analysed using a digital microscope. The initial assessments indicate potential options for
utilising nanoparticles as an effective approach to significantly improve the functionality of
Class A firefighting foams.

5.2 Results and Discussions

5.2.1 Foam Drainage

Foam drainage of plain foam was established as a baseline for examining the impact of the
synthesized nanoparticles (NPs) on the system. Initially, the foam was subjected to vari-
ous conditions using an overhead stirrer to determine the most suitable type of stirring for
generating sufficient foam structure and to ascertain the optimal rotation speed at which the
agitator blade would produce foam. For this purpose, the agitator blade was positioned at
three different heights: h1 (1 cm from the bottom), h2 (2 cm from the bottom), and h3 (3 cm
from the bottom) of the plastic container, across three distinct rotation speeds of 750 RPM,
1000 RPM, and 1250 RPM. Subsequently, different mixing times were applied to evaluate
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the foam drainage and to calculate the average foam height from the three replicates of each
experiment. Table shows the average foam height repeated from the three replicates for
the plain foam. Based on that table there is an increase in foam height with time which
suggests that longer times of mixing could be beneficial for achieving greater foam heights.
Finally, the increase in foam height from 10 to 15 minutes is less noticeable, suggesting
that there is an optimal mixing time beyond which no significant benefits in foam height are
gained.

RPM (Blade Height) Mixing time (min) Foam Height (Average)

h1-750-(1cm) 5 3.85
h2-750-(2cm) 10 4.1
h3-750-(3cm) 15 4.16667
h1-1000-(1cm) 5 3.85
h2-1000-(2cm) 10 4.1
h3-1000-(3cm) 15 4.16667
h1-1250-(1cm) 5 3.85
h2-1250-(2cm) 10 4.1
h3-1250-(3cm) 15 4.16667

Table 5.1: Plain foam drainage for various blade heights (hl, h2, h3), speeds,
and time.

Foam drainage experiments for different agitator blade heights, mixing time and rotation
speeds are depicted in Figures

Based on the plain foam height and foam drainage results in Table [5.1] and Figure [5.2] the
1250 RPM speed was chosen at a 2 cm blade height for a mixing time of 10 minutes because
the agitation seemed sufficient to evenly create the foam structure and also distribute the NPs
within the foam. The 10-minute duration represents a balanced time to avoid the degradation
of foam quality that might occur with prolonged mixing.

Foam stability was then studied for different concentrations of IONPs (see Appendix D).
The foam drainage experiments, aimed at evaluating the stability of plain foam compared to
foam with higher concentrations of Iron Oxide Nanoparticles (IONPs), namely 0.5 and 1.0
wt%, revealed no significant differences when contrasted with lower concentrations, such
as 0.025, 0.05, and 0.1 wt%. Consequently, these lower concentrations were selected for
further exploration regarding the potential scaling up of the product for use in extensive fire
suppression experiments.

A negative aspect observed for the NPs from Series 5 (see Table3.7)), as compared to Series 4
(see Table[3.6), was the reduced foam stability. This was evident in Figure (see Appendix D]
Figure D.2)), which showed that after 24 hours, the foam structure collapsed due to drainage
and coarsening processes. This indicates that this type of NP was detrimental to the foam’s
lifetime.



CHAPTER 5. FOAM STABILITY

164

|—=— h1.1000.5min
|—=— h1.1250.5min

Volume of the Drained Solution [mLB

—=—h1.750.5min |

Plain foam
n T T T T Ll T
0 100 200 300 400 500 600
Time (s)
€) 1]
7 <
14 4
£ o
£ -
= 124
=2
7]
W 10 4
o
o
E 3]
o —=— h1.750.15min
g 6 —&— h1.1000.15min
r —a— h1.1250.15min|
T ad 4 ok Plain foam
E _|p #
3 24m w
=] o
>
D L} T 1 T T Ll
0 100 200 300 400 500 600

Time (s)

b) 16
g .
E 14- .
&
= 124
=
o
w104
o
g ;
T & p—
o) / —=— h1.750.10min
o B+ #— h1.1000.10min
s |-—4— h1.1250.10min
o 44 :
0 Plain foam
E
3 2-
o
S J
u T 1 T 1 T T
0 100 200 300 400 500 600
Time (s)
)15—
ey Ao
E 144 /,./
£ ] 3
= 124
= i
]
0 10 4
o
g p
£ g
g -#— h2.750.5min
o 64 /.’ —e— h2.1000.5min
= ]
= /./ 4— h2.1250.5min
9 44 Plain foam
m <4
E
2 2
£ =
0 T T T T T T T T T
0 100 200 300 400 500 600
Time (s)

Figure 5.1: Plain foam drainage for various blade heights (hl, h2, h3), speeds,

and time.



CHAPTER 5. FOAM STABILITY

oo
~
-
@
1

-
£
i —

-
(]
1

Y
o
1

[==— h2.750.10min
—e— h2.1000.10min

Volume of the Drained Solution (mL)
(-]
1

Ly )/" —a— h2.1250.10min
44 ‘ - Plain foam
4 /.'
212~
0 : T T Y T v T v T ¥ T T
0 100 200 300 400 500 600
Time (s)
C)w—
:I" p
E 14- =
c -~
= 12 4
=
[=]
" 10 g
-
U - -
g 8 - —=— h3,750.5min
s g —e— h3.1000.5min
FRLE / —a— h3.1250.5min
- 1 Plain foam
S 44
o -
£
3 24
o
=
D T T L3 T x T T T
0 100 200 300 400 500 600
Time (s)

=3
~
-
o

L

Volume of the Drained Solution (mL)

Volume of the Drained Solution (mL) &

81

14 /
12
n’),
10 4
4
‘s
84 » S -y
—=— h2.750.15min
6 —&— h2.1000.15min
] |—4— h2.1250,15min
44 '/ Plain foam
24
0 T T n T L T L T ", T
0 100 200 300 400 500 600
Time (s)
16 S
14 -
12 - 2
10 5
8+ —=— h3,750.10min
—&— h3.1000.10min
6 |—&— h3.1250.10min|
Plain foam
L5 /
2 4 /
-
o T 1 L} T 1
1] 100 200 300 400 500 600

Time (s)

Figure 5.2: Plain foam drainage for various blade heights (hl, h2, h3), speeds,

and time.



CHAPTER 5. FOAM STABILITY 82

The best-performing samples for S27 and S35 were assigned serial numbers H-0, H-1, H-2,
and H-3 for the hydrothermal method, and R-0, R-1, R-2, and R-3 for the reflux method
respectively. The new foam solutions were stirred at 1250 revolutions/min for five minutes
using an overhead stirrer with a 5 cm paddle, generating a foam solution with entrained
liquid. The formulations of the foam dispersions are detailed in Table [5.2]

Sample  Class A Foam Concentrate (%) Triple Distilled Water (mL.) IONPs (%)

Plain foam 0.6 994 0
H-1 0.6 994 0.025
H-2 0.6 99.4 0.05
H-3 0.6 99.4 0.1
R-0 0.6 99.4 0
R-1 0.6 99.4 0.025
R-2 0.6 994 0.05
R-3 0.6 99.4 0.1

Table 5.2: Formulations of Class A foam solutions used to generate foam with
iron oxide nanoparticles as additives.

As can be observed in Figures [5.3] [5.4] the drainage time is prolonged for all concentra-
tions, with the effect being more profound at higher concentrations, hence increasing the
foam strength and stability. The main mechanism suggested for NPs to improve the foam
stability is the adsorption at the gas-liquid interface to make the films more stable [[147]. In
the absence of the NPs, the liquid is separated from the gas phase faster, indicating higher
[disproportionation| of the bubbles [229]. Typically, the stability of firefighting foams is anal-
ysed for 25 % and 50 % drainage [53, [77,[147]. The rate of liquid drainage from the Class
A foam was determined for three drainage times; 25%, 50% and 75% of the liquid to drain
out of the foam. At 75% drainage time, the foam is still at its highest quality, thus making it
necessary to analyse its early performance [7].
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Figure 5.3: Influence of IONPs synthesised by hydrothermal method on foam
drainage.

In the early stage of drainage (25% drainage time), the concentration with the highest impact
in delaying drainage is 0.05wt% IONPs. In the middle stage, which represents foam half-life
(50% drainage time), the foam drainage is delayed more for R-Fe;0O, than for H-Fe;O4 NPs,
which indicates higher foam stability. The delay time using R-Fe;O, is 3.2% longer than
the one using H-Fe;0,. In the late stage of drainage (75% drainage time), when most of the
liquid has been drained out of the foam due to gravity, 0.1% concentration seems to stabilise
the foam solution in both cases, providing more time to separate the gas and the liquid phase.



CHAPTER 5. FOAM STABILITY

Volume of the Drained Solution (mL)

1649759, Drainage
. e ;. .9 ’_—47
14 4 | by
mo AV
12- mo Ay
10 50% Drainage F/./ﬁ
g [y ; Ei Reflux Synthesis
1 ek EE - 4 - Plain Foam
6425% Drainage M%&) - @ -$35-0.025 wt%
————————————— o - & - $35-0.05 wt%
4 Ik b - ¥ -$35-0.1 wt%
1 : !
, X =300s || ! t=318s
1" t=282s | | ! t=323s
0 ’ T ’ T — I| L T T T T T
0 100 200 300 400 500 600
Time (s)

84

Figure 5.4: Influence of IONPs synthesised by reflux method on foam drainage.

Table [5.3| and Table [5.4] present the foam drainage times at different IONPs concentrations
for the NPs synthesised via the reflux and the hydrothermal method respectively.

IONPs Conc. Class A Drainage time Drainage time Drainage time
Hydro (%)  Foam (%) 1259 (8) 1509 ($) t75% (8)

0 0.6 157+2.00 282+1.53 44143.00
0.025 0.6 170+2.08 3034+2.00 518+2.51

0.5 0.6 1754+2.00 309+2.08 551+2.00

0.1 0.6 162 +2.05 299 +2.00 560+ 1.63

Table 5.3: Foam drainage times at different concentrations of synthesised H-

Fe;0, into Class A foam solutions.

This may be attributed to the structure of IONPs at 0.1% being more tightly dispersed on the
bubble surface [148]]. The dip of the #5094, drainage time at 0.1% concentration is lower for
the hydrothermal than for the refulx method. This increased collision probability of IONPs
at higher concentrations may lead to a decrease in their dispersity, which may cause some

agglomeration [148]].
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IONPs Conc. Class A Drainage time Drainage time Drainage time
Reflux (%)  Foam (%) 1259 (8) 150% (3) t75% (8)

0 0.6 157+2.00 282+1.53 44143.00
0.025 0.6 1714+2.05 300+3.3 501+2.49

0.5 0.6 184+2.16 318 +3.09 594+3.74

0.1 0.6 176 +2.62 3234+2.05 614+2.16

Table 5.4: Foam drainage times at different concentrations of synthesised R-
Fe;0, into Class A foam solutions.

5.2.2 Surface tension

Pendant drop tensiometry (PDT) served as the method to assess the influence of IONPs
on the [dynamic surface tension| of foam solutions [154]. PDT involves the formation of a
droplet at the tip of a syringe needle, and the profile of this droplet is analysed to determine
the surface tension. In this method, a droplet of the foam solution is slowly extruded from a
syringe until it hangs from the needle. The shape and size of the droplet are influenced by
the balance of gravitational and surface tension forces. By capturing images of the droplet
and applying the Young-Laplace equation [2.28] the surface tension can be calculated.

Figures [5.5] and [5.6] show the different droplets formed from the syringe needle until just
before detached from the needle tip. The addition of IONPs reduces the overall mean area of
the droplets. The mean area of bubbles decreases with increasing IONPs concentration, in-
dicating smaller droplet sizes with higher concentrations of NPs. This drop can be attributed
to the surface activity where the IONPs are adsorbed in the air-liquid interface and tend to
modify the surface tension, which leads to the formation of smaller and more stable droplets.
Moreover, the mean volume (V) of bubbles decreases with increasing IONPs concentration,
consistent with the decrease in mean droplet area. Additionally, electrostatic or steric stabili-
sation provided by NPs can maintain smaller droplet sizes by preventing droplet coalescence
[157].

Figure shows the surface tension of foam solutions for various concentrations of H-
Fe;O,4 and R-Fe;04 NPs. The error bars provide an indication of the variability in the mea-
surements. It can be observed that for both reflux and hydrothermal conditions the surface
tension (SFT) decreases with the addition of NPs. At O % NPs concentration, the SFT is the
highest. Despite the variability, the overall trend shows a decrease in SFT with the addition
of NPs. This behaviour suggests that the addition of IONPs modifies the air-liquid interfacial
properties [230]. The lower surface tension can result in excellent film-forming and spread
properties, corresponding to better fire extinguishing capabilities of the foam [155].
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(d) Foam + 0.1%
NPs, Area=15.78 +
0.07mm?,
V = 6.093 +
0.046 pL.

Figure 5.5: Water droplets analysed by pendant drop method at different concen-

trations of IONPs (Hydrothermal synthesis).

(a) Plain foam,
Area=17.2 +
0.1mm?,

Vv = 6769 +
0.034 pL.

(b) Foam + 0.025%
NPs, Area=16.7 +
0.1mm?,
V. = 6365 +
0.101 pL.

(¢) Foam + 0.05%
NPs, Area=16.25 +
0.14mm?,
V = 6333 +
0.096 uL.

(d) Foam + 0.1%
NPs, Area=14.86 =
0.12mm?,
V = 565 +
0.07 uL.

Figure 5.6: Water droplets analysed by pendant drop method at different concen-

trations of IONPs (Reflux synthesis).
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Figure 5.7: Interfacial surface tension (SFT) for different concentrations of
IONPs dispersions in foam solution synthesised using reflux and hydrothermal
techniques, with error bars representing standard deviations.

This behaviour suggests that the addition of the IONPs can modify the air-liquid interfacial
properties. A study from Shneider [231] reveals that the surface tensions of a bubble and a
droplet respond differently to changes in surface curvature. Specifically, for a bubble, the
surface tension decreases as the surface’s curvature radius reduces, while for a droplet, the
surface tension increases under the same conditions. In our experiment, the surface tension
of the droplet was studied and it was found that for higher concentrations with a lower radius,
the surface tension was increased. This might also result from the surfactant adsorption on
IONPs and depletion at the air-water interface [[154]].

5.2.3 Zeta Potential

The zeta potential in the foam liquid is closely related to foam stability [77, 232, 233]. Thus,
for the in-depth understanding of the effect of the addition of IONPs in class A foams, the
relation between the IONPs concentration and the NPs zeta potential in the foam liquid was
studied.

Table [5.5| shows the average zeta potential values and particle size of IONPs when added to
the foam solution. As can be observed, when increasing the IONPs concentration, the zeta
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potential values increase for both foam solutions prepared by the two different techniques.
The higher the zeta potential, the more strongly the particles are repelled from each other,
and the more stable the dispersion will be [234]. Particles with zeta potentials in the range
+30mV are considered to be unstable concerning aggregation. The observed values in Table
5 are within the expected range, hence aggregation of the nanoparticles should be expected
[235]. The average hydrodynamic particle size increased as the NP concentrations increased,
indicating a higher particle aggregation at higher concentrations.

Table 5.5: Average zeta potential and particle diameter of IONPs at different
concentrations for hydrothermal and reflux methods.

NPs Concentration (wt%) | Zeta Potential (mV) | Avg Particles Size (nm)

0 0.86+0.19 N/A
H-1 [—18.51[£0.99 1658
H-2 |—17.43)£0.85 2564
H-3 |—10.20] £0.92 3306
R-1 |—28.78| £2.06 1681
R-2 |—14.60[ £0.09 2096
R-3 |—8.80[ £ 0.60 2232

The zeta potential absolute value Zetapotential = |—zetapotential |, decreased from 18.51mV

to 10.2mV with the addition of IONPs synthesised by the hydrothermal method. In contrast,
for the reflux method, the decrease was from 28.78mV to 8.8mV for increasing IONPs con-
centration. The decreasing absolute value of the zeta potential indicated that the class A
foam surfactant was adsorbed in the surfaces of the NPs [68, 236]. A higher zeta potential
indicates a greater degree of electrostatic repulsion between the particles, which makes the
dispersion more stable [[134,237]]. A corresponding average particle size increase is observed
as a result of the presence of the adsorbed NPs. Particle foaming agents are characterised by
their strong adsorption energy at the gas-water interface, which means that they have a high
adsorption heat [[134]]. This makes the adsorption at the interface irreversible, meaning that
the particles will stay attached to the interface once they are adsorbed. The strongly negative
values of zeta potential for lower concentrations indicate the high colloidal stability of the
IONPs, which tend to increase as the NPs concentration decreases [238]].

5.2.4 Bubble Morphology

Foams that present higher stability can resist the effect of the foam coarsening and bubble
coalescence resulting in longer foam half-life. Half-life time of a foam is defined as the time
required by a foam to drain 50% of the volume of the initial condition. In the current work,
to further understand the foam coarsening with time, the morphology of the bubbles was
analysed using a digital microscope. For every sample used, two images were recorded to
investigate the coarsening. The first image is recorded immediately after the foam genera-
tion, whereas the second image is generated 10 min after the foam generation. The duration
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of the coarsening of the foam was chosen at 10 min due to the approximate time of the foam
to reach its 75% drainage time.

The destabilisation process of the foam depends on the coalescence (rupture of films between
bubbles) and the coarsening (gas diffusion between bubbles due to pressure difference). Af-
ter 10 min elapsed from the plain foam generation, the bubbles are seen to have formed a
polyhedral shape and the average bubble size has increased. By comparing Figure [5.8h) and
[5.8b) it can be extracted that the plain foam’s bubble distribution changes from circular at the
beginning to polyhedral after 10 min, indicating a low liquid volume fraction (¢) in the foam
[80]]. This behaviour can be related to the gas diffused between bubbles of different radii due
to differences in the Laplace pressure. The gas is transferred from smaller to bigger bubbles,
leading to the disappearance of the former [69]. However, at 0.1 wt% IONPs concentration
in Figure [5.8k), bubbles remain approximately spherical even after 10 min elapsed since the
foam generation (Figure[5.8d)), demonstrating a delay in foam drainage. This is the result of
a higher liquid volume fraction (¢) where the bubbles are spherical and move independently
(Figure [5.8d-f) [80]. The same trend followed for the 0.1 wt% IONPs (Figure [5.8k.,f)) syn-
thesised by the reflux method. This indicated that the NPs were adsorbed fast enough to the
bubble surface and stabilized, thus limiting their deterioration. This result can be attributed
to the foam solution’s improved surface dilational viscoelasticity as a result of NP adsorption
and accumulation on the bubble surface and plateau border [7].

When the foam is generated, it is composed of individual bubbles that are separated by thin
films of liquid, known as plateau borders [147,,230]. These plateau borders (PBs) are highly
unstable and prone to rupture, which can cause the foam to collapse. This behaviour is
caused by a combination of various factors, including capillary forces, gravity, and surface
tension [[155]]. Generally, most of the liquid is found in the PBs. When four PBs join together
they form junctions or nodes. However, a mechanism to stabilise these plateau borders is the
addition of nanomaterials [80]. Figure illustrates the main mechanism by which IONPs
stabilise the foam lamella and decelerate foam drainage and coarsening.

When nanoparticles are introduced to the foam, they can aggregate at the plateau borders due
to their high surface area and surface energy. This aggregation can cause the nanoparticles to
form a physical barrier that reinforces the plateau borders and prevents them from rupturing
[67]. During this process, the aggregated IONPs delay the flow of the liquid downwards the
thus providing a steric barrier to film thinning and inter-bubble diffusion [7].
Moreover, the aggregated IONPs can form a layered structure inside the thinning film, thus
stabilising it by the so-called oscillatory structural force [149]. The thinning and stability of
the aqueous films separating the foam bubbles are crucial for coalescence and foam collapse.
Finally, the adsorption of the NPs on the bubble interface is irreversible, which implies that
NPs are difficult to detach from the interfaces, thus impeding bubble coalescence and re-
ducing foam drainage. The degradation of the foam was notably accelerated upon contact
with water. This phenomenon can be potentially attributed to the aqueous surfactant solution
(SDS) that was inherent within the foam, which creates a concentration gradient between the
foam lamella and the pure water thus diluting the surfactant solution. As the concentration of
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(¢) Enhanced Foam, 0.1wt% H-Fe3;04 NPs, t = 0 min. (d) Enhanced Foam, 0.1wt%
H-Fe;0,NPs, t = 10 min.

(e) Enhanced Foam, 0.1wt% R-Fe3;0,4 NPs, t = 0 min. (f) Enhanced Foam, 0.1wt%
R-Fe;04 NPs, t = 10 min.

Figure 5.8: Foam bubble morphologies (10x magnification) at t = 0 min (foam
generation) and t = 10 min after foam generation for plain foam, and for foam
enhanced with 0.1wt% Fe;0, synthesised using the Hydrothermal (H) and the
Reflux (R) methods.
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Figure 5.9: Illustration of the mechanism that IONPs stabilise the foam system.
The drainage time of the film may be reduced due to the accumulation of the
IONPs within the plateau borders.

surfactant decreases, the surface tension of the solution increases and the bubbles are more
likely to rupture.

5.2.5 Summary and Conclusions

In this chapter, the effect of IONPs synthesised by two different preparation methods, (reflux
and hydrothermal), on the stability of a commercial Class A firefighting foam was system-
atically investigated. Based on the findings, the addition of IONPs at appropriate concen-
trations into the foam solution improved foam stability. The foam half-life was increased
in both cases due to the accumulation of the NPs in the foam network thus providing an
interfacial shield to delay the foam drainage.

However, in the absence of NPs, the bubble sizes were larger and fewer thus indicating a high
rate of bubble coalescence and coarsening. An analysis of the morphology of the bubbles
on the micro-scale suggests that the NPs assemble at the plateau borders and nodes of the
bubbles to reduce coarsening and disproportionation. As a result, the foam stability improves
due to the adsorption of the NPs on the gas-liquid interface. The results regarding the wetting
characteristics of the IONPs show that they decrease the surface tension of the foam solution,
indicating that the NPs have changed the air-liquid interfacial properties. The lowest surface
tension was achieved at the lowest concentration of IONPs, while higher concentrations
resulted in higher surface tension due to surfactant adsorption on IONPs and depletion at the
air-water interface. IONPs can aggregate at the PBs of foam bubbles to stabilise them by
forming a protective layer that prevents the liquid films from breaking. This mechanism can
improve the effectiveness and efficiency of firefighting foam.



Chapter 6

Utilisation of enhanced Class A foam
with nanoparticles for the indirect attack
of Excelsior fuel

6.1 Introduction

Wildfires present a significant challenge to natural ecosystems and human settlements, fre-
quently leading to catastrophic loss and destruction. Innovative solutions are needed to en-
hance the efficiency and effectiveness of firefighting technologies, which are critical for mit-
igating and controlling the spread of wildfires. This chapter involves the use of firefighting
foams, specifically Class A foams that are designated for Class A fires, which have demon-
strated significant effectiveness in suppressing and mitigating wildfires mixed with synthe-
sised IONPs, combined nanostructures of IONPs/SiO, and commercial SiO, NPs. The addi-
tion of nanoparticles into Class A foams and their comparison to the plain foam performance
provides significant advancements in wildfire suppression particularly when addressing the
indirect attack]| of the fire. The formulation and concentration of the foam play a significant
role in addressing the fire. An analysis of the foam provides valuable insights into the in-
teraction of nanoparticles at the solution stage, which can consequentially affect the foam’s
overall performance. Understanding the behaviour of the enhanced foam containing NPs
could provide a predictive model for its performance in real-world fire suppression scenar-
10s. Small-scale experiments addressing the combustion of Excelsior fuel and the use of the
plain foam against the enhanced one by the NPs are thoroughly discussed in this chapter. Fi-
nally, it concludes by exploring key metrics for fire suppression efficiency, such as mass loss,
mass loss rate, flame height, flame spread and residual mass to evaluate the performance.
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6.2 Results and Discussions

6.2.1 Mass loss

The setup for the fire experiments is detailed in the methodology section (see [3.3). Mass
loss profiles of Excelsior treated with water (wet Excelsior) and varying NP concentrations
are presented in Figure [6.1] illustrating the critical role between thermal degradation and
the effectiveness of NPs in retarding the combustion process. For untreated dry Excelsior
(6.T)), a rapid mass loss rate is observed, with the material diminishing in less than two
minutes. Conversely, Excelsior treated with 20 ml of plain water shows a delayed onset
of mass loss, likely due to the effect of moisture content. The incorporation of iron oxide
nanoparticles/silicon dioxide (IONPs/Si0,) NPs at concentrations of 0.025 wt% @c)) and
0.1 wt% (6.1d)) significantly affects the mass loss rate and total mass over time. At the
lower concentration (0.025 wt%), three peaks are observed, indicating combustion processes
starting from the dry part of the Excelsior, used as the ignition source, and moving on to the
next two peaks, which represent the combustion processes of Excelsior embedded with wet
foam and IONPs/SiO, NPs. Conversely, [6.1d) shows a lower mass loss rate, suggesting a
prolonged fire-retardant effect from the higher concentration of NPs.
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Figure 6.1: Comparative analysis of mass loss rate and total mass for Excelsior
where a) Dry Excelsior, b) Wet Excelsior, c) $39-0.025 wt% d) $39-0.1 wt%.
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The graphs in Figure [6.2] provide a comparative analysis of the mass loss rate and the total
mass for Excelsior treated with samples S27 and S35, which are the IONPs synthesised
by hydrothermal and reflux synthesis methods, respectively. For S27 at a concentration of
0.025 wt% @a), the mass loss rate profile shows an initial decline at r = 46 s, followed
by a secondary peak at t = 95 s, before a final decline where the Excelsior was completely
burnt. Even at a low concentration, the wet foam with IONPs as additives seems to have
delayed the combustion process compared to the plain wet foam (Figure [6.3). Remarkably,
S27 at 0.1 wt% (Figure[6.2k)) displays a highly effective suppression of the fire at = 129 s.
This cessation of fire is consistent across all three experimental replicates and underscores
the significance of fire retardancy efficacy at this concentration, the same sample that had
high thermal stability from the TGA measurements (see section 4.2.T)). This phenomenon is
possibly due to the high thermal stability of the IONPs, suggesting that at this concentration,
there is a rapid formation of a protective layer on the surface of the Excelsior. This layer
absorbs heat, preventing the fire from developing further and eventually slowing it down
until it can no longer progress. The S35 wet foam formulations at concentrations of 0.025
wt% (Figure[6.2k)) and 0.1 wt% (Figure[6.2f)) also show moderate mass loss rates, with the
0.1 wt% concentration again appearing more effective.
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Figure 6.2: Comparative analysis of mass loss rate and total mass for Excelsior

with a) S27-0.025 wt% b) S27-0.1 wt%, c) S35 0.025 wt% and d) S35 0.1 wt%.

The experimental results provide a clear hierarchy in terms of the average mass loss over
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Figure 6.3: Mass loss rate and total mass loss over time for plain wet foam.

time of the Excelsior fuel and the effectiveness of various suppressants as shown in Figure
[6.4] At the baseline, dry fuel exhibited the highest mass loss rate, with no intervening agents
to inhibit the fire. Foam solution achieved some reduction in the mass loss rate, indicating
its superior performance over mere water in fire suppression. The peak of fire retardation
was attained with the integration of NPs into the dry foam (DF). This combination not only
exceeded the abilities of plain foam singularly but also demonstrated the most efficient ap-
proach in our investigation for hindering the combustion of the Excelsior fuel.

The experimental data obtained supports our hypothesis. The incorporation of NPs resulted
in a noticeable reduction in surface tension within the foam solution. This might have played
a pivotal role in modifying the burning of Excelsior. Moreover, higher NP concentration in
the fire suppressant solution significantly affects the mass loss rate of the fuel. The mass
loss versus time exhibited a decelerated trend, which suggests extended material integrity
under fire exposure. On the other hand, the curves demonstrating the mass loss rate over
time exhibited an important reduction (see Figure[6.4b)), suggesting a decrease in the rate of
material consumption whilst burning.

The baseline (DF-00) containing zero concentration of NPs shows a consistent mass loss
rate. This indicates a reduction in the peak mass loss rate compared to the DF-00 when NPs
are added, suggesting an improvement in fire retardancy.

It is important to mention that after the initial combustion phase of the dry Excelsior, the
dry foam formulations with NPs seem to stabilise and maintain a lower mass loss rate than
DF-00 suggesting a potential fire retardant effect. The presence of the peak after 160 s could
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indicate secondary combustion or possible inconsistencies in the foam application or the
arrangement of the Excelsior itself.

6.2.2 Flame height

Flame height was studied to analyse the impact of various types and concentrations of NPs
applied to the Excelsior fuel. ImageJ software [239] was employed to determine the flame
heights, and an average was extracted from three measurements for each replicate. This
process was repeated for both the leading and trailing edges of the fire at three distinct dis-
tances 20 cm, 40 cm, and 60 cm to obtain a singular average flame height for each condition.
Figures (6.5 [6.6] depict the flame height for different positions of the fire on the fuel bed, il-
lustrating the leading and trailing edges to collect important information about its behaviour
and understand the effect of NPs on the combustion process. The flame height, defined be-
tween the fuel bed surface and the top of the flame, increased with fire intensity in the dry
section of Excelsior. Under no slope conditions, the fire fronts developed a curvilinear shape
(like a U) during spread similar to the study of Morandini and his co-workers [240].

Two main cases are reported: the plain wet foam and the enhanced product with synthesised
IONPs, which consistently managed to suppress the fire at a 40 cm distance from the fuel
bed in all experimental replicates. This phenomenon is shown in Figure[6.6] where the flame
height initially starts very high when burning the dry Excelsior used as the ignition source,
then moves on to Figure [6.6b), which shows the trailing edge of the fire sufficiently reduced,
indicating that a lot of heat has been dissipated. This is visible in Figure [6.6] ¢) and d),
where we can see that the leading edge of the fire at 40 cm and 60 cm is lowered due to the
protective layer formed by the wet foam with IONPs, which have high thermal stability and
can withstand high temperatures, stopping the fire at 40 cm and preventing it from moving
further while leaving one-third of the residual mass of the fuel unburned.

However, in the case of the commercially available plain wet foam, which only contains foam
concentrate and water, all replicates completely burned the whole mass of Excelsior, unable
to stop the fire. This is attributed to the poor stability of the foam, which fails to provide a
protective layer that can stop the fire and suppress the oxygen from the surface or interact
with the chemical or gaseous species produced from the combustion process of Excelsior.
In the case of the wet foam, as seen in Figure [6.5] the fire propagates rigorously, although
there is a small reduction in flame height. Table [6.2] presents the flame heights for various
concentrations of wet foam and NPs, highlighting the notable impact of NPs on flame height
reduction. More specifically, sample WF-S27-0.1 wt% demonstrated a significant effect by
stopping fire propagation at a 40 cm distance from the fuel bed repeatedly.

As depicted in Figure the average height of various wet foam formulations decreases
with increasing distance from the spot ignition. Higher concentrations of foam, such as
WEF-839-0.1 wt% and WF-S27-0.1 wt%, demonstrate better structural integrity and lower
heights compared to lower concentrations or the control formulation (WF-00). This indi-
cates the enhanced performance of higher concentration foams in maintaining coverage and
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Figure 6.5: Flame heights at leading and trailing edges of fire for Excelsior fuel
covered with plain wet foam (WF-00) at various positions across the fuel bed: a)
leading edge at 20 cm, b) trailing edge at 20 cm, c) leading edge at 40 cm, d)
trailing edge at 40 cm, and e) leading edge at 60 cm.
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Figure 6.6: Flame heights at leading and trailing edges of fire for Excelsior fuel
covered with wet foam and synthesised IONPs (WF-527-0.1 wt%) at various po-
sitions across the fuel bed: a) leading edge at 20 cm, b) trailing edge at 20 cm, c)
leading edge at 40 cm, d) trailing edge at 40 cm.
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effectiveness.

Nano-sized additives can provide excellent fire retardant performance at low concentrations
due to their very large specific surface area, resulting in improved interfacial interactions and
dispersion [241].

IONPs improve the thermal insulation properties of the foam layer and affect the efficiency
of extinguishing and controlling fires [194]. In our experiment, the fire was stopped because
the addition of IONPs improved the thermal insulation properties of the foam layer and
avoided rapid cracking of the wet foam caused by too high external temperature. Also,
another possible explanation for this phenomenon is the capture of radicals discussed in
subsection The flammability of Excelsior depends on the concentration of radicals
and by capturing them effectively, eliminates the material’s ability to burn.

Beyond their capacity to capture OH radicals in fires, IONPs, when incorporated into water
as additives in larger concentrations, change in hydrodynamic size (see Appendix [D} Figure
[D.3). This alteration potentially limits their reactivity with specific chemical or gaseous
species in the fire when introduced through the foam.

More specifically the high specific surface area of IONPs at this concentration for the wet
foam can absorb a large number of free radicals needed for combustion to quench. Even-
tually, this interrupts the chain reaction and leads to fire extinguishing. Finally, appropriate
dispersion and stability of the foam containing NPs dispersed in other components have a
positive effect on the extinguishing efficiency and control of solid fires [[113].

Figures [6.9] [6.10] display the flame heights for the dry foam formulation with and without
the most effective additive identified in previous experiments with wet foam, using the same
concentration of IONPs and water amount to produce the dry foam via the double syringe
technique (see Figure [3.4). These figures also reveal the fire intensity, which varies across
the fuel bed, primarily spreading through the Excelsior. Figure showcasing the plain
dry Class A foam, indicates significantly high flame heights, demonstrating the fire’s high
intensity and its ability to spread more easily across the fuel bed. Conversely, the dry foam
with IONPs shows a notable reduction in flame height, nearly halving it when the leading
edge of the fire reaches about 20 cm from the fuel bed, as seen in Figure This suggests
the enhanced foam with IONPs likely influences solid mass transport, slowing the rate at
which the fire burns through the fuel, as discussed in the subsection on the rate of
spread.

However, within the combustion zone, areas exist where the drained liquid has not reached,
leaving parts of the Excelsior exposed. These dry sections create vulnerabilities, allowing
the fire to identify and propagate through the fuel bed, albeit with some resistance. This is
evident in Figure[6.10f), where the leading edge of the fire at 40 cm shows the lowest flame
height but still manages to propagate underneath and along the sides of the fuel bed. This
results in the fire eventually penetrating through but leaving a greater residual mass than
what is observed with the plain dry foam as shown in Table [6.6]
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Figure 6.8: Excelsior fuel covered with Sample DF-S27-0.1 wt%.

In Appendix [E} additional visualisations of flame heights based on the application of both
wet and dry foam at varying NP concentrations are presented, showcasing both the leading
and trailing edges of the fire at 20 cm, 40 cm, and 60 cm above the fuel bed layered with
Excelsior (see methodology 3| Figure [3.8). This comparison aids in understanding the impact
of foam type and NP concentration on flame propagation.

As can be seen from Table the addition of iron oxide nanoparticles (IONPs) to the foam
results in lower average flame heights compared to the commercial foam (DF-00), suggesting
that the combustion process is affected by the IONPs. The front flame height of the fire at 20
cm (8.92 cm) from the fuel bed is achieved with the highest concentration (1.0%), indicating
an increase in suppression effectiveness.

For the back front of the fire at 20 cm, the lowest average flame height was observed with a
1.0% concentration of IONPs synthesised by the hydrothermal method at 4.97 cm, which is
significantly lower than the plain foam’s 22.9 cm.

For distances at 40 cm and 60 cm, the flame heights appear to be lower for higher concen-
trations of IONPs (0.5% and 1.0%). The enhanced stability of the foam, as examined in
our previous research [242]], contributed to the retention of more liquid over time, thereby
serving as a cooling agent and diminishing the flame height. NPs with a reduced size could
be adsorbed at the gas-liquid interface [243] to make films more stable thus withstanding
higher temperatures. This enhanced performance could also be attributed to the nanoparti-
cles’ ability to absorb heat, thus reducing the flame’s temperature.

6.2.3 Flame spread

In calculating the fire’s rate of spread, the selected measurement range for the distance from
the fuel bed was from 20 cm up to 60 cm as shown in Figure This decision was
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Figure 6.9: Flame heights at leading and trailing edges of fire for Excelsior fuel
covered with plain dry foam (DF-00) at various positions across the fuel bed: a)
leading edge at 20 cm, b) trailing edge at 20 cm, c) leading edge at 40 cm, d)
trailing edge at 40 cm, and e) leading edge at 60 cm.
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Figure 6.10: Flame heights at leading and trailing edges of fire for Excelsior
fuel covered with dry foam and synthesised IONPs (DF-S27-0.1 wt%) at various
positions across the fuel bed: a) leading edge at 20 cm, b) trailing edge at 20 cm,
c¢) leading edge at 40 cm, d) trailing edge at 40 cm, and e) leading edge at 60 cm.
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Foam formulation | Distance(Fuel bed) | Average flame height (cm)
DF-00 20cm front 20.13
20cm back 22.9
40cm front 3.55
40cm back 7.04
60cm front 5.48
DF-S27-0.1% 20cm front 10.75
20cm back 7.66
40cm front 4.16
40cm back 6.2
60cm front 5.61
DF-S27-0.5% 20cm front 14.1
20cm back 7.39
40cm front 5.62
40cm back 7.4
60cm front 3.22
DF-S27-1.0% 20cm front 8.92
20cm back 4.97
40cm front 4.67
40cm back 6.18
60cm front 3.77
DF-S35-1.0% 20cm front 10.61
20cm back 4.98
40cm front 3.88
40cm back 5.42
60cm front 3.26
DF-S39-1.0% 20cm front 10.75
20cm back 3.65
40cm front 3.30
40cm back 4.64
60cm front 4.62
DF-S40-1.0% 20cm front 13.56
20cm back 5.97
40cm front 6.34
40cm back 6.06
60cm front 6.86

Table 6.1: Flame heights for dry foam (DF) formulations.
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Foam formulation | Distance(Fuel bed) | Average flame height (cm)
WE-00 20cm front 24.22
20cm back 9.39
40cm front 10.36
40cm back 8.92
60cm front 8.22
WEF-S39-0.1%% 20cm front 23.79
20cm back 6.88
40cm front 6.66
40cm back 7.00
60cm front 8.63
WEF-S39-0.025% 20cm front 21.86
20cm back 8.78
40cm front 6.41
40cm back 7.66
60cm front 3.55
WF-S835-0.1% 20cm front 22.108
20cm back 7.188
40cm front 7.158
40cm back 7.828
60cm front 9.022
WEF-S35-0.025% 20cm front 23.051
20cm back 7.974
40cm front 3.280
40cm back 12.500
60cm front 10.662
WE-S27-0.1% 20cm front 19.877
20cm back 10.253
40cm front 6.267
40cm back 4971
WE-S27-0.025% 20cm front 20.252
20cm back 13.309
40cm front 6.386
40cm back 11.346
60cm front 12.067
WEF-S40-0.1% 20cm front 28.457
20cm back 13.410
40cm front 8.323
40cm back 11.089
60cm front 11.145

Table 6.2: Flame heights for wet foam (WF) formulations.
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based on the observation that the initial O to 20 cm segment contained only dry Excelsior,
whereas, beyond 20 cm, the Excelsior was embedded and covered with either wet or dry
foam formulations. This range was selected to specifically assess the impact of synthesised
and commercial NPs on reducing the rate of flame spread. Previous experiments [225]], have
shown that fires were able to attain a quasi-state rate of spread within a distance from the ig-
nition line, thereby enabling a more defined and controlled assessment of each experiment’s
outcomes.

\Depth=3.750m 3
—————————— A,

Figure 6.11: Measurement of flame spread on excelsior treated with foam con-
taining iron oxide nanoparticles as additives.

Table [6.3]and Table [b.4]list the fire spread rates from all fire experiments. Incorporating NPs
into the wet foam formulations decreases the rate of fire spread. In comparing the outcomes
of wet foam to dry foam, the initial spread rate for dry foam without additives is 0.752
cm/s. However, the addition of nanoparticles such as DF-S27-0.1% and S27-0.5% results in
a modest reduction in spread rates to 0.680 cm/s and 0.707 cm/s, respectively.

Conversely, using S27-1.0% does not decrease but rather increases the spread rate to 1.025
cm/s, suggesting that higher concentrations of this NP type may not be effective in reducing
the spread rate. The addition of commercially available silicon dioxide nanoparticles (SiO,-
S40-1.0 wt%), while increasing the residual mass post-burn, does not appear to slow the
fire’s spread rate, which increases to 1.21 cm/s.

As depicted in Figure the average rate of spread (ROS) for various wet foam formu-
lations shows a clear trend where the control formulation (WF-00) has the highest ROS.
This indicates its limited effectiveness in slowing fire spread compared to the other formula-
tions. Higher concentration foams, such as WF-S40-0.1 wt% and WF-S39-0.1 wt%, exhibit
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significantly lower ROS values, demonstrating their superior performance in reducing fire
spread.
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Figure 6.12: Average rate of spread (ROS) in cm/s for various wet foam formula-
tions.

Dry Excelsior depicts the highest rate of spread (ROS) with an average of approximately
1.909 cm/s. This shows the clear and rapid combustion of dry Excelsior when not treated
with any fire-suppressant additives. The combustion is significantly faster than the other
setups where foams, wet or dry (WF, DF) were applied, highlighting the effectiveness of
these types of foams in slowing down the fire’s spread.

In the case of experiments with wet and dry foams, the average ROS varies depending on the
specific NPs formulation with average ROS values of foam as additive being lower than that
of dry Excelsior. This variance suggest that NPs can indeed enhance foam’s fire suppression
properties. The observation that the average rate of spread (ROS) for certain dry foam (DF)
formulations is higher than that of the baseline (DF-00) could be related to the distribution
and coverage of the foam on the Excelsior.

As shown in Figure [6.13] the average rate of spread (ROS) for various dry foam formula-
tions decreases with increasing foam concentration. The highest ROS is observed for dry
excelsior, indicating its rapid fire spread capability. In contrast, the foam formulations, par-
ticularly those with higher concentrations such as DF-S40-1.0 wt% and DF-S39-1.0 wt%,
exhibit significantly lower ROS values, demonstrating their effectiveness in slowing the fire
spread.
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Experiment Distance Traveled (cm) | Time (s) | ROS (cm/s) | Average ROS (cm/s)
WE-00 42;8 tg 28 gi 82%2 0.453 40.06
WF-539-0.1% 4218 :g 28 33'4 gégg 0.265 +0.007
WF-539-0.025% 42;8 tg 28 é§6'3 8: 53 0.238+0.04
WF-535-0.1% 4218 :g 28 82'2 - 8382 0.258 +0.027
WF-$35-0.025% jg tg 28 32 8322 0.248 +0.008
WE-$27-0.1% | 20 0% ©3 1028 0.289+0.025
WF-527-0.025% ig tg 28 ‘7‘?‘3‘ 82‘2‘5 0.34740.03
WF-540-0.1% 4218 :g 28 22'3 8?2)? 0.312+0.005

Table 6.3: Rate of spread for fire experiments with wet foam (WF).
Experiment | Distance Traveled (cm) | Time (s) | ROS (cm/s) | Average ROS (cm/s)
TERMNE - m— (-
DF-S27-0.1% 4218 tg 28 ;2 8:252 0.680+0.08
DF-S27-0.5% 4218 tg 28 gj:g 8:23? 0.707 +0.07
DF-S27-1.0% 4218 tg 28 i’gg ?:gg; 1.02540.18
DF-S35-1.0% 4218 tg 28 ‘1“6):8 (1):3(5’8 0.87540.16
DF-S39-1.0% 4218 tg ‘6‘8 ;?:‘6‘ 8:;32 0.842 +0.04
DF-S40-1.0% 4218 tg 28 ii:gs i:ggg 1.248+0.1

Table 6.4: Rate of spread for fire experiments with dry foam (DF).
Experiment | Distance Traveled (cm) | Time (s) | ROS1 (cm/s) | Average ROS (cm/s)
Dry Excelsior ig :2 28 i (1) ;:gég 1.909+0.05

Table 6.5: Rate of spread for dry Excelsior without any foam.
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Figure 6.13: Average rate of spread (ROS) in cm/s for various dry foam formula-
tions and dry excelsior.

Dry foam is structurally different from wet foam as it has a stiffer and more aerated consis-
tency that might not adhere as uniformly or extensively to the surface of Excelsior as wet
foam does. This characteristic could lead to uneven coverage of the Excelsior, leaving some
areas less protected and more prone for the fire to be spread.

In contrast, wet foam, with its less structured and more fluid nature, can more easily coat
the Excelsior’s surface, providing a more uniform and solid barrier against fire. The uniform
coverage helps to lower the combustion process across the surface area, effectively reducing
the ROS when compared to some dry foam experiments and even suppressing the fire in one
of the cases.

This phenomenon highlights the importance of not just the type and concentration of NPs
used as fire suppressant additives but also their physical properties and application tech-
niques. For dry foam the challenge relies on optimising the foam’s consistency and applica-
tion method to achieve a more even distribution to enhance its fire suppression capabilities
despite its inherent structural limitations.

Between the same quantities of liquid used to generate wet and dry foams, it appears that
wet foam offers better distribution due to its structure, leading to lower ROS compared to
dry foam. This outcome can be attributed to the fact that the inherent physical properties of
wet foam allows it to spread more uniformly over the surface, thus providing a more robust
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barrier against fire by filling gaps and covering the material more effectively. Consequently,
in fire scenarios where the same volume of liquid is used to produce both types of foam,
the wet foam performs better and leads to more effective fire retardancy, as evidenced by
lower ROS values. This distinction mainly highlights the critical role of foam structure and
distribution in optimising the efficiency enhancement of the Class A Foam.

6.2.4 Residual Mass

The residual mass of Excelsior was analysed as it provides a quantitative measure of the fire’s
suppression capabilities, indicating the extent of Excelsior consumption during combustion.
The resulting mass reflects the combination of either the wet foam’s application alongside the
original weight of the Excelsior or the integration of the dry foam with the Excelsior. This
distinction is crucial for assessing the fire retardant efficacy of various foam formulations
enhanced with NPs. For dry Excelsior without any additives, the residual mass was found to
be zero, which aligns with the fact that it has a high consumption rate of over 90%.
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Figure 6.14: Average residual mass (g) for various wet foam formulations.

As shown in Figure [6.14] the average residual mass for various wet foam formulations in-
creases with higher foam concentrations. The formulations with the highest concentrations,
such as WF-S839-0.1 wt% and WF-S27-0.1 wt%, exhibit the highest residual masses, indi-
cating their effectiveness in leaving substantial residual material. The control formulation
(WF-00) has the lowest residual mass, highlighting its limited capability in comparison to
the other tested foams.
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Tables [6.6] and [6.7] detail how different NP concentrations can refine the efficacy of standard
Class A foam, with higher concentrations typically resulting in a greater residual mass, while
lower concentrations comparable to the foam alone leave less than two grams, indicating
significant Excelsior consumption. However, when adding commercial silica (SiO,) NPs,
the residual mass mirrors that of the standard foam, even at a 0.1% concentration.

Moreover, Table presents the average residual mass when the dry foam is applied to the
Excelsior surface, covering about 20 grams of the initial 30 grams. The addition of NPs
further elevates the residual mass compared to the base dry foam, showcasing enhanced
retardant capabilities, notably in samples DF-S27-0.1 wt%, DF-S39-1.0 wt%, and DF-S40-
1.0 wt%.

Foam Formulation | Average Residual Mass (g)
WF-00 0.8+£0.68

WF-S39-0.1% 13.96 £3.6
WF-S39-0.025% 2.3+0.79

WF-S35-0.1% 7.56+2.34
WF-S39-0.025% 1.8+0.76

WF-527-0.1% 21.7+0.79
WF-527-0.025% 1.44+0.93

WF-540-0.1% 0.8+£0.7

Table 6.6: Average residual mass for wet foam formulations.

Foam Formulation | Average Residual Mass (g)
DE-00 494+1.52

DF-S27-0.1% 9.6+3.34

DF-S27-0.5% 5.5+2.41

DF-S27-1.0% 7.3+£1.02

DF-S35-1.0% 7.5+1.6

DF-S39-1.0% 10.4 +2.65

DF-S40-1.0% 10.2+1.55

Table 6.7: Average residual mass for dry foam formulations.

As shown in Figure the average residual mass for various dry foam formulations in-
creases with higher foam concentrations. The formulations with the highest concentrations,
such as DF-S40-1.0 wt% and DF-S39-1.0 wt%, exhibit the highest residual masses, indi-
cating their effectiveness in leaving substantial residual material. The control formulation
(DF-00) has the lowest residual mass, highlighting its limited capability in comparison to
the other tested foams. This trend correlates with the results observed in the wet foam exper-
iments, where higher concentrations also resulted in greater residual mass.

Finally, the structure of the Excelsior, particularly the density and arrangement of its strands,
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Figure 6.15: Average residual mass (g) for various dry foam formulations.

plays a significant and influential role in these experiments. The persistence of the fire be-
neath the foam and along the edges of the Excelsior, coupled with variables such as the
compactness of the strands, adds complexity to the evaluation of the fire spread rate when 20
mL of liquid and 120 mL of foam volume are applied to its surface.

6.2.5 Flame surface area

The average flame surface area of the wet foam, with and without nanoparticles (NPs), was
quantified from video recordings, and Python was utilised to analyse the results as listed in
Appendix [B| This area describes the average area over which the flame spreads over time.

The flame surface area is crucial in studying the combustion processes as it is a quantitative
measure of the interface over which the combustion reaction takes place. This metric also
depicts the flame propagation over time and the overall efficiency of the combustion. A
larger flame surface area indicates a higher rate of fuel consumption. The flame surface area
per time is defined as the rate at which the surface area of a flame front changes over time.

Figure[6.16] shows the average flame surface area per time of dry Excelsior, wet foam and the
type and concentration of NPs that looked promising as additives in the previous sections.
This is significantly higher than that of Excelsior treated with the enhanced foam. This
suggests that the new foam with NPs effectively reduces the rate of flame spread and the
intensity of the fire by limiting the available surface area for combustion or by interfering
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with the combustion process itself.

Comparing the plain wet foam (Figure[6.16p))to the enhanced NPs that managed to suppress
fires in all of the replicates (Figure [0.16c)), we can see that the addition of NPs to the foam
play a significant role to its fire suppression capabilities. The high average flame surface of
the dry Excelsior (275cm?/s), as observed in Figure ), demonstrates its rapid and vig-
orous combustion in a short period. The application of plain wet foam brings a reduction of
the flame surface to 111cm? /s which is expected as the Excelsior has more moisture content
and the foam prolongs the combustion process over a longer period up to 200 seconds. How-
ever, when applying the wet foam with IONPs at 0.1 wt% on the Excelsior, the reduction of
the flame surface area to 101cm? /s from 111cm? /s indicates they can promote better heat
absorption, forming a more effective barrier to oxygen or catalysing the breakdown of com-
bustible gases. This three-dimensional grid shows in all cases with NPs, there is a delay in
fire spread to the nearest fuel along the x-axis, as observed on the z-axis, while maintaining
reduced flame heights indicated by the y-axis. The distinct variation is observed in the fire
suppression capabilities presented in Figure [6.16c) where the fire is stopped on an average
time of 129 seconds consistently across all replicates as evidenced in Figure [6.2p).
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Figure 6.16: Average flame surface area over time for a) Dry Excelsior, b) Plain
wet foam (WF-00), c) WF-827-0.1 wt%, d) WF-535-0.1 wt%, e) WF-539-0.1 wt%,

) WF-540-0.1 wt%.

Different materials, such as NPs-enhanced foam, have different molecular structures that
influence their combustion behaviour, potentially altering the sooting properties of the flame
[244]) when applied to Excelsior. This could lead to variations in the effectiveness of fire
suppression based on the type and concentration of NPs synthesised and used.
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The presence of IONPs as fire retardants, especially in sooting conditions, can lead to signif-
icant heat losses. Flame temperature can be lowered due to heat losses from flame radiation,
thus lowering the overall reaction rate [2435]].

6.2.6 Summary and Conclusions

This chapter discussed the impact of NP concentrations on the fire suppression efficiency of
Excelsior treated with different foam formulations. Experiments revealed that the untreated
Excelsior burns rapidly leaving no mass behind while the introduction of IONPs significantly
slows down the combustion process. The analysis of mass loss rates indicated that higher
concentrations of NPs enhance the fire-retardant capabilities of the foam possibly due to the
formation of a protective layer and the capture of radicals that absorb heat and delay the
combustion process. This was further supported by the reduced [flame height, [flame spread|
rate and a greater residual mass of Excelsior fuel unburned, highlighting the NPs’ potential
to enhance the fire retardant performance due to their large specific surface area and thermal
stability. The results demonstrated that IONPs significantly influence fire retardancy while
in one case consistent flame suppression was achieved.

Moreover, wet foam (WF) does not have a structure and penetrates throughout the depth of
the vegetation, contrasting with dry foam which maintains a structural integrity causing it to
remain as a blanket on the top of the vegetation. This distinction leads to two different fire
suppression strategies. Dry foam (DF), with its blanket application, impedes the flame from
radiating to the adjacent fuel on the surface, whereas wet foam acts as a heat sink, which
starves the burning front of thermal energy reducing its ability to spread to the adjacent fuel.
Although dry foam can prevent flame propagation on the surface of the fuel, smouldering
can still take place beneath this protective layer. On the other hand, wet foam allows for
flame spread but at a reduced rate due to its moisture in depth.

The quantification of the average flame surface area for the wet foam illustrates a clear advan-
tage of using NP-enhanced foam for fire suppression. The three-dimensional data analysis
indicates that IONPs, apart from forming a protective layer, exhibit the potential to capture
free radicals and reduce the flame surface area. The enhanced foam’s efficiency in extin-
guishing the fire within an average of 129 seconds supports the hypothesis that IONPs at 0.1
wt% contribute to altering the molecular structure of the combustion surface and affect the
sooting properties of the fire thus effectively achieving fire suppression.

Finally, our findings indicate that dry foam leads to a lower but quicker spread of fire,
whereas wet foam results in a taller but slower flame spread. The conclusion drawn is that
an optimal firefighting foam would incorporate characteristics of both wet and dry foams.



Chapter 7

Conclusions

7.1 Summary of key findings

The research presented in this thesis successfully enhanced the fire suppression performance
of Class A foams by incorporating nanoparticles with tailored properties. Each objective
set out at the beginning of the study was systematically achieved, and the key findings are
summarised below.

The first objective was to synthesise nanoparticles with desirable properties that enhance
their effectiveness in fire suppression. Through hydrothermal and reflux methods, various
iron oxide nanoparticles (IONPs), along with IONPs/SiO, NPs and commercial SiO, NPs,
were synthesised. These synthesis techniques allowed for precise control over the nanopar-
ticles’ characteristics, leading to reduced agglomeration and smaller particle sizes. Charac-
terisation using SEM, XRD, FTIR, and TGA confirmed that the synthesised nanoparticles
exhibited high crystallinity, thermal resistance, and uniform morphology, demonstrating their
suitability for enhancing fire suppression foams.

The second objective involved identifying the optimal concentration of nanoparticles in the
foam solution. It was found that higher concentrations, such as 1.0 wt%, led to increased
agglomeration, negatively affecting the foam’s properties. In contrast, a concentration of
around 0.1 wt% was found to be most effective, significantly improving the foam’s stability,
structure, and wetting properties by modifying bubble morphology and reducing surface
tension.

The third objective focused on producing an enhanced Class A foam with uniformly dis-
tributed nanoparticles. This was achieved by carefully adjusting the nanoparticle concentra-
tion and mixing speed using an overhead stirrer. The enhanced foams demonstrated superior
properties compared to those without nanoparticles, achieving the goal of uniform distribu-
tion and improved performance.

The final objective was to test the enhanced Class A foam on real fires and record perfor-
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mance metrics. Controlled fire suppression tests were conducted using Excelsior fuel, chosen
for its consistent burning properties. The enhanced foam, applied via airbrush and double
syringe techniques, showed significant improvements in fire suppression metrics. These
included a reduced mass loss rate (MLR), lower flame height and spread, and increased
residual mass after burning. The improvements were attributed to the nanoparticles’ ability
to form protective barriers, alter the molecular structure of the fuel surface, and potentially
capture radicals to inhibit fire propagation.

Three-dimensional data analysis further highlighted the positive impact of IONPs on com-
bustion properties, suggesting alterations in the molecular structure of the combustion sur-
face and affecting sooting properties, thus enhancing fire suppression effectiveness.

Comparative analysis of wet and dry foam applications revealed distinct advantages in their
fire retardant strategies. This suggests an ideal firefighting foam that combines the benefits
of both wet and dry foam to offer more effective fire suppression, indicating a new direction
for future research.

In conclusion, this research successfully demonstrated that the addition of tailored nanopar-
ticles significantly enhances the fire suppression performance of Class A foams, achieving
the primary aim and objectives set out at the beginning of the study.

7.2 Original contribution to knowledge

* An extensive literature review on the use of Class A foams in forest fire suppression
was conducted. This review identified several challenges such as rapid foam degrada-
tion due to gravity-induced drainage and bubble collapse as well as various nanoparti-
cles used as fire suppression additives.

* A variety of Iron Oxide Nanoparticles (IONPs) with controllable characteristics were
synthesised using hydrothermal and reflux methods. These nanoparticles were tailored
to exhibit desirable properties such as reduced agglomeration and smaller particle size.

* Characterization techniques, including Scanning Electron Microscopy (SEM), X-ray
Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), and Thermo-
gravimetric Analysis (TGA), were used to validate the desired properties of the nanopar-
ticles, such as size uniformity, crystallinity, and resistance to degradation at high tem-
peratures.

* The addition of these nanoparticles into Class A foams was investigated by adjusting
their concentrations and mixing speed under an overhead stirrer. It was found that
nanoparticles at higher concentrations, such as 1.0 wt%, led to higher agglomeration
inside the foam solution, while concentrations around 0.1 wt% were most effective,
improving the foam’s stability, structure, and wetting properties by modifying bubble
morphology and reducing surface tension.
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* Foam stability was evaluated through tests on drainage, surface tension, particle size
distribution, and bubble coalescence over time. The results indicated that liquid loss
was delayed when nanoparticles were incorporated, thus keeping the foam wetter for
longer, and the morphology of the bubbles remained stable over time.

* Small-scale fire experiments were conducted to test the enhanced foam on shredded
wood wool fuel (Excelsior). These experiments demonstrated that the addition of syn-
thesised IONPs significantly enhanced the fire suppression performance of the com-
mercial Class A foam. This was evidenced by a slower mass loss rate, reduced flame
height, decreased rate of spread, and increased residual mass post-burning.

* The enhanced fire suppression performance was attributed to the high thermal stability,
large surface area, radical capture capabilities, and formation of a protective layer by
the nanoparticles, acting as a firebreak.

* Comparative analysis between wet and dry foam applications highlighted unique ben-
efits for enhanced fire control management, suggesting the potential for an ideal fire-
fighting foam that leverages the advantages of both.

* The research demonstrated that incorporating tailored iron oxide nanoparticles into
Class A foams significantly improves fire suppression performance, providing a new
direction for future research and development in firefighting technology.

7.3 Future Work

Based on the results obtained, we suggest several directions for future work to enhance
understanding and validate the findings, despite the repetition and consistency observed in
our experimental outcomes.

We recommend future research to assess the ecological impact of Class A firefighting foams
containing nanoparticles as additives. Additionally, exploring various foam delivery meth-
ods is essential to identify the most effective mechanism for drone incorporation and efficient
dispersion over fuel to act as a firebreak. It would also be valuable to compare the effective-
ness of different delivery methods designated for direct-fire attacks across both small and
large-scale experiments.

Further investigation is necessary to examine how various types and concentrations of NPs
influence the properties of the residual layer left after fuel combustion. This would help in
understanding their distribution and the patterns of re-ignition.

In this study, we explored only one encapsulation method for IONPs/SiO,. Future studies
should consider alternative nanoparticles with this method to gather more data on enhancing
fire suppression efficiency. Moreover, testing other fuels besides Excelsior could provide
insights into a wider range of combustible materials, thus evaluating a broader spectrum of
potential fire scenarios.
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Future work should also focus on optimising the aerial delivery of the new firefighting foam
by developing a specialised carrier system. Such a system would ensure the precise and
controlled release of the fire suppressants, maximising coverage and efficacy across the forest
vegetation. Integrating this technology with drone capabilities would revolutionise rapid
response strategies, particularly in restricted areas. The design of this carrier must consider
the aerodynamics of flight, the weight constraints of the drones to carry the product, and the
importance of quick dispersal to effectively form a firebreak.

Continuing from this advancement, the targeted delivery of the foam product could be further
refined by utilising other magnetite IONPs. These NPs possess inherent magnetic properties
that could allow for the directional control of the foam, guiding it to specific areas of a fire.
The application of an external magnetic field from the drone or a coordinated system could
enhance the precision of foam placement on forest fuel, improving the suppression capabil-
ities. Future work should investigate the feasibility of such magnetic guidance systems and
assess their integration with drone technology for effective wildfire management.
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Appendix A

Simulation of combustion process

Before experimental procedures such as synthesis and characterisation of materials, molecu-
lar dynamics simulations were conducted. These simulations aimed to predict the behaviour
of material interactions, leading to faster product development at lower costs.

Initially, the methane combustion was studied as shown in Figure, where molecules like
methane (CH,4) oxygen (O,), carbon dioxide (CO,) and water (H,O) represented with differ-
ent colored spheres.
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Figure A.1: ADF Powerful molecular DFT simulations to understand the chem-
istry of methane combustion.

Additionally, simulating the interaction of isooctane and diolane (2-Methyl-2,4-pentanediol),
structures that are available in foam ingredients are presented in Figure. The aim was to de-
velop reactive simulations to enhance our understanding of the interactions between nanopar-
ticles and plain water. These simulations would provide insight into the mechanistic details,
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enabling the tracking and quantification of any decreases in the initiation events of combus-
tion.
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Figure A.2: ADF Powerful molecular DFT simulations for a) Isooctane b) Di-
olane.

However, the simulations were found to be time-intensive and encountered complexities at
the molecular scale. Consequently, a reformed plan was structured. This new approach
focused on the enhancement of Class A foams by synthesising iron oxide nanoparticles in
the laboratory and testing them under small-scale conditions. This change was essential to
progress the project effectively and to achieve measurable results within a reasonable time.



Appendix B

Code for calculating the Flame Surface
Area

The code in python for the average flame surface area regarding the excelsior sprayed with
the wet foam (WF) and the NPs is listed below.

import os.path as path
import sys
from typing import Any

import cv2

import matplotlib.pyplot as plt
import numpy as np

import yaml

from parameters import *
"""RUNTIME CONSTANTS"""

gaussian_kernel = np.ones((GAUSSIAN_KERNEL_SIZE, GAUSSIAN_KERNEL_SIZE), np.float32) / (
GAUSSTAN_KERNEL_SIZE**2
)

def get_area(image: np.ndarray) -> Any:
# get the red color
image = imagel[..., -1]

# gaussian blur it
image = cv2.filter2D(image, -1, gaussian_kernel)

# threshold it
image = (image > RED_THRESHOLD) * 1.0

# sum the area, this is a single float where the unit is cm2
area = np.sum(image) * pixel_area_to_cm_area

return area
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def process_video(filename: str, start_frame: int, end_frame: int) -> np.ndarray:
# start video capture
vidcap = cv2.VideoCapture(path.join(’./movs/’, filename))

num_frames = 0
areas = []
while True:
# try read a frame, if fail just break
success, image = vidcap.read()
if not success or image is None:
break

# only read the frames within the thing
num_frames += 1
if num_frames < start_frame:
continue
if num_frames > end_frame:
break

areas.append(get_area(image))

# convert to np array
return np.array(areas)

if __name__ == "__main__":
# handle names
mov_path = path.basename(sys.argv[1])
npy_path = f"{path.join(’./npys_area/’, mov_path)}.npy"
csv_path = f"{path.join(’./csvs_area/’, mov_path)}.csv"

figs_path = f"{path.join(’./figs/’, mov_path)}.png"

# grab the experiment number from the video filepath
exp_number = int(mov_path[-6:-4])

with open("./ignition_times.yaml", "r") as f:
start_frame = yaml.safe_load(f) [exp_number] * FRAME_RATE
end_frame = start_frame + BURN_DURATION * FRAME_RATE

# check if we need to process the video if the pixel heights already exists
if not path.exists(npy_path):
areas = process_video(mov_path, start_frame, end_frame)
np.save(npy_path, areas)
else:
areas = np.load(npy_path)

np.savetxt(csv_path, areas, delimiter=",")

from os import path

import matplotlib.patches as patches
import matplotlib.pyplot as plt
import numpy as np

import yaml

from parameters import *
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array_length = FRAME_RATE * BURN_DURATION + 1

def convolve_area(areas):
# heights is of shape time, range=[0, pixel_area]
# run a moving average window
convolveld = lambda x: np.convolve(
X, np.ones(AREA_MOVING_AVG_LENGTH) / AREA_MOVING_AVG_LENGTH, mode="valid"

areas = np.apply_along_axis(convolveld, axis=0, arr=areas)

return areas

if __name__ == "__main__":
# read the groups, and process so that each one is named "Test {num}.MOV"
# all_sets is a dict of [set_name: [test_namel, test_name2, ...]]

with open("./groups.yaml", "r") as f:
all_sets = yaml.safe_load(f)
for set_name in all_sets:
for i, element in enumerate(all_sets[set_name]):
all_sets[set_name] [i] = f"Test {element}.MOV"

# start to process each group into an averaged array
# the following is a dict of [set_name: np.ndarray]
mean_areas = dict()
std_areas = dict()
for set_name in all_sets:

individual_areas = []

for element in all_sets[set_name]:

npy_filepath = path.join(f"./npys_area/{element}.npy")

# pad the array to make it 200 seconds long

padded_array = np.zeros((array_length,), dtype=np.float32)
loaded_array = np.load(npy_filepath)

padded_array[: len(loaded_array)] = loaded_array

# convolve the heights, store the raw data

# binned_heights here is a list of [time, heights in cm]
padded_array = convolve_area(padded_array)
individual_areas.append(padded_array)

# stack each experiment
individual_areas = np.stack(individual_areas, axis=0)

# get mean and var
mean_areas[set_name] = np.mean(individual_areas, axis=0)
std_areas[set_name] = np.std(individual_areas, axis=0)

# 1. flame areas over time
x_axis = np.arange(mean_areas[list(all_sets.keys()) [0]].shape[0]) / FRAME_RATE
compound_fig, compound_ax = plt.subplots()
for i, set_name in enumerate(all_sets):
compound_ax.plot (

X_axis,

mean_areas [set_name],

color=color_palette[i],

linewidth=linewidths[i],
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)

single_fig, single_ax = plt.subplots()
single_ax.plot(x_axis, mean_areas[set_name])
single_ax.set_title(f"Flame Area vs Time, {set_name}")
single_ax.set_xlabel(r"time, s")
single_ax.set_ylabel(r"flame area, cm$~23%")
single_fig.tight_layout()
single_fig.savefig(f"./figs/areas_{set_name}.pdf")
plt.close(single_fig)

compound_ax.set_title("Flame Area vs Time")
compound_ax.set_xlabel(r"time, s")
compound_ax.set_ylabel(r"flame area, cm$~2$")
fake_patches = [patches.Patch(color=color, alpha=0.75) for color in color_palette]
legend = plt.legend(

fake_patches,

all_sets.keysQ),

loc="lower right",

fancybox=True,

ncol=1,
)
plt.tight_layout ()
plt.savefig(f"./figs/all_areas.pdf")
plt.close()
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Figure C.1: SEM Characterisation of NP samples a) Sample S1 with a rod ag-
glomerated structure, b) Sample S2 with aggregated particles mostly circular in
shape, c) Sample S4 consisted of clustered particles, d) Sample S5 showing par-
ticles consisting of two phases both nearly circular and rod-like structures, e)
Sample S6 with different sizes of nearly circular-shaped particles and f) Sample
S7 with a clear distribution of nearly spherical particles with some degree of ag-
glomeration.
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Figure C.2: SEM Characterisation of NP samples a) Sample S8 exhibits elon-
gated rods and circular structures, b) Sample S14 the rod structure is visible, c)
Sample S12 is characterised by dense, rod-like formations, d) Sample S13 dis-
plays rod-like structure with some aggregation, e) Sample S14 shows a compact
arrangement of both spherical and rod structures and f) Sample S15 presents a
better distribution of a heterogeneous composition with both rods and spherical
particles.
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Figure C.3: SEM Characterisation of NP samples. a) Sample S16 exhibits rod
structure with small cubes, b) Sample S18 with variable particle sizes and clus-
tering, c) Sample S19 shows irregular particle aggregation, d) Sample S20 with a
more homogeneous distribution, e) Sample S21 depicting agglomerated particles,
and f) Sample S22 presenting densely packed particles.
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Figure C.4: SEM Characterisation of NP samples. a) Sample S23 shows clus-
tered NP formations, b) Sample S24 with a densely packed structure, c) Sam-
ple S25 presents a more amorphous agglomeration, d) Sample S30 illustrates
dispersed NPs with evident individual features, e) Sample S31 reveals spherical
rhomboidal NPs with agglomeration, and f) Sample S32 displays rhomboidal NPs
with defined edges.
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Figure C.5: SEM Characterisation of NP samples a) Sample S33 displays micro-
scale elongated formations b) Sample S38 presents a densely clustered structure
with distinct particle size.
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Figure C.6: a) Scanning Electron Microscopy and Energy-dispersive X-ray spec-
troscopy analysis for samples a,b) S10, b,c) 526, e,f) S29.
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Figure C.7: a) Scanning Electron Microscopy and Energy-dispersive X-ray spec-
troscopy analysis for samples a,b) S34, b,c) §35, e,f) S36.
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Figure C.8: a) Scanning Electron Microscopy image of synthesized S37 nanopar-
ticles showing their morphology. b) Energy-dispersive X-ray spectroscopy analy-
sis of S37 NPs confirming elemental composition.
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Figure C.9: FTIR Spectra of synthesised IONPs where a) Samples S3-S9; b)
samples S10-S17; c) samples S18-S25
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Figure D.1: Foam drainage experiments for a) Plain foam vs §27-0.05 wt%, b)
Plain foam vs S27-0.1 wt%, c) Plain foam vs S27-0.5 wt%, d) Plain foam vs S27-
0.7 wt%, e) Plain foam vs S27-1.0 wt%, f) Plain foam vs $30-0.05 wt%.
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Figure D.2: Foam structure after 24hr drainage where on the left visualises
IONPs from series 5 (Tabld3.7) and on the right IONPs from series 4(Table|3.6).
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Figure D.3: Dynamic light scattering (DLS) for different concentrations of sam-
ple 27.
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Figure E.1: Flame heights at leading and trailing edges of fire for excelsior fuel
covered with wet foam (WF-539-0.025 wt%) at various positions across the fuel
bed: a) leading edge at 20 cm, b) trailing edge at 20 cm, c) leading edge at 40
cm, and d) leading edge at 60 cm.
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Figure E.2: Flame heights at leading and trailing edges of fire for excelsior fuel
covered with wet foam (WF-539-0.1 wt%) at various positions across the fuel bed:
a) leading edge at 20 cm, b) trailing edge at 20 cm, c) leading edge at 40 cm, and
d) leading edge at 60 cm.
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Figure E.3: Flame heights at leading and trailing edges of fire for excelsior fuel
covered with wet foam (WF-835-0.025 wt%) at various positions across the fuel
bed: a) leading edge at 20 cm, b) trailing edge at 20 cm, c) leading edge at 40
cm, and d) leading edge at 60 cm.
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Figure E.4: Flame heights at leading and trailing edges of fire for excelsior fuel
covered with wet foam (WF-535-0.1 wt%) at various positions across the fuel bed:
a) leading edge at 20 cm, b) trailing edge at 20 cm, c) leading edge at 40 cm, and
d) leading edge at 60 cm.
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Figure E.5: Flame heights at leading and trailing edges of fire for excelsior fuel
covered with wet foam (WF-S40-0.025 wt%) at various positions across the fuel
bed: a) leading edge at 20 cm, b) trailing edge at 20 cm, c) leading edge at 40
cm, d) trailing edge at 40 cm, and e) leading edge at 60 cm.
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Figure E.6: Flame heights at leading and trailing edges of fire for excelsior fuel
covered with wet foam (WF-540-0.1 wt%) at various positions across the fuel bed:
a) leading edge at 20 cm, b) trailing edge at 20 cm, c) leading edge at 40 cm, d)
trailing edge at 40 cm, and e) leading edge at 60 cm.
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Figure E.7: Flame heights at leading and trailing edges of fire for excelsior fuel
covered with dry foam (DF-S27-0.5 wt%) at various positions across the fuel bed:
a) leading edge at 20 cm, b) trailing edge at 20 cm, c) leading edge at 40 cm, d)
trailing edge at 40 cm, and e) leading edge at 60 cm.
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Figure E.8: Flame heights at leading and trailing edges of fire for excelsior fuel
covered with dry foam (DF-S27-1.0 wt%) at various positions across the fuel bed:
a) leading edge at 20 cm, b) trailing edge at 20 cm, c) leading edge at 40 cm, d)
trailing edge at 40 cm, and e) leading edge at 60 cm.
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Figure E.9: Flame heights at leading and trailing edges of fire for excelsior fuel
covered with dry foam (DF-S39-1.0 wt%) at various positions across the fuel bed:
a) leading edge at 20 cm, b) trailing edge at 20 cm, c) leading edge at 40 cm, d)
trailing edge at 40 cm, and e) leading edge at 60 cm.
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Figure E.10: Flame heights at leading and trailing edges of fire for excelsior fuel
covered with dry foam (DF-S40-1.0 wt%) at various positions across the fuel bed:
a) leading edge at 20 cm, b) trailing edge at 20 cm, c) leading edge at 40 cm, d)
trailing edge at 40 cm, and e) leading edge at 60 cm.
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