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Iron Oxide Nanoparticles (IONPs) improve foam stability by altering bubble structure.

IONPs also improve foam stability by altering surface tension.

Reflux is more cost-effective and practical than hydrothermal synthesis in the lab.

X-Ray Diffraction (XRD) analysis confirms crystalline structure of synthesised IONPs.

A crystalline structure is indicative of their potential to enhance foam stability.
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This study investigates the effect of Iron Oxide Nanoparticles (IONPs) on the stability of a class
A foam. IONPs are synthesised via two different pathways, namely the reflux and the hydrothermal
methods. The synthesised nanoparticles are then added to the foam solution at different concentrations,
applying various techniques to test how they affect properties and processes such as particle size
distribution, surface tension, and coalescence. Results show that (i) the addition of IONPs improves
the foam stability by reducing the bubble coarsening and disproportionation; (ii) the IONPs assemble

at the plateau borders and nodes of the bubbles creating a protective layer on the gas—liquid interface,
which delays foam drainage hence improving foam stability; and (iif) stability is also improved by the
increase in the foam half-life due to the accumulation of nanoparticles on the surface of the bubble.
IONPs obtained using the reflux method are shown to affect the firefighting foam more positively.

1. Introduction

Aqueous foams, also known as wet foams, undergo rapid
changes due to gravity drainage, which leads to the collapse
of their structure over time due to inherent low stability
[1,2,3,4]. This behavior is attributed to the Laplace pressure
difference facilitating the slow diffusion of gas through the
bubble walls and causing smaller bubbles to shrink more
rapidly until they eventually disappear [5]. These foams
are utilised in a variety of applications, including mineral
flotation, the food industry, firefighting, and personal care
products [1, 3, 6, 7]. More specifically, aqueous foam can be
defined as a dispersion system where the dispersing agent is
gas (i.e. air) and the dispersive environment is liquid [8]. In
the last decade, there has been a growing interest in stabilis-
ing the foams [9]. Firefighting foams face challenges related
to their instability, which can compromise their efficiency
in fire suppression. Advancements in nanotechnology offer
a potential route to enhancing foam stability, with nanopar-
ticles accumulating at the gas-liquid interface forming a
dense wrap, thus delaying foam drainage and preventing gas
diffusion between bubbles [10, 11].

Water does not produce foam without the addition of
surfactants. One of their crucial effects is that they adsorb
at the interfaces of the liquid, reducing foam drainage by
preventing bubble coalescence through steric effects [12].
Foam drainage refers to the separation between the gas and
the liquid phases, which is achieved by the downward liquid
flow away from the foam due to differences in density [13].
During drainage, several types of deformation processes may
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occur. The liquid flowing downwards due to gravity from
the top of the bubble droplet would be initially subjected
to dilatation forces, whilst it would be compressed upon
reaching the bottom [14]. The longer the foam drainage time
and half-life of the foam, the more slowly the foam decays.
This means better foam stability. Foam half-life is defined as
the time required for the initial foam volume to be reduced by
half [15]. High-stability foams can resist bubble coalescence
and collapse, resulting in a longer foam half-life.
Nanoparticles (NPs) are known to be great additives to
enhance some properties of other materials [16, 17, 18].
Solid NPs behave differently in thin films than in bulk, and
they can have a significant effect in the stability of the foam
films. In this work, they alter the mechanical properties of
the foam by reducing both drainage and coarsening [19].
The stabilisation of firefighting foams by adding NPs
was investigated by Yang et al. [20], who argue that the role
that SiO, NPs play in the stability of the foam depends on
their concentration. At lower concentrations, they appear to
reduce the electrostatic energy without forming a network,
leading to decreased foam stability. Conversely, they sig-
nificantly enhance foam stability at higher concentrations,
seemingly by creating a blocking layer in the plateau borders.
Yekeen et al. [21] suggest that the main mechanisms for
SiO, NPs to increase foam stability is their adsorption and
aggregation at the foam lamellae, increasing film thickness
and dilational viscoelasticity. The NPs adsorbed at the inter-
face impede the bubble coalescence and form an interfacial
protective layer that hinders the gas diffusion outward of the
bubble. Tang et al. [22] added SiO, NPs into an alcohol-
resistant foam and found that foam stability was increased
by decreasing the size of the NPs to 15 nm. This is because
the drainage process is influenced by weight, with heavier
particles leading to faster drainage as they pull the liquid
more strongly towards the bottom of the foam structure.
The aggregation of NPs at the gas-liquid interface plays an

I. Papagiannis, M.S. Innocente, J.D. Davies, J.L. Ryan, & E.l. Gkanas: Preprint submitted to Elsevier

Page 1 of 15


availab.org

Impact of iron oxide nanoparticles on the stability of class A foams

important role in stabilising the aqueous solution by prevent-
ing droplets from coalescing. The adsorption of NPs on the
interface is irreversible, which implies that they are difficult
to detach, providing solid properties to the bubble interface
[21, 23, 24]. Generally, a lower particle size indicates that
NPs may easily collect sufficient oxygen to combust [25].

Iron oxide nanoparticles (IONPs) have gained significant
attention in recent years due to their flame retardancy and
smoke suppression properties [26, 27, 28, 29]. In addition,
they are known for their low toxicity and bio-compatibility
[30]. The controlled synthesis of IONPs with tailored size
and structural properties may influence the stability and
effectiveness of firefighting foams [31]. Given their flame
retardancy properties (with melting temperature higher than
1,500 °C), IONPs may be added to aqueous systems to
improve their thermal stability. Furthermore, it has been
shown that iron oxide could adsorb small organic molecules
subsequently catalysing them into chars, thus improving the
thermal stability of a flame retardant at higher tempera-
tures [26]. The small organic molecules are adsorbed in the
iron oxide forming aromatic cyclic structures that are chars
through the catalysis of Fe3* ions. Kong et al. [32] demon-
strated that iron has a significant impact on radical trapping
and increases the onset temperature of thermal degradation
in nano-composites. The iron could act as an antioxidant and
radical trap, thus improving the thermal stability of the nano-
composites. IONPs show a good potential synergistic effect
in improving the thermal stability of foams as they have
desirable properties such as catalysis and capture of radicals
[26, 33]. In general, liquid-based agents reduce the number
of radicals released and slow the spread of fire [34, 35].
The flammability of certain materials is highly dependent on
radical concentration [36], with radical trapping effectively
eliminating the ability of the material to burn [34].

This research investigates the impact of adding IONPs
on the stability of a commercial class A foam. The NPs
are synthesised via the hydrothermal and the reflux meth-
ods aiming to explore potential synergistic effects that en-
hance wildfire suppression capabilities. The focus is on
the drainage rate and bubble surface morphology of the
foam. Tests are conducted to evaluate the influence of dif-
ferent concentrations of IONPs on the stability of the foam,
while zeta potential, surface tension, and foam drainage
changes are examined to elucidate the IONPs stabilisation
mechanism. The remainder of this paper is organised as
follows: the experimental details are provided in Section 2,
including materials, NPs synthesis and characterisation, and
foam preparation; Section 3 presents the results obtained
and provides a detailed discussion of the findings; Section 4
identifies the interaction mechanisms between IONPs and
class A foams; whilst Section 5 offers some conclusions.

2. Experimental details

2.1. Materials
Iron(II) chloride tetrahydrate (FeCl, - 4 H,O) and ammo-
nium hydroxide solution (28 % NH;) were purchased from

Thermo Fisher Scientific. Forexpan firefighting class A foam
concentrate 0.1-1 % was purchased from Angus Fire UK.
Triple Distilled (3D) water is used. All materials are used
without any further purification.

2.2. Solvothermal synthesis of IONPs

IONPs are synthesised by means of a one-step solvother-
mal process. An amount of 4.3 g of FeCl, - 4H,0; 50 mL
of distilled (3D) water; and 10 mL of ammonium hydroxide
solution (NH,OH) are used for the synthesis. Initially, the
FeCl, - 4H,O0 is dispersed into 3D water to form a homo-
geneous solution, and then the NH,OH is added dropwise
under vigorous stirring. The final solution is ultrasonically
mixed for an additional 30 min. The obtained solution is
transferred to a 60 mL Teflon-lined autoclave and sealed.
The autoclave is placed in a preheated oven at 135 °C
for three hours. Then, temperature decreases naturally. The
resulting material is separated from the solvent by centrifu-
gation and successively washed with ultra-pure water at
4,200 rpm at least three times, and then dried overnight in a
vacuum at 65 °C. This material is named H-Fe;Oy,.

2.3. Reflux synthesis of IONPs

The precursors with the same stoichiometry described
in Section 2.2 are used here. The reaction takes place in a
500 mL three-neck flask placed in a heating mantle. The
three-neck flask is connected to a reflux condenser system
open to the atmosphere. After being heated for one hour at
100 °C, the solution is let to cool down at room temperature.
It is then transferred for centrifugation and successively
washed with ultra-pure water at 4,200 rpm at least three
times, and then dried overnight in a vacuum at 65 °C. This
material is named R-Fe;O,.

2.4. Preparation of the foam solution

For the foam drainage experiments, a 100 — ml mixed
solution of conventional class A foam concentrate, triple-
distilled water, and IONPs is prepared. The foam solution
consists of 0.6 % (v/v) foam concentrate and 99.4 mL of
deionised water, as per manufacturer recommendation [37].
Various concentrations of IONPs are added to the foam
solution, namely 0 wt%, 0.025 wt%, 0.05 wt%, and 0.1 wt%.
The foam solution is mixed using an overhead stirrer. The
foam dispersions prepared and tested are listed in Table 1.

2.5. Foam generation

The foam is generated using two syringes connected with
a tube [3] as in Fig. 1. For all experiments, the volumes of
gas (air) and liquid (foam solution) are 40 mL and 20 mL,
respectively. Foam is created by pushing the liquid and gas
dispersion repeatedly over 15 times.

2.6. Characterisation of the IONPs

X-ray diffraction (XRD) analysis is performed using a
D8 Advanced DaVinci system (Bruker) equipped with a lynx
eye detector. Diffraction patterns are detected using Cu-K o
radiation of 1.54 A wavelength, and the 20 scan is performed
from 20° to 90°. A step size of 0.0102° and a time-step
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Table 1

Details of the prepared foam solutions.
Sample IONPs Class A Foam Triple Distilled IONPs
Name Preparation Method Concentrate (%) Water (mL) Concentration (wt%)
Plain Foam Hydrothermal 0.6 99.4 0
H-1 Hydrothermal 0.6 99.4 0.025
H-2 Hydrothermal 0.6 99.4 0.05
H-3 Hydrothermal 0.6 99.4 0.1
Plain Foam Reflux 0.6 99.4 0
R-1 Reflux 0.6 99.4 0.025
R-2 Reflux 0.6 99.4 0.05
R-3 Reflux 0.6 99.4 0.1

—
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$
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Figure 1: Foam generation via double syringe technique.

of 0.12 s are used during the scanning process. The Scan-
ning Electron Microscopy (SEM) micrographs are recorded
with a ZEISS Gemini SEM 360 microscope. The Fourier
Transform Infrared (FTIR) spectra are recorded with the
Thermo Scientific Nicolet 50 FTIR spectrometer. The foam
morphology is studied using a Nikon digital microscope.

Dynamic light scattering (DLS) is used to monitor the
change in hydrodynamic radius (particle size) and aggre-
gates in the solution. Measurements are carried out on a
Litesizer™ 500 instrument, which uses a laser to illuminate
the particles, and the scattered light is detected and analysed
to determine their size distribution.

Drop shape analysis (DSA) is used to measure the sur-
face tension using a Drop Shape Analyser DSA 100. This
instrument allows for precise and accurate measurements of
the surface tension of liquids using the pendant drop method.

3. Results and discussion

3.1. X-Ray diffraction

The crystal structures of the synthesised R-Fe;O, and
H-Fe;O4 IONPs are characterised using X-Ray Diffraction

(XRD). The XRD spectra of both materials are presented
in Fig. 2 (a), where various diffraction peaks appear due to
the crystalline nature of the samples. In the XRD analysis
of the IONPs, it can be observed that the dominant phase
present in the sample is magnetite (Fe;O,), as evidenced
by the characteristic diffraction peaks. However, a closer
examination of the XRD pattern reveals the presence of an
additional phase identified as goethite (¢-FeOOH), as shown
in Fig. 2 (b). Fig. 2 (c) shows the Rietveld refinement of the
XRD spectrum for the H-Fe;0,. This secondary phase is
discerned through the detection of specific diffraction peaks
(26 = 21.1381°) that correspond to the goethite phase, as
listed in the standard reference XRD pattern for goethite
(ICDD-PDF card # 01-081-0462) [38].

The main peaks are described in Table 2 for both sam-
ples, while Fig. 2 shows that the diffraction peaks belong
to Fe;0, phase (ICDD-PDF card # 01-085-1436) [39].
The XRD analysis reveals a high degree of crystallinity, as
evidenced by the sharp, well-defined peaks in the diffraction
pattern. The XRD patterns obtained for both synthesis tech-
niques exhibit remarkable similarities, strongly suggesting
that the resulting materials possess nearly identical crystal
structures. Nonetheless, minor variations in peak positions
are observed, which could potentially be attributed to differ-
ences in crystallite size and the distinct methods of prepara-
tion employed. A comparative analysis of the XRD patterns
for the synthesised R-Fe; O, and H-Fe; O, NPs indicates that
the application of the reflux technique does not produce any
significant impact on their crystal structure.

In order to obtain the average crystallite size of the
samples, the diameter (d) is calculated using the Debye-
Scherrer formula shown in Eq. (1):

KA
d= 1
BcosO M

where K is equal to 0.89 (Scherrer’s constant), 4 is the
wavelength of X-rays, @ is the Bragg diffraction angle, and
B is the full width at half-maximum (FWHM) of the intense
diffraction peaks. The average crystallite sizes of the [ONPs
synthesised by the hydrothermal (H-Fe;0,) and the reflux
(R-Fe;0,) methods were found to be d = 35.56 nm and
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Figure 2: XRD analysis of the synthesised IONPs, where (a) XRD spectra for both materials; (b) peak identification for the
IONPs synthesised with the hydrothermal method; (c) Rietveld refinement; and (d) simulated patterns for both phases.

Table 2

List of the XRD peaks for both samples: R-Fe;O, (Reflux method), and H-Fe;O, (Hydrothermal method).

IONPs (Reflux)

IONPs (Hydrothermal)

Sample Pos. (26) d-spacing (A) hkl Sample Pos. (26) d-spacing (A) hkl
R-FeO, 18.3124 4.84481 111 H-FeO, 18.3243 4.84170 111
R-FeO, 21.1381 4.20312 110 H-FeO, 21.2447 4.18226 110
R-FeO, 30.1029 2.96872 220 H-FeO, 30.1544 2.96377 220
R-FeO, 35.4037 2.53544 311 H-FeO, 35.5022 2.52864 311
R-FeO, 37.0983 2.42343 222 H-FeO, 37.1264 2.42166 222
R-FeO, 43.0912 2.09926 400 H-FeO, 43.1547 2.09632 400
R-FeO, 53.4428 1.7152 422 H-FeO, 53.5285 1.7197 422
R-FeO, 56.9084 1.61807 511 H-FeO, 57.0508 1.61436 511
R-FeO, 62.6069 1.48380 440 H-FeO, 62.6268 1.48337 440

d = 31.57 nm, respectively. These findings are consistent
with previous studies on magnetite NPs synthesised using
similar methods, which have reported crystallite sizes in the
range of 20-30 nm and high phase purity [40, 41].

3.2. Scanning electron microscopy

The scanning electron microscopy (SEM) micrographs
in Fig. 3 show the surface morphology of the NPs synthe-
sised by the reflux and the hydrothermal techniques. In both
cases, the particles present a close-to-spherical shape, with
a tendency for agglomeration. However, the reflux method
appears to produce some NPs with more elongated shapes.

Typical diameters of synthesised NPs are within 65 + 10 nm,
with some agglomerates in the range of 200 nm.

The elemental composition of the IONPs is determined
using energy-dispersive X-ray spectroscopy (EDX). The
EDX spectrum of the R-Fe;O, (see Fig. 4) suggests the
presence of Fe and O elements. The peaks around 0.8, 6.2,
and 7.1 keV are related to the binding energies of Fe, along
with the peak of oxygen at 0.5 keV. The Cl signals originate
from the FeCl, - 4 H,O precursor used in the synthesis.

3.3. Fourier transform infrared spectroscopy
Fourier transform infrared (FTIR) spectroscopy can be
used to obtain the material’s chemical composition and
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Figure 3: Morphology and elemental analysis of the synthesised Fe;O, nanoparticles.
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Figure 4: EDX Spectrum of the synthesised R-Fe;O,

physical state. Fig. 5 shows the FTIR spectra of the samples
synthesised by the reflux (R-Fe;O,) and the hydrothermal
(H-Fe;O,4) methods. For the R-Fe; O, sample, the wide peak
at 3,123 cm™! is due to the O-H stretching mode [42]. Fur-
thermore, the peaks at 1,651 cm~! and 1,455 cm™! are due
to the aldehyde group (C=0O stretch) [43]. The absorption
peak at 800 cm~! discovered the presence of aromatic C-H
of aromatic compounds. The most interesting part of the IR
spectra concerning ferrite is within the 800-500 cm™! range,
which is assigned to the vibrations of ions in the crystal
lattice. Fe;O,4 belongs to the class of inverse spinels. The
bands at 543 cm™! (H) and 545 cm™! (R) are assigned to
Fe3*-O stretching vibrations inside the tetrahedral sites of
the inverse spinel structure [44].

3.4. Foam drainage

Foam stability is defined as the time that the foam main-
tains its initial properties such as foaming degree, viscosity,
wetting power, bubble size, and bubble distribution [45].
Therefore, foam drainage must be considered to study the
stability of the Class A foam. Three different concentrations
of the R-Fe;O, and H-Fe; O, are used to study their effect on
the foam drainage. As can be observed in Fig. 6, the drainage
time is prolonged for all concentrations, therefore increasing
the foam strength and stability. The main mechanism sug-
gested for NPs to improve foam stability is the adsorption
at the gas-liquid interface, making the films more stable
[22]. In the absence of NPs, the liquid is separated from the
gas phase faster, indicating higher disproportionation of the
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Table 3

Foam drainage times at different concentrations of synthesised H-Fe;O, into Class A foam solutions.

IONPs Class A Drainage time Drainage time Drainage time
Concentration Foam mean (s) mean (s) mean (s)
Hydrothermal (wt%) Concentrate (%) thsq (S) ts00, (S) t759, (S)
0 0.6 157 (2.00) 282 (1.53) 441 (3.00)
0.025 0.6 170 (2.08) 303 (2.00) 518 (2.51)
0.05 0.6 175 (2.00) 309 (2.08) 551 (2.00)
0.1 0.6 162 (2.05) 299 (2.00) 560 (1.63)
161759, Drainage
T Trmemmmmmmmemmmeoeooe- -0 0 Ay
E 14 me &
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g 124 ol
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Figure 5: FTIR spectra of the synthesised IONPs.

bubbles [46]. Typically, the stability of firefighting foams is
analysed for 25 % and 50 % drainage of the liquid out of the
foam [10, 22, 47]. The rate of liquid drainage is determined
at the times corresponding to 25 %, 50 %, and 75 % drainage.
The half-life of a foam (t5,q,) is the time it takes for the foam
in a solution to decrease to half of its initial volume. Table 3
and Table 4 present the mean sample foam drainage times
and standard deviations at different IONPs concentrations
for the NPs synthesised via the reflux and the hydrothermal
methods, respectively. Each experiment was repeated three
times. The sample standard deviation (s) for each set of three
measurements is given by:

Z:;] (x; — })2
n—1
where:
e 1 is the number of measurements,
e x; is the i individual measurement,
e X is the mean of the measurements.

At 1554, the IONP concentration with the highest impact
in delaying drainage is 0.05 wt%. At 54, drainage is delayed
more with R-Fe; O, than with H-Fe; O, NPs, which indicates
higher foam stability. The delay time using R-Fe; O, is 3.2 %

(a) H-Fe;O, (Hydrothermal synthesis).

16 .
75% Drainage

5  |©%Dbrana O -m e Ay
E 144 e
s e AV
£ 124 e Ay
° 50% Drainage M Ay
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(b) R-Fe; 0, (Reflux synthesis).

Figure 6: Influence of synthesised IONPs on foam drainage.

longer than the one using H-Fe;O,4. At 554, when most of
the liquid has been drained out of the foam due to gravity,
0.1 wt% concentration seems to stabilise the foam solution
in both cases, providing more time to separate the gas and
the liquid phases. This may be attributed to the IONPs
at 0.1 wt% concentration being more tightly dispersed on
the bubble surface [2]. The increase of t544 for 0.1 wt%
concentration is lower for the hydrothermal than for the
refulx method. The increased collision probability of IONPs
at higher concentrations may lead to a decrease in their
dispersity, which may cause some agglomeration [2].
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Table 4

Impact of iron oxide nanoparticles on the stability of class A foams

Foam drainage times at different concentrations of synthesised R-Fe;O, into Class A foam solutions.

IONPs Class A Drainage time Drainage time Drainage time
Concentration Foam mean (s) mean (s) mean (s)
Reflux (wt%) Concentrate (%) tyse (S) Is (S) 1759, (S)
0 0.6 157 (2.00) 282 (1.53) 441 (3.00)
0.025 0.6 171 (2.05) 300 (3.30) 501 (2.49)
0.05 0.6 184 (2.16) 318 (3.09) 594 (3.74)
0.1 0.6 176 (2.62) 323 (2.05) 614 (2.16)
0.045 0.045
- :'iig 20235"‘ ” ue --®- Plain foam
0.040 4 : H:2 0:05 ‘,\,vt\’n/\7 0.040 - » - f‘l : 2:; gg;ix;:/u
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(a) H-Fe; 0, (Hydrothermal synthesis).

(b) R-Fe; 0, (Reflux synthesis).

Figure 7: Drainage rate curves over time for plain foam and for foams treated with different concentrations of IONPs.

The foam drainage rate is shown in Fig. 7, calculated
for each foam sample as the derivative of the volume of the
drained solution with respect to time. Fig. 7 (a) shows the
drainage rate curves for the plain foam and for the foams
enhanced with H-Fe;O, NPs at the three concentrations,
whilst Fig. 7 (b) shows the same for R-Fe;O, NPs. As can
be observed, the plain foam exhibits the highest drainage
rates at the early stages of the experiment (until around
230 s), which indicates that the presence of IONPs enhances
foam stability. In fact, Table 3 and Table 4 show that t;5¢
consistently increases with increasing concentrations. The
same is true for #5(q, (half-life), except for 0.1 wt% H-Fe;0,.

4. Identification of the interactions between
the IONPs and class A foam

4.1. Influence of particle size distribution and zeta
potential on foam stability

The particle size distribution and zeta potential in the
foam liquid are closely related to foam stability [10, 48,
49]. Thus, for an in-depth understanding of the effect of
adding IONPs to class A foams, the relation between their
concentration and zeta potential in the foam liquid must
be studied. To this end, a foam solution was prepared in a
plastic container at 0.6 % of commercial foam concentrate,

as recommended by the supplier, and stirred with different
concentrations of IONPs in the range of 0-0.1 wt%. The
dispersion of the NPs was ensured by ultra-sonication for
40 min, then using an overhead stirrer to complete the
homogenisation of the sample.

Table 5 shows the average zeta potential values and
particle size of IONPs when added to the foam solution.
The zeta potential of the plain foam solution was found to
be positive at +0.86 mV, indicating that it is relatively close
to the isoelectric point. This zeta potential suggests that the
foam has thin cell walls [50], which is not optimal for its
stability. As can be observed, when increasing the IONPs
concentration, the zeta potential values increase for the
foam solutions prepared using either technique. The higher
absolute value of the zeta potential the more strongly the
particles repel each other, and the more stable the dispersion
is[51, 52]. Particles with zeta potentials in the £30 mV range
are considered to be unstable with respect to aggregation.
The values observed in Table 5 are within the expected
range, and hence aggregation of the NPs should be expected
[53]. The hydrothermal particles look smaller under SEM for
the same magnification, as can be observed in Fig. 3. Fig. 8
shows higher average hydrodynamic particle size at 0.1 wt%
concentration for H-Fe;O,, which indicates greater agglom-
eration of NPs synthesised using the hydrothermal method.
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Table 5
Zeta potential and particle diameter of IONPs at different
concentrations for hydrothermal and reflux methods.

IONPs Zeta Potential Average
Concentration mean (s) particle size
(wt%) (mV) (nm)

0 0.86 (0.19) N/A
H-0.025 —18.51 (0.99) 1658
H-0.05 —17.43 (0.85) 2564

H-0.1 —10.20 (0.92) 3306
R-0.025 —28.78 (2.06) 1681

R-0.05 —14.60 (0.09) 2096

R-0.1 —8.80 (0.60) 2232

This is obtained by means of DLS. Thus, the average hy-
drodynamic H-Fe; O, particle size is 3, 306 nm while that of
the R-Fe;O, particle is 2,232 nm. At these concentrations,
the IONPs behave as large particle aggregates, and may be
deposited faster than the flow of the liquid and get trapped
in the foam network [1].

20

—— H-Fe,0, (0.1 wt%)
—— R-Fe,0, (0.1 wt%)

Intensity (%)

T T T
0 1000 2000 3000 4000

Size (nm)

Figure 8: Average particle size showing IONPs agglomeration
in Class A foam solution at 0.1 wt%, obtained by DLS.

The addition in increasing concentrations of H-Fe;0,
NPs resulted in decreasing the zeta potential absolute value
from 18.51 mV to 10.2 mV, whereas the addition of R-Fe; O,
NPs led to decreasing the zeta potential absolute value from
28.78 mV to 8.8 mV. The decreasing absolute value of the
zeta potential suggests that the class A foam surfactant is
adsorbed in the surfaces of the NPs [15, 54]. A higher zeta
potential indicates a greater degree of electrostatic repulsion
between the particles, which makes the dispersion more sta-
ble [11, 55] . A corresponding average particle size increase
is observed as a consequence 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 [11]. This makes the adsorption at
the interface irreversible, meaning that the particles will stay
attached to the interface once they are adsorbed.

Fig. 9 shows the complete distribution of IONPs in the
solutions at different concentrations. Particles are seen to be
uniformly suspended, ensuring homogeneity.

1

25mg 50 mg 100 mg 1000 mg

Figure 9: Solutions of IONPs at various concentrations. From
left to right: 25 mg (0.025 wt%), 50 mg (0.05 wt%), 100 mg
(0.1 wt%), and 1000 mg (1.0 wt%).

The average hydrodynamic particle size is seen to in-
crease as the NP concentrations increase, indicating higher
particle aggregation at higher concentrations [21]. However,
there must be a uniform accumulation of the NPs around
the foam lamellae as it does not promote foam stability
[21]. High accumulation of the NPs end up promoting inter-
bubble diffusion and accelerate liquid drainage by applying
gravitational forces to the generated bubbles [21, 56].

4.2. Effect of IONPs concentration on foam
surface tension

In order to investigate the effect of IONPs on the surface
tension of the foam solutions, the pendant drop tensiometry
was utilised [23]. The shape that a droplet suspended from
a needle takes is a balance between the interfacial tensions
favoring the formation of a spherical droplet, and gravity
acting so as to deform the droplet from the spherical mor-
phology. Pendant drop tensiometry makes use of an image
capturing the adopted morphology of the deposited droplet
to extract a value for the interfacial tension of the system
as shown in Figs. 10 and 11. The summary of the pressure
forces in equilibrium on a pendant drop includes a Laplace
and a hydro-static term, presented in Eq. (2):

yC = pgz )

where y (mN/m) is the interfacial tension, C (m~!) is the
droplet’s surface curvature, and p (g/cm®) is the density.
Expressing the curvature around the z-axis in a cylindrical
coordinate system, and defining r, and r,, as in Eq. (3), C
can be expressed as in Eq. (4).

o
Z_dz’ rzz_dZ2

3

L : @

C=- +
(1 +r§)3/2 r(l +r§)l/2

When conducting a pendant drop measurement, the in-
terfacial tension term is varied such that a value that satisfies
the above equation for the given droplet is met.

Figs. 10 and 11 show the different droplets formed from
the syringe needle until just before detached from the needle
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(b) Foam + 0.025 wt% NPs,
Area=16.05 + 0.08mm?,
V =6.227 +0.051 L.

(a) Plain foam,
Area=17.2 + 0.1mm?,
V =6.769 + 0.034 uL.

(c) Foam + 0.05 wt% NPs,
Area=15.96 + 0.06mm?,
V =6.67 +0.043 L.

(d) Foam + 0.1 wt% NPs,
Area=15.78 + 0.07mm?,
V = 6.093 + 0.046 pL.

Figure 10: Water droplets analysed by pendant drop method at different concentrations of IONPs (Hydrothermal synthesis).

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

(a) Plain foam,
Area=17.2 + 0.1mm?,
V =6.769 +0.034 puL.

(c) Foam + 0.05 wt% NPs,
Area=16.25 + 0.14mm?,
V =6.333 + 0.096 piL.

(d) Foam + 0.1 wt% NPs,
Area=14.86 + 0.12mm?,
V = 5.656+0.07 L.

Figure 11: Water droplets analysed by pendant drop method at different concentrations of IONPs (Reflux synthesis).

tip. The addition of IONPs reduces the overall mean area
of the droplets. The mean area of bubbles decreases with
increasing IONPs concentration, indicating 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 of
bubbles (V) decreases with increasing IONPs concentration,
which is consistent with the decrease in mean droplet area.
Additionally, electrostatic or steric stabilisation provided by
NPs can maintain smaller droplet sizes by preventing droplet
coalescence [57].

Having explored the influence of IONPs on the droplet
shape mean area in DSA measurements, it is essential to
examine their impact on the surface tension of the foam
solution. Fig. 12 shows the equilibrium surface tension of
the plain foam solution, as well as those of the solution
with three concentrations of H-Fe; O, and R-Fe; O, NPs (i.e.
seven samples). Measurements were taken once the system
reached steady state, established to be after 120 s (when

readings stabilised). As can be observed, the addition of
IONPs to the foam solution results in a decrease in the
equilibrium surface tension compared to the plain foam
solution, which is significant to enhance foam properties
[58, 59]. Lower equilibrium surface tension reduces the
energy required to create new air-liquid interfaces, facili-
tating the formation of foam with smaller and more stable
bubbles [60]. At low concentrations of up to 0.050 wt%,
NPs are likely adsorbing at the air-liquid interface. However,
as the concentration increases (beyond 0.05 wt%), the sur-
face may become saturated. In such a case, additional NPs
are less likely to adsorb at the interface [61]. The surface
tension is notably highest for the plain foam, confirming
that the addition of IONPs modifies the air-liquid interfacial
properties [62]. Further studies on different concentrations
are required to investigate the values leading to minimum
surface tension, whilst the IONPs synthesised using the
hydrothermal method seem to be more effective in lowering
the surface tension. The higher surface tension at higher
concentrations may be due to the surfactant adsorption on
the NPs and depletion on the air-water interface [23].
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Figure 12: Equilibrium surface tension of foam solution with
different concentrations of IONPs synthesised using reflux and
hydrothermal methods (single experiment per concentration).

4.3. Bubble surface morphology

Foam coarsening is treated as gas diffusing from the
gas bubbles into the surrounding liquid solution. The gas
is transferred from smaller to bigger bubbles, leading to the
disappearance of the smaller ones [4, 6, 7]. Foams presenting
higher stability are able to better resist the effects of the foam
coarsening and bubble coalescence, which results in longer
foam half-life. In this work, the morphology of the bubbles
is analysed using a digital microscope in order to study how
the foam coarsening evolves in time.

Immediately after generating the foam using the double
syringe technique, a small quantity was expelled from the sy-
ringe onto the centre of the glass microscope slide, promptly
placing it under the microscope. Images of the foam were
captured at different times to observe changes and gather
data on foam characteristics.

Two images were recorded per sample, one immediately
after foam generation and the other 10 min later. The length
of the study is set to 10 min to align with the approximate
time that the foam takes to reach its 75 % drainage time (#5)
[21]. The morphology of the bubbles immediately after foam
generation and 10 min later are shown in Figs. 13 (a)—(b) for
the plain foam, Figs. 13 (c)—(d) for 0.1 wt% H-Fe;0,, and
Figs. 13 (e)—(f) for 0.1 wt% R-Fe;O,.

The average bubble size was determined using Image]
[63]. An image of the foam at 10X magnification was anal-
ysed. The analysis revealed that a total of 526 bubbles were
detected in the foam sample in Fig. 13 (a). The area of each
individual bubble was calculated by ImageJ as in Eq. 5:

Area = Number of Pixels X Area per Pixel. o)

Given the area (A) of a circular bubble, its diameter can
be calculated as in Eq. (6):

d= 2\/2. (6)
T

In this study, each bubble’s area is measured in square
micrometers (um?) and its diameter is calculated as in Eq. 6.
The average diameter and its standard deviation are then
calculated to characterise the average size distribution of the
bubbles in Table 6.

The destabilisation process of the foam depends on the
coalescence (rupture of films between bubbles), and on the
coarsening (gas diffusion between bubbles due to pressure
difference). After 10 min have elapsed from the foam gener-
ation, the bubbles are seen to have formed a polyhedral shape
and and to have increased their average size. By comparing
Figs. 13 (a) and (b), it can be observed 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 [6]. This behaviour can be related
to the gas diffused between bubbles of different radius due
to differences in the Laplace pressure. The gas is transferred
from smaller to bigger bubbles, leading to the disappearance
of the former [13].

Initially, the plain foam had 526 bubbles, number that
drastically decreased to 34 after 10 min, with a significant
increase in average bubble size from 5.5 pum to 25.81 pm.
This suggests rapid bubble coalescence and foam desta-
bilisation over time. In contrast, the enhanced foams with
0.1 wt% H-Fe;0,4 and R-Fe;O, NPs maintain the bubbles
approximately spherical even after 10 min have elapsed since
the foam generation, as shown in Figs. 13 (d) and (f). This
indicates a delay in foam drainage, which is the result of
a higher liquid volume fraction (¢) where the bubbles are
spherical and move independently [6]. This suggests that
the NPs are adsorbed to the bubble surface sufficiently fast,
stabilising it, and thus limiting their deterioration. This result
can be attributed to the foam solution’s improved surface
dilational viscoelasticity as a result of NPs adsorption and
accumulation on the bubble surface and plateau border [21].

The foam coarsening process was quantitatively anal-
ysed using the bubble size distribution across three different
samples. Fig. 14 displays the size distributions at t = 0 min
and ¢ = 10 min after foam generation for the plain foam, for
the foam enhanced with 0.1 wt% H-Fe;0, (H-3), and for the
foam enhanced with 0.1 wt% R-Fe;0, (R-3). At ¢ = 0 min,
the average bubble diameters (D) were 52.61 um, 61.78 um,
and 60.35 pm for the plain foam, H-3, and R-3, respectively.
The distribution indicates that bubbles were initially small,
with the majority of bubbles under 100 pm in diameter for
all concentrations. The addition of NPs did not significantly
alter the initial bubble sizes and distributions. At¢# = 10 min,
the foam coarsening process can be observed. The average
bubble diameter of plain foam increased significantly to
335.55 pm, indicating rapid coarsening. For the H-3 sample,
the average bubble diameter increased to 113.31 pm. Simi-
larly, the average bubble diameter reached 118.91 pum for the
R-3 sample. Thus, both NP-enhanced foams exhibited lower
rates of coarsening compared to the plain foam, with most
bubbles remaining below 300 pm.

Results demonstrate that, while bubble coarsening oc-
curred in all samples, the presence of NPs notably slowed the
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——— 200um

—— 200um

(e) Enhanced Foam, 0.1 wt% R-Fe;O, NPs, ¢ = 0 min. (f) Enhanced Foam, 0.1 wt% R-Fe;O, NPs, ¢ = 10 min.

Figure 13: Foam bubble morphologies (10x magnification) at = 0 min (foam generation) 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.

process. At t = 10 min, the plain foam showed a consider- Experimental results show that the addition of 0.1 wt%
able increase in larger bubbles, with many exceeding 300 pm ~ NPs effectively reduce the foam coarsening rate, stabilising
in diameter, whereas the NP-enhanced foams maintained a the bubble structure over time. A combined analysis of
narrower size distribution with fewer large bubbles. these results with those from the foam drainage experiments
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Table 6

Comparison of bubble sizes in plain foam versus foam enhanced with nanoparticles.

Description Time (min) | Number of Bubbles | Average Bubble Size (um)
Plain foam 0 526 55+3.74
Plain foam 10 34 25.81 +14.74
Enhanced foam, 0.1 wt% H-Fe;O, NPs 0 539 522+3.5
Enhanced foam, 0.1 wt% H-Fe;O, NPs 10 132 11.59 +8.14
Enhanced foam, 0.1 wt% R-Fe;O, NPs 0 429 5.75+4.58
Enhanced foam, 0.1 wt% R-Fe;O, NPs 10 111 11.93 +10.38
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Figure 14: Bubble diameter distributions at = 0 min (foam generation) and ¢ = 10 min after foam generation for plain foam,
and for foam enhanced with 0.1 wt% Fe;O, synthesised using the Hydrothermal (H-3) and the Reflux (R-3) methods.

indicates that a concentration of 0.1 wt% IONPs enhances
foam stability by improving liquid retention.

4.4. Mechanisms of foam stability improvement
When the foam is generated, it is composed of individual
bubbles that are separated by thin films of liquid, known
as plateau borders (PBs) [22, 62]. These PBs are highly
unstable and prone to rupture, which can cause the foam
to collapse. This behaviour is caused as a combination
of various factors, including capillary forces, gravity, and
surface tension [64]. Generally, most of the liquid is found
in the PBs. When four PBs join together, they form junctions
or nodes (see Fig. 15). A mechanism to stabilise these PBs is
the addition of nanomaterials [6]. Fig. 15 illustrates the main
mechanisms by which IONPs stabilise the foam lamellae
and decelerate foam drainage and coarsening. When NPs
are introduced to the foam, they can aggregate at the plateau
borders due to their high surface area and surface energy.
Most NPs tend to aggregate once they are hydrated [65].
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
[66]. This aggregation can cause them to form a physical
barrier that reinforces the plateau borders and prevents them
from rupturing [14]. During this process, the aggregated
IONPs delay the flow of the liquid downwards the Plateau
borders, thus providing a steric barrier to film thinning and
inter-bubble diffusion [21]. Moreover, the aggregated [ONPs
can form a layered structure inside the thinning film, thus
stabilising it by the so-called oscillatory structural force [67].
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
reducing foam drainage. In summary, IONPs can aggregate
at the PBs of foam bubbles to stabilise them by forming a
protective layer that prevents the liquid films from breaking.
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— ] 00pm

Figure 15: lllustration of an aqueous foam—NPs system. The drainage time of the film may be reduced due to the accumulation

of IONPs in the plateau borders.

This mechanism can improve the effectiveness and effi-
ciency of firefighting foam.

5. Conclusions

In this paper, the effect of iron oxide nanoparticles
(IONPs) synthesised by two different methods, namely the
Reflux and the Hydrothermal methods, on the stability of a
commercial Class A foam was systematically investigated. It
was found that the addition of Fe;O, nanoparticles (NPs) at
certain concentrations into the foam solution improves foam
stability. In the absence of NPs, bubble sizes are larger and
fewer, thus indicating a high rate of bubble coalescence and
coarsening. The foam half-life was increased in both cases
due to the accumulation of NPs in the foam network, thus
providing an interfacial shield to delay foam drainage.

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 inter-
face. 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 sur-
factant adsorption on IONPs and depletion at the air-water
interface. Furthermore, it can be concluded that the reflux
method is a more advantageous technique to use compared
to the hydrothermal method, despite the lack of significant
differences in the results obtained. This is because the reflux
method is more cost-effective and time-efficient, which are

important factors to consider in laboratory settings. Fur-
thermore, the reflux method requires fewer resources and
is easier to perform, making it a more practical choice for
routine experiments.

Therefore, it is recommended that the reflux method be
utilised for future experiments that require similar condi-
tions. Potential synergistic effects of IONPs with Class A
foams may arise through the formation of a protective barrier
layer on top of the surface of the foam. This has provided
experimental support for the further study of IONPs by fo-
cusing on different grain sizes to assess foam stability. Future
goals of the project include performing comparative small-
scale fire experiments using conventional foams and foams
enhanced with NPs at the most effective concentration.
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