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ABSTRACT

Aqueous Film Forming Foam (AFFF) has become a critical component within the aviation
industry. However, relatively few reports address the causes of the poor performance of AFFF
during fire conditions due to the rarity of air crashes. Herein, the impact of mild steel, stainless
steel, and high-density polyethylene on the foaming ability and foam stability of AFFF was
experimentally investigated. The functional groups, particle shape, size, size distribution, and
elementary analysis were conducted using the Fourier transform infrared spectroscopy,
transmission electron microscopy, dynamic light scattering, and inductively coupled plasma
atomic emission spectroscopy. The results showed that all three materials affect the foam ability
and foam stability of AFFF in some manner, with mild steel having the most severe impact. The
recommendations to use cross-linked polyethylene and fiberglass materials for better storing AFFF
concentrate were thoroughly discussed.

Keywords Aqueous film forming foam, foaming ability, foam stability, cross-linked polyethylene,
fiberglass.

1 Introduction

Fire protection is a critical sector within any aviation industry, which has created divergent
opinions in terms of compliance standards. Aircraft accidents are devastating, considering the
loss of lives and costly equipment that must be expected. In aviation, firefighting foam,
particularly aqueous film-forming foam (AFFF), is the sole optimum extinguishing agent for
the suppression of combustible or flammable liquids.! Aviation accidents involving aircraft
have dramatically decreased over the past decades and are therefore not a threatening issue.
Nonetheless, the aviation industry must adhere to the relevant compliance standards and be
fully equipped in case of any unexpected circumstances.

Periodic training is mandatory in all aspects of aviation fire protection in ensuring that
firefighting skills and resources within the sector adhere to the Federal Aviation Administration
(FAA), National Aviation Authority (NAA), and National Fire Protection Association (NFPA)
compliance standards, to react rapidly during accidents. Consequently, periodic testing of the

——

]
203 |



A REVIEW OF THE IMPLICATIONS OF POLYETHYLENE PLASTICS WHEN UTILIZED AS CHEMICAL STORAGE
TANKS.

performance parameters of fire extinguishing foam is a necessity. Unexpected circumstances
often happen during periodic tests when AFFF is unable to perform as anticipated. The main
priority of AFFF is to suppress the fire and allow possible victims more time to escape during
the accident. However, according to relevant compliance standards, all of this must be
accomplished in one minute or less upon arrival at the accident scene. The poor performance
of AFFF is caused by numerous and diverse factors; hence, it becomes difficult to examine
where the problem originates. In past decades, there have been fatal fire accidents in the
aviation industry (globally), which has tasked researchers to investigate further the fire
protection sector. Nevertheless, there are still notable gaps in previous research conducted, with
limited studies on the impact of the materials used to construct the storage tank for storing
AFFF concentrate. This is due to the nature and diversity of these problems.>* The complexity
of enhancing the firefighting foam in the storage tank construction materials has always been
a concern due to the complicated branches of engineering such as material sciences and thermal
engineering involved.

In 1965, Meldrum et al.’ published their study on the storage life and utility of mechanical
firefighting foam liquids. The study contributed to predicting the period in which firefighting
foams can be held in a storage tank before they deteriorate. Furthermore, it emphasized the
gaps and limitations within previous research and the difficulties in problem optimization. The
predictions are governed by parameters such as extreme temperatures, oxidation, evaporation,
corrosion, dilution, and contamination in the storage tank. Most of this research work is
benchmarked in the above study.

This research work has great significance in terms of evaluating and experimentally
investigating the impact of mild steel, stainless steel, and high-density polyethylene (HDPE)
on the foaming ability and foam stability of AFFF. All manufacturers of firefighting foam
concentrate have strict recommendations for storing their products, with the priority being to
store the foam concentrate in its original storage tank®®. The challenge arises due to critical
factors that must be taken into consideration and often result in large storage tanks being
constructed on-site. The large storage tanks are beneficial as foam concentrate can be pumped
rapidly from one source to firefighting vehicles during emergency conditions without the huge
demand for replenishment. Consequently, these critical considerations lead to storing
firefighting foam concentrate in different storage tanks rather than the original, recommended
containers.

The present research work experimentally evaluates and assesses the impact of the
aforementioned materials on any performance parameters of AFFF, specifically, foaming
ability and foam stability. The study examines the compatibility of mild steel, stainless steel,
and HDPE with AFFF concentrate. These are the materials that are commonly used when
constructing a storage tank for firefighting foam concentrate, specifically AFFF. This is
accomplished by performing several analyses (discussed in Section 2) that evaluate the effect
of each material on the AFFF concentrate and, thus, on the performance parameters. In all these
analyses, the pure AFFF concentrate is utilized as a benchmark to deduce any vital alterations.
In such a manner, it is possible to enhance the properties of these engineering materials based
on the heat treatment process, microstructural analysis, and environmental stress cracking in
such a way that they are compatible with AFFF concentrate. All these optimization methods
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aim to effectively store AFFF concentrate without affecting any of its performance parameters
or chemical composition during vital fire accidents.
2 Materials

The experiment was set to investigate the impact of mild steel, stainless steel, and HDPE on
the foaming ability and foam stability of AFFF solution using Fourier transform infrared
spectroscopy (FTIR), transmission electron microscopy (TEM), dynamic light Scattering
(DLS) and inductively coupled plasma atomic emission spectroscopy (ICP-AES).

3 Methodology

Samples of stainless steel, mild steel, and HDPE, together with the AFFF concentrate, were
carefully prepared. A guillotine machine was used to cut the material sheets into desired shapes
and sizes. All the material sheets were cut to the same sizes and shapes for a fair comparison.
A total of three samples were used during the experiments. These sample materials were
exposed to natural environmental conditions. All the samples were then immersed and soaked
in a 3% proportion of AFFF solution for six months. FTIR, TEM, DLS, and ICP-AES wet
analyses were performed on sample materials. This was done to analyze the composition and
properties of the AFFF concentrate after being exposed to these materials.

Clean sample materials and AFFF concentrate from the manufacturer were used as benchmarks
during the tests, and their properties were compared to those of the exposed material to
determine whether any critical changes occurred. All the findings were carefully recorded and
analyzed. However, it should be noted that the objective was to analyze the AFFF concentrate,
not the materials. The experimental procedure followed for all the samples is presented in the
flowchart in Figure 1.

Used FTIR, TEM, DLS and

Erepaved snaterials: and ICP instruments to test the

AFFF concentrate samples AFFF concentrate

| |

Analysed the functional

Exposed material samples . .

groups, particle sizes and
to natural environmental . .
shapes, particle size
conditions 3 months a 5 .
distribution, and elemental

concentrate.

l composition of the AFFF

Immersed and soaked

material samples to AFFF

concentrate for S months

Data recording

Figure 1: Typical experimental procedure.

4 Materials description

In the present experiments, 3, 4, and 5 mm thick sheets of mild steel, duplex stainless steel, and
HDPE, respectively, were selected as the materials of interest. The sample sheets were scribed

—

]
205 |



A REVIEW OF THE IMPLICATIONS OF POLYETHYLENE PLASTICS WHEN UTILIZED AS CHEMICAL STORAGE
TANKS.

to ease the cutting process and ensure that the cut sizes are precise. The cut samples were
further cut into three small pieces for accurate testing, and the average results were considered.
It was also done to accommodate the percentage errors and external factors that may have
occurred during the experimental setup. Glass beakers of 800 ml in volume were prepared to
fill the 3% proportion of AFFF concentrate and immerse the material samples. Figures 2 and 3
show the three materials after being cut into desired sizes and immersed in an AFFF
concentrate, respectively.

Figure 2: Samples after being cut to desired shapes, mild steel, stainless steel, and HDPE (left
to right).
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Figure 3: Mild steel, stainless steel, and HDPE (left to right) samples immersed in AFFF.
Concentrate.

5 Testing

The various instruments used for distinct experimental analyses are depicted in Figures 4 and
5. These instruments include FTIR, TEM, DLS, and ICP-AES, and their significance in this
paper is concisely described under results and discussion in Section 3. All the AFFF samples
were analyzed using the FTIR technique. This was accomplished by comparing clean samples
from the manufacturer with samples that had been subjected to various material experiments.
The FTIR analysis assisted in the identification of functional groups in various exposed
samples. Since the FTIR was not able to provide conclusive information, it was essential to
validate the FTIR analysis with other tests. TEM analyses were conducted to analyze the large
variety of particles, overall particle shape, and visual overall size and shape of the AFFF
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concentrate particles using HR imaging and electron diffraction images.

It should be noted that the TEM instrument used does not provide sufficient information on
how the particles in the exposed AFFF solution are distributed and does not convey precise
particle sizes. However, the DLS instrument was further used to validate the findings of TEM,
and it assisted in-depth understanding of the behavior of the AFFF solution particles when
exposed to various materials and how their properties were affected. Finally, the ICP-AES test
was conducted to identify the chemical elements or composition within the exposed AFFF
concentration and benchmark these with the standard qualities. The instruments used during
the testing of samples are depicted in Figures 4 and 5.

Figure 5: Instruments used during sample testing, DLS (a) and ICP-AES (b).
6 Results and discussion

7 Infrared spectroscopy of AFFF concentrate

Figure 6 (a-b) shows the FTIR spectra of the pure AFFF concentrate compared to the AFFF
concentrate that has been in interaction with the materials of interest. Their functionality in
terms of stability, oxidation, and reactivity was revealed. Unsurprisingly, most of the chemical
and functional groups appear within the group frequency of wavenumber 4000—1500 cm™1.
Referring to Figure 6 (a), it can be observed that at the single bond region, broadband appears
at 3355 cm™1, which has been associated with a hydroxy group, H-bonded OH stretch.”!° This
functional group is responsible for enhancing the ability of AFFF concentrate to dissolve in
water.!! Medial alkyne C = C stretch appears as a weak band at 2120 cm™1, this is a vital
distinguishing tool since very few organic compounds reveal an abortion in this region.”!? The

medium band detected at 1637 cm™! can be assigned to alkenyl C = C stretch vibration.
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Interestingly, the fingerprint region also revealed quite a few functional groups. However, the
methylene C — H bend and skeletal C—C vibrations can be disregarded since they appear in
most organic compounds. The fluoro compounds, C — F stretch at 1083 cm™! confirms the
presence of fluorosurfactant in AFFF concentrate.

Figure 6 (b) compares the FTIR spectra of a pure AFFF concentrate with an AFFF concentrate
that has been in interaction with materials of interest to deduce the significant shifts of
functional groups. In the single-bond region, a hydroxy group, H-bonded OH stretch, still
appears in all the FTIR spectra. However, there is an unusual absorption peak of aldehyde C
—C stretching that appears in AFFF solution (HDPE and stainless steel exposed) at bands 2710
cm—1 and 2697 ¢cm™1, respectively.!* This may indicate an interaction between the AFFF
concentrate and two materials (HDPE and stainless steel). Besides, there is a significant shift
that can be observed in the triple bond region at bands 2056 and 2060 ¢cm™! for AFFF
concentrate when HDPE and stainless steel were immersed, respectively. Consequently, this
shift confirms the presence of isothiocyanate N = C = S stretching, which is a very unusual
functional group, especially in organic compounds.

It can be clearly observed that there are minor shifts in the functional groups. However, these
minor shifts can be subsequently used to predict the reaction of the materials with the AFFF
concentrate in the long term. This is a very useful prediction technique since, in the present
study, these materials were exposed to AFFF solution for only six months. In addition, the
major reaction in the real world may probably take years to occur. Figure 6 (a-c) compares the
FTIR spectra of pure materials (HDPE, mild steel, and stainless steel) with materials that were
immersed in AFFF concentrate. It was done to further examine and validate the functional
group shifts on the exposed materials of interest.
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Figure 6: Comparisons of pure AFFF spectra (a) with the other after materials were
immersed (b).

8 Infrared spectroscopy of mild steel, stainless steel, and HDPE

The FTIR spectra of the materials of interest were conducted to substantiate the minor shifts of
the functional group on the exposed AFFF concentrate. It can be observed from Figure 8 (a-c)
that there are significant shifts in functional groups. Referring to Figure 7a, the O—H stretching,
which can be observed at 3583 cm™?! in pure HDPE, shifted to a wavenumber of 3817 cm™1
when the materials were immersed in an AFFF concentrate. In pure HDPE, a strong amine N
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— H stretching at 3358 ¢m™?! can be seen, which shifts to a broad band at 3406 cm™?! in
immersed HDPE.
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Figure 7: FTIR spectra comparing various materials.
9 Transmission Electron Microscopy (TEM) analyses

The TEM used in this study was able to provide an overall particle shape, a large variety of
particles, and a visual overall of the particle shape of the AFFF concentrate samples, using high
resolution (HR) and electron diffraction imaging. The TEM images of pure AFFF concentrate
are shown in Figure 8 (a-c). These will be utilized as a benchmark and compared to the
immersed concentrate to observe critical particle changes. All the samples depict the HR and
electron diffraction images in various parts. This was done to understand the overall particle
shape of the solution before making any conclusions.

10 1/nm
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Figure 8: HR images (a-b) and electron diffraction images (c) of pure AFFF concentrate.

It can be observed from Figure 8 (c) that the electron diffraction image of pure AFFF
concentrate provides numerous spots that are aligned in a particular direction. This is a
demonstration that the concentrate in a pure state has a single crystalline structure. This shows
that the concentrate has uniform properties and is more stable in its pure form.'*'® Moreover,
Figures 8 (a-b) reveal that the particles of pure AFFF concentrate are scattered along the
solution. It might be caused by the collision of two or more repelling particles within the
solution." Figures 9, 10, and 11 illustrate the HR and electron diffraction images when mild
steel, stainless steel, and HDPE, were immersed in AFFF concentrate, respectively.

a)

Figure 9: HR images (a-b) and electron diffraction images (c) of AFFF concentrate after mild
steel was immersed.

10 1/nm

Figure 10: HR images (a-b) and electron diffraction images (c) of AFFF concentrate after
stainless steel was immersed.

Figure 11: HR images (a-b) and electron diffraction images (c) of AFFF concentrate after
HDPE was immersed.
The overall crystal structure and the difference in particle shape for the three samples compared
to a pure AFFF sample were studied. Although the present TEM analyses are not able to
provide the precise particle sizes of the samples, they nonetheless reveal a significant overall
change in the crystal structure. Figure 8 revealed that in a pure state, AFFF concentrate
possesses a single crystalline structure. However, when studying Figures 9, 10, and 11 it is
observed that the immersed AFFF concentration has critically changed to a polycrystalline.
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This is seen in Figures 9 -11 (d) when closely examining the electron diffraction images of
these samples. The concentrated circular rounds imply that all these materials are in a
polycrystalline state. This is confirmed by the morphology (particles, grains, and crystallites),
as several grains are observed in Figures 9, 10, and 11. These grains are separated by grain
boundaries and have random crystallographic orientations. It can be further observed that
Figure 9 has more grains compared to Figures 10 and 11. Consequently, this implies that most
of the crystal structural changes occurred when mild steel was immersed in AFFF concentrate.
When comparing the differences topographically (structure and shape), it can be observed in
Figure 8 that the particles in a pure AFFF concentration are scattered and distributed along the
solution. However, when closely observing Figures 9, 10, and 11 it can be seen that the particles
for these samples are concentrated in one area, especially in Figure 9. This demonstrates that
when the materials of interest were immersed in the AFFF concentrate, there was a structural
and shape particle change. The alteration in crystal structure and particle shape in the AFFF
concentrate complements the shifts in functional groups obtained using FTIR. Zhuoqing An et
al.!” experimentally investigated the effect of the particle shape on the viscosity of the liquid.
Their results indicated that the spherical particles have a lower viscosity, and any other particle
shape will result in higher viscosity. In addition, a change in any additive in the AFFF
concentration will affect the foam drainage time. It should be noted that the causes of these
alterations are not known as of yet. However, conclusive analyses and interpretation are done
in Sections 3.4 and 3.5 using the DLS and elementary analysis to validate the vital information
provided by FTIR and TEM.

10 Dynamic Light Scattering (DLS) analyses

An in-depth understanding of the cause of crystal structure and particle shape changes within
the AFFF concentrate and the impact these changes possess on the performance parameters are
discussed. This is achieved by evaluating the particle size and particle size distribution of the
AFFF solution by measuring the hydrodynamic diameter (Z-average) of any present particles
in units of nanometres (nm) using a DLS technique. The DLS is a noninvasive technique that
depends on the particles moving randomly as a result of collisions with the solvent molecules
(Brownian motion). As a result, classification is limited to particles suspended in the liquid.'®
The determination of particle size and size distribution is essential because these characteristics
have a significant effect on the properties of the AFFF concentration, including mechanical
stability, foaming ability, and viscosity'®.

11 Particle size analysis

Figure 12 depicts the four samples used during the DLS analysis, where samples 1, 2 and 3 are
AFFF concentrate when mild steel, stainless steel, and HDPE have been immersed,
respectively. Sample 4 is a pure AFFF concentration for benchmark purposes. Also, Table 1
shows the summary of the results for average particle sizes for the four samples in nm.
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Figure 12: Samples used during the DLS analysis.

Table 1: Summary of average particle sizes.

SAMPLE ID Z-AVERAGE [nm]
1 660.7
2 4.892
3 4.036
4 3.586

It can be observed from Table 1 that there have been changes in particle diameter. The pure
AFFF concentrate has an average particle size of 3.586 nm, which is a very small particle size.
However, when comparing this to samples 2 and 3, it can be observed that there is a slight
difference or change. To be precise, the change in Z-average is around 1.306 nm at most. At
this point, it is not known if these changes are slight in such a way that they do not have any
effect on the properties of the AFFF concentration. Sample 1, in Table 1, shows a major change
in particle size. Sample 1 has an average particle size of 660.7 nm, which is way over the other
three samples by about 655.808 nm at most. This difference is extremely surprising and has
some implications. Larger particles have a slower diffusion speed than smaller particles. In a
fluid, a particle’s translational diffusion coefficient and hydrodynamic diameter are related by
the Stokes-Einstein equation,'® as shown in equation (1).
D, = K, T (1)
brnRy

2
Where, Dy (" / s) is the translation diffusion coefficient, RH (m) is the hydrodynamic radius,

K, (] / ) 1s the Boltzmann constant, T is the temperature in Kelvin, n (N S /mZ) is the viscosity

of the medium, and b is the constant that depends on the size of the diffusing molecules.

As a matter of fact, for a stable AFFF, rapid diffusion of fluorosurfactant molecules is required.
It can be observed from equation (1) that the rate of diffusion is inversely proportional to the
particle size. However, it also depends on the surface area and operating temperature. For the
present study, all the samples were exposed to the same temperature (atmospheric) for an
equitable comparison. This is a demonstration that once the AFFF concentrate has been in
contact with mild steel, it decreases its diffusion rate rapidly and thus decreases the foaming
ability of the foam solution. On the other hand, the Z-average (particle size diameter) results
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demonstrate that when stainless steel and HDPE have been immersed in AFFF concentrate,
there are slight differences in particle diameter when compared to pure AFFF solution. When
visually observing the numbers, the difference looks slight. On the contrary, the percentage
increase calculations demonstrate a relatively large difference, from the fundamental equation
given as:

D, — D
%Increase = ;5—860 x 100 &)

4892 —3.586

~ 3.586

= 36.419%
It is possible to calculate the percentage increase in particle size for the AFFF concentrate when
stainless steel was immersed. where, Dg (nm) is the particle size diameter of sample 2, D, (nm)
is the particle size diameter of sample 4. The same formula employed in equation (2) can be
used to calculate the percentage increase in particle size diameter for the AFFF concentration
when HDPE was immersed.

x 100

n — Do 3)
3586 < 100

_ 4.036-3.586
~ 3586
= 12.549%

Where, Dy (nm) is the particle size diameter of the sample. Equation (3) shows that the
percentage change in particle size when stainless steel was immersed in an AFFF concentrate
was 36.419%. Given that there is a difference of more than a quarter between the two particles,
this can be viewed as a significant increase. When examining equation (3), it can be shown that
the particle size of HDPE changed on average by 12.549 nm when it was immersed in an AFFF
concentrate. With a difference of 23.87 nm, this represents a significantly lower proportion
when compared to 36.419 nm. It cannot be guaranteed that it has no impact on an AFFF
solution’s foaming capabilities, though. At this moment, there are still doubts regarding the
effects of these materials on the AFFF concentrate. However, the elemental composition
analysis will be carried out in Section 3.4 for additional validation.

%Increase =

x 100

12 Particle Size Distribution (PSD) analysis

DLS is a widely accepted method to evaluate the hydro-dynamic size of concentrate particles.
The DLS particle size results can be represented using volume, number, and intensity.
However, as stated in the international standard (ISO 22412:2017), intensity-based results are
the most reliable parameters provided by DLS to describe particle size and particle size
distribution (PSD).'*?* As a consequence, the intensity-based results were opted for in the
present research work to analyze the PSD of pure AFFF concentrate and AFFF concentrate
after the three materials were immersed.

A comparison in size distribution is then made to understand the influence of each material on
the properties of AFFF concentrate. Particle size distribution is essential for understanding the
chemical and physical properties of a sample. The particles within the AFFF concentrate have
similar sizes and are relatively uniform. The PSD curve of the pure AFFF concentrate plotted
by intensity is shown in Figure 13. This PSD curve is used to compare the alteration in PSD of
AFFF concentrate when various materials were immersed.
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Size Distribution by Intensity
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Figure 13: Particle size distribution of pure AFFF concentrate.

It can be observed from Figure 13 that the part size distribution curve shows that the peaks are
divided into three intensities. As expected, the major peak is at a particle size of 3.586 nm, as
previously shown in Table 1, and the second and third peaks can be estimated at 350 and 5500
nm, respectively. De la Calle et al?! studied the particle size distribution of aqueous
concentrate. They demonstrated that the aqueous concentrate with a narrow PSD was able to
disperse easily. Similarly, it is further seen that the first peak is very narrow. As expected, this
is evidence that in a pure state, AFFF concentrate is able to disperse or spread rapidly over a
large surface area. precisely the same observation as in Figure 13.

Unsurprisingly, the main peak can be attributed to a particle size of 4.892 nm. Moreover, it can
be seen from Figure 14 that the main peak has a narrow PSD. However, when closely observed,
it is slightly wider compared to Figure 13. This demonstrates that stainless steel did not cause
any critical alteration of PSD within the AFF concentrate, as it is still able to disperse easily.
This is a validation that stainless steel does not influence the spreading ability of AFFF. This
further concludes that the minor particle size alteration discussed in Section 3.4.1 and Equation
(2) does not have a significant impact on the diffusion rate of fluorosurfactant molecules.

Size Distribution by Intensity
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Figure 14: Particle size distribution of AFFF concentrate when stainless steel was
immersed.

Referring to Figure 14, it is observed that the AFFF concentrate possesses three peaks. This is
precisely the same observation as in Figure 13. Unsurprisingly, the main peak can be attributed
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to a particle size of 4.892 nm. Moreover, it can be seen from Figure 14 that the main peak has
a narrow PSD. However, when closely observed, it is slightly wider compared to Figure 13.
This demonstrates that stainless steel did not cause any critical alteration of PSD within the
AFF concentrate, as it is still able to disperse easily. This is a validation that stainless steel does
not influence the spreading ability of AFFF. This further concludes that the minor particle size
alteration discussed in Section 3.4.1 and Equation (2) does not have a significant impact on the
diffusion rate of fluorosurfactant molecules.

Size Distribution by Intensity
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Figure 15: Particle size distribution of AFFF concentrate when HDPE was immersed.

It can be observed from Figure 15 that the PSD curve consists of peaks that are divided into
two intensities. This is in contrast to Figures 13 and 14, where the peaks were divided into three
intensities. The major peak can be associated with a particle size of 4.036 nm, whereas the
other peak can be estimated at 5000 nm. When observing the broadness of the major peak, it
can be noticed that it is wider than the peak in Figure 13 and almost the same size as Figure
14. This, however, can be considered a narrow peak. Moreover, this provides sufficient
evidence that HDPE does not alter the PSD within the pure AFFF concentrate, which suggests
that the dispersion rate is not affected. This further concludes that the minor particle size
alteration discussed in Section 3.4.1 and Equation (3) does not have a significant impact on the
diffusion rate of fluorosurfactant molecules.

Size Distribution by Intensity
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Figure 16: Particle size distribution of AFFF concentrate when mild steel was
immersed.

Surprisingly, Figure 16 depicts a distinct PSD compared to Figures 14 and 15. It can be
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observed that Figure 16 reveals peaks that are divided into two intensities. These peaks can be
associated with particle sizes of 660.7 nm, whereas the other peak can be estimated at 5500
nm. Due to the large difference in sizes between these two peaks, they can be generally
regarded as major and minor peaks, respectively. It is interesting to note that Figure 16
possesses a wide major peak compared to all previous peaks illustrated in Figures 13, 14, and
15. This is an indication that there has been a sensitive reaction between mild steel and AFFF
concentrate. Moreover, this demonstrates that the spreading ability of the concentrate has been
reduced. This could be caused by several parameters, such as an increase in viscosity that
causes the concentrate to be slightly thicker. However, it is well known that viscosity is largely
dependent on the shape of the particles, where any deviation from the spherical shape of the
particle increases viscosity.?>>* Nevertheless, it is noticed in Figure 16 that the alteration in
PSD can have a slight impact on the spreading capability of the aqueous concentrate.

13 Elemental composition analyses

To validate the previous tests conducted using FTIR, TEM, and DLS instruments, the analyses
of chemical composition within AFFF concentrate were conducted. The elementary results are
more reliable as they provide the precise elements or composition that are present within the
AFFF solution before and after the materials were immersed. In this study, the elements of
interest were sodium and sulfate. This is because AFFF is water-based and commonly contains
a hydrocarbon-based surfactant such as sodium alkyl sulfate. Xiaoyang Yu et al.** studied the
formation of stable aqueous foams. They experimentally demonstrated that the presence of
sodium and Sulfur within the aqueous solution is responsible for the stable foam formation.
As a matter of fact, for stable foam formation, there must be less surface tension in the water.
This is mostly accomplished by increasing the sodium alkyl sulfate concentration. Table 2
depicts the elementary results of the pure AFFF concentrate and others when mild steel,
stainless steel, and HDPE were immersed. The appendix that contains the entire table of
elementary results is available upon request, for validation purposes.

Table 1: Chemical elements of AFFF concentrate.

Element  Chemical symbol Composition in PPM Sample ID:

1 2 3 4
Sodium Na 2302 2332 2349 2354
Sulfur S 92 89 94.2 94.7

Referring to Table 2, where samples 1-3 are the AFFF concentrate after mild steel, stainless
steel, and HDPE were immersed, respectively, with sample 4 being the pure AFFF concentrate.
From Table 2, it can be observed that in a pure state, AFFF concentrate has 2354 and 94.7 parts
per million (ppm) of sodium and sulfur, respectively. When observing closely, it is seen that
the sodium in pure AFFF concentrate (sample 4) decreases gradually. To be precise, the sodium
is reduced by 5, 22, and 52 ppm, respectively, from the pure AFFF concentrate. This indicates
that the sodium composition of the AFFF concentrate is reduced when it is exposed to the
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materials of interest. Moreover, it can be observed that the amount of sodium is diverse in all
samples. This further demonstrates that the severity of the effects caused by the materials on
the foam’s stability varies greatly.
Similar occurrences can be observed with sulfur (see Table 2). It can be observed that the sulfur
composition of pure AFFF concentrate is decreased when it is exposed to various materials.
Consequently, this is evident that the reaction of the three materials with the AFFF concentrate
reduces the surfactants (sodium alkyl sulfate). This increases the surface tension of water
within the solution and thus decreases the stability of the foam. Moreover, it can be seen that
the sodium alkyl sulfate was immensely reduced when the AFFF concentration was in contact
with mild steel (sample 1). These findings correlate with FTIR, which confirmed the presence
of isothiocyanate N=C=S stretching on the triple bond region at bands 2056 ¢cm™! and 2060
cm™1. This is a functional group that confirmed the presence of sulfur in the AFFF concentrate
when HDPE and stainless steel were immersed but does not appear in the AFFF concentrate
when mild steel was immersed. In addition, the elementary findings further correlate with a
gradual diffusion rate of surfactants due to large particles as discussed in Section 3.4.1.
The ICP-AES used for the present research was not able to detect organic compounds.
However, the functional groups revealed by FTIR spectra were sufficient to provide the key
variations of the elements within the AFFF concentrate. The shifting of the C-F stretch
observed in Section 3.1 confirmed that the materials of interest also affect the fluorine content
that is present within the PFAS in AFFF concentrate. This alteration of fluorine is a huge
setback for the performance parameters of AFFF. PFAS are responsible for forming an aqueous
film on fire fuels, which effectively suffocates them by creating a barrier to any oxygen and
cooling them to prevent hot fuels from reigniting.>> Consequently, the alteration of fluorine
within the AFFF concentrate greatly reduces the blanketing capabilities during firefighting. It
is well known that PFAS are harmful to the environment and humans (carcinogenic). However,
the AFFF is primarily chosen for its effective extinguishing capabilities due to PFAS. This
implies that any alteration of fluorine within the AFFF concentrate yields unfavorable
outcomes. Other vital elements that influence the performance of AFFF are listed in Table 3
and concisely discussed.

Table 2: Chemical elements of AFFF concentrate.

Element  Chemical symbol Composition in PPM
Sample ID:
1 2 3 4

Aluminium Al 0.9 0.2 0.5 1.1
Calcium Ca 46 07 10 6.9
Iron Fe 132 58 3.7 2.5
Potassium K 04 03 2.8 24
Magnesium Mg 27 03 24 2.3
Silicon Si 07 07 11 10.6

Referring to Table 3, it is noticed that the iron content observed in pure AFFF concentrate
increased when various materials were immersed. Initially, the iron concentration was 2.5 ppm,;
it then increased to 3.7 ppm, 58 ppm, and 132 ppm when HDPE, stainless steel, and mild steel
were immersed, respectively. In general, the increase in iron predominantly implies the
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degradation or wearing of the material.?® Consequently, this demonstrates that mild steel
degrades immensely when in contact with the AFFF concentrate, as the iron element increases
by 129.5 ppm. This is evidence that there is a severe reaction between AFFF concentrate and
mild steel. The obvious reason for this could be the initiation of corrosion in mild steel when it
was first exposed to environmental conditions before immersion in AFFF concentrate. On the
other hand, HDPE and stainless steel underwent a similar process, with severity being a major
difference. The iron element increased by 1.2 and 55.5 ppm when HDPE and stainless steel
reacted with AFFF concentrate, respectively.

The other elements, such as calcium, potassium, and magnesium, are typically water additives.
However, the concern is the variation of these elements across the four samples. Subsequently,
the degradation of the materials made the AFFF concentrate impure, possibly influencing its
firefighting capabilities. This is drawn from visual observation of the various AFFF
concentrates during the post-experimental work. Figure 17 depicts the state of pureness of

AFFF concentrate after the immersion of materials.

P e

Figure 17: Pureness of AFFF concentrate after immersion of the materials.

It can be observed from Figure 17 that the pureness of the samples varies greatly. Samples (a-
b) are AFFF concentrates when HDPE was immersed, and samples (c-d) are when stainless
steel was immersed. It is clear from these samples that there was no significant degradation of
the materials immersed. This is because the AFFF concentrate was able to maintain its pure
yellowish color during the interaction with these materials. However, when observing closely,
it is noticed that samples (a—b) are purer than samples (c—d). This is evidence that stainless
steel also underwent the degradation process due to the increase of iron by 55.5 ppm, as
suggested by Table 3. In contrast, sample (e) is the AFFF concentrate when mild steel was
immersed. It can be visually observed that mild steel is immensely degraded when it interacts
with AFFF concentrate. The AFFF concentrate's transition from a yellowish to a brownish
color serves as visual evidence of this. This is further justified by the large increase in iron of
129.5 ppm observed in Table 3. Although the precise performance parameters affected by this
degradation cannot be concluded, the reaction between mild steel and AFFF concentrate
remains severe.
14  Conclusions and future work
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The main purpose of this research was to investigate the impact of mild steel, stainless steel,
and HDPE on the foam ability and foam stability of the AFFF solution. A complete
methodology, from sample preparation to testing, was presented. The study was able to
experimentally demonstrate that all three materials of interest have a negative impact on the
AFFF concentrate with mild steel having a severe impact.

To begin with, this was accomplished by using the FTIR to identify the shifts of the functional
groups within the AFFF solution. It was discovered in this study that once mild steel has been
in contact with an AFFF concentrate, the isothiocyanate N=C=S functional group could not be
detected. On the contrary, the same functional group was identified when stainless steel and
HDPE were immersed in the AFFF concentration This is evidence that mild steel influences
the chemical compounds of AFFF surfactants, specifically the sodium alkyl sulfate.
Consequently, this reaction reduces the foam stability of the AFFF solution during firefighting
circumstances.

When the HR imaging provided by TEM was further analyzed, it was discovered that there
was a structural and shape particle change when the materials of interest were immersed in the
AFFF concentrate. The alteration in crystal structure and particle shape in the AFFF
concentrate complements the shifts in functional groups obtained using FTIR. Although TEM
did not provide conclusive information, it did show that there is a chemical reaction between
the materials and the AFFF concentrate. To underpin the structural and particle shape changes,
detailed particle analyses were made using the DLS instrument. It was found that the particle
size of the AFFF concentrate had immensely increased when mild steel was immersed.
Moreover, when stainless steel and HDPE were immersed, there were minimal alterations
within the particle sizes. The analyses demonstrated that the interaction of mild steel with AFFF
concentrate causes the gradual diffusion of surfactant (sodium alkyl sulfate) molecules. In fact,
AFFF is a low-expansion foam with an expansion ratio of less than 20.?’ This implies that it
quickly spreads around a large surface area due to its low viscosity and rapid diffusion rate of
surfactants. Consequently, the gradual diffusion of surfactants reduces the spreading
capabilities of AFFF during emergency conditions. This is a huge setback as AFFF is normally
preferred to extinguish Class B fires due to its rapid spreading rate.

To further underpin that there has been a chemical reaction between the AFFF solution and
three materials, the elementary analysis was performed. Although numerous elements were
analyzed within the AFFF solution, the interest was in sodium and sulfur, as these are the
elements that make up the sodium alkyl sulfate surfactant. The elementary analysis showed
that sodium and sulfur are reduced within the AFFF concentrate when it interacts with the
materials of interest. The decrease in sodium and sulfur was minimal when the AFFF
concentration interacted with stainless steel and HDPE. When mild steel was immersed in the
AFFF concentrate, the concentration was extreme (52 PPM). This demonstrated that all three
materials affect the stability of AFFF, with the severity of the threat varying.

Based on the findings, it is clear that mild steel is not compatible with the AFFF concentrate.
Although it is a relatively cheap option when selecting a storage tank for the AFFF concentrate,
some optimization within the material should be made to avoid the degradation of AFFF. The
obvious enhancement is the initiation of a relevant heat treatment process that will alter the
properties in such a way that it is compatible with AFFF. Stainless steel could be an option as
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well, as it has minimal effects on the AFFF. The huge concern is that it is not economical,
making it an unfeasible option. As a result, HDPE is a viable option for storing AFFF
concentrate. However, it also has the concern of suffering from environmental stress cracking
(ESC). This is normally avoided by cross-linking the HDPE to produce cross-linked
polyethylene (XLPE). Nonetheless, more research should be conducted to validate its
resistance to ESC when in interaction with AFFF concentrate. In addition, plastic materials
have the fundamental advantage of being inexpensive. In the 21st century, storage tanks are
usually constructed using fiberglass. This material is gradually replacing the material used for
constructing the storage tanks due to several benefits, including being chemically resistant.?
As a consequence, fiberglass is undoubtedly a material to consider when selecting a storage
tank for the AFFF concentrate.

The study is limited to the impacts of the three materials on the foaming ability and foam
stability of the AFFF solution. Further research work should be conducted to thoroughly
investigate other performance parameters of the AFFF that are affected by the interaction of
AFFF concentrate with mild steel, stainless steel, and HDPE. In this way, it will be
uncomplicated to optimize these materials in such a way that they are compatible with the
AFFF concentrate. Moreover, other studies should focus on the possible impacts that fiberglass
and cross-linked polyethylene (XLPE) can pose to AFFF concentrate. This will establish
several risk-free options for storing AFFF concentrate.
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