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ABSTRACT: Heavy-oil fly ash (HOFA) is a graphitic carbon powder extracted
in vast amounts as a waste material from burning crude oil in power plants. This
HOFA has attractive structural properties besides its high amount of pure
carbon (∼90 wt %). This powder exists in spherical, highly porous micron-sized
particles, which implies its great potential as a mechanical reinforcement for
different polymers. In this work, HOFA has been utilized to enhance the
mechanical properties of epoxy flooring at HOFA weight fractions of 0, 1, 1.6,
and 3.2 wt %. The obtained results revealed that the prepared epoxy-flooring/
HOFA composites at a HOFA content of 1.6 wt % showed significant
mechanical improvements compared with the pristine polymer. The tensile
strength and Young’s module values were enhanced by ∼17 and 11%,
respectively. Furthermore, the neutron-shielding performance was investigated.
The composite with 1.6 wt % showed better neutron attenuation and lower
transmittance than the pristine epoxy. The chemical resistance was also extensively studied against sodium hydroxide, nitric acid, and
sulfuric acid. The changes in morphology, chemical elements, mass, volume, and molecular structures were investigated rigorously
for pristine epoxy and its composite with HOFA at 1.6 wt %. After exposure to these chemicals for 21 days, the tested properties of
the epoxy-flooring/HOFA composite showed better chemical resistance than that of the pristine epoxy. Where the epoxy-flooring/
HOFA composite showed a surface with low cracks and blistering, it showed lesser changes in mass and volume and fewer molecular
structure changes. These results indicated that it is possible to use this multifunctional composite for several applications, including
the petrochemical industry, radiation shielding, construction, and automobiles.

1. INTRODUCTION
Polymers’ uses have increased significantly because of their
adorable properties, such as low cost, lightweight, and ease of
use. Therefore, metals or ceramics have been replaced with
polymers in many applications. The most significant advantage
of polymers is that they allow using different additives and
fillers to produce composites and materials with new enhanced
properties for various purposes.1 Epoxy is a kind of polymer; it
is used for even many forked applications, such as the textile
and food industry, medical manufacturing, automobiles,
petrochemical factories, printers, filling facilities, and labo-
ratories.2−6 It is also utilized for bottles, hospital instrumenta-
tion, aircraft hangars, rubber and plastic factories, warehousing,
TV rooms, electrical insulators, and terrace coatings.2−6 It can
be used for wood coating.7 Epoxy flooring is a kind of epoxy
that is applied as a top surface floor and for coating. The
advantage of epoxy flooring is its resistance to various chemical
materials, even if they are hot or cold solutions. It has
considerable high strength, abrasion resistance, hardness, no
need for joints, ease of seamless application, curing at room

temperature with low shrinkage, and is readily maintained.8,9

Besides, it has excellent adhesion to different materials and
substrates, is skid-resistant, and has an adorable appearance.8,9

Epoxy flooring can be filled with varying fillers of additives
such as sand, which can be added to industrial epoxy flooring
and reach up to 85%.9

Heavy-oil fly ash (HOFA) is a black waste material extracted
in vast amounts as a waste material from the burning of crude
oil in power plants.10,11 It contains a high ratio of carbon.12 It
has been used in different applications such as asphalt,10,13

lubricants,14 filler materials in polymers,15−17 and cement
industries.18 It was used as a carbon source for preparing
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carbon nanotubes.19,20 Besides, it was used in environmental
applications, such as in mosquito larvicides21 and removing
pollutants such as dyes22 and hydrogen sulfide.23 The high
ratio of carbon in the HOFA makes it a good selection for
forming new polymer composites.
The usage of nuclear technology in different areas, such as in

nuclear medicine, has increased, where many ionizing
radiations such as X- and gamma rays are used for diagnosis
and treatment. Currently, neutrons have become one choice in
advanced medical centers for therapy. Nuclear technology
demands shielding materials against radiation that could harm
the human body even at a low dose.24−28 Many shielding
materials, such as lead and concrete, are used as shields. For
neutrons, materials with low Z are preferred. Therefore,
materials rich in hydrogen, such as water and wax, are
appropriate for neutron radiation shielding. Epoxy is also rich
in hydrogen, making it a good neutron radiation shielding.
Many studies reported2,29−31 that epoxy has good shielding
properties against neutrons.
On the one hand, to the best of our knowledge, although

there are extensive studies on adding different fillers, including
fly ash, into various epoxies, studies on epoxy flooring are still
limited and scarce. On the other hand, there is no study on the
neutron shielding property of epoxy flooring. We aim in the
present work to utilize the waste HOFA as a filler material,
which was introduced to form epoxy-flooring/HOFA
composites for neutron radiation shielding application and to
enhance mechanical performances and chemical resistance. We
first prepared the epoxy-flooring/HOFA composites at differ-
ent ratios of HOFA, namely, 1, 1.6, and 3.2 wt %. Then, the
structural, thermal, and mechanical properties were inves-
tigated, besides their neutron radiation shielding property. The
chemical resistance was also extensively studied against acids
and alkalis. In the following sections, more details about the
preparation methods and the obtained results are included,
besides discussing the results.

2. MATERIALS AND METHODS
2.1. Materials. The HOFA used in this work was from the

Rabigh Power Plant located in Rabigh in western Saudi Arabia
on the coast of the Red Sea. The epoxy flooring used in this
work was NITOFLOR FC150 (FOSROC, Jorden). According
to the datasheet of this epoxy from the supplier, the contents of
its base are epoxy resin (type A), dodecyl and tetradecyl
glycidyl ethers, dibutyl phthalate, and quartz; their chemical
structures are shown in Figure 1a−d. The contents of the
hardener are isophoronediamine, benzyl alcohol, and salicylic
acid, and their chemical structures are presented in Figure 1e−

g. Sodium hydroxide (NaOH) in the pellet form, nitric acid
(HNO3), and sulfuric acid (H2SO4) were obtained from Sigma
(Sigma-Aldrich, Germany)
2.2. Preparation of Epoxy-Flooring/HOFA Compo-

sites. The epoxy-flooring/HOFA composites were prepared
according to the published work32 with necessary modifica-
tions. Here, the fly ash powder was added to the base epoxy
with a HOFA content of 1, 1.6, and 3.2 wt %. After that, the
mixtures were blended under mechanical stirring using a
heavy-duty mixer head, model EW-50007-15 (Stir-Pak,
Canada). Stirring was for 1 h (h) at a speed rotation of 100
rpm. Then, the mixtures were sonicated via an ultrasonic bath,
model CPX 5800 (Branson Ultrasonics, USA), for 3 h and
then degassed for 1 h. Then, the hardener was added to the
mixture under mechanical stirring for 10 min. Then, the
mixtures were poured into specific molds designed exactly
according to the ASTM D638 to form type I flat dog bone
specimens. Finally, the molded blends were left for 24 h until
they solidified and cured at 80 °C for 2 h. The prepared
composites’ structural, thermal, mechanical, neutron shielding,
and chemical-resistance properties were investigated.
2.3. Characterization Techniques. The surface morphol-

ogies of the prepared epoxy-flooring/HOFA composites,
besides the HOFA powder, were studied using the scanning
electron microscope model JSM-7600F (JEOL, Japan). The
chemical element compositions of the prepared composite
samples were evaluated using energy-dispersive X-ray spec-
troscopy (EDS) merged with SEM in one instrument. For
SEM, the samples were molded in sheets with a 1.5 mm
thickness. From every specimen, a piece was taken and
captured by SEM. The pieces were made firm using a
particular conductive carbon tape made for imaging by SEM.
Then, they were coated with a nanothin layer of platinum to
avert the sample charging during focusing the electron beams
while taking the SEM images. For EDS analysis, five places
were analyzed. The mean value of every element’s weight was
calculated from the five measurements. The molecular
structures of the prepared composites were investigated using
Fourier-transform infrared (FTIR) spectroscopy, model
Nicolet iS10 FTIR (Thermo Scientific, USA). Every FTIR
spectrum was recorded in the spectral range of 3200−600
cm−1 in the attenuated total reflection sampling technique. At a
spectral resolution of 4 cm−1, every FTIR spectrum was
generated from an average of 40 scans. The thermogravimetric
analysis (TGA) of the prepared composites was carried out
under a nitrogen atmosphere in the temperature range starting
from room temperature up to 873 K with a 10 K/min heating
rate using NETZSCH, model Jupiter STA 449F5 (NETZSCH-

Figure 1. Chemical structures of epoxy NITOFLOR FC150 base contents (a) epoxy resin (type A), (b) dodecyl and tetradecyl glycidyl ethers, (c)
dibutyl phthalate, and (d) quartz. The chemical structures of the hardener contain (e) isophoronediamine, (f) benzyl alcohol, and (g) salicylic acid.
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Geraẗebau GmbH, Germany). The thermal conductivity and
diffusivity were also investigated under vacuum at temperatures
300, 320, and 350 K via a laser flash thermal analyzer, model
LFA-1000 (Linseis, Germany).
The mechanical properties of the prepared composites were

investigated. The tensile tests were carried out via the material
testing machine, model LRX Plus (Lloyd Instruments Ltd.,
UK), at a speed rate of 5 mm/min. The mechanical features,
namely, Young’s modulus and the tensile strength, were
estimated. Furthermore, a nanoindentation test was carried out
using a nanoindentation machine, model NanoTest Vantage
(Micro Materials Ltd, UK). The nanoindentation was carried
out based on the published work,33 where the load-depth curve
and hardness were obtained.

2.4. Neutron Shielding Investigation. After the
mechanical tests, the composite that showed the best
mechanical properties was selected to be tested for shielding
against neutron radiation besides the pristine epoxy flooring.
The mechanical tests revealed that the epoxy-flooring/HOFA
composite at a HOFA content of 1.6 wt % showed the best
mechanical features. Accordingly, we investigated the prepared
pristine epoxy flooring and its composite with HOFA at 1.6 wt
%. The samples were irradiated using a neutron irradiator, in
which two 241Am−Be neutron sources were used with a
radioactivity of 5 and 3 Ci. The neutron energy spectrum of
the 241Am−Be neutron source starts from 0 to 11 MeV with an
average energy of 4.5 MeV and a neutron emission of 2.2 × 106

neutron s−1·Ci−1.34 We recorded the neutron intensity at

Figure 2. Structural characteristics of HOFA (a) SEM, (b) particle size distributions (histogram), (c) EDS spectrum, and (d) weight ratio of the
chemical elements in the pie chart.

Figure 3. SEM images of the prepared epoxy-flooring/HOFA composites at a HOFA content of (a) 0 (pristine), (b) 1, (c) 1.6, and (d) 3.2 wt %.
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different samples’ thicknesses via a neutron counter, model
TN15 (Kromek, USA).
2.5. Chemical Resistance Tests. NaOH, HNO3, and

H2SO4 are the chemicals that were used to investigate the
chemical resistance of the pristine epoxy flooring and its
composite at a HOFA content of 1.6 wt %. These three
chemicals were prepared in the form of solutions where the
NaOH solution was prepared by dissolving it in deionized
water at a concentration of 0.1 g/mL, and the HNO3 and
H2SO4 solutions were prepared by diluting them separately in
deionized water at a concentration of 10% by the volume. The
tested samples were prepared in a sheet form with the
dimensions of 1 × 1 cm and 3 mm thickness; more than 20
sheets were tested to estimate the chemical resistance. The
tested samples were immersed in the solution and left for 3
weeks. At the end of the third week, they were taken out from
the solution, washed five times with deionized water, and then
dried at a temperature of 40 °C and air atmosphere. After that,
their masses and volumes were recorded and compared with
their values before being immersed in the chemicals. Besides,
their surface morphology, chemical element compositions, and
chemical group function were investigated using SEM, EDS,
and FTIR spectroscopy, respectively.

3. RESULTS AND DISCUSSION
The morphology of the used HOFA was investigated using
SEM; then, the particle sizes and their size distributions were
estimated; the chemical elements’ weight ratios were also
evaluated using EDS. The obtained results are shown in Figure
2, where Figure 2a shows the SEM image for the HOFA
particles; it can be observed that the particles have spherical
shapes with pores distributing on the surface of the particles.
Figure 2b displays HOFA particle size distributions (histo-
gram); the distributions show that the particle sizes start from
nearly 10 μm up to 90 μm with an average value of 40.92 ±
17.90 μm. Figure 2c displays the EDS spectrum for HOFA,
indicating the presence of carbon (C), oxygen (O), sulfur (S),
and silicon (S); the estimated weight percentage of C, O, S,
and Si are 89.54, 1.9, 7.06, and 1.5, respectively, as presented in
a pie chart (Figure 2d).
The surface morphologies of the epoxy flooring composites

with HOFA at the contents of 1, 1.6, and 3.2 wt %, besides the
pristine epoxy, were investigated. The captured SEM images
are shown in Figure 3. The SEM image of the pristine epoxy
surface is exhibited in Figure 3a; no particles or fragments can
be seen on the surface of the pristine epoxy. However, some
particles and fragments appearing as fillers in the epoxy
flooring composites with HOFA at the contents of 1, 1.6, and
3.2 wt % can be observed in their SEM images in Figure 3b−d,
respectively. The SEM image of the pristine epoxy surface
shows that the pristine epoxy surface seemed to be smoother
than the surface of the epoxy flooring composites with HOFA.
The particles and fragments belonging to the added HOFA
could increase the skid resistance, which is considered a
desirable property in the epoxy used to coat the floors to avoid
slipping and falling.35,36

The molecular structures of the epoxy-flooring/HOFA
composites at HOFA content of 1, 1.6, and 3.2 wt %, besides
the pristine epoxy and powder of HOFA, were studied via
FTIR spectroscopy. The recorded FTIR spectra are shown in
Figure 4. The spectra showed many absorption peaks reflecting
the molecular structure of the tested samples. The FTIR
spectra of the epoxy-flooring/HOFA composites showed

nearly similar spectral characteristics to the spectral character-
istics of the pristine epoxy. However, the peak intensities of the
composites decreased somewhat at higher HOFA contents. No
peaks were observed in the FTIR spectra of pristine HOFA.
The peaks in the FTIR absorption spectra in the range
between 3010 and 2800 cm−1 could be attributed to the
stretching vibration modes of methylene (CH3), methane
(CH2), and methine (CH) groups in the aliphatic and
aromatic structures.37 The peaks in the range 1630−1410
cm−1 might be referred to as C�C bonds in the aromatic
molecular structure.38 Besides, the peaks in the spectral range
of 1390−1150 cm−1 can be assigned to the C−O group of the
rings’ of the phenols and aromatic structures.37,38 The peaks
between 1130 and 1050 cm−1 could be attributed to the
asymmetric stretching vibration of Si−O−Si in the quartz39−41

included in the epoxy base. The FTIR peaks in the range of
1050−720 cm−1 might be assigned to the oxirane groups’
symmetric/asymmetric stretching vibration mode C−O−C.38
The thermal stability of the pristine and the epoxy-flooring/

HOFA composites was investigated. The recorded TGA and
derivative of TG (DTG) curves in the temperature range
starting from room temperature up to 873 K are shown in
Figure 5. The thermal stability tests were carried out under a
nitrogen atmosphere. The mass change percentages (Figure
5a) curves showed a thermal decomposition step in the
temperature range of ∼608−713 K. This step appeared in the
first DTG curves as a peak center at 650 ± 5 K (Figure 5b).
TGA and DTG for the tested samples revealed that the
prepared epoxy-flooring/HOFA composites appeared to have
similar thermal decomposition to the pristine epoxy flooring.
No significant differences were detected in the TG and DTG,
indicating the addition of HOFA at content up to 3.2 % to the
epoxy flooring did not change thermal stability.
The thermal properties, that is, thermal conductivity and

diffusivity of pristine epoxy flooring and its composites with
HOFA, were explored at 300, 320, and 350 K. The results are
presented in Figure 5. The pristine epoxy flooring thermal
conductivity at 300 K was 0.482 W·m−1·K−1. It exhibited tiny
increases while adding HOFA to be 0.5, 0.51, and 0.53 W·m−1·
K−1 for the epoxy-flooring/HOFA composites at HOFA
contents of 0, 1, 1.6, and 3.2 wt %, respectively. Then, it
decreased tiny while increasing the temperature to 320 and

Figure 4. FTIR spectra of prepared pristine epoxy flooring and epoxy-
flooring/HOFA composites at HOFA contents of 1, 1.6, and 3.2 wt %
besides the pristine HOFA.
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350 K. In general, the prepared composites showed nearly the
same pristine epoxy flooring (Figure 5c). The thermal
diffusivity presented almost the same behavior as thermal
conductivity. At 300 K, it was 0.203 mm·s−1 for pristine epoxy.
Then, it increased to 0.212, 0.22, and 0.24 mm·s−1 for the
epoxy-flooring/HOFA composites at HOFA contents of 1, 1.6,
and 3.2 wt %, respectively. The thermal diffusivity decreased

while the temperature increased. At 350 K, it dropped to 0.17,
0.195, 0.20, and 0.21 mm·s−1 (Figure 5c) for the pristine epoxy
and the prepared composites at HOFA contents of 1, 1.6, and
3.2 wt %, respectively. The increase in the thermal properties
while adding HOFA to the epoxy flooring could be illustrated
through the fact that the HOFA contains some chemical
elements: sulfur and silicon (see the analysis of the chemical

Figure 5. Thermal analysis of the pristine epoxy flooring and its composites with HOFA at the contents of 1, 1.6, and 3.2 wt % (a) TGA, (b) DTG,
(c) thermal conductivity, and (d) thermal diffusivity.

Figure 6. Mechanical properties of the epoxy-flooring/HOFA composites at HOFA contents of 1, 1.6, and 3.2 wt % besides the pristine epoxy
flooring: (a) Young’s modulus, (b) tensile strength, and (c) different molded wares from epoxy-flooring/HOFA composites.
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elements in Figure 2c,d). These chemical elements could
enhance the thermal conductivity and diffusivity of the epoxy
flooring with HOFA composites.
The mechanical properties, namely, Young’s modulus and

tensile strength of the prepared composites and pristine epoxy,
were investigated; the results can be seen in Figure 6. Young’s
modulus (Figure 6a) was 2454.6, 2484.5, 2723.8, and 2274.5
MPa for the prepared pristine epoxy flooring and its
composites at HOFA contents of 1, 1.6, and 3.2 wt %,
respectively. At the same time, the tensile strength (Figure 6b)
was 31.89, 32.91, 37.32, and 20.01 Mpa, respectively. The
results of Young’s modulus and tensile strength revealed that
there are enhancements in their values while adding HOFA at
the contents of 1 and 1.6 wt %, and their values decreased at
the HOFA contents of 3.2 wt %. The improvements in the
prepared composites at HOFA contents of 1 and 1.6 wt %
could be interpreted through the surface of HOFA particles.
They have porous surfaces that play a role in the formation of
mechanical bonding in the composites that enhance the
mechanical properties of the material where mechanical
bonding enhances the adherence between the surfaces of the
materials, leading to them being fixed together when they are
solidified using an interlocking effect.42 However, the prepared
composite at a HOFA content of 3.2 wt % showed negative
impacts in the values of Young’s modulus and tensile strength.
It is almost supposed that the more the additive ratio of filler,
the more the improvement in the composites’ properties until
the limit at which any further addition leads to a noncoherent
and frangible composite.43 We think the negative effects in the
mechanical properties that resulted when adding the higher
ratio of HOFA of nearly 3.2 wt % could be understood for two
reasons: the viscosity of the epoxy flooring and the particle size
of the HOFA. The epoxy flooring polymer is nearly like a
paste; its viscosity is high. It was mentioned43 that the higher
the viscosity of the matrix material, the lesser the filler that can
be integrated to achieve the best benefits in the fabricated
composite. Adding a higher ratio of the filler to the highly
viscous polymer could reduce the interfacial bonding between
the polymer matrix and filler, weakening the fabricated
composites’ mechanical properties.44

On the other hand, the mean particle size of the HOFA is
40.92 ± 17.90 μm (see the SEM results in Figure 2). It was
reported45 that the filler’s particle size could play a crucial role
in the mechanical properties of the composites. The
mechanical properties could depend on particle size due to
the filler’s surface-to-volume ratio. Therefore, an equilibrium
between the effective cross-linking due to the surface area of
the filler and its ratio is necessary.45 From the epoxy-flooring/
HOFA composites, we successfully molded different wares,
such as containers, pipes, and bars, as seen in Figure 6c.
The prepared composite at a HOFA content of 1.6 wt %

that showed the best results of Young’s modulus and tensile
strength was selected to study by nanoindentation test besides
the pristine epoxy flooring for comparison. The nano-
indentation technique with atomic force microscopy (AFM)
images for shallow depths by low loads is used to measure the
hardness of the surface.46 Nanoindentation pits were
performed at four loads of 20, 50, 100, and 130 mN. Figure
7 shows the achieved results with the nanoindentation test.
Figure 7a displays the indentation loop (loading and holding
curves) resulting from loading and unloading procedures at a
load of 130 mN applied on both pristine epoxy flooring and its
composite with HOFA at 1.6 wt %. Their hardnesses at the
load of 130 mN were extracted from the nanoindentation
experiments and found to be 25.61 ± 1.2 and 29.19 ± 1.1
MPa, respectively. Figure 7b1−b3) displays the AFM images
for the indentations at the four loads of 20, 50, 100, and 130
mN applied on the pristine epoxy. At the same time, Figure
7c1−c3) shows the AFM images when the loads were applied
on the epoxy composite with HOFA at 1.6 wt %. AFM images
were captured for two-dimensional (2D) top view, three-
dimensional (3D) top view, and 3D lateral view. Figure
7b2,b3,c2,c3 display the prominence of fragmentations accumu-
lating around the pits’ edges; this could be because of the
cohesive weakness47 in the samples. However, the fragments
accumulated around the pits’ edges in the pristine epoxy
(Figure 7b2,b3) were more than those of epoxy composites
with HOFA (Figure 7c2,c3), meaning that the cohesiveness of
the composites is stronger than that of pristine epoxy. This
result could illustrate the reason for enhancing the hardness of

Figure 7. (a) Nanoindentation testing at a maximum load of 130 mN applied on both pristine epoxy flooring and its composite with HOFA at 1.6
wt %. (bi and cii = 1, 2, and 3) AFM images for nanoindentation at four loads of 20, 50, 100, and 130 mN. The topography images were recorded
for 2D top view, 3D top view, and 3D lateral view.
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epoxy-flooring composites with HOFA compared with pristine
ones.
The neutron-shielding performances for the pristine epoxy

flooring and the prepared composites were investigated using
the 241Am−Be neutron source. Plates at a thickness of 15 mm
from the tested samples were prepared and irradiated with
neutrons. The intensity percentage of the transmitted neutron
through the plate versus the HOFA content of 0, 1, 1.6, and

3.2 wt % are shown in Figure 8a. Here, the HOFA content of 0
represents the pristine epoxy flooring. As seen in Figure 8a, the
neutron-shielding performance of the epoxy flooring improved
a little bit while adding HOFA. We also tested the neutron-
shielding performance of both pristine epoxy flooring and its
composite with HOFA at 1.6 wt %. The intensity percentages
of the transmitted neutron through the tested samples versus
the thickness are exhibited in Figure 8b. It is expected for

Figure 8. Neutron-shielding performance: (a) intensity percentage of transmitted neutrons for the epoxy-flooring/HOFA composites at HOFA
contents of 0, 1, 1.6, and 3.2 wt % at a thickness of 15 mm, (b) intensity percentage of transmitted neutrons for the pristine epoxy flooring and its
composite at HOFA content 1.6 vs the thicknesses, and (c) molded bricks from the epoxy-flooring/HOFA composite with different shapes and
thicknesses. Typically, for neutron shielding, very thick layers of materials are used. In this work, the 15 mm thickness started showing a measurable
attenuation, reaching 58% at 90 mm.

Figure 9. Captured SEM images for the surface of the pristine epoxy flooring under the effects of (a) no chemical, (b) NaOH, (c) HNO3, and (d)
H2SO4.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06105
ACS Omega 2023, 8, 747−760

753

https://pubs.acs.org/doi/10.1021/acsomega.2c06105?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06105?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06105?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06105?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06105?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06105?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06105?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06105?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


neutron shielding that the intensity percentage of the
transmitted neutron must decrease as the thickness increases.
This expectation can be noticed in Figure 8b, where the
transmitted neutron was 60 and 57%, respectively. Typically,
for neutron shielding, very thick layers of materials are used. In
this work, the 15 mm thickness started showing a measurable
attenuation, reaching 58% at 90 mm. These results indicate
that the epoxy flooring could be used in the neutron shielding
application. Moreover, the prepared epoxy composite with

HOFA at 1.6 wt % manifested better neutron-shielding
performance. This result could indicate that adding HOFA
as a filler to epoxy flooring might enhance the neutron-
shielding performance of the epoxy. We must mention that
molded bricks were molded easily from the epoxy-flooring/
HOFA composite with different shapes and thicknesses, as
seen in Figure 8c.
The prepared epoxy composite with HOFA at 1.6 wt %,

which showed the best mechanical properties among the

Figure 10. SEM images of the surface of the prepared epoxy-flooring composite at a HOFA content of 1.6 wt % under the effects of (a) no
chemical, (b) NaOH, (c) HNO3, and (d) H2SO4.

Figure 11. Chemical elements via the EDS spectra for the prepared pristine epoxy flooring under the effects of (a) no chemical, (b) NaOH, (c)
HNO3, and (d) H2SO4; chemical elements’ weight ratio are in the inset figure.
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prepared epoxy-flooring/HOFA composites, was selected to
study the chemical resistance. The pristine epoxy flooring and
its composite with HOFA at 1.6 wt % were tested for chemical
resistance. They were tested under the effect of the solution
NaOH, HNO3, and H2SO4. They were immersed in the
chemical solution for 21 days. Their surfaces were then
investigated. Their SEM micrographs for the exterior are
shown in Figures 9 and 10, respectively. The SEM micrographs
of the pristine epoxy sample that was not exposed to any
chemical besides those exposed to chemicals are demonstrated
in Figure 9a−d. The pristine epoxy sample treated with no
chemicals shows a fine and relatively smooth surface (Figure
9a). In contrast, different shapes of blisters spread on the
surface of the sample treated with NaOH (Figure 9b). Also,
the pristine epoxy samples treated with HNO3 and H2SO4
showed considerable changes in their character (Figures 9c and
11d) compared with the sample treated with no chemicals.
They revealed that their soft surfaces totally got damaged and
became sporadic. Clearly, they showed irregular and coarse
surfaces, with different blisters, bubbles, and holes. Many
cracks could be seen on their surfaces. These observations
could indicate the ability of the NaOH, HNO3, and H2SO4 to
change and alter the surface of the epoxy flooring. The SEM
micrographs of the prepared composite at HOFA 1.6 wt %

samples untreated and treated with NaOH, HNO3, and H2SO4
are displayed in Figure 10a−d. The SEM image for the surface
of the untreated sample (Figure 10a) showed a fine texture
with spread fragments and buried puckers that could be
attributed to the HOFA particles. At the same time, some
layers appear on the surface of the sample exposed to NaOH
(Figure 10b). Besides, the sample treated with HNO3 shows a
fine texture with few small blisters and tiny tight cracks (Figure
10c). Small sheets, small blisters, and furrows can be observed
in the sample treated with H2SO4 (Figure 10d). Generally,
although the chemicals changed the character of prepared
composite epoxy flooring with HOFA at 1.6 wt %, the changes
in the pristine epoxy were more considerable (compare Figures
9 and 10).
We investigated the chemical elements for the tested

samples under the effects of the chemical using EDS; the
recorded EDS spectra for the pristine epoxy flooring and the
prepared composite with HOFA at 1.6 wt % are presented in
Figures 11 and 12, respectively. EDS spectra showed the
existence of different chemical elements: C, O, and Si exist in
both untreated samples (Figures 11a and 12a). At the same
time, the elements: C, O, Si, and Na were in samples treated
with NaOH (Figures 11b and 12b). The presence of Na could
result from NaOH. Also, we found the elements C, O, and Si

Figure 12. Chemical elements via the EDS spectra for the prepared composite at a HOFA content of 1.6 wt % under the effects of (a) no chemical,
(b) NaOH, (c) HNO3, and (d) H2SO4; chemical elements’ weight ratio are in the inset figure.

Table 1. Chemical Element Analysis of the Pristine Epoxy Flooring and Its Composite at a HOFA Content of 1.6 wt % Treated
with No Chemical, NaOH, HNO3, and H2SO4

pristine epoxy flooring 1.6 wt % HOFA

element no chemical NaOH HNO3 H2SO4 no chemical NaOH HNO3 H2SO4

C 74.06 ± 5.61 70.52 ± 6.46 63.40 ± 7.19 59.28 ± 5.96 73.24 ± 3.12 77.12 ± 4.15 70.08 ± 5.09 64.02 ± 3.16
O 22.14 ± 2.12 23.07 ± 1.58 32.97 ± 4.33 31.3 ± 3.73 23.02 ± 2.89 20.00 ± 3.56 27.16 ± 4.16 28.35 ± 3.11
Si 3.8 ± 0.93 2.48 ± 0.88 3.63 ± 1.01 3.54 ± 1.28 3.74 ± 0.67 2.10 ± 0.87 2.76 ± 0.75 3.42 ± 0.92
Na 3.93 ± 0.76 0.78 ± 0.10
Si 5.88 ± 0.99 4.21 ± 1.14
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in the samples treated with HNO3 (Figures 11c and 12c).
Besides, the elements C, O, Si, and S were found in the
samples treated with H2SO4 (Figures 11d and 12d). The
presence of S could result from H2SO4.
We listed the chemical element weight ratios in Table 1 to

ease the comparison between the samples. The chemical
element analysis revealed increases in the O weight ratios and
decreases in the C weight ratios of samples exposed to NaOH,
HNO3, and H2SO4. These changes in the chemical elements
were more significant in the pristine epoxy than in the
prepared composite of epoxy with HOFA at 1.6 wt %.
The weight and volume of the pristine epoxy flooring and

the prepared composite at a HOFA content of 1.6 wt % were
studied under the effect of the chemicals NaOH, HNO3, and
H2SO4. The mass (%) was estimated according to the
following equation

= ×M
M

mass % 100%2

1 (1)

where M1 and M2 are the sample masses before and after being
immersed in the chemicals, respectively. Also, the volume (%)
was estimated using the same equation by replacing the mass
with the volume. The mass (%) and volume (%) results are
presented in Figure 13a,b, respectively. The mass (%) result
revealed no change in the weight of the samples exposed to
NaOH, while weight gain was recorded for the samples
exposed to HNO3 and H2SO4 (Figure 13a). No weight losses
were observed while exposing the samples to the chemicals,

suggesting that it does not appear as if any erosion happened.48

The weight gains were recorded in the fluoroelastomer49 and
polymer48 composites exposed to HNO3 and different
chemicals. Jawaid et al.48 referred to the weight gain as the
OH group resulting from the water diffusion into the polymer,
while Kang et al.49 attributed the weight gain to the acid
diffusions into the material. We recorded the FTIR spectra
(Figure 14) after exposure to the chemicals, and the OH group
peak was not observed in the FTIR spectra, while the NO3 and
SO4 groups were observed, as was emphasized in the
discussion of the FTIR spectra (Figure 14). Therefore, in
this work, the weight gain could be due to the diffusion of the
acids. Also, it can be seen that the weight gains in its composite
with HOFA are less than those of the pristine epoxy flooring,
suggesting that fewer acids diffuse into epoxy containing the
HOFA.
The volume (%) showed that exposure to NaOH caused

decreases in the volume of the pristine epoxy and its composite
with HOFA at 1.6 wt % (Figure 13b). This result indicates that
shrinking could happen under exposure to NaOH. The volume
increase that occurred in both samples exposed to HNO3 and
H2SO4 (Figure 13b) could suggest the possibility of swelling.
These increases in the volume percentages could be due to the
diffusion of acids inside the samples, where the cracks
happened in the samples, as seen in the SEM micrographs
(see Figures 11 and 12). Although the volume changes
(increase/decrease) happened in both the pristine epoxy and
its composite with HOFA at 1.6 wt % (Figure 13b), the epoxy
composite with HOFA recorded fewer volume changes than

Figure 13. Chemical resistance of the prepared pristine epoxy flooring and its composite with HOFA at the content of 1.6 wt % under effects of
NaOH, HNO3, and H2SO4: (a) mass % and (b) volume.

Figure 14. FTIR spectra after exposure to the chemicals NaOH, HNO3, and H2SO4 for the (a) prepared pristine epoxy flooring and (b) its
composite with HOFA at the content of 1.6 wt %.
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the pristine epoxy, suggesting that HOFA’s presence could
enhance the chemical resistance of the epoxy.
We recorded FTIR spectra of the prepared pristine epoxy

flooring and its composite with HOFA at 1.6 wt % after they
were treated with the chemicals for 21 days. The samples’
FTIR spectra are shown in Figure 14. As can be seen in the
FTIR spectra, although the spectral peaks’ features seem to be
similar to those recorded in Figure 4, there are some
differences, where new peaks appeared and the intensity of
some peaks significantly decreased. The FTIR spectrum of the
pristine epoxy flooring exposed to NaOH showed a nearly
similar spectrum with low peak intensities for the sample that
was not exposed to any chemicals (Figure 14a). At the same
time, new peaks appeared between 1440 and 1270 cm−1 in the
spectrum of the sample exposed to HNO3. These peaks could
be attributed to the antisymmetric stretch vibration of NO3

− of
HNO3.

50 Also, there are changes in the spectral range of
1280−1100 cm−1 and a small peak center at 883 cm−1 appears
in the FTIR spectrum of the sample exposed to H2SO4 (Figure
14a). This peak could be due to the presence of the group of
the SO4

2− of the H2SO4
51 that could overlap with the C−O

group of the rings of the phenols and aromatic structures
besides Si−O−Si of quartz and C−O−C of oxirane. Another
significant change can be observed in the spectral range of
3010−2800 cm−1, which belongs to the stretching modes of
CH3, CH2, and CH groups in the aliphatic and aromatic
structures, where these peaks decreased considerably under the
effects of chemicals. These observations might suggest that the
chemicals NaOH, HNO3, and H2SO4 caused more aromatic
and aliphatic molecular structure changes. The changes in the
range between 3010 and 2800 cm−1 containing the stretching
vibration modes of CH3, CH2, and CH groups in the aliphatic
and aromatic structures appeared to be less affected under the
chemicals treatment. This result indicated the HOFA could
enhance the chemical resistance of the epoxy flooring.
The schematic illustration in Figure 15 presents the

prepared pristine epoxy flooring and its composite with
HOFA. Figure 15a depicts the prepared pristine epoxy flooring
with a smooth and crack-free surface before exposure to the
chemicals, as observed via SEM micrographs in Figures 3a and
9a. Figure 15b presents the pristine epoxy flooring with a more

significant volume after treatment with chemicals (see Figure
13b). Besides, irregular, coarse, and different blisters can be
seen on the surface after exposure to the chemicals, as
observed via SEM micrographs in Figure 9b−d. Similarly,
Figure 15c presents the epoxy-flooring/HOFA composite with
a crack-free surface before exposure, as captured via SEM in
Figures 3b−d and 10a. Figure 15d depicts the epoxy-flooring/
HOFA composite with a significantly less-crack surface
compared with pristine epoxy after exposure to the chemicals,
as seen in SEM images in Figure 10b−d. The pristine epoxy
flooring showed surfaces with more cracks and blisters than its
composite with HOFA. This result could be understood
through the mechanical properties, which were enhanced for
the epoxy-flooring/HOFA upon comparing with pristine epoxy
(see the mechanical property results in Figure 6).
We performed a nanoindentation test for the samples after

treatment with chemicals. The load-depth curve and hardness
were obtained, as shown in Figure 16. The load-depth curves
of the samples of pristine epoxy flooring and its composite with
HOFA at 1.6 wt % that were exposed to chemicals of NaOH,
HNO3, and H2SO4 are shown in Figure 16a,b, respectively.
The results of those that were not exposed to any chemical are
also shown in the figures. The indentation hardness values for
pristine epoxy flooring and its composite with HOFA at 1.6 wt
% are displayed in Figure 16c,d, respectively. The epoxy-
flooring composite with HOFA revealed higher hardness
values than the pristine epoxy, indicating hardness improve-
ments by adding HOFA into epoxy flooring and enhancing the
mechanical properties. The enhancement in mechanical
properties could minimize the occurrence of cracks and
blisters on the surface of the epoxy-flooring/HOFA composite,
subsequently decreasing the chemical diffusion inside the
epoxy; therefore, fewer changes in the mass and volume of the
epoxy-flooring/HOFA composite compared with those of
pristine epoxy (see the results of mass and volume percentages
in Figure 15) were observed. Besides, the observed the NO3

−

of HNO3 and SO4
2− group H2SO4 via FTIR spectroscopy (see

Figure 16) will be less when the diffusion of acids inside the
epoxy is less; therefore, the O ratio that comes from NO3

− and
SO4

2− groups will be less (see the O ratios in Table 1).

4. CONCLUSIONS
The waste HOFA was successfully evaluated as a mechanical
reinforcement for epoxy-flooring polymer. The obtained
results provided a multifunctional composite material with
advanced features. These results demonstrated significant
enhancements in the mechanical properties, neutron-shielding
performance, and chemical resistance in the fabricated
composites. The high porosity existing in the HOFA particles
played a crucial role in improving the mechanical features of
the epoxy-flooring/HOFA composites. The optimized weight
fraction of HOFA for better performance was determined to be
around 1.6 wt %. Higher weight fractions above this value
perhaps could reduce the polymer’s cross-linking network and
thus decrease the mechanical properties. Besides this enhance-
ment, we observed tangible improvements in the chemical
resistance of this composite. Adding HOFA particles is found
to be very effective in decreasing the cracks formed on the
surface of the epoxy matrix, which subsequently can reduce the
chemical diffusion inside the matrix, leading to enhanced
chemical resistance. From the application point of view, this
multifunctional composite might be very useful for designing
piping, connections, and chambers used in the petrochemical

Figure 15. Schematic illustration of (a,b) pristine epoxy flooring
before and after exposure to the chemicals, respectively; (c,d) epoxy-
flooring composite with HOFA before and after exposure to the
chemicals, respectively. After exposure to the chemicals, pristine
epoxy appeared with an irregular, coarse, cracked surface and a more
significant volume.
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industry or making plates for different purposes, such as
radiation shielding, construction, and automobiles.
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