Heliyon 10 (2024) e23350

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

Biomass fly ash as nanofiller to improve the dielectric properties of
low-density polyethylene for possible high-voltage applications

Atizaz Hussain Akram?, Nida Naeem *, Asif Hussain Khoja® ", Faisal Shahzad ",
Abraiz Khattak ?, Muhammad Iftikhgy b:¢ Kashif Imran ?, Abdulaziz Al-Anazi‘,
Israf Ud Din®, Syed Sheraz Daood £

# U.S.-Pakistan Centre for Advanced Studies in Energy (USPCAS-E), National University of Sciences & Technology (NUST), Sector H-12 Islamabad
(44000), Pakistan

b Department of Metallurgy and Materials Engineering, Pakistan Institute of Engineering and Applied Sciences (PIEAS), Islamabad 45650, Pakistan
¢ Department of Physics and Applied Mathematics, Pakistan Institute of Engineering and Applied Sciences, Nilore, Islamabad, 45650, Pakistan

4 Department of Chemical Engineering, College of Engineering, King Saud University, P. O. Box 800, Riyadh 11421, Saudi Arabia

¢ Chemistry Department, College of Science and Humanities, Prince Sattam Bin Abdulaziz University, P.O. Box 173, Alkharj, 11942, Saudi Arabia
f Institute of Energy and Environmental Engineering, Faculty of Electrical, Energy and Environmental Engineering, University of the Punjab, Lahore
54590, Pakistan

ARTICLE INFO ABSTRACT

Keywords: Flexible capacitive energy storage applications require polymer nanocomposites with high
Low-density polyethylene dielectric properties, which can be accomplished by addition of inorganic nanofillers to the
Nanofillers

polymer matrix. Low-density polyethylene (LDPE), known for its good dielectric characteristics
and wide use in electrical insulation have been investigated for the desired applications. How-
ever, the improvement of its breakdown strength still continues with the use of various nano-
materials employed as nanofillers. In this study, a waste-derived material known as biomass fly
ash (BFA) as a nanofiller to improve the dielectric properties of LDPE has been explored. BFA
exhibits versatility in its composition with various metal oxides, making it an attractive choice as
a nanofiller. The BFA-LDPE sheets were prepared using a conventional solvent mixing and sub-
sequent hot-pressing process, incorporating BFA loadings ranging from 1 % to 4 wt%. The effects
of different BFA loadings were carefully examined, and the synthesized nanocomposites were
extensively characterized using various characterization methods, such as XRD, SEM, FTIR, TGA
and dielectric constant measurements, to investigate the crystallographic properties, morphology,
chemical composition, and thermal stability. Among all the nanocomposites, 4 wt%BFA-LDPE
exhibited the highest dielectric constant, with a value of 11.58, compared to simple LDPE that
had a dielectric constant of 8.33. This improvement is ascribed to the synergistic effects of
different inorganic metal oxides (SiO2, MgO, and FeyOs3) present in BFA. The results showed a
significant enhancement in dielectric properties, indicating that the waste-derived BFA can be
purposefully applied as an effective nanofiller in the LDPE-based composites with even less than
4% loading for electrical insulating applications in future studies.
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1. Introduction

The polymers are insulating materials used in electrical insulation in a variety of electrical applications due to their desirable
properties and low cost [1-3]. The frequent used polymers in cable insulation and accessories is polyethylene (PE) due to its high
toughness and flexibility at low temperatures, minimal moisture absorption, excellent resistance, acids, alkaline compounds and
solvents, as well as its potential for recycling [4]. PE is classified into several types and commercial grades, making it appropriate for a
widespread range of insulation applications, both indoors and outdoors. The primary criteria for its classification are density values
and the degree of branching in the chain, namely low-density polyethylene (LDPE), linear LDPE, medium-density polyethylene
(MDPE) and high-density polyethylene (HDPE) [5]. The LDPE has various applications and is used in different fields including pipes,
fittings, machine parts, packaging bags, containers etc. [6]. However, due to its excellent mechanical and dielectric properties with
large molecular weight, and hydrophobic nature, it is often the preferred choice for power cable insulation. Additionally, its halogen
free and non-polar chemical nature makes LDPE a substantially more environmentally friendly option for cable insulation compared to
the conventional polyvinyl chloride (PVC)-based products. Nevertheless, when exposed to various operating and environmental
conditions, LDPE suffers significant and irreversible structural degradation. These structural alterations significantly reduces its
physical properties and performance [7].

Since the 1990s, investigations on polymer nanocomposites and their sub-category nanodielectrics have increased significantly [8].
These rapidly developing research outputs are not only limited to LDPE. Ferroelectric polymer-based nanocomposites and
non-ferroelectric linear dielectric poly (methyl methacrylate) materials are also being used for various high-discharge applications and
insulations in electrical equipment [9,10]. Typically, polymer nanocomposites are described as the polymers having uniformly
dispersed nanometric-sized fillers (nanofillers) that make up less than 10 % of the total weight of the polymer [11]. Higher material
performance in terms of mechanical and thermal properties were shown when nanofillers are added to a polymeric matrix [12].
Furthermore, it has been demonstrated that when there is a favourable interaction, sub-micron particles uniformly dispersed in the
polymer matrix can also enhance electrical properties [13] and contribute to the materials’ excellent resistance to deterioration and
thermo-mechanical efficiency [14]. In contrast to typical micro composites, the utilization of nanocomposites as dielectrics has
improved breakdown performance and the dielectric constant [15]. These developments are crucial for studying superior insulating
materials proficient of withstanding higher voltage levels and voltage shocks, addressing the growing demands for electricity and
power reliability [16].

The dielectric constant of PE with various nanofillers, such as alumina (Al;O3), silica (SiO2) [17], iron oxide (Fe;O3) [18], titania
(TiOy) [19], zirconia (ZrO) [20] and magnesia (MgO) [21], have been the subject of numerous experimental studies up to this point.
These studies have reported improved dielectric constant, subsequently enhancing the breakdown strength of the material in high
voltage applications [22,23]. Additionally, it has been discovered that the dielectric constant is influenced by the interphase between
the LDPE and the nanofiller, which can function as an electron trap and boost the charge storage capabilities of the material. The
dielectric constant also relies on the homogenous distribution and low concentration of nanofillers [24]. However, the application of
nanocomposites to enhance the dielectric constant and breakdown properties of materials is a complex topic, and it has been reported
that the dielectric constant of nanocomposites is sometimes lower than that of their unfilled counterparts. For example, in the case of
PE incorporating an Al,O3 nanofiller, this value was lower than that of the unfilled PE [17]. Similarly, Azmi et al. [25] prepared
MgAl>04-PP(Polypropylene) composites with increased dielectric constant than CaCO3-PP nanocomposite. MgAl,Oy4 itself has a higher
dielectric constant compared to PP, whereas CaCOs3 has a low dielectric constant due to enhanced polymer-nanoparticle interactions
and hindered movement of entangled polymer chains. Therefore, the research has shifted from single metal oxides to multi metal
oxides because of their compact structure and diverse chemical, electrical, and mechanical properties [25]. Al;03-SiO,-LDPE revealed
enhancing properties compared to single metal oxides, with their high surface-to-volume ratio contributing to improved dielectric
properties [26]. Clinard et al. [27] worked on MgAl»04 nanofillers and suggested their improved mechanical strength and stability at
high temperatures compared to MgO and Al,O3 due to strong ionic interactions between the metal cations and oxygen anions. Various
readily available fillers in the market have been used to modify the base polymer’s characteristics; however, these fillers are expensive
relative to the polymer material, since they are often prepared via synthetic and complex routes. Recently, waste derived and low cost
nanofillers have gained attention in this research area [24]. However, the effect of waste-derived nanofillers on the physicochemical
properties of nanocomposites has yet to be thoroughly investigated.

Therefore, the aim of this work is to utilize waste derived nanofillers to enhance the dielectric properties of LDPE. A waste material
of biomass-fired power plants known as biomass fly ash (BFA) include several metal oxides, including CaO, Fe;03, MgO, Al,03, and
SiO5 [28]. BFA is a fine nanopowder with a versatile chemical composition that makes it an attractive nanofiller [29][30]. It has the
ability to disperse more effectively in LDPE and enhance the dielectric properties of LDPE loaded with BFA (BFA-LDPE). The dispersed
nanoparticles of BFA in a LDPE matrix can attract small, charge-carrying molecules such as ions and polar molecules, potentially
resulting in an overall increase in the dielectric constant [31]. Free electrons and holes can be trapped in deep traps close to the surface
of BFA due to its polar and porous nature while charge carriers can aggregate at the nanofiller’s surface, resulting in fewer space
charges [32,33]. Thus, the synergistic effect of different metal oxides as nanofillers has the potential to significantly increase the
dielectric constant of nanofiller loaded LDPE.

In this study, the BFA nanofiller is prepared and loaded on the LDPE. The characterization techniques including X-ray diffraction
(XRD), scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), and thermogravimetric analysis (TGA)
were utilized to analyse the morphology, structure, and thermal stability of BFA, LDPE and BFA-LDPE. Furthermore, the dielectric
constant of LDPE, and BFA-LDPE is thoroughly investigated to assess the impact of BFA on the dielectric properties of BFA-LDPE in
power applications.
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2. Methods and materials
2.1. Preparation of BFA

In the world, various industrial sectors, including pulp, paper, textile, sugar and independent energy suppliers utilize local biomass
to fuel dedicated power plants. This practice results in generation of substantial quantities of biomass fly ash. Depending on the type of
fuel, boiler and operating conditions, raw samples of BFA contain varying compositions of wheat straw, rice straw, wooden packaging,
and black liquor [28]. Prior to the utilization of BFA, it was dried, ground, and sieved to acquire the required particle size (0.2 mm).
The sample was then washed and further purified by deionized (DI) water and ethanol. The filtrate was subsequently dried at 110 °C
overnight, resulting in a powder that was further ground and calcined for 5 h at 800 °C to remove volatile components and inbound
moisture at high temperatures (Fig. 1).

2.2. Preparation of nanofiller-LDPE

Low-density polyethylene (LDPE, NTF 0343 P, Malaysia), Xylene (98.5 %, reagent grade, Sigma-Aldrich), and BFA were the starting
materials in the preparation of nano-filled LDPE composites as presented in Fig. 1. The BFA-LDPE sheets were prepared using a typical
solvent mixing and subsequent hot-pressing technique. First, 5.0 g of LDPE was dissolved in 95 mL Xylene at 90 °C with constant
stirring in a 200 mL beaker. Then pre-weighted BFA was added to this solution during constant stirring. The solution was evaporated
during the processing, and a viscous kind of polymeric composite gel was obtained. The polymer composites were formed in different
nanofiller loadings of 1, 2, 3, and 4wt% BFA. The semi-solid polymeric composite gel was transported to 6 cm x 8 cm metallic moulds.
The moulds were covered with polytetrafluoroethylene (PTFE) sheets and subjected to hot pressing (Labo press, Toyo Seiki Seisakusho
Ltd, Japan) at 160 °C for 5 min. The polymeric composite films were cooled to room temperature under the applied load on a hot-press.
Finally, the composite films of a thickness of 1 mm were obtained. The pristine LDPE sheet was formed by a similar process without
adding nanofiller as a base case to compare with BFA-LDPE.

2.3. Material characterization

Synthesized composites are thoroughly investigated and characterized by using different characterization techniques. XRD analysis
was performed on Bruker, D8 advanced, equipped with a 25 kV power supply and a Cu Ko radiation source (A = 1.5418 A) fitted with
25 kV power. The data was analyzed and gathered using a step-scan of 0.02° in the range of 20 = 10-80°. The morphological analysis of
prepared samples was conducted using SEM at different magnifications with the use of JSM-6490A from JEOL Japan. This SEM offers a
resolution power of 3 nm at 30 kV and variable magnification range (10-200,000X).

Using the Cary 630 (Agilent Technologies, USA) at wavenumber ranges between 4000 and 650 cm ™, FTIR was employed for the
screening of specific functional groups of synthesized materials. The existence of peaks at various wavenumbers in the FTIR spectrum
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Fig. 1. Preparation of BFA nanofiller and BFA-LDPE nanocomposite.
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can be used to assess the chemical nature and the type of bonding. By maintaining N5 flow of 40 mL/min and a heating ramp of 20 °C/
min at various temperature ranges up to 900 °C, the thermal stability of the materials was examined using a TGA analyzer 5500
(Discovery, series) from TA instruments, (USA).

2.4. Measurement of dielectric properties

At room temperature and within the frequency range of 1-150 kHz, the dielectric measurements (capacitance and dielectric loss
factor) using a Gwinstek Precision LCR Meter model LCR 8110 G were performed. Prior to the measurements, the samples were coated
with air dried silver to establish contacts on their surfaces. The dielectric constant (x) is defined as the ratio of the permittivity of a
material (¢5,) to that of free space (¢,), as shown in Eq. (1):

g’ﬂ
e, = &

The formula in Eq. (2) is used to compute the parallel capacitor capacitance

Ae
C= = (2)

Where, A = area of plates, € = permittivity of the material and d = distance between the plates.
3. Results and discussion
3.1. Physicochemical properties

The XRD spectra of LDPE, BFA, and 4% BFA-LDPE are presented in Fig. 2. Two distinct peaks are noticeable in the spectrum of LDPE
at 20 = 21.5° and 23.75° (PDF# 11-0834) with the indices values of (110) and (200) show that the LDPE is in a semi-crystalline phase
(degree of crystallinity 38 %) as shown in Fig. 2(a) [34]. A low-intensity peak is also visible at around 26 = 44° in Fig. 2(a), which
provide insights into the degree of crystallinity in LDPE or possibly indicates the presence of HDPE impurities indicative of a char-
acteristic low intensity peak at the same degree. Furthermore, small peak at 44° can inferred to the diffraction peaks of orthorhombic
LDPE [35]. The similar peak has been reported during the Rietveld refinement of XRD spectra of LDPE when enlarged between 20 =
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Fig. 2. XRD pattern of (a) LDPE, (b) BFA and (c) 4% BFA-LDPE.
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28° and 20 = 60° [35]. The semi quantitative level of accuracy and the analysis of the data presented in Fig. 2(a) is analogous to the
other studies [35,36]. Similarly, the intensity and position of the peak can be affected by changes in the crystalline structure of LDPE or
its interaction with other substances resulting from doping or impregnation therefore it disappeared after the addition of nanofiller in
LDPE (Fig. 2(c)) [36-38]. BFA depicted various diffraction peaks in the crystalline phase as presented in Fig. 2(b), which corresponds
to different metal oxides. The detailed XRD analysis of BFA is reported elsewhere [30]. In brief, the SiO and Fe,O3 peaks appeared at
20 = 26.5° (PDF# 46-1045) and 32.8° (PDF# 10-0653) with index values of (101) and (420) respectively [30]. While 20 = 28.2° and
44° are ascribed to Ca (110) [30]. Furthermore, MgO [39], Fe3O4, and CaO [40] are also present at their respective 26 values, as given
in Fig. 2(b-c). Several distinctive diffraction peaks, which correspond to the diffractions of BFA in the 4% BFA-LDPE, appeared at their
respective hkl indices as shown in Fig. 2(c). By comparing the distinctive peaks of the BFA-LDPE with the standard diffraction peaks of
LDPE and BFA, it was proved that the crystal planes in the composite are consistent and compatible with the crystal planes of the
typical diffraction peaks of BFA and LDPE. This comparison also demonstrates that the addition of BFA does not significantly alter the
crystallography of LDPE. Moreover, no additional heterogeneous materials were formed after the hot-pressing of the BFA and LDPE
[41]. The analysis of the data presented in Fig. 2 also reports that crystallographic evaluations of LDPE and BFA are comparable with
the peaks observed in 4% BFA-LDPE.

SEM was carried out to evaluate the surface changes in the materials. The micrographs of pure LDPE at various magnifications are
shown in Fig. 3(a-b). It can be seen that the pure LDPE possesses a smooth surface with no discernible defects, though small pieces on
its surface may be impurities. The smooth and homogeneous surface of LDPE leads us to believe that the LDPE crystal phase cannot be
detected at these magnifications [42]. By comparing LDPE with 4% BFA-LDPE, no apparent of agglomeration in the cross section of the
4% BFA-LDPE was observed Fig. 3(c—d) [41]. These results indicate that BFA is dispersed within the polymer matrix. SEM analysis was
also performed on samples loaded with BFA, with a focus on those exhibiting the best dielectric properties, as demonstrated by 4%
BFA-LDPE during initial testing.

The FTIR analysis of LDPE and 4% BFA-LDPE in the range of 600-4000 cm ! is presented in Fig. 4. LDPE consisting of ~CH, groups
exhibits characteristic absorption bands in the range of 720 cm™! to 2926 cm ™. The CH, asymmetric and symmetric stretches are
represented by the peaks at 2917 cm ™! and 2852 em ™2, respectively, while the peaks at 1465 cm ™! and 721 cm™! correspond to the
deformation vibration band and in-plane rocking vibration band of ~CH,, respectively [43]. A significant LDPE peak at 1377 cm ™, the
—CHs umbrella mode, differentiates LDPE from HDPE. This peak is attributed to short alkyl side chains having the structural formula of
—(CH3)5-CHgs in LDPE; which pushes the polymer chains apart, resulting in a reduction in material density. The spectrum of LDPE
shows the prominent umbrella mode peak at 1377 cm ™! attributed to the ~CHg groups in the side chains [44,45] as shown in Fig. 4(a).

In 4% BFA-LDPE, weak bands corresponding to major oxides (-Si-O and CaO) present in BFA appear in the region of 724 cm ™ to
1100 cm™! (Fig. 4(b)) [28]. The -Si-O is detected at 1100 cm’l, while the peaks in the range of around 724 cm ! t0 924 cm ! indicate
the presence of CaO [30,46]. It is worth noting that peaks at 1712 cm™! and 3230 cm™! are also observed, corresponding to the
carbonyl (-C=0) [47] and -O-H bond stretching [48] as presented in Fig. 4(c).

The emergence of newly developed functional (O-H and C=0) groups, as well as modifications to already existing groups and

(a) LDPE (10 pm) =l (b) LDPE (1 pm)
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Fig. 3. SEM micrographs of (a-b) LDPE (c-d) 4% BFA-LDPE.
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Fig. 4. (a) FTIR spectra of LDPE and 4% BFA-LDPE (b) enlarge metal oxide and C—=0 region and (c) enlarged C-H and O-H region.

chemical changes, leads to slight shifts and broadening of absorption bands in the FTIR spectrum. Additionally, these changes can
introduce structural defects such as vacancies and the formation of new phases due to oxidation processes. These defects have a
substantial impact on the dielectric properties of 4% BFA-LDPE [47,49] because the structural defects play a key role in altering
breakdown strength, charge mobility, and sensitivity to temperature [50]. The analysis of the FTIR spectra presented in Fig. 4 of LDPE

and the overall characteristics of BFA are representative of the spectra observed for the 4% BFA-LDPE.

The thermograms of pure LDPE and BFA-LDPE with changing wt% of BFA are given in Fig. 5. All the polymer samples start to
degrade at 350 °C and remain stable below 500 °C, as shown in Fig. 5(a). Pure LDPE begins to decompose at a relatively low tem-
perature, approximately 475 °C. In contrast, 4 % nanofiller LDPE begins to break down at 500 °C, indicating improved stability in BFA-
LDPE samples as the wt% of BFA increases (Fig. 5(b)). However, it’s important to note that excessive BFA content may lead to a decline
in the composite material’s insulating capabilities.
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Fig. 5. (a) TGA of prepared samples LDPE and 1-4% BFA - LDPE (b) enlarged degradation stage (c) enlarged passive stage.
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It can be inferred from the literature that the increase in thermal conductivity caused by the addition of BFA to LDPE is closely
related to the formation of thermally conductive networks. These networks result from the presence of highly conductive inorganic
particles within 1-4% BFA-LDPE, a consequence of BFA incorporation [51,52]. Furthermore, LDPE polymer typically undergo thermal
breakdown, which causes the generation of free radicals at weak bonds, often at chain ends. This process is followed by a series of main
free radical chain transfer reactions that continue until the entire matrix is affected. The motion restriction introduced by BFA in LDPE
helps prevent these chain transfer reactions, ultimately enhancing the thermal stability of the nanocomposites due to BFA’s diverse
physiochemical properties [53]. Thus, BFA addition hinders the degradation of LDPE and increases the thermal parameter of the
composite. An additional peak is observed between 500 and 550 °C (Fig. 5(c)) which can be attributed to the oxidation reaction,
consistent with the findings from FTIR studies.

3.2. Dielectric constant analysis

The relationship between pure LDPE and BFA-LDPE composites with varying loading concentrations, in terms of dielectric constant
and frequency at room temperature (25 °C), is given in Fig. 6. It is evident that the dielectric constant of BFA-LDPE is larger than that of
the pure LDPE, and it increases with an increase in filler content when the frequency is constant (1 kHz). As shown in Fig. 6(a), pure
LDPE has the value of dielectric constant equal to 8.33, while it is increased linearly from 8.70 to 11.58 with BFA loading from 1 to 4%.
Specifically, 1% BFA-LDPE, 2% BFA-LDPE, 3% BFA-LDPE, and 4% BFA-LDPE have dielectric constant values of 8.70, 9.68, 11.21, and
11.58, respectively. Thus, the 4% BFA-LDPE displays the maximum dielectric constant due to the higher concentration of BFA which
enhances the physiochemical properties of 4% BFA-LDPE.

The presence of various oxides in BFA contributes to the increase in dielectric constant. The XRD pattern shows the presence of
SiO9, MgO, and Fe304 in BFA-LDPE composite, which influences the dielectric constant and demonstrates a synergetic effect. The
presence of SiO increases the number of dipoles and intensifies the interfacial polarization due to the increase of certain molecule
fragments, dipolar species, and ions [17]. MgO has a dielectric constant greater than LDPE, exhibits better molecular motion that
assists the movement of carriers along with better oriented dipoles, further increasing the dielectric constant of the composite [21]. On
the other hand, Fe3s04 forms a conductive chain in the LDPE matrix due to its magnetic properties and influences the molecular
arrangement of LDPE, enhancing the dielectric constant [18]. Due to the synergistic effect of all the given metal oxides, the dielectric
constant of 4% BFA-LDPE increases, making it suitable choice for further studying its dielectric behaviour with varying frequency.

Fig. 6(b) shows the dependency of 4% BFA-LDPE dielectric constant on varying frequencies, and it decreases gradually from 0 Hz to
30 kHz. After 30 kHz, it decreases sharply to 150 kHz, which shows a higher dielectric constant and the availability of free charge
motion within the material. As frequency rises, there is less time for the dipoles to align before the field direction changes, which
results in a drop in dielectric constant. But dipoles can align themselves more easily at lower frequencies, which results in a greater
dielectric constant [54].

4. Conclusion

The 1-4 wt% BFA-LDPE nanocomposite sheets were prepared by using solvent mixing and hot-pressing technique, and their
physiochemical properties were analyzed using various techniques. It can be evidenced from the XRD of 4% BFA-LDPE that the
crystalline structure of LDPE has not been significantly changed by the addition of BFA. Furthermore, SEM analysis confirms that the
BFA is well dispersed in LDPE without any significant agglomeration. The FTIR spectra revealed that major oxides contributing to the
increasing dielectric constant, namely SiO,, MgO, and FepO3, which are present in BFA. Additionally, thermal analysis (TG) provided
the additional proof of improved thermal stability. In comparison to pure LDPE, the addition of BFA increased the dielectric constant of
4% BFA-LDPE by 28 %, rising from 8.33 to 11.58. This enhancement in dielectric constant is attributed to the synergistic effect of SiO,,
MgO and Fey03 present in BFA. These results demonstrate a significant improvement in the properties of LDPE when BFA is used as
nanofiller. Moreover, BFA, derived from waste, offers a more cost-effective alternative to commercially available oxides. This leads to
the conclusion that the BFA warrants further investigation for accurate and real time electrical applications in the future.
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