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The demand for new methods of diverting materials from waste streams has grown as
sustainability and landfill reduction goals continue to be set. Municipal solid waste
combustion and waste-to-energy (WTE) facilities reduce landfill waste accumulation
but ash material by-products are commonly sent to landfills. In this work, we evaluate
the potential for fly ash to be used as an inert filler in post-consumer recycled polyethylene
to maximize landfill diversion of high-volume materials. Using fly ash from solid waste
combustion as a filler increases landfill diversion, reduces associated costs, and offsets the
cost of the recycling for post-consumer plastics by blending with a low cost filler.
Characterization of the fly ash revealed high variability in ash particle composition and
size, which was expected due to the municipal solid waste source. A series of composites
were compounded incorporating fly ash into recycled linear low-density polyethylene
utilizing various compatibilizers. The composites were characterized for molecular
interactions, thermal properties, mechanical properties and changes in melt processing
via infrared spectroscopy, differential scanning calorimetry, electromechanical testing, and
oscillatory melt rheology, respectively. Mechanical testing of the fly ash composites
indicated that the fly ash did not significantly change the Young’s modulus or yield
stress and the addition of various compatibilizer additives increased impact strength.
The impact strength of the neat polymer decreased drastically from ~55 kJ/m2 to ~20 kJ/
m2 at 5 wt. % fly ash. However, the addition of PGME compatibilizer at 0.75 wt. %
increased the composite’s impact strength to roughly the same value as the neat polymer.
Thus, the addition of a compatibilizer could be used to alter the fly ash filler composite’s
resistance to flexural shock. These results indicate that fly ash can be added to recycled
linear low-density polyethylene up to 10% while maintaining physical properties.
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INTRODUCTION

With the increasing need to improve waste processing and develop materials and products capable of
a circular economy, the focus on recycling and other landfill diversion strategies has intensified over
the last few decades. Though recycling is considered one of the most promising and trusted
approaches, many challenges continue to hinder recycling efficiencies, including insufficient
infrastructure, difficulty sorting incompatible materials, and poor economic incentives (Chandra
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et al., 2016). Additionally, after removing all recyclable material
from the waste stream, a substantial amount remains destined to
be landfilled.

One approach for reducing landfill waste volume includes
municipal solid waste (MSW) waste-to-energy (WTE) facilities.
These facilities combust non-hazardous waste under confined
and controlled conditions, leaving fly ash and bottom ash as solid
material by-products. Fly ash is carried from the combustion
chamber via exhaust gases and then collected in filters to prevent
atmospheric release. Bottom ash is collected at the bottom of the
combustion chamber (USEPA, 2020b). After combustion, the fly
ash and bottom ash are collected, treated, mixed, and transported
to a landfill, which costs up to $60 per ton in tipping charges
depending on the landfill location. These WTE facilities recover
energy from the combustion process to generate electricity. The
United States Environmental Protection Agency (U.S. EPA) has
documented 75 municipal solid waste (MSW) WTE facilities in
the Unied States as of 2020 (USEPA, 2020b). MSW combustion is
even more commonplace in other countries where land
availability is more limited, indicating the amount of landfilled
fly ash globally is significant (USEIA, 2020). European countries
often incinerate larger percentages of their waste compared to the
United States. Denmark, Sweden, and Norway all incinerate over
50% of waste (Seltenrich, 2013), which is represented by the
number of WTE facilities in each country: 79 in Germany, 127 in
France, and 234 in Japan (Lu et al., 2017).

Though MSW combustion reduces waste volume, there is a
growing demand to find applications for utilization of the ash
waste in new products to further divert material accumulation in
landfills. One of the 75 plants in the United States sends ~2,000
tons of ash to landfills annually. Several studies have tested ash
waste properties, such as mineral composition and heavy metal
concentrations, from various sources including biomass, coal,
and MSW combustion (Riber et al., 2005; Kutchko and Kim,
2006; Wei et al., 2011; Loginova et al., 2019). Aubert et al.
specifically focused on the use of fly ash as a filler material in
cement or mortar (Aubert et al., 2006). Cement and concrete are
commonly targeted applications for fly ash and other waste
stream products, such as powdered ceramics, recycled tires,
and calcium carbonate from deconstructed carpet material,
due to inherently cementitious properties (Cunningham et al.,
2021). Additional studies have focused on ways to pre-treat fly
ash material to address heavy metal safety concerns, thereby
making its use in cements and other building materials more
feasible (Ferraro et al., 2019). For example, water washing and
thermal pre-treatments have been shown to remove chlorides and
reduce heavy metal leaching from fly ash used in cement
applications (Wey et al., 2006; Yang et al., 2018).

Another proposed method of fly ash utilization is as a filler
material in a polymer matrix composites. Historically, polymers
reinforced with glass fiber have been one of the most common
methods for acquiring a composite with enhanced mechanical
properties and potentially reduced cost when the fillers are more
cost-effective than the polymer (Valente et al., 2011). Researchers
have searched for alternatives to glass fibers from both natural
(e.g., wood flour, rice husks) (La Mantia and Morreale, 2006;
Tong et al., 2014; Chen et al., 2018) and man-made sources (e.g.,

fly ash from coal production). Previous studies have explored the
integration of fly ash into various polymers such as polypropylene
(PP), polyethylene terephthalate (PET), polystyrene (PS), and
high density polyethylene (HDPE) (Rebeiz et al., 1995; Satapathy
and Kothapalli, 2015; Yao et al., 2019; Bicer, 2020; Ajorloo et al.,
2021). Many of the results have demonstrated promise. For
example, fly ash was determined to disperse well throughout a
polymer matrix, leading to uniformmechanical properties (Bicer,
2020; Ajorloo et al., 2021). Additionally, one study reported that
when blended with PET, ash filler could improve tensile strength
without causing changes to the glass transition temperature or
thermal degradation (Rebeiz et al., 1995). Though these works
have focused on fly ash specifically derived from coal production,
it is reasonable that similar ash material from other sources (e.g.,
WTE facilities) also has potential as a polymer composite filler.

The goal of this research was to first understand the physical
and chemical properties of fly ash derived from MSW and any
potential hazards it may present due to the composition. Second,
the fly ash was blended with post-consumer recycled (PCR) linear
low-density polyethylene and the blends were characterized to
understand the impact of fly ash filler on the composite properties
at various concentrations. Third, a series of polymer
compatibilizers were compounded with the PCR-ash blends.
Previous studies have shown the potential of various
compatibilizers in improving the mechanical and thermal
properties of composite blends containing immiscible
polymers and/or nanoparticle fillers (Mandal and Chakraborty,
2008; Jose et al., 2015;Martins and Santana, 2016; Sanches-Valdes
et al., 2017). Therefore, compatibilizers were included in this
research to determine if composite properties can be improved by
adjusting additives composition and concentration in the blend
formulation. Octadecylsuccinic anhydride (C22), polyethylene
glycol 400 monostearate (PG4M), and polyethylene glycol
monooleyl ether (PGME) were selected as compatibilizers
based on their chemistry, which was anticipated to interact
with both polyethylene and the fly ash surface. Overall, this
research demonstrates the utility of using MSW fly ash as a
component in polymer blends to reduce material cost, reduce
landfill accumulation and add performance value. It will also help
identify potential applications where polymer-ash composites
could be safely and effectively used.

EXPERIMENTAL

Materials
Fly ash was supplied by a municipal Waste to Energy Facility that
processes municipal solid waste. Post-consumer recycled linear
low density polyethylene (LLDPE) was provided by Revolution
Plastics (Little Rock, AR). Three compatibilizers were used as
received: octadecylsuccinic anhydride (C22), polyethylene glycol
400 monostearate (PG4M), and polyethylene glycol monooleyl
ether (PGME), were supplied from Tokyo Chemical Industry
(Portland, OR), Spectrum Chemical MFG Corp (New Brunswick,
NJ), and Tokyo Chemical Industry (Portland, OR), respectively.

Blends were prepared using a 27 mm twin screw co-rotating
extruder (Leistritz, Somerville, NJ). A series of blends were
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formulated with various concentrations of fly ash and PCR
LLDPE (no added compatibilizer). Additional blends were
formulated to understand the impact of the three
compatibilizers individually. The composition of each prepared
blend is listed in Table 1. The compounded material was
pelletized then injection molded into ASTM D638-14 type I
dog bones (narrow width 13 mm, narrow length 57 mm,
overall width 19 mm, overall length 165 mm, gage length
50 mm) (ASTM, 2014) using a 90-ton production grade
horizontal injection molder (Wittmann Battenfeld, Torrington,
CT), with an injection profile of 150–200°C.

Particle Size and Shape Determination
Fly ash particle size and shape data were collected using a
Solidsizer dynamic image analysis system (JM Canty,
Lockport, NY). The ash was deposited on a vibrating transfer
bed which allows particles to fall in front of a high speed camera at
a controlled rate. The camera was calibrated to record images
with 6.2 μm/pixel resolution. The falling particles were backlit,
allowing the camera to detect when a particle was in frame and
collect a measurement with each image a unique datum point.
Ash was continuously fed until approximately 50,000 images had
been collected. Each image was characterized in terms of particle
area (A), perimeter (P), and ferret lengths (xFmin, xFmax, xLF).
These values were used to calculate area equivalent diameter
(xA � �����

4A/π
√

), bounding box aspect ratio (AR � xFmin/xLF), and
elliptical form factor (EFF). The area equivalent diameter

assumes a spherical shape with the same area as a particle.
The EFF is the ratio of the perimeter of a theoretical ellipse
with equivalent area and aspect ratio to the actual particle
perimeter (Eq. 1).

Eqn. 1: EFF � βπA/P2, β � (1.5(AR + 1)/ ���
AR

√ − 1)
2

(1)

Thermogravimetric Analysis
Fly ash samples were analyzed for moisture content through
thermogravimetric analysis using a Q5000IR thermogravimetric
analyzer (TA Instruments, New Castle, DE). The samples
underwent a single 10°C/min heating ramp in a nitrogen
atmosphere from 20 to 300°C. The weight reduction recorded
during heating was analyzed for significant mass loss events
around 100°C.

Morphological and Elemental
Analyses—Scanning Electron
Microscopy—Energy Dispersive X-Ray
Spectroscopy
Elemental analysis of the fly ash was conducted using Energy
Dispersive X-Ray Spectroscopy (EDS) to determine the chemical
composition. An FEI F50 Inspect Scanning Electron Microscope
(SEM) equipped with an Energy Dispersive X-ray detector was
used to qualitatively identify the fly ash elemental composition.
Fly ash was mounted on five sample stages using a conductive
carbon adhesive tape. The fly ash was pressed firmly into the tape
for maximum adhesion. Four locations (selected from different
quadrants of each sample) were analyzed on each of the five
sample stages, resulting in 20 total EDS maps. The locations
selected were the most densely packed with ash. The SEM was
operated at a 15 kV and a spot size of 5.5. The results from the 20
EDS maps were averaged to identify the elements present within
the fly ash.

Injection-molded specimens of each composite formulation
were cryofractured and the surfaces analyzed to determine the fly
ash distribution within the polymer composite. Blends number 1,
3, and 23 (Table 1) were selected to obtain a general
representation. Two specimens of each of the three blends
were submerged in liquid N2 before being removed one at a
time and quickly fractured using a rubber hammer. The samples
were mounted and sputter coated with Pd/Pt to create a
conductive surface prior to imaging. Chlorine and sodium
were used as markers to identify fly ash within the polymer
matrix since they were previously determined to be present in the
fly ash through EDS.

Inductively Coupled Plasma—Optical
Emission Spectroscopy
Inductively Coupled Plasma Optical Emissions Spectroscopy
(ICP-OES) analysis of the fly ash was completed to quantify
heavy metals detected by SEM-EDS. Fly ash samples were
digested via microwave-assisted digestion using an UltraWave
digestion system (Milestone, Inc., Shelton, CT). Due to

TABLE 1 | Compounded blends of fly ash with LLDPE and compatibilizers.

Blend # Weight percent of component

LLDPE Fly ash C22 PG4M PGME

1 100 0 0 0 0
2 95 5 0 0 0
3 90 10 0 0 0
4 85 15 0 0 0
5 94.75 5 0.25 0 0
6 0 0.25 0
7 0 0 0.25
8 94.50 5 0.50 0 0
9 0 0.50 0
10 0 0 0.50
11 94.25 5 0.75 0 0
12 0 0.75 0
13 0 0 0.75
14 94.00 5 1.00 0 0
15 0 1.00 0
16 0 0 1.00
17 89.50 10 0.50 0 0
18 0 0.50 0
19 0 0 0.50
20 89.00 10 1.00 0 0
21 0 1.00 0
22 0 0 1.00
23 88.50 10 1.50 0 0
24 0 1.50 0
25 0 0 1.50
26 88.00 10 2.00 0 0
27 0 2.00 0
28 0 0 2.00
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limitations of the available digestion system, hydrofluoric acid
could not be used in the digestion, indicating that some materials,
such as silica, did not fully digest. Multiple digestion methods
were tested using varying intensities in temperature and power.
The method which best digested the samples was used to prepare
three repeated measures of fly ash for ICP analysis. Specifically,
30 mg of ash was digested in 6 ml of concentrated aqua regia at a
maximum temperature of 240°C for 20 min. The digested samples
were diluted to 50 ml with deionized water and analyzed using an
iCap-7400 Duo ICP-OES (Thermo Scientific, Waltham, MA),
with measurements conducted in radial mode for two
wavelengths for each metal. The analysis quantified Al, Cd, Cr,
Fe, Ni, Pb, Sb, and Ti, using multi-elemental calibration solutions
prepared from single standard solutions purchased from
Inorganic Ventures (Christiansburg, VA).

Fourier Transform Infrared Spectroscopy
Attenuated total reflectance (ATR) Fourier-Transform Infrared
Spectroscopy (FTIR) was used to determine changes in chemical
bonding and interactions on the surface of LLDPE-ash blends due
to the compatibilizers. SEM-EDS suggested a homogenous
material, therefore, the composite surface was considered
representative of the bulk. A Nicolet 6,700 infrared
spectrometer (Thermo Scientific, Waltham, MA) with a DTGS
detector was used with 32 scans per run and a 2 cm−1 resolution.
The diamond window of the ATR assembly was cleaned with an
isopropanol wipe after each measurement to ensure no cross-
contamination.

Differential Scanning Calorimetry
The impact of compatibilizer on thermal transitions of LLDPE-
ash blends was characterized using a Q2000 differential scanning
calorimeter (TA Instruments, New Castle, DE). Three
measurements of each blend were tested using a heat/cool/heat
cycle ranging −50–200°C, at a rate of 10°C/min under an N2

atmosphere. Each specimen had a mass of 3–6 mg and was added
into an aluminum DSC pan hermetically sealed before analysis.
The thermal transitions in the second heating cycle were reported
to eliminate thermal history effects.

Parallel-Plate Oscillatory Melt Rheometry
The viscoelastic properties of the blends were analyzed in
oscillatory mode (frequency sweep) using a DHR-2 hybrid
rheometer (TA Instruments, New Castle, DE) equipped with
an environmental test chamber and a 25 mm parallel-plate
geometry with 1 mm gap between plates. All measurements
were carried out within the linear viscoelastic region, at 190°C,
under low strain (1%) and air atmosphere, with the angular
frequency ranging from 0.05 to 628 rad/s.

Electromechanical Testing
All blends were characterized through electromechanical testing
in tensile mode according to ASTMD638-14 (ASTM, 2014) using
an Autograph AGS-J (Shimadzu Corp. Kyoto, Japan) universal
electromechanical tester. A load cell of 5 kN and a manual non-
shift wedge grip MWG-5kNA (Shimadzu Corp., Kyoto, Japan)
were used, with a 50 mm/min crosshead speed. Ten specimens for

each blend were tested to obtain stress-strain curves, with the
subsequent calculation of the Young’s modulus and yield stress.

Impact Testing
The Charpy impact test was conducted to determine the response
of composite samples to flexural shock using ten injection-
molded specimens notched according to ASTM D6110-18
(ASTM, 2018). An IT504 Plastic Impact Tester (Tinius Olsen,
Horsham, PA) was used to conduct testing. The energy absorbed
during the impact and the fracture/plastic deformation behavior
of the sample were recorded.

Statistical Analysis
For measurements containing multiple data points per
formulation, a statistical analysis was conducted using JMP®
Pro 16, SAS Institute Inc., Cary, NC. One-way ANOVA with
Bonferroni corrected post hoc t-tests were conducted to
determine if means were statistically different. This analysis
was conducted for enthalpy of melting data obtained through
DSC and Charpy impact testing data.

RESULTS AND DISCUSSION

Fly Ash Characterization
Particle size and shape distribution are crucial factors influencing
how particles interact and flow in a given medium. Variation in
the particle size and shape could cause changes in how the ash
affects the rheological properties of polymer melts and, therefore,
the processing of polymer blends. The volume-based particle size
distribution, shown in Figure 1, is described using area equivalent
diameter. A fitted curve with weighted mean square error (wmse)
of 4.15 × 10−5 was generated as the sum of two log-normal modes
derived from a split distribution: 1) particles >1,050 mm
comprising 7.2%, and 2) particles <1,050 µm comprising

FIGURE 1 | Size distribution of fly ash particles. The data points are
overlaid with a fitted curve determined by the sum of two log-normal modes.
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92.8% of the sample volume. Obtaining the lowest possible wmse
improves the accuracy of the fitted curve and identifies separate
modes. The geometric mean size of the primary mode (b) is about
370 μm with a moderate size distribution. The coarse mode (a)
has a much higher geometric mean of nearly 1,500 μm. This
suggests either 1) particles comprise agglomerates, causing
particles to appear larger in the measurement, or 2) there is a
group of particles with a larger average size compared to the rest
of the distribution (Mora et al., 1998; Lloyd, 2003; Cepuritis et al.,
2017). Given previous research detailing particle size distribution
of fly ash and bottom ash separately, it is unlikely that such coarse

particles would be elutriated as fly ash (Chang and Wey, 2006).
This supports the hypothesis that the coarse particles are formed
through agglomeration and/or compaction during the collection
process.

A bivariate analysis of aspect ratio and elliptical form factor
was conducted to describe aspects of the fly ash particle shapes.
Figure 2 shows examples of particle images at varying points
within the aspect ratio-elliptical form factor (AR-EFF) shape
map. A lower aspect ratio (AR) suggests particle elongation,
while a lower elliptical form factor (EFF) suggests an extended
or irregular particle perimeter. See methods section 2.2 for a
more detailed explanation of AR and EFF calculation. The full
data set is shown in Figure 3. It can be observed that the majority
of particles are within an EFF range of 0.9–1.0 and AR 0.7–0.9.
This suggests the particles are fairly compact but not necessarily
spherical. It must also be noted that the overall distribution of
particle shape is extremely wide, and a significant portion of
particles are very irregularly shaped, suggesting that these could
be agglomerations of smaller particles and may be easily
comminuted in a dispersion process. On the other hand, the
Figure 3A data suggest that the coarse mode particles are
relatively compact in the structure; if these are compact
agglomerates, it may be more challenging to disperse them
directly in a compounding process without a pre-milling step.
To confirm whether or not the observed shape distribution is a
result of small particle agglomeration, a more detailed
characterization of individual size cuts is recommended.
Overall, the size and shape of the fly ash particles have a high
degree of heterogeneity. It is also likely that the measured
distribution depends on the type of waste processed and
operating parameters at the WTE facility.

It is expected that the fly ash should have extremely low
water content immediately following combustion. However, it
is unknown if the ash absorbs moisture over time before melt
processing. Thermogravimetric analysis showed no deflection
or major change in mass loss around 100°C that would be
associated with evaporating water. In fact, there was very little

FIGURE 2 | Example particle images placed according to their
calculated aspect ratio and elliptical form factor.

FIGURE 3 | Fly ash particle shape distribution shown as (A) general scatter plot and (B) contour map. The orange dots in (A) represent the particles in the primary
mode of the split distribution; the blue circles represent the coarse mode particles.
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weight loss throughout the temperature range, less than half of
one percent weight loss during the heating cycle. Thus, we can
conclude that the ash moisture content does not rise
significantly over time under ambient conditions.

The SEM images of fly ash particles reflect the irregular shapes
and variation in particle size measured in the previous size/shape
distribution analysis. A representative example image is shown in
Figure 4. The 20 EDS map spectra obtained displayed a variety of
elements, including C, O, Cl, Na, K, Si, S, Mo, Ca, Zn, Al, P, Br, Fe,
Cu, Pb, Mg, Ti, and Ni. The EDS data emphasizes compositional
variation in fly ash particles. Though carbon is expected to be the
most prevalent material in the particles, a multitude of other
elements were detected, limited to localized analysis areas. For
example, areas in which both silicon and oxygen were present
indicate the fly ash likely contains silica glass. Some elements of
regulatory concern were detected in the energy dispersive X-ray
spectra (e.g., lead). These results suggest that there may be limited
applications for fly ash as a polymer filler due to potential health
and environmental safety concerns. To confirm the presence of
heavy metals and obtain more precise concentrations, ICP
analysis was performed.

ICP-OES results determined that aluminum and iron are
present at high levels (see Figure 5). This is generally not
surprising given that these materials are likely to be present in
waste streams. According to the EPA, ferrous metals make up
the highest weight percentage of metals in total MSW
production (USEPA, 2020c). Iron is commonly found in
appliances, furniture, and automobile parts as well as waste
material from construction. Aluminum is also highly prevalent
as it makes up 1.3% of total MSW in the United States mostly
in the form of containers such as beverage cans (USEPA,
2020a). However, the concentrations of several other heavy
metals were considerably high. Lead, in particular, was

measured to be over 5,000 ppm. Similarly high levels of lead
were also found in the fly ash collected from eight German and
Swiss WTE plants, with at least five plants displaying values
between 5,000 and 10,000 ppm (Haberl et al., 2018). In Taiwan,
levels close to 1,000 ppm were reported from ash collected
from a solid waste incinerator using municipal solid waste,
industrial waste, and biomass waste (Chang et al., 2009).

Therefore, if the measured levels of metals remain consistent, the
fly ash material could not be used as polymer filler at concentrations
over 1.5 wt. % (resulting in lead: 75.9 ppm; chromium: 2.4 ppm;
cadmium: 2.0 ppm; total: 80.3 ppm) in applications which involve
direct contact with people such as food packaging or toys; the
maximum allowable levels of the sum of cadmium, hexavalent
chromium, lead, and Mercury is 100 ppm (Toxics in Packaging
Clearinghouse, 2021). These results only reflect the presence of heavy
metals within the ash. Further testingwould need to be conducted on
polymer blends containing fly ash to determine if these hazardous
components will leach out over time or are matrix locked and are
more of an end-of-life environmental concern.

Post-Consumer Recycled-Fly Ash Blend
Characterization
In the second half of this study, the fly ash was blended with post-
consumer recycled (PCR) linear low-density polyethylene
(LLDPE) to determine its viability as a filler material and
manufacture quality materials that are comprised of 100%
landfill diverted materials. The ash characterization
determined heterogeneity of the ash particle’s chemical
composition and size/shape. FTIR was used to compare
LLDPE blends without compatibilizer and blends with each of
the three compatibilizers to understand changes in molecular
interactions. Figure 6 shows an overlay of representative
examples of collected spectra. The fly ash and C22
compatibilizer possess no distinctive peaks, while the PGME
and PG4M compatibilizers both possessed characteristic peaks
at 1,464, 2,847, 2,915, and the 3,400–3,460 cm−1 region
(Figure 6A). Peaks at 2,847 cm−1 and 2,915 cm−1 indicate C-H

FIGURE 4 | Example SEM image of fly ash particles. Other images
showed similar variations in particle size and shape.

FIGURE 5 | Concentrations of heavy metals in fly ash.
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bond stretching and 1,464 cm−1 indicates C-H bond bending. The
peaks in the 3,400–3,460 cm−1 region indicate the presence
of–OH groups (Socrates, 2001).

Figure 6B displays representative samples of blends with each
compatibilizer compared to the unmodified PCR LLDPE. All
spectra show peaks characteristic of LLDPE with no noticeable
shifting. There is no discernable trend correlating the presence of
ash and/or compatibilizer. Therefore, it is reasonable to conclude
that there was no significant interaction between the fly ash and
the polymer regardless of the presence or type of compatibilizer.

Though the fly ash appears not to interact strongly with the
polymer, it may still realize changes in the thermal and mechanical
properties of the LLDPE blends. DSC analysis was utilized to
identify changes in polymer thermal transitions. Within the
temperature range, all samples underwent a melting transition
around 127°C. No other thermal transitions were observed. The
enthalpy ofmelting was used to compare polymer crystallinity. The
results in Figure 7A suggest that increasing fly ash content may
cause a decrease in the enthalpy of melting. Generally, this would
imply that the polymer crystallinity decreases as fly ash is added,
although a one-way ANOVA test determined that none of the
blends were significantly different. If a downward trend were
observed with further samples, a logical conclusion could be
that crystallinity is reduced as fly ash acts as a defect or hinders
chain mobility, disrupting polymer chain alignment to form
crystals upon cooling. This would, however, suggest some level
of interaction between the fly ash and the polymer, which is not
reflected in the FTIR results.

FIGURE 6 | FTIR spectra of selected (A) fly ash and compatibilizers and
(B) polymer samples including unaltered PCR LLDPE and blends with the
highest concentration of both fly ash and compatibilizer.

FIGURE 7 | Enthalpy of melting data for (A) PCR LLDPE-FA blends without compatibilizer, (B) blends with C22, (C) blends with PGME, (D) blends with PG4M.
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Figures 7B–D show the enthalpy of melting as a function of
compatibilizer composition. There is no clear overall trend and
the data has high variability. Three samples were tested from each
blend, so increasing the number of samples tested could decrease
error. Nonetheless, the results currently suggest that the addition
of a compatibilizer does not impact the enthalpy of melting.
Statistical analysis determined that only the blend with 10 wt. %
fly ash and 2 wt. % PG4M was statistically different from other
blends containing less PG4M. However, it was not statistically
different from the 10 wt. % fly ash blend without a compatibilizer.

The high variation in the DSC analysis could be indicative that
the fly ash may not have been homogeneously dispersed in the
polymer matrix. The particle size/shape analysis suggested that
the particles may be prone to agglomeration, which could cause a
more heterogeneous polymer blend. Additionally, understanding
how the compatibilizers influence fly ash dispersion is important
for identifying potential mechanisms of changes to the blends’
thermal and mechanical properties.

To investigate the level of fly ash dispersion in the polymer,
cross-sections of select representative samples were prepared and
imaged with SEM-EDS (Figure 8). Chlorine and sodium were used
as markers to identify areas with fly ash as those elements were
known to be present from earlier fly ash characterization and are not
detected in the LLDPE alone. There is little qualitative difference
between the samples with and without compatibilizer. Both samples
show similar levels of dispersion. In general, it can be discerned that
the fly ash has been dispersed reasonably well and that the particle
size analysis detected agglomerated particles that were broken apart
and dispersed during extrusion compounding (Figure 8).

Differences in viscosity were investigated through oscillatory
melt rheology experiments. It was observed that the addition of fly
ash at different concentrations did not alter the samples’ complex
viscosity, as demonstrated in Figure 9A. The impact of the three
compatibilizers was also evaluated using blends with a fixed
amount of FA (5 wt. %), with PGME more notably reducing
the complex viscosity, especially at lower frequencies, when

FIGURE 8 | EDS maps of cryofractured cross-sections (A) PCR LLDPE, (B) 10 wt. % Fly ash 1.5 wt. % C22 (C) 10 wt. % Fly ash no compatibilizer. Carbon (left),
chlorine (middle), and sodium (right).
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compared to PG4M and C22. The C22 compatibilizer possessed
the closest rheological behavior to the uncompatiblized blend
(Figure 9B). Different concentrations of the C22 compatibilizer
were tested, with minimal differences noticed through the
frequency range (Figure 9C). These results suggest that the
presence of fly ash mixed with the PCR LLDPE would not
require significant changes to extrusion parameters due to the
minimal changes in viscosity as a function of shear rate. The use of
a compatibilizer, especially PGME, can be considered if it is desired
to reduce the viscosity of the polymer blend; otherwise, its
incorporation would not significantly alter the blends’ viscosity
as observed with different concentrations of C22.

Mechanical performance testing was also performed and the
tensile test results are displayed in Figure 10. In general, the
addition of fly ash alone did not significantly alter the performance
of the Young’s Modulus of about 850MPa and yield stress of about
22MPa regardless of fly ash concentration. This suggests that fly
ash can be blended in recycled LLDPE to reduce landfill
accumulation and reduce cost without detrimentally influencing
mechanical properties. In contrast, the three compatibilizers did
have an impact on tensile mechanical properties. C22 had the most
consistent performance and generally did not reduce modulus or
yield stress. Both PG4M and PGME were more varied and caused
significant decreases in yield stress. Given the minimal changes in
viscosity caused by the three compatibilizers as well as the
statistically insignificant differences in enthalpy of melting, the
specific underlying mechanism causing the altered mechanical

performance between the blends should be investigated in
future research. Further experimentation to fully characterize
the agglomeration behavior of the fly ash would help gain a
better understanding of dispersion within these systems.
Additionally, as crystallinity is an important factor that typically
correlates with tensile properties, more DSC samples would need
to be tested to verify or reduce variability.

An important observation from the tensile analysis is that
none of the compatibilizers caused significant improvement in
tensile mechanical properties relative to the blends without
compatibilizer. Therefore, fly ash can serve as a filler material
without causing changes in Young’s modulus and yield strength
without the need for compatibilizers. In this case, compatibilizers
such as PGME might only be considered to slightly alter viscosity
for processing purposes.

Charpy impact testing was conducted in addition to tensile
testing. The impact strength is a measure of a material’s
resistance to flexural shock, with higher strength indicating
increased fracture resistance, i.e., it requires more energy to
fracture. In many cases, due to the ductile nature of LLDPE, the
samples underwent ductile failure rather than brittle fracture.
The results of the impact testing are in Figure 11. From
Figure 11A, the impact strength decreases significantly with
the addition of fly ash. This corresponds to a transition from
ductile to more brittle failure. Statistical analysis revealed that
the unmodified PCR LLDPE without fly ash was statistically
different from the fly ash blends without compatibilizer.

FIGURE 9 |Complex viscosity plots of (A) PCR LLDPEwith different concentrations of FA, (B) PCR LLDPEwith 5 wt. % FA and 1 wt. % of the three compatibilizers
tested (C) PCR LLDPE with 5 wt. % FA and different concentrations of the C22 compatibilizer.
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Additionally, the impact strength of the 15 wt. % fly ash blend
was statistically lower from the 5 wt. % and 10 wt. %
concentration blends. A small (5 wt. %) amount of added
fly ash will result in a dramatic decrease in impact strength.

Further addition appears to have a slight downward trend in
impact strength.

Figures 11B–D displays the effect of the compatibilizers. In
general, the amount of compatibilizer added does not appear to yield

FIGURE 10 | Tensile test data including Young’sModulus of (A) 5 wt.% fly ash blends, (B) 10 wt. % fly ash blends, and yield stress of (C) 5 wt.% fly ash blends, (D)
10 wt. % fly ash blends.

FIGURE 11 | Impact strength calculated from Charpy Impact test results (A) Fly ash blends without compatibilizer, (B) blends with C22, (C) blends with PG4M, (D)
blends with PGME.
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significant trends in impact strength measurements. However,
statistical analysis indicated that the 5 wt. % blend without
compatibilizer was statistically different from all 5 wt. % blends
with any amount of PGME or PG4M. Similarly, the 10 wt. % blend
without compatibilizer was statistically different from most PGME
and PG4M formulations with the exception of 2 wt. % PGME and
0.5 wt. % PG4M. The C22 compatibilizer, unlike PGME and PG4M,
did not result in a significant difference but did appear to cause an
upward trend in impact strength. Of the C22 blends, only those with
the highest compatibilizer concentration were statistically different
from their non-compatibilized counterparts.

When comparing the impact strength levels of 5 wt. % fly ash
blends, it appears that the addition of even a small amount of
compatibilizer increases impact strength. For example, the 5 wt.
% fly ash sample without compatibilizer has an impact strength of
approximately 20 kJ/m2, but the 5 wt. % fly ash samples
compounded with PG4M were measured to be between
35–50 kJ/m2. The 10 wt. % fly ash blends have lower impact
strength than the 5 wt. % blends in all cases regardless of
compatibilizer. These findings suggest that the sample will
begin to undergo brittle failure after a certain loading of fly
ash regardless of the additives used in this work. However, if fly
ash is loaded at a low enough concentration, the addition of a
compatibilizer aids in preventing brittle failure. It is important to
note that even though the presence of a compatibilizer may
increase impact strength, it does not achieve the same level of
performance as the unfilled PCR LLDPE in all cases. Analysis
shows that only the blends with 0.25, 0.5, and 0.75 wt. % PGME
(5 wt. % FA) and 0.5 and 0.75 wt. % PG4M (5 wt. % FA) are not
statistically different from the unfilled PCR LLDPE.

CONCLUSION

Landfill waste reduction techniques such as recycling and MSW
combustion are vital factors towards sustainable and economical
practices. The growing focus on creating a circular economy has
thus far favored recycling and similar waste stream diversion
techniques over MSW combustion. Burning waste material
generates additional waste by-products in the form of ash
which is currently sent to landfills. However, if the ash could
be used as a component in widely used products such as plastic
consumer goods, it would result in further landfill diversion.

This study analyzed the characteristics of combusted MSW fly
ash and the properties of polymer blends containing fly ash.
Analysis of the fly ash itself revealed that there is a high degree of
variation in particle size, shape, and chemical composition.
Though the overall particle composition was highly varied, the
EDS and ICP testing identified levels of heavy metals that could
pose regulatory concerns. However, fly ash could still be used as a
polymer filler at 1.5 wt. % and still be compliant with the Toxics
and Packaging Act and potentially other applications at higher
concentrations. Further work needs to be completed to test the
leaching of hazardous compounds over time and in different
environmental conditions.

FTIR analysis determined that the fly ash does not detectably
interact with the PCR LLDPE matrix, though further

experimentation indicated it may still cause changes to the
intrinsic polymer properties. The DSC results indicated a
reduction in enthalpy of melting with increasing fly ash
content suggesting fly ash particles may act as defects,
preventing polymer chain alignment. Additionally, the use of
compatibilizers does not seem to have an impact on either the
FTIR or DSC results.

The mechanical properties of the blends are particularly
interesting given that the addition of fly ash up to 15 wt. %
did not cause a significant change in Young’s Modulus or yield
stress. Two of the compatibilizers used in this study reduced
modulus and yield stress and the third left the performance
unchanged relative to the fly ash blend containing no
compatibilizer. These results indicate that in terms of tensile
mechanical strength, MSW fly ash is a viable filler material and
does not require the use of other additives.

The Charpy Impact analysis determined that the
compatibilizers may still provide some benefit. The addition of
fly ash to the LLDPE caused the samples to possess more brittle
failure properties as opposed to the highly ductile failure of the
unmodified LLDPE. Though the compatibilizers are not able to
bring the impact energy of the fly ash blends in line with the
unfilled LLDPE, the impact performance improved strength up to
55 kJ/m2. Specifically, some blends with low fly ash loading and
either PGME or PG4Mwere able to achieve impact strength levels
close to that of the original polymer. The varied results observed
with the compatibilizers may be due in part to the inhomogeneity
of fly ash particle composition.

Overall, the results of this study show that the use of MSW
fly ash as filler material in polymer composites is promising in
terms of the thermal and mechanical properties investigated.
The addition of compatibilizers presents some potential to
adjust composite properties, but more research is needed to
understand the underlying mechanisms. The concentration of
heavy metals in the fly ash could limit potential applications of
composites with higher concentrations. Further research
should assess the safety of the ash along with potential
sources of heavy metals entering the waste management
plant. Despite this, the characterization of the polymer
blends shows that the MSW fly ash and materials similar to
it have the potential to act as a filler material in applications
without heavy metal safety concerns.
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