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i n f o

a b s t r a c t
With oil supplies needed for plastic polymer generation reducing, alterative feedstock materials are required for
polymer producers. Replacement of plastic feedstock with other materials, such as ﬁllers or functional additives,
is a suitable method. Many of these materials are being derived from waste sources, including potential those
derived from poultry production. Eggshell and poultry litter (incinerated into ash – PL(Ash)) have been investigated to determine the eﬀect of using as a high loading ﬁller with polypropylene. Characterisation of both
materials showed each contained minerals suitable for polymer usage, with eggshell consisting of large amounts
of calcium carbonate (common polymer ﬁller). Both were added to polypropylene in loading up to 55% wt., and
were successfully compounded into consistent polymer pellets, followed by injection moulding into test samples.
Despite the use of a relatively large particle size, improvement in Young’s modulus, ﬂexural properties and impact
strength were recorded. Samples however became more brittle with reductions in tensile strength and elongation.
Characterisation showed both eggshell and PL(Ash) adhered with polypropylene, exhibiting full contact between
particles and matrix, verifying potential as a polymer ﬁller material and as a replacement to high amounts of
oil-based polymer feedstock.

1. Introduction
The wide range of uses for polymer materials has led to increased
production rates [1], with more polymers produced between 2000 and
2010 than in the previous century [2]. Plastics (synthetic polymers,
derived from oil) are the most commonly used type of polymer, with
applications including packaging, construction and automotive uses. In
2018, 6.9 billion barrels of oil were used globally to produce around
359 million tonnes of plastics [1]. This high oil usage is due to 1.74 kg
of crude oil being required to produce 1 kg of virgin plastic [3]. Such
high requirements have led to concerns over the reliance on crude oil,
as some predictions are for the world’s supply to run out within the next
100 years [4]. This has initiated a push for the polymer industry to review methods to replace unsustainable feedstock with widely available
materials [5]. In January 2018, the European Commission released ‘A
European Strategy for Plastics in a Circular Economy’ [6]. A long-term aim
of the strategy is to develop alternative feedstocks that will prove more
beneﬁcial than current methods. The production of alternative polymer
feedstocks is one major vision suggested by the strategy:

∗

“Innovative materials and alterative feedstocks for plastic production
are developed and used where evidence clearly shows that they are
more sustainable compared to the non-renewable alternatives”
One avenue showing potential for alternative polymer feedstocks is
the use of waste materials [7]. Waste-derived ﬁllers and functional additives can replace a portion of the unsustainable oil-derived feedstock
with a material that may have otherwise been sent to landﬁll or used
for low value applications [8,9] (Table 1). Traditional ﬁllers often moderately impact existing properties (mechanical, processing, etc.,). Their
major contribution is to lower the cost of materials by replacing the
more expensive polymer [10]. Functional additives, on the other hand,
are materials used to modify the properties of polymers [10,11]. Functional additives can be used in high compositional amounts and can
result in improved mechanical properties, altered surface properties or
appearance, easier processing and reduced production costs, improved
degradation properties, and/or increased lifespan.
Previous research (Table 1) investigated a range of such waste materials. For example, Raju et al. and Binhussain et al. used groundnut
shell (with vinyl ester resin) and palm leaves (with polyvinyl chloride)
in loadings of 60 and 50% wt. respectively [12,13]. Results showed improvements in properties such as tensile strength, Young’s modulus and
impact strength. Other waste materials, including ﬂy ash (from incin-
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Table 1
Examples of waste materials used as polymer feedstocks.
Waste material

Polymer loading (%)

Base polymer

Ref

Groundnut shell
Palm leaves
Wheat straw/corn starch
Date pits
Fly ash
Vegetable Oil
Sugarcane Bagasse

60
50
45
40
30
30
30

Vinyl ester resin
Polyvinyl chloride
Polypropylene
Polylactic Acid
Polypropylene
Epoxy resin
Polypropylene

[12]
[13]
[14]
[15]
[16]
[17]
[18]

erator plants), date pits, wheat straw, and corn starch, amongst others,
have also been researched [14–18].
Many of these waste materials are derived from agricultural resources, created through the generation of food, wood or farming products [19]. Once such industry providing an array of possible waste materials suitable for polymer production is the poultry industry. The poultry industry is growing worldwide [20], with the number of processed
chickens rising by 20 billion between 2006 and 2016 [21]. This increase
in poultry production has been matched by a corresponding increase in
poultry waste. 66 billion chickens are processed globally each year [22],
leading to 68 million tonnes of associated poultry waste. Currently these
wastes are used for fertilisers, compost or pet food [8,9,23], where inadequate management, such as landﬁlling, can result in water and soil
pollution [24]. In addition to the potential environmental problems, current management methods fail to fully utilise the organic and inorganic
material contained in poultry waste streams. The polymer industry offers an avenue for better utilisation of these wastes.
Two materials that have strong potential for polymer integration
are poultry eggshells and litter. Poultry eggshell, a waste product from
hatcheries, contains a high proportion of calcium carbonate, the most
commonly used polymer ﬁller globally [25,26]. Eggshells therefore
could provide a sustainable resource of this mineral. Poultry litter is
the most abundant poultry waste material, with a single chicken producing 1.4 kg over its lifespan (~40 days) [27]. While the presence of
hazardous bacteria and materials makes it unsuitable for use in its raw
form [28], incineration (above 800 °C) can be carried to produce a fully
inorganic poultry litter ash (PL(Ash)), suitable for polymer use, along
with generating energy [8]. Previous research using these materials has
been limited.
Toro et al. used eggshell as a ﬁller with polypropylene [25], and
compared to pure calcium carbonate and talc as 40% wt. ﬁllers. Higher
tensile moduli were attained using eggshell compared to pure calcium
carbonate. Scanning electron microscopy (SEM) images showed eggshell
exhibiting better incorporation with polypropylene than calcium carbonate. No reasoning for this trend was discussed, however it may be
due to other minerals in eggshell providing additional reinforcement or
improved matrix adhesion. Sutapun et al. used eggshell in 40% wt. loadings with high density polyethylene (HDPE) [29]. Young’s modulus and
ﬂexural properties all increased with higher eggshell content, demonstrating potential for increases in mechanical properties while reducing production costs and the need for petroleum-based feedstock. Igwe
et al. utilised eggshell as a ﬁller with polypropylene in loadings of 0 –
40% wt. for injection moulding [30]. Tensile strength, modulus, ﬂexural strength, impact strength and hardness all increased with eggshell
content, with a decrease in elongation values, cited by the author to be
due to the strong integration of eggshell with polypropylene. The author
also cited the potential for cost savings from use of eggshell as a ﬁller
(eggshell can be produced for cheaper than polypropylene, and addition
won’t increase compounding costs).
No research has previously used raw poultry litter for polymer uses
due to the presence of hazardous materials [28]. Methods such as pyrolysis (to produce biochar [31]) or incineration (yielding ash) can, however, transform poultry litter into a useable feedstock material. Das et al.
developed polypropylene composites incorporating a biochar mix de-

rived from poultry litter, CaCO3 , pine wood, chicken excreta and spilled
feed [32]. The authors cited substantial ‘interlocking’ with the polymer
matrix and attributed this to the porous topography of the biochar particles. A maximum loading of only 24% wt. ‘poultry litter’ biochar was
used less than that achieved using ash (e.g. ﬂy ash, rice husk ash) as
cited by other researchers [33,34]. Khalaf et al. used incinerator ﬂy ash
with HDPE in loadings up to 40% wt. [33]. Loadings of 40% wt. ash
allowed for an improvement in tensile strength and modulus, and ﬂexural strength of between 22 and 80%. However, the addition as a ﬁller
material caused the material to lose ductility and become stiﬀer, seen
with decreases in impact strength and elongation values of up to 90% at
similar ash loadings. Both Igarza et al. and Gummadi et al. reviewed using ﬂy ash with polypropylene in maximum loadings of 30 and 25% wt.
respectively [16,35]. Tensile and ﬂexural values increased with higher
ash contents, while elongation decreased. Fuad et al. successfully used
rice husk ash with polypropylene in a maximum loading of 40% wt.
[34]. In contrast to results for ﬂy ash, a drop in tensile strength was noticed with increasing ash content. Impact strength also decreased, while
ﬂexural properties increased with higher ash loadings.
Literature has suggested eggshell and PL(Ash) as a sustainable alternative to calcium carbonate (currently the most commonly used polymer
ﬁller) or talc. In literature eggshell has only been used in a maximum
ﬁller content of 40% wt. [25], yet calcium carbonate has shown potential to be used in much higher contents (~50+%) [36]. This suggests
that the percentage of eggshell ﬁller could be increased, particularly as
it showed good mechanical properties with polypropylene and polyethylene in high loadings. Similarly, although there is a lack of research in
PL(Ash), data for other ash types suggests high loadings are achievable.
A detailed composition analysis of the two materials has not also been
conducted; this research is needed to accurately determine what minerals/organics are present and their associated eﬀect on polymer properties.
With the overall goal of using eggshell and PL(Ash) as high loading
polymer ﬁllers, the aims of this work are to 1) develop a detailed composition of eggshell and PL(Ash) received directly from a poultry producers and incineration plant respectively, 2) achieve higher ﬁller loadings
with base polymer of polypropylene than those previously gained in literature, 3) record the eﬀect on mechanical properties via the addition
of these ﬁllers, and 4) examine changes in base polymer characteristics
of using eggshell and PL(Ash) as ﬁllers.
2. Materials and methods
2.1. Sample preparation
Poultry eggshells were obtained from the Moy Park (Armagh, UK).
Eggshells were dried by heating at 100 °C for 6 h. Grinding using a
pestle and mortar was carried out until a ﬁne powder was produced.
PL(Ash) (incinerated at >800 °C) was obtained from an incinerator plant
in Norfolk, UK. No further processing of the ash was required and it was
used as received.
Ineos 200-CA13 grade polypropylene was purchased commercially
as pellets and transformed into a powder using cryogenic grinding. Pellets were submerged in liquid nitrogen (–190 °C) for 10 min (to become
brittle) and ground using a Wedco SE–12–TC Pilot grinding machine
(Wedco, Austria) consisting of two parallel plates, 500 μm apart, each
consisting of 480 teeth. One plate remained stationary, while the second
rotated at a speed of 10,000 rpm allowing for a consistent powder to be
generated.
Laser diﬀraction was utilized to analyse the particle size distribution
using a two-laser Sympatec HELOS/BF particle sizer (Sympatec Limited,
UK) with a 0.25 – 350 μm range. This involved placing 0.05–0.1 g into a
50 ml glass cuvette with 30 ml water. To promote dispersion within the
cuvette, sonication was applied and a stirrer was rotated at 1200 r/min.
After sonication for 60 s three 30 s readings were taken 30 s apart and
recorded.
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2.2. Material characterisation
Characterisation using X-ray diﬀraction (XRD) and X-ray ﬂuorescence (XRF) was conducted to determine a detailed composition of both
eggshell and PL(Ash). XRD outlines the compounds present and their
individual quantity and form, while XRF outlines the elements present
and their quantities. XRD was carried out using a Philips X-Pert Pro-MPD
diﬀractometer (Philips, Netherlands) with a copper radiation source and
an X’Celerator detector and samples of mass 3 g. The X-ray tube rotated
in steps of 0.0167° from 5 – 65° X’Pert High Score and X’Pert Plus software Version 2.2 were used when comparing the results to a structural
database.
XRF was conducted using a Hitachi X-Supreme 8000 XRF analyser
(Hitachi, Japan). In the XRF process, an x-ray is projected onto the sample, and the diﬀracted ray is then picked up by a detector. Oxide-toelement conversion tables [37] were used to transform XRF readings,
which were in mineral oxide, into parts per million (ppm) of raw material form. The individual compound forms reported in the XRD results
were analysed with element-to-compound (carbonate or oxide) conversion factors [38] to determine the chemical composition of the materials
[39].
2.3. Polymer preparation
Eggshell (comprising both outer shell and membrane) and PL(Ash)
where mixed with polypropylene using a Prism Piot 3 high speed mixer
(Thermo-Scientiﬁc, US). Eleven batches of pure polypropylene, along
with 5, 10, 25, 40 and 55% wt. eggshell or PL(Ash), were prepared.
Batches of 2 kg were mixed at 2200 rpm for 3 min and stored, before
being dried in an oven at 65 °C for 24 h prior to compounding.
2.4. Compounding
Compounding into a polymer ﬁlament was carried out using a Collin
ZK25 (Collin, Germany, L/D of 25:1) co-rotating twin screw extruder.
The extruder barrel consisted of ﬁve heating zones, with a sixth at the
die, set to 180/185/200/200/205/205 °C with a screw speed of 200 rpm
used for all samples. The polymer mix was extruded at a rate of 5.8 kg/h
through a 5 mm die and directed into a water bath to provide cooling before pelletizing. It was observed that eggshell polymers absorbed
moisture from the cooling bath, and drying at 90 °C for a period of 24 h
was therefore carried out prior to injection moulding. This process was
not required for PL(Ash) samples.
2.5. Injection moulding
Injection moulding was carried out on an Arburg 320S injection
moulder (Arburg, Germany), ﬁtted with ﬁve heating zones (nozzle
present at the ﬁfth) set to 200/205/210/215/220 °C. An unheated family mould, ensuring cooling on contact, was used to produce samples for
tensile, ﬂexural and impact testing. 40 cm3 of molten material (volume
of mould) was injected into the mould under 800 bar of pressure before
100 bar of pressure was applied to the mould for 6 s to ensure complete
ﬁlling. Samples were cooled for 20 s before ejection from the mould.
2.6. Polymer characterisation
Prior to mechanical testing samples were conditioned at 23 °C (room
temperature) for 88 h based on ASTM D618 standard.
2.6.1. Tensile testing
Tensile testing was carried out on a Lloyd’s LRX 2.5 kN tensile test
machine (Lloyd Instruments, UK) using dog-bone samples of standard
ISO–527, with a gauge length of 60 mm. Samples (n = 10) were tested
at a rate of 50 mm/min until failure.
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2.6.2. Flexural testing
Flexural testing was carried out on a Lloyd’s LRX 2.5 kN tensile
test machine (Lloyd Instruments, UK) using the three-point testing apparatus and set up in accordance with ISO–178 with samples of size
80 × 10 × 4 mm and span of 64 mm. A speed of 2 mm/min was applied to each sample (n = 10) and run until a deﬂection of 10 mm was
recorded.
2.6.3. Impact testing
Impact strength was measured using the Ceast Fractious Falling Dart
Impact testing machine (Instron, US). The test was set up in accordance
with ISO–6603 and all samples were tested at room temperature. Specimens (n = 10) were tested using an 8 kg dart dropped from a height of
1 m.
2.6.4. Rheology
Rheology analysis was performed on a Malvern Rosland Precision
Advanced Capillary Extrusion Rheometer (Malvern, UK) and run at a
temperature of 200 °C. The test was conducted in air at diﬀerent shear
rates from 100 (shows behaviour during extrusion) to 2000 s − 1 (behaviour during injection moulding).
2.6.5. SEM
SEM testing was carried out using a Jeol 6500 FEGSEM (Jeol, Japan)
operating with an acceleration voltage of 3 – 5 kV. Fracture surfaces of
composite tensile test specimens were cut and glued to the SEM stubs,
sputter coated with a 50 nm gold layer and imaged at magniﬁcations
between 50 and 6000. The ground eggshell and as received PL(Ash)
powder was also analysed.
2.6.6. Fourier transform infrared spectroscopy (FTIR)
FTIR was carried out using a Perkin-Elmer spectrum Fourier Transform Infrared Spectrometer (Perkin Elmer, US) ﬁtted with a zinc selenide attenuated total reﬂectance crystal. Attenuated Total Reﬂection (ATR) was used due to limitations in sample format and the lack
of transparency in samples. Three separate scans on square sections of
3 mm × 3 mm were conducted at wavelengths of 650 – 4000 cm−1 , at
a spectral resolution of 4 cm−1 using consistent anvil pressure.
3. Results and discussion
3.1. Material characterisation
The D50 values of eggshell, PL(Ash) and polypropylene powder samples determined via laser diﬀraction were 37.7, 42.2 and 22.0 μm respectively.
Carrying out XRD and XRF allowed a detailed composition of both
eggshell and PL(Ash) to be gained (Table 2). As previously outlined in
literature [29], eggshells consist largely of calcium carbonate, making
up 85.3% wt., existing entirely in the outer shell. The inner membrane,
making up 8.1% of eggshell weight, consists entirely of organics including collagen [40]. Other minerals, including quartz and magnesium oxide, are also present in small amounts. The presence of these additional
minerals in eggshell has the potential to provide improved properties
compared to pure calcium carbonate use [41]. PL(Ash) was found to be a
potassium-rich material, with compounds of potassium sulfate and chloride. Calcium, sodium and phosphorus compounds were also present.
This composition diﬀers from other ash materials used previously as
polymer ﬁllers in literature. Both rice husk ash and ﬂy ash contain a
high amount of silicon dioxide [42], while ﬂy ash also contains aluminium oxide in high amounts; neither of these compounds are present
in PL(Ash) [34,43]. Given these diﬀerences, it can be determined that
previously used processing techniques using other ash types may not
be successful with PL(Ash) meaning new research is therefore required
to investigate suitable processing parameters. Characterisation results
showed that both materials contain a wide array of minerals suitable
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Table 2
Composition of poultry eggshell and PL(Ash).
Eggshell

PL(Ash)

Compound

Composition (%)

Compound

Composition (%)

Calcium Carbonate
Organics (Membrane)
Quartz
Magnesium Oxide
Other

85.3
8.1
1.8
1.4
3.4

Potassium Sulfate
Potassium Chloride
Calcium Phosphate
Sodium Fluoride
Phosphorus Pentoxide
Other

41.3
24.5
23.3
5.2
1.5
4.2

Fig. 1. Polymer pellets produced using eggshell and PL(Ash) as ﬁllers.

for polymer improvement in terms of appearance, mechanical and morphological properties.
3.2. Compounding/Injection moulding
The use of eggshell and PL(Ash) in loadings of 55% wt. with
polypropylene was successful in producing cohesive polymer samples
(Fig. 1) and veriﬁed the potential of poultry waste streams, in the form
of eggshell and litter (incinerated into ash), as replacements for oil-based
feedstock. Such loadings are higher than those of many common polymer ﬁllers used with polypropylene. Talc and calcium carbonate have
only previously been used up to 50% wt. [36,44,45], while wollastonite
and mica have only been used up to 40% wt. [46,47]. Fly ash (silicon
rich) is the only other ash type used, but it was used in much lower loadings (30% compared to 55% wt.) than PL(Ash) (potassium rich) [16].
Speciﬁc mechanical energy input values (energy needed to extrude
1 kg of polymer) were calculated to determine changes with ﬁller addition. A value of 6.2 MJ/kg was recorded for pure polypropylene, which
increased to 8.9 and 9.6 MJ/kg respectively for 55% wt. eggshell and
PL(Ash) ﬁlled samples. This increase suggests a possible increase in processing energy demands using high ﬁller loadings. In both cases, the use
of eggshell- and PL(Ash)-ﬁllers results in a change in appearance of the
base polymer from clear/translucent polymer to that of ﬁller material
(Fig. 1), i.e. light brown for eggshell samples and matte grey for PL(Ash).
Pigments or colourants could be added in future to adjust polymer appearance to desired values.
From polymer pellets, secondary processing using injection moulding was carried out to produce samples for mechanical testing. Even
at the higher loadings (greater than 40%), samples were successfully
moulded with no defects or voids present. The success of injection
moulding of samples outlines that other secondary processes such as
proﬁle or sheet extrusion could be carried out on eggshell or PL(Ash)
loaded polymers.
3.3. Polymer characterisation
Results for tensile, ﬂexural and impact tests were recorded for all
samples (Fig. 2).
3.3.1. Tensile testing
With a signiﬁcant loading of eggshell and PL(Ash) used, signiﬁcant changes in tensile properties were expected (Fig. 2A – C). Tensile

strength dropped from 29.8 MPa for raw polypropylene to 16.3 and
16.5 MPa, while elongation dropped from 28.0% to 1.2 and 0.5% for
55% wt. loaded eggshell and PL(Ash) samples respectively. However,
the addition of ﬁller materials caused increased polymer stiﬀness, seen
in Young’s modulus values. Young’s modulus changed from 462 MPa
for raw polypropylene to 597 and 764 MPa respectively for the 55% wt.
eggshell and PL(Ash) samples. The addition of an inorganic ﬁller has increased rigidity, had a detrimental eﬀect on mechanical properties, and
yielded a material with a hard and brittle nature [48]. This stiﬀer nature
causes a decrease in strain properties resulting in increased stiﬀness and
therefore higher Young’s modulus [10].
3.3.2. Flexural testing
Both ﬂexural strength and modulus values increased with eggshell
and PL(Ash) addition (Fig. 2D and E). At 40% wt. ﬁller, ﬂexural strength
increased from 25.8 MPa for raw polypropylene to 30.1 and 30.8 MPa
respectively for eggshell and PL(Ash) samples. In both cases, ﬂexural
strength dropped (to below that of pure polypropylene) at 55% wt.
loading. Flexural modulus increased from 1095 MPa for polypropylene
to 2670 and 3158 MPa for eggshell- and PL(Ash)-ﬁlled samples respectively for 55% wt. loadings. Results showed that the addition of eggshell
and PL(Ash) enabled polypropylene to withstand increased ﬂexural demands, even at high loadings.
3.3.3. Impact testing
The addition of eggshell and PL(Ash) resulted in increased impact strength for polypropylene (Fig. 2F). At 55% wt. loadings, impact strength increased from 0.35 kJ/m for raw polypropylene to 0.62
and 0.59 kJ/m for eggshell and PL(Ash) samples respectively. Impact
strength is an important property for applications including packaging,
to avoid ruptures during transit, etc. which may damage contents e.g.
food.
3.3.4. Rheology
Recorded pressure values during extrusion indicated an increased
viscosity with higher ﬁller loadings (Table 3). Rheology testing provided
data to determine changes in viscosity with the addition of eggshell and
PL(Ash).
The rheology data showed that with increasing eggshell and PL(Ash)
loadings, the viscosity values at 55% wt. were over three times higher
than that of raw polypropylene, showing that the addition of the ﬁllers
generated a denser polymer melt. In raw form, molten polymer exists as
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Fig. 2. Results for A) tensile strength, B) elongation, C) Young’s modulus, D) ﬂexural strength, E) ﬂexural modulus and F) impact strength.

Table 3
Viscosity values at shear rate of 100 s − 1 .
Filler Loading

Eggshell (Pa.s)

PL(Ash) (Pa.s)

0
5
10
25
40
55

203
222
215
324
512
597

203
293
317
454
534
612

a ﬂuid material and a low viscosity is observed. The addition of eggshell
and PL(Ash) puts a solid material into the mix, increasing viscosity with
higher addition. This was observed with increases in speciﬁc mechanical energy input during extrusion for ﬁlled samples compared to pure
polypropylene (8.9 and 9.6 MJ/kg at 55% wt. compared to 6.2 MJ/kg).

Although viscosity changes were recorded with the addition of
eggshell and PL(Ash), these changes were lower than those reported
with the use of calcium carbonate ﬁller. Chaﬁdz et al. used a starting
material of similar viscosity to the material used in this study and noted
an increase of 80% with 15% wt. calcium carbonate loading [49]. However, with eggshell (~85% CaCO3 ), an increase of only 37% in viscosity
was calculated at equivalent loading. This could mean that the membrane or other inorganic minerals provide a lubricating eﬀect and reducing viscosity values compared to pure calcium carbonate [50]. The
observed increase in viscosity with eggshell and PL(Ash) ﬁllers compared to pure polypropylene may increase processing energy demands
compared to base case scenario. However, with eggshell and PL(Ash)
requiring low processing to produce a material for polymer production,
compared to standard oil-based feedstock, overall energy demands will
likely be lower.
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3.3.5. SEM
SEM images of raw materials and high loaded polymer samples were
taken to highlight the morphology of the varying samples (Fig. 3). Images were obtained at magniﬁcations of between 50 and 6000.
The even dispersion and strong interaction of eggshell and PL(Ash)
with polypropylene can be seen (Fig. 3E – H). Both materials were successfully integrated into polypropylene with surface interaction via closure between polymer and ﬁller. Particles can be seen to be adhering
to the polymer surface, suggesting strong compatibility, and explaining
why 55% wt. loadings were achieved. It can be noticed that there is a
build-up of particles in certain areas, suggesting particle aggregation is
occurring, likely due to ﬁller interaction networks created via high ﬁller
loadings
One problem that arose during processing of eggshell samples, observable in a distinct area of the SEM images, was high moisture absorbence. The SEM images showed the porous nature of eggshell-ﬁlled
polymers (Fig. 3B), which absorbed large amounts of moisture when
passing through the cooling bath. Drying to remove moisture was required to avoid a volatile material being injection moulded [51], as
this could lead to unpredictable material behaviour during processing.
Changes to the processing line (i.e. air cyclone cooling as opposed to water cooling) or addition of processing aids to avoid moisture absorption
could be used to address this issue.
3.3.6. FTIR
In order to compare the FTIR scans of pure polypropylene with
eggshell and PL(Ash) samples, FTIR results for ﬁlled samples needed
to be adjusted, i.e. to avoid comparing samples of 45% polypropylene
to one of 100%. Re-scaling the ﬁlled samples to 100% polypropylene
levels shows all 55% wt. ﬁller peaks to be lower than the corresponding
100% polypropylene peaks (Fig. 4).
FTIR results showed consistent losses in absorbence values upon addition of eggshell and PL(Ash) ﬁllers. Results indicate that the structure
of polypropylene, has not been altered by the presence of ﬁller, only that
the level of covalent bonds in polypropylene has been reduced. While
two additional peaks emerge within 55% loaded PP, at 1095cm−1 (with
a shoulder peak at 1185 cm-1), these can be attributed to the PL(Ash)
with the same peaks appearing in the as-received material. Shah et al.
stated that if raw and ﬁlled samples have identical spectra pattern this
is indicative of no bonding/interaction between ﬁller and polymer, with
materials acting as a mixture [52]. If peaks had signiﬁcantly shifted or
spectra had changed pattern this would have suggested alteration of the
base structure through strong chemical bonding. The change in spectra
observed is directly linked to the generation of ﬁller-ﬁller and ﬁllermatrix interactions which disrupt the polypropylene matrix, reducing
the quantity of covalent bonds and therefore the absorbence peaks observed. With no new peaks, in addition to those found in PP or PL(Ash),
or loss of existing ones observed, this demonstrates that no chemical
bonding occurred between eggshell or PL(Ash) with polypropylene. This
was expected given the dissimilar nature of the two materials, with
bonding more likely to occur by surface compatibility or closure between the polymer matrix and ﬁller particles (as seen in SEM images)
in this case [52].
It should be noted that the interpretation of these graphs may be impacted by the limitations of using FTIR for quantitative analysis. The use
of ﬁllers may alter surface topography, altering contact regions between
sample and Attenuated Total Reﬂection (ATR) crystal resulting in a ﬂuctuation in apparent absorbence. The use of three separate samples (for
each material) with an average taken and the application of consistent
anvil pressure mitigates errors due to topography. Indeed, absorbence
levels were consistent across all three samples tested.
3.3.7. Trends in results
Previous research by Igwe et al., Igarza et al. and Gummadi et al.
showed that the addition of eggshell and ﬂy ash improved tensile
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strength at loadings above 30% wt. [16,30,35], however the results in
this study showed a decrease in tensile strength values with increased
ﬁller loadings. This is likely due to the larger ﬁller particle size used
in the current study. Igwe outlined that certain properties, such as tensile and impact strength, decrease with a higher particle size [30]. The
eggshell and PL(Ash) powders used in the current study had a D50 value
of 37.7 and 42.2 μm respectively, while those used in literature had particle sizes less than 10 μm [53,54]. In order to produce a powder of size
<10 μm, specialized equipment and increased production costs would
be required; for more eﬃcient production, a decision was made in this
study to keep processing requirements to a minimum. Eggshells were
ground using a pestle and mortar and PL(Ash) was used as received. Despite the reduction in tensile strength, the use of a larger particle size
resulted in improved Young’s modulus, ﬂexural properties and impact
strength compared to pure polypropylene.
Another interesting trend in the results was the low impact on many
material properties in loadings under 10% wt. using both eggshell and
PL(Ash). Tensile strength, Young’s modulus, Impact strength and ﬂexural properties have all remained constant up to 10% wt. loadings (as
evidenced by overlapping error bars, Fig. 2). However, and elongation
has exponentially decreased. A similar trend was recorded and discussed
by Erklig et al., Shogren et al. and Bergmann et al. [55–57]. When a
ﬁller material is added to a polymer, it weakens its polymer matrix and
tries to form new networks (namely ﬁller-ﬁller and ﬁller-matrix interactions), typically inducing a detrimental impact (loss) on mechanical
properties. However, as reported by Gu et al. [58] when a suitable (compatible) ﬁller in low loadings is added to a polymer, such networks are
incapable of forming, and instead interfacial adhesion occurs between
the polymer and ﬁller. This level of adhesion (in loadings up to 10%
wt. with both eggshell and PL(Ash)) has not adversely impacted the
tensile strength, impact strength, Young’s module, ﬂexural strength and
ﬂexural modulus. However, the reduction in covalent bonding observed
(Fig. 4) has negatively impacted the ductility of the material (elongation%, Fig. 2).
While the addition of <10% loading reduced the quantity of covalent bonding and had limited impact on mechanical properties (with the
exception of elongation) loadings >10% wt. (critical content value), increased the development of ﬁller-ﬁller and ﬁller-matrix networks. The
impact on mechanical properties has been increased Young’s Modulus
and ﬂexural properties. This increase comes despite the further reduction of covalent bonds present at 55% loading (Fig. 4) indicating the
increase in these mechanical properties can be attributed to the formation of these ﬁller-ﬁller and ﬁller-matrix networks.
As highlighted by Gu et al. during the development of PLA and calcium carbonate composites, at low loadings there is an inability to create
ﬁller networks and only matrix disruption is evident. In the case of their
CaCO3 /PLA mixes, this disruption of the matrix yielded a reduction in
viscosity which was not apparent here. Correlation with Gu et al. was
more apparent where increased loadings led to a signiﬁcant increase in
polymer melt viscosity.
The viscosity results (Table 3) would appear to indicate that at low
levels <10% eggshell has less ability to create networks than PL(Ash).
The change in viscosity for 10% eggshell increases by only 12 Pa.s as
opposed to an increase of 114 Pa.s for PL(Ash). However, in both instances, no drop in viscosity was observed, therefore it could be argued
that the aﬃnity to create ﬁler-ﬁller networks oﬀsets the impact of reduced covalent bonding.
3.4. Overview of eggshell/PL(Ash) polymers
The addition of eggshell and PL(Ash) to polypropylene in loading
up to 55% wt. have shown to have signiﬁcant eﬀect on many polymer
properties (Table 4).
This results show that the addition of eggshell and PL(Ash) as polymer ﬁllers not only replaces unsustainable feedstock and lowers costs,
but also improves as useful property in impact strength (as with Young’s

T. McGauran, N. Dunne, B.M. Smyth et al.

Composites Part C: Open Access 3 (2020) 100080

Fig. 3. SEM images of A) raw poultry eggshell (× 1000), B) raw poultry eggshell (× 6000), C) raw PL(Ash) (× 3500), D) raw polypropylene (× 50), E) 55% wt.
eggshell (× 50), F) 55% wt. eggshell (× 200), G) 55% wt. PL(Ash) (× 100), H) 55% wt. PL(Ash) (× 500).
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Fig. 4. FTIR comparisons of A) eggshell and B) PL(Ash) loaded samples to pure polypropylene.

modulus and ﬂexural properties) outlining potential beneﬁt of incorporation for the polymer industry. Interestingly the change in properties
compared to pure polypropylene is similar for both eggshell and PL(Ash)
samples. This is surprising given the relative diﬀerence in their compositions i.e. eggshell rich in calcium carbonate, PL(Ash) rich in potassium
sulphate.

The addition of both eggshell and PL(Ash) changed the polymer
from a strong, ductile, ﬂexible, ﬂuid material to a tough, stiﬀ, viscous
but weaker polymer. This is not surprising given the high loading of
waste material. The properties of these polymers limit possible applications, but in some causes (ﬂexural/impact properties) improve upon
pure polypropylene. This shows that a waste material can be taken from
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Table 4
Eﬀect on polymer properties from 55% wt. loadings of eggshell and PL(Ash).
Percentage change
Property

Change

Tensile Strength
Elongation
Tensile Modulus
Flexural Strength
Flexural Modulus
Impact Strength
Viscosity

Eggshell

PL(Ash)

↓
↓
↑

45
96
29

45
89
65

↓
↑
↑
↑

1
144
77
194

16
188
69
202

Implication
Reduction in overall strength and elongation meaning unsuitable for applications experiencing
high loadings
In combination with reduced tensile strength higher forces are required to attain comparative
levels of elongation
Polymer more resistant to ﬂexural bending, while maintain original strength. Better than pure
polypropylene for applications subjects to ﬂexing
Ability to resist sudden loads, etc. Ideal for applications in outdoor or packaging uses
Increased energy demands for processing. May cause diﬃcult to process as more viscous

an agricultural industry, have minimal processing conducted (grinding
into powder or incineration) and be used as a high loading polymer
ﬁller improving upon certain useful properties. The success of two relatively diﬀerent agricultural waste streams also suggests that materials
derived from food, farming, forestry, animal, etc. industries could also
be reassigned for polymer production.
Although not calculated, another major beneﬁt from the use of
eggshell and PL(Ash) as ﬁllers would likely reduce the production costs
for polymer production, as previously outlined by Igwe et al. [30]. Both
eggshell and litter (into ash) required minimal processing to produce a
material suitable for polymer addition and could be sourced locally. This
is in comparison to raw plastic feedstock which requires high amounts
of expensive crude oil, reﬁning and transportation before use. The potential to replace 55% wt. of plastic feedstock with a inexpensive ﬁller
will likely enable signiﬁcant reduction in production costs given the vast
amount of poultry waste produced. Not only can incorporation prove ﬁnancially beneﬁcial to polymer production, but also to poultry producers
by re-valorising materials traditionally considered as waste.
Conclusions
This investigation has shown that eggshells and PL(Ash) (incinerated product of poultry litter), derived from the poultry industry, can
be used as high loading polymer ﬁllers with polypropylene. The main
conclusions from this study are:
•

•

•

•

•

•

Calcium carbonate is the dominant mineral in eggshells, making up
85.3% total weight. Potassium sulfate and potassium chloride are
the most abundant minerals in PL(Ash), making up 41.3 and 24.5%
wt. respectively.
Loading of 55% wt. eggshell and PL(Ash) can be incorporated in
polypropylene, with samples successfully compounded and injection
moulded. These loadings are generally higher than previously used
in literature using similar and common polymer ﬁllers.
Increases to Young’s modulus, ﬂexural properties and impact
strength were recorded using 55% loading of each ﬁller.
Use of particle sizes larger than those of common ﬁllers resulted in
a decrease in tensile strength. Finer particle sizes may allow for tensile strength increase, but would require additional pre-processing
of samples.
Tensile and ﬂexural properties remained stable up to 10% wt. ﬁller,
due to polymer matrix disruption being oﬀset by ﬁller adhesion. Use
of higher loading caused the polymer to become stiﬀer, leading to
changes in mechanical properties.
The addition of eggshell and PL(Ash) caused disruption of the
polypropylene matrix, with SEM images showing surface compatibility between use of eggshell and PL(Ash) as the method of bonding
between ﬁller and polymer.

The research has proven that materials currently considered as waste
streams can be incorporated successfully into the polymer industry. This
allows for the replacement of high amounts of raw plastic feedstock (derived from unsustainable resources), allowing savings of ﬁnite crude oil

supplies. This supports societal and government demands for reassigning sustainable materials for new uses.
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