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Abstract

Recycling of plastic waste is considered a key intention in regards to the continuous growth of plastic industry. In this 
work, new composite based on recycled polystyrene (R-PS) was prepared in the presence of eggshell powder (ESP). 
This was to make a value-added plastic material based on polystyrene. To further extend its performance, calcium 
carbonate (CaCO3) was used as secondary filler to optimize its performance. It is observed that the stabilization torque 
of composites decreased with increasing the weight percent of CaCO3. Increasing the amount of CaCO3 has increased 
the mechanical properties such as Young’s modulus, tensile strength, elongation at break and impact strength of the 
composites. These findings corresponded well to SEM images. It revealed homogenous dispersions of CaCO3 throughout 
R-PS matrix in comparison to ESP alone which formed agglomerations in R-PS matrix. Further evidence on thermal 
stability has confirmed that CaCO3 provided better heat resistance over the ESP.
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1. Introduction

Polystyrene is one of the most widely used plastics in 
many applications i.e., food packaging, home appliance, 
consumer goods and so forth. Polystyrene is similar to 
other types of plastic which is non-degradable after use. 
The abundant of these products has brought to several 
environmental issues. Therefore, special attention is devoted 
to recycling, reuse, and making them biodegradable by 
various approaches[1,2]. The first approach is considered to 
be most possible way to reduce the discarded polystyrene. 
To date, the recycling of polystyrene mainly includes 
mechanical, thermal and chemical methods. The mechanical 
recycling is one among the methods that has a cost-effective 
and good environmental option. This technique deals with 
grinding the polystyrene waste and reprocesses into a new 
raw material. However, the products obtained from this 
process still possesses low mechanical properties due to 
degradation aspect[3-5]. Hence, recycled polystyrene with 
remarkable performance was to develop to overcome this 
situation while prevailing sustainability.

Introducing fillers to the recycled plastics is another route 
to increase some properties to the composite. There are two 
main types of fillers available in the plastic industry which 
are reinforcing and non-reinforcing fillers. Reinforcing fillers 
are used to improve the strength and abrasion resistance 
to the composites[6]. However, for some cases where cost 

and processability are essential, the use of non-reinforcing 
fillers are suggested. Calcium carbonate (CaCO3) is a good 
example of non-reinforcing fillers that has been widely used 
in plastics. For instance, polypropylene[7], polyethylene[8], 
polystyrene[9] and so forth. It can be said that CaCO3 is 
still a filler of choice in plastic industry. However, the 
advancement of plastic technology introduces a new era 
in the environmental and industrial field of green research. 
Therefore, searching for an alternative source of filler that is 
chemically similar to CaCO3 is challenging in the near future.

Traditionally, most eggshell waste is discarded to landfills 
without further processing. For economic aspects, eggshell 
waste can be used to convert biomaterials into commercial 
products and creates new values from these waste materials. 
It is known that eggshell waste contains lots of valuable 
organic and inorganic components which can be used in 
many applications. The chemical composition (by weight) 
of eggshell has been reported to consist mainly of a mineral 
part (95%) of calcite crystals and a pervading organic matrix 
(1–3.5% of the remaining material)[10-13]. Thus, it can be 
considered a good source of CaCO3. Since CaCO3 is by far 
an important and the most widely used filler because of its 
whiteness, low abrasion, availability in wide-size ranges and 
low cost. Consequently, If the eggshell is prepared properly, 
it is not only a filler added to reduce costs but today it is 
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the material engineering for the different requirements of 
modern products

Despite replacing the CaCO3, the point of application 
of chicken eggshell waste was to ensure that hybrid fillers 
based on these two fillers would be able to provide synergistic 
properties. To date, there has been a limited report on the 
properties of ESP/CaCO3 hybrid filled R-PS composites. 
Due to the above reasons, the effect of ESP/CaCO3 hybrid 
fillers on the properties of R-PS composites is thoroughly 
investigated.

2. Materials and Methods

2.1 Materials

The materials used for compounding the composites 
is listed in Table 1. All the materials were used as received 
except for the eggshell powder (ESP) which was ground 
until desired particle size.

2.2 Preparation of Eggshell Powder (ESP)

The collected chicken eggshell waste was cleaned, 
washed and dried prior to proceed to the grinding step. The 
mechanical grinding supplied by Rong Tsong Precision 
Technology Co. Ltd. was used in the grinding process. The 
obtained powder form of ESP was sieved using a sieve No. 
200 where the size ranging from 30 – 150 μm was used for 
compounding.

2.3 Preparation of Composites

The formulation used for preparing ESP/CaCO3 hybrid 
filled R-PS composites is listed in Table 2. ESP and CaCO3 
were dried in an oven at 105 °C for 2 h before mixing. All 
the compounding ingredients were melt-mixed in a Thermo 
HAAKE PolyDrive internal mixer with co-rotating blades. 
The compounding was carried out at 180 °C for a total of 
8 min with rotor speed of 60 rpm. First, R-PS was charged 
and ESP and/or CaCO3 was added after 4 min of mixing. 
The mixing was continued and left for another 4 min. The 
mixing torques were recorded until dumping out from the 
internal mixer. Lastly, resultant compounds were weighed 
at approximately 30 g and placed inside the mold prior to 
undergo the compression-molding process using a hydraulic 
press from GoTech Testing Machines Model KT-7014 A. 
The compounds were preheated first for 6 min, followed by 

compression molding for 2 min at a temperature of 180°C. 
The samples were then cooled under pressure for 3 min at 
ambient temperature.

2.4 Measurement of mechanical properties

Tensile tests were performed using a Universal Testing 
Machine (UTM) Instron Model 3366 according to the ASTM 
D638. The samples were pulled at a crosshead speed of 1 
mm/min with a constant gauge length of 100 mm. The results 
of the Young’s modulus, tensile strength and elongation 
at break were discussed. As for the impact test, a sample 
with the dimension of 64 x 12.7 x 3.2 mm was prepared 
for un-notched Izod impact test. It was carried out using a 
Zwick Impact Tester Model 5101 according to ASTM D256.

2.5 Scanning electron microscopy

The morphological observation was carried out using 
a scanning electron microscope (SEM) model Zeiss Supra-
35VP. The samples from the tensile and impact fractures 
were used to captured the image. It was coated with a layer 
of gold to prevent an electrostatic charge formation prior 
to scanning.

2.6 Thermogravimetric Analysis

Thermogravimetric analysis of the composites were 
investigated by a Perkin-Elmer Pyris 6 TGA Analyzer. The 
sample was heated from 25 °C to 600 °C with a heating rate 
of 10 °C/min under a nitrogen atmosphere.

3. Results and Discussions

3.1 Mixing and Stabilization Torque

Figure  1 shows the processing torque of the R-PS 
composites at various weight percent of ESP/CaCO3 hybrid 
fillers. At initial stage of mixing, the processing torque 
increased rapidly due to the shearing action from the solid 
R-PS pellets. Afterwards, the processing torque gradually 
reduced, indicating a decrease of viscosity as R-PS pellets 
melt by continuous mechanical shearing and high processing 
temperature. Then processing torque increase again after 
4 min of mixing. This caused by the addition of the ESP 
and CaCO3 into molten R-PS. The melt viscosity increased 
in the presence of fillers, which reduced the polymer chain 
mobility in the blend and consequently raised the processing 

Table 1. List of materials used in this study.
Materials Role Grade/Trade name Supplier

Recycled Polystyrene (R-PS) Polymer matrix rePS-5, the melt flow index of R-PS is 6.29 
g/10 min (200˚C/5 Kg)

Total Petrochemicals Sdn. Bhd., Selangor, 
Malaysia

Eggshell powder (ESP) Filler Waste with range of size 30 – 150 µm Local Restaurant in Penang, Malaysia
Calcium Carbonate (CaCO3) Filler Ultra-fine precipitated CaCO3/ MICROMAC 

UFC with range of size 1 – 10 µm
Macri Chemicals s.r.l., Milan, Italy

Table 2. Composition and mixing sequence of neat R-PS and ESP/CaCO3 hybrid filled R-PS composites.
Materials Composition (wt%)
Neat R-PS 100

RPS/ESP/CaCO3 80/20/0, 80/15/5, 80/10/10, 80/5/15, 80/0/20
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torque value[14]. The processing torque decreased gradually 
and the stabilization torque achieved after the composite 
in homogenized mixture. The similar trend on processing 
torque was also observed from other literatures with different 
composites[15,16].

Figure 2 shows the stabilization torque of the R-PS 
composites at various weight percent of ESP/CaCO3 hybrid 
fillers. The results clearly indicate that stabilization torque 
of composites is decreasing with the increasing the weight 
percent of CaCO3. Such a decrease in stabilization torque 
could be due to the fine CaCO3 particles that possesses high 
dispersibility as compared to ESP. Therefore, CaCO3 was 
well-dispersed in molten R-PS, resulting lower viscosity 
found in the composites containing CaCO3. The coarser ESP 
forms a large network and agglomerates, which required 
high shear force to disperse the ESP in molten R-PS. Thus, 
high stabilization torque is observed in the composite based 
on the ESP alone.

3.2 Mechanical Properties

Figure 3 shows the tensile strength of the R-PS composites 
at various weight percent of ESP/CaCO3 hybrid fillers. From 
the result obtained, the tensile strength gradually increased 
upon increasing the weight percent of CaCO3. The highest 
tensile strength was observed for the composite containing 
20 wt% of CaCO3. The above results indicate that the 

use of CaCO3 led to improve the tensile strength of the 
composites. This is simply related to the well dispersion of 
CaCO3 throughout R-PS matrix as compared to ESP which 
is shown later in SEM images. Strong adhesion between 
CaCO3 and polymer interface can cause better stress transfer 
from one to each other. This has led to a higher tensile 
strength. Toro et al.[17], reported that slightly lower tensile 
strength of the composite containing solely ESP compared 
to CaCO3 counterpart can be attributed to its particle size. 
ESP is normally coaser and bigger size compared with the 
CaCO3. It is easily agglomerated each other, causing to 
lower the tensile strength eventually. CaCO3 used in this 
composite is considered ultra-fine precipitated grade (see 
Table 1) which has smaller particle size as compared to 
ESP. The smaller particle size of the filler could produce 
a maximal interface contact with polymer matrix because 
of larger specific surface area[18,19]. This will improve the 
wettability of CaCO3 by the R-PS matrix. As a result, a high 
tensile strength is obtained in composites containing more 
CaCO3. The location and behaviour of CaCO3 throughout 
the R-PS matrix can be proved in the SEM micrographs of 
tensile fractured surfaces in the next section.

Elongation at break of the R-PS composites at various 
weight percent of ESP/CaCO3 hybrid fillers is also shown 
in Figure 3. It can be seen that the elongation at break was 
increased with the increasing the weight percent of CaCO3. 
According to literature[17], the increment in elongation at 
break of the composite can be attributed to the formation 
of stronger filler aggregates. In this case, it is CaCO3 which 
is not similar to ESP. ESP is rather found in agglomerated 
form. The CaCO3 aggregate has better interfacial adhesions 
with R-PS matrix, resulting in efficient stress transfer from 
the matrix to filler, thus increasing the elongation at break. 
The lower flexibility found for the composite containing 
more ESP can be attributed to extensive ESP agglomeration 
as mentioned earlier, which transformed into multiple stress 
concentration sites. Therefore, the crack propagation across 
the composite could occur on a large scale, prohibiting the 
composite from dissipating stress in the form of matrix 
deformations.

Figure  4 shows the Young’s modulus of R-PS 
composites at various weight percent of ESP/CaCO3 hybrid 
fillers. Young’s modulus of the composites increased as a Figure 1. Processing torque as a function of mixing time of ESP/

CaCO3 hybrid filled R-PS composites.

Figure 2. Stabilization torque of ESP/CaCO3 hybrid filled R-PS 
composites (Red dash-line is for stabilization torque of neat R-PS).

Figure 3. Tensile strength and elongation at break of ESP/CaCO3 
hybrid filled R-PS composites (Red and green dash-lines are for 
the tensile strength and elongation at break of neat R-PS).
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function of weight percent of CaCO3 due to the increase 
in the composite’s stiffness. According to Fu  et  al.[20], 
Young’s modulus is known to be less sensitive variation 
of interfacial adhesion than the tensile strength which is 
strongly associated with interfacial failure behaviour. This 
is due to the fact that Young’s modulus is measured before 
any significant plastic deformation takes place. Increase in 
tensile modulus of some composite samples is attributed 

to better distribution of small particle size of CaCO3 in the 
matrix. A smaller particle size of the CaCO3 could produce 
a maximal interface contact because of larger specific 
surface area. The higher surface area of filler gives better 
adhesion in composite, thus forming a stiffer material which 
is attributed to higher modulus. Therefore, small particles 
and homogeneous distribution are the main contribution to 
originate a more rigid structure.

As for the impact strength (see Figure 5), similar trend 
was observed. There was an enhancement in impact strength 
with the addition of CaCO3 to the hybrid composite. This 
behaviour is similar to a result reported by Bashir et al.[21], 
considerable improvement in the impact strength of the 
composite containing CaCO3 as compared to ESP is mainly 
due to a well-dispersed CaCO3. This has brought to an 
increase in the interfacial adhesions between filler and 
polymer matrix. It is then required higher impact force to 
overcome the strong interfacial adhesions between CaCO3 
within the R-PS matrix. The lower impact strength of the 
ESP filled composite is simply due to the effect posed by 
agglomerations of ESP which may act as stress concentration 
points or points of discontinuity in composites thereby 
promoting crack initiation and propagation.

3.3 Morphology

Figure 6A presents the SEM micrograph of the CaCO3. 
The shape of the CaCO3 was irregular with various particle 
sizes. The average particle size of CaCO3 is ranging from 
1 – 10 µm. It can be seen that there is smaller than the ESP 
which is in range of 30 – 150 µm (see Figure 6B). This has 
shown that CaCO3 possesses high possibility to disperse 
throughout the matrix when compared to ESP.

Figure 7 represents the SEM images obtained from 
tensile fractured surfaces of ESP/CaCO3 hybrid filled R-PS 
composites. Some agglomeration is seen in the composite 
containing ESP alone (see Figure 7A) and its size was much 
bigger than the CaCO3 found in Figures 7B and 7C. The 
agglomeration of ESP indicates poor dispersion of ESP 
throughout the R-PS matrix. The agglomerates and bigger 
particle of ESP may act as stress concentration points or 
points of discontinuity in composites thereby inhibiting stress 

Figure 4. Young’s Modulus of ESP/CaCO3 hybrid filled R-PS 
composites (Red dash-line is the Young’s Modulus of neat R-PS).

Figure 5. Impact strength of ESP/CaCO3 hybrid filled R-PS (Red 
dash-line is the impact strength of neat R-PS).

Figure 6. SEM images of raw CaCO3 and ESP.
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transfer and reduced the tensile strength of ESP composite. 
Furthermore, the surface was found to be rougher especially 
at higher weight ratio of CaCO3, this reflects less brittle 
deformation and higher energy absorption is generated. 
Therefore, a higher tensile strength is obtained in composite 
containing more CaCO3. The SEM results for the tensile 
fractured surfaces were in good agreement with the results 
obtained by Siriwardena  et  al.[22], who reported that an 
increase in energy was responsible for the roughness and 
the matrix tearing line of the fractured surface.

Figure 8 demonstrates the SEM images obtained from 
impact fractured surfaces of ESP/CaCO3 hybrid filled R-PS 
composites. Figure 8A shows the SEM image of the R-PS 
composite containing 20 wt% of ESP. It exhibits a rough 
surface with bigger particle of ESP, indicating its poor 
dispersion in R-PS matrix. This may have brought to a stress 
concentration points or points of discontinuity in composites 
thereby promoting crack initiation and propagation. Thus 
the impact strength of composites is reduced. The image 
also displays several occurrences of voids due to pulling-
out of the ESP. Comparing with the composites containing 
higher weight percent of CaCO3 (see Figures 8B and 8C), it 
exhibited less void formation, better dispersion and adhesion 
of CaCO3 throughout the R-PS matrix. Such remarkable 
interfacial adhesions of CaCO3 to the R-PS matrix allowed 
impact force to be absorbed and transferred more uniformly 
throughout the composite system, thus providing higher 
impact strength compared to the composite with ESP alone.

3.4 Thermogravimetric Analysis

Thermogravimetric analysis or TGA is a method to 
determine the rate of the weight changes as a function of 

temperature at a controlled atmosphere. TGA is primarily 
used to analyse the compositions and thermal stability of 
materials[23]. The thermograms (TG) and derivative thermograms 
(DTG) of ESP/CaCO3 hybrid filled R-PS composites are 
shown in Figure  9. The decomposition temperature at 
50% (T50%) mass loss, maximum mass loss (Tmax) and char 
residue are also listed in Table 3. From the results obtained, 
there is only one region of the thermogram observed. The 
degradation started at the temperature around 350oC and 
was then completed at about 450oC. The decomposition 
was mainly due to the degradation of polystyrene segment 
where it corresponds to the major peak observed off the 
DTG curve (see the DTG peaks embedded in Figure 9).

To compare the results, the temperature for 50% mass 
loss was determined as degradation temperature of the 
composite. The R-PS composites with 20 wt% of CaCO3 
had a highest degradation temperature of T50% (425.93 ˚C) 
as compared to the other composite. This is simply due 
to the presence of well-dispersed CaCO3 in R-PS matrix, 
which is expected to provide a barrier to the diffusion of 
degradation products, suppressing R-PS mass loss in the 
composite. The balance set of thermal stability is served for 
the composite with 10wt% of ESP and CaCO3 respectively. 
This is interesting to highlight that the incorporation of ESP 
with the assistance of CaCO3 can promote the resistance to 
heat of R-PS matrix. In addition to that, lowest degradation 
temperature of T50% (424.11 ̊ C) found in the composite with 
20 wt% of ESP may be due to poor dispersion of ESP in 
R-PS matrix, arising from the formation of agglomerated 
ESP which reduced thermal stability of the composites.

The amount of residue of R-PS composites with 20 wt% 
of CaCO3 is highest (approximately 20.79%) among the 

Figure 7. Tensile fractured surfaces of ESP/CaCO3 hybrid filled R-PS composites at 300× magnification. 80/20/0 wt% (A), 82/10/10 wt% 
(B) and 80/0/20 wt% of R-PS/ESP/CaCO3 respectively.

Figure 8. Impact fractured surfaces of ESP/CaCO3 hybrid filled R-PS composites.at 300× magnification. 80/20/0 wt% (A), 82/10/10 wt% 
(B) and 80/0/20 wt% of R-PS/ESP/CaCO3 respectively.
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other composite. This residual value of composite is higher 
than its filler content because the R-PS matrix may contain 
thermally stable impurities. R-PS composite with 20 wt% 
of ESP has lower residue content (roughly 19.49%) than 
20 wt% of CaCO3 composite. This is attributed to the loss 
of organic composition during or after testing.

4. Conclusions

The processability, mechanical, morphological, and 
thermal properties of ESP/CaCO3 hybrid filled R-PS 
composites were studied with respect to different weight 
percent of ESP/CaCO3 hybrid fillers. It is found that the 
stabilization torque of composites was decreased with 
the increased of the amount of CaCO3. Increasing CaCO3 
content has increased tensile strength, elongation at break, 
Young’s modulus, and impact strength of the composites. 
The mechanical properties obtained clearly corresponded 
to SEM images observed. Further evidence on the thermal 
stability has confirmed that CaCO3 provided better heat 
resistance over the ESP alone. Even the CaCO3 seemed to 
play important role in the properties of ESP/CaCO3 hybrid 
filled R-PS composites. However, the hybridization of ESP 
and CaCO3 does show balance set of properties especially 
the mechanical and thermal properties of ESP/CaCO3 hybrid 
filled R-PS composites. It can be concluded that the ESP 
hybridized CaCO3 is applicable to prepare the composite 
based on the R-PS where the ratio of ESP and CaCO3 at 
10/10 (wt%) is highly suggested.
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