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Zooming into Recycling of Composites

Ilyas R. A., A. H. Nordin, H. S. N. Hawanis, J. Tarique, Sapuan S. M., 
M. R. M. Asyraf, M. Rafidah, Hanafi Ismail, and M. Y. M. Zuhri

1  Introduction

Plastics have supplanted other materials in the modern economy because they are 
inexpensive, lightweight, and adaptable (MacArthur 2017; Tarique et  al. 2021b). 
The annual production of plastic expanded from 2 to 380 Mt. between the year 1950 
and 2018, but this was also accompanied by the production of an estimated 6300 Mt. 
of plastics garbage, of which around 9% was recycled, 12% was burned, and 79% 
was dumped in the environment or sent to landfills. It is currently projected that 
90% of plastic products are utilized once and then disposed of (2018). However, 
because of the prohibitive costs of collection and a lack of the necessary infrastruc-
ture, almost 50% of the plastic was wasted after only one usage (Kedzierski et al. 
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2020). By 2050, landfills and the natural environment are predicted to accumulate 
12 billion tons of plastic trash (Yong et al. 2020). In addition, the COVID-19 out-
break has greatly increased the usage of personal protective equipment, disposable 
dinnerware, and plastic-wrapped food, which could lead to a new environmental 
crisis (Vanapalli et al. 2021). Polyethylene terephthalate (PET), polyethylene (PE), 
polypropylene (PP), polyvinyl chloride (PVC), and polystyrene (PS) are only a few 
of the polymers that make up plastic debris in general (Chen et al. 2021).

However, global assessments of plastic waste management losses (Jambeck et al. 
2015), microplastic (plastics < 5 mm in length) losses across the whole plastic value 
chain (Boucher and Friot 2017), and micro- and macroplastics (plastics ≥5 mm in 
length) transportation in rivers have indicated that massive volumes of plastics are 
ejected into the ocean. According to the United Nation Environment Program, 
3.0 Mt. of microplastics and 5.3 Mt. of macroplastics are discarded into the environ-
ment each year (Ryberg et al. 2018), a significant portion of which is likely to end 
up as ocean plastic pollution. As a result, it is essential to keep advancing our aware-
ness of plastic losses along the plastics value chain, as well as to develop suitable 
procedures to limit the environmental implications of plastic. Plastic recycling is 
critical not only because of the high costs of garbage disposal but also because of 
possibility of recovering energy from plastics and the fact that recycled items are 
less expensive than virginal items. Numerous more stringent legal laws in European 
nations constrain the ability to store plastic waste, requiring additional logical plas-
tics management and the implementation of various technologies for plastic waste 
neutralization and recycling (Adelodun 2021; Tarique et al. 2022b).
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According to a recent study, in order to stop the trend of rising environmental 
plastic pollution, a concerted worldwide effort to minimize plastic waste in every 
stage of the plastic lifecycle is required. For instance, Borrelle et al. (2020) evalu-
ated the effects of lowering plastic waste output, raising waste plastic collection and 
recycling, and identifying and removing plastic pollution on environmental recov-
ery. Lau et al. (2020) investigated the effects of various future scenarios that involved 
using alternative materials, collecting and recycling more plastic, and limiting the 
usage of plastics. Both groups reached the same conclusion: notwithstanding the 
prospect of greater costs connected with the collecting, sorting, quality control, and 
use of recovered plastics, rapid global cooperation is essential to decrease plastic 
pollution. Recycling plastic trash is also anticipated to be an effective countermea-
sure to the creation of ecological plastic pollution, e.g., marine pollution.

Composite materials offer better quality and a long-life duration to design engi-
neers. Higher strength, lighter weight, and less maintenance have resulted in several 
engineering applications, particularly in the transportation industry, for dramati-
cally reduced energy usage and environmental effect (CO2). In general, three differ-
ent types of composite materials have been developed and are widely employed in 
a wide range of technical applications: polymer–matrix composites (PMC), metal–
matrix composites (MMC), and ceramic–matrix composites (CMC). These com-
posite materials must be well managed by good waste management system. Thus, 
this chapter focused on the recycling on the composite materials.

2  Recycling of Plastics

Many developments are concentrating on global plastics technologies, biopolymers 
synthesis, the recycling sector, and waste management, with the goal of converting 
plastic waste into a trading opportunity for industries and manufacturers. Numerous 
studies on the recycling of plastic trash are currently growing exponentially, and the 
leading journals include Waste Management, the Journal of Applied Polymer 
Science, and the Journal of Cleaner Production (Jiang et al. 2022). The waste plas-
tic would break down into microplastics, which would eventually be released into 
the leachate or an underground river or the soil (He et al. 2019). A landfill is similar 
to a confined tank that undergoes intricate biochemical processes and physical alter-
ations. Additionally, landfills permanently squander land resources due to the 
inability of plastic to disintegrate (Chen et al. 2020). Researchers have attempted to 
recycle plastic garbage in an effort to avoid the issues with landfill disposal and 
traditional incineration that have been highlighted above. In this context, the typical 
methods for recycling plastic trash and their description, benefits, and drawbacks 
are given in Table 1. Chemical recycling, also known as tertiary recycling (Martínez 
Narro et al. 2019), could be accomplished using solvolysis, pyrolysis, or gasifica-
tion, as described in American Society for Testing and Materials’ (ASTM) D5033 
standard. Chemical recycling is more popular than mechanical and biological recy-
cling because of the mechanism that turns plastic waste into highly valuable 
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Table 1 Three most common plastic recycling processes

Recycling 
technique

Chemical
Yang et al. (2021) and 
De-la-Torre et al. (2020)

Mechanical
Sharuddin et al. (2016)

Biological
Hwang et al. (2019)

Description Pyrolysis, solvolysis, and 
gasification turn plastic 
into chemical feedstocks

Plastic is remelted or 
reprocessed to become 
relatively low plastic

Microorganisms make 
enzymes that break plastic 
polymer bonds into 
monomers

Benefits Transformed into 
chemical raw material
Adhere to principles of 
sustainability
Processability of the end 
product

Widespread application
Efficient disposal 
procedure
Low operational cost
Widespread adoption
Adaptable source of 
material

Environmentally friendly

Drawbacks Expensive dynamic 
catalyst
High temperature
Uses a lot of energy
Restricts the scope of 
possible uses in industry

Negative impact on the 
environment
The product has 
inferior mechanical 
characteristics
It can only be used with 
monolayer plastics

Chemical and mechanical 
processes are faster 
compared to biological 
recycling

chemical feedstocks, fuel, and monomer (Klemeš et al. 2021). However, mechani-
cal recycling, such as milling, washing, and pelletizing, is currently the most widely 
used technology for the large-scale recycling of plastic solid waste (Garcia and 
Robertson 2017). However, this method produces a lot of untreated wastewater, 
which may contain significant amounts of microplastics and endanger aquatic eco-
systems. The sorting, shredding, cleaning, and melting steps during the recycling 
procedure also require a significant amount of labor and electricity expenditures. 
The biological recycling of plastic waste is accomplished through the extraction of 
enzymes or the culture of microorganisms (Koshti et al. 2018). So far, by using this 
technique, only plastics having hydrolyzable ester or amide linkages in the foremost 
chain can currently be converted to oligomers or monomers (Wei et al. 2020).

3  Polymer Blends

Polymers based on renewable resources have grown in popularity over the last 
20 years as a result of environmental concerns and limited petroleum resources. For 
example, polymers can be derived from natural monomers such as starch, protein, 
and cellulose; synthetic polymers can be derived from natural monomers such as 
polylactic acid (PLA); and polymers can be derived from microbial fermentation 
such as polyhydroxybutyrate (PHB). Although PLA and starch have received the 
most attention in the research community, other materials such as poly(3- 
hydroxybutyrate- co-3-hydroxyhexanoate)/poly(vinyl phenol) (Cai et  al. 2012), 
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thermoplastic phenol formaldehyde resin/poly(e-caprolactone) (PCL) (Yang et al. 
2011), poly(3-hydroxybutyrate) (PHB)/PCL (Hinüber et al. 2011), and poly(butylene 
succinate) should be considered. The characteristics of renewable resources-based 
polymers may be enhanced by blending and composite production, like many other 
petroleum-based polymers. Natural polymers have several native uses. For instance, 
polysaccharides operate in membranes and intracellular communication, whereas 
proteins are structural materials and catalysts (Yu et al. 2006). Polymers could be 
produced by nature to be utilized in fibers, adhesives, coatings, gels, foaming agents, 
films, thermoplastics, and thermoset resins. One of the key disadvantages of biode-
gradable polymers made from renewable resources is their hydrophilic nature, quick 
decomposition rate, and, in certain cases, worse mechanical properties, particularly 
in moist situations. Blending natural and synthetic polymers may, in theory, dra-
matically enhance the characteristics of natural polymers.

Polymer blending is a popular approach for modifying characteristics since it is 
low-cost and employs standard technology. The primary aim of developing a perfect 
blend of two or more polymers is to optimize the greatest possible performance of 
the blends rather than to drastically change the characteristics of the components. 
Several starch–polyolefin blends were developed in the 1970s and 1980s. However, 
since these mixtures were not biodegradable, the advantage of using biodegradable 
polysaccharides was lost.

4  Recycling of Blends with Limited Compatibilization

In this era, global communities have been shifting toward a greener environment 
that employed sustainable materials such as natural and recycled-based materials to 
reduce manufacturing costs and preserve the environment (Tarique et  al. 2021c; 
Asyraf and Rafidah 2022; Asyraf et al. 2022b, c, d). In this case, the increase in 
demand for polymer-based materials in various usages has led researchers to explore 
many new fields (Ilyas et al. 2020, 2021b, 2022; Asyraf et al. 2022a). Because the 
usage of polymers in their pure state could occasionally be restricted, altering the 
polymers by using filler components can have beneficial effects (Ilyas et al. 2021a; 
Norizan et  al. 2022; Rahman et  al. 2022; Tarique et  al. 2022a; Norrrahim et  al. 
2022). The polymeric materials may be modified using this method of composite 
preparation based on the needs of the applications (Tarique et al. 2021a). However, 
at the end of their lifecycle, the material needs to be recycled as it can no longer 
function as at the beginning of its initial state. Depending on the kind of ingredient 
in the composite and the intended use of the recovered products, several alternative 
recycling processes have been developed and established to date for recycling old 
polymer composite materials.

In this point of view, the polymeric material can be broken down into recycled poly-
mer blends, which can be fitted with suitable physical properties without compatibili-
zation (Dorigato 2021). Considering that a large part of plastic waste is constituted by 
polyolefins (PO), particular attention should be given to recycled blends constituted by 
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polyethylene and polypropylene. In this case, recycling polymer constituents have 
good miscibility such as polypropylene with a low quantity of linear low-density poly-
ethylene (LLDPE). Besides, the polymer blends should be commingled plastics having 
similar chemical structures, like recycled resins with virgin ones, LLDPE with low-
density polyethylene (LDPE), and metallocene PO with Ziegler-Natta PO. Moreover, 
recycling blends with co-continuous morphology and having a concentration of the 
dispersed phase below 10 vol%. In the end, the application should be able to develop 
materials to be implemented only for aesthetic and nonstructural purposes.

Taufiq et al. (2017) studied the influence of processing temperature on the mechan-
ical properties and morphology of a recycled PP/PE blend derived from rejected/
unused disposable diapers. For this purpose, a PP/PE (70/30 wt%) combination was 
compounded at 180 °C using an internal mixer. In three different temperatures of 180, 
190, and 200 °C, the compounds were then crushed and compression-molded. In this 
study, virgin PP and LLDPE were also taken into consideration for comparison. As 
the processing temperature increased from 180 to 200 °C, the stress at break of the 
recycled mix (r-PP/PE) decreased from 9.4 to 8.3 MPa. A similar impact was also 
observed in the virgin blend during the breakdown of polymer chains. Similarly, when 
the processing temperature increased, the elastic modulus of r-PP/PE fell from 285 to 
226 MPa. Figure 1 shows the strain under maximum load for r-PP/PE and virgin 
(v-PP/PE) blends. It is noticeable that the strain increased from 3.3% to 17.2% as the 
temperature was raised from 180 to 200 °C. This benefit was credited to the higher 
compounding temperatures’ ability to provide enhanced microstructural uniformity, 
as can be seen in the SEM micrographs shown in Fig. 2a, b.

Adam et  al. (2017) investigated the mechanical characteristics of blends pro-
duced by combining the most significant polymers found in recovered printers. As 
a result, extrusion and injection molding were used to produce samples of high- 
impact polystyrene (HIPS) that were 90% PS, 10% ABS, and 100% HIPS.  The 
mechanical characteristics of blends made by combining the most significant poly-
mers found in recovered printers were studied. Hence, extrusion and injection mold-
ing were used to create samples of high-impact polystyrene (HIPS) that were 90% 

Fig. 1 Tensile strain of r-PP/PE and v-PP/PE blends at varied molding temperatures. (Reprinted 
from Ref. Taufiq et al. 2017)

Ilyas R. A. et al.
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Fig. 2 SEM micrographs of r-PP/PE blend molded at (a) 180 °C and (b) 200 °C. (Reprinted from 
Ref. Taufiq et al. 2017)

Table 2 Tensile properties polymer blends restored from printers

Polymer blends configurations Yield strength (MPa) Strain at break (%)

HIPS-90%/ABS-10% 39 46.2
HIPS-90%/PS-10% 37.5 39.1
HIPS-100% 45.1 14.9

Adapted from Ref. Adam et al. (2017)

PS, 10% ABS, and 100% HIPS. The best blends were HIPS-90%/ABS-10%, which 
had a yield strength of 39.0  MPa and strain at break of 46.2%, and  HIPS-90%/
PS-10%, which had a σy value of 37.5 MPa and εb value of 39.1%. As stated in 
Table  2, the yield strength for the HIPS-100% sample was determined to be 
45.1 MPa, and the elongation at break was 14.9%. In contrast to the formulation 
with HIPS, the strain at break values were much greater in the blends with PS, with 
a 24.2% improvement in the former over the latter. Due to the inclusion of an elas-
tomeric component in the printers’ HIPS, the blends with HIPS had a y value of 
45.1 MPa, which varied by 3.7 MPa.

4.1  Recycling of Blends from Commingled Plastics

At present, due to the lack of globally applicable composite recycling operations, 
the recycling of waste plastics is now a fascinating field in the waste management 
industry. The three primary issues that constrain the recycling of polymers and poly-
mer composites are maintaining the quality of recycled plastics, the expense of 
recycling, and the harm to the environment. The four acknowledged elements that 
have the greatest impact on the quality of the recirculates are cross-polymer con-
tamination in the disposal site, additives applied to the polymer composites, non-
polymer impurities, and deterioration of polymer composites over time. The causes 
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Fig. 3 SEM micrograph of combination HDPE/PP/PS/PMMA/PC after 30 min annealing with 
20% EPDM. PMMA was selectively chiseled. (Reprinted from Ref. Le Corroller and Favis (2012), 
with the permission of John Wiley and Sons)

of the contamination may result from the postproduction stages of plastics directly 
using additives (binders, colors, and others) or through the phases of trash collection 
and management (Hopewell et al. 2020). Despite the fact that recycling has been the 
subject of much research, accurate statistics and data about the caliber of recycled 
plastics are still inadequate. This information is crucial for ensuring the possibility 
of recycling and enhancing the yield from recycling (Jose and Joseph 2012; 
Hopewell et al. 2020). It will help us better understand the pollutants that impact 
plastic recycling.

In general, the existence of many surfaces in immiscible polymer mixtures is the 
primary issue with recycling blends made up of commingled polymers. Le Corroller 
and Favis (2012) studied phase encapsulation and thermodynamically driven poly-
mer segregation, both of which were used to concentrate a minor phase within one 
of the two major phases. If the HDPE/PP interface was suitably compatible, it was 
possible to determine encapsulated PS/PMMA/PC droplets within the PP matrix in 
a co-continuous mix of HDPE and PP, as seen in the SEM micrograph of Fig. 3. 
Thus, it was feasible to enhance the stiffness, tensile strength, and ductility of the 
resultant materials by utilizing the most appropriate processing settings.

Furthermore, it was discovered that the addition of two copolymers, specifically 
vinyl alcohol and anhydride, allowed blends with polar matrices such as PVC, PC, 
PMMA, thermoplastic polyurethane (TPU), polyamides, polyesters, SAN, or ABS 
to be made compatible. For instance, blends of TPU with EVAc, modified cellulose, 
and/or polyalkylene oxide have been found to have good physical, optical, and bar-
rier properties and to process without degrading at the molten stage.

5  Recycling of Bioplastics-Based Blends

Plastics that are biodegradable and/or made from renewable resources are referred 
to as bioplastics. Examples of the most common bioplastics include poly(lactic 
acid) (PLA), polyhydroxyalkanoates (PHAs), poly(butylene succinate) (PBS), and 
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thermoplastic starch (TPS). By 2025, 2.89 Mt. of bioplastic would have reportedly 
been produced worldwide (Beltrán et al. 2021). Most commercial bioplastics such 
as PLA degrade slowly under ambient conditions, which may cause severe environ-
mental pollution. Thus, the use of efficient management systems for bioplastic 
products must be achieved to enhance the sustainability of bioplastics. These bio-
plastics offer other methods for waste disposal, i.e., recycling that reduces the quan-
tity of plastic waste in the environment. Recycling is one of the effective methods 
since it allows for the reduction of emissions, the carbon footprint, and the use of 
raw resources. The common recycling methods of bioplastics are mechanical and 
chemical recycling, where mechanical recycling was found as a favorable recycling 
method (Scaffaro et al. 2011).

5.1  Mechanical Recycling of Blends Containing Bioplastics

Mechanical recycling refers to the physical processing of waste. It is recognized as 
the primary method for recovering bioplastic since it is often less costly, needs rela-
tively basic technology, and has a smaller environmental effect than chemical recy-
cling. In general, mechanical recycling involves multiple phases, including waste 
collection, screening, and sorting. These phases include several processes such as 
grinding, washing, drying, compounding, extrusion, and granulation.

Using numerous extrusions and injections of a 50/50  wt% PLA/PS polymer 
blend, Hamad et al. (2011) mechanically recycled a hybrid PLA blend. The results 
revealed that stress and strain at blend break fell dramatically after two processing 
cycles, although Young’s modulus was unaffected. It was recorded that after four 
processing cycles, Young’s modulus showed the least reduction by 26%, the strain 
at break showed a higher reduction of 73%, and the stress at break showed the big-
gest change, i.e., 79%. The compounded PLA/PS mix had an apparent viscosity of 
3100 Pa.s, and it became less viscous after each processing cycle due to the reduc-
tion of the molecular weights with the processing cycles.

In order to study the recycling of impact-modified PLA, Scaffaro et al. (2011) 
introduced two kinds of impact modifiers to PLA in different amounts. The mechan-
ical characteristics were greatly enhanced by adding low concentrations of impact 
modifiers; however, it was discovered that frequent recycling significantly decreased 
the impact strength. This effect may have been caused by a change in crystallinity 
as a result of each processing step’s reduced molecular weight, which caused the 
recycled materials stiffer, less deformable, and exhibit lower water absorption and 
impact resistance than the original material.

Chaitanya et al. (2019) investigated the impact of mechanical recycling on the 
thermal and mechanical behavior of PLA/sisal biocomposites, as well as the maxi-
mum number of recycles that are permitted within the acceptable behavioral range. 
Extrusion was used in this work to recycle the biocomposites eight times. Up until 
the third recycling, the tensile strength of injection-molded biocomposites decreased 
by 20.9%. The authors also reported a severe reduction in storage and loss of 
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modulus of PLA after the third recycle. Recycled biocomposites’ morphological 
and thermal evaluation also showed that the fiber and matrix had degraded signifi-
cantly. Hydrolysis was identified as one of the reasons for PLA degradation upon 
recycling by infrared spectroscopy. It is not advised to recycle PLA/sisal biocom-
posites more than three times.

Beltrán et al. (2020) studied the effect of thermal treatments of PLA residues on 
the structure and properties of recycled PLA. In this work, two different accelerated 
aging procedures were applied as shown in Fig. 1 to simulate residues with different 
levels of degradation. It was found that both polycondensation and degradation pro-
cesses occurred during thermal treatments, and the net outcome was determined by 
the degradation level of the residue as well as the time and temperature of the treat-
ment. The different aging processes and the reprocessing caused the PLA samples 
to degrade, which resulted in an increase in carboxyl end groups, a decrease in 
intrinsic viscosity, and a reduction in thermal stability. It was also discovered that 
thermal treatments of aged PLA promoted polycondensation reactions that led to 
the elimination of carboxyl end groups and increased the average molecular weight 
of the residue and significantly improved the mechanical and thermal characteristics 
of the recycled plastic. They also concluded that it is crucial to have proper process 
conditions, as the treatments also resulted in degradation reactions when excessive 
temperatures or long residence durations were applied. The degree of degradation 
of the aged plastic also affected the outcomes. Thermal treatments were insufficient 
to restore the structure and characteristics of the starting material when significantly 
degraded residues were taken into account. However, when the aged PLA was only 
slightly degraded, thermal treatment at 110 °C for 8 h resulted in the partial recov-
ery of the initial intrinsic viscosity and the production of recycled materials with 
structure, thermal stability, hardness, and thermal behavior that are very similar to 
those of virgin plastic. These findings imply that thermal treatments are a simple, 
inexpensive, and ecologically beneficial way to increase PLA’s recyclable content 
and, hence, reduce the environmental impact of this material (Fig. 4).

In the next study, Beltrán et al. (2021) studied the effect of the addition of two 
organic fillers namely chitosan and silk fibroin nanoparticles during the recycling 
process of PLA for improving the properties of the recycled plastic for packaging 
application. After being exposed to two distinct aging protocols, the initial granu-
lated PLA was melted and reprocessed with either chitosan with low and high 
molecular weights or silk fibroin nanoparticles that were made using two separate 
ways. The varied aging protocols combined with the degradation that occurred dur-
ing the melt reprocessing caused the recycled polymer to lose intrinsic viscosity, 
Vickers hardness, thermal stability, and increased permeability. It was noted that the 
performance of recycled plastics is influenced by the type and volume of filler, as 
well as the degree of degradation of the aged polymer. When high molecular weight 
chitosan and fibroin were added to recycled PLA made from degraded PLA, the 
polymer was somewhat degraded, but when recycled PLA was made from highly 
hydrolyzed plastic, the inherent viscosity improved with all of the fillers. Despite 
PLA’s degradation, chitosan and, to a lesser extent, silk fibroin nanoparticles dem-
onstrated a reinforcing impact on mechanically recycled PLA.
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Fig. 4 Mechanical recycling process and thermal treatments of PLA. (Beltrán et al. 2020)

5.2  Chemical Recycling of Blends Containing Bioplastics

Chemical recycling involves turning waste materials into valuable chemicals such 
as monomers and oligomers, which may then be reintroduced into the polymer 
value chain and used for polymerization. As mechanical recycling is typically 
accompanied by degraded plastic properties, chemical recycling was found as an 
alternative way to recycle bioplastic into alternative feedstocks for monomers and 
intermediate products (Niaounakis 2019). Chemical recycling techniques include 
cracking, gasification, and chemolysis or solvolysis (Piemonte et al. 2013; Morici 
et al. 2022).

Tsuneizumi et al. (2010) explored two methods for the selective chemical recy-
cling of PLLA/PE and PLLA/PBS blends. The first method used the chemical recy-
cling of PLLA after the direct separation of PLLA and PE from the PLLA/PE blend 
based on their solubility in toluene. The lactic acid oligomer was created by the 
second approach, which involved the selective breakdown of PLLA in a PLLA/PE 
blend. In another work, according to a study by La Mantia et al. (2012), low levels 
of PLA in PET waste can have a big impact on how the material behaves under non- 
isothermal elongational flow. Thermal stability was not severely impacted; however, 
the mechanical qualities were only notably impacted under certain conditions. Feng 
et al. (2018) produced a low molecular weight PLA (L-PLA) with different hydroxyl 
and carboxyl end-groups via direct polycondensation of L-lactic acid using stan-
nous benzoate (Sn(ArCOO)2) as a catalyst at high temperature and high vacuum. It 
was recorded that under the catalysis of Sn, the pyrolysis of PLA resulted in the 
selective production of lactide, and with different end-groups for PLA, the activa-
tion energy of the pyrolysis process differed. Wang et al. (2020) used 1,3- dimethyli
midazolium- 2-carboxylate as an organocatalyst for the glycolysis of waste PET. It 
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was recorded that PET was entirely depolymerized in less than an hour at 180 °C, 
with up to 60% of BHET was recovered by precipitation after chilling the reaction 
fluid. The 1,3-dimethylimidazolium acetate performed substantially worse as a cat-
alyst under similar circumstances, indicating that catalysis was accomplished 
through the production of a nucleophilic N-heterocyclic carbene.

A catalytic thermal degradation method was studied by Ariffin et al. (2010) on 
the highly selective transformation of poly[(R)-3-hydroxybutyric acid] (PHB) into 
trans-crotonic acid during pyrolysis. In this study, the presence of Mg compounds, 
MgO and Mg(OH)2, as catalysts were investigated. It was suggested that the Mg 
catalysts were functioning throughout the initial and primary processes, stimulating 
the entirety of the elimination reactions, resulting in a decrease in the degradation 
temperature and a fully selective transformation of PHB. Fukushima et al. (2013) 
reported the aminolysis process, specifically organocatalysis of the aminolytic 
depolymerization of waste PET using 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), 
producing a broad range of crystalline terephthalamides. Due to the terephthalic 
moiety and amide hydrogen bonding, this varied group of monomers has enormous 
promise as building blocks for high-performance materials, with acceptable thermal 
and mechanical characteristics.

6  Conclusions

It is currently projected that 90% of plastic products are utilized once and then dis-
posed of. However, because of the prohibitive costs of collection and a lack of the 
necessary infrastructure, almost 50% of the plastic was wasted after only one use. 
By 2050, landfills and the natural environment are predicted to accumulate 12 bil-
lion tons of plastic trash. In addition, the COVID-19 outbreak has greatly increased 
the usage of personal protective equipment, disposable dinnerware, and plastic- 
wrapped food, which could lead to a new environmental crisis. Polyethylene tere-
phthalate (PET), polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), 
and polystyrene (PS) are only a few of the polymers that make up plastic debris in 
general. According to a recent study, in order to stop the trend of rising environmen-
tal plastic pollution, a concerted worldwide effort to minimize plastic waste in every 
stage of the plastic lifecycle is required. Thus, rapid global cooperation is essential 
to decrease plastic pollution. Recycling plastic trash is also anticipated to be an 
effective countermeasure to the creation of ecological plastic pollution, e.g., marine 
pollution. There are three most common plastic recycling processes such as chemi-
cal, mechanical, and biological recycling. Chemical recycling, also known as ter-
tiary recycling [20], could be accomplished using solvolysis, pyrolysis, or 
gasification, as described in American Society for Testing and Materials’ (ASTM) 
D5033 standard. Chemical recycling is more popular than mechanical and biologi-
cal recycling because of the mechanism that turns plastic waste into highly valuable 
chemical feedstocks, fuel, and monomer. However, mechanical recycling, such as 
milling, washing, and pelletizing, is currently the most widely used technology for 
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the large-scale recycling of plastic solid waste. However, this method produces a lot 
of untreated wastewater, which may contain significant amounts of microplastics 
and endanger aquatic ecosystems. The sorting, shredding, cleaning, and melting 
steps during the recycling procedure also require a significant amount of labor and 
electricity expenditures. The biological recycling of plastic waste is accomplished 
through the extraction of enzymes or the culture of microorganisms. So far, by using 
this technique, only plastics having hydrolyzable ester or amide linkages in the 
foremost chain can currently be converted to oligomers or monomers. The common 
recycling methods of bioplastics are mechanical and chemical, where mechanical 
recycling was found as a favorable recycling method.
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Recycling of Polymeric Membranes

Maicon Sérgio Nascimento dos Santos, João Henrique Cabral Wancura, 
Carolina Elisa Demaman Oro, Rogério Marcos Dallago, 
Giovani Leone Zabot, and Marcus Vinícius Tres

1  Introduction

The membrane separation process (MSP) approach has been extensively applied in 
a range of industries, expressly in food-related (Argenta and Scheer 2020; Castro- 
Muñoz et  al. 2021), beverages (Conidi et  al. 2020; Junior et  al. 2021), effluents 
treatment (Hube et al. 2020), biomedical and pharmaceutical (Sharma et al. 2021; 
Boateng et al. 2021), biofuel production (Gojun et al. 2021) sectors, among others. 
Consequently, the intensification in the scale-up of treatment with membranes and 
the interest in technologies aimed at separation processes observed in recent years 
have resulted in an effective procedure with great advances in energy and sustain-
able context (Shao 2020). Nonetheless, this scenario could become a serious obsta-
cle, as the rate at which large amounts of membrane masses have been discarded 
annually, which results in dramatic problems for human health and the environment 
(Potrich et al. 2020).

Currently, intense exploitation of polymer-based membranes in the industrial 
consumer market has been noticed, mainly due to their reduced footprint, practica-
bility, economic viability, and production proportions (Yadav et  al. 2021). The 
implementation of the MSP has been favorably applicable as a remedial strategy for 
a range of contaminants in a system (Rabajczyk et al. 2021). However, the growth 
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of waste production from MSP processes and the directing of membranes and poly-
mers to landfills without proper treatment have been widely discussed topics regard-
ing the maintenance of the environment and human health. Appropriately, the 
disposal of membranes and waste in landfills is a serious economic dilemma that 
threatens the circular economy and leads to immediate conflicts with sustainable 
and recycling purposes (Landaburu-Aguirre et al. 2016; Contreras-Martínez et al. 
2021). Estimates report that just considering reverse osmosis (RO) membranes, 
more than 840,000 modules are discarded annually (Lejarazu-Larrañaga et al. 2020).

Commonly, membranes have a significantly restricted life cycle. Even with 
advances in expanding the useful life of these materials, the manipulation interval 
of membranes is normally up to 7 years (De Paula et al. 2017). This particularity is 
a result of the effects of severe operations of these materials, causing critical fouling 
and deterioration and limiting their use in subsequent applications (Zhang et  al. 
2021a, b). The fouling intensity is caused by external conditions during the perfor-
mance and by alterations in the composition of the membrane under conditions of 
physicochemical deterioration, drastically affecting the transfer of solute and sol-
vent via membrane (Landaburu-Aguirre et al. 2016). Besides, energy demand and 
lucrative attributes, permeation performance, product characterization, and remain-
ing treatment are remarkable impasses to provide or limit the membrane recycling 
potentiality (Warsinger et al. 2018).

Consequently, the inappropriate disposal of these materials in abundance causes 
serious impacts, highlighting the growing demand for strategies and alternatives 
that aim to minimize disposal in environments and perpetuate the conservation of 
these locations (De Paula et al. 2017). Furthermore, studies suggest that important 
measures must be adopted not only in the procedure for extracting and separating 
components but also in the recycling of membranes and remaining treatment 
(Landaburu-Aguirre et al. 2016). Membrane recycling involves three direct steps: 
(1) rejuvenation (minimization of fouling intensity), (2) minor treatment proce-
dures, and (3) subsequent implementation (Moradi et al. 2019). Exploiting the recy-
cling of these materials makes the process economically viable and a practicable 
strategy for environmental perspectives (Ahmed and Jamal 2021).

Additionally, the performance of the number of scientific studies aimed at poly-
meric membrane reuse, in industrial and scientific approaches, is an important tool 
to verify the expansion of the subject. Polymeric membrane recycling has been 
extensively investigated in the last years as an innovative alternative with economic 
and energetic advantages. Accordingly, basic research to verify the volume of scien-
tific publications from 2010 to 2020 was encouraged in the Scopus® scientific plat-
form. To perform the range of data demanded, the following keywords were used: 
polymeric/membrane/recycling (Fig. 1).

According to the application of the polymeric membrane recycling dynamics, 
the academic performance observed in Fig. 1 shows the improvement of this subject 
over the years. As reported by the Scopus® database, 17 manuscripts were published 
in 2017, almost three times the number of studies published in 2010. Even though 
the period from 2018 to 2020 presented an insignificant reduction compared to 
2017, considering the entire temporal range, the scenario of polymeric membrane 
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Fig. 1 Global number of scientific studies on the polymeric membranes recycling dynamics sub-
ject in a temporal range from 2010 to 2020 according to the Scopus® database platform with poly-
meric/membrane/reuse keywords

recycling is optimistic and several studies have been encouraged for practical appli-
cations in the next years.

Therefore, the aim of this review was to clarify the dynamics of recycling poly-
meric membranes under reuse perspectives in various industrial segments. 
Particularly, the main polymeric components of the membranes and the recycling 
processes were investigated, mainly with the impact of portraying environmental- 
friendly alternatives that identify the advances regarding the application of these 
materials in the MSP processes. The significant preference for using MSP as a sepa-
ration tool in different industrial fields revealed the consequences of degradation 
processes in the life cycle of polymer-based membranes, which has been a target for 
prospecting reuse strategies and technologies. The effects and impacts verified 
globally reappear as a key point for the adoption of innovative actions that promote 
a stable balance between membrane production and the environment.

2  Main Polymers Used in Membrane Manufacturing

The main polymers used in membrane technology are polysulfone (PSU), poly-
ethersulfone (PES), polyacrylonitrile (PAN), polyamide (PA), polyethylene (PE), 
polypropylene (PP), cellulose acetate (CA), polyvinylimidazole (PVIM), 
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poly(vinylidenedifluoride) (PVDF), poly(tetrafluoroethylene) (PTFE), polydimeth-
ylsiloxane (PDMS), polycarbonate (PC), and poly(ethyleneterephthalate) (PET) 
(Khaki et al. 2021; Yang et al. 2021; Nunes et al. 2020). In addition to the choice of 
polymer, the success of the MSP depends on the application and the level of resis-
tance required for the process. Furthermore, different polymers can be used because 
of the membrane manufacturing method.

Overall, the main used polymers from 2015 to 2020 were cellulose acetate deriv-
atives, polyimides, polyethers, and polynorbornenes (Deng et al. 2021). Furthermore, 
combinations of polymers, such as blends of polyethersulfone and polyvinylpyr-
rolidone (PVP) or polyethersulfone and modified polyethersulfone, are known and 
applied industrially.

Additionally, conjugated polymers have been studied due to their excellent 
chemical and physical properties. Conjugated polymers have π-bond and include 
polyaniline (PANI), polypyrrole (PPy), polythiophene (PT), polyacetylene, poly(p- 
phenylene), poly(phenylene vinylene), and their other derivatives (Saini et al. 2021).

The manufacture of polymeric membranes can employ the base polymers or a 
mixture of other compounds to achieve the desired properties for the process. 
Accordingly, polymer inclusion membranes (PIMs) are considered environmentally 
friendly and consist of a polymer, plasticizer, and carrier base, usually in a ratio of 
40:40:20 (w/w) (Keskin et al. 2021). The most used base polymers are polyvinyl 
chloride (PVC), polyvinylidene difluoride (PVDF), and polyvinylidene fluoride-co- 
hexafluoropropylene (PVDF-HFP); cellulose triacetate (CTA), cellulose acetate 
propionate (CAP), cellulose tribenzoate (CTB), and cellulose acetate butyrate 
(CAB); polybutylene adipate-co-terephthalate (PBAT), polyacrylonitrile (PAN), 
polytetrafluoroethylene (PTFE), polyethersulfone (PES), and polypropylene (PP) 
(Zhang et al. 2021a, b; Keskin et al. 2021).

Notably, the choice of the polymer depends on the desirable characteristics of the 
membrane and the method of manufacture. The chemical and physical characteris-
tics of the membranes are important elements to guide the success of the process 
and their shelf-life.

3  Application of MSP

The MSP has become an interesting alternative to produce significant quality prod-
ucts. Its application allowed reaching regulatory standards in diverse types of manu-
facture, due to their higher removal rate of low molecular weights organic pollutants, 
reducing risks associated with the source and its contaminants as well as its modu-
larity and capacity to engage with other systems. This section presents promising 
areas where MSP has been applied.
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3.1  Water Purification

The majority of applications of processes that use membranes are related to water 
treatment, whether wastewater containing some specific type of contaminant from 
an industrial sector or as a step of purification to obtain potable water (Warsinger 
et al. 2018). Access to potable water is a challenge for many regions of the planet, 
and developing a feasible process is fundamental (Yusuf et al. 2020). Accordingly, 
Fan et  al. (2020) investigated the operating parameters of a combined dual- 
membrane (ultra- and nanofiltration) process for brackish water treatment and its 
application performance in a municipal drinking water treatment plant. Results pre-
sented by Fan et  al. (2020) showed that ultrafiltration guaranteed the inlet water 
quality of nanofiltration, and nanofiltration could efficiently reject salts and organ-
ics, with a chloride removal of over 95%.

Furthermore, Chakraborty et al. (2021) reported the production of two Janus- type 
bilayer polymer membranes using polyvinylidene fluoride, Nylon 6,10, and cotton 
fabric. Janus membranes are a unique class of polymers having divergent hydrophilic 
and hydrophobic properties on both sides of their interface. The fabrication technique 
of the membranes (doctor blading method) is simple and scalable. The water contact 
angle measured by the authors confirmed hydrophobic and hydrophilic natures. 
Furthermore, porosity (gravimetric) and equilibrium water content measurements 
confirmed that the Janus membranes have good water permeability and porosity for 
oil–water separation and application for water purification.

3.2  Beverages

In beverage industries, membranes are typically applied for clarification (wine, 
beer, and juices industries), sterilization (wine, beer, and milk industries), removing 
bacteria and spores without chemical and color-changing, dealcoholization (beer 
and wine), concentration, and compound extraction (Jain and De 2019; Peyravi 
et al. 2020; Reis et al. 2019). Accordingly, Luo et al. (2016) developed an integrated 
membrane process consisting of a tubular ultrafiltration and nanofiltration system to 
refine crude sugarcane juice at a pilot plant scale. With a volume reduction ratio of 
20, the authors reported that the membrane system was able to operate at a rate of 
70 L/m2/h, with a color removal kept more than 95% and a sucrose recovery of up 
to 98% in the two-stage system.

3.3  Biofuels

Another interesting application of the MSP is the environmental-friendly purifica-
tion of biofuels. The technique is an alternative to conventional biodiesel washing, 
achieving high purified biodiesel, and is feasible from an economic perspective 
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(Alves et al. 2013; Biniaz et al. 2021). The membrane technique was investigated to 
dehydrate bioethanol as an option to the distillation, which demands high taxes of 
energy (Khalid et al. 2019). Tajziehchi and Sadrameli (2021) used statistical design 
to evaluate the process parameters (temperature, transmembrane pressure, and 
water addition) for crude biodiesel purification through ultrafiltration. The authors 
observed the simultaneous reduction of impurities, such as free glycerol, diglycer-
ide, and triglyceride, to the limits imposed by international standards at 30 °C and 
pressures lower than 2 bar, with a permeated flux of 20 kg/m2/h.

3.4  Medical

In (bio)medical applications, most of the membranes are cellulose-based or syn-
thetic polymer membranes. Considering the application of membranes for medical 
purposes, hemodialysis is the most dominant therapeutic application, followed by 
blood oxygenation procedures and filters for infusion solutions (Jose et al. 2018). 
Besides, membranes can be applied for blood purification, filtration for removal of 
molecular fractions of specific components, liver dialysis, artificial pancreas, thera-
peutic apheresis, and drug delivery systems (Bai et  al. 2021; Fissell et  al. 2007; 
Woźniak-Budych 2021).

4  Degradative Processes

The shelf-life of most polymeric membranes for common uses, such as water desal-
ination and juice filtration, is 5–10 years (Bandara et al. 2019). Polymeric mem-
branes have porous structures (micro- and nanopore), which can suffer damage and 
rupture due to deformations and crack propagation that significantly interferes with 
shelf-life (Kodaira et al. 2021). This damage can be mechanical or chemical and 
lead to membrane degradation. Mechanical degradation is easily avoided by adding 
one more layer of polymer to the membrane or additives. However, chemical degra-
dation is not well understood and can be accelerated by operational parameters such 
as temperature and pressure (Futter et al. 2019). Moreover, sodium, lithium, cal-
cium, copper, nickel, and iron (III) ions are considered ions that contribute to mem-
brane degradation (Khatib et al. 2019).

Furthermore, thinning of membranes, poisoning of metals, degradation due to 
thermal effect, bipolar plate, degradation of the flow plate (embrittlement), and flow 
plate are important causes of chemical degradation in polymer electrolyte mem-
branes (Khatib et al. 2019). The authors also reported that stresses, compression, 
and nonuniform compression are also correlated with membrane crack and conse-
quent degradation.

Shelf-life studies under different experimental conditions and with different 
membranes are important and must be conducted whenever there is a new process 
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or process change. For example, Le Petit et al. (2021) showed that the new biocide 
was validated for reverse osmosis (RO) polyamide membrane but should be avoided 
in hydrophobic ultrafiltration polyethersulfone (PES)/polyvinylpyrrolidone (PVP) 
membrane.

As an example of new processes, fuel cells are one of the applications of poly-
meric membranes, which are characterized by ion exchange and have a flat–sheet 
configuration (Nunes et al. 2020). Thus, polymer electrolyte membrane fuel cells 
(PEMFCs) are a new technology that aims to replace internal combustion engines 
and thus reduces carbon emissions (Whiteley et al. 2020). Appropriately, the study 
conducted by Vassiliev et al. (2019) presented one of the first shelf-life studies of 
PEMFCs based on phosphoric acid doped polybenzimidazole membranes with a 
direct dimethyl ether anode. The authors reported membrane degradation for more 
than 200 h at temperatures of 160 and 200 °C, which was explained by the mecha-
nisms of increased polarization resistance and specific area. In the same context of 
studying the shelf-life of membranes, Bandara et al. (2019) showed that chitosan 
(CS)–polyethyleneimine (PEI)–graphene oxide (GO) nanocomposite membrane 
coating is able to remove suspended particles, bacteria, and heavy metals effectively 
of samples of wastewater and seawater with different pH values, salinity, and total 
hardness in accelerated shelf-life experiments around 9–12 months.

5  Technologies Applied to the Recycling of Membranes

The basic principle of most membranes is the selection of specific components 
through pores of different dimensions. The MSP involves the characteristics of the 
contaminant, and especially the membranes such as material composition, pore 
size, and driving force (Warsinger et al. 2018). One of the biggest challenges for 
membrane-based treatments in different industrial segments is membrane fouling. 
The advancement of fouling is a result of the accumulation of organic, inorganic, 
biological, and colloidal materials on the membrane surface (Alkhatib et al. 2021). 
The degradation caused by the agglomeration of these substances in the active layer 
of the membrane acts directly on the performance of the separation process, induc-
ing drastic modifications in the permeability and selectivity of the product (Khaless 
et al. 2021). Appropriately, the scarcity of the adoption of processes aimed at elimi-
nating fouling and periodic membrane cleaning treatments generates high costs and 
higher disposal of waste in the environment (Tin et al. 2017). Significant factors that 
affect membrane fouling magnitude are related to (1) membrane composition, (2) 
process parameterization, (3) agent characteristics, (4) contaminant properties, (5) 
cleaning procedure conditions, and (6) concentration polarization, closely related to 
the deposition of effluents in the superficial apportion of the membrane (Bokhary 
et al. 2018; Alsawaftah et al. 2021).

Accordingly, Fig. 2 reports the major components that influence the membrane 
fouling background. The exposure of membranes to specific agents and the level of 
performance are determining factors that enable the recycling of end-of-life 
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Fig. 2 Overview of the major components that involve the membrane fouling process

membranes (Landaburu-Aguirre et al. 2016). Studies indicated sodium hypochlo-
rite and potassium permanganate as prominent components for a notable reduction 
in the level of fouling and increased permeability (De Paula et al. 2017). This sce-
nario is the result of the modification of the morphological structure of membranes 
by the action of oxidizing agents, promoting the opening of the pores and facilitat-
ing the passage of the solution (Govardhan et al. 2020). Furthermore, these constitu-
ents conducted the minimization of permeate flow, which altered the quality of the 
final product (Laqbaqbi et al. 2017). Finally, parameters related to process and oper-
ating conditions considerably affect the permeability stability of membranes, as 
well as economic and sustainable attributions. External operating and process con-
ditions affect pore balance, altering flux rates and may reduce membrane life-cycle 
(Alsawaftah et al. 2021).

Therefore, the alternatives involving the cleaning and recycling processes of 
membranes can be physical, chemical, and physicochemical, and the membrane 
particularities and fouling level are significant properties to be highlighted 
(Landaburu-Aguirre et  al. 2016). Chemical treatment is widely applied in mem-
brane cleaning processes since chemical agents act in the re-stability of permeabil-
ity. It is essential that chemical cleaning is conducted periodically, once the chemical 
action affects the surface structure of the membrane and, consequently, its deteriora-
tion (Gul et al. 2021). A range of chemicals has been used as cleaning agents such 
as acids, alkalis, oxidants, and surfactants (Li et  al. 2019). Sodium hypochlorite 
(NaClO) (Ding et al. 2020), hydrogen peroxide (H2O2) (Li et al. 2019), titanium 
dioxide (TiO2) (Zhang et  al. 2017), sodium hydroxide (NaOH), sodium chloride 
(NaCl), and hydrochloric acid (HCl) (Zhang et  al. 2019) are agents widely dis-
cussed in scientific studies and in industries and have been investigated by their 
decontamination potential. These compounds are widely used due to their ease of 
acquisition, cost-effectiveness, and contaminant removal performance (Gruskevica 
and Mezule 2021).

M. S. N. dos Santos et al.



25

Alternatively, physical treatment technologies are based on the application of 
mechanical forces that cause displacement and extraction of contaminants from the 
membrane surface (Landaburu-Aguirre et  al. 2016). Physical procedures involve 
agitation (Gul et  al. 2021), ultrasonic bubbles (Reuter et  al. 2017), CO2 bubbles 
(Alnajjar et al. 2021), osmotic backwashing and flushing (Zhang and Dong 2018), 
sponge ball purification (Alsawaftah et al. 2021), and so on. Once these techniques 
are insufficient without the application of a chemical element, the addition of these 
methods with chemical agents has shown the improvement of the performance of 
removing contaminants and expanding the life cycle of membranes (Gul et  al. 
2021). This attribute is resulted by the agility of cleaning of physical technologies 
and the significant action of chemical agents in contact with contaminants. 
Accordingly, Table 1 reports the major technologies applied to the membrane foul-
ing background, highlighting the treatments discussed previously.

Finally, some new technological strategies have been employed for cleaning and 
decontaminating membranes recently. The clean-in-place (CIP) is based on the inte-
grated application of alkaline and acid detergents, disinfectants, and hot water in 
membrane systems (Vitzilaiou et al. 2019). The reduced use of chemicals and the 
high efficiency of contaminant removal point this technology as a prominent alter-
native to be explored in the coming years (Park et al. 2018). Moreover, recent stud-
ies highlighted that technologies and integration of techniques for the removal of 
microbial biofilms present in membranes is an interesting and encouraging approach 
(Nguyen et al. 2012; Vitzilaiou et al. 2019). Microbial biofouling is the deposition 
of microorganisms present in brackish solutions, synthesizing a film of high con-
centration of organic materials and microbial growth, which prevent the continuous 
flow of permeate and accumulate substances on the membrane surface (Kucera 
2019). As biofouling remediation strategies, the silver application, ultraviolet (UV), 
ozone, and nano photocatalytic disinfection are highlighted (Al-Abri et al. 2019).

6  Challenges that Involve the Recycle 
of Polymeric Membranes

Although the recycling of polymeric membranes is a preferable way to reduce unde-
sirable wastes and land-filling activities, recovering monomers and other materials 
with aggregate value, some challenges involving the procedure were highlighted by 
distinct authors (Chanda 2021; Utekar et al. 2021; Ignatyev et al. 2014; Hopewell 
et al. 2009; Dorigato 2021; Dogu et al. 2021; Valerio et al. 2020). Some of these 
items were described as follows:

• Contamination is the first obstacle in the recycling process of polymer mem-
branes. For an appropriate reclaim and recycling, a preliminary decontamination 
step of the membranes is required. Nonetheless, if the decontamination process 
is costly, how to proceed?
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Table 1 Advantages and limitations of the dominant technologies applied to the membrane 
fouling approach

Membrane 
type Advantages Limitations References

Chemical UFa, NFb, 
UFc, and 
ROd

High reaction 
velocity
High 
microorganism 
removal
High flow rate
Significant 
colloids and 
organic 
components 
elimination
Elevated oxidation
Process easiness
Accessible 
injection

Costs with 
chemical solvents
Uncertain 
stability
Membrane 
shelf-life 
reduction
Low efficiency
Chemical 
corrosion 
predisposition
Environmental 
impasse
Carcinogens 
generation
Inhibitors 
generation at 
higher 
temperatures
Operation 
parameters 
requirement
High precipitation 
propensity
Necessity for 
application 
periodicity
Suitable for 
certain types of 
membrane
pH adjustment 
requirement
Production of 
additional 
by-products

Maddah and Chogle 
(2017), Nascimbén 
Santos et al. (2020), 
Landaburu-Aguirre 
et al. (2016), 
Alsawaftah et al. 
(2021), and Bokhary 
et al. (2018)

(continued)
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Table 1 (continued)

Membrane 
type Advantages Limitations References

Physical UFa, NFb, 
and UFc

No chemicals are 
required
No chemical 
corrosion
Easy installation
High foulants 
removal
Reduced 
installation and 
operation costs
High colloids and 
suspended 
components 
removal
High 
microorganism 
removal
Receptiveness to 
supplemental 
techniques

High energy 
demand
High reaction 
time
Mutagenic 
by-products 
formation
Reduced bacteria 
removal 
efficiency
Incomplete 
biofouling 
disruption
Necessity for 
additional 
technologies
In many cases, 
membranes are 
susceptible to 
tearing and 
rewetting
Costs increase
Cooling system 
requirement
No harmful 
by-products 
synthesis

Mohan and 
Nagalakshmi (2020), 
Landaburu-Aguirre 
et al. (2016), 
Alsawaftah et al. 
(2021), Bokhary et al. 
(2018), Alkhatib et al. 
(2021), and Maddah 
and Chogle (2017)

Physicochemical UFa, NFb, 
and UFc

Reduced 
chemicals demand
High reaction 
velocity
Higher efficiency 
than chemical or 
physical 
technologies 
individually

Formation of 
degradation 
compounds

Bokhary et al. (2018) 
and Mohan and 
Nagalakshmi (2020)

aUltrafiltration, bNanofiltration, cUltrafiltration, and dReverse Osmosis

• Polymer membranes are formed by composite materials that are prepared by a 
combination of reinforcement, matrix materials, and fillers compounds. 
 Therefore, the recycling method must consider that the reactivity among all these 
materials is different and the process could be complicated.

• If the membrane is composed of thermosetting resins, an additional problem 
must be considered: this type of material cannot be remolded again since it is 
reticulated.
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• Another important topic is the separation and classification of the different poly-
mers that composed the membranes. After the recycling process, there is a sig-
nificant challenge and a tedious step.

• It is typically reported that the main commercial technique for recycling poly-
meric membranes (mechanical recycling, which includes reducing the size of the 
waste to reinforce it in different materials) degraded the mechanical properties of 
the membrane components.

• Membrane recycling by a conventional technique (such as chemical recycling) 
results in a waste management concern by the generation of liquefied waste, 
hazardous compounds, and solid waste since dangerous solvents can be used.

• Although the membranes technology is emergent, but not yet a disseminated tech-
nique, the inconsistent supply of recyclable materials limits a long-term business.

7  General Overview and Conclusions

Membrane separation processes (MSP) are a rapidly growing technology that has 
conquered industrial processes. The use of membranes eliminates some steps and 
considerably reduces the use of chemical reagents, especially in the treatment of 
effluents. It was possible due to the numerous researches conducted in recent years 
that allowed the improvement of the membrane manufacturing process. Nevertheless, 
membranes present a considerably restricted life cycle. This panorama led to large 
amounts of membranes and environmentally oriented waste, extolling strategies for 
recycling these materials as cost-friendly and eco-friendly alternatives in MSP 
processes.

Accordingly, this chapter detailed the dynamics of recycling polymeric mem-
branes for reuse in a variety of applications. The intensification of MSP processes in 
a range of employments indicated the importance of degradation processes in the 
life cycle of membranes, manifesting significant reuse strategies and technologies. 
The performance of membrane reuse in the current scenario is a central topic for 
future actions that aspire a balance between membrane production and manipula-
tion and the environment.
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Composites Based on Polymeric Matrices 
Recycled from Different Wastes 
and Natural Fibers

Galder Kortaberria

1  Introduction

The increase in material production and consumption is leading to a fast exhaustion 
of the virgin resources. Plastics or polymers are among the most widely produced 
and used materials. In 2018, the production of plastics was around 359  million 
metric tons worldwide, and it appears that this will continue to grow year after year 
(Garside 2020). In fact, 62 million metric tons were produced in Europe this year 
2018. China, the largest plastic producer in the world, accounts for more than one 
quarter of the global production. In 2019, 39.9% of European plastic demand came 
from packaging industry, while 19.9% was from building one. The most demanded 
plastics were poly(ethylene) (PE) for films, tubes, toys, and containers, 
poly(propylene) (PP) for food packaging, pipes, or car accessories, and poly(ethylene 
terephthalate) (PET) mainly for bottles (PlasticsEurope 2019). Figure 1 shows the 
evolution of plastic production since 1950.

If plastic production continues to grow as predicted, around 2000 tons of poly-
meric materials will be produced by 2050 (UNEP 2016), resulting in waste accumu-
lation if waste management and reuse/recycling are not properly considered and 
developed. The use of recycled polymers in different applications or as matrices in 
composites is an urgent requirement to reduce polymeric waste and find value- 
added applications for them. Consequently, plastic recycling has attracted a great 
interest in different sectors (Ilyas et al. 2021). Thermoplastic polymers are the most 
commonly used and, consequently, the most recycled ones. Among their main 
advantages is their relatively easy processability by several methods, resulting in 
different products obtained by changing operating conditions, which can be easily 
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Fig. 1 Evolution of plastic production, in millions of metric tons, since 1950  in Europe and 
the world

Fig. 2 The most common polymer recycling methods

mixed with additives, fillers, or reinforcements (Favis and Le Corroller 2017; Saleh 
and Danmaliki 2017). The recycling and incineration are the most often used recov-
ery methods of thermoplastic polymers. While the incineration presents some prob-
lems such as the production of toxic gases and the residual ash that could contain 
heavy metals such as lead and cadmium, recycling helps to reduce environmental 
problems besides saving material and energy (Francis 2016). The recycling pro-
cesses can be classified into four main types as shown in Fig. 2: primary recycling, 
secondary or mechanical recycling, chemical or tertiary recycling, and feedstock or 
quaternary recycling.

The primary recycling is the most used one, due to their simplicity and low cost, 
consisting of the reuse of products in their original structure. The main disadvantage 
is that each material presents a limit on the number of cycles (Francis 2016; Singh 
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et  al. 2017). The secondary or mechanical recycling can only be applied to 
thermoplastic polymers, because they can be remelted and reprocessed into end 
products. In this process, plastic wastes are cut, shredded, and washed into 
granulates, flakes, or pellets, and then melted to make the new product by extrusion. 
Sometimes this reprocessed material is also blended with virgin material to obtain 
better properties (Grigore 2017). By chemical recycling, polymers are completely 
or partially depolymerized to obtain monomers or oligomers, respectively, which 
can be used for further polymerization processes (Mendiburu-Valor et  al. 2021; 
Olah et al. 2008). Glycolysis, hydrolysis, and methanolysis can be underlined as the 
main depolymerization reactions even though there are some others. Finally, the 
aim of quaternary recycling is the energy recovery, the main process being 
represented by the incineration, which generates considerable energy. However, it is 
not ecologically acceptable because toxic substances such as dioxins are generated 
(in the case of heavy metals, chlorine-containing polymers, toxic carbon, and 
oxygen-based free radicals).

Taking a look to Table 1, in which together with the worldwide plastic produc-
tion, data about the wastes management are also shown, one can realize the dra-
matic situation. The lastest available data revealed that 75% of generated plastic was 
landfilled which means a loss of resources. Therefore, the enhancement of the waste 
management is imperative.

On the other hand, natural fiber-based composites consist of a sustainable alter-
native to the synthetic material-based composites. Natural fibers have several advan-
tages over their synthetic counterparts: abundant availability, lower cost, lower 
environmental impact, and easier processing. Natural fibers can be classified into 
many different categories, as shown in Fig. 3 (Al-Maadeed and Labidi 2014).

Natural fibers are an abundant and renewable resource, being their cost relatively 
low compared with other conventional fibers, presenting low density and relatively 
high mechanical properties (Xie et  al. 2010). They are eco-friendly and 
biodegradable, and they reduce the problem of solid waste production when used to 
replace nondegradable fillers. Due to their nonabrasive behavior, they can be used 
in larger amounts as polymer filler than nonorganic ones, which could damage the 
machinery because of their abrasive character.

Thermoplastics obtained from waste can be properly combined with natural 
fibers such as kenaf, jute, flax, and hemp to create so-called biocomposites, which 

Table 1 Data on plastics production and waste management (in thousands of US tons) from 1960 
to 2018, as obtained from the American Chemistry Council, the National Association for PET 
Container Resources, and the Association of Plastic Recyclers

Management pathway 1960 1970 1980 1990 2000 2005 2010 2017 2018

Generation 390 2900 6830 17,130 25,550 29,380 31,400 35,410 35,680
Recycled – – 20 1480 1480 1780 2500 3000 3090
Composted – – – – – – – – –
Energy recovery – – 140 2980 4120 4330 4530 5590 5620
Landfilled 390 2900 6670 13,780 19,950 23,270 24,370 26,820 26,970
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Fig. 3 Classification of natural fibers. (Reproduced with permission of Al-Maadeed and Labidi 
(2014), copyright Woodhead Publishing, Elsevier, 2014)

have several advantages over synthetic fiber-based composites such as acceptable 
mechanical properties, lightweight, low cost, and biodegradability (Adhikary et al. 
2008; Cho et al. 2007). In fact, many authors have prepared composites based on 
natural fibers, not only with thermoplastic polymers but also with thermosetting 
ones (Bourmaud et al. 2011; Cho et al. 2009; Lee et al. 2008). Natural fiber-based 
composites, however, also have some disadvantages such as relatively high moisture 
sorption or the poor compatibility between fiber and matrix, which necessitates the 
use of compatibilizers or the functionalization of the surface with acids or alkalis, 
modifying their surface properties, improving their thermal stability and compatibil-
ity, as well as the removal of potential impurities (Fahim and Elhaggar 2012).

The aim of this review chapter is to show the main advances developed during 
the last years on the preparation and characterization of composites based on 
recycled thermoplastics (mainly polyethylene terephthalate (PET) and polypropylene 
(PP)) and natural fibers from different origins (woven flax, cotton fibers, sugar cane 
fibers, kenaf or rice straw fibers, among others).

2  Biocomposites Based on Recycled PET

PET is a semicrystalline aromatic–aliphatic thermoplastic polyester used in the pro-
duction of food packaging, mainly for bottles (51%), other food packaging (9.1%), 
sheets and films (13.8%), as well as for nonfood products (6.1%) (Wei et al. 2017). 
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PET consumption has increased in recent years, with a demand of around four mil-
lion tons in Europe in 2018 (Plastics Europe 2019), mainly due to its suitable prop-
erties such as flexibility, low density and low cost, high mechanical, physical, and 
chemical properties, and low gas transmission permeability (Chapa-Martínez et al. 
2016; Mendiburu-Valor et al. 2021). Wastes coming from manufacture and post-
urban residues constitute the main PET waste sources, which should be managed 
and recycled. The development of composites with natural fibers has been one of the 
ways for reusing recycled PET. The behavior of natural fiber-based composites 
greatly depends on fiber type, content, geometry, and interface properties (Khan 
et al. 2018; Ku et al. 2011; Mohammed et al. 2015). Many studies can be found in 
the literature, with the aim of improving the mechanical properties of recycled PET/
natural fiber composites. In this way, Zou et al. (2011) successfully prepared com-
posites from polyester and cotton blend fabrics. PET/cotton blend composites were 
prepared by using plasticizers such as 2-phenyl phenol and glycerol for decreasing 
the melting temperature of PET, reducing the preparation time. Moreover, even 
though some studies also probed the possibility of obtaining regenerated cellulosic 
fibers from waste PET and cotton blend textiles (Yabuki et al. 2003), some authors 
claimed that the physical and chemical techniques of recycling pure PET are not 
conclusive for recovering PET from waste PET/cotton blended fabrics because it is 
intricately mixed with cotton fibers, making mechanical separation difficult. 
Moreover, as PET is only soluble in a few expensive solvents, dissolving it from 
mixtures is difficult. In this way, Palakurthi (2016) developed composites based on 
separated and recycled PET and cotton textiles for their potential use in home fur-
nishings and other textile products. The author used plain woven fabrics of 100% 
cotton and 100% PET obtained from wastes of textile industry. She analyzed the 
effect of plasticizers and alkali treatments by decreasing the processing tempera-
tures, in order to protect the cotton during the process, showing that plasticizer 
reduced the melting point, allowing the composites to be prepared at lower tempera-
tures, presenting improved mechanical properties due to the lower damage caused 
to cotton fabrics.

With similar constituents, Carrete (2019) produced natural fiber-reinforced poly-
mer composites from post-consumer textile cotton waste and PET from water bot-
tles by surface modifications of cotton fibers. This novel composite material, 
obtained as a monofilament feedstock for 3D printing, toughened the recycled PET 
matrix. They hydrolyzed fibers from white denim cloth (as a representation of 
bleached fibers) as well as fibers from post-consumer denim jeans, in order to 
increase the compatibility with polymeric matrix, increasing the interfacial adhesion. 
Functionalization with a silane was also used for this purpose. They concluded that 
cotton fibers were successfully modified and toughened the matrix, increasing 
impact resistance. They showed that the fiber–matrix adhesion was sufficient to 
resist brittle fracture modes using scanning electron microscopy (SEM) images of 
impact fracture surfaces. They concluded by pointing out that their study showed 
that mechanical properties of PET were improved, particularly the dampening 
characteristics and impact strength.
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Some further studies on composites with various natural fibers can be found in 
the literature. In this way, Ardekani et al. (2014) studied the mechanical and thermal 
properties of composites made from recycled newspaper fibers and recycled PET, 
with styrene-ethylene-butylene-styrene grafted maleic anhydride (SEBS-g-MA) as 
compatibilizer. They found that tensile and flexural strength of the composite 
increased with addition of up to 5 wt% of fiber; however, for higher fiber contents, 
both parameters decreased due to insufficient wettability between the fibers and the 
matrix. Corradini et al. (2008) prepared composites based on bagasse fiber and recy-
cled PET, with ethylene/n-butyl acrylate/glycidyl methacrylate (EBGMA) and 
ethylene- methyl acrylate (EMA) as compatibilizers. SEM and dynamic mechanical 
analysis (DMA) revealed that adhesion of fiber with PET was more effective with 
EBGMA than that of EMA. However, they found that the incorporation of fiber 
decreased tensile properties of PET.

Dehghani et al. (2013) also prepared composites based on recycled PET and date 
palm leaf fiber, by using maleated block copolymer of SEBS-g-MA as compatibilizer, 
through injection molding. They reported that tensile strength increased with fiber 
addition, due to the better stress transfer between the phases, improved by the 
surface modification of the fiber. Flexure strength increased up to 5 wt% of fiber 
loading and it remained unaffected for higher contents. The compatibilizer increased 
the impact strength of recycled PET. Santos et al. (2014) prepared composites based 
on recycled PET and sisal fibers by thermal processing. They used three different 
plasticizers in order to decrease the melting point of PET: glycerol, castor oil, and 
tributyl citrate. They found that PET stiffness decreased with fiber and plasticizer 
addition due to restricted intermolecular interaction.

Some authors also used polymer blends based on recycled PET, reinforced with 
natural fibers, for preparing composites. In this way, Chaiwutthinan et al. (2019) 
prepared composites based on blends of recycled PET and poly(butyleneadipate-co- 
terephthalate) (PBAT) reinforced with wood flour. They found that PBAT decreased 
the tensile and flexural properties of PET, while impact strength and elongation at 
break were increased. Even though flexural strength and Young’s modulus increased, 
due to the high stiffness of wood that reduced polymer chain mobility, the thermal 
stability decreased. Mosavi-Mirkolaei et al. (2019) prepared composites based on 
blends of recycled high-density polyethylene (HDPE), low-density polyethylene 
(LDPE), and PET with beech wood flour by using ethylene-glycidyl methacrylate 
copolymer (E-GMA) as compatibilizer. Developed composites presented improved 
mechanical properties and water resistance due to the increase in crystallinity, and 
interfacial bonding among the polymer and the filler. Martinez Lopez et al. (2020) 
used sawdust as reinforcement for waste thermoplastic PET, HDPE, and PP blend 
with the aim of preparing a composite board. They also added calcium carbonate 
(CaCO3) and found that the higher the sawdust content, the lower the mechanical 
properties, increasing the rigidity of the matrix. Finally, Dairi et al. (2017) prepared 
composites based on recycled PP/PET blends and wood flour, with maleic anhy-
dride grafted polypropylene (MAPP) as compatibilizer. They found that flexural 
strength and modulus, as well as tensile modulus, increased with wood flour 
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Fig. 4 PET glycolysis reaction and obtained products

content, probably due to the effect of MAPP, which favored a good interface inter-
action between constituents.

As was stated above, the tertiary or chemical recycling is another way for recov-
ering primary materials from polymeric wastes for further use in the synthesis of 
new materials. In this way, unsaturated polyester resin obtained by chemical recy-
cling of PET (from BHET monomer) is a potential matrix material for composites 
reinforced with natural fibers. Figure 4 shows the chemical recycling procedure for 
BHET obtained from PET wastes.

Several authors have developed related studies, such as Ahmad et al. (2008), who 
prepared composites with sawdust and analyzed the effects of alkali treatment, filler 
content, and size on mechanical properties. They found that tensile and flexure 
modulus increased with filler content, but tensile and flexural strength decreased. 
They concluded by pointing out that the smaller the size of sawdust, the higher the 
strength and modulus because of the higher surface area for filler–matrix interaction. 
Farahani et al. (2012) prepared composites based on kenaf fiber and unsaturated 
polyester (UPR) from PET recycling, using different size fibers. They found a 
decrease in tensile strength with fiber addition. However, the impact strength of the 
composites was improved for all sizes used. Tan et al. (2011) prepared composites 
based on UPR from PET waste and empty fruit bunch after modifying fiber surface 
with NaOH, silane, and maleic anhydride (MA). They observed that fiber treatment 
enhanced the tensile properties and impact strength.

3  Biocomposites Based on Recycled PP

PP is one of the most used thermoplastics in many industrial applications, which 
can be processed through extrusion and injection molding, both with synthetic glass 
or carbon fibers and natural ones. In recent years, several authors have prepared 
composites reinforced with natural fibers, from different origins, and recycled PP as 
polymeric matrix. In this way, Quynh Truong Hoang et al. (2010) prepared compos-
ites reinforced with short spruce fiber. They analyzed the effect of recycling PP five 
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and ten times, together with that of the fiber amount. They showed the effect of 
fibers increasing degree of crystallinity of PP, with the development of a new crys-
talline β phase using differential scanning calorimetry (DSC) and wide-angle X-ray 
spectroscopy (WAXS). Using tensile tests, they showed that the fiber embrittled the 
materials. Using fracture tests coupled with digital image correlation, they found 
the better accommodation of overstrains at the crack tip in the composite material. 
They pointed out the promising material developed. Srebrenkoska et  al. (2009) 
studied the possibility of using recycled PP for preparing composites with kenaf 
fibers and rice hulls as reinforcements, with maleic anhydride grafted PP (MAPP) 
as compatibilizer. They found that flexural strength and thermal stability of compos-
ites with recycled PP were similar to those of composites with neat PP, while those 
reinforced with kenaf fibers presented better properties than those based on rice 
hulls. As mechanical and thermal properties of recycled PP were very similar than 
those of virgin PP, and taking into account the reinforcing effect of natural fibers, 
the authors claimed the possibility of using recycled PP for the production of com-
posites with potential applications as construction building materials in housing 
systems.

In his thesis, Rios (2015) prepared and characterized composites based on recy-
cled PP and both as-received and NaOH-treated coconut fibers. Scanning electron 
microscopy (SEM) and X-ray tomography (XRT) were performed for morphologi-
cal analysis, while unidirectional tensile test followed by digital image correlation 
(DIC) and infrared thermography were used for mechanical analysis. He concluded 
that NaOH treatment reduced impurities. He found that Young’s modulus and ten-
sile strength decreased with increasing fiber diameters. Moreover, the critical dam-
age was determined, showing that composites fabricated with recycled PP had more 
time for rupture propagation. Damage evolution using strain fields from DIC dem-
onstrated that the longitudinal strains are predominant in relation to the transverse 
ones on the damage process. He presented a detailed experimental and theoretical 
study of mechanical properties and damage process.

Hidalgo-Salazar et al. (2018) studied the morphological, mechanical, and ther-
mal studies on composites based on recycled PP, coffee husk, and coir coconut 
biocomposites prepared by extrusion and injection molding, with MAPP as 
compatibilizing agent. They showed that both fibers improved the flexural modulus 
and thermal properties of composites, which, on the other hand, showed poor impact 
properties. Both fibers acted as nucleating agents, generating an increase of the 
thermal stability of PP phase. The compatibilizer significantly improved the 
mechanical strength and impact behavior of biocomposites.

Abdullah and Che Aslan (2019) used Mengkuang leaf fiber from Malaysia to 
reinforce recycled PP and evaluated tensile, flexural, and impact properties of 
composites. The effect of both NaOH treatment and MAPP compatibilizer was 
analyzed. Tensile and flexural properties showed improvements, especially those 
with MAPP and alkaline treatment, compared to neat PP. However, they also 
observed a decrease in the impact strength of composites. Kim and Cho (2020) 
reinforced a matrix of recycled waste expanded PP (EPP) with kenaf fibers, by 
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Fig. 5 Crushed waste 
expanded polypropylene 
and chopped kenaf fibers 
obtained by pulverizing 
waste EPP blocks and 
kenaf fiber bundles, 
respectively, prior to 
injection molding. 
(Reproduced with 
permission of Kim and 
Cho (2020), MDPI)

using chopped kenaf fibers and crushed EPP waste. Figure 5 shows an scheme of 
composites preparation.

They found that flexural properties, impact strength, and heat deflection tempera-
ture (HDT) of composites were enhanced by using waste EPP, compared to that of 
those prepared with virgin PP. The flexural modulus and strength of the composites 
with waste EPP were 98% and 55% higher than with virgin PP at the same kenaf 
contents, respectively. They claimed that waste EPP would be suitable for replacing 
conventional PP matrix in natural fiber composites.

Bogataj et al. (2019) used cellulose (CF) and newsprint (NP) fibers to prepare 
composites with recycled PP, with the addition of impact modifier and compatibilizing 
agent, by extrusion melting and injection molding. Tensile strength of the composites 
filled with CF and NP fibers was 36 and 29 MPa, respectively, which is higher than 
the value of 23 MPa obtained for neat recycled PP. The fiber increased the Young’s 
modulus of composites. They claimed that waste paper in the form of recovered 
cellulose or reclaimed newsprint fiber constitute a promising alternative to inorganic 
fillers.

Pineapple fibers are also used for preparing composites with recycled PP, as did 
Reichert et al. (2020) with fibers from pineapple crown waste (both mercerized and 
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neat) and PP recycled from cups. Mercerization increased crystallization degree and 
partially removed hemicellulose and lignin. All composites have higher values of 
the elastic modulus than neat recycled PP; however, they found no differences in the 
elastic modulus between the different types and amounts of fibers.

Finally, there have been some attempts to prepare composites with natural fibers 
and recycled PP for 3D printing applications. In this way, Stoof and Pickering 
(2017) reinforced recycled PP with harakeke natural fibers and gypsum powder for 
applications in fussed deposition modeling (FDM). The authors developed a novel 
method of measuring the shrinkage effects in 3D printed components. They found 
improvements of 77% and 275% in tensile strength and Young’s modulus, 
respectively. The composite with the least shrinkage contained 30 wt% harakeke 
with a shrinkage value of 0.34%, resulting in a net reduction of 84% relative to plain 
PP. Morales et al. (2021) developed sustainable 3D printing filaments based on rice 
husk (RH), an agricultural residue, and recycled PP, analyzing the influence of fiber 
weight ratio on the physical, thermal, mechanical, and morphological properties of 
3D printing parts. They found that the degradation process of composites started 
earlier than for the neat PP because of the lignocellulosic fiber components. 
Mechanical tests showed that tensile strength increased when using a raster angle of 
0° than specimens printed at 90° because of the weaker inter-layer bonding compared 
to in-layer one. During the printing process, composites presented lower warping 
than printed neat PP. Thus, they conclude by pointing out that 3D printable eco- 
friendly natural fiber composite filaments with low density and low cost could be 
developed and used for 3D printing applications.

4  Conclusions

• With the aim of reducing the impact of increasing plastic wastes, the develop-
ment of composite materials with recycled plastics (mainly PET and PP) and 
natural fibers has increased in recent years.

• Even though some attempts have been made to directly recover PET from com-
posites, as in most cases, PET recycling techniques are not suitable for that pur-
pose, composites based on previously recycled PET and natural fibers constitute 
the majority found in the literature.

• Several authors have successfully prepared composites of recycled PET and dif-
ferent fibers such as cotton, bagasse, or sisal ones, among others, using compati-
bilizers for better adhesion or plasticizers to decrease processing temperature.

• Composites based on recycled polymer blends based on PET (with PBAT, HDPE, 
LDPE, or PP, among others) and natural fibers such as wood flour or saw dust 
have also been successfully prepared, with the use of compatibilizer to improve 
characteristics.

• Composites based on polymers, such as UPR derived from the chemical recy-
cling of PET and natural fibers, have also been prepared in a promising way.
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• Composites with recycled PP as matrix and natural fibers have also been devel-
oped, particularly by treating fiber surface with NaOH or using compatibilizers 
such as MAPP.

• Even though most of fibers led to the improvement of flexural or tensile proper-
ties, as found by several authors for different fibers such as spruce ones, coconut 
or coffee husk, pineapple or cellulose, impact properties were not improved, 
presenting poor impact behavior in most of the cases.

• A promising way for 3D printing applications is being developed based on com-
posites with recycled PP and natural fibers.
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1  Introduction

Humans have been evolving and employing materials as devices to solve problems 
since the Stone Age for many thousands of years. Materials are essential compo-
nents for increasing human productivity and living conditions. It represents human 
power to understand the world and alter nature through social productive force, sci-
ence, and technology (Wang et al. 2011). At the fast pace of current science technol-
ogy and innovation, demand for the stringent specific materials with multifunctional 
and yet environmental-friendly elements has emerged in the material engineering 
fields. High-performance plastics and composites, which first arose in the twentieth 
century, have invaded the national economy and people’s lives in a variety of areas 
at an unprecedented rate of growth in history (Wang et al. 2011). They have become 
the substitutes for traditional materials such as steel, iron, wood, and so on, with 
improved performance but lower weight and density.
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Composite is a multiphase system material produced from a matrix and rein-
forcement constituents together (usually fiber) to achieve superior mechanical prop-
erties without dissolving or blending together. Composite materials have appeared 
in our daily lives, especially in infrastructure and therapeutic application, petroleum 
and natural gas transportation, sports, aerospace, as well as many other fields and 
sectors (Ngo 2020). They have numerous features such as high corrosion resistance, 
design flexibility, durability, low weight, and higher mechanical strength. Many 
composite materials were created from laboratory experiments to practical fabrica-
tion during War World II (Johnson 2018). The composite inventors attempted to 
bring composites into other areas such as aircraft, building, and logistics. In the 
early 1980s, composites were first used in construction fields in Asia and Europe, 
when an all-composites-based materials pedestrian bridge was built in Aberfeldy, 
Scotland (Ngo 2020). The composite sector has still been growing nowadays, with 
most of the development concentrated on renewable energy.

Composites can be generally classified into three categories based on their pri-
mary matrix phase in the composites, which are metal matrix composites (MMC), 
ceramic matrix composites (CMC), and polymer matrix composites (PMC), as 
illustrated in Fig. 1. The composite components created by using certain processes 
from metallic, nonmetallic, and polymeric constituents may keep the benefits of the 
original components while also resolving some flaws and showing some new char-
acteristics (Wang et al. 2011). PMC is an engineering material designed with sig-
nificantly different physical and chemical properties by using two or more 
constituent materials to reinforce a neat polymer. It comprises a variety of short or 
continuous long fibers that are embedded in an organic polymer matrix (Advani and 
Hsiao 2012).

PMC can be classified based on whether the matrix is a thermoset or thermoplas-
tic (Zia et al. 2017). The levels of mechanical properties such as strength and stiff-
ness are commonly used to distinguish types of PMC.  Reinforced plastics are 
generally composed of thermoplastic resins with high modulus, high strength, high 
elastic elongation, good chemical and solvent resistance, and low density with 

Fig. 1 Classification of composites
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reinforcing phase. An advanced composite offers greater strength and stiffness, 
which are usually used in high-performance applications such as automobile, 
marine, and aerospace structures over 15 years (Advani and Hsiao 2012). Composite 
materials usually achieve good mechanical properties, which is contributed from 
the strong bond of interfacial adhesive bonding between the polymer matrix with 
the stiff reinforcement. The following are four characteristics of a polymer matrix 
composite: (1) non-homogeneous materials with a different microscopically inter-
face; (2) there are substantial large differences in the performance of each material 
component; (3) composites should have improvement in properties; and (4) volume 
fraction of material components are larger than 10% (Wang et al. 2011).

Fibers or filaments, whiskers, particulates, and so on are typical examples of 
reinforcement used in polymer matrix composites. The fiber is the load bear com-
ponent in the composites and stronger than the matrix due to high strength and 
modulus properties. The matrix phase is required to have good adhesion properties 
to bond with the reinforcing phase in order to effectively transfer applied stress to 
the reinforcement. Simultaneously, the polymer matrix can be used to distribute the 
tensile stress uniformly throughout the composites and absorb energy in the poly-
mer chains during elongation (Wang et al. 2011). Fiber–matrix debonding usually 
happens in thermomechanical loading due to the poor wetting properties between 
the matrix and the reinforcement with different size of porosity (Talreja and 
Varna 2015).

1.1  Recycled Polyolefins Phase

Polyolefin is a group of macromolecules with the chemical formula (CH2CHR), 
which is synthesized by the polymerization of olefin monomer units. It is also 
known as polyalkene and the most common polyolefins are polypropylene (PP) and 
polyethylene (PE) (Hong et al. 2002). PE is the largest volume of polyolefin with a 
variety of grades based on their molecular weight, density, side branching, and so 
on, as shown in Table 1. These thermoplastic polymers can be molded into a wide 
range of products or various applications when it is heated and solidified upon cool-
ing. They have a unique characteristic with the processing frequency as the chemi-
cal reaction is reversible and softened when heating. Because of its lightweight, 
inexpensive, and durable properties, the development of thermoplastic has dramati-
cally risen, resulting in a global crisis with disposal of plastic wastes. The plastic 
wastes have been accumulated and treated as debris in landfill and other natural 
environment (Grigore 2017). This is because plastic materials have been mass pro-
duced around 60 years since the industrial age and most of them are not biodegrad-
able (Andrady 1994). For instance, plastic bags need up to 300–1000  years for 
photodegradation in the soil, in which the plastics will break down to small toxicity 
particles that are immensely harmful to environment (Ilyas et al. 2021).

Low-density polyethylene (LDPE), linear low-density polyethylene (LLDPE), 
high-density polyethylene (HDPE), polypropylene (PP), polyethylene terephthalate 
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Table 1 Classification of PE based on density, molecular weight (MW), percentage of crystallinity, 
and polymer conformation (Pruitt 2017)

Polymer Conformation
Density 
(g/cm3)

Molecular 
weight (g/
mol)

% 
Crystallinity Application

LDPE 0.910–
0.925

30,000–
50,000

30–40 Packaging, 
film, catheters

LLDPE 0.919–
0.925

192,000 30–45 Plastic bags, 
sheets, plastic 
wraps, toys, 
etc.

MDPE Shorter side branching 
than LDPE

0.926–
0.940

60,000–
100,000

50–60 Facial 
implants

HDPE 0.941–
0.970

200,000–
500,000

70–90 Tendons, 
catheters

Ultra-high 
molecular 
weight PE 
(UHMWPE)

Longer and linear chains 
than HDPE, which 
effectively transfer load

0.925–
0.935

4–6 million 45–60 Orthopedic 
bearings

(PET), and polystyrene (PS) are the common families of polyolefin. They are widely 
used in industrial and commercial packaging, household products, containers, and 
so on. This generates a significant number of polyolefins, particularly packaging, 
which might possibly be recovered for recycling. Even though the recycling process 
of these materials may be challenging, the mechanical properties such as tensile 
strength of the recovered plastics are still rather good for some applications. 
However, poor stiffness and creep resistance of recycling polyolefin components are 
restricted in their usage (Selke and Wichman 2004). This can be overcome by incor-
porating a secondary reinforcing phase to improve the rigidity and stiffness of the 
recycled plastic. For composites, the interface is not considered to be changed dur-
ing recycling, but the resulting mechanical performance of in-plant recycled fiber 
glass-reinforced nylon demonstrated that instead the fiber length had a strong influ-
ence on the strength (Eriksson et al. 1996).

In 2019, over 380 million tons of postconsumer plastic wastes were produced, 
and the report showed that the global packaging industries generated 42% and 17% 
by the construction sector (Rafey and Siddiqui 2021). It is estimated that the global 
plastic consumption by 2050 will increase to 500 million tons of which the major 
consumer is the single-use plastics-based products (Ncube et al. 2021). Therefore, 
plastic trash has earned public attention and criticism due to its high visibility, volu-
minous nature, slow degradability, and short service life. Due to the sustainability of 
the environment, recycling of polymeric materials is one way to reduce the environ-
mental impact and resource depletion. Basically, recycling is the act of collecting 
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and converting the plastic wastes that would be discarded as garbage and developing 
them into a reusable product to extend the service periods. These plastic wastes 
include water bottles, plastic bags, food wrappers, plastic containers, plastic insula-
tor covers, and so on. In fact, recycling minimizes the amount of plastic waste dis-
posed in landfills and incinerators and helps protect the environment by decreasing 
the demand for raw materials extraction such as mining, logging, and quarrying. 
This might significantly contribute to energy saving as well as the conservation of 
natural resources such as lumber, water, and minerals. Apart from that, recycling 
also helps to prevent severe pollution such as greenhouse effect, air pollution caused 
by plastic wastes incineration, water pollution (landfill), ecosystem imbalance, 
extinction of wildlife, and so on (Karlsson 2004).

Recycling can be accomplished by either mechanically, chemically, and ener-
getically. Mechanical recycling is accomplished by physical techniques such as 
grinding, remelting, and reprocessing. While chemical recycling is done by decom-
position of polymers to monomers or other low molecular weight compounds that 
can be utilized to create new goods. The recycling through energetically is worked 
through heat or electricity generated from incineration of plastic wastes. 
Nevertheless, recycling of polyolefins is more challenging than plastic produced 
from crude oil refining. Polymers can easily undergo chemical and physical changes 
during manufacturing and industrial production. They are subjected to oxygen reac-
tions at every step of their life cycle. The formation of new functional groups during 
the oxidation process increases the recyclate more vulnerable to heat and photodeg-
radation. Besides, recovery plastics usually interact with the non-polymeric impuri-
ties and contaminants, which may affect the long-term service life and mechanical 
stability of application (Karlsson 2004). In recent decades, numerous research stud-
ies have been conducted on the blends (Aumnate et al. 2019; Barbosa et al. 2017; 
Matei et al. 2017; Pimentel et al. 2018; Thodsaratpreeyakul et al. 2018) and com-
posites based on postconsumer or recycled polymers from different polymer types 
such as PE (Yu et al. 2018; Murat et al. 2020; Ilori et al. 2018; Chen et al. 2020; 
Beigloo et al. 2017; Akter et al. 2021), PP (Narayanan et al. 2018; Meftah et al. 
2018; Karina et al. 2017; Bogataj et al. 2019; Abdullah and Che Aslan 2019), poly-
ethylene terephthalate (PET) (Baek et al. 2018; Monti et al. 2021), and so on.

1.2  Reinforcing Phase

The dispersed phase is sometimes called the reinforcing phase that is added to 
increase mechanical strength of the polymer matrix. Fibers, sheets, or particles that 
are usually embedded in the polymer matrix phase can act as the reinforcing phase. 
Fibers are potential to reduce the weight of products and the cost of materials, while 
improving the renewability without compromising the composite’s characteristics 
(Safri et al. 2018; Awais et al. 2020). The dispersion phase improves the strength of 
polymer matrix composites by distributing reinforcing filler in the primary matrix 
phase. With its stiffness and hardness properties, the reinforcing filler works as a 
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barrier to prevent the composites from deforming, moving dislocations, and sliding 
over each other when stress is applied (Akaluzia et al. 2021).

Particle-reinforced composites have a large volume fraction of particles dis-
persed in the matrix and the load is shared by the particles and the matrix. The 
diameter of the dispersed phase is often equiaxed roughly the same in all directions. 
Particle-  reinforced composites make up the majority of commercial polymer com-
posites. Most of these polymers serve as micron-sized particles, which often pro-
vide greater heat stability and modulus. In contrast, nano-sized particles such as 
nanoclay can increase physical and mechanical characteristics. Smaller particles 
will provide more surface area of interaction with the matrix, while longer fibers 
offer better reinforcing properties and better durability. However, the overall perfor-
mance of the composite is determined by the effective interface adhesion between 
matrix and dispersed phase (Advani and Hsiao 2012).

Meanwhile, continuous fiber reinforcements often exhibit the greater mechanical 
characteristics such as rigidity and tensile strength. These fibers can be used in 
many different applications over a wide range, including continuous random mat, 
woven fabric, stitched fabric, and unidirectional or bidirectional fabric (Advani and 
Hsiao 2012). In fiber-reinforced composites, the reinforcement is the major load- -
bearing element and can be categorized into natural, synthetic, and semisynthetic. 
Fiber-reinforced composites usually include fiber glass and carbon fiber compos-
ites. If the composite is properly designed and manufactured, it can combine the 
strength of the reinforcement with the toughness of the matrix to create a combina-
tion of desired properties, which is not found in any single traditional material. 
Many composites have benefits in manipulating the desired properties of the final 
product. This means that the characteristics such as strength and stiffness can be 
readily altered by changing the volume or orientation of the reinforcing material 
(Oseli et al. 2020; Elkazaz et al. 2020).

2  Mechanical Properties of Recycled 
Polyolefin-Based Composites

2.1  Effect of Recycled Polyolefin Types and Blend Composition

Table 2 describes some recent previous studies of various recycled polyolefin blends 
and their mechanical performances. In the study of rPP/rLDPE by Aumnate et al. 
(2019), the tensile strength and Young’s modulus of rPP decreased with the rLDPE 
content, but the improvement of elongation was observed by adding the more duc-
tile LDPE. Interestingly, the Young’s modulus of rPP/rLDPE was slightly higher, 
but there was no real change in tensile stress and strain as compared to virgin one. 
Based on the finding, the researchers proposed that this blend could be used in 
injection-molded or blow-molded applications such as bottles, containers, outdoor 
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Table 2 Mechanical properties of the various recycled polyolefin blends

Recycled 
polyolefin Formulation Mechanical performance findings References

rPP/rLDPE 25, 50, 75, 
100 wt%

Elongation of PP was improved with the 
addition of LDPE
Comparable tensile properties compared to 
those of virgin PP/LDPE

Aumnate et al. (2019)

rPET/PC 25, 50, 75, 
100 wt%

Flexural strength increased with the PC 
content up to 75 wt%
Flexural modulus reduced with the PC 
addition

Thodsaratpreeyakul 
et al. (2018)

rPP/
elastomer

10 wt% Tensile and impact properties increased
Tensile strength: 2.06 MPa (rPP), 
8.90–11.70 MPa (rPP/elastomer)
Elongation at break: 2.83% (rPP), 
10.96–12.89% (rPP/elastomer)
Izod impact: 4.35 kJ/m2 (rPP), 8.55–
21.78 kJ/m2 (rPP/elastomer)

Matei et al. (2017)

vPP/rPP 20, 40, 60, 
80 wt%

Yield strength (35.86–37.24 MPa) and 
elastic modulus (1395.10–1481.62 MPa) of 
vPP reduced with increasing the rPP 
content

Pimentel et al. (2018)

vPP/rPP 10, 20, 30, 
100 wt%

Yield strength (20.83–21.65 MPa), elastic 
modulus (1702.69–1761.11 MPa), impact 
strength (6.67–49.53 kJ/m2) of vPP 
reduced with increasing the rPP content

Barbosa et al. (2017)

Note: PP polypropylene, LDPE low-density polyethylene, PET polyethylene terephthalate, PC 
polycarbonate, “r” recycled, “v” virgin

decking, fencing, picnic tables, pipe, films, and sack bags. Matei et  al. (2017) 
reported a marked increase in mechanical properties of rPET by blending with three 
types of elastomers. The improved elongation and impact strength in rPET/10 wt% 
elastomer blend is attributed to the elastomeric phase that favors the flow of rPP and 
stress transfer from the rPP matrix. Moreover, the flexible interface between rPP 
and elastomer can prevent crack propagation.

Aside from blending with different types of polyolefin, literature also established 
the blending of virgin polyolefin material with recycled source of same polymer 
type. Pimentel et al. (2018) prepared vPP/rPP blends with similar yield strength and 
elastic modulus as the pure vPP, as the decrease of tensile properties with the 
increasing rPP content was only less than 7%. The decline in elastic modulus indi-
cates the reduced stiffness, which is contributed by the rPP of having lower molecu-
lar weight and shorter chains due to the degradation during reprocessing. The 
similar observation of mechanical properties of vPP/rPP blend with different for-
mulation was reported by Barbosa et al. (2017).
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2.2  Effect of Natural Reinforcements

Based on the literature review, there are numerous recycled PE- and PP-based bio-
composites reinforced with various types of natural fibers such as plant leaves 
(Abdullah and Che Aslan 2019; Narayanan et al. 2018), rice husk (Rajendran Royan 
et al. 2018; Chen et al. 2015a, b, 2020), sawdust (Fletes and Rodrigue 2021; Murat 
et al. 2020; Silva et al. 2017), coconut (Akter et al. 2021), and so on. Overall, the 
addition of natural fiber at an appropriate loading has promoted a small increment 
in mechanical strength and a consequent decrement when the fiber loading exceeds 
the optimum level (Table 3). In this regard, different composite formulation shows 
different optimum loading level.

The maximum value of the tensile strength, for example, was found to be 
20.22  MPa for 15  wt% coconut fiber-reinforced rHDPE composite (Akter et  al. 
2021), 22.2 MPa for 70 wt% rice husk-reinforced rHDPE/rPET composite (Chen 
et al. 2020), and 16.5 MPa for 30 wt% dried banana leaf-reinforced rPP composite 
(Narayanan et al. 2018). A higher strength means a harder but less formable mate-
rial (Bogataj et al. 2019). The increase in tensile strength of the biocomposites is 
attributed to the homogeneous distribution of fibers in the composite material and 
the reasonable interfacial bonding between the matrix and fiber (Akter et al. 2021). 
It is interesting to note that rPP/rice straw lignin composite exhibited a slightly 
higher strength than those of PP-based composite as stated in Karina et al. (2017), 
which might be due to the probable cross-linking generated during production of 
rPP. On the other hand, the reduction of tensile strength, especially at high fiber 
content, could be ascribed to the inadequate amount of matrix resin with fiber 
agglomeration and poor interfacial adhesion or low compatibility between the fiber 
and matrix (Karina et al. 2017; Narayanan et al. 2018). In this regard, surface treat-
ment or coupling agent could be applied to improve the compatibility and miscibil-
ity as well as interfacial bonding between the fiber and matrix phases, thereby 
increasing the tensile strength as shown in maleic anhydride polyethylene (MAPP)-
coupled rPP/treated mengkuang leaf fiber composites (Abdullah and Che 
Aslan 2019).

Young’s modulus is established as a measurement of a material’s stiffness (Akter 
et al. 2021). As expected, the incorporation of natural fiber is commonly resulted in 
an increase in modulus, which is consistent with the stiff characteristic of natural 
fiber (Murat et al. 2020). Commonly, the neat PE or PP without reinforcing filler is 
more ductile and a longer time is required to achieve breaking compared the poly-
mer/natural fiber-blended composites. This can be demonstrated by the decline in 
elongation at break with fiber addition, as stated in the reports of rPE/sawdust com-
posite (Murat et al. 2020) and rPP/lignin composites (Karina et al. 2017). In many 
cases, the elongation result was similar to the impact strength trend, where higher 
fiber loading reduced the impact strength, and this indicates that more brittle mate-
rial was obtained (Murat et al. 2020; Akter et al. 2021).
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Table 3 Influence of natural fiber and its loading on the mechanical properties of the recycled 
polyolefin composites

Matrix
Natural fiber 
and loading Mechanical performance findings References

rHDPE Coconut (5, 10, 
15, 20 wt%)

Tensile strength: 14.76 MPa (rHDPE), 12.89–
20.22 MPa (rHDPE/coconut)
Flexural strength: 14.84 MPa (rHDPE), 17.25–
27.41 MPa (rHDPE/coconut)
Izod impact: 0.032 J/mm (rHDPE), 0.038–0.075  
J/mm (rHDPE/coconut)
Elastic and flexural modulus: inconsistent trend

Akter et al. 
(2021)

rHDPE Sawdust (20, 
30 wt%)

Tensile strength, impact strength, and elongation 
decreased, whereas elastic modulus increased with 
sawdust addition

Murat et al. 
(2020)rLDPE

rHDPE/
rPET

Rice husk (40, 
50, 60, 70, 
80 wt%)

Tensile properties of neat blend (strength of 19.1 MPa, 
modulus of 821.41 MPa) increased with rice husk 
addition from 40 to 70 wt% (strength of 22.2 MPa, 
modulus of ~1800 MPa) and decreased at 80 wt%

Chen et al. 
(2020)

rPP Mengkuang 
leaf, ML 
(40 wt%)

Tensile strength: 18.1 MPa (rPP), 15.6 MPa  
(rPP/ML), 23.1 MPa (rPP/treated ML/MAPP)
Tensile modulus: 1.6 GPa (rPP), 3.2 GPa  
(rPP/ML), 5.1 MPa (rPP/treated ML/MAPP)
Flexural strength: 25.3 MPa (rPP), 27.7 MPa  
(rPP/ML), 34.9 MPa (rPP/treated ML/MAPP)
Flexural modulus: 0.93 GPa (rPP), 2.03 GPa  
(rPP/ML), 2.23 MPa (rPP/treated ML/MAPP)
Izod impact: 46.9 J/m (rPP), 23.7 J/m (rPP/ML), 
30.6 J/m (rPP/treated ML/MAPP)

Abdullah and 
Che Aslan 
(2019)

rPP Cellulose or 
newsprint 
(40 wt%)

Tensile strength and modulus increased but 
elongation reduced for rPP/cellulose (36 MPa, 
447 MPa, 11%) and rPP/newsprint (29 MPa, 
564 MPa, 9%) compared to rPP (23 MPa, 384 MPa, 
49%), respectively

Bogataj et al. 
(2019)

rPP Dried banana 
leaves (10, 20, 
30, 40 wt%)

Tensile (16.5 MPa) and flexural (22.6 MPa) 
strengths of rPP increased up to 30 wt% (26.1 MPa) 
and 10 wt% (28.4 MPa), respectively, and both 
properties reduced afterward

Narayanan 
et al. (2018)

rPP Rice straw 
lignin (10–70%)

Tensile strength (7.1–37.8 MPa for rPP-based, 
6.8–34.0 MPa for PP-based) and elongation 
(0.7–44.0% for rPP-based, 0.7–700% for PP-based) 
reduced, while tensile modulus (1.22–1.44 GPa for 
rPP-based, 1.06–1.38 GPa for PP-based) increased 
with lignin content

Karina et al. 
(2017)PP

Note: HDPE high-density polyethylene, LDPE low-density polyethylene, PET polyethylene 
terephthalate, MAPP maleic anhydride polypropylene, PP polypropylene, “r” recycled, “v” – virgin

From the perspective of matrix types, the finding of Murat et al. (2020) showed 
that LDPE exhibited greater elongation rate but lower strength as compared to 
HDPE matrix. In the study of Karina et al. (2017), the tensile properties demon-
strated no real changes in term of strength, modulus, and elongation, and thus it 
suggests the feasible substitution of rPP for virgin PP material.
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2.3  Effect of Artificial Reinforcements

Based on the literature work in this study, glass fiber and carbon fiber are common 
synthetic-reinforcing fillers used in rPP and rPET composites. In Table 4, the recent 
works of recycled polyolefin/synthetic fiber composites showed a variety of investi-
gation focuses. In the study of Monti et al. (2021), the addition of copolymers in 
rPET/glass had slightly reduced the stiffness (as represented by elastic modulus) 
where the highest reduction was presented by the reactive copolymer of E-MA/24- 
GMA. This is associated to the chemical interaction between the PET chain and the 
GMA group. On the other hand, the rPET/glass fiber with added copolymers exhib-
ited higher ductility as represented by increased strain at break, which is due to the 
better interaction of PET chains with polar moiety of the copolymer. In conse-
quence, this chemical bonding is able to hinder the initiation and propagation of the 
cracks, which reflects the enhanced impact strength. The rPET flakes from the used 
drinking bottles were integrated into PP-carbon fiber composites by Kaymakçı and 
co-researchers (2020). In the presence of MAPP coupling agent, the improved 

Table 4 Mechanical properties of the recycled polyolefin/synthetic fiber composites

Matrix

Synthetic 
fiber and 
loading Investigation scope

Mechanical performance 
findings References

rPET Glass 
(20 wt%)

Types of ethylene 
copolymers (E-MA/24, 
E-MA/24-GMA, 
E-MAA)

With copolymers, the stress and 
elastic modulus were reduced in 
the range of 10%, whereas the 
strain at break and impact 
strength were increased by 
10–30% and 7–60%, 
respectively

Monti et al. 
(2021)

PP/
rPET

Carbon 
(10 wt%)

Inclusion and loading of 
rPET (2.5, 5.0, 7.5, 10.0, 
12.5, 15.0 wt%)

Addition of rPET flakes 
increased the tensile stress, 
modulus, and strain. A marked 
improvement in tensile stress 
and modulus was achieved at 
5.0 wt%

Kaymakçı 
et al. (2020)

rPP or 
PP

Recycled 
carbon 
(20 wt%)

Presence of carbon fiber 
and strain rate tension 
(0.01, 0.1, 10, 100 s−1)

Better mechanical performance 
of rPP/carbon than the PP/
carbon
Mechanical properties were 
affected by increasing strain rate

Meftah 
et al. (2018)

rPET Recycled 
carbon 
fiber mat

Thermoforming 
condition: processing 
temperatures (250, 260, 
270, 280 °C), hold time 
(1, 3, 5, 10 min)

The optimum condition was 
found at 270 °C and 5 min, with 
tensile strength of 54.3 MPa, 
modulus of 2.4 GPa, and 
elongation of 2.6%

Baek et al. 
(2018)

Note: PET polyethylene terephthalate, PP polypropylene, E-MA/24 copolymer of ethylene and 
methyl acrylate (24  wt%), E-MA/24-GMA random terpolymer of ethylene, methyl acrylate 
(24 wt%), and glycidyl methacrylate (8%), E-MAA copolymer of ethylene and methacrylic acid, 
partially neutralized with Na+, “r” recycled, “v” virgin
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tensile stress and strain suggests the good compatibility between the PP matrix and 
rPET microfibrils. In another rPP/recycled carbon composites (Meftah et al. 2018), 
the effect of strain rate was studied. Results showed that at a low strain rate of 
0.1  s−1, a good fiber–matrix adherence could lead to high local plasticity of the 
matrix, whereas local deformation is more concentrated around the fibers during the 
intermediate strain rate of 10 s−1, and finally no matrix ductility is visible at 100 s−1.

2.4  Effects of Nano-Size Filler

Table 5 shows the mechanical properties of the recycled polyolefin/nanofiller com-
posites. In general, the state-of-the-art literature has shown the improvement of 
mechanical properties of composite with the aid of nanofiller. As described by 
Velásquez et al. (2021), nanofiller is a potential alternative to enhance the perfor-
mances of the recycled or degraded plastic, which has a different molar mass distri-
bution compared to vPP, dependent upon its source and grade. In order to obtain a 
comparable ductility with the vPP/rPP blend, organoclay of 1 wt% has increased the 
ductility of nanocomposites as depicted from the increased Young’s modulus values 

Table 5 Mechanical properties of the recycled polyolefin/nanofiller composites

Matrix
Nanofiller and 
loading Mechanical performance findings References

vPP/rPP 
(50/50)

NP-clay or 
P-clay (1, 3, 
5 wt%)

Tensile strength and elongation of vPP/rPP 
(23.5 MPa, 199%) reduced significantly with 
organoclay loading (17.1–24.0 MPa and 21–36% 
for NP-clay; 12.9–22.8 MPa and 41–59% for 
P-clay)
Young’s modulus of vPP/rPP (473 MPa) was 
improved at 1 wt%, by 12% for NP-clay and 14% 
for P-clay

Velásquez 
et al. (2021)

rHDPE/
rPET 
(75/25)

Cloisite 10A 
clay (1, 3, 5, 7, 
9 wt%)

(i) With 5 phr E-GMA, the optimum flexural 
strength (24.5 MPa) and modulus (1178 MPa) 
were obtained
(ii) Two-step compounding method gave better 
flexural strength (32.2 MPa) and modulus 
(1269 MPa) than one-step method
(iii) Among the rotor speeds (30–150 rpm), 
90 rpm was the optimum (flexural strength: 
34.4 MPa, flexural modulus: 1318 MPa)
(iv) With increasing clay loading, the flexural 
properties increased

Chen et al. 
(2017)

rPP/4 wt% 
PANI

Graphene 
(0.5–3 phr)

Presence of graphene reduced the tensile 
properties, yet 1.5–2.0 phr was the optimum 
loading

Husin et al. 
(2015)

Note: PP polypropylene, HDPE high-density polyethylene, PET polyethylene terephthalate, PANI 
polyaniline, NP-clay non-polar modified organoclay, P-clay polar modified organoclay, “r” 
recycled, “v” virgin
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in Table 5. This is greatly due to the rigidity of the silicate structures and the inter-
calation of the clay layers by the polymer chains. Nevertheless, the tensile strength 
and elongation of vPP/rPP blend were reduced significantly with the introduction of 
nanoclay, especially at high clay concentration, which is possibly attributed to the 
severe tactoid structure formation and weakened interfacial adhesion. In short 
words, the mechanical properties of nanocomposite depend on the structures of PP/
clay nanocomposites rather than their crystallinity as proven by Velásquez et  al. 
(2021). On the other hand, Chen et al. 2017 proposed that the speed of rotation of 
the twin screw extruder and extrusion temperature would affect the mechanical 
properties of nanofiller-reinforced composites. According to their findings, the clay 
nanofiller improved the stiffness of the nanocomposite while decreased the tensile 
and impact strengths, and higher extrusion temperature led to greater mechanical 
properties. The small amount of clay content also resulted in higher elongation at 
breaks of the nanoclay-reinforced polymer composite. While the increasing of 
nanoclay reinforcement has enhanced the flexural properties and modulus of the 
nanocomposite (Chen et al. (2017). Graphene is one of the most popular nanofillers 
being investigated in the twenty-first century. Husin et al. (2015) have reported that 
the higher graphene nanofiller amount could promote increment in tensile strength 
and tensile modulus of the rPP/PANI nanocomposites. The greater mechanical 
properties were attributed to the uniform dispersion of the nanofiller, stiffness of the 
platelets, and effective stress transfer between the matrix and nanofiller.

2.5  Effects of Hybrid Filler

The agricultural biomass waste is an effective alternative for a sustainable develop-
ment, thus it is widely used in the composite field. Even though single fiber is fre-
quently reinforced in composites materials, the hybridization of biofillers has shown 
significant improvement in properties of composite, especially mechanical and ther-
mal properties. Table 6 shows mechanical properties of recycled polyolefin compos-
ites reinforced with hybrid fillers. Yu et  al. (2018) investigated the influence of 
hybrid fillers (particleboard dust and basalt fibers) reinforcement in HDPE compos-
ite. The hybrid fillers of low-cost particleboard dust not only improve the recyclabil-
ity of the composite but also reduce its production cost. The 40 wt% of particleboard 
dust hybrid filler promoted high tensile and flexural properties of hybrid filler com-
posite with lower degree of crystallization. In another study, Ilori et al. (2018) inves-
tigated the effect of talc/glass hybrid fillers on mechanical properties of the 
composite under weathering or non-weathering situation. The increase of filler 
amount (from 0 to 40 wt%) led to greater impact strength and hardness of the rLDPE 
composites regardless of the weathering condition. The reinforcement of hybrid 
glass and talc fillers in polymer composites was proven to improve its resistivity in 
degradation. The combination of nanofiller and biomass fiber is tremendously 
exploited as the single fiber filler reinforcement lacks of outstanding improvement 
in composite field.
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Table 6 Mechanical properties of hybrid fillers-reinforced recycled polyolefin composites

Matrix
Hybrid fillers and 
loading Mechanical performance findings References

vHDPE/
rHDPE 
(50/50)

Particleboard 
dust/basalt 
(50 wt%)
Ratio: 2:1, 1:1, 
1:2

Tensile and flexural properties were increased 
(by 24–46% for tensile strength, 228–320% for 
tensile modulus, 114–150% for flexural strength, 
175–245% for flexural modulus) but impact 
strength was reduced by 30–38% with combined 
fillers, irrespective of filler ratio

Yu et al. 
(2018)

rLDPE Talc/glass (10, 20, 
30, 40 wt%, ratio 
1:1)

Tensile strength, impact strength, and hardness 
were slightly improved with the presence of filler

Ilori et al. 
(2018)

rHDPE/
rPET 
(75/25)

Cloisite 10A clay 
(3 phr)/rice husk 
(70 wt%)

Inclusion of clay with coupling agent (MAPE or 
E-GMA) slightly increased tensile properties, 
and the addition of rice husk showed a further 
notable improvement

Chen and 
Ahmad 
(2017)

rHDPE Wood flour 
(30 wt%)/
graphene (0.5, 
1.5, 2.5 wt%)

Addition of 0.5 wt% graphene led to optimum 
flexural strength (24.77 MPa), flexural modulus 
(1778.5 MPa), and impact strength (32.61 J/m2) 
of rHDPE/wood composite (20.5 MPa, 
1604.6 MPa, 19.35 J/m2, respectively)

Beigloo 
et al. (2017)

Note: HDPE high-density polyethylene, LDPE low-density polyethylene, PET polyethylene 
terephthalate, “r” recycled, “v” virgin

Our research team has carried out the reinforcement of nanoclay and rice husk 
hybrid fillers into recycled HDPE/PET polymer composites. The synergy effect and 
great interfacial interaction of nanofiller and biomass fiber rice husk (up to 70 wt%) 
have enhanced the mechanical properties of polymer composite (Chen and Ahmad 
2017). Based on the investigation of Beigloo et al. (2017), the addition of graphene 
filler in composite has shown a promising improvement in durability, flexural and 
tensile properties. Thus, graphene was added into the wood flour-reinforced plastic 
composites to further improve the mechanical properties. From their findings, the 
incorporation of 0.5  wt% nanographene has significantly promoted the flexural 
modulus, flexural strength, and notched impact strength of the wood–plastic com-
posites. This can be explained that nanofillers could enhance the connectivity of the 
polymer composite and fibers, thereby resulting in its excellent surface adhesion 
between the graphene and epoxy as well as a better slenderness ratio.

3  Conclusions

Recycled or postconsumer thermoplastics have gained extensive attention among 
the researchers in developing green composites. This book chapter discussed the 
recent research works based on recycled thermoplastic including blends, and bio-, 
nano-, and hybrid composites. Based on the literatures, several conclusions can be 
reached as follows:

Mechanical Properties of Recycled Polyolefin Composites



62

• Recycled thermoplastics can provide comparable mechanical properties com-
pared to virgin ones while offering lower price and serving as a solution to plas-
tic waste.

• Through incorporating natural fibers including agricultural wastes onto postcon-
sumer thermoplastics, certain mechanical properties of the resultant composites 
can be increased.

• By reinforcing thermoplastic with a small amount of nanoparticles, an effective 
improvement of mechanical performance can be obtained, promoting additional 
functional properties.

• Hybridization is shown to be a potential way to offer synergistic effect of overall 
performance in composites.

Future works can focus on the development of new green and value-added com-
posites based on recycled polyolefins with different formulation and modification to 
achieve desired comparable properties for targeted application.
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Polymeric Substances Recycled 
from Excess Sludge in Wastewater 
Treatment Plant

Da-Qi Cao

1  Introduction

Excess sludge production by wastewater treatment plants (WWTPs) is a serious 
environmental problem that necessitates the development of effective sludge treat-
ment/disposal methods (Cao 2021; Cao et al. 2018a, b, 2020c, 2021b). In addition 
to various wastewater treatment methods, resource recovery has become one of the 
future approaches that satisfy the concept of sustainable development (van 
Loosdrecht and Brdjanovic 2014; Winkler and van Loosdrecht 2022). The recovery 
of resources in wastewater, such as phosphates (Remmen et al. 2019), bioplastics 
(Guest et al. 2009; Ilyas et al. 2021), cellulose (Ruiken et al. 2013), alginates (Cao 
et al. 2017, 2020a, b, 2021a), and extracellular polymeric substances (EPSs) (Cao 
et al. 2018a, 2018b, 2020c, 2021b), is a forefront approach pertinent to many appli-
cations, except for recycling of reclaimed water.

Excess sludge mainly consists of cell bodies and EPSs, with EPSs accounting for 
10–40% of the sludge dry weight. EPSs, mainly derived from the secretion of 
microbial cells and cell autolysis, are mixtures of various macromolecular 
substances, such as polysaccharides, proteins, humus, nucleic acid, and DNA. Among 
these substances, polysaccharides and proteins are the major components, 
accounting for 75–89% of the EPS composition. The recovered EPSs can be used as 
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adsorbents for heavy metal ions (Cao et al. 2018b, 2020c, 2021b), flame retardants 
(Kim et al. 2020), bio-flocculants (More et al. 2012), soil conditioners (Cao et al. 
2017), animal feed additives (Matassa et  al. 2015), and novel materials used for 
clothes and jewelry (van Loosdrecht and Brdjanovic. 2014). EPS recovery from 
excess sludge can not only enhance the dewatering performance of sludge but also 
promote sludge reduction, through which the load in the subsequent treatment and 
disposal of excess sludge can be decreased.

In particular, a recent innovation that targets all of these key issues is the aerobic 
granular sludge (AGS) technology, which allows for the simultaneous removal (or 
recovery) of nitrogen, carbon, and phosphate while reducing the footprint by up to 
75% (Winkler and van Loosdrecht 2022). The AGS process produces alginate, a 
typical EPS, which account for up to 20 dry wt% of AGS (Cao et al. 2017) and are 
widely used in the food industry, textile printing, and paper and pharmaceuticals 
production (Cao et al. 2017, 2020a, b, 2021a). Alginate is a linear block copolymer 
of β-D-mannuronic acid and its isomer, α-L-guluronic acid, connected by α (1→4) 
glycosidic bonds. Alginate has attracted extensive interest in various fields because 
of the properties of water retention, thickening, biocompatibility, and gel formation. 
Hence, the recovery of alginate from wastewater can expand the access to alginate 
and provide high economic added value to sewage treatment.

The moisture content of the EPS/alginate solution recycled in wastewater is up 
to 99.8%. Thus, dewatering and concentration comprises the dominant bottleneck 
for EPS/alginate recovery. At the same time, the application and extraction method 
of the recycled substances are also the research focuses currently. Therefore, the 
aims of this chapter are to discuss first membrane recoveries of alginate and EPSs, 
then to introduce heavy metal ion adsorption properties of EPSs and surfactant- 
enhanced ultrasonic extraction of polymeric substances, and finally to outlook five 
bottlenecks for polymeric substance recovery from excess sludge.

2  Membrane Recovery of Alginate

2.1  Ultrafiltration (UF) Concentration of Sodium Alginate 
(SA) Solution

Constant-pressure dead-end filtration with metal ions individually and in combina-
tion was carried out to evaluate membrane filtration properties for the concentration 
of the SA solution. The UF behaviors of SA solutions without metal ions and with 
the addition of 1 mM metal ion (Mg2+, Ca2+, Fe3+, and Al3+) are shown in Fig. 1. 
Theoretically, the relationship between the reciprocal of the filtration rate (dt/dv) 
and the cumulative filtrate volume collected per unit effective membrane area, v, is 
linear in accordance with the Ruth filtration rate equation:
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Fig. 1 UF behaviors of 
SA solutions without metal 
ions and with various 
metal ions of 1 mM. (The 
figure is reprinted with the 
copyright permission (Cao 
et al. 2020a))
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where t is the filtration time and v is the cumulative filtrate volume collected per unit 
effective membrane area. (dt/dv)m is equivalent to the flow resistance of the 
membrane and is an intercept on the (dt/dv) axis according to the Ruth plots of (dt/
dv) as a function of v, which is the value of the reciprocal of the filtration rate at the 
start of filtration when no cake is formed. Kv is the Ruth filtration coefficient, 
indicating the filterability of the feed as defined by:
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where p is the applied filtration pressure, m is the ratio of the mass of wet cake to the 
mass of particles, colloids, or polymers in the cake, s is the mass fraction of particles, 
colloids, or polymers in suspension, μ is the viscosity of the filtrate, ρ is the density 
of the filtrate, and αav is the cake average specific resistance. As the term (1 − ms) 
may be approximated by unity in filtrations conducted with dilute particles, colloids, 
or polymers, Eq. (2) reduces to:
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Hence, the flux decline can be analyzed using the Ruth cake filtration model, 
although gel-like cake layers that contained both small and large metal ions-alginate 
particles as well as SA were found on membrane surfaces.
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Fig. 2 Relationships 
between cake average 
filtration resistance, αav, 
and the total charge 
concentration of metal 
ions, NCi, in UF of SA 
solutions with Ca2+, Mg2+, 
Fe3+, and Ca2+ + Fe3+. (The 
figure is reprinted with the 
copyright permission (Cao 
et al. 2020a))

The Ruth plots in the figure, expressed as {(dt/dv) − (dt/dv)m} vs. v, indicate a 
linear relationship irrespective of the types of metal ions, in accordance with the 
Ruth filtration rate equation and regardless of the different forms of membrane foul-
ing. Additionally, the declines in the filtration rate gradually slowed in the presence 
of the metal ion, and the ability of trivalent ions to reduce membrane fouling was 
noted to be more effective than that of bivalent ions, arranged in the order of 
Mg2+ < Ca2+ < Fe3+ < Al3+ (filtration resistance mitigation).

The cake average filtration resistance, αav, was calculated by Eq. (3), as shown in 
Fig. 2. Here, the abscissa is the total charge concentration, NCi, which is the product 
of the metal ion concentration (Ci) and the ion charge number (N); Ca2+ + Fe3+ is a 
mixture with the molar mass rate of Ca2+ and Fe3+ of 3:2, corresponding to the NCi 
rate of Ca2+ and Fe3+ of 1:1. Figure 2 shows that when the total charge concentration 
is low (NCi < 5 mM), the αav values of the four solutions are almost the same, indi-
cating that they have the same mitigation role of membrane fouling. For the total 
charge concentration of NCi  >  5  mM, the mitigation roles of membrane fouling 
increased significantly in the presence of Ca2+ or Fe3+. However, the mitigation role 
remained constant for Mg2+ with the increase of NCi. These results are arranged in 
the order of Fe3+ > Fe3+ + Ca2+ > Ca2+ > Mg2+ (filtration resistance mitigation).

2.2  Filtration Coefficient and Recovery Rate of Alginate

The components such as particles, colloids, and polymers are included in the sus-
pensions formed by SA solutions on the addition of metal ions. Hence, the compo-
nents contributing to membrane fouling or the formation of a filter cake on the 
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Fig. 3 Schematic of membrane fouling for sodium alginate solutions after the addition of metal 
ions: (a) ultrafiltration of suspension, (b) ultrafiltration of supernatant, and (c) microfiltration or 
filtration of suspension using a filter paper. (The figure is reprinted with the copyright permission 
(Cao et al. 2017))

membrane for suspensions are particles, colloids, and polymers (Fig. 3a), while for 
the supernatant the main materials are colloids and polymers (Fig. 3b), due to the 
higher settling velocity of particles during filtration. Colloids or polymers contrib-
uted to membrane resistance during the filtration of the suspension formed in the 
alginate solution by the addition of metal ions. The increase of Kv during the filtra-
tion of an SA solution in the presence of metal ions was mainly caused by the 
decrease in the concentration and αav of components such as colloids and polymers. 
Hence, the colloids and polymers present in the suspension, which are considered to 
be the dominant factors for membrane fouling, may be filtered out with the filtrate 
(Fig.  3c); for instance, during microfiltration or filtration using a filter paper, 
filtration resistance may markedly decrease while alginate recovery is still effective, 
because colloids and polymers constituted a small portion of the alginate in the 
suspension formed by the SA solution with the added metal ions.

Table 1 shows the measured Kv and the alginate recovery rates, Rr, in the filtration 
of SA solution in the presence of Ca2+. The recovery rate of alginate was calculated by
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Table 1 Ruth filtration coefficients Kv and alginate recovery rates for a 10 kDa membrane, as well 
as 1 μm membrane and a filter paper of 7 μm at an applied pressure of 20 kPa

Membrane of 10 kDa Membrane of 1 μm Filter paper of 7 μm
Ci0 Kv Rr Kv Rr Kv Rr

(mM) (cm2/s) (%) (cm2/s) (%) (cm2/s) (%)
1 6.20 × 10−5 100.00 7.69 × 10−5 59.26 1.18 67.95
2 1.34 × 10−4 100.00 1.15 × 10−4 97.92 1.08 × 10−4 94.56
4 8.00 × 10−4 100.00 7.73 × 10−4 96.83 1.11 × 10−3 92.45
6 3.92 × 10−3 100.00 1.18 × 10−3 97.38 3.38 × 10−2 96.51
8 1.77 × 10−2 100.00 7.47 × 10−3 97.55 2.09 97.80
10 4.17 × 10−2 100.00 0.47 98.53 5.44 97.90
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Here, Rr is the alginate recovery rate after filtration, Cf is the mass concentration 
of alginate in the filtrate at a cumulative filtrate volume collected per unit effective 
membrane area, v = 1 cm, because Rr is constant for a filtration experiment after 
filtration with v = 1 cm. At the molar concentration of calcium ion in the initial 
suspension, Ci0 < 2 mM, Rr was less than 70% for the 1-μm membrane and 7-μm 
filter paper because of the formation of fewer large particles. However, at 
Ci0 ≥ 2 mM, the Kv value, which is indicative of the feed filterability, was one to two 
orders of magnitude greater than that observed using the 10 kDa membrane, and Rr 
was greater than 92% for a 1-μm membrane and 7-μm filter paper. For 7-μm filter 
paper, at Ci0 = 1 mM, Kv was very large (1.18 cm2/s), possibly because most of the 
colloids and polymers present in the suspension were filtered out with the filtrate. In 
addition, Kv for the 1-μm membrane and 7-μm filter paper exponentially increased 
with increasing concentration of Ca2+ added, as was observed for the 10  kDa 
membrane. Notably, the intrinsic resistance of a clean 10  kDa membrane 
(5.94 × 1012 m−1) was considerably greater than those of the 1-μm membrane and 
7-μm filter paper.

2.3  Forward Osmosis Recovery with Useful Reverse 
Solute Diffusion

The concentrated substances were formed and deposited on the membrane on the 
feed side when CaCl2 was used as the draw solute in the forward osmosis (FO) of 
SA, and the typical images are shown in Fig. 4. This is because SA in feed side on 
the FO membrane is attracted to and combines with permeable Ca2+ in the draw 
side. The Ca2+ that penetrated through the FO membrane from the drive side reacted 
with the concentrated SA on the FO membrane and calcium alginate (Ca-Alg) was 
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Fig. 4 Typical images of concentrated substances formed on the feed side of a forward-osmosis 
membrane: (a) Top view and (b) side view. (The figure is reprinted with the copyright permission 
(Cao et al. 2021a))

Fig. 5 Formation mechanism of calcium alginate (Ca-Alg) on feed side for sodium alginate (SA) 
concentration in forward osmosis (FO) with calcium salt as a draw solute. (The figure is reprinted 
with the copyright permission (Cao et al. 2021a))

formed. Figure 5 shows the formation mechanism of the concentrated substances on 
the feed side of the FO membrane. The reverse solute flux (RSF) of Ca2+ in the FO 
was limited; therefore, the intermolecular binding is preferred over intramolecular 
binding (bridging) (Zhang et al. 2018). The continuous RSF of Ca2+ gives rise to 
polymer bundle formation, and eventually transforms into an egg-box structure 
(Braccini and Perez 2001).

A moderate RSF of Ca2+ was required to form Ca-Alg on the FO membrane on 
the feed side, which is the limitation of the FO alginate concentration. The low 
reverse osmosis of Ca2+ is not enough to combine with SA to form Ca-Alg, while 
the high reverse osmosis of Ca2+ leads to a rapid decline in water flux. The 
concentration of CaCl2 in the draw solution influences not only the water flux but 
also the RSF of Ca2+, which changes the material properties of Ca-Alg formed on 
the FO membrane on the feed side. Furthermore, the properties of the FO membrane 
affect the RSF of Ca2+, which depends on the novel design of the FO membrane and 
its properties. Therefore, the concentration of calcium salt as draw solute and 
FO-membrane type are the key points of future research for alginate recovery via FO.
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2.4  Properties of Recycled Materials

2.4.1  Moisture Content of Filter Cake

The filter cake’s moisture contents were 99.35%, 96.18%, 93.64%, and 92.32% in 
the UF of SA solution with the control (no metal ions), 1 mM Ca2+, 1 mM Fe3+, and 
0.5 mM Ca2+ + 0.5 mM Fe3+, respectively. Therefore, the moisture content of the 
filter cake decreased markedly in the presence of metal ions. Hence, the addition of 
multivalent metal ions is not only effective in mitigating membrane fouling but also 
decreases the moisture content of the filter cake during UF recovery.

2.4.2  Photomicrographs

Figure 6a–e shows the typical photomicrographs of the filter cake. Figure 6a shows 
the microstructure of SA as the control, and a three-dimensional rotating chain is 
observed. As shown in Fig. 6, the microstructure of the materials formed by the 
interaction of SA and metal ions is obviously different. In general, the addition of 
metal ions changed the chain structure of alginate to form larger flocs. Figure 6b is 
the image of Mg2+ binding with alginate, with long chains disappearing and 
inclusions appearing. Figure 6c shows that Ca2+ binds to alginate to form a more 
stable colloidal structure known as an egg-box structure. Figure 6d shows the SA 
microstructure with the addition of Fe3+. Compared with the calcium alginate in 
Fig. 6c, additional clumps and some flower-like structures were formed. In Fig. 6e, 

Fig. 6 Typical photomicrographs of recycled materials (filter cake): (a) SA, (b) Mg-SA, (c) 
Ca-SA, (d) Fe-SA, (e) Al-SA, and (f) Ca + Fe-SA. (The figure is reprinted with the copyright 
permission (Cao et al. 2020a))
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Fig. 7 Typical size 
distributions of colloids 
and polymers present in 
the suspension formed in 
SA solution with the 
addition of various metal 
ions. (The figure is 
reprinted with the 
copyright permission (Cao 
et al. 2020a))

the case of Al3+ is similar to that of Fe3+ as shown in Fig. 6d. Specifically, as shown 
in Fig.  6f, after adding 0.5 mM Ca2+ and 0.5 mM Fe3+, a yellow flocculent was 
formed instead of the block structure. Therefore, observing the microstructures of 
different types of alginates may provide an optical basis for further broadening the 
application direction of alginates such as new nanomaterials.

2.4.3  Size Distributions

Figure 7 shows the typical size distributions of colloids and polymers present in the 
suspension formed in 1.0 g/L SA solution with the addition of various metal ions. 
The figure shows that after adding metal ions, the particle size peak shifts to the 
right, meaning that larger particles are formed. Compared with the micrograph 
structure in Fig. 6, these results further confirmed that the reason for adding metal 
ions to reduce filtration resistance was that metal ions combined with SA and larger 
flocs were formed.

2.4.4  Fourier Transform Infrared (FTIR) Spectra

Figure 8 shows the FTIR spectra of SA and its products in reaction with metal ions: 
1.0 g/L SA and 1 mM metal ions were used. Compared with SA (Fig. 8a), both Fe3+ 
and Ca2+ reacted with the hydroxyl groups on the carboxyl group (–COOH) in 
SA. Both show similar results in that the characteristic peak of carboxylic acid dis-
appeared in the product as shown in Fig. 8b, c. Figure 8d shows the FTIR spectra of 

Polymeric Substances Recycled from Excess Sludge in Wastewater Treatment Plant



76

Fig. 8 FTIR spectra of SA 
and its products in reaction 
with metal ions: (a) SA, 
(b) SA-Ca, (c) SA-Fe, and 
(d) SA-Fe (pH = 7). (The 
figure is reprinted with the 
copyright permission (Cao 
et al. 2020a))

the suspension formed by SA with Fe3+ at pH 7. Fe3+ exists in the form of hydroxide 
iron (Fe(OH)3) in this example. As shown in Fig. 8d, the characteristic peak of the 
carboxylic acid decreases, confirming that the hydroxide iron interacts with SA 
at pH 7.

2.4.5  X-ray Photoelectron Spectroscopy (XPS) Spectra

The XPS spectra in the energy range 0–1200 eV for SA and its products with metal 
ions are presented in Fig. 9. The figure shows that the characteristic peaks of C 1 s, 
O 1 s, Na 1 s, Ca 2p, and Fe 2p can be observed for various materials formed by SA 
and metal ions. Compared with SA (Fig.  9a), the characteristic peaks of Ca 2p 
(Fig. 9b), Fe 2p (Fig. 9c), and Ca 2p and Fe 2p (Fig. 9d) were observed with the 
additions of Ca2+, Fe3+, and Ca2+ + Fe3+, respectively. The Ca 2p peak can be further 
interpreted as a component peak with binding energies of 350.68 and 347.68 eV in 
Fig. 9b, d, respectively. Two peaks of Fe 2p at binding energies of around 713.08 
and 724.08 eV are observed in Fig. 9c, d, respectively. However, the content of Na+ 
decreases in the presence of metal ions as shown in Fig. 9b–d because Ca-alginate 
or Fe-alginate is formed. Therefore, the cation exchange is the interaction mechanism 
between SA and multivalent metal ions.

Specifically, as shown in Fig. 9d, the characteristic peaks of calcium and iron 
appear while the strength of Na+ is undetectable, suggesting that the addition of 
mixed metal ions can bind to SA more completely. When comparing the spectra of 
Ca 2p and Fe 2p, as shown in Fig. 9b, c, respectively, the contents of metal ions 
bound to SA changed. The relative strength of iron ions increased while the calcium 
ions decreased. Considering the filtration behavior, the reduction of filtration 
resistance is mainly related to the addition of iron ions. Iron ions can occupy more 
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Fig. 9 XPS spectra of SA and its products in reaction with metal ions: (a) SA, (b) Ca-SA, (c) 
Fe-SA, and (d) Ca  +  Fe-SA. (The figure is reprinted with the copyright permission (Cao 
et al. 2020a))

binding sites for SA than calcium ions, thereby decreasing the membrane fouling. 
Alginate is a complex mixture and does not show uniformity, which may cause 
deviations in XPS analyses. Based on the unique structure of alginates and its 
special interaction with metal ions, the introduction of combined metal ions into 
alginates has become a promising method for the development of new materials.

2.4.6  Scanning Electron Microscope (SEM)

Through the analysis of SEM images, the cross sections of filter cakes formed by 
1.0 g/L SA solution with and without various metal irons are shown in Fig.  10. 
Compared with the filter cake of the SA solution without metal ions (Fig. 10a), the 
filter cake of the SA solution with metal ions was porous and showed stripping near 
the surface of the membrane (Fig.  10b–d). The cake with Fe3+ (Fig.  10c) was 
obviously loose as compared to that with Ca2+ (Fig. 10b), and the porosity of the 
filter cake may be arranged in the order of Fe-SA > Ca + Fe-SA > Ca-SA > SA.

Polymeric Substances Recycled from Excess Sludge in Wastewater Treatment Plant



78

Fig. 10 SEM images of the cross sections of filter cakes formed by SA solution without and with 
various metal irons at 20 kPa: (a) SA, (b) Ca-SA, (c) Fe-SA, and (d) Ca + Fe-SA. (The figure is 
reprinted with the copyright permission (Cao et al. 2020a))

3  Membrane Recovery of EPSs and Their Heavy Metal Ion 
Adsorption Properties

3.1  Membrane Concentration of EPS Solutions 
in the Presence of Ca2+

Ca2+ addition reduces the extent of membrane fouling during EPS isolation since the 
interactions between Ca2+ and EPS carboxylate groups increase the size and reduce 
the concentration of colloids/polymers in EPS suspensions (Cao et al. 2018b). The 
separation efficiencies of both membranes are evaluated by measuring EPS concen-
trations in the corresponding filtrates. Figure 11 shows the relationship between the 
EPS recovery efficiencies, R, and the added Ca2+ concentration for both membranes. 
As shown in the figure, unlike in the case of simulated EPS (sodium alginate) solu-
tion, for which high ultra−/microfiltration recovery efficiencies (>90%) were 
obtained (Cao et al. 2017), the efficiency of EPS recovery by microfiltration (0.5 μm) 
increased with increasing concentration of added Ca2+ (triangles and the fitted curve 
in Fig. 5), reaching values of up to 67.0% (dotted line in Fig. 11). This behavior is 
ascribed to the filtering out of substances that do not interact with Ca2+ (Cao et al. 
2018a). On the other hand, the EPS recovery efficiency achieved by ultrafiltration 
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Fig. 11 Relationships between EPS recovery efficiency and concentration of added Ca2+ observed 
in ultrafiltration (10 kDa) and microfiltration (0.5 μm). (The figure is reprinted with the copyright 
permission (Cao et al. 2018b))

(10 kDa) was almost independent of Ca2+ concentration (circles in Fig. 11), proba-
bly because Ca2+ did not interact with EPSs with Mw < 10 kDa and the average 
efficiency of EPS recovery (90.2%, the mean line in Fig.  11) exceeded 90%. 
Therefore, ultrafiltration was confirmed to be well suited for highly efficient EPS 
recovery, and all subsequent filtration experiments were conducted using the 10-kDa 
ultrafiltration membrane.

3.2  MF Separation of Polysaccharides and Proteins in EPS

The separation and recovery of polysaccharides and proteins contained in EPSs is 
currently attracting increased research attention. Sodium alginate (SA) and bovine 
serum albumin (BSA) are used as a model polysaccharide and protein, respectively, 
to investigate the separation performance of membrane filtration in the presence of 
Ca2+. Figure 12 shows the concentrations of SA and BSA in the filtrate and the filtra-
tion behaviors for unstirred dead-end microfiltration in the presence of 1–10 mM 
added Ca2+. For a Ca2+ concentration (C0i) of 1 mM, the filtration behavior was simi-
lar to that observed for C0i = 8 and 10 mM, i.e., a slow increase of flux decline was 
detected (Fig. 12b), whereas the concentrations of SA and BSA in the filtrate were 
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Fig. 12 (a) Filtration progress-dependent concentrations of SA and BSA in the filtrate for various 
concentrations of Ca2+; (b) filtration behaviors of mixed SA/BSA solutions containing various 
concentrations of Ca2+. (The figure is reprinted with the copyright permission (Cao et al. 2018a))

identical to those in the unfiltered solution (Fig. 12a). This behavior was ascribed to 
the fact that the generated calcium alginate colloids were small enough to pass 
through the 7-μm-sized pores, and hence, SA and BSA could not be separated from 
each other. On the other hand, at C0i = 2–10 mM, the larger aggregates of calcium 
alginate were retained by the filter paper (Cao et al. 2017) (Fig. 12a), as reflected by 
the decrease of filtration resistance with increasing Ca2+ concentration (Fig. 12b). 
For C0i = 2 mM, the filtrate still contained large amounts of SA (Fig. 12a), probably 
due to the shortage of Ca2+. Conversely, at C0i ≥ 4 mM, the concentration of BSA in 
the filtrate was close to 1.0 g/L, whereas that of SA was extremely low, with both 
concentrations remain unchanged with progressing filtration (Fig. 12a). Therefore, 
C0i = 4 mM can be considered as the minimal concentration required for an effective 
separation of SA and BSA. On the other hand, the recovery rate of polysaccharose 
approached 80% for an EPS solution containing 8 mM Ca2+, using filter paper with 
df = 7 μm (Cao et al. 2018a). Therefore, polysaccharides in EPS can be effectively 
separated by microfiltration with the addition of Ca2+.

SA is a complex polymer composed of monomers M and G joined into homo- 
(MM and GG) and heteropolymeric (MG) blocks capable of binding Ca2+ and other 
ions. The above binding ability imparts the gel with a certain level of mechanical 
strength, which is its most prominent feature. Since BSA is a globular protein 
containing a variety of amino acids that cannot bind Ca2+, the addition of Ca2+ results 
in the formation of calcium alginate aggregates with sizes exceeding that of BSA, 
which enables efficient BSA/SA separation at sufficient concentrations of Ca2+.

Figure 13 schematically represents the processes occurring during unstirred and 
stirred dead-end filtration in the mixed solution of SA and BSA containing Ca2+. As 
shown in Fig. 13a, the aggregates of calcium alginate are retained on the filter paper, 
while BSA is filtered out, which results in efficient separation. On the other hand, 
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Fig. 13 Schematic representation of processes occurring during unstirred and stirred dead-end 
filtration experiments performed using mixed SA/BSA solutions containing Ca2+. (The figure is 
reprinted with the copyright permission (Cao et al. 2018a))

Fig. 13b explains the results obtained for the influence of filtration surface shear, 
illustrating why filtration surface shear does not influence the separation efficiency 
and filtration resistance in unstirred dead-end filtration. Notably, pore blockage 
becomes more severe with decreasing df, which results in decreased SA/BSA 
separation efficiency. The filtration resistance is known to depend on cake and pore 
blocking. Generally, cake fouling can be reduced by the application of hydraulic 
shear forces such as agitation, which makes the cake thinner. Hence, the higher 
filtration resistance observed for stirred dead-end filtration can be ascribed to the 
disturbing flow forcing the particles or colloids into the pores of filtering paper to 
result in their serious blockage (Cao et al. 2018a).

3.3  Adsorption Behaviors of Heavy Metal Ions on EPS

Figure 14 shows the adsorption behaviors of Pb2+ on EPS, dry excess sludge, a com-
mercial adsorbent, and chitosan, and the adsorption isotherms were characterized 
by fitting the experimental data to the Langmuir model, which can effectively 
describe the adsorption behaviors of heavy metal ions (HMIs) on EPS (Cao et al. 
2018b, 2020c):
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Fig. 14 Langmuir sorption 
isotherms of Pb2+ on EPS, 
commercial adsorbent, 
chitosan, and dry excess 
sludge. Here, the 
concentration of all 
adsorbents was 20 mg/L, 
the initial concentration of 
Pb2+ was 0.1–0.8 mM, and 
the experimental 
temperature was 
25 °C. (The figure is 
reprinted with the 
copyright permission (Cao 
et al. 2020c))
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where Ce is the concentration of HMIs in solution at equilibrium, qe is the amount 
of HMIs adsorbed on the composite adsorbent at equilibrium, Qmax is the amount of 
HMIs adsorbed to afford monolayer coverage, and K is the Langmuir adsorption 
equilibrium constant. The EPS extracted from excess sludge was clearly far more 
effective at adsorbing Pb2+ than dry excess sludge and chitosan. Furthermore, the 
experimental data were compared with results of commercially available products 
with a similar adsorption capacity, as shown in Fig. 14. This comparison revealed 
that EPSs recovered from excess sludge can be used as alternative Pb2+ adsorbents.

Having established that the filtration resistance of the EPS solutions decreased in 
the presence of Ca2+, the next step was to investigate the heavy metal adsorption 
performance of the recovered products (cake or EPS-Ca) formed during the mem-
brane separation of metal ion-containing EPS solutions (Cao et al. 2018b). Figure 15 
shows the capacities of EPS (extracted from Dongba excess sludge by the cation 
exchange resin (CER) method) and EPS-Ca for the removal of Cu2+, Cd2+, and Pb2+. 
The obtained results demonstrate that both adsorbents exhibit essentially identical 
removal capacities regardless of the metal ion type and revealed that all removal 
efficiencies exceeded 80% and were larger for Cu2+ and Cd2+ than for Pb2+; i.e., 
EPS–Ca2+ interactions did not affect the performance of EPS for heavy metal ion 
adsorption. The above behavior can be explained by the fact that heavy metal ions 
have higher affinities for EPS than Ca2+ and are primarily bound by virtue of inter-
actions with carboxyl (–COOH) and hydroxyl (–OH) groups present in 
EPS. Consequently, heavy metal ions can react with EPS-Ca by ionic exchange to 
form EPS–heavy metal complexes and free Ca2+. Figure 16 shows the relationships 
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Fig. 15 Removal 
capacities of EPS and 
product of EPS–Ca2+ 
interaction (EPS-Ca) for 
different heavy metal ions. 
(The figure is reprinted 
with the copyright 
permission (Cao et al. 
2018b))

Fig. 16 Pb2+ removal efficiencies obtained using 0.1 mM Pb2+ and various concentrations of EPSs, 
EPS-Ca, and product of EPS–Fe3+ interaction (EPS-Fe). The EPS solutions were extracted using 
three typical methods (M1, M2, and M3). M1, CER extraction method; M2, formaldehyde–NaOH 
extraction method; M3, high-temperature sodium carbonate extraction method. (The figure is 
reprinted with the copyright permission (Cao et al. 2018b))
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Table 2 Pb2+ adsorption properties of EPS, EPS-Ca, and a selected commercial adsorbent

Adsorbenta

Adsorbent loading Pb2+ concentration Removal efficiency Qmax

(mg/L) (mg/L) (%) (mg/g)

EPS (M1)b 20 8.2–65.6 16–82 555.56
EPS-Ca (M1) 20 8.2–65.6 13–83 454.55
EPS (M2) 20 8.2–65.6 17–86 588.24
EPS-Ca (M2) 20 8.2–65.6 23–82 833.33
EPS (M3) 20 8.2–65.6 18–89 625.00
EPS-Ca (M3) 20 8.2–65.6 16–93 555.56
Commercial adsorbent 20 8.2–65.6 20–95 666.67

aEPS was extracted from Dongba excess sludge
bSymbols in bracket denote the method of EPS extraction

between the efficiency of Pb2+ removal and the concentrations of EPS, EPS-Ca, and 
EPS-Fe for EPSs extracted by M1, M2, and M3. Notably, the Pb2+ removal effi-
ciency improved markedly with increasing EPS concentration (reaching values of 
~100% for 0.1 g/L EPS), whereas the extraction method had virtually no effect. 
Similar to the results shown in Fig. 15, EPS and EPS-Ca showed identical adsorp-
tion properties regardless of the employed extraction method, which demonstrated 
that Ca2+ addition does not affect the ability of EPS to absorb heavy metal ions. 
However, the heavy metal adsorption capacity of EPS-Fe was much lower than that 
of EPS, although Fe3+ could also mitigate EPS membrane fouling. The addition of 
Fe3+ was therefore concluded to be an ineffective means of reducing filtration resis-
tance for EPS membrane recovery.

Furthermore, the adsorption of Pb2+ on EPS and EPS-Ca was characterized by 
fitting the experimental data (Ce/qe vs. Ce) to the Langmuir model. The obtained 
results are summarized in Table 2. Comparison of the experimental data with results 
of commercially available products and other adsorbents reported in the literature 
over the past 5 years (Cao et al. 2018b) revealed that EPSs recovered from waste 
sludge can be used as alternative Pb2+ adsorbents.

3.4  Removal of Heavy Metal Ions by UF 
with Recovery of EPSs

To achieve the dual goal of EPS concentration/recovery and removal of heavy metal 
ions (HMIs), two-stage constant pressure dead-end UF was developed, as shown in 
Fig. 17. The first step involved the EPS concentration process: the UF membrane 
was used to filter the EPS solution to form a dense EPS cake layer on the surface of 
the membrane to obtain a filter membrane with an EPS cake layer at the filtration 
pressure p1, as shown in Fig. 17a. The second step involved the removal of HMIs; 
after the EPS cake was completely formed, heavy-metal-containing wastewater was 
filtered through the cake at the filtration pressure p2. Here, the HMIs were adsorbed 
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Fig. 17 Schematic diagram of extracellular polymer substance (EPS)-enhanced ultrafiltration 
(UF), i.e., EPS-UF, combining the recovery of EPSs from excess sludge and the removal of HMIs: 
(a) First stage: formation of EPS filter cake in UF; (b) Second stage: adsorption removal of HMIs 
by the EPS filter cake. (The figure is reprinted with the copyright permission (Cao et al. 2020c))

Table 3 Effect of filtration pressure p on initial filtration rate J0, filtration resistance Rt, and 
removal efficiency of Pb2+ ηi in EPS-UF

Stage 1 (UF) Stage 2 (EPS-UF)

ηi (%)
p1

(kPa)
J01

(10−5 m/s)

Rt1 
(v = 0 cm)
(1012 m−1)

Rt1 
(v = 5 cm)
(1012 m−1)

p2

(kPa)
J02

(10−5 m/s)

Rt2 
(v = 0 cm)
(1012 m−1)

Rt2 
(v = 5 cm)
(1012 m−1)

100 1.66 6.29 10.05 20 0.30 7.97 8.01 97.7 ± 1.2
100 1.65 6.49 10.21 100 1.32 7.92 6.46 94.8 ± 2.1
100 1.62 6.96 8.58 200 1.64 14.57 14.29 78.9 ± 10.5
20 0.43 4.44 5.90 100 1.50 6.82 5.79 95.0 ± 2.1
200 3.47 6.97 8.95 100 1.79 6.54 5.96 93.1 ± 2.1

by EPS contained in the cake layer to remove the HMIs, as shown in Fig.  17b. 
Notably, in order to obtain a fixed cake, all dead-end filtration tests were conducted 
under constant pressure conditions using a novel filter, in which the filtration area 
was suddenly reduced at a distance of 1.0 mm from the membrane surface (Cao 
et al. 2013).

The filtration rate, J, is given by Darcy’s law as follows:

 
J

p

Rt

�
�
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where Rt is the total filtration resistance. The above equation clearly shows that the 
filtration rate, J, is an indication of the total filtration resistance Rt. Table 3 shows the 
typical experimental data. For the first stage (UF, EPS concentration process), the 
filtration resistance Rt1 was lower with low applied filtration pressure p1 than with 
high p1 although the initial filtration rate was slower for low p1, and Rt1 increased 
with filtration progress because of the high compressibility of the EPS filter cake. 
For the second stage (EPS-UF, removal process of HMIs), the filtration rate could 
not be increased by applying a higher filtration pressure (p2 = 200 kPa) because of 
the high compressibility of the EPS filter cake, and the removal efficiency of Pb2+ 
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Table 4 Effect of HMIs patterns on removal efficiency of HMIs in EPS-UF at p1 = p2 = 100 kPa

Initial conc. of HMIs in aqueous 
solution (μM) Removal efficiency of HMIs (%)
Pb2+ Cu2+ Cd2+ Pb2+ Cu2+ Cd2+

10 0 0 94.8 ± 2.1 – –
0 10 0 – 88.9 ± 5.0 –
0 0 10 – – 89.2 ± 6.7
5 5 0 94.9 ± 2.5 96.0 ± 2.2 –

decreased markedly (only 78.9%). This is probably because the interaction between 
EPS and Pb2+ changed the structure and ingredient of the EPS cake. It is noteworthy 
that the filtration resistance Rt2 decreased with filtration progress precisely because 
of the changed EPS cake.

In the table, a 10 kDa membrane, 100 mL of a 0.1 g/L EPS solution, and 180 mL 
of a 10 μM Pb2+ solution are used.

Various HMIs are usually encountered in actual wastewater; therefore, the 
removal efficiencies for single solutions of metal ions such as Cu2+ and Cd2+ and a 
binary solution of Pb2+ and Cu2+ were also investigated in EPS-UF after the forma-
tion of the EPS. As shown in Table 4, the results indicate that EPS-UF is effective 
for removing various HMIs in wastewater, with high removal efficiency. 
Nevertheless, the mechanisms of interaction between EPS-cake and HMIs are 
extremely complicated because of the complex EPSs containing various substances 
such as polysaccharides, proteins, humus, nucleic acid, and DNA.

In the table, a 10 kDa membrane, 100 mL of 0.1 g/L EPS solution and 180 mL 
aqueous solution of HMIs are used.

Significantly, unlike SA, the detailed EPSs formula or compounds cannot be 
obtained since the biomaterials extracted from the microorganisms in excess sludge 
are the mixtures of various macromolecular substances. The properties of recycled 
EPSs depend on sludge source, extraction method, operating condition, and so on. 
The characteristics of the typical EPSs such as photomicrograph, size distribution, 
FTIR, XPS, and SEM can be found in the previous studies (Cao et  al. 2018b, 
2020c, 2021b).

4  Surfactant-Enhanced Ultrasonic Extraction 
of Polymeric Substances

4.1  Effect of Surfactant on Extraction Efficiency

Figure 18a shows the relationship between the extraction efficiency of polymeric 
substances (PSs) and surfactant concentration for various pulse ultrasonic times 
(effective ultrasonic time, tp). As shown in the figure, the extraction efficiency of 
PSs increased first and then decreased with an increasing concentration of 
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Fig. 18 (a) Relationship between the extraction efficiency of polymeric substances (PSs) and the 
concentration of cetyltrimethylammonium bromide (CTAB) for various pulse ultrasonic times, tp. 
(b) Relationship between the surfactant enhanced rate and concentration of surfactant for the 
extraction of PSs via ultrasonication with CTAB and sodium dodecyl sulfate (SDS). (The figure is 
reprinted with the copyright permission (Cao et al. 2021b))

cetyltrimethylammonium bromide (CTAB), regardless of the effective ultrasonic 
time, and the maximum value was reached when the concentration of CTAB was 
0.1 g/L. Furthermore, the highest extraction efficiency of PSs (up to 176.02 mg/g 
dry sludge for the CTAB of 0.1 g/L) is for 10 min, while the increase rate of the 
extraction amount of PSs decreased with further increase in the effective ultrasonic 
time. Figure 18b shows the relationship between the surfactant-enhanced extraction 
rate and the concentration of surfactant for CTAB and sodium dodecyl sulfate 
(SDS). Both surfactants had a similar effect on the extraction of PSs from excess 
sludge; the extraction rate first increased and then decreased, although the effect of 
CTAB (76.5%, 147.9  mg/g dry sludge for 5  min) was larger than that of SDS 
(53.1%, 126.9 mg/g dry sludge for 5 min) for the surfactant of 0.1 g/L. Furthermore, 
considering the disposal of the residue generated after the extraction of PSs from 
excess sludge, the use of CTAB is recommended because of its high efficiency, 
nontoxicity, and biodegradability (Zhou et al. 2019).

The ultrasonication with and without surfactant was compared with the CER 
method, which was used in our previous studies because of little damage to the cell 
(Cao et al. 2018b, 2020c), as shown in Fig. 19a. The extraction efficiency of PSs 
containing intracellular polymeric substances (IPSs) and EPSs was much higher 
than that of the CER method probably because the ultrasonication damaged a larger 
number of cells. Above all, the ultrasonication with surfactant was proposed as a 
suitable extraction method for the recovery of PSs from excess sludge.

The percentages of polysaccharide, protein, and DNA were evaluated in the PSs 
extracted via ultrasonication with various concentrations of CTAB, as shown in 
Fig. 19b. The percentage of proteins in PSs were higher than those of polysaccharides 
because of the sludge type, and the percentages of polysaccharides, proteins, and 
DNA together accounted for approximately 50% of the total PSs. The concentration 
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Fig. 19 (a) Extraction efficiency of polymeric substances (PSs) in excess sludge for three extrac-
tion methods (centrifugation speed = 10,000 rpm, centrifugation time = 20 min). (b) Percentages 
of polysaccharides, proteins, and DNA in the PSs extracted via ultrasonication with various con-
centration of cetyltrimethylammonium bromide (CTAB). (The figure is reprinted with the copy-
right permission (Cao et al. 2021b))

changes of the surfactant had a negligible effect on their percentages, most likely 
because the composition of components in the EPSs and IPSs is uniform. Specifically, 
the percentage of DNA remained constant, indicating that the increase in CTAB 
concentrations did not enhance the breakdown of cells in the excess sludge under 
the experimental conditions.

4.2  Mechanisms of Surfactant-Enhanced 
Ultrasonication Extraction

The increase in the amount of PSs recovered from excess sludge by ultrasonication 
with the surfactants was caused by the release of the organic matter into the medium 
because of floc disintegration and cell lysis. Figure 20 shows four mechanisms of 
surfactant-enhanced ultrasonication to extract PSs from excess sludge (Cao et al. 
2021b). The release of PSs may have been caused by one or more of these mecha-
nisms. Case 1: The aqueous medium, with a low surface tension owing to the pres-
ence of hydrophobic and hydrophilic groups in surfactants, increases cavitation, and 
therefore, the energy consumption of the ultrasonic process was reduced (Fig. 20a). 
Case 2: The surfactants broke the non-covalent bonds between EPSs and microbial 
cells, which resulted in a separation of EPSs from the surface of the cell membranes 
(Fig. 20b). Case 3: Through the principle of mutual solubility, linear hydrocarbon 
chains in the surfactants formed micelles, which accelerated the release of EPSs 
from sludge flocs or the surfactant solubilized PSs, such as polysaccharide and pro-
tein present in the sludge flocs (Fig. 20c). Case 4: The surfactants, containing polar 
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Fig. 20 Four mechanisms of surfactant-enhanced ultrasonication extraction: (a) the aqueous 
medium, with a low surface tension owing to the presence of hydrophobic and hydrophilic groups 
in surfactants, increases cavitation; (b) the surfactants break non-covalent bonds between 
extracellular polymeric substances (EPSs) and microbial cells, resulting in the separation of EPSs 
from the surface of cell membranes; (c) the surfactants solubilize polymeric substances (PSs), such 
as polysaccharides and proteins present in the sludge flocs, through the principle of mutual 
solubility; (d) the surfactants, containing polar functional groups, destroy lipid bilayers, causing 
cell lysis and the release of intracellular polymeric substances (IPSs). (The figure is reprinted with 
the copyright permission (Cao et al. 2021b))

functional groups, destroyed lipid bilayers, which caused cell lysis and the release 
of IPSs (Fig. 20d).

With an increase in the surfactant concentration, the surfactant-enhanced ultra-
sonic extraction efficiency reached its maximum near the critical micelle concentra-
tion (CMC), which was approximately 0.1 g/L in this study. When the concentration 
of surfactant is greater than CMC, the surfactant gets adsorbed to the cell and neu-
tralizes negatively charged functional groups in the cell wall and EPSs, and long 
alkyl chains connect the cell and PSs to enhance aggregation. This has a negative 
impact on the extraction of PSs from excess sludge, resulting in a decrease in the 
extraction efficiency.

4.3  Characteristics of Polymeric Substances

4.3.1  Size Distribution

Figure 21a shows the size distributions of PSs. PSs extracted from the excess sludge 
via ultrasonication without a surfactant (denoted as PSu) showed three peaks with 
average particle diameters of 80.75, 520.1, and 5092  nm, respectively, and the 
corresponding volume fractions were 27.3%, 28.0%, and 44.7%, respectively. PSs 
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Fig. 21 (a) Typical size distributions of PSus and PSu; (b) Fourier transform infrared spectra of 
different PSs. (The figure is reprinted with the copyright permission (Cao et al. 2021b))

extracted from the excess sludge via ultrasonication with a CTAB content of 0.1 g/L 
(denoted as PSus) also showed three peaks, with average particle diameters of 54.92, 
483.6, and 5256 nm, respectively, corresponding to respective volume fractions of 
38.2%, 32.3%, and 29.5%, respectively. Therefore, the size of PSs extracted via 
ultrasonication with a surfactant was smaller than that extracted without a surfactant, 
indicating that smaller extracellular materials in excess sludge could be extracted 
ultrasonically using surfactants. The reasons may be the smaller size of IPSs 
released and solubility increase of smaller PSs due to the miscibility of surfactant.

4.3.2  FTIR Analysis

The FTIR spectra of PSus and PSu are shown in Fig. 21b. Both treatments showed the 
same characteristic peaks at 3350, 3110, 1658, 1544, 1420, and 1060  cm−1, 
indicating the presence of various functional groups, such as O–H, –NH2, C=O, 
C–N, N–H, COO–, C–O–C, C–OH, and P–O, in PSs, regardless of the presence or 
absence of the surfactant. In other words, proteins, polysaccharides, lipids, DNA, 
and aromatic compounds were contained in both PSs. Therefore, the surfactant had 
no effect on the properties of PSs extracted from excess sludge via ultrasonication.

4.3.3  XPS Analysis

XPS was used to elucidate the composition of PSus and PSu in detail. The peaks, 
such as O 1 s (531 eV), N 1 s (399 eV), C 1 s (284.8 eV), P 2p (132 eV), Ca 2p 
(348 eV), and Si 2p (103 eV), appeared in both full spectra, as shown in Fig. 22a, b, 
which indicated that the extracted PSs were mainly composed of organic substances 
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Fig. 22 X-ray photoelectron spectroscopy spectra of (a) PSu, (b) PSus, (c) PSu-Pb, and (d) PSus-Pb. 
(The figure is reprinted with the copyright permission (Cao et al. 2021b))

and certain inorganic substances. Table 5 shows the elemental composition of both 
PSs, and the contents of C, H, O, N, and P had only minor differences. Specifically, 
the metal contents in the PSus decreased significantly (Al: 0.18% → 0%; Na: 0.15% 
→ 0%; Ca: 0.24% → 0.11%), which may have caused by the interaction between 
CTAB and the metal ions in the excess sludge. CTAB, a surface chemical 
modification reagent for cells in excess sludge, was bound to the cations (Al3+, Ca2+, 
Na+) to the hydrophobic anionic groups on the surface of the cell. Notably, the 
inorganic fraction, which is frequently neglected in EPS studies, can influence the 
physicochemical properties of PSs, and therefore, PSus may have more superior 
characteristics than PSu.

The high-resolution scans (C 1 s, O 1 s, and N 1 s) of XPS are shown in Fig. 23. 
As shown in the figure, similar functional groups are contained in PSus and PSu, and 
the peaks of C 1 s, O 1 s, and N 1 s are resolved into four-, two-, and two-component 
peaks, respectively. Table 6 lists the chemical functional groups of PSs. Here, C–(C, 
H) predominantly originates from hydrocarbon-like compounds, including 
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Table 5 Elemental 
composition obtained via 
X-ray photoelectron 
spectroscopy of PSus and PSu

Element PSu (%) PSus (%)

C 67.52 ± 0.34 71.41 ± 0.33
N 5.37 ± 0.29 3.72 ± 0.27
O 24.32 ± 0.24 22.30 ± 0.22
P 0.57 ± 0.09 0.57 ± 0.10
S 0.43 ± 0.10 0.39 ± 0.11
Si 1.22 ± 0.12 1.50 ± 0.15
Ca 0.24 ± 0.07 0.11 ± 0.06
Al 0.18 ± 0.08 0a

Na 0.15 ± 0.08 0
aThe content is below the detection limit 
of method, and therefore, 0% is 
mentioned

Fig. 23 High-resolution X-ray photoelectron spectroscopy scans (C 1 s (left), O 1 s (middle), and 
N 1 s (right)) of PSus (top row, a1–a3) and PSu (bottom row, b1–b3). (The figure is reprinted with 
the copyright permission (Cao et al. 2021b))

polysaccharides or side chains of amino acids and lipids; C–(O, N) originates from 
amide, alcohol, or amine groups in proteins and polysaccharides; C=O and O–C–O 
are typically present in carboxylate, carbonyl, amide, acetal, or hemiacetal groups; 
O=C–OH and O=C–OR originate from the carboxyl or ester groups in carboxylate 
and uronic acids; O=C originates from carbonyl, carboxylate, amide, or ester 
groups; C–O–C and C–O–H are present in alcohol, hemiacetal, or acetal groups; 
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Table 6 Contents of functional groups (molar ratio with respect to C) in various polymeric 
substances (PSs)

Region
Position
(eV) Functional groups

PSu

(%)
PSus

(%)
PSu-Pb
(%)

PSus-Pb
(%)

C 1 s 284.8 C–(C, H) 28.53 14.79 49.01 52.95
286.3 C–(C, N) 15.95 29.60 13.7 14.76
288.0 C=O, O–C–O 27.79 22.45 21.12 19.16
289.0 O=C–OH, O=C–OR 27.73 33.16 16.17 12.14

N 1 s 400.1 Nnonpr 70.49 68.38 42.36 28.97
401.6 Npr 29.51 31.62 57.64 70.03

O 1 s 531.4 O=C 34.26 60.88 42.35 42.00
532.7 C–O–C, C–O–H 65.74 39.12 57.65 58.00

non-protonated nitrogen (Nnonpr) is present in amides and amines; protonated amines 
(Npr) are commonly found in amino acids or amino sugars.

The differences in the contents of functional groups in the C 1 s spectrum are 
mainly attributed to the varying contents of proteins, nucleic acids, and other organic 
substances in PSu and PSus. For the O 1 s spectrum, the C–O–C and C–O–H content 
in the PSu was higher because of the different contents of polysaccharides. The 
phenol–sulfuric acid method was used to measure the contents of polysaccharide in 
this study, and its contents in both PSs showed minimal differences; however, the 
contents of functional groups differed considerably. This was probably because the 
surfactants can precipitate acidic polysaccharides, resulting in different functional 
groups in the polysaccharide. The appearance of Npr indicated that the ultrasonic 
treatment had caused some proteins to be hydrolyzed to a certain extent. The number 
of Npr in the PSus is larger than that in the PSu, which may originate from IPSs.

4.4  Adsorption Properties of Pb2+ on Polymeric Substances

The adsorption of PSs recovered from excess sludge on HMIs is one of their most 
typical properties, and therefore, the adsorption experiments for Pb2+ on the extracted 
PSu, PSus, and a commercial adsorbent were performed (Cao et al. 2021b). Both PSs 
exhibited a similar efficiency in adsorbing Pb2+ compared to the results of the 
commercially available products with a similar adsorption capacity. The amounts of 
Pb2+ adsorbed to afford monolayer coverage (Qmax) for PSus, PSu, and the commercial 
adsorbent were 526.32, 500.00, and 500.00 mg/g, respectively. In addition, the Qmax 
values of PSs obtained were similar to those of EPSs (555.56 mg/g) reported in the 
previous study (Cao et al. 2018b), indicating that the adsorption capacity of PSs 
extracted from excess sludge on Pb2+ is negligibly affected by the extraction 
methods. This comparison revealed that the PSs recovered from excess sludge using 
ultrasonication with a surfactant can be used as alternative Pb2+ adsorbents.
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FTIR spectra of PSs with adsorbed Pb2+ (PSs-Pb) is shown in Fig. 21b. The 
band at 3350 cm−1 was detected for PSus and PSu, suggesting the presence of –OH 
in sugars, phenols, and alcohols. After the adsorption of Pb2+, a conspicuous 
displacement is observed for PSus with adsorbed Pb2+ (PSus-Pb) and PSu with 
adsorbed Pb2+ (PSu-Pb), indicating that –OH has an adsorption effect on Pb2+. 
The intensity at 1658 cm−1 is weakened, indicating that amide I is involved in 
adsorption. There is a significant change from 1300 to 1500  cm−1, where the 
characteristic peaks in the band are derived from carboxyl-containing and hydro-
carbon-like compounds, and the band at 1420 cm−1 corresponds to the vibration 
of –C=O, usually from the carboxylate structure. Considering the peak height 
and peak area, the adsorption of Pb2+ reduces the content of –COOH and increases 
the content of –COO−, indicating that –COOH is also involved in the Pb2+ adsorp-
tion process. The characteristic peaks are shifted at 900–1200 cm−1, and different 
characteristic peaks appear, indicating that the phosphate group is also involved 
in adsorption.

XPS spectra of PSu-Pb and PSus-Pb are shown in Fig. 22c, d. The Pb 4f peak 
showed a strong representative double peak, indicating that the polymer substance 
was adsorbed to Pb2+. The appearance of Pb 4f7/2 and Pb 4f5/2 peaks indicates that 
Pb2+ reacted with the PSs in the form of divalent ions to generate Pb–O, indicating 
that Pb2+ mainly adsorbed with the oxygen-containing functional groups in the PSs. 
Therefore, the Pb2+ adsorption with PSs can be divided into two parts with one as 
the electrostatic adsorption and the other as the reaction with the functional groups 
in PSs to form complexes such as R–COOPb+, (R–COO)2Pb, R–OPb+, and 
(R–O)2Pb. The Cl 1 s (1300 eV) peak appears because PbCl2 was used as the Pb2+ 
sample in the experiments.

To explore the types of functional groups that adsorb Pb2+ in PSs, high-resolu-
tion scans (C 1 s, O 1 s, and N 1 s) of XPS were analyzed for both PSs adsorbed 
Pb2+, and the detailed information on the main functional group content in PSs-Pb 
was obtained as shown in Table 6. The peaks of C 1 s, O 1 s, and N 1 s for both 
PSs-Pb were resolved into the component peaks of 4, 2, and 2, respectively. The 
content of O=C increased in PSu-Pb as shown in the high-resolution XPS scans of 
O 1 s, probably because –COOH can interact with HMIs through ion exchange or 
complexation. For both PSs-Pb, the content of the Npr with higher binding energy 
increased. This can be explained by two reasons: (i) the pH value changed during 
the adsorption process, resulting in an increase in NH4

+ content; (ii) the interaction 
of HMIs with N in the amine group. The increase in Npr content was mainly related 
to the adsorption of Pb2+ because the pH value did not change. When the electron 
cloud density of the nitrogen atom decreases, its binding energy becomes higher. 
Therefore, the peak at 401.6 eV with higher binding energy appeared, and it can 
be attributed to Nnonpr, such as –C–NH and –C–NH2, which forms a complex 
with HMIs.
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5  Challenges and Future Perspective

Recovery of polymeric substances from excess sludge is one of the most important 
research objectives in wastewater treatment. The challenges and future perspective 
contain the following five aspects (Cao 2021): (1) optimization of various extraction 
methods such as ultrasonication, heating, high-temperature Na2CO3, HCHO–
NaOH, EDTA, CER, and H2SO4 methods; (2) directed recovery of typical materials 
such as alginate, polyhydroxyalkanoate, and poly-β-hydroxybutyrate; (3) novel 
concentration technologies such as microfiltration, ultrafiltration, and forward 
osmosis; (4) efficient separation and purification technologies for removal of heavy 
metal ions and organic pollutants from recycled materials; (5) potential applications 
such as adsorbent, bio-flocculant, animal feed additive, fire retardant, soil condi-
tioner, and novel nano-materials for clothes and jewelry.
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Recycling of Ground Tire Rubber 
According to the Literature

Fabiula Danielli Bastos de Sousa

1  Introduction

The recycling of ground tire rubber (GTR) is far from being an easy task. Due to the 
tridimensional network formed during the vulcanization of rubber and the additives 
present in its formulation, vulcanized rubbers cannot flow like thermoplastic poly-
mers, which hinders their recycling.

When disposed in landfills or incorrectly disposed of in the environment, end-of- 
life tires may cause/aggravate socio-environmental problems. Due to their large 
size, they may be a perfect place to store rainwater and to proliferate vectors, such 
as the aedes aegypti mosquito, the transmitter of dengue, chikungunya, zika, and 
yellow fever (de Sousa 2016). So, the recycling of end-of-life tires has extreme 
importance to minimize or eliminate the problem.

There are several applications of the GTR available in the literature, such as in 
the production of polymeric blends (Scaffaro et al. 2005; Mujal-Rosas et al. 2011b; 
de Sousa et  al. 2015a, b, 2016, 2019a; Sienkiewicz et  al. 2017; de Sousa and 
Scuracchio 2020), composites (Ghosh et al. 2020; Marín-Genescà et al. 2020a, b; 
Phiri et al. 2020), the use of GTR in asphalt pavements and concretes (Bignozzi and 
Sandrolini 2006; Huang et  al. 2007; Bravo and de Brito 2012; Lo Presti 2013; 
Saberian et al. 2020), asphalt binder (Hassanpour-Kasanagh et al. 2020), pyrolysis 
(De Marco Rodriguez et al. 2001; Williams and Brindle 2003; Acosta et al. 2016), 
devulcanization of GTR – a method used to restore the flow capability of vulcanized 
rubbers (De et al. 2006; Garcia et al. 2015; Colom et al. 2016; Edwards et al. 2016; 
de Sousa et  al. 2017, 2019b; Li et  al. 2019; de Sousa and Ornaghi Júnior 2020; 
Saputra et al. 2020), among many others.

Currently, bibliometric studies are widely used to help researchers have an over-
view of a given research area, through the analysis of the scientific production in a 
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period of time. All the data from a group of publications can be analyzed, such as 
the authors, sources, affiliations, countries, and keywords. To verify the current sce-
nario and evolution of a given research area, and to know the difficulties encoun-
tered by this area, the in-depth analysis of the keywords is especially essential, 
being a crucial tool to outline future researches in that specific area (de Sousa 2022).

In the present work, bibliometric analysis (a quantitative analysis from the data) 
was performed about the recycling of GTR. Having in mind the importance of the 
analysis of the authors’ keywords, emphasis was given to it to have an overview of 
the subject. In general, the results have shown that mechanical properties, pyrolysis, 
and devulcanization are hotspots, whereas waste management, end-of-life tires, 
natural rubber, tyre recycling, and modification are trends in the recycling of the 
GTR research area.

2  Review Methodology

A Scopus search was conducted to obtain the bibliographic data inputs on September 
12, 2021, by using the keywords (recycling OR reclamation) AND (ground tire rub-
ber* OR ground tyre rubber*) OR (waste tire* OR waste tyre*) OR (scrap tire* OR 
scrap tyre*) OR (ground rubber tire* OR ground rubber tyre*). Reviews and articles 
in English were considered from 2001 to 2020.

From Scopus, a scopus.bib file containing the data was taken, and a bibliometric 
analysis using the Bibliometrix (an R-package) was performed.

3  Results and Discussion

From the Scopus search by using the keywords (recycling OR reclamation) AND 
(ground tire rubber* OR ground tyre rubber*) OR (waste tire* OR waste tyre*) OR 
(scrap tire* OR scrap tyre*) OR (ground rubber tire* OR ground rubber tyre*), a 
total of 469 publications in English were obtained, including 431 articles and 38 
reviews from 2001 to 2020. The number of publications per year and per area is 
shown in Fig. 1.

Based on the results, an increase in the number of publications along the period 
can be observed, with an annual growth rate of 6.54% (Fig. 1a). Figure 1b depicts 
the interdisciplinary nature of the area, with a higher number of publications in the 
following science areas: materials science, engineering, chemistry, and environ-
mental science.
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Fig. 1 (a) Number of publications per year. (b) Number of publications per area
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3.1  Sources

The most important sources in the field, according to the number of publications, 
are (the number of publications in parenthesis): Journal of Applied Polymer Science 
(30), Construction and Building Materials (27), Journal of Cleaner Production 
(21), Waste Management (21), Progress in Rubber, Plastics and Recycling 
Technology (15), Rubber Chemistry and Technology (12), and Polymer Degradation 
and Stability (10). These journals are peer-reviewed, and the results demonstrate 
their high quality, as well as the authors’ confidence in publishing their works in 
these journals (de Sousa 2021).

3.2  Affiliations and Countries

Based on the first author’s affiliation, the affiliations with the highest number of 
publications are (number of publications in parenthesis) Gdansk University of 
Technology (44) of Poland, Université Laval (13) of Canada, Beijing University of 
Chemical Technology (12) of China, Gyeongsang National University (12) of South 
Korea, and University of Aveiro (12) of Portugal.

The most productive countries are (number of publications in parenthesis) China 
(105), Spain (102), India (96), Poland (65), Italy (55), the United States (45), 
Australia (43), the United Kingdom (43), Brazil (38), and Canada (27).

These results demonstrate the importance of the contribution of all the authors 
since some of the most productive affiliations and countries are not related to the 
authors with the highest number of publications in the area (to be seen in the 
sequence). Thus, all authors play an important role within the literature on the GTR 
recycling.

3.3  Authors

The top-authors’ production over time is presented in Fig. 2. The number in paren-
theses on the right side of the names of each author represents the total number of 
publications of each one. The size of the circles represents the number of publica-
tions per year, and the shade of blue represents the total number of citations (TC) of 
each author per year.

According to the results, the most prominent author is Formela K with 31 publi-
cations, followed by Colom X (14), Mujal-Rosas R (14), Saeb MR (12), and 
Cañavate J (10), with the number of publications in parenthesis.

Regarding the most cited publications of the top-authors, the one by Formela, 
Colom, and Cañavate is Colom et al. (Colom et al. 2016), with 61 citations. The 
publication deals with the Fourier transform infrared spectroscopy (FTIR) and 
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Fig. 2 Top-authors’ production over the time

thermogravimetric characterization of GTR devulcanized by microwave treatment. 
The most cited publication by Mujal-Rosas is Mujal-Rosas et al. (Mujal-Rosas et al. 
2011b), with 27 citations. The authors studied the dielectric, thermal, and mechani-
cal properties of the ethylene vinyl acetate reinforced with GTR. The one by Saeb 
is Formela et al. (Formela et al. 2016), which received 50 citations and investigated 
the combined impact of plasticizer and shear force on the efficiency of low tempera-
ture reclaiming of GTR.

3.4  Publications

Table 1 presents the 10 most relevant publications (top 10), according to the local 
citation score (LCS) and the global citation score (GCS). LCS refers to the number 
of citations of publications in the local data set, i.e., it refers to the documents 
obtained from the Scopus search, whereas GCS refers to the total number of cita-
tions of publications in the entire Scopus database (de Sousa 2021). The higher the 
LCS, the more significant the publication concerning the GTR recycling, and the 
higher the GCS, the more important the publication is in the literature in general (it 
may be important to other areas besides the GTR recycling).

Regarding the top 10 GCS publications, some of them discuss the use of GTR in 
asphalt pavements and concretes (Bignozzi and Sandrolini 2006; Huang et al. 2007; 
Bravo and de Brito 2012; Lo Presti 2013), some authors (De Marco Rodriguez et al. 
2001; Williams and Brindle 2003; Acosta et  al. 2016) deal with pyrolysis, 
Sienkiewicz et al. (Sienkiewicz et al. 2012) investigated the progress in the used 
tires management in the European Union, and some authors (Ramarad et al. 2015) 
reviewed the use of waste tires in polymeric blends. Most of them are reviews.

About the top 10 LCS publications, some of them are part of the top 10 GCS 
publications group. From those not mentioned above, some authors investigated the 
devulcanization of GTR (De et al. 2006; Garcia et al. 2015; de Sousa et al. 2017), 
and others discussed the use of GTR in polymeric blends (Scaffaro et  al. 2005; 
Sienkiewicz et al. 2017).
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Table 1 Citation scores of the most relevant publications

Group Publication GCS LCS

Top 10 GCS Lo Presti (Lo Presti 2013) 429 21
Huang et al. (Huang et al. 2007) 389 6
De Marco Rodriguez et al. (De Marco Rodriguez et al. 2001) 317 14
Sienkiewicz et al. (Sienkiewicz et al. 2012) 272 29
Ramarad et al. (Ramarad et al. 2015) 219 26
Karger-Kocsis et al. (Karger-Kocsis et al. 2013) 214 31
Bignozzi and Sandrolini (Bignozzi and Sandrolini 2006) 210 9
Bravo and de Brito (Bravo and de Brito 2012) 198 10
Acosta et al. (Acosta et al. 2016) 159 0
Williams and Brindle (Williams and Brindle 2003) 149 9

Top 10 LCS Karger-Kocsis et al. (Karger-Kocsis et al. 2013) 214 31
Sienkiewicz et al. (Sienkiewicz et al. 2012) 272 29
Ramarad et al. (Ramarad et al. 2015) 219 26
Lo Presti (Lo Presti 2013) 429 21
Garcia et al. (Garcia et al. 2015) 93 20
Scaffaro et al. (Scaffaro et al. 2005) 88 16
De et al. (De et al. 2006) 99 15
Sienkiewicz et al. (Sienkiewicz et al. 2017) 117 14
De Marco Rodriguez et al. (De Marco Rodriguez et al. 2001) 317 14
de Sousa et al. (de Sousa et al. 2017) 72 12

LCS local citation score, GCS global citation score

3.5  Authors’ Keywords

From the 469 publications found through the Scopus search, a total of 1192 authors’ 
keywords were found. The 50 most frequent authors’ keywords were analyzed and 
are presented in the word cloud (Fig. 3), apart from the keyword recycling, which is 
the most frequent one (139 occurrences). This result was expected because it was 
one of the keywords used in the search for publications in the Scopus database. In 
the word cloud, the size of the letters represents the frequency of the keyword.

The word cloud provides a panorama of the literature concerning the recycling of 
GTR.  Apart from the keywords used in the Scopus search, the most frequent 
authors’ keywords are (number of occurrences in parenthesis): mechanical proper-
ties (43), pyrolysis (20), devulcanization (15), thermal properties (12), waste (12), 
composites (11), natural rubber (10), waste management (9), dielectric properties 
(8), and extrusion (8).

According to the word cloud, a concern of the literature regarding the recycling 
of GTRs is the characterization, demonstrated through the presence of the keywords 
mechanical properties (Soleimani et al. 2020; Phiri et al. 2020; Marín-Genescà et al. 
2020a), thermal properties (Phiri et al. 2020), dielectric properties (Marín-Genescà 
et al. 2020c), and adsorption (Miguel et al. 2002; Imyim et al. 2016). It also depicts 
some concerns from the research area through the presence of the keywords waste 
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Fig. 3 Word cloud containing the 50 main authors’ keywords, apart from the keyword recycling

management (Hejna et al. 2020; Zedler et al. 2020a, b), degradation (Garcia et al. 
2015; Edwards et al. 2016; de Sousa et al. 2017), and circular economy (Rhodes 
2019; Dobrotă et al. 2020). Some ways of GTR recycling present in the word cloud 
are pyrolysis (Miguel et  al. 2002; Januszewicz et  al. 2020), devulcanization 
(Edwards et al. 2016; Li et al. 2019; Saputra et al. 2020) (by microwaves (de Sousa 
et al. 2019b; de Sousa and Ornaghi Júnior 2020)), modification (Hejna et al. 2020; 
Zedler et al. 2020a, b), and some applications such as in blends type of thermoplas-
tic elastomer (Hejna et al. 2019) (with the thermoplastic phase composed of poly-
ethylene (Datta and Włoch 2015) and polypropylene), composites (Ghosh et  al. 
2020; Marín-Genescà et al. 2020a, b; Phiri et al. 2020), concrete (Saberian et al. 
2020), asphalt binder (Hassanpour-Kasanagh et al. 2020), and bitumen. Other no 
less important keywords are morphology (Datta and Włoch 2015) and compatibili-
zation (Hejna et  al. 2019; Zedler et  al. 2020b), which are very important in the 
application of GTR in polymeric blends.

Figure 4 presents the trend topic over the last 20 years based on the authors’ 
keywords.

According to Fig. 4, some cutting-edge keywords in the area are thermoplastic 
elastomer and pyrolysis. These authors’ keywords, dealing with some important 
applications of GTR, were in evidence for a long period, giving way to other topics 
that are trending in the recent literature. Current trends are evidenced by keywords 
such as waste management, end-of-life tires, natural rubber, tyre recycling, and 
modification.

The conceptual structure map of the keywords according to the multiple corre-
spondence analysis (MCA) method is presented in Fig. 5a, and the documents with 
the highest contribution are shown in Fig. 5b.

Measurable strategies for disentangling the complex keyword association into a 
few relative groups by MCA are based on the recurrence of the concurrent rate of 
two keywords (Ding 2011). A two- or three-dimensional structure is formed by the 
compression of large data with multiple variables, and the similarity between the 
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Fig. 4 Trend topic

keywords is demonstrated by the plane distance. The importance of the keyword is 
shown through its proximity to the central point of the cluster, and narrow themes 
are near the edge (de Sousa 2021).

Two clusters can be seen in Fig. 5a. The blue one shows the keywords devulca-
nization, revulcanization, and microwaves. Theoretically, devulcanization can 
restore the flow capability of the vulcanized rubber and, consequently, its ability to 
be remolded and reshaped into a new product (de Sousa et al. 2019c). Devulcanization 
by microwaves is considered an ally to green chemistry due to the increase of energy 
efficiency, as one of the green chemistry principles highlights the reduction of 
energy needed to minimize impacts on the environment and the economy (Jessop 
et al. 2008). The study of the revulcanization of devulcanized rubbers is essential to 
identify possible applications of the material (de Sousa et al. 2019b, c). So, the blue 
cluster evidences an important area of the GTR recycling.

Concerning the red cluster, it shows several applications of GTR such as in poly-
mer blends, composites, reclaiming, modification; some possibilities largely used 
by literature about characterization such as microstructure analysis, dielectric, ther-
mal, and mechanical properties; and some concerns demonstrated by the keywords 
degradation, circular economy, and waste management. So, this analysis is in accor-
dance with the word cloud (Fig. 3).

In the blue cluster, all the keywords are on the edge, showing that they are con-
nected but narrow themes. In the red cluster, the narrow themes are microstructure 
analysis, modification, reclaiming, plastics, and circular economy. The keywords on 
evidence, i.e., the words closest to the center point (shown in detail in Fig. 5a), are 
ground tyre rubber, rubber, and recycling. It is interesting to notice the proximity 
between the keywords modification (red cluster) and devulcanization (blue cluster), 
given that devulcanization can modify the chemical structure of the devulcanized 
GTR as a whole (de Sousa et al. 2017).
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Fig. 5 (a) Conceptual structure map of the keywords according to the MCA method. (b) Factorial 
map of the publications with the highest contribution

Regarding the documents with the highest contribution in the red cluster (Fig. 5b), 
the research group of Mujal-Rosas analyzed the properties (dielectric, mechanical, 
thermal) and microstructure of polypropylene (Mujal-Rosas et  al. 2012), high- 
density polyethylene (Mujal-Rosas et  al. 2011a), and ethylene vinyl acetate 
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(Mujal-Rosas et  al. 2011b) composites reinforced by GTR.  De Sousa et  al. (de 
Sousa et  al. 2019b, c) studied the revulcanization of GTR devulcanized by 
microwaves.

Concerning the blue cluster, Bibliometrix did not provide results. However, 
when limiting the results obtained by Scopus with the keywords presented in the 
blue cluster (Fig. 5b), the most relevant publications, according to the Scopus data-
base, are also the ones by de Sousa et al. (de Sousa et al. 2019b, c).

4  Challenges and Future Perspectives

It is known that recycling has utmost importance to society. It complies with the 
three criteria of the sustainability tripod because it saves the use of fossil raw mate-
rial, saves energy and releases less gases to the environment, generates economic 
development, and increases social equity, because many workers have recycling as 
the main source of income for the livelihood of their families.

Concerning vulcanized rubbers such as GTR, the difficulties imposed in their 
recycling are precisely their melt down and remold, which is hindered by their 
three-dimensional structure (Kim and Lee 2000; Dierkes 2005; Garcia et al. 2015; 
de Sousa et al. 2017; Marín-Genescà et al. 2020b). The three-dimensional structure 
is formed by crosslinks, resulted from the initial vulcanization of rubbers. The 
crosslinks are formed by different sulfidic bonds such as monosulfidic, disulfidic, 
and polysulfidic bonds, which are mainly the result of the formulation used. Each 
bond has specific energy necessary to be broken, and it is at this point that the great-
est difficulty in recycling rubber is found: to find an efficient, sustainable, and eco-
nomically viable way to break, preferably the sulfidic bonds, and not the 
carbon–carbon bonds that form the polymer structure, which promotes degradation 
of the material.

Furthermore, the irregular disposal of end-of-life tires can cause harmful impacts 
on the environment and the entire population, since these environments become 
places conducive to the creation of vectors of diseases and other types of animals 
that pose risks to human health. The safe disposal of end-of-life tires is a global 
concern, evidencing a serious environmental issue (Marín-Genescà et al. 2020b), 
with waste management and circular economy being two great concerns of the lit-
erature depicted through the analysis of the authors’ keywords. Based on this, coun-
tries around the globe have created laws aiming at environmentally correct disposal 
of these residues. However, academia is constantly searching for other methods to 
add value to recycled rubber, as described above.

Thus, the literature considers recycling of end-of-life tires and residues of vulca-
nized rubbers in general to be the biggest challenge in the area. In other words, the 
biggest challenge in the research area of rubber recycling is how to destroy, even 
partially, the three-dimensional structure of vulcanized rubbers. Besides, it is neces-
sary that the final recycled materials have properties capable of noble and techno-
logical applications (de Sousa et al. 2019c). According to some authors (Rahman 
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et al. 2020), “sustainability can be ensured in recycling waste if the final product 
performs to the same degree or better than the existing product at a low cost and, at 
the same time, entails some environmental benefit.”

The analysis of the authors’ keywords may also show some future perspectives 
on the research area. As previously stated, some topic trends are waste management, 
end-of-life tires, natural rubber, tyre recycling, and modification. Additionally, the 
analysis of the mechanical properties has extreme relevance in the current literature, 
as it requires a deep knowledge of the recycled rubber properties as a whole for its 
application; and pyrolysis and devulcanization are two important recycling meth-
ods. The literature will constantly continue looking for ways to overcome the chal-
lenges of the GTR recycling research area.

5  Conclusions

From a Scopus search concerning the recycling of GTR, the literature of the past 
20 years was analyzed by Bibliometrix. From the 469 publications obtained, 1192 
authors’ keywords were found and thoroughly analyzed due to their importance in 
understanding the current and future scenario of the research area. In other words, 
trends and hotspots in the research area could be identified. Mechanical properties, 
pyrolysis, and devulcanization are considered hotspots, whereas waste manage-
ment, end-of-life tires, natural rubber, tyre recycling, and modification are trends in 
the recycling of the GTR research area.
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Polymer Processing Technology to Recycle 
Polymer Blends

Daniel C. Licea Saucedo, Rubén González Nuñez,  
Milton O. Vázquez Lepe, and Denis Rodrigue

1  Introduction

Before the era of single-use plastics, the practice of reusing products was performed. 
Returnable containers were used for the distribution of milk, wine, beer, soda, 
beverages, and even for some bulk foods. With the turn of the century, more efficient 
and economic processes allowed the plastic industry to manufacture products with 
a shorter life cycle. It was easier and cheaper to throw away rather than to reuse. 
Thus, linear economy became the central dogma in our society: produce, use, and 
discard. Several items, such as plates, cups, cutlery, food containers, bottles, and 
packaging materials, became available in large amounts and at affordable prices. 
Before long, plastic solid waste started accumulating in landfills at an 
unsustainable rate.

The worldwide plastic production totaled 367 million metric tons in 2020, which 
fell by 0.3% compared to the 2019 production due to the COVID-19 pandemic 
(Tiseo 2021). Conventional plastics, such as polyethylene (PE) or polypropylene 
(PP), take years to decompose; in fact, they only break down into smaller particles 
called microplastics (MP) (Giacovelli 2018). Microplastics are especially of high 
concern since they cannot be efficiently recovered from the environment, ultimately 
ending up in the oceans, where 80% of the total plastic debris originates from land- 
based sources (Li et al. 2016). Persistent organic pollutants, chemical additives, and 
residual monomers present in MP may represent a toxic hazard for marine life as 
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these small particles can be ingested by marine invertebrates, transported to higher 
trophic levels, and found in commercial seafood species (Andrady 2017).

It is precisely the negative impact on the environment that triggered a much- 
needed change in the public’s way of thinking and acting. Society has turned toward 
greener, more sustainable materials. Consumers are now looking for recycled or 
biodegradable products, even if the price is sometimes slightly higher. Over the last 
decade, several applications were redesigned and one good example is the 
development of eco-bricks based on plastics bottles (typically made from 
polyethylene terephthalate, PET) and filled with commodity plastics such as plastics 
bags (made from polyethylene, PE), packaging material (made from polypropylene, 
PP), and polystyrene (PS) containers. The aim of this new way of thinking (designed 
for recycling) is to sequester plastics that would otherwise end up accumulating in 
the environment or incinerated.

Recycling still remains the most environmental-friendly way to dispose of solid 
plastic waste. Not only does it prevent large-scale environmental pollution, but it 
also lowers the demand for virgin raw materials from nonrenewable sources such as 
petroleum. Recycling may be the key for meeting the rising demand of plastic 
production and for the transition toward a greener industry via a circular economy: 
product design, material sourcing, production, use, postconsumer collection, and 
recycling.

1.1  Basic Concepts

Plastic recycling consists of physical or chemical processes to recover raw materials 
as polymers or monomers, respectively, to be used in the manufacture of new 
products (Moon and Morris 2019). Recently, recycling became a matter of the 
utmost importance, given the increasing trends in polymer demand and production. 
For example, more plastic has been manufactured over the last 20 years than in the 
previous 50 years (Geyer et al. 2017). All plastics can be considered as storage for 
potential energy since they account for 4% of the global oil production (Singh 
et al. 2017).

Petroleum-based products, such as plastics, must be used and reused as many 
times as possible to decrease the demand of virgin raw material, lower costs, and 
decrease environmental impact. Figure 1 shows the fate of plastic materials in the 
current waste management scheme.

There are mainly three types of mixtures in plastic solid waste (PSW): municipal 
solid waste (MSW), waste electric and electronic equipment (WEEE), and automo-
bile shredder residue (ASR) (Dorigato 2021). These mixtures tend to be very com-
plex as they are composed of several resins. In general, they consist of high-density 
polyethylene (HDPE), low-density polyethylene (LDPE), polyvinylchloride (PVC), 
polypropylene (PP), polystyrene (PS), polyethylene terephthalate (PET), polymeth-
ylmethacrylate (PMMA), acrylonitrile butadiene styrene (ABS) copolymer, and 
polycarbonate (PC) (Dorigato 2021).
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Fig. 1 Global plastic waste management. Recycling accounts for only 7% of the total plastic 
production. (Geyer et al. 2017)

Plastics recycling can be divided into four main categories: primary, secondary, 
tertiary, and quaternary recycling (Singh et al. 2017). Primary recycling, also known 
as closed-loop processing or re-extrusion, deals with pollutant-free homopolymer 
blends. The materials (typically postindustrial) are melted and pelletized to be 
reprocessed for the same application since they can maintain the properties similar 
to that of the virgin material (Horodytska et  al. 2018). Secondary recycling (or 
open-loop process) is used for the processing of postconsumer polymers for less 
demanding applications, such as garbage bags, pipes, or agricultural products, due 
to the presence of contamination (Horodytska et al. 2018). It includes various steps 
such as size reduction, washing, drying, and pelletizing. Both primary and second-
ary recycling fall into mechanical recycling. Tertiary recycling is a process in which 
monomers are recovered from plastics solid waste via thermal and catalytic depoly-
merization/pyrolysis (Al-Salem et al. 2017; Kunwar et al. 2016; Vollmer et al. 2020) 
from which new products (resins) can be manufactured. When a material cannot be 
recycled in any of the previous ways, quaternary recycling comes into play. Energy 
recovery is the final alternative for recycling, the most common method used in 
Europe (Ignatyev et al. 2014). PSW is incinerated to generate heat and electricity 
with efficiencies of up to 90% (Horodytska et al. 2018). Nevertheless, emissions 
must be treated with activated charcoal, neutralized, and filtered to prevent environ-
mental pollution (Singh et al. 2017).

Given the complexity of plastic mixtures found in waste streams, problems such 
as chemical incompatibility or physical inhomogeneity may arise. Thus, separating 
the components is a crucial step in plastic recycling. Various procedures have been 
developed to separate different plastic materials: manual sorting, density separation, 
dissolution sorting, biodegradation, spectroscopic separation, electrostatic sorting, 
supercritical separation, and selective flotation (Dorigato 2021). Waste collection 
systems may not be efficient in sorting similar materials such as PE and PP, or PET 
and PLA (poly(lactic acid), a biopolymer) because of chemical similarity, general 
appearance, and density, making it difficult to generate “pure” streams (Aumnate 
et al. 2019; Gere and Czigany 2020). Separation may present great economic and 
environmental disadvantages as compared to the more attractive option of direct 
recycling of plastic waste mixtures.
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When considering the recycling of plastic mixtures, one must take into account 
polymer miscibility. A miscible polymer blend is made from a mixture of two or 
more matrices presenting phase homogeneity and satisfying thermodynamic 
conditions. An immiscible blend does not satisfy thermodynamic phase stability 
conditions (Utracki and Favis 1989). Immiscible blends prepared through simple 
mixing present evident phase separation, affecting the overall mechanical perfor-
mances (Dorigato 2021). PP with both HDPE and LDPE are immiscible at any ratio 
and show phase separation during cooling and crystallization (Aumnate et al. 2019). 
Compatibilization becomes a convenient way to produce new polymeric materials 
with high performance and for the recycling of plastic waste (Li et al. 2017).

For the mixing of two polymers, compatibility is achieved by using “block or 
graft copolymers” having “chemical affinity” or reactivity with each component of 
the blend (Li et al. 2017). This method is not as “effective for ternary or multiphase 
immiscible polymer blends” since each component adds complexity to the 
copolymer. For nonreactive (ex situ) compatibilization, premade copolymers (each 
one miscible with one constituent of the blend) are mixed with the immiscible blend 
in the melt state (Dorigato 2021; Gere and Czigany 2020). Some polymers may 
have reactive functional groups in their structure (carboxylic acid, hydroxyl, amine, 
etc.), so molecules also having reactive functional groups (epoxy, anhydride, car-
boxylic acid, isocyanate, etc.) may be used as reactive compatibilizers. The reaction 
is carried out during melt blending, forming in situ copolymers that act as effective 
compatibilizers (Dorigato 2021; Gere and Czigany 2020).

One of the problems arising during recycling is degradation, which is related to 
the number of thermo-mechanical cycles the polymers have undergone. Other 
important factors are differences in melt temperatures, mechanical stress, and 
oxidation resulting in chain breakup (La Mantia et al. 2017). These changes in the 
molecular structure/weight distribution can affect the viscosity/elasticity of the 
material, leading to possible processing difficulties and affecting the properties of 
the final product. In this case, chain extenders (via their reactive functional groups) 
can increase molecular weight, thus reinstating melt strength (Gere and 
Czigany 2020).

In general, mechanical recycling is the preferred choice for thermoplastic poly-
mer blends, given their good processability and versatile properties (Dorigato 2021). 
Nevertheless, for the reasons mentioned above, some upgrades must be done on 
plastic waste streams to satisfy technical requirements.

2  Mechanical Recycling

Before new materials can be manufactured from plastic waste, raw materials need 
to be recovered. This process starts after the collection step, where plastic waste is 
no longer considered waste, but rather a secondary raw material, referred to as End- 
of- life. These steps may include separation, sorting, baling, washing, grinding, 
compounding, and pelletizing (Ragaert et al. 2017).

D. C. Licea Saucedo et al.



115

Plastics are then sorted and separated through a combination of manual and auto-
mated processes. Near infrared (NIR) technologies are used to identify polymer 
types, while optical color recognition separates clear from colored fractions (Ragaert 
et al. 2017; Schyns and Shaver 2021). The use of dyes as molecular tags to simplify 
plastics sorting via UV-vis spectroscopy has been proposed, though questions arise 
as to whether these molecules can withstand the extrusion and degradation processes 
(Schyns and Shaver 2021). A relatively new technique has been proposed based on 
pulsed laser sources to analyze the carbon and hydrogen content in samples (laser- 
induced breakdown spectroscopy, LIBS). This method showed the ability of 
identifying six plastic materials (LDPE, HDPE, PP, PS, PET, and PVC) (Singh et al. 
2017). Other sorting technologies include X-rays, froth flotation, magnetic density, 
electrostatics, melting point, hydrocyclones, and selective dissolution (Ragaert 
et al. 2017; Schyns and Shaver 2021; Serranti and Bonifazi 2019; Singh et al. 2017). 
Manual sorting by an operator might be expensive, but highly efficient. Operators 
are frequently used as quality control, supervising for any false positives or 
negatives, while correcting any inconsistencies.

Baling of polymers may be needed for transportation when sorting and process-
ing take place in different locations. Frequently, complete separation of PSW is 
costly, hence bulk PSW is used (Maris et  al. 2018). Upon arrival at the facility, 
subsequent cycles of grinding and washing occur to separate any residual impurities 
(Ragaert et al. 2017). After drying, regranulation is carried out via extrusion. An 
extruder typically consists of a hopper, a cylindrical barrel, single or twin screws, a 
die head, and a motor (Singh et al. 2017). Extrusion is an affordable, large-scale, 
and solvent- free method used in mechanical recycling to produce regrind material 
from PSW (Schyns and Shaver 2021). This process induces thermal softening of the 
material through heat and rotating screws, after which it is fed through a temperature- 
controlled die, giving the extrudate a fixed shape (usually in the form of a filament 
for pelletization).

Extruders can be tailor-made to include sections to degas, soften, dry, and filter 
the extrudate, thus improving the final polymer melt quality. Volatile compounds are 
removed via open vents or vacuum sections in the barrel, minimizing hydrolysis/
acidolysis and improving polymer melt odor. Melt filtration can be used to remove 
non-melting and nonvolatile compounds such as wood, paper, dust, rubber particles, 
or higher melting point polymers. Extruders equipped with filters improve blend 
homogeneity and overall polymer quality (better mechanical and optical properties) 
(Ragaert et al. 2017; Schyns and Shaver 2021).

An important challenge arising during recycling is degradation. The extrusion 
process may lead to thermo-oxidative and stress-induced chain scission, chain 
branching, and cross-linking, which in turn affect the mechanical properties and 
processability (Ragaert et al. 2017). To prevent free-radical reactions, polymers are 
extruded with stabilizers. Primary antioxidants protect the chains during the 
polymer’s lifetime, while secondary antioxidants do so during melt processing 
(Schyns and Shaver 2021).
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3  Polymer Blends Recycling

The use of polymer blending technology in plastics recycling is a viable alternative 
for reducing polymeric waste. While the use of (single-use) plastics has increased 
due to the COVID-19 outbreak, recycling has decreased by 5.1% (ReportLinker 
2020), so only 9% of all the plastic around the world is adequately recycled. 
However, some countries have recycling rates exceeding 60%. The most collected 
plastics in the United Kingdom (Schyns and Shaver 2021) are PET (40%), followed 
by HDPE and LDPE (22%), PP (10%), PS (<2%), and PVC (<2%), while in the 
United States the values are much lower for PET (15%), PE (9%), PS (2%), PP 
(1.5%), and PVC (0.2%) (Di et al. 2021). Most countries have regulated and imposed 
taxes on single-use plastics. However, amid the COVID-19 pandemic, demand for 
flexible materials (most of which are single-use plastics) increased by “40% in 
packaging and 17% in other applications, including medical uses” (Silva et al. 2021).

Several plastics are reprocessed in the form of blends following several strate-
gies: (1) recycling with the same virgin polymer, (2) recycling in blend with poly-
mer different from the recycled one, (3) recycling of commingled plastics with a 
compatibilizer, (4) recycling of commingled plastics with the formation of 
composites, and more recently, due to an increase in biopolymers production, (5) 
recycling of bioplastics-based blends. Reviews on this topic have been published 
(Utracki 2002; La Mantia and Scaffaro 2014; Dorigato 2021). In the next section, 
these five strategies are discussed in more detail.

3.1  Recycled Homopolymer Blends

One of the most used techniques in the industry is to incorporate into the process 
postindustrial and/or postconsumer polymers. The main industrial plastics 
(commodities) are identified by three arrows in a triangular formation with a num-
ber inside (1–7), each number representing a different type of polymer. Table  1 
shows the relevant work done on the recycling of homopolymer blends.

Over the last 20 years, PET has proven to be an important engineering polymer, 
showing its uniqueness to be recycled over and over. PET is seen as an excellent 
material for several packaging applications and is widely used for making bottles, 
fibers, and sheets (Elmari et al. 2017). Extrusion has been shown to be an adequate 
technique for PET blending. For example, a 70/30 vPET/rPET blend was shown to 
have similar properties to virgin PET fibers (Lee et al. 2012). Tapia-Picazo et al. 
(2014) recommended operating conditions and material characteristics for 
successful recycling: 0.5–0.8 inherent viscosity values, 30–45  rpm screw speed, 
270–300  °C and 0.01–0.02% humidity. A blend of 25/75 vPET/rPET was 
successfully recycled up to 11 times without significant property loss (Pinter 
et al. 2021).
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HDPE homopolymers have been recycled through various techniques, such as 
injection molding (Alzerreca et al. 2015; Kartalis et al. 2000a, b; Meran et al. 2008), 
blow extrusion (Mnif and Elleuch 2015), and rotomolding (Cestari et  al. 2021). 
Mnif and Elleuch (2015) showed that after only two reprocessing cycles, vHDPE/
rHDPE blends presented a significant decrease in viscosity and tensile properties. In 
order to be reused in the same application, the material needs to be restabilized 
(Kartalis et al. 2000a, b). However, Alzerreca et al. (2015) concluded that rHDPE 
can be used for less-demanding applications such as gravity sewer systems, either 
by reducing pollutant concentration, improving their compatibility, or by increasing 
tie macromolecule content.

PVC is only second after polyethylene in worldwide consumption, widely used 
in pipes and construction applications. Sombatsompop and Thongsang (2001) 
showed that recycling PVC pipes is possible by blending with virgin PVC with 
concentrations varying from 20% to 80%; while Popovska-Pavlovska et al. (2000) 
reported up to 50% recyclate of postconsumer oil bottles with adequate processability 
at a lower temperature, without negative effects on the mechanical and rheological 
properties.

LDPE (along with HDPE) constitutes half of all the plastics packaging materials. 
Studies have focused on strategies to recycle LDPE from different sources, such as 
postconsumer packaging films (Kartalis et al. 2000a, b), mixed MSW (Soto et al. 
2018, 2020), and agricultural plastic waste (Briassoulis et al. 2021). Meran et al. 
(2008) found that the mechanical properties of vLDPE/rLDPE blends linearly 
decreased as the recycled material content increased. In an attempt to elucidate the 
number of reprocessing cycles that LDPE can withstand, Jin et al. (2012) recycled 
the material 100 times, reporting that significant loss of processability and long- 
time mechanical properties was observed after 40 cycles.

PP accounts for 16% of the global plastic production and is mainly used in pack-
aging, construction, automotive, and sports industries (Bora et al. 2020). Similar to 
other polyolefins, the mechanical, thermal, and rheological properties of vPP/rPP 
blends linearly decrease with an increase in recycled material content (Meran et al. 
2008; Tai and Yeh 2018). Through simple melt spinning, Gregor- Svetec et al. (2009) 
obtained monofilaments that were porous, brittle, rigid, and easily broken. Single-
screw extrusion proved to be a better processing technique since 70/30 vPP/rPP 
blends were compatible and maintained adequate mechanical and rheological prop-
erties (La Mantia et  al. 2021). Raj et  al. (2013) showed that for vPP/rPP blends 
processed by injection molding, a 60/40 ratio provided good flexural strength, 
although the best results were obtained at 90/10. It was also shown that blends of up 
to 50% rPP from an automotive source are suitable for a motorcycle saddle applica-
tion, thus reducing the raw materials’ costs by 5–13% (Wattanachai et al. 2017).

PS is highly used in several applications such as packaging, automotive, con-
struction, and electrical and electronic equipment (Thakur et al. 2018). Mechanical 
recycling of PS foams is especially difficult considering its low density, making 
transport economically unviable, unless one considers the use of solvents leading to 
a volume reduction of more than 100 times (Garcia et  al. 2009). Despite this 
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difficulty, high impact polystyrene (HIPS) membranes from recycled plastic waste 
have been successfully prepared for use in water microfiltration and ultrafiltration 
(Garcia-Ivars et al. 2017).

3.2  Recycled Binary Blends

Recycled heteropolymer blends are of high interest as a way to easily recycle waste 
materials. PE and PET, or PE and PP are usually found mixed in plastic waste 
streams. Extensive research has been done in the area of heteropolymer blends as 
reported in Table 1. Nevertheless, problems with compatibility are of high concern. 
The general trend is a decrease in rheological, thermal, and mechanical properties, 
with very few exceptions. Wang et al. (2019) reported that recycled PET can induce 
a nucleating effect on LDPE melt crystallization without affecting its crystal form. 
A rejected–unused diapers project using a 70/30 PP/PE ratio was recycled. The 
recycled blend showed a weaker performance compared to the virgin blend, but the 
mechanical properties were still high enough to be competitive along with reduced 
costs. Saikrishnan et  al. (2020) found that, although the rheological and thermal 
properties were affected, 10% rLDPE/rPP blends showed similar tensile properties 
with potential to be subjected to multiple reprocessing cycles.

3.3  Recycled Blends with Compatibilizer

Successful compatibilization has been achieved for a homopolymer recycled blend 
of PET via optimization through a full factorial design. Optimal values for Young’s 
modulus, elongation at break, tensile strength at yield, and Izod impact strength 
were obtained with the following composition in a corotating twin screw extruder 
and subsequent injection molding: 25% rPET, 10% biocarbon, Joncryl chain 
extender, and Elvalov PTW toughening agent (Snowdon et  al. 2020). Blends of 
rHDPE/vHDPE have been processed in a blow molding extruder with up to 70% of 
recycled materials using two different commercial compatibilizers (Recycloblend 
and Elvax), showing similar behavior to the virgin material (Ramirez-Vargas et al. 
2006). PVC from credit cards was used to make recycled blends for pipes and 
fittings. Blending was carried out with a two-roll mill, using acrylonitrile butadiene 
styrene (ABS) and styrene acrylonitrile (SAN) as compatibilizers. Although a 
reduction in ductile properties was observed with SAN (due to its fragile nature), 
the use of ABS improved the mechanical properties, which is promising for 
applications in the building industry (Garcia et al. 2007). LDPE from prepregs was 
blended with virgin material, bentonite clay, and LDPE-g-MA as compatibilizer 
(Passos Severino et al. 2021). Specimens from recycled content ranging from 60% 
to 100% showed similar values to the virgin material for impact strength, Young’s 
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modulus, and deformation at break, which is interesting for a less demanding appli-
cation such as animal food packaging.

Polymer separation from mixed plastic waste is sometimes costly, so it is pre-
ferred to process mixtures instead. In several cases, the recycling of heteropolymer 
blends is difficult because of polymer degradation, immiscibility, or instability. 
Great effort has been devoted into the compatibilization of plastic waste (Feldman 
2005; Ha et al. 2000; Maris et al. 2018; Martikka and Karki 2019; Vazquez and 
Barbosa 2016). The main work on recycled blends with compatibilizer addition for 
several blends is reported in Table 1.

PET, PVC, HDPE, and LDPE are usually found in mixed waste streams. It has 
been reported that 75/25 rHDPE/rPET blends with ethylene-glycidyl methacrylate 
(E-GMA) as compatibilizer improved toughness, impact strength, and tensile 
fracture elongation (Lei et  al. 2009). Habibi et  al. (2017) proposed a method to 
blend rHDPE/rLDPE with maleic anhydride polyethylene (MAPE) and ethylene 
propylene diene monomer (EPDM) rubber as coupling and compatibilizing agents, 
respectively. It was found that melt blending improved the flexural, tensile, and 
unnotched impact strengths. Postindustrial PET/LDPE food trays were further 
compatibilized with ethylene propylene rubber (EPR), which proved successful in 
retaining tensile strength and stiffness (Dekva et al. 2019). Recycled PVC blended 
with HDPE and compatibilized with ethylene vinyl acetate (EVA) showed that it is 
possible to improve impact strength and interfacial adhesion (Lee et al. 2019).

A poly(ethylene-co-methyl acrylate-co-glycidyl methacrylate) compatibilizer 
was used to process 90/10 rPET/PP blends (Catelli de Souza and Barbosa Caldeira 
2015). The results showed that the compatibilizer acted as a softening agent 
decreasing the Young’s and flexural moduli, flexural yield and strength, as well as 
increasing the impact strength and elongation at break. Kong et al. (2018) used a 
styrene-ethylene-propylene-styrene grafted glycidyl methacrylate (SEPS-g-GMA) 
copolymer for 70/30 rPP/rPS blends. The results showed an increase in impact 
strength and elongation at break. In addition, an increase in viscosity, storage 
modulus, and loss modulus pointed toward improved chemical compatibility. A 
study was performed to add a copolymer made from maleic anhydride functionalized 
with elastomeric ethylene to blends of recycled LDPE with virgin PS (80/20) 
(Chouiref and Belhaneche-Bensemra 2012). The results showed a sixfold increase 
in the elongation at break using 20% of compatibilizer compared to the rLDPE/PS 
blend without it. Compatibilization of virgin PS with recycled PP and styrene- 
ethylene- butylene-styrene (SEBS) copolymer showed improvements in “impact 
strength, elongation at break, thermal stability and heat deflection temperature” 
(Barreto Luna et al. 2019).

3.4  Recycled Blends with Composites

Commingled plastic recycling is “one of the most effective and alternative method-
ologies” to produce “sustainable, as well as uniformly distributed, natural fiber rein-
forced composites” (Nayana and Kandasubramanian 2020). Due to the wide variety 
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Table 2 Recycling of commingled plastics by the formation of composites

Polymers Compatibilization Processing References

rPET/rHDPE and rice husk Ethylene glycol 
dimethylacrylate (EGMA)

Twin-screw 
extruder (TSE)

Chen et al. 
(2021)

rPP/rLDPE/rHDPE and date 
palm fibers

Maleic anhydride grafted 
polyethylene (MAPE)

TSE at 200 °C Zadeh et al. 
(2017)

rHDPE/rPET/rice husk/
organoclay-reinforced 75/25/3

MAPE, EGMA TSE Chen and 
Ahmad (2017)

PE/PP wood flour 40/54/3/3 MAPE TSE Turku et al. 
(2017)

LDPE/PP/Nylon 6/EPDM 
reinforced with MWCNT and 
kenaf fibers

PP grafted with GMA 
(glycidyl methacrylate)

Batch mixer Khan et al. 
(2015)

rPA6, rPP, and kenaf fibers MAPP Single-screw 
extruder (SSE)

Sukri et al. 
(2012)

LDPE/LLDPE and coir fibers Styrene maleic anhydride 
(SMA)

SSE Choudury et al. 
(2007)

of plastics found in MSW, blending of different polymers is necessary because their 
separation into single components can be difficult, expensive, or even impossible 
(Khanam and AlMaadeed 2014). Furthermore, as mentioned above, most of them 
are immiscible and require the use of a compatibilizer (Martikka and Karki 2019). 
Additionally, the use of synthetic or natural fibers for reinforcement (mechanical 
properties recovery) is recommended. Reinforced plastic composites are an impor-
tant class of structural materials that are extensively used in the aerospace, automo-
tive, and construction industries. The main advantage of using thermoplastic 
materials is their recyclability compared to thermosetting matrices (Pegoretti 2021). 
Although recycling composites does not fully solve the MSW problems, it provides 
some solution and reduces the use of virgin plastics (Fakirov 2021).

Table 2 shows some examples of these systems. Most of these studies seek to 
improve/extend the use of recycled plastics using fibers and compatibilizers to pro-
duce materials with good dimensional and thermal stability, as well as good 
mechanical performance. Other types of properties were also studied, such as fire- 
retardant performance by recycling mixed plastic waste with multiwalled carbon 
nanotube (MWCNT) and kenaf fibers (Khan et al. 2015), or by using date palm 
fibers (Zadeh et al. 2017). In general, natural fibers are preferred to prepare these 
materials on account of their availability, low cost, bio-based origin, and 
biodegradability.

3.5  Recycled Bioplastic-Based Blends

Although the production of biopolymers (worldwide) is not yet widespread (1%) 
(Cinar et al. 2020; Niaounakis 2019), it is necessary to be prepared for the handling 
and disposal of these materials, mainly because some of them are not biodegradable 
or compostable. Ilyas et al. (2021) proposed a comprehensive guide for designing, 
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Table 3 Recycling of bioplastic-based blends

Polymers Composition Strategies Processing References

PLA/PA 50/50 – SSE and injection 
molding

Hamad et al. 
(2011)

PET/PLA 99.5/0.5, 99/1, 
98/2, 95/5 wt/wt

– Batch mixer La Mantia et al. 
(2012)

PET/PLA PET 0–100%
PLA 0–100%

Use of a compatibilizer: 
ethylene-butyl acrylate- 
glycidyl methacrylate

Dry blending and 
melt blending by 
TSE

Gere and Czigany 
(2020)

PP/PBAT/
TPS

85/7/8 7 cycles of reprocessing SSE and 
compression 
molding

Oliveira et al. 
(2017) and 
Oliveira and 
Barbosa (2020)

LDPE/
TPS

70/30, 60/40, 
50/50

Virgin and postconsumer 
LDPE

TSE Pedroso and Rosa 
(2005)

PLA/
PBAT

5 cycles of reprocessing SSE La Mantia et al. 
(2020)

PLA/PHB 45/55 Multiple extrusion SSE Plavec et al. (2020)

handling, and discarding of bio-based packaging products. Mechanical recycling 
offers the best alternative for bio-based plastics in a complementary way with chem-
ical recycling. Both biopolymers and polymers of fossil origin require high effi-
ciency as well as minimizing the negative environmental impact. According to 
Briassoulis et al. (2021), the recirculation potential of postconsumer bio-based plas-
tics through mechanical recycling represents a new challenge. Although the amount 
of biopolymers waste generated is low, some studies on their recyclability are avail-
able. This is especially the case for PLA, which is by far the most used biopolymer 
(Lamberti et  al. 2020; Niaounakis 2019). For the recycling of bioplastic- based 
blends, Table 3 presents a summary of recent studies. Due to the low mechanical 
performance and high costs of most biodegradable polymers, it is difficult to imme-
diately replace synthetic polymers. Blending conventional and biodegradable mate-
rials is a good alternative to develop recyclable products with good mechanical 
properties. However, this approach calls for special attention, since the biodegrada-
tion of these materials “may not be complete and can generate microplastics” 
(Oliveira and Barbosa 2020). The strategy to recycle biopolymers blends that are 
biodegradable under industrial compost environment is to evaluate their perfor-
mance by submitting them to multiple extrusion cycles (Plavec et  al. 2020; La 
Mantia et al. 2020; Oliveira et al. 2017; Oliveira and Barbosa 2020).

4  Conclusion

Based on the current situation, there is still an increasing trend of plastic production 
and consumption, leading to more waste generated after each part’s end of life. In 
most cases, complex polymer formulations led to the presence of several types of 
resins blended together. For this reason, it is difficult, if not impossible, to 
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completely separate each component producing multiphase systems (polymer 
blends). In this chapter, several methods to recycle polymer blends were presented 
and discussed in terms of the materials and equipment used, as well as the possibil-
ity to add additives (compatibilizing agents, anti-oxidants, etc.). The main 
options are:

 1. blending with the same virgin polymer (recycled vs. virgin),
 2. blending with a different polymer (binary polymer blends),
 3. direct use of commingled plastics (no separation) with a compatibilizer (multi-

component systems),
 4. commingled/blend of plastics with the addition of fillers (composites), and,
 5. blending with bioplastics (sustainable bio-based materials).

Although several works have been published on the recycling of polymer blends, 
there is still some information missing, especially on the structure–properties–
performances of the final blends under optimized processing conditions and 
formulations. This becomes even more complex as new resins are being developed 
and introduced in the markets to “contaminate” even more the waste streams. More 
work is also needed to determine the effect of other pollutants (paper, glass, metals, 
etc.) and the number of cycles on the blends’ degradation and overall performance. 
Nevertheless, the concepts of sustainable development and circular economy must 
be applied, as rules and regulations are emerging in this direction.
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1  Introduction

Globally, the demand of plastics has continued to grow (Schyns et al. 2021). The 
circulating plastic-waste volumes has increased from 260 million tons in 2016 to 
460 million tons per year by 2030 (Hundertmark et al. 2021). However, approximately 
half of all plastic manufactured is used primarily for single-use disposable 
applications such as packaging (PlasticsEurope 2019), agricultural films, and 
disposable consumer items, all of which end up as a plastic waste (Mohamad et al. 
2014; Hopewell 2009). The fast growth in municipal trash creation is globally 
necessitating an urgent need for a better-managed disposal option. The expansion of 
garbage landfills has contributed to noise, dust, and stink, as well as bioaerosols 
generated shortly after opening and possibly for several decades afterward (Othman 
2007). Furthermore, landfills add to the greenhouse impact through gas emissions, 
which is a global issue.

Recycling or reusing plastics in circulation is critical for avoiding the increased 
inadvertent or intentional release of polymeric materials into the environment and 
reducing environmental pollution (Schyns et al. 2021). In 2016, only a total of 16% 
of polymers in flow were collected for recycling, whereas about 40% were disposed 
of in landfills, and approximately 25% were burnt (Hundertmark et  al. 2021). 
Recently, European governments have boosted their efforts to raise recycling rates. 

N. Mohamad (*) · J. Abd Razak 
Fakulti Kejuruteraan Pembuatan, Universiti Teknikal Malaysia Melaka,  
Durian Tunggal, Melaka, Malaysia
e-mail: noraiham@utem.edu.my 

H. E. Ab Maulod 
Fakulti Teknologi Kejuruteraan Mekanikal & Pembuatan, Universiti Teknikal Malaysia 
Melaka, Durian Tunggal, Melaka, Malaysia

© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2023
H. Ismail et al. (eds.), Recycled Polymer Blends and Composites, 
https://doi.org/10.1007/978-3-031-37046-5_8

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-37046-5_8&domain=pdf
mailto:noraiham@utem.edu.my
https://doi.org/10.1007/978-3-031-37046-5_8


134

In 2018, Europe collected a total of 29.1  million tons of post-consumer plastic 
garbage, while less than a third of this was recycled, which marked a doubling of the 
amount recycled and about 39% reduction in plastic waste exports to countries out-
side the European Union (EU) compared to 2006 levels (Schyns et al. 2021).

Recycling, in which used materials are reprocessed into new goods, reduces the 
generation of everyday garbage. As compared to virgin products, it prevents the 
waste of potentially usable materials, reduces the consumption of raw materials and 
energy usage, and hence reduces greenhouse gas emissions (Ilyas et  al. 2021a). 
Recycling conserves landfill space and minimizes the amounts of virgin materials 
that should be mined or manufactured in creating new items, thus conserving energy 
and minimizing global climate change (Atiqah et al. 2021). Nowadays, the polymer 
matrix-based products’ manufacturer has moved toward a new perspective. The 
interest in biodegradable, green, and more sustainable polymer composites is 
rapidly growing in industrial applications and fundamental research because of their 
exciting criteria. The plastic waste materials could be considered low-cost and 
renewable feedstock for the preparation of greener composites. This would be a 
high-value waste plastic output (Salwa et  al. 2021). Compostable plastic and 
biodegradable items, such as food packaging bags, can help improve waste 
management and organic recycling (Ilyas et al. 2021b).

“Sustainable” and “sustainability” can be defined in many ways. Nonetheless, 
the term is frequently used to refer to the practice of ensuring that the material 
utilized in a product or component does not deplete natural resources excessively 
while sustaining a prosperous economy for future generations. Mansor et al. (2020) 
grouped the so-called natural resources-based green composites materials into three 
categories. The grouping is usually made from a basic composite’s formulation, 
consisting of (1) reinforcement, (2) matrix, and (3) filler materials. The composites 
can be formulated into a fully or partially green composite. However, this chapter 
focuses on a similar matrix type, polypropylene-based waste material with the 
utilization of various more sustainable filler or reinforcement materials (classified 
as green fillers in this chapter). Fillers function as a discontinuous phase in the 
composite and are often spread as well as disseminated throughout the matrix, 
improving or reinforcing the matrix (Abdul Khalil et  al. 2019). When fillers are 
introduced into the matrix phase, a complex interphase structure is produced, in 
which the configuration and interaction of the fillers and matrix dictate the 
composite’s properties. The filler and matrix phases can complement or be 
compatible with one another, resulting in an enhanced composite. Green fillers are 
materials that can fill or reinforce various matrices to form useful or value-added 
composite materials. The term “eco” in eco-friendly fillers is usually describes 
fillers that are “ecologically” friendly to the environment for biodegradability. 
However, this chapter reflects some other fillers that are “economically viable” from 
the reused fillers and by lower consumption of resources due to improved properties. 
Hence, the fillers are categorized as green fillers in this chapter.
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1.1  Polypropylene

Polypropylene (PP) is a typical thermoplastic that is excellent for various industrial 
applications, from domestic to engineering products such as bottles to automotive 
parts, due to its outstanding range of qualities. PP is nondegradable because of its 
chemically stabilized state for long service life. Thus, the disposal of PP plastic 
waste poses an environmental issue. Mansor et al. (2020) reported that PE and PP 
were the most extensively used plastics, accounting for 61% of the US plastics 
industry. As a result of economic and environmental factors, PP recycling had 
expanded dramatically.

Polypropylene (PP) is a versatile thermoplastic material having properties 
between low-density polyethylene (LDPE) and high-density polyethylene (HDPE). 
Their density of 0.899–0.920 g/cm3 (Grigore 2017) and a combination of hardness, 
rigidity, and ease of processing make them very useful polyolefin materials (Hindle 
2021). Their general characteristics  – physically, mechanically, functionally, 
processability, and serviceability – are depicted in Fig. 1.

Polypropylene was the first stereoregular polymer developed and was made from 
propylene monomers using two types of polymerizations: Ziegler-Natta and 
metallocene catalysis (Galli et  al. 1995). It is a linear polymer with a structure 
express as CnH2n that is similar to polyethylene, except that every other carbon atom 
in the backbone chain has a methyl group attached to it. There are three types of 
tacticity or PP chain structures: isotactic, atactic, and syndiotactic. Figure 2 shows 
the linear hydrocarbon of isotactic PP forms from three monomers.

Isotactic PP molecules form helices due to their “one-handed” structure. This 
regular structure enables the molecules to crystallize into a hard, somewhat rigid 
substance that melts at 440  K in its pure state. Atactic chains have an entirely 

Fig. 1 General characteristics of polypropylene materials
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Fig. 2 Ball-and-stick 
model of polypropylene 
monomer (propylene)

random structure and so do not crystallize. Atactic PP with a high molecular mass 
is a rubber-like substance. In the isotactic PP, the methyl groups are on the same side 
of the chain, while the methyl groups are placed randomly on both sides of the chain 
in the atactic PP. By utilizing a particular metallocene catalyst, combinations of 
isotactic and atactic structures are possible (Lower 2017). Syndiotactic PPs are 
similarly crystalline due to the regularity in their structure. Commercial PP is a 
primarily isotactic polymer with an atactic content of 1–5% by mass. Besides, there 
are varieties of PP materials that are homopolymer, random copolymer, and block 
copolymer. Homopolymer is made up of 100% polypropylene, which has excellent 
rigidity and heat resistance. PP shows inferior low-temperature impact resistance, 
and it can be improved through copolymerization with a monomer such as ethylene 
to form the copolymers.

1.2  Recycled Polypropylene

Waste polypropylene from various products is recycled using a number of methods 
such as mechanical and chemical recycling to form recycled polypropylene 
(recycled PP) (Achilias et al. 2007). The recycled PP has been employed in low-cost 
end products by blending with other virgin thermoplastic materials via mechanical 
recycling. This technique is nearly identical to recycled PP (Grigore 2017). The 
recycled PP could be defined as after-serviced or waste PP materials that have 
undergone several processes (mechanical, chemical, thermal recycling, etc.) in 
order to regain their processability and properties to be used in the same or other 
products. The primary challenges in recycling PP stem from the polymer’s ease of 
degradation. Heat, mechanical stress, and UV light could significantly alter PP’s 
structure, composition, and morphology, and thus its properties. According to La 
Mantia (1999), PP’s photooxidative and thermomechanical degradation effects are 
more significant than other linear polyolefins due to tertiary carbon in its chain. The 
PP products are exposed to these elements both during their lifetime or service 
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(primarily via photooxidation) and during processing and recycling (reprocessing 
cycles) activities. The multi-recycling of recycled PP would further degrade its 
properties (Othman et al. 2017; Wang et al. 2014).

This chapter will later discuss numerous efforts that developed and characterized 
waste PP or recycled PP products to identify their potential for future use. The waste 
PP is gathered from various products and applications such as bottles, waste printed 
circuit board, manufacturing scraps, damaged tables and chairs, food containers, 
and so on. Some studies utilize the waste PP directly after the sorting, cleaning, and 
refining processes into a new blending mixture. However, some researchers utilize 
it in the form of recycled PP that various suppliers supply. The virgin PP is used as 
the control samples by most of them. Table 1 compares the general properties of 
virgin and recycled PP, gathered from multiple studies involving recycled PP. There 

Table 1 General properties of virgin and recycled polypropylene

Criteria Virgin PP Recycled PP

Compositions Could be homopolymer 
(100% PP monomer) or 
copolymers

Could be a homopolymer (100% PP 
monomer) or copolymers incorporated with 
other processing ingredients

Density, ρ (g/cm3) 0.899–0.920 (Grigore 
2017)

0.96–0.99 g/cm3

(Grigorescu et al. 2020)
910 kg/m3 (Hung et al. 2016)

Glass transition 
temperature (°C)

−23 to −10 (Grigore 2017) Hardly reported by researchers due to the 
formulation diversity

Melt flow index 
(g(10 min)−1)

4.14 ± 0.04 to 16.80 ± 0.12
(Ferg and Bolo 2013)
0.2–0.7 (Shubhra et al. 
2011)

12.17 ± 0.08 to 14.07 ± 0.15
(Ferg and Bolo 2013)
6.0 (Grigorescu et al. 2020)
3.7 (Hung et al. 2016)

Melting point 163.42 °C
(Ferg and Bolo 2013)

165.75–166.05 °C
(Ferg and Bolo 2013)
159.60–160.00 °C (Brachet et al. 2008)
107.00 (Zdiri et al. 2018)

Variable melt flow 
index (g(10 min)−1)
Mass load, 3 kg

22.5–25
(Ferg and Bolo 2013)

7–28.5
(Ferg and Bolo 2013)

Tensile strength, σmax 
(MPa)

26–41.40 (Grigore 2017)
29–34 (Shubhra et al. 
2011)

20.6 MPa
(Grigorescu et al. 2020)
34.4± 0.4 (Hung et al. 2016)

Elongation at break 
(%)

115–350
(Shubhra et al. 2011)

2.83 (Grigorescu et al. 2020)
7.1 ± 0.9 (Hung et al. 2016)

Tensile modulus, E 
(MPa)

950–1776 (Grigore 2017) 819.3±18.84 MPa
(Melo et al. 2020)
1900 (Hung et al. 2016)

Izod impact strength 
(at 23 °C) (kJ/m2)

1.7 (Tai et al. 2000)
10–34 ft Ib
(Shubhra et al. 2011)

10.0
(Grigorescu et al. 2020)

Thermal 
conductivity 
(w/m.K)

0.25 (Hadi et al. 2016) 0.33 (Hadi et al. 2016)
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are distinct differences between properties exhibited by recycled PP and virgin 
PP. In general, mechanical properties (tensile strength, tensile modulus, and 
elongation at break) of recycled PP are lower compared to virgin PP. The ground 
recycled PP from industrial transport shuttles has shown a significant difference in 
their percentage elongation at break of only about 2.83% compared to virgin PP. The 
reported values of homopolymer and copolymer by Shubhra et al. (2011) are in the 
range of 115–350% instead. Grigorescu et al. (2020) claimed that the recycled PP is 
originally brittle; hence, the elongation at break is very low.

Meanwhile, there are inconsistent values of properties depicted by the recycled 
PP themselves. The differentiator is the unique formulation, and different types of 
PP used for specific products also vary from one manufacturer to another. 
Manufacturers add various additives to meet the specification required for their 
products at the most reasonable prices. Therefore, several uncontrollable factors and 
variables might be the obstacles to the quality or properties uniformity of the 
recycled PP-based products:

• the difference between types of PP that were initially used by the manufacturer 
(different structure, configuration, chain’s composition, and molecular weight),

• the difference between the formulation of recycled PP products depending on the 
type of products among different manufacturers,

• the difference in the recycling cycles (for multi-recycling PP), and
• the difference in processing methods and parameters.

However, these factors could be minimized by selecting recycled PP from simi-
lar products and sources.

For quality control purposes, the characterization analyses should be conducted 
frequently to the new batch or recycled PP in order to be utilized in the production 
line. For example, by using suitable characterization equipment, one could retrace 
or predict the compositional information of the waste material. In the case of 
recycled PP from Pb-acid battery casing, XRF elemental analyses were performed 
by Ferg and Bolo (2013) and Ferg and Rust (2007). They revealed that the waste PP 
consisted of Pb = 1566–1645 ppm, Br = 538–544 ppm, and Ca = 679–865 ppm. The 
Pb was most likely present from PbSO4 or PbO2 compounds derived from the used 
battery material, whereas Ca was most likely from CaO2. It was initially used as a 
filler in manufacturing the battery case and lid. Meanwhile, the Br was found in a 
variety of flame-retardant chemicals. They also reported that recycled PP had a 
slightly higher melting temperature than virgin PP with a melting temperature (Tm) 
of 163.42 °C.  It was assumed to be the contributions of the inorganic fillers and 
impurities present in the recycled PP. The recycled PP was also presumed to contain 
small amounts of high-density polyethylene with melting temperature between 
120 °C and 130 °C from the tiny DSC endothermic peaks that formed at around 
125.31–125.49 °C. The obtained data from variable melt flow index (VMFI) versus 
the total piston mass load was fitted to the suitable (y = axn) power function. The 
power coefficient (n) for the recycled PP samples of y = 3.225x1.732 to y = 3.759x1.693 
was significantly higher than most virgin PP samples of y  =  1.356x1.491 to 
y  =  6.040x1.312. It demonstrated that additives such as fillers, contaminants, 
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stabilizers, colorants, and flame retardants can affect the flow characteristics of 
recycled material. Therefore, a close screening for the selection of PP waste or 
recycled PP is crucial to control the processing parameters and properties of pro-
duced recycled PP composite materials.

1.3  Green Fillers for Sustainable Materials

In most cases, the so-called sustainable polymeric materials refer to natural fiber 
composites, biodegradable composites, and green composites (Mansor et al. 2020; 
Santhosh Kumar and Somashekhar 2020; Cong et al. 2021). Some popular examples 
of sustainable polymer composites are biodegradable PLA (polylactic acid) or PVA 
(polyvinyl alcohol)-based polymer composites, natural fiber-reinforced polymer 
composites such as sisal fiber-reinforced thermoplastic composites, and more. The 
terms are used when biodegradable polymers or natural materials are used in 
formulations. They are inferred regardless of whether the matrix and the filler 
ingredients are natural, biocompatible, or eco-friendly materials. In most cases, the 
portion of how extensive these components are in the composites has not been 
clearly defined, except the filler should always be lesser than the matrix. Their 
specific ratio would be based on their functionality in the formulation or properties 
specifications. It is known that recycled thermoplastic materials experience dramatic 
changes in their physical and mechanical properties. The reusing and recycling of 
these polymers degrade their chemical structural properties, which calls for other 
materials or manipulation to their formulation. Therefore, introducing various types 
of filler materials into recycled polymers, whether organic or inorganic fillers, will 
result in properties and functional diversity. They could serve as a reinforcing agent, 
plasticizer, extender, impact modifier, and others: dictating the final seeking 
properties or product performance.

Green fillers refer to the fillers used either as a filler or reinforcement materials 
in any polymer matrix, either thermoplastic or thermosets, natural or synthetic. 
However, in this chapter, the green fillers are categorized based on the type of fillers 
used in the formulation of recycled PP composites. Figure  3 shows the general 
classification of green fillers commonly reported to be used as fillers or reinforcement 
materials in recycled polypropylene (recycled PP)-based composites. They are 
classified into four main categories, namely (1) natural organic fillers, (2) natural 
inorganic fillers, (3) advanced fillers, and (4) recycled fillers. Figures 4 and 5 show 
the images of plastic waste and several types of green fillers used by several studies 
(Yao et al. 2013; Oladele et al. 2020). Physical dimensional (sizes and shapes) and 
compositional characteristics of the fillers are essential in determining the properties 
of produced composites (Yao et al. 2013).

Natural Organic Fillers These fillers are natural or biodegradable materials from 
organic resources that are safe for the environment. The most commonly used are 
organic fillers that originated from either plant or animal fibers. They have become 
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Fig. 3 Classification of green fillers used in recycled polypropylene composites

Fig. 4 (a) Waste plastics, (b) snail shell, and (c) shell powders

the topic of interest in industry and academic research due to its low cost and avail-
ability (Cong et al. 2021). Santhosh Kumar and Somashekhar (2020) further classi-
fied the plant fibers to (1) wood fibers, either hardwood or softwood, and (2) 
non-wood fibers, either seed fibers, leaf fibers, bast fibers, fruit fibers, stalk fibers, 
or grass fibers (Diyana et al. 2021). According to Mansor et al. (2020), plant-derived 
natural fibers are the most widely used and researched due to their short growth 
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Fig. 5 SEM images of the shell waste. (Yao et al. 2013)

period, renewability, and wide availability. According to Chandrasekar et al. (2021), 
natural fiber-reinforced thermoplastic-based composites have been used in packag-
ing and structural applications in the automobile, construction, and other industries. 
The animal origin polysaccharides are chitin and chondroitin. In general, natural 
fillers enhance the properties of composites due to their low cost, reasonably good 
mechanical properties, high specific strength, nonabrasive, green, and biodegrad-
able characteristics.

Natural Inorganic Fillers These fillers are natural materials from inorganic 
resources derived from either minerals or animals. Clay minerals are phyllosili-
cates formed by the chemical weathering of other silicate minerals. Clay can be 
manufactured in a lab under controlled pH, temperature, composition, and starting 
material conditions. It is an alumina-silicate with neutral or negatively charged 
layers and positive counterions between the layers. Meanwhile, clay is character-
ized as kaolinite, montmorillonite, illite, chlorite, and fibrous silicate (e.g., sepio-
lite and palygorskite). Abdul Khalil et al. (2019) stated that the montmorillonite/
smectite clay group is the most commonly used clay. It is due to its water stabiliz-
ing and rheological qualities. Calcium carbonate (CaCO3) is another inorganic 
filler that is frequently used in industry and laboratories. It is typically derived 
from carbonatite lava, stalactites, stalagmites, skeletons, and some animal shells. 
However, the required purity, whiteness, thickness, and uniformity are not taken 
into account. According to Abdul Khalil et al. (2019), it can be obtained by dig-
ging carbonate- bearing rock. However, it will result in noise, air, and water 
pollution.

Advanced Fillers These filler materials can be organic- or inorganic-based materi-
als refined and upgraded further through physical and mechanical processes, heat 
treatments, chemical modification, or synthetically produced in the laboratory. 
Some are classified as advanced materials (e.g., carbon fibers and aramid fibers) or 
nanomaterials (e.g., nanoclay and organoclay). The advancement of processing and 
nanotechnology has led to nanoclay, which is much preferred in the industries 
(Abdul Khalil et  al. 2019). Polypropylene-based composites reinforced with (1) 
exfoliated graphite nanoplatelets (xGnPTM), (2) vapor-grown carbon fibers, (3) 
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polyacrylonitrile (PAN)-based carbon fibers, (4) highly structured carbon black, and 
(5) montmorillonite clay fabricated by extrusion and injection molding (Kalaitzidou 
et al. 2007). According to Zdiri et al. (2018), clay, montmorillonite (MMT), calcium 
carbonate (CaCO3), carbon nanotubes (CNTs), zinc oxide (ZnO), silica (SiO2), 
boehmite alumina (BAL), and graphene (GN) are among the nanomaterials used as 
fillers in recycled PP matrix.

Recycled Waste Fillers These fillers are natural-based or nonbiodegradable 
waste materials, either organic or inorganic, reused or recycled by manufacturing 
or recycling centers. They are placed back into the production/manufacturing 
lines as recycled feeding materials or fillers in various matrices to reduce their 
harmful impact on the environment. These fillers’ utilization in manufacturing 
could be considered to adhere to the green policy for multiple industries and con-
sidered a greener approach for sustainable resources. Among the recycled fillers 
are waste printed circuit board (WPCB) powder (Grigorescu et  al. 2020), geo-
polymer concrete waste (GCW) (Ramos et  al. 2020), milled wood flour (WF) 
(Rocha and Rosa 2019), and others. In the report produced by Abdul Rasoul et al. 
(2020), the addition of PP fibers can strengthen the structural concretes by reduc-
ing the formation of micro- cracks and hence increasing their resilience to thermal 
shock. As a result, concrete waste could be beneficial as a filler in PP matrix com-
posites, but recycled PP in the fiber forms might also be useful in the industry 
(Tuladhar and Yin 2019).

The generic comparisons of these green fillers with synthetic fibers are tabulated 
in Table 2. The list is adapted based on the report by Diyana et al. (2021).

Table 2 Comparison of general characteristics of green fillers used in recycled PP composites

Natural organic 
fillers

Natural 
inorganic fillers

Recycled 
waste fillers

Advanced 
fillers

Synthetic 
fibers

Density Light Light Varies (light 
to high)

Too light Twice 
natural fibers

Cost Low cost Low cost Varies (low 
to moderate)

Expensive Higher than 
natural fibers

Renewability Yes Yes No Yes No
Recyclability Yes Yes No No No
Energy 
consumption

Low Moderate Moderate High High

Distribution Wide Wide Varies (low 
to high)

Very high High

CO2 neutral Yes Yes Varies Varies No
Health risk 
when inhaled

No Yes Varies Varies Yes

Disposal Biodegradable Biodegradable Varies No No
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2  Properties of Green Fillers Reinforced Recycled 
PP Composites

2.1  Mechanical Properties of Recycled PP Matrix Composites

Various filler materials are used to reinforce recycled polypropylene to improve its 
properties. The requirement for reinforcement is crucial due to the properties’ 
reduction of recycled PP materials compared to their virgin counterparts. A study by 
Grigorescu et al. (2020) has shown a total of ~10–50% reduction in impact strength. 
Their ability for plastic deformation dictates this property; hence, it is the most 
critical mechanical quality to be improved. The deterioration of the materials 
degrades the quality of recycled PP during their utilization. Research on the effect 
of reprocessing cycles also showed dramatic changes in their properties (Othman 
et al. 2017).

To date, various fillers from natural resources, recycled and waste materials, are 
added into recycled polypropylene or virgin polypropylene to achieve the reliable 
properties required for different products. Mechanical properties of polymer-filled 
composites are determined by the efficiency of mechanical stress transfer from 
matrix material to the fillers. The mechanical strength of a composite depends on:

• the cumulative effect between (1) weakening efforts due to the high stress and (2) 
reinforcing effect by the fillers, which produces a barrier against crack propagation 
at load pressure: more micro-cracks are created instead of deeper cracks; and

• the adhesion or interaction between matrix–filler/fibers interfaces (Móczó and 
Pukánszky 2008; Zdiri et al. 2018).

Table 3 lists several properties that have become the target for most researchers. 
It also summarizes the contributing factors that claimed to play critical roles in the 
properties of recycled PP composites based on the type of green fillers used.

In most recycled PP nanocomposites, the nanofillers overloading beyond the 
optimal level generally reduce the tensile characteristics. According to Zdiri et al. 
(2018), increasing the nanoclay (NC) loading from 3% to 5% resulted in a decrease 
in the tensile strength and Young’s modulus of recycled PP/clay nanocomposites. 
The surface attraction between the filler and the polymer matrix was increased at 
low NC concentrations (<5 wt%). The agglomeration effect on the NC was 
responsible for this decline. The presence of NC agglomerates from agglomerated 
clay tactoids induced local stress concentration in nanocomposites. It decreased the 
clay aspect ratio, reduced the contact surface area between the organoclay and 
polymer matrix. Even in macrocomposites, stiff particle agglomerates also reduce 
the thermoplastic matrix deformability, resulting in nonhomogeneity in the stress 
distribution after external load application (Oladele et al. 2020; Grigorescu et al. 
2020; Melo et al. 2020; Khanjanzadeh et al. 2011).

The increase in tensile properties observed with the incorporation of nanofillers 
does not coincide with their effect on the impact properties. The reasons for this are 
as follows: (1) stiffening of polymeric chains, (2) agglomerated nanofillers absorb 
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Table 3 Summary of the effects of various fillers on several properties of recycled PP composites

References
Type of 
properties Properties Contribution factors

Advanced fillers
Husin et al. 
(2015)

Mechanical 
properties

Recycled PP/PANI/GN 
nanocomposites:
~20% improvement in tensile 
strength (TS) and elastic 
modulus (M) at 1.5 and 2 of 
GN loading

Stiffness of the platelets
Effective stress transfer 
between recycled PP matrix 
and GN
Uniform dispersion of GN in 
the matrix at these filler 
concentrations

Hadi et al. 
(2016)

Thermal 
properties

Calcium carbonate 
nanoparticles-filled virgin 
and recycled PP composites:
Thermal conductivity (TC) 
increased with increasing 
nanoparticle concentration and 
crystallinity level
Virgin PP + nano-CaCO3 
(from 3 to 10 wt%): 0.26–0.48 
w/m.K
Recycled PP + nano-CaCO3 
(from 3 to 10 wt%): 
0.32–0.50 w/m.K

Crystallinity increases with 
CaCO3

CaCO3 nanoparticles fill the 
hole and orient the chain, so 
the crystallinity increases
The intrinsic thermal 
conductivity of nanoparticles 
and their vast surface area 
allow them to transport heat 
effectively. The effect gets 
more robust with more 
significant volume fractions

Pang et al. 
(2021)

Electrical 
conductivity

Recycled PP/PANI/GNPs 
nanocomposites:
Electrical conductivity, σ, 
increased with increasing 
GNPs loading up to 3 phr from 
1.3 × 10–16 S cm−1 (recycled 
PP) to 4.1 × 10–1 S cm−1

High σ of GNPs; hence, 
higher concentrations of 
GNPs provide better 
networking for electrical 
conduction
Improved physical contact 
between the dispersed 
GNPs-PANI chains created 
conductive networks in the 
nanocomposites

Natural organic filler
Mohamad et al. 
(2014)

Mechanical 
properties

Recycled PP filled with 
shrimp shell (SS) composites:
Percentage of fine SS particles 
(100–300 μm) at 8 wt% 
reached similar TS as recycled 
PP (~22 MPa)
Impact strength increased 
(7–10 J/m) for fine SS particles 
loading from 3 to 8 wt%

Finer SS has a higher total 
surface area that provides a 
more efficient stress transfer 
mechanism
Smaller SS particle size 
improves the interfacial 
bonding between the matrix 
and filler

Water 
absorption

Percentage water absorption 
increased (1.5–3.3%/7 days) 
with increasing SS content for 
SS particles loading from 3 to 
8 wt%
Higher absorption in coarse SS 
than fine SS

The –OH group within the SS 
(presence of chitin) forms 
hydrogen bonds with water 
molecules and accelerate the 
water intake by the sample
Higher interaction between 
fine SS filler with matrix 
reduces the water absorption 
at filler–matrix interfaces

(continued)
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Table 3 (continued)

References
Type of 
properties Properties Contribution factors

Zaaba et al. 
(2016)

Mechanical 
properties

Recycled PP filled with 
peanut shell composites:
TS and elongation at break 
(EB) decreased, but M 
increased with increasing 
recycled PP loadings in 
composites
Recycled PP composites with 
polyvinyl alcohol (PVOH) 
showed improved tensile 
properties

The weak interfacial bonding 
between the filler and the 
polymer matrix
A more porous structure and 
filler agglomeration found at 
higher filler loading
PVOH-treated PSP had better 
interfacial adhesion between 
the filler and the polymer 
matrix

Water 
absorption

Water absorption increased 
with the increase of recycled 
PP loadings and the presence 
of PVOH in the composites

Recycled PP loadings 
induced more pores within 
composites
Highly hydrophilic nature of 
PVOH-treated lignocellulosic 
filler increased water uptake
PVOH is a hydrophilic 
polymer that absorbs water

Younesi- 
Kordkheili and 
Pizzi (2020)

Mechanical 
properties

Ionic liquid (IL)-treated 
bagasse fiber-recycled 
polypropylene composites:
Composite made from 
modified lignin exhibited 
higher flexural and tensile 
strengths than those made with 
unmodified lignin

MAPP increases interfacial 
adhesion by forming covalent 
bonding (ester linkages) 
between the bagasse fiber and 
polymer.
The number of reactive sites 
was higher in the modified 
lignin, which improved lignin 
bonding to natural fibers, and 
recycled PP increased the 
panel’s dimensional stability

Water 
absorption

Water absorption decreased 
with the increase of lignin 
contents
The addition of ILs to lignin 
reduced the composite’s water 
absorption slightly more than 
untreated lignin

Nonpolar hydrocarbon chains 
and aromatic rings of lignin 
have hydrophobic 
characteristic functions as a 
repellent to water

Natural inorganic filler
Melo et al. 
(2020)

Mechanical 
properties

Calcined mollusk shells 
reinforced recycled PP 
composites:
Tensile strength decreased 
from 24.38 ± 0.299 MPa 
(recycled PP) to 
19.08 ± 0.213 MPa (recycled 
PP/CS)
Tensile modulus increased 
from 819.3 ± 18.84 MPa to 
997.3 ± 12.38 MPa

The presence of voids around 
the hard particles of the shell 
facilitated the debonding of 
particles to the matrix

(continued)
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Table 3 (continued)

References
Type of 
properties Properties Contribution factors

Oladele et al. 
(2020)

Mechanical 
properties

Snail shell particle (SSP)-
filled recycled PP 
composites:
TS increased gradually up to 
41 MPa with the increase of 
SSP from 3 to 9 wt% before 
decreasing at higher loadings

The hard and rigid CaCO3 of 
the SSP enhanced the 
composite’s resistance to 
deformation by impeding 
dislocation motion
The adequate interfacial 
adhesion between the filler–
matrix phases from chain 
interdiffusion and 
entanglement
The formation of SSP 
agglomerates at high SSP 
loadings aid in TS reduction

Water 
absorption

Water absorption rate 
decreased with the increase of 
SSP in the composites

The rigid SSP plugged pores 
and gaps within the matrix
The animal-based particles 
are more hydrophobic

Recycled fillers
Grigorescu 
et al. (2020)

Mechanical 
properties

WPCB reinforced recycled 
PP composites:
Impact strengths decreased 
with the increased of WPCB 
loadings:
recycled PP+WPCB (from 5 to 
30% WPCB): 9–3.77 kJ/m2

recycled PP+SBS blend: 36 kJ/
m2

recycled PP+SBS+WPCB 
(from 5 to 30% WPCB): 
25–6 kJ/m2

three times higher impact 
strength in compatibilized 
composites recycled 
PP+SBS+SEBS-MA blend: 37 
kJ/m2

recycled PP+SBS+SEBS- 
MA+WPCB (from 5 to 30 % 
WPCB): 34–12 kJ/m2

The presence of stiff glass 
fibers in the WPCB 
agglomerates created stress 
concentration regions
Poor interfacial adhesion 
reduced dispersion of WPCB 
in recycled PP
The addition of elastomer 
improves resistance to crack 
propagation
Maleic groups physically 
connect to the WPCB, 
increasing the interfacial 
adhesion between the WPCB 
powder and recycled PP 
matrix

Hybrid fillers
Khanjanzadeh 
et al. (2011)

Mechanical 
properties

Virgin and recycled PP/wood 
flour filled with 
montmorillonite organoclay 
(NC) composites:
20.3 and 15.6% improvements 
of TS and M of recycled PP 
composites. It increased with 
the addition of NC from 0 to 3 
wt%

The high aspect ratio of stiff 
silicate layers
The higher extent of 
interaction with the polymer 
chains and good interfacial 
adhesion between the NC 
particles and the recycled PP 
matrix
Mobility of polymer chains is 
restricted under loading

(continued)
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Table 3 (continued)

References
Type of 
properties Properties Contribution factors

Ardanuy et al. 
(2012)

Thermal 
properties

Composite foams based on 
recycled polypropylene 
reinforced with cellulosic 
fibers:
Fibers increased the glass 
transition temperature of PP 
(5.4–5.8 °C) in both solid 
composites and foams up to 
11.2 and 12 °C
The specific storage modulus 
(E’spec) was higher in all solid 
composites than in unfilled PP 
and increased slightly with 
cellulose fiber concentration

The cellulose fibers acted as a 
constraint on polymer 
mobility, and it decreased 
molecular mobility of PP, Tg 
increased
E’spec increased due to the 
stiffer cellulose fibers

Naushad et al. 
(2016)

Mechanical 
properties

Cloisite 15A-filled recycled 
PP nanocomposites and 
treated and untreated (UT) 
sisal bio-nanocomposites:
Bio-nanocomposites with 40% 
UT fiber and 5% MA-g-PP had 
27% higher TS and 370% 
higher M than recycled PP
Flexural strength and modulus 
were enhanced by 128 and 
269%, respectively than 
recycled PP

Increase in the degree of 
dispersion of nanoparticle
Improve interaction between 
filler–matrix due to the 
presence of compatibilizer, 
MA-g-PP

Zadeh et al. 
(2017)

Flammability 
properties

Date palm fiber-filled 
recycled PP/HDPE/LDPE 
ternary blends incorporated 
Mg(OH)2 flame retardants:
Ternary blend burns much 
faster than natural date palm 
leaf fibers (DPLF) and 
flame-retardant composites

The endothermic action of 
Mg(OH)2 fillers absorb 
1.42 MJ kg−1 of heat and 
degrade by losing water
The hydrolyzed DPLF has 
the potential to increase 
combustion heat
Synergistic effects between 
Mg(OH)2 and hydrolyzed 
DPLF produced char layer, 
separating the composite 
matrix from the heat and 
oxygen, flammability increased

(continued)
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Table 3 (continued)

References
Type of 
properties Properties Contribution factors

Thermal 
conductivity

The ternary blend has low heat 
conductivity, indicating it is 
insulating
A reduction in the TC of 
ternary blends with DPLF 
(0.345 W/m.K) compared to 
the TC of the ternary blend 
(0.361 W/m.K)
The addition of metal 
hydroxide Mg(OH)2 additive 
enhanced the thermal 
conductivity of the ternary 
blend composite containing the 
flame retardant

The date palm fiber has low 
thermal conductivity (0.087 
W/m.K)
The contact between the 
particles grows as the 
flame-retardant fraction 
increases, forming a 
three-dimensional heat 
conduction network

Note: Parts per hundred rubber (phr), graphene (GN), polyaniline (PANI), waste printed circuit 
board (WPCB) powder, ionic liquid-modified lignin (IL), styrene-butadiene block copolymer 
(SBS), hydrogenated and maleinized styrene-butadiene block copolymer (SEBS-MA)

less impact energy, and (3) the presence of structural voids. Besides, in the case of 
NC, the unexfoliated aggregates/agglomerates also reduce the impact strength. It 
reduces nanocomposites’ structural stability, diminishes impact energy absorption, 
and accelerates interface crack propagation. Some investigations have demonstrated 
that adding an impact modifier such as elastomer to nanocomposites increases their 
impact resistance (Grigorescu et  al. 2020). The elastomer balances the impact 
resistance and rigidity of the nanocomposites.

2.1.1  Theoretical Interfacial Strength Evaluation Through 
Micromechanics Models

Several micromechanics models have been presented to analyze fiber–matrix adhe-
sion in recycled PP composites. Naushad et al. (2016) conducted a study “Cloisite 
15A” incorporated in recycled polypropylene to form PP nanocomposites and bio-
nanocomposites. In their study, the interfacial adhesion in bio- nanocomposites is 
assessed using yield strength models. Naushad et al. (2016) utilized the Turcsanyi 
model to determine the bio-nanocomposites’ and nanocomposites’ tensile strength:
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where σcomp is the tensile strength of bio-nanocomposites, while σ is the tensile 
strength for recycled PP and nanocomposites. The Φf is the filler volume fraction, 
and B is the specific constant depending on the type of polymer composites. Some 
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of the values for B are listed by Turcsányi et al. (1988) in their study. Meanwhile, 
the theoretical modulus of bio-nanocomposites reported by Naushad et al. (2016) is 
calculated using the Sato and Furukawa (1963) model:
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where Em is the Young’s modulus of the matrix (i.e., recycled PP nanocomposites), 
Φf is the fiber volume percentage, and ξ is an adhesion parameter. Meanwhile, ψ is 
the integral mean value of the filler area fraction in the cross sections (Turcsányi 
et al. 1988).

Kalaitzidou et al. (2007) compared the actual modulus data to theoretical predic-
tions derived using the Halpin-Tsai and Tandon-Weng models. The PP-based com-
posites in their study were fabricated by melt compounding processes (extrusion 
and injection molding). The composites were reinforced by zero-dimensional (0-D), 
one-dimensional (1-D), and two- dimensional (2-D) nanomaterials. The 0-D 
nanofiller used was a highly structured carbon black; 1-D nanofillers were vapor- 
grown carbon fibers and PAN-based carbon fibers. Meanwhile, the 2-D nanofillers 
were exfoliated graphite nanoplatelets (xGnPTM) and montmorillonite clay. 
According to Kalaitzidou et al. (2007), apart from the dispersion states within the 
polymer matrix (aggregated, oriented, and aligned state), the aspect ratio of the 
nanofiller and the contact at the filler–matrix interface also significantly affect the 
mechanical properties of the composites, namely the tensile modulus. They 
compared their experimental data with the values predicted with the Halpin-Tsai 
model for the tensile and longitudinal modulus of unidirectional fiber-reinforced 
composites, which is given in Eqs. 4 and 5:
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where E is the composite’s modulus, Vf is the fiber volume fraction, EM denotes the 
Young’s modulus of the matrix, while Ef denotes the longitudinal (E11) modulus of 
the fiber. Meanwhile, ξ is a function of the filler’s aspect ratio, a, which depends on 
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the geometries and loading conditions of the nanofillers (Halpin 1969). The a is a 
measure of filler and depends on boundary conditions. Therefore, they selected dif-
ferent ξ for 2-D and 1-D nanofiller-reinforced PP composites. The a values used 
were ξ = 2/3a for platelets (2-D nanofillers) and ξ = 2a for fibers (1-D nanofillers).

The Tandon-Weng model was used to predict the M values for the effect of nano-
fillers’ orientation in the PP matrix (Kalaitzidou et al. 2007). There were two differ-
ent nanofillers’ orientations: (1) the randomly oriented xGNP nanofillers in xGnP/PP 
nanocomposites, and (2) the unidirectionally aligned PAN fibers in the PP matrix of 
PAN/PP composites. Overall, both models were reported to agree with experimental 
data (tensile modulus) at low nanofiller loadings. However, they showed overpre-
diction at higher nanofiller loadings. The discrepancy between observed and pre-
dicted values was speculated due to the model’s assumptions. The Tandon-Weng 
model assumed the nanofillers’ isotropy and perfect alignment.

2.2  Water Absorption of Recycled PP Matrix Composites

In general, polymer reinforced with organic natural fillers composites is prone to 
weaken when exposed to a watery environment. Many studies (Samat et al. 2013; 
Odusanya et al. 2014; Daramola et al. 2019; Oladele et al. 2020) claimed that the 
composite’s hydrophilicity plays a significant role in water absorption ability. The 
filler’s hydrophilic groups result in poor wettability between the fillers and the 
polymer matrix, and hence weaker interfacial adhesion between the two components. 
The chains degradation experienced by recycled PP could make it more vulnerable 
for its composites. Yet, it depends on whether the natural fillers are highly hydrophilic 
or hydrophobic. Environmental degradation of composite characteristics can be 
ascribed to a decrease of adhesion and binding strength at the fiber–matrix interface. 
It has been demonstrated that water passes across the interface significantly faster 
than it permeates the matrix (Halpin 1969). Table  3 shows some recycled PP 
composites systems that exhibit an increase in water absorption when incorporated 
with shrimp shell (SS) particles (Mohamad et  al. 2014) and PVOH-treated 
lignocellulosic filler (Zaaba et al. 2016).

In comparison, the recycled PP composites filled with bagasse fibers experience 
a reduction in water affinity. It is due to the nonpolar hydrocarbon chains and 
aromatic rings of the lignin repel water. According to Oladele et al. (2020), some 
animal-based particles (natural inorganic fillers) are hydrophobic, unlike plant 
fibers categorized as natural organic fillers. Hence, when used as polymer matrix 
reinforcement, they tend to reduce water/moisture intake, unlike plant-based fillers, 
which increases it. In their study, the resistance to water absorption is attributed to 
the rigidity of the snail shell particle (SSP) and the plugging of pores and gaps 
within the recycled PP matrix as the SSP concentration increases. Since SSP fills 
most pores/voids, it limits the number of available pores that water can fill up. The 
sample with the best water resistance was increased by 91% compared to the control 
sample. SSP’s hard and rigid CaCO3 phase in the recycled PP matrix improved the 
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water repellent properties and their tribological properties. According to Oladele 
et al. (2020), the water absorption property of polymer matrix composites (PMCs) 
reinforced with particulate fillers and their derivatives is dependent on:

• the amount of the particle,
• dispersion efficiency,
• immersion temperature,
• the area exposed to water,
• permeability of particulates,
• void content in the PMC, and
• the hydrophilicity of the individual component.

2.3  Electrical Conductivity of Recycled PP Matrix Composites

Apart from their outstanding mechanical capabilities, green fillers may be utilized 
for various applications due to their multifunctional properties, including electrical 
conductivity, σ, and electromagnetic interference (EMI) shielding (Ahmad et  al. 
2018). It served as the foundation for a variety of multifunctional applications of 
filled polymeric composites. Alshammari et  al. (2021) stated that the electrical 
conductivity and EMI shielding properties are advantageous for energy storage, 
electronic industry, multifunctional components in vehicles, electrical cables, and 
EMI shielding for lightning strikes in aerospace and automotive. Table 4 shows the 
change of electrical conductivity of recycled PP insulator to semiconductor when 
blended with polyaniline (PANI), which further increases with the incorporation of 
graphene nanoplatelets (GNPs), even at very low loadings. Their nanocomposites 
transformed from a low-conductivity semiconductor (2.25 × 10−8 S cm−1) to a high- 
conductivity semiconductor (4.1 × 10−1 S cm−1), as GNPs increased up to 3 phr.

According to Pang et al. (2021), the increase in σ of recycled PP/PANI nanocom-
posites with increasing GNPs loading may be attributable to several factors:

Table 4 Comparison of electrical conductivity of recycled PP, GNPs, PANI, and its composites

Type of materials

Electrical 
conductivity,  
σ (S cm−1) Category Descriptions

Recycled polypropylene 1.3 × 10−16 Insulator Power scale of σ is 10−11

GNPs 1.8 × 105 Conductor Power scale of σ is larger 
than 10−1 S cm−1

PANI 1.63 × 10−1 Semiconductor Power scale of σ ranging 
from 10−9 to 10−1 S cm−1Recycled PP/PANI blend 2.25 × 10−8 Semiconductor

Recycled PP/PANI filled with 
0.5 phr GNPs nanocomposite

5.6 × 10−6 Semiconductor

Recycled PP/PANI filled with 
1.5 phr GNPs nanocomposite

7.6 × 10−4 Semiconductor

Recycled PP/PANI filled with 
3.0 phr GNPs nanocomposite

4.1 × 10−1 Semiconductor
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• The intrinsic σ of GNPs. Thus, higher concentrations of GNPs provide better 
networking for electrical conduction due to the high σ of GNPs.

• The filler–matrix interaction. The increased physical contact between dispersed 
GNPs-PANI chains forms a conductive network in recycled PP/PANI nanocom-
posites. As a result, more electrons can flow or jump directly between the con-
ductive filler materials, increasing the σ of the composites.

• The extent of the amorphous region in the composites. The increase in σ of the 
recycled PP/PANI/GNPs nanocomposites can be attributed to the increase in the 
amorphous area. It facilitates the chain mobility of recycled PP, which contrib-
utes to the ease of electron transport, improving the conductivity of composites.

2.4  Thermal Conductivity of Recycled PP Matrix Composites

Thermal stability is a critical factor for the oil and gas pipelines, infrastructure, and 
buildings in hostile environments, and the automotive industry includes engines, oil 
tanks, among others (Alshammari et al. 2021). Some other applications in electrical 
and electronic engineering include electrical insulators, electronic packaging and 
encapsulation, satellite devices, and others. It requires a good balance between high 
heat dissipation, low thermal expansion, and low density. One of the parameters 
indicating the thermal stability of a component is its thermal conductivity. According 
to Hadi et al. (2016), thermal conductivity qualities are crucial for the products’ 
processing and service life.

Polymer-based materials are usually having significantly less thermal conductiv-
ity than metals or ceramic materials. Besides, it is widely reported that recycled 
polymers showed lower thermal resistance than their counterparts (Hadi et al. 2016; 
Othman et al. 2017; Zdiri et al. 2018). Therefore, the characterization of thermal 
properties is essential for the potential of these recycled PP composite materials to 
be used in temperature-sensitive applications but requires an increase in thermal 
conductivity. To achieve that, the formulation of these recycled PP is manipulated 
by incorporating thermally conductive filler materials, either organic or inorganic. 
Pang et al. (2021) added graphene nanoplatelets (GNPs) to the recycled PP-PANI 
blend to improve thermal conductivity. They explained the thermal performance of 
the nanocomposite based on the DSC data analysis. The reported parameters were 
the melting temperature (Tm), crystallization temperature (Tc), melting enthalpy 
(ΔH*

m), and crystallinity percentage (Xc). The nanocomposites experienced Tc 
increments than their recycled PP counterpart, from 119.2 °C to 123.6 °C. Additionally, 
the ΔH*

m decreased from 86.1 J/g (recycled PP) to 40.0 J/g (nanocomposites). From 
the results, they concluded that the obtained DSC data for nanocomposites reflect 
enhanced thermal performance. However, no thermal conductivity data support the 
increase in thermal conductivity exhibited by the materials.

According to Vakili et  al. (2011), the DSC data for neat PP nanocomposites 
revealed different patterns. The ΔH*

m (J/g) in their work depicted increased values 
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from 78 J/g (neat PP) to 104.6  J/g (nanocomposites) when 15 phr CaCO3 
nanoparticles were added in the neat PP matrix. Their observation was supported by 
the increment observed in thermal conductivity, TC (w/m.K), from 0.22±0.04 
w/m.K to 0.36 ±0.03 w/m.K when the same amount of nanofillers were added into 
the neat PP. According to Vakili et  al. (2011), it was crucial to compare the 
experimental data with the existing theoretical models for two-phase mixtures. 
They stated that numerous theoretical and empirical models for predicting the 
effective thermal conductivity of two-phase mixtures had been developed. The most 
straightforward approach for a two-component composite would be to organize the 
materials in parallel or series concerning heat flow, thereby defining the upper and 
lower boundaries of effective TC.

For the parallel conduction model (Eq. 6), the value for composite, matrix, and 
filler are denoted as c, m, and f, respectively. While ϕ is the volume fraction and K 
represents TC.

 
K K Kc m m f f� �� �

 
(6)

For the series conduction model (Eq. 7):
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In the case of the geometric mean model, the effective TC of the composite is 
given by Eq. 8:
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Lewis and Nielsen modified the Halpin–Tsai Eq. 7 for a two-phase system, as 
stated in Vakili et al. (2011), to account for the effect of particle shape and orienta-
tion or type of packing, resulting in Eq. 9:
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where B in the equation is calculated based on Eq. 10. There are specific values for 
A and ϕmax based on geometric shapes and orientations.
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According to Vakili et  al. (2011), Maxwell derived a precise solution for the 
conductivity of randomly dispersed and noninteracting homogeneous spheres in a 
homogeneous medium through the use of potential theory, which is represented in 
Eq. 11, as follows:
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Vakili et al. (2011) also used other theoretical two-phased composites models 
referred to as Bruggeman, Botcher, De Loor, and Ce Wen Nan, Eqs. 12, 13, 14 and 
15, respectively. They attempted to explain the TC of the produced PP composites. 
Typically, the TC prediction varies for different nanoparticles depending on many 
factors, including the type of nanofiller and the filler fraction loading. In their study, 
the Ce Wen Nan model predicted TC values reasonably well up to 15 phr. However, 
in most models, the value tends to be underestimated at higher filler loadings, more 
than 10 phr, and overestimated at low filler loading of about 5 phr.
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3  Processing of Recycled PP Composites Based on Type 
of Green Fillers

For thermoplastic waste materials that are commonly exposed to mechanical recy-
cling (Ilyas et al. 2021c), once collected, they are cleaned, dried, and cut or crushed 
to a finer size (Tuladhar and Yin 2019). After weighing, there are two major pro-
cesses typically involve in transforming recycled PP materials into valuable prod-
ucts. The first process is the (1) mixing/compounding process, followed by the (2) 
fabrication process. Table 5 tabulates the processing methods that various research-
ers have utilized to make recycled PP composites based on their ingredients and 
targeted applications or functions.

As a thermoplastic material, polypropylene products can be repeatedly repro-
cessed by reheating and recooling. It can be melted once reheated above its melting 
point, fabricated into any shape, and allowed to cool down to room temperature. PP 
materials are simple to manufacture since their glass transition temperatures (Tg) are 
substantially lower than ambient temperature and their melting temperatures (Tm) 
are moderate. At the same time, their semi-crystallinity structure affords them 
remarkable qualities for a wide range of applications. However, owing to the same 
criteria, PP has the most significant shrinkage after molding compared to other com-
modity polymers. In the utilization of recycled PP as a matrix to form composites 
for various applications, their processability will be much affected by the following:

• Thermal or heating history of the PP from the service life and the number of 
reprocessing cycles faced by the PP material: A high-throughput continuous 
compounding process might worsen deterioration problems (Hornsby 2017).

• The types and characteristics of the filler materials used in the formulation:

 – Some fillers are thermally sensitive and can degrade or break down during 
compounding due to exposure time and temperature. Concerns arise with 
organic additives such as wood flour, starch, and animal shells. High filler 
loadings will produce an increase in polymer melt viscosity (Hornsby 2017).

 – Some fillers are hydrophilic, containing hydroxyl groups on their surfaces. 
Moisture sensitivity is a problem in any polymer melt process. With high 
surface area or hygroscopic fillers, pre-drying (heat treatment) steps may be 
required before or during the compounding process. This step eliminates 
moisture (and other volatiles) present in the material that could degrade the 
compound’s quality. In dealing with natural organic fillers, most research has 
focused on improving the filler–matrix interface by pre-surface treatment on 
the fibers via alkaline treatment, chemical treatment, or combined physical–
chemical treatment (Cong et al. 2021).

According to Holbery and Houston (2006), the processing temperature limits the 
production of thermoplastic filled with natural fillers composites. When using 
natural organic fillers, the production is bound by two fundamental physical restric-
tions as follows:
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Table 5 Processing method for waste PP or recycled PP-based materials and its targeted 
application

References Main ingredients Processing method
Targeted application or 
function

Recycled fillers

Grigorescu 
et al. (2020)

Matrix: Ground recycled PP 
from industrial transport 
shuttles (~0.05 × 0.6 mm)
Fillers: Waste printed circuit 
board (WPCB) powder
Secondary matrix: Styrene- 
butadiene block copolymer 
(SBS)

Melt compounding 
using Brabender 
plastometer:
   Temperature: 185 °C
   Mixing speed: 

60 rpm
   Duration: 7 min

High-impact strengths 
composites from the 
recycled matrix and 
waste filler from 
transportation and 
electronic wastes

Butylina 
et al. (2012)

Matrix: Recycled PP 
homopolymer granules with 
melt mass-flow rate of 
3 g/10 min (190 °C, 2.16 kg−1)
Fillers: Softwood pellets 
(6–8 mm in diameter, with 
10–30 mm average length)
Others: Coupling agent 
maleated
polypropylene, OREVAC® CA 
100

Melt compounding of 
recycled PP pellets and 
additives using a Weber 
CE 7.2 conical 
twin-screw extruder

Exterior non-structural 
or semi-structural 
building wood-polymer 
composite (WPC) 
products

Ramos et al. 
(2020)

Matrix: Recycled PP from 
blow-molded products
Fillers: Particulate plain 
geopolymer concrete waste 
(GCW) (smaller than 270 
mesh) as filler
Others: Oleic acid (99% 
purity) as a surface modifier to 
GCW

Melt compounding in a 
screw extruder:
   Temperature: 

180–200 °C
   Screw rotating rate: 

6 rpm
Fabrication through 
Battenfeld injection 
machine:
   Temperature: 200 °C

Producing eco-friendly 
recycled PP composites 
for building 
constructions

Zander et al. 
(2019)

Blends:
   Opaque recycled PP from 

yogurt containers,
   Clear polyethylene 

terephthalate (rPET) plastic 
salad containers, and

   Clear polystyrene (rPS) 
from Petri dishes

Melt blending using 
Thermo Scientific 
Process 11 Parallel 
twin-screw extruder

3D printing filaments

(continued)
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Table 5 (continued)

References Main ingredients Processing method
Targeted application or 
function

Rocha and 
Rosa (2019)

Matrix:
   Recycled polymer from 

supplier
   Virgin PP from supplier
Fillers: Milled wood flour 
(WF) from industrial packages 
transportation’s wood pallets
Coupling agent: Starch gum 
from corn starch and distilled 
water
Compatibilizer: Maleic 
anhydride grafted PP (MAPP)

Double melt 
compounding using 
single-screw extruder 
with L/D 24
   Heating zones 

temperature: 
175–185 °C

Fabrication via 
compression molding 
using a hot press:
   Temperature: 180 °C
   Pressure: 7 ton
   Duration: 5 min

Producing eco-friendly 
alternative coupling 
agent for producing 
recycled polymers 
composites

Szpieg 
(2011)

Matrix: Recycled PP films 
from processing waste
Fillers: Pyrolysis short- 
recycled carbon fiber (rCF) 
preforms, formed through 
papermaking principles

Press-forming process:
   Pressing time: 7 min
   Cooling time: 5 min
   Applied force: 300 kN
   Temperature: 210 °C

Producing 
thermoplastic green 
composites using waste 
materials for 
mechanical 
performance

Natural organic and inorganic fillers

Samper 
et al. (2018)

Matrix: Recycled PP from 
suppliers
Biodegradable polymers 
(2.5–15%):
   Polylactic acid (PLA)
   Polyhydroxybutyrate (PHB)
Fillers: Thermoplastic starch 
(TPS)

Melt compounding 
using a twin-screw 
extruder:
   Temperature: 

200–220 °C
   Mixing speed: 

50 rpm
Followed by an injection 
molding process using a 
Babyplast estandar 6.6 
machine

Biodegradable food 
packaging, agricultural 
films for farming and 
crop protection

Melo et al. 
(2020)

Matrix: Granulated recycled 
PP from supplier
Fillers: Calcined mollusk 
shell (particulate = 44 μm)
Surface modifiers:
   Cashew nutshell liquid
   Polyethylene glycol (PEG)

Melt compounding 
using Haake Polylab 
OS equipped with roller 
blades:
   Duration: 10 min
   Temperature: 190 °C
   Mixing speed: 

60 rpm
Fabrication using 
injection-molded 
Battenfeld HM45/210 
injector:
   Injection pressure 

400 bar and holding 
pressure 500 bar

   Holding time 15 s 
and cooling time 30 s

   Temperature profile 
170 °C/180 °C

   Mold temperature 
30 °C

Producing 
thermoplastic green 
composites using waste 
materials for 
mechanical 
performance and 
thermal stability

(continued)
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Table 5 (continued)

References Main ingredients Processing method
Targeted application or 
function

Oladele 
et al. (2020)

Matrix: Recycled PP from 
damaged plastic chairs and 
tables (granules)
Fillers: Pulverized snail shells 
(particulate = 53–63 μm)
Stabilizer: Dioctyl phthalate
Plasticizer: Zinc stearate

Two-step hot 
compression molding 
process for 
compounding and 
fabrication:
   Temperature: 190 °C
   Duration: 7 min
   Pressure: 4 MPa

Lightweight material 
for automobile 
application and other 
commercial purposes

Mohamad 
et al. (2014)

Matrix: Recycled PP from 
food container waste (pellets)
Fillers: Shrimp shell P. 
indicus from domestic waste 
(particulate)
   Coarse particles: 3–5 mm
   Fine particles: 100–300 μm

Melt compounding 
using Haake internal 
mixer with roller rotor:
   Temperature: 190 °C
   Mixing speed: 

50 rpm
   Duration: 15 min
Fabrication via 
compression molding 
using a hot press:
   Temperature: 185 °C
   Duration: 5 min

Potential of producing 
a sustainable polymer 
composite for 
mechanical 
performance and water 
resistance

Al-Mulla 
et al. (2013)

Matrix: Recycled PP granules 
from supplier
Fillers: Corn starch (industrial 
grade) containing 70 wt% 
amylopectin and 30 wt% 
amylose
Others: Maleated 
polypropylene (MAPP)
Maleic anhydride
Benzoyl peroxide

Double melt blending 
using an extruder:
   Screw speed: 

100 rpm
   Barrel temperature: 

166–172 °C
Film fabrication by 
mold attached to the 
single-screw extruder

Potential of producing 
a biodegradable 
polymer composite by 
processability criteria

Hybrid fillers

Stoof and 
Pickering, 
(2018)

Matrix: Granules of 
pre-consumer recycled PP
Fillers:
Hemp fiber,
Harakeke fiber, and
Recycled gypsum powder

Melt compounding 
using ThermoPrism 
TSE-16-TC co-rotating 
twin-screw extruder

3D printing filaments

Cong et al. 
(2021)

Matrix: Recycled PP from the 
plastic frame fillers
Fillers:
   Recycled carbon fiber 

(RCF) 7 μm diameter, 1.75 
g/cm3 density, and 3 mm 
length

   Kenaf fiber (KF) 10 mm 
length

Compatibilizer:
Maleic anhydride grafted 
polypropylene (MAPP)

Melt compounding 
using an internal mixer:
   Temperature: 190 °C
   Mixing speed: 

40 rpm
   Duration: 30 min
Fabrication under a hot 
press:
   Temperature: 200 °C
   Duration: 1 min
   Pressure: 5 MPa

Producing lightweight 
green composites for 
sustainable parts
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• the highest temperature at which the fillers/fiber may be treated, and
• the large difference in surface energy between the natural filler/fiber and the 

recycled PP matrix.

For long processing times, the highest limit before fiber destruction is typically 
thought to be around 150 °C, while plant fibers can resist short-term exposures to 
220 °C. Discoloration, volatile release, poor interfacial adhesion, and embrittlement 
of the cellulose components may occur due to prolonged high-temperature exposure. 
As a result, it is critical to achieve the fastest feasible reaction rate during surface 
treatment and polymer processing to restrict exposure to cell wall components and 
prevent degradation.

Developing low-process-temperature surface treatments with good service capa-
bilities is crucial for utilizing plant fibers to produce green composite from poly-
meric materials.

Mixing or compounding a polymer composite is the process of blending various 
elements with the main ingredients: matrix and filler materials and sometimes 
accompanied by chemical reactions. The matrix could be from dissimilar polymeric 
materials, and the fillers could be organic or inorganic materials of various forms 
with solid and/or liquid additives. Mixing is one of the crucial steps in processing 
the polymeric materials to attain the required physical, mechanical, and chemical 
properties of the desired appearance of the product in the processing machine 
(Zehev and Gogos 2006). Meanwhile, fabrication is the process of transforming the 
material into final shapes or semi-final shapes in product manufacturing. The 
obtained forms could require further finishing or not. The properties or performance 
of particulate-filled thermoplastic composites are highly dependent on the following 
(Hornsby 2017):

• the mixing processes used to combine the filler and polymer,
• the end processing used to turn the compound into finished products, and
• the final structure generated in the composite.

This usually produces polymer materials with new and improved properties.
There are various methods used to produce recycled PP thermoplastic-based 

composites (Cong et al. 2021). Since recycled polypropylene (recycled PP) is clas-
sified as a thermoplastic material, most reused waste PP or recycled PP-based mate-
rials fall within this category. Figure 6 summarizes the major processing strategies 
for mixing/compounding, melting, and fabricating in producing recycled polypro-
pylene-based composites. The process can be categorized based on types of rein-
forcing or filler materials, whether short-fiber or continuous-fiber reinforcement. 
All of the methods utilize the melt compounding approach, as summarized in 
Table 5.

Sustainable Materials from Recycled Polypropylene Waste and Green Fillers…



160

Fig. 6 Major processing 
strategies for producing 
recycled PP matrix 
composite

3.1  Melt Compounding/Melt Blending for Mixing 
of Discontinuous Matrix or Filler

Dispersing fillers in polymer matrices can be accomplished in various ways, includ-
ing in situ polymerization, melting, or solution mixing. It is a crucial and essential 
procedure for some fields such as biotechnology, polymer handling, natural build-
ing, and others. However, for recycled PP composites processing, melt mixing is 
widely used by taking advantage of thermoplastic properties (Wang et al. 2014). 
Melt mixing, also referred to as melt compounding or melt blending, disperses 
nanoparticles in a molten polymer matrix via mechanical shearing action 
(Brandenburg et al. 2017). It is a straightforward and more adaptable technique for 
dispersing fillers in recycled PP matrix, mostly the ones involve with the short fibers 
or particulate fillers. This approach is more convenient to prepare because it is based 
on existing thermoplastic processing procedures.

Advantages and Disadvantages of Melt Blending Melt compounding or blending 
is environmentally benign due to the absence of organic solvents. It is become popu-
lar due to its compatibility with current industrial processes such as extrusion and 
injection molding. The primary advantage of this approach is its toxin-free nature, 
but the downside is the filler’s poor dispersion in the polymer matrix, particularly at 
higher filler loadings. This occurs as a result of the composites’ enhanced viscosity. 
Another downside of this approach is that it may result in fibers buckling or shorten-
ing due to the high shear stresses, which are detrimental to the composites’ 
properties.

Figure 7 shows the general operation of producing recycled PP-based polymer 
pellets. There are five elementary steps of processing: handling of particulate or 
fibrous solids, melting, pressurizing and pumping, mixing, and devolatilization and 
stripping. Before the mixing, waste PP and fillers are usually subjected to several 
preprocessing steps, which are as follows:
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Fig. 7 Schematic representation of the melt compounding process of recycled PP blended with 
WPCB powders

• The collected waste PP materials would undergo the sorting process to separate 
them from other types of materials, cleaning to remove dirt and oils, and mechan-
ically cut or crushed into finer sizes (whether granules or pellets). In some cases, 
it might be subjected to heating and cooling before crushing to obtain the 
recycled PP.

• The filler materials will undergo the same procedures as waste PP if it is origi-
nated from waste materials. In most cases, the fillers will also be subjected to 
surface modification to improve the interaction between fillers and matrix parti-
cles during compounding.

The recycled PP is often melted and blended with the required fillers at a specific 
amount, usually prepared using an extruder, internal mixer, or injection molding 
methods. Mixing may include both materials or components in solids or fluids form. 
It usually incorporates two or more polymers (virgin or reactively modified pellets) 
and a compatibilizer at low concentrations. It is compulsory to create fine and stable 
polymer blend morphologies because polymers are commonly incompatible with 
each other. The processing equipment must melt each polymer quickly, either con-
currently or sequentially. It rapidly and efficiently affects the distribution and dis-
persion of blending of the melt components and the compatibilizer. It is a crucial 
stride to diminish creation non-consistency in polymer preparation since mechanical, 
physical, and concoction properties and “appearance” may firmly rely on 
arrangement consistency.

Using an extruder or internal mixer, recycling PP is usually compounded with 
other polymers, virgin PP, and other materials or additives. The material is evenly 
mixed through the mechanically mixing action and heat (Grigorescu et al. 2020). 
From Table 5, extrusion is the widely utilized method for compounding the recycled 
PP composites, followed by an internal mixer. Meanwhile, for the fabrication, it is 
conducted in an injection molding or hot press machine. For continuous fiber 
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Fig. 8 Illustration of (a) pulverization of waste expanded polypropylene (EPP) blocks and kenaf 
fiber bundles prior to injection molding for composite preparation, and (b) injection molding of 
kenaf fiber/PP composites using waste EPP and virgin PP beads. (Kim and Cho 2020)

composites, the recycled PP films with recycled carbon fiber prepreg are melted and 
fabricated into composites straightaway using a press-forming process (Szpieg 
2011). Figure 8 shows the schematic representation of the several processing com-
ponents generally involved in the production of recycled PP composites. The 
scheme includes two-step processing of (1) production of crushed waste expanded 
polypropylene (EPP) and chopped kenaf fiber and (2) melt compounding of chopped 
kenaf fiber with EPP or virgin PP via injection molding, which is then molded into 
the specimen. Table  6 compares some of these processes based on their general 
advantages and disadvantages in making thermoplastic waste composites (Patel 
et al. 1995; Othman et al. 2017; Veejayplastic 2020).

However, there are recycled PP composites that are prepared via a two-stage 
processing scheme. The recycled PP and all ingredients are firstly mixed using 
higher shear mixer/internal mixer or extruder. Then, the molten mixture is dis-
charged from the mixer and fed into an extruder (single- or twin-screw extruder) or 
refed to the extruder after the mixture was cooled down (Al-Mulla et al. 2013). This 
approach is to create a continuous compounding operation that targets product con-
sistency. The purpose of these processing steps is not simply to combine the poly-
mers and additives into a molten mass. However, it also functions as a waste 
pretreatment phase, grinding and drying materials unsuitable for single-screw extru-
sion. The batch mixing method can be utilized to feed melt to the second stage’s 
single extruder with the appropriate mixer capacity and cycle duration. The extruder, 
which functions primarily as a melt pump, produces pressure to force the material 
through a die while further blending, heating, and cooling occur. Cost increases and 
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Table 6 Comparisons of melt blending/compounding method for recycled PP composites

Twin-screw extruder
High-shear mixer/internal 
mixer Injection molding

Advantages

Great and versatile for 
compounding hard-to-mix 
materials (glass-fiber, high loading 
fillers, and heterogeneous plastics) 
due to the “gear-pump effect”
Provide tailoring to the screw 
arrangement to meet processing 
requirements
Allow close control to the 
operating parameters (residence 
time, degree of shearing, and 
processing temperature)
Allow multiple downstream feed 
zones that eliminate the pre- 
blending requirement
Allow improved dispersive mixing 
for broader particles size ranges
Possible for an open-ended run or 
with an attached die

Great and versatile for 
compounding various types of 
fillers
The ability for mixing mixture 
containing up to 50 wt% 
moisture
Capable of delivering a high 
level of mixing unattainable in 
the continuous screw designs
Simplified operations
Low energy and maintenance 
costs
Capable for high filler loadings
Capable for mixing a wide 
range and various 
combinations of ingredients 
(from flexible to stiff 
materials) without changing 
machine parts
Capable of reducing or 
eliminating the requirement or 
material pretreatment

The most utilized process 
because of its efficiency
Products made through 
injection molding are 
stronger than those made 
through extrusion, which 
is comparably weaker
High production rates
High tolerances are 
repeatable
A wide range of materials 
can be used
Low labor costs
Minimal scrap losses
Little need to finish parts 
after molding

Disadvantages

It has limited ability to remove 
residual moisture of more than 5 
wt% from the feed material. Thus, 
resulting in voids and bubbles in 
the final solidified product
It incurs higher capital costs and 
higher operating costs due to 
costly maintenance and more 
complicated operations
Still requires pretreatment for 
most plastic waste

Controllable variables are 
limited to blade/rotor speed, 
degree of heating/cooling, and 
residence time
Batch charging and 
discharging could affect the 
productivity and batch-to-batch 
product consistency
More difficult to precisely 
control melting and mixing

Most expensive due to 
costly die requirements

more complicated operations and maintenance needs are expected to be offset by 
predicted cost reductions and simplicity of operation associated with decreased or 
eliminated pretreatment processes.

3.1.1  Melt Compounding by Screw Extrusion

Screw extrusion operates by converting the flow of material into a well-mixed con-
tinuous melt stream. Plastics materials are fed into the feeder. They are mixed, 
melted, and conveyed by rotating screws in three zones (feed zone, transition/plas-
ticizing zone, and metering/pumping zone). In extrusion, co- and counter- rotating 
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Fig. 9 (a) Conical twin-screw extruder (Butylina et al. 2012) and (b) melt-extrusion mechanism 
of a thermoplastic melt compounding

polymer mixture can satisfy these mixing and compounding steps significant to 
blending operations. This process is only suitable for continuous linear and two- 
dimensional seamless product manufacturing and achieves atypical cross sections. 
The material is melted by frictional heat from screw rotations and additional exter-
nal heat applied through the barrel wall during the transition zone. It is categorized 
as a single-screw or double-screw extruder (co-rotating or counter-rotating with 
intermeshing and non-intermeshing design). According to Hornsby (2017), stan-
dard single-screw extruders have a limited capacity for mixing, producing only very 
modest amounts of shear strain and stress. Therefore, its drag flow conveying mech-
anism is incompatible with processing thermoplastics at a high filler content. 
However, most of the drawbacks of a single-screw extruder could be improved by 
the twin-screw extruder.

Figure 9 shows the feed zone of a conical twin-screw extruder and the extrusion’s 
general mechanism. In Wang et al. (2014), the molten filaments of PP-based com-
posites were quenched in a cold water bath before being pelletized in a rapid granu-
lator. The pellets were dried in an air-circulating oven for 60 min to reduce moisture 
before proceeding to the next phase.

3.1.2  Melt Compounding by Internal Mixer

The internal mixer operates as a batch process without external heaters. It is com-
monly used for its ease of processing, availability, and good dispersion or distribu-
tion of the mixing materials. Material and additives are fed through the top of the 
machine and onto the mixing chamber. Blades of various designs and rotation 
arrangements rotate at high speed for mixing, fluxing, mastication, or shearing. The 
internal mixer utilizes high shear and is versatile in the production of recycled PP 
composites. Since it operates at atmospheric pressures, the moisture content (vola-
tile) in natural fillers or waste materials could be vented out through the production 
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Fig. 10 (a) Types of high shear mixer (Moribe 2012) and (b) Internal mixer

cycle. Therefore, most studies involving natural fillers have selected this method 
because of the compatibility of mixing the polymer materials and natural fibers 
(refer to Table 5). However, the discharged mixture from the process still requires 
further fabrication process for shaping. The parameters of the internal mixer, such 
as rotor speed and temperature, can be adjusted. As illustrated in Fig. 10, internal 
mixers are categorized as mixers or kneaders based on their structural and func-
tional characteristics (Moribe 2012).

In general, the mixer type demands a high level of durability to withstand high- 
load mixing and benefits from increased production capacity due to high volumes 
and high-speed mixing. Although the drop door method discharges the mixed com-
pound quickly and thus reduces the cycle time between batches, building a frame is 
required, resulting in an increased installation cost. The kneader type requires a 
longer discharge time because it uses a chamber tilting system to discharge the rub-
ber compound, but it is easy to install and has a low-cost structure. This type is easy 
to maintain, but it is not appropriate for high-load mixing since the floating weight’s 
pressing force is low due to its vast breadth fitting in the chamber. Mixers are used 
for small variety and high amount production; kneaders are used for a huge variety 
and small quantity production.

3.1.3  Melt Compounding by Injection Molding

Injection molding is a processing technique of forcing melted plastic into a mold 
cavity. It is versatile to be used with a variety of host materials, including metals and 
ceramics. It is widely used in manufacturing various products, from the tiniest and 
simplest to the most robust and intricate components. This process is commonly 
used to fabricate plastic parts (Othman et  al. 2017) and is widely referred to as 
plastic injection molding. A wide variety of plastic products is manufactured with 
greatly varying size, complexity, and application. This process can produce 
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three- dimensional thermoplastic mixture shapes that do not remain constant in a 
parallel line based on the molten die-casting method. It is highly suitable for three- 
dimensional product manufacturing, but it requires the use of intricate dies.

From Table 5, it is observed that the injection molding process is widely utilized 
for the fabrication of recycled PP composites into samples or final products. Cong 
et al. (2021) stated that recycled carbon fiber-reinforced thermoplastic composites 
are prepared by this method. The recycled PP materials require further manipulation 
to develop improved structural and compositional characteristics through the initial 
mixing and compounding/blending process. Plastic materials are fed into the feed 
section, compressed, and melted by frictional heat. The readily compounded plastic 
pellets/granules are melted in injection molding, and the molten mixture is poured 
into a mold by an injector. The melted composites fill up the die cavities and then 
cool before the item is ejected as a solid shape. Once the recycled PP composites are 
cooled, the part can be discharged. The process cycle for injection molding is rela-
tively very short, typically between 2 s and 2 min (Rosato and Rosato 2000).

3.2  Compression Molding Using Hot Pressing/Press-Forming 
for Fabrication

Initially, compression molding was developed for the powder metallurgy sector. 
Then, the technology had been successfully used for ceramic components for 
several decades. A hot press or press-forming machine first consolidated fine green 
pressed powders into partially or fully sintered components by simultaneously 
applying increased temperature and compressive force. Pressure increased as a 
driving factor for densification, lowering the sintering temperature required. 
According to the manufacturer, this process reduced total grain size, more accurate 
control over the microstructure, and the ability to grade the ceramic layers function-
ally. Now, this process is also widely used by plastic molding manufacturers.

In the production of recycled PP composite products, this process is commonly 
used to fabricate final or intermittent products. It is performed after the mixing stage 
is completed via melt compounding (refer to Table 5). The process usually fabricates 
simple or medium shape complexity. During the process, the charge is heated above 
the melting temperature of the polymer matrix. Then, it is followed by a press-
forming step before rapidly cooled to room temperature. The main advantage of this 
process is its ease of operating and its short processing time. Compression molding 
is a highly successful process for thermoplastic composite manufacturing. The male 
and female mold parts can be filled with a specific amount of polymer ingredients 
or composite mixtures (polymers with fillers) before the compression. Then, both 
top and bottom molds are heated, sealed, and forced together during the process. 
Polymer compound fabrication under compression is generally divided into 
two steps:

 1. preheating step to bring polymer to their softening point, and
 2. compressing step to deform it.
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The polymer melts and conforms to the shape of the mold, releasing a hardened 
final product. The compression molding parameters, such as temperature, pressure, 
pressing cycles, and time duration, must be chosen following the thermal 
characteristics of the underlying polymer material. This procedure is highly time- 
consuming, expensive, and unsuited for mass production on a big scale (Saravanan 
and Emami 2021). In contrast to extrusion or injection molding, compression mold-
ing can process polymers with a higher molecular weight and melt viscosity.

3.3  Making Recycled Polypropylene Composites Using 
Press- Forming for Continuous Matrix and Fillers

In Table 5, in most studies, at least two subsequent processes are involved in pro-
ducing and transforming the recycled PP composites into their final shapes before 
testing and characterization. The compression molding process is not only utilized 
to fabricate readily compounded recycled PP composite compounds but it could 
also be used to produce the composites through a single operation. Szpieg (2011) 
used this single operation approach to produce recycled PP-reinforced maleic anhy-
dride grafted polypropylene (MAPP)-modified polypropylene (rCF/recycled PP) 
composite material. They referred to this compression molding method as “press-
forming” (Szpieg 2011; Szpieg et al. 2012). The prepregs of recovered short carbon 
fibers were prepared via the papermaking principle. In their study, the tape of scrap 
PP with tradename PURE® was manufactured by Lankhorst Indutech BV, the 
Netherlands. The polymer films were sandwiched between reinforcing mats, as 
shown in Fig. 11. The stack was heated and compressed to force the melt- impregnate 
into the fiber reinforcing. The matrix viscosity must be suitably reduced to avoid 
heat deterioration and ensure thorough wetting. Besides, insufficient heat could also 
result in unwetted fibers and a high void content, while overheating could cause 
material damage.

Fig. 11 (a) Film stacking and (b) recycled carbon fibers preform made by papermaking technique
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Fig. 12 (a) Press-forming machine and (b) matched die tool used to produce the recycled PP films 
and the composite material by Szpieg (2011)

The hot press machine employed in their study (Szpieg 2011) was a HASCO 
Z121/196 196/5 (refer to Fig. 12). The required constituents (recycled PP film and 
carbon fiber preforms) were calculated and weighed to obtain a nominal fiber vol-
ume fraction of 25 and 30%, respectively. The layers of PP film were sandwiched 
between the carbon fiber preforms in a stack and then placed in the press. The uti-
lized processing parameters were the pressing time of 7 min, the cooling time of 
5 min, the applied force (F) of 300 kN, and the temperature of 210 °C.

Process Modeling Theory of Press-Forming of Continuous Matrix and Fillers 
Composites
During the production of composites, a specific temperature, pressure, and time are 
required for the reinforcement to be infiltrated. In press-forming, Szpieg (2011) 
used Darcy’s law to calculate the flow front velocity of the molten polymer that 
infiltrates the fiber preform during the process.
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In Eq. 16, x is the distance at the flow front, as illustrated in Fig. 13. The t is the 
time, K is the permeability, and ϕ is the fiber volume fraction. Meanwhile, μ 
(= 1000 Pa s) is the viscosity of the polymer matrix and p is the fluid pressure.

Szpieg (2011) stated that to solve Eq. 16, it should be rearranged. They assumed 
that the pressure gradient is a constant and therefore needs to be integrated. It results 
in the following equations:
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Fig. 13 Infiltration 
process
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Szpieg (2011) approximates the permeability of a fiber network using the 
Karman-Kozeny equation as follows:
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where d is the diameter of the fiber, ϕ denotes the volume of the fiber, and C is a 
constant. When processing composite materials, it is better to treat the C as a 
material parameter than a processing parameter. According to Szpieg (2011), the 
coefficient C for fiber beds with low fiber loadings is close to 180. She arrived at the 
value based on Jacob Bear’s book published in 1989 on the dynamics of fluids in 
porous media. By combining Eqs. (18) and (19), the time required to enter the pre-
form can be approximated as:
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3.4  Strategy for the Improvement of Interaction

In most cases, incorporating micro-sized fillers in the recycled PP resulted in the 
decrement of their ability to absorb energy during impact. Incorporating WPCB 
from 5 to 15% in recycled PP, Grigorescu et al. (2020) observed that WPCB was 
dispersed poorly in the recycled PP matrix. It tended to form agglomerates due to 
the presence of glass fibers from the WPCB. The poor interfacial adhesion created 
regions of stress concentrators that reduce the mechanical strength of the recycled 
PP composites (Guo et al. 2010; Muniyandi et al. 2013). One way to minimize this 
effect is by adding impact modifiers or elastomers to improve the resistance to crack 
propagation (Grigorescu et al. 2020). Besides, coupling or compatibility agents can 
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Fig. 14 Schematic of starch gum coating formation over wood flour surfaces. (Rocha and 
Rosa 2019)

Fig. 15 Schematic of coupling effect from (a) virgin matrix and WF produced by the MAPP and 
(b) recycled matrix and WF produced by the starch gum coating. (Rocha and Rosa 2019)

be added to modify the surface of the matrix and fillers to increase their interaction. 
Some researchers carry out chemical modifications before or during the compound-
ing process to improve the interaction between recycled PP and fillers (Rocha and 
Rosa 2019). Figures 14 and 15 show the schematic of starch gum coating and the 
coupling effect produced by the starch gum coatings between virgin and recycled 
PP with wood flour surfaces (Rocha and Rosa 2019).

Meanwhile, miscibility becomes critical when polymeric biomaterials such as 
polylactic acid (PLA), thermoplastic starch (TPS), or polyhydroxybutyrate (PHB) 
are added to recycled PP (Samper et al. 2018). The miscibility of various polymers 
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Fig. 16 SEM images of 
(a) PP-15PHB, (b) 
PP-15PLA, and (c) 
PP-15TPS samples at 
3500× magnifications

is determined by their chemical structure, crystalline character, and morphological 
characteristics. While miscibility is conditional, numerous polymers create immis-
cible combinations. Figure 16 depicts SEM images of three PP blends with different 
biodegradable polymers (PLA, PHB, and TPS) at a constant amount. It is observed 
that all blend samples have spherical droplets in the PP matrix, which reflects the 
level of miscibility. The phase separation of the components in different blends 
shows that the blends tested are somewhat immiscible. In polymer recycling, this 
issue might worsen in the recycled PP composites due to its diverse structural char-
acteristics from the formulation of their original products. A polymeric blend or 
composites may experience loss in mechanical properties and even superficial lami-
nation due to incompatibility of polymeric matrices. This degradation of attributes 
is also proportional to the proportions of each component in the blend sample.

Samper et al. (2018) concluded that the biodegradable polymers appear to behave 
as contaminants in some studies, most likely due to their differing polarity. 
According to them, it is well established that the solubility parameter, δ, can be used 
to determine the relative affinity of two polymers. For a compatible mixture, their 
solubility parameters should be comparable. In this respect, it should be computed 
by concerning the contribution of each group to the overall molecules’ structure 
using Eq. 21.
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where δ denotes the solubility parameter for each component in (cal·cm−3 )1/2, ρ 
denotes the polymer density in g·cm−3, and Mn is the molar mass of the repeating 
unit in g·mol−1. The Σj and Fj represent the sum of all groups’ contributions (F, 
(cal·cm−3)1/2 mol−1).

4  Challenges and Future Perspective

PP is a widely used thermoplastic substance that serves as the foundation for many 
crucial industries. PP-based products can be found everywhere, and global manu-
facturing is increasing every year to meet the rising demand. This situation creates 
pollution and disposal challenges due to its inability to biodegrade. There are still 
obstacles that prohibit good waste management from delivering long-term environ-
mental solutions for waste PP products. The profitability of their recycling is influ-
enced by two primary economic drivers: (1) the prices of recycled polymer in 
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comparison to virgin polymer, and (2) the costs of recycling in comparison to alter-
nate kinds of acceptable disposal (Hopewell et  al. 2009). Additional challenges 
arise due to variations in supply quantity and quality compared to virgin polymers. 
Lack of knowledge regarding recycled plastics’ availability, quality, and suitability 
for specific applications can also hinder the use of recycled materials.

The effort to convert the plastic trash into feedstocks or higher value-added 
goods by generating recycled PP-based composite materials is prudent and poten-
tially profitable. It seems promising since waste PP has tremendous potential for 
humankind. It is cheap with high bending strength due to its semi-crystalline form, 
low coefficient of friction, and chemically resistant to a variety of bases and acids.

Future research on this area should concentrate on designing formulations that 
reduce the pollution caused by PP materials and their counterparts and enhancing 
recycling technology. After green and ecologically friendly fillers are added to the 
production mix, greener and more sustainable composites are generated. The ben-
efits of PP matrix and filler materials and their interactions are integrated into the 
composite. It has the potential to reduce plastic pollution while also making com-
posites environmentally and economically feasible for businesses. Yet, the manufac-
turing process and waste management system should be supportive, more 
ecologically friendly, and sustainable to realize the effort.

5  Conclusions

The motivation for the research and development of recycled PP reinforced by green 
fillers arises from the need to address the issue of PP waste disposal to landfills, its 
non-biodegradability, and limited raw materials resources. Therefore, this chapter 
serves as an essential reference in realizing the potential of recycled PP reinforced 
by green fillers as sustainable choices in the manufacturing sector. Several highlights 
from the chapter are as follows:

• There are four types of green fillers that researchers have used to fill the recycled 
PP, namely (1) natural inorganic fillers, (2) natural organic fillers, (3) advanced 
fillers, and (4) recycled fillers.

• The filler types, filler–matrix interfacial adhesion, and dispersibility levels play a 
significant role in controlling the composites’ mechanical, thermal, and electrical 
properties and water absorption.

• Various mathematical models often predict the behavior of thermoplastic com-
posites. Some of the reported mathematical models used for PP composites are 
briefly introduced in the chapter to raise understanding and spark further mate-
rial development ideas.

• The melt-based processing methods appear to be the most utilized technique for 
compounding and fabricating the recycled PP composites regardless of the 
fillers’ types. The used parameters and the targeted properties or application of 
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the materials are listed to provide the baseline for other future studies on recycled 
PP composites.

• In most cases, chemical modifications improve composites’ properties and per-
formance by enhancing the filler–matrix interaction. It is conducted either as 
pretreatment on filler materials (before) or during the compounding process of 
the composites.
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Virgin Ethylene Propylene Diene Rubber 
and Natural Rubber/Recycled Ethylene 
Propylene Diene Rubber and Natural 
Rubber/Blends
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1  Introduction

Manufacturing of rubber products mostly requires the use of two rubber matrices. 
This is because these products have the potential of combining the attractive 
properties from each other. Blending is an economic and technical approach when 
compared with synthesizing new polymeric materials (Arayapranee and Rempel 
2007). The blending of two or more types of rubber is a valuable method for 
fabricating materials with properties absent in the rubber’s component (El-Sabbagh 
2003; Chang et al. 1999; Sae-oui et al. 2007). Blending of natural rubber (NR) with 
other rubbers has been extensively studied especially in manufacturing of tire. 
However, NR is prone to be deteriorated by thermal oxidation due to the presence 
of double bond in polymeric backbone. NR generally achieves better resistance to 
oxidation by blending it with low unsaturated rubbers such as ethylene propylene 
diene rubber (EPDM). EPDM is polymerized by combining ethylene, propylene, 
and a small amount of a nonconjugated diene. EPDM generally offers good thermal 
aging, weathering resistance, and acid–base resistance (Kumar et al. 2002; Delor- 
Jestin et al. 2000).

To date, an issue to reduce and recycle the rubber waste has put much pressure to 
rubber manufacturers. Landfill disposal is not the suitable choice for sustainable 
development of new products (Nabil et  al. 2012). Recycling is one of the best 
choices when considering the environmental and economic advantages. There are 
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many possible applications of rubber waste have been explored. Rubber waste can 
be an economically useful material such as crumb rubber, reclaimed rubber, and 
devulcanized rubber (Noriman et al. 2010; Ismail et al. 2006). The use of ground 
rubber is considered social and economic benefits, as it cheapens the cost of final 
product by blending finely ground rubber with virgin rubber. Reutilizing of ground 
EPDM waste is an interesting source of rubber waste due to its increasing growth of 
EPDM market. Many works have been focused on the post-consumption of EPDM 
waste. Jacob et al. (2001) studied the effect of ground EPDM vulcanizate on the 
performance of EPDM rubber. It was found that R-EPDM could replace over 45% 
of EPDM without significant effect to the performance of the final product. Using 
waste EPDM in making new material provides a potent in turning the rubber waste 
into an economic and environmental factor in mind.

As has been clearly stated, the main reason of blending of NR and EPDM is to 
improve the oxidation resistance of NR.  Therefore, detailed investigation on the 
thermal stability of this blend has been considered. Oxidation of rubber can lose 
mechanical performance such as tensile properties, tear strength, and abrasion 
resistance. Hence, the service life is analyzed by thermo-oxidative aging (Abdel- 
Aziz and Basfar 2000; Lv et al. 2013). The information of how rubber breaks down 
when exposing to the heat is important (Kleps et al. 2000; Madathingal and Wunder 
2011; Zhao et  al. 2007). Thermal stability determines from thermogravimetric 
analysis (TGA) and thermal aging (Aouachria et al. 2011; Bystritskaya et al. 2013), 
where it was thoroughly focused on the kinetics of thermal degradation obtained 
from TGA and thermo-oxidative aging. Correlation of activation energy of 
degradation and crosslinking of rubber was exemplified by Kader and Bhowmick 
(2003). It was ascribed that crosslink can delay the oxidation rate of rubber at the 
degradation temperature (Meiorin et al. 2013). It was evidently confirmed after the 
activation energy, which exhibited high activation energy in the blends that contain 
high crosslinking. In this study, carbon black (CB) filled NR/EPDM and NR/R- 
EPDM blends were prepared and compared in terms of compounding properties, 
mechanical properties, and thermal properties.

2  Materials, Formulation, and Mixing Procedures

Table 1 lists the ingredients focused in this chapter. Natural rubber (SMR 5 L grade) 
was supplied by the Mardec Berhad, Selangor, Malaysia. Zarm Scientific (M) Sdn. 
Bhd. was supplied R-EPDM. R-EPDM was ground into powder form to obtain 
particles ranging from 10 to 200 μm in size (Fig. 1). Figure 2 illustrates the SEM 
micrograph of recycled EPDM particles at 100× magnification. It can be seen that 
the R-EPDM particles were irregular, rough, and aggregates. The specific gravity of 
the powdered R-EPDM was 1.06 g/cm3. The carbon black content analyzed by TGA 
was 29.33% (see Fig. 3). Cabot Corporation supplied the N330 grade carbon black 
(CB). Other compounding ingredients such as zinc oxide, stearic acid, N-tert- 
butyl-2-benzothiazyl sulfonamide (TBBS), and sulfur were obtained from Bayer 
(M) Ltd. All ingredients were used as received, and a conventional sulfur 
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Table 1 The blending 
formulation used for the 
first series

Materials (phr) NR/EPDM NR/R-EPDM

SMR L 90, 80, 70, 60, 50 90, 80, 70, 60, 50
EPDM 10, 20, 30, 40, 50 –
R-EPDM – 10, 20, 30, 40, 50
ZnO 5.0 5.0
Stearic acid 2.0 2.0
TBBS 1.2 1.2
Sulfur 1.8 1.8
N330 30 30

SMR L Standard Malaysian Rubber L, EPDM ethylene 
propylene diene rubber, R-EPDM recycled ethylene 
propylene diene rubber, TBBS N-tert-butyl-2-benzothiazyl 
sulfonamide

Fig. 1 Particle size distribution of recycled EPDM obtained from particle size analysis (Mastersizer)

Fig. 2 SEM micrograph of recycled EPDM at 100× magnification
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Fig. 3 Weight loss of R-EPDM as a function of temperature (TGA curve)

vulcanization system (CV) was designed. The blend ratio of 90/10, 80/20, 70/30, 
60/40, and 50/50 was compounded on a laboratory-sized two-roll mixing mill 
(Model XK-160). Subsequently, the compounds were compression-molded using a 
steel mold at 150 °C with a force of 10 MPa based on curing times.

3  Properties of the Rubber Blends

3.1  Cure Characteristics and Dynamic Properties

A Monsanto Moving Die Rheometer (MDR 2000) was used to determine curing 
properties of the blends. These include scorch time (ts2), curing time (tc90), cure rate 
index (CRI), and dynamic properties. Samples of the respective compounds were 
tested at 150 °C. The cure rate index of the blends was calculated as follows.

The curing and dynamic properties are summarized in Table  2. As shown in 
Table 2, S′ML increases for increasing blend ratios of virgin EPDM or R-EPDM. S′ML 
is commonly indicated to represent the elastic modulus of the uncured compound 
(Ismail and Anuar 2000), which provides useful data about the processability of the 
rubber compound. At the same time, S′MH corresponds to the stiffness, hardness, 
and modulus of the fully cured compound.

Virgin EPDM or R-EPDM has modified the processability of the blends, particu-
larly at high ratios of virgin EPDM or R-EPDM, and NR/R-EPDM blends showed 
higher value of S′ML than those of NR/EPDM blends. This is because R-EPDM 
consisted of CB (29.33% of CB). It might affect the processability of the blends 
containing R-EPDM. Virgin EPDM and R-EPDM have also increased the S′MH 
values of the blends where the S′MH of NR/R-EPDM was higher than that of the 
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NR/EPDM blends. Such finding may be contributed to the higher crosslinks of the 
NR/R-EPDM blends obtained either from NR itself or the crosslink in 
R-EPDM. Moreover, the presence of CB in R-EPDM greatly affected the stiffness 
of NR/R-EPDM blends.

Table 2 also shows the values of torque differences S′(MH–ML) of the blends. The 
torque difference for NR/EPDM increased up to 30 phr of EPDM content and then 
decreased. The value of S′(MH–ML) indirectly correlated to the crosslinking degree 
(Gardiner 1968). This result indicates that the cure mismatch of NR and EPDM was 
found when the blend ratio of EPDM exceeded 30 phr. It is known that blending NR 
and EPDM could lead to a cure incompatibility, leading to a heterogeneous 
distribution of crosslink density and hence lowering mechanical properties. It was 
also observed that the viscous torque S″MH and tan δ (MH) of the blends consecutively 
increased with increasing blend ratio of virgin EPDM or R-EPDM. The viscous 
torque is related to the damping characteristics of a rubber compound. The tan δ 
(MH) obtained from the rheometer was lower for NR/R-EPDM blends than for the 
NR/EPDM blends. The damping factor (tan δ) is directly related to its crosslinking 
(Sae-oui et al. 2007), where lower damping factors indicate greater crosslinking.

The scorch time (ts2) and curing time (tc90) measures when vulcanization begins 
and reaches completion. The ts2 and tc90 of the NR/EPDM blends increased gradually 
with increasing concentrations of virgin EPDM. The augmentation in ts2 and tc90 of 
NR/EPDM could be attributed to the low vulcanization efficiency of EPDM for the 
sulfur system, because EPDM has a relatively high saturated content. The differences 
in diene contents had led to cure incompatibility, particularly in sulfur vulcanization 
systems, and an increase in ts2 and tc90 (Gardiner 1968). Moreover, ts2 of NR/R-
EPDM blends marginally decreased with R-EPDM, whereas tc90 increased. 
Therefore, the decrement in ts2 at which vulcanization had begun might be due to 

Table 2 Curing characteristics of NR/EPDM and NR/R-EPDM blends

Sample S′ML S′MH S′(MH–ML) S″MH tan δ (MH) ts2 tc90 CRI

NR/EPDM
90/10 0.29 10.73 10.44 0.72 0.067 2.65 8.30 17.70
80/20 0.47 11.21 10.74 0.96 0.086 2.69 8.61 16.89
70/30 0.66 12.09 11.43 1.28 0.106 2.70 9.85 13.99
60/40 0.79 12.11 11.32 1.29 0.107 2.73 9.92 13.91
50/50 1.20 12.41 11.21 1.42 0.115 2.88 11.73 11.30
NR/R-EPDM
90/10 0.24 12.24 12.00 0.68 0.055 2.34 7.53 19.27
80/20 0.47 14.88 14.41 0.89 0.060 2.24 7.91 17.64
70/30 0.76 16.14 15.38 1.05 0.065 2.24 8.31 16.47
60/40 1.27 19.08 17.81 1.26 0.066 2.06 8.61 15.27
50/50 2.54 23.77 21.23 1.71 0.072 1.91 11.38 10.56

S′ML elastic minimum torque (dN.m), S′MH elastic maximum torque (dN.m), S′(MH–ML) torque 
difference (dN.m), S″MH viscous maximum torque (dN.m), tan δ (MH) tan δ of maximum torque, 
ts2 scorch time (min), tc90 curing time (min), CRI cure rate index
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the migration of accelerators from R-EPDM to the NR matrix. Gibala et al. (1999) 
also observed a decrement in ts2 for SBR compounds incorporating a ground rubber 
vulcanizate. It was elucidated that to the migration of accelerator from the ground 
vulcanizate to the virgin matrix. Here, it may be concluded that there is an incre-
ment in the number of reactive sites on the NR molecules at the initial vulcanization 
stage. However, its migration only affected the early stage of vulcanization. Later, 
the vulcanization time was further increased with the addition of R-EPDM. The 
cure rate index (CRI) measures the curing rate based on the differences between ts2 
and tc90. The cure rate index indicated that the vulcanization rate decreased slightly 
with increasing virgin EPDM or R-EPDM levels. This finding confirmed that the 
higher amount of curative location in the NR phase resulted in a decrease in the 
number of reactive sites on the rubber molecules and caused a slower rate of the 
curing process.

3.2  Tensile Properties

Dumbbell-shaped samples were cut from the molded sheets. Tensile tests were per-
formed at a cross-head speed of 500 mm/min and were carried out with a universal 
tensile machine Instron 3366 according to ISO 37. The tensile properties in terms of 
tensile strength, stress at 100% elongation (M100), 300% elongation (M300), and 
elongation at break were investigated. The hardness measurements of the samples 
were done according to ISO 7691-1 using a manual durometer type Shore 
A. Resilience was studied using a Wallace Dunlop Tripsometer according to BS 903 
Part A8. The rebound resilience was calculated according to the following equation:
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where θ1 is the initial angle (45°) and θ2 is the maximum rebound angle.
Figures 4, 5 and 6 show the tensile properties of NR/EPDM and NR/R-EPDM 

blends. The results indicated that the tensile strength of these two blends (see Fig. 4) 
decreased with an increasing blend ratio of virgin EPDM or R-EPDM. The reduction 
in tensile strength of NR/EPDM and NR/R-EPDM blends was due to incompatibility 
between the natural rubber and the virgin EPDM or R-EPDM rubber. When more 
EPDM or R-EPDM was added to the NR, the compatibility between the blends 
decreased. Virgin EPDM and R-EPDM are low unsaturated rubbers due to their low 
diene content. Therefore, the blending of EPDM or R-EPDM with highly unsaturated 
natural rubber resulted in a cure mismatch and reduced the tensile strength eventually 
(Sahakaro et al. 2009).

The difference in the diene concentrations in each rubber resulted in differences 
in the polarity, the number of allylic sites for sulfur vulcanization, and reactivity of 
the crosslink sites (Mangaraj 2002). Curatives, mostly polar molecules, generally 
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Fig. 4 Tensile strength of NR/EPDM and NR/R-EPDM blends

Fig. 5 Elongation at break of NR/EPDM and NR/R-EPDM blends
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Fig. 6 Tensile modulus at 100% and 300% elongation of NR/EPDM and NR/R-EPDM blends

express higher diffusion into NR, leading to differences in the reactant concentrations 
and thus an uneven crosslink distribution and inferior tensile strength. In addition, 
the reduced tensile strength of the NR/R-EPDM blends could be further explained 
by two factors. First, the number of effective network chains decreased; the curing 
agent dose was unchanged as the R-EPDM content increased. The curatives were 
overdosed due to the presence of a three-dimensional network or crosslinked 
structure that could not be re-vulcanized. As a result, the crosslink density of the 
blends was too high. In this regard, the average molar mass of the network chain 
between two successive crosslink points decreased, and the mobility of the chain 
segment was restricted, limiting the network chain’s movement. This restriction 
would reduce the number of effective network chains, resulting in a decrease in 
tensile strength (Kader and Bhowmick 2003). Second, the reduction of tensile 
strength might be due to the aggregation of CB inside the matrix: either the CB from 
R-EPDM itself (approximately 29.33%, based on TGA result) or CB that was 
formulated in the compound. Therefore, the CB aggregates tended to be aggregated 
when a high R-EPDM content was incorporated. The NR/EPDM also exhibited a 
lower tensile strength than NR/R-EPDM blends. The higher crosslink density 
obtained from the crosslinked R-EPDM and the CB content of R-EPDM itself is the 
central potentials in increasing the tensile strength of NR/R-EPDM.

Figure 5 shows the influence of the blend ratio on the elongation at break of NR/
EPDM and NR/R-EPDM blends. The elongation at break decreased significantly 
with an increase in the blend ratio of virgin EPDM or R-EPDM; this behavior was 
most likely due to the cleavage of the trapped molecules and entanglements, which 
decreased the flexibility of the rubber (Rooj et al. 2013). The tensile strength and 
elongation at break are dependent on the NR content. This phenomenon could be 
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attributed to the high strength in strain-induced crystallized rubber at a high blend 
ratio of NR (Nabil et  al. 2011). The ability of NR to create strain-induced 
crystallization decreases with an increasing blend ratio of virgin EPDM or 
R-EPDM. The imbalance location of CB toward the blends leads to lower flexibility. 
It might cause the lower elongation at break observed at high blend ratios of virgin 
EPDM or R-EPDM (Sahakaro et al. 2007).

The tensile modulus at 100% elongation (M100) and 300% elongation (M300) 
and the hardness of NR/EPDM and NR/R-EPDM are illustrated in Figs. 6 and 7. 
The modulus and hardness of the blends increased slightly with further increases in 
the concentration of virgin EPDM or R-EPDM. Tensile modulus represents the 
hardness or stiffness of materials. Therefore, the incorporation of R-EPDM into the 
rubber matrix increased the stiffness of the vulcanizates. In addition, the flexibility 
and elasticity of the rubber chain were lower when more R-EPDM was incorporated 
into the natural rubber, which also resulted in increased rigidity and hardness for the 
rubber vulcanizates.

3.3  Thermo-Oxidative Ageing

Thermal aging of the blends was done by placing the dumbbell-shaped specimens 
in an oven equipped with an air circulating system at the test temperature of 100 °C 
for 48 h, according to ISO 188 Method A. The aged specimens were then measured 
for tensile properties. The tensile strength and hardness changes after thermal aging 

Fig. 7 Hardness (Shore A) of NR/EPDM and NR/R-EPDM blends
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determined thermal aging resistance. The retention in each property was evaluated 
according to Eq. (2):

 
Retention

Value after ageing

Value before ageing
%� � � �100

 
(2)

Thermal aging plays a significant role in simulating the actual exposure of rubber 
vulcanizates. Therefore, it can be applied to predict the service life of such rubber 
vulcanizates. Thermo-oxidative aging of NR/EPDM and NR/R-EPDM blends was 
carried out, where the changes of tensile properties, hardness, and the functional 
group were discussed. The changes of tensile strength and elongation at break after 
thermal aging are shown in Figs. 8 and 9. The tensile strength and elongation at 
break of all aged samples were reduced upon thermal aging. Reduction in tensile 
strength could be attributed to the oxidation of polymer, which resulted in chain 
scissions under thermal exposure (Rattanasom et  al. 2005). An increment of the 
number of shorter chains of the respective polymer obtained from the scission of the 
larger molecular chains can lead to a decrease in tensile strength and elongation at 
break. The percentage retention after thermal aging was used to evaluate the thermal 
stability of polymers. The higher retention indicates the more excellent thermal 
stability of the rubber blends.

The tensile strength retention of both blends demonstrated lower value at the 
early stage with the concentration below 30 phr of EPDM. Subsequently, the tensile 
strength retention of the combinations exhibited a higher value beyond 30 phr of 
virgin or R-EPDM in the blends. Expectedly, the tensile strength retention of NR/

Fig. 8 Tensile strength of NR/EPDM and NR/R-EPDM blends before and after thermal aging

N. Hayeemasae and H. Ismail



189

Fig. 9 Elongation at break of NR/EPDM and NR/R-EPDM blends before and after thermal aging

EPDM blends was higher than those of NR/R-EPDM blends. This is associated 
with R-EPDM used in this study itself being exposed to the environment for a 
specific time before blending with natural rubber. Therefore, it led to the partial 
decomposition of R-EPDM via the oxidation process and remained changes in the 
tensile strength retention.

Tensile modulus at 50% elongation (M50) and hardness of the blends before and 
after thermo-oxidative aging are illustrated in Figs.  10 and 11. Since the tensile 
failure of aged samples was mainly below 100% elongation, tensile modulus at 50% 
elongation was selected to measure the thermal resistance of the blends. It was 
observed that the modulus and hardness of aged blends increased obviously with 
increasing virgin EPDM or R-EPDM. This was simply attributed to the formation 
of additional crosslinks in the blends. Generally, the rubber’s radical termination 
after thermal aging involves the abstraction of hydrogen atoms due to the presence 
of oxygen. As a result, the oxidative reaction chain with free radicals is produced. 
Increment of crosslink density after thermal aging was strongly related to the high 
rate of radical termination in the bulk of polymer; hence, the material was more 
crosslinked, resulting in higher modulus and hardness (Rabello and White 1997).

Figures 12, 13, and 14 show the FTIR spectra of NR/EPDM and NR/R-EPDM 
blends before and after aging at 100  °C for 48  h. The assignments at various 
positions are also listed in Table 3. Five characteristic peaks could be seen in the 
spectra observed for un-aged NR/EPDM or NR/R-EPDM blends. The asymmetric 
stretching vibration of methylene in the saturated hydrocarbon backbone was found 
at 2915.11  cm−1, whereas the peak at 2853  cm−1 is assigned to the symmetric 
stretching vibration of methylene. The peaks at 1450.56–1456.76  cm−1 and 

Comparative Studies of Natural Rubber/Virgin Ethylene Propylene Diene Rubber…



190

Fig. 10 Tensile modulus at 50% elongation of NR/EPDM and NR/R-EPDM blends before and 
after thermal aging

Fig. 11 Hardness (Shore A) of NR/EPDM and NR/R-EPDM blends before and after thermal aging

1372.07–1376.21 cm−1 were indicated to CH2 scissoring vibration and symmetric 
CH stretching vibration of methyl, respectively. The peak at 719.37–721.43 cm−1 
was assigned to methylene rocking vibration of (CH2)n, where n > 4 (Abdel-Aziz 
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Fig. 12 The FTIR spectra of un-aged and aged blends: (a) un-aged NR/EPDM (90/10), (b) aged 
NR/EPDM (90/10), (c) un-aged NR/R-EPDM (90/10), and (d) aged NR/R-EPDM (90/10)

Fig. 13 The FTIR spectra of un-aged and aged blends: (a) un-aged NR/EPDM (70/30), (b) aged 
NR/EPDM (70/30), (c) un-aged NR/R-EPDM (70/30), and (d) aged NR/R-EPDM (70/30)

and Basfar 2000). After thermal aging at 100 °C for 48 h, there was a slight reduction 
in the intensity of the bands at 2915.11 cm−1 and 2853 cm−1 in the asymmetric and 
symmetric stretching vibrations of methyl and methylene, respectively, present in 
the EPDM backbone.

Additional peaks of the carbonyl region (1850–1550 cm−1) could be observed, 
and it showed several overlapping bands corresponding to carboxylic acid, ketone, 
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Fig. 14 The FTIR spectra of un-aged and aged blends: (a) un-aged NR/EPDM (50/50), (b) aged 
NR/EPDM (50/50), (c) un-aged NR/R-EPDM (50/50), and (d) aged NR/R-EPDM (50/50)

Table 3 Fourier transform 
infrared positions and 
assignments of NR/EPDM 
and NR/R-EPDM blends 
before and after 
thermal aging

Assignments Wave number (cm−1)

C–H stretching 2853 and 2915.11
C=O stretching 1734
Zinc carboxylate absorbance 1580
C=O stretching and carbonyl region 1550–1850
C–H bending and scissoring 1450.56–1456.76
C–H bending and rocking 1372.07–1376.21
C–O stretching 1087 and 1159
C–H bending and rocking 719.37–721.43

ester, and lactones. Gijsman (2002) elucidated that the absorption peak at 1734 cm−1 
corresponds to the vibration of the C=O, gaining from the oxidation process of the 
rubber, while the asymmetric and symmetric vibrations C–O–C are assigned to the 
peaks at 1159 cm−1 and 1087 cm−1, respectively. In addition to the oxidation process, 
the absorbance of carbonyl group was found at 1734 cm−1, relative to the absorption 
band of CH2 at 1464 cm−1. Delor-Jestin et al. (2000) reported that the presence of 
zinc oxide in the rubber formulations was also caused the appearance of zinc 
carboxylates absorbing at 1580 cm−1, which was the main oxidation product. Tomer 
et al. (2007) noticed that the oxidation of EPDM was initiated after thermal aging. 
Therefore, the carbonyl group generation started to increase with exposure time. 
Zhao et  al. (2007) made a similar observation when they investigated the FTIR 
analysis of EPDM upon aging time and introduced the relationship between the 
relative content of the carbonyl group as a function of aging time.
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3.4  Swelling Behavior

Swelling tests were done in toluene following ISO 1817. First, weigh the cured test 
pieces of dimension 30 mm × 5 mm × 2 mm using an electrical balance and swollen 
in toluene until equilibrium, which took 72 h at room temperature. Then, took the 
samples out from the liquid, removed the toluene from the samples’ surface, and 
weighed them again. Calculation of the changes in mass is as follows:
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where W1 is the initial mass of specimen (g) and W2 is the mass of sample (g) after 
immersion in toluene. The swelling results were also used to calculate the molecular 
weight between crosslinks (Mc) by applying the Flory-Rehner Equation (Flory and 
Rehner Jr 1943):
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where ρ is the density of the rubber (ρ of NR = 0.92 g/cm3, ρ of EPDM = 0.83 g/cm3, 
and ρ of R-EPDM = 1.06 g/cm3), Vs is the molar volume of the toluene (Vs = 106.4 cm3/
mol), Vr is the volume fraction of the polymer in the swollen specimen, Qm is the 
weight increase of the blends in toluene, and χ is the interaction parameter of the 
rubber network-solvent (χ of NR = 0.393 and χ of EPDM and R-EPDM = 0.49). The 
degree of crosslink density is given by:
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The swelling resistance and crosslink density of the NR/EPDM and NR/R- -
EPDM blends are shown in Fig. 15. The swelling percentage was investigated by 
toluene uptake until equilibrium swelling was reached at room temperature. It is 
well-recognized that the swelling is directly related to the crosslink density of a 
network chain (Nabil et al. 2011), with less solvent uptake or penetration into the 
blends indicating higher crosslink density. Thus, the swelling percentage of NR/
EPDM increased with further increases in the concentration of virgin EPDM in 
NR.  This behavior was most likely due to the cure mismatch arising from the 
different levels of unsaturation between these rubbers. Surprisingly, the swelling 
percentage of NR/R-EPDM blends decreased with the increasing blend ratio of 
R-EPDM. This decrease might be due to the crosslink obtained from R-EPDM and 
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Fig. 15 Swelling resistance of NR/EPDM and NR/R-EPDM blends

CB content from either formulated design or R-EPDM itself, reducing the free vol-
ume between rubber matrix molecules and decreasing the toluene swelling.

The crosslink density can be conveniently determined by Flory-Rehner Equation 
(Flory and Rehner Jr 1943). This parameter includes the actual chemical crosslinks 
and physical entanglements or loops (Sekkar et al. 2007). The crosslink density of 
these blends is shown in Fig.  16. The crosslink density of NR/EPDM blends 
decreased with further increases in EPDM concentration. It is well known that the 
blending of highly unsaturated NR and low unsaturated EPDM generally result in 
inferior mechanical properties due to the uneven crosslink density distribution. Sae- 
oui et al. (2007) revealed that the differences in the degree of unsaturation resulted 
in cure incompatibility, especially in sulfur vulcanization systems. Moreover, highly 
polar accelerators preferentially locate in highly unsaturated NR phases and promote 
heterogeneity in terms of accelerator location.

Consequently, the NR phase contains more crosslinks than the EPDM in the NR/
EPDM blends. However, the opposite finding is observed for the NR/R-EPDM 
blend. NR/R-EPDM blends contain CB from either the formulated compound or 
R-EPDM. Thus, the CB enhanced the extent of crosslinking to the blends. Baccaro 
et al. (2003) stated that higher crosslink density in the case of higher CB content 
might be because of two different factors: one is due to the physical linkages or 
filler–rubber interactions. Another is due to electron acceptor sites on the cluster 
surfaces of CB, where the rubber macroradicals are chemically bound by 
mechanochemical degradation during the rubber compounding (Manivannan et al. 
1999; Cataldo 2001).

N. Hayeemasae and H. Ismail



195

Fig. 16 Crosslink density of NR/EPDM and NR/R-EPDM blends

3.5  Scanning Electron Microscopy (SEM)

The analysis of powdered R-EPDM and tensile fractured surfaces was carried out 
using a scanning electron microscope (SEM) model Zeiss Supra-35VP to obtain 
information regarding filler dispersion and to detect the possible presence of micro- 
defects. In addition, the fractured pieces were coated with a layer of gold-palladium 
to eliminate electrostatic charge buildup during an examination. Figure 17 shows 
the SEM micrographs of the tensile fracture surface of NR/EPDM and NR/R-EPDM 
blends at 100× magnifications. Figure 17a–c shows the fractured surfaces of the 
NR/EPDM blends. At a high loading of NR in the blends, the surface is rougher, 
with many matrices tearing lines, indicating that more energy was needed to break 
the sample relative to that observed in Fig. 17b, c, which showed a broader tearing 
line. Therefore, it could be concluded that the reduction in tensile strength with 
further increases in the virgin EPDM was in good agreement with the fractured 
surfaces observed.

In addition, a similar observation was noted for the tensile fractured surfaces of 
NR/R-EPDM blends (Fig. 17d–f). Figure 17d shows the rougher surface and signifi-
cantly greater homogeneity relative to the broken surface for the R-EPDM loading 
at 30 phr (Fig. 17e) compared to the blend containing 50 phr of R-EPDM (Fig. 17f). 
Figure 17f shows the formation of R-EPDM particulates and a few voids, leading to 
lower tensile strength. Moreover, the blend homogeneity and matrix tearing lines 
are more visible for NR/R-EPDM than NR/EPDM blends. This suggested that the 
coherence of the two rubbers and healthy dispersion of R-EPDM in the NR matrix 
altered the cracking area, which led to increased resistance to crack propagation and 

Comparative Studies of Natural Rubber/Virgin Ethylene Propylene Diene Rubber…



196

Fig. 17 SEM micrographs of fractured surfaces of carbon-black-filled NR/EPDM and NR/R- -
EPDM blends: (a) NR/EPDM (90/10), (b) NR/EPDM (70/30), (c) NR/EPDM (50/50), (d) NR/R- 
EPDM (90/10), (e) NR/R-EPDM (70/30), and (f) NR/R-EPDM (50/50) (magnification 100×)
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thus improved the tensile strength. The SEM results for the tensile fractured sur-
faces followed the results obtained by Ismail and Mathialagan (2012). They reported 
that the broken surface’s roughness and matrix tearing line corresponded to 
increased tensile strength.

3.6  Thermogravimetric Analysis (TGA)

Thermogravimetric analysis at a different blend ratio of CB filled NR/Virgin EPDM 
and NR/Recycled EPDM blends was carried out with a Perkin-Elmer Pyris 6 TGA 
analyzer. The sample was scanned from 30 °C to 600 °C at 30 mL/min nitrogen 
airflow with a 20 °C/min heating rate. The thermogravimetric analysis measures the 
amount and speed (velocity) of change in the mass of a sample as a function of 
temperature or time in a controlled atmosphere. The measurement primarily 
determines materials’ thermal and oxidative stabilities and their compositional 
properties. The blends’ thermal decomposition behavior and derivative weight 
thermograms are shown in Figs.  18 and 19, respectively. The decomposition 
temperature at different weight loss and various stages are also summarized in 
Tables 4 and 5. Two regions of degradation of blends were observed. Here, the 
initial minor weight loss at around 180–200 °C was due to volatile matter such as 
stearic acid and the adsorbed water at about 300 °C (Rabello and White 1997).

The first step of degradation of both blends started at about 330 °C and was com-
pleted at around 450 °C. The second stage of degradation occurred in the region of 
450–520 °C. The former set of the decomposition was due to the degradation of 

Fig. 18 TG curves of NR/EPDM and NR/R-EPDM blends
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Fig. 19 DTG curves of NR/EPDM and NR/R-EPDM blends

Table 4 The Decomposition temperature at various weight losses of NR/EPDM and 
NR/R- EPDM blends

Sample codes
Degradation temperature (°C)
T-10% T-30% T-50% T-70%

NR/EPDM (90/10) 372.96 401.75 428.52 497.05
NR/EPDM (70/30) 378.02 412.23 466.78 514.72
NR/EPDM (50/50) 380.95 428.85 492.34 516.10
NR/R-EPDM (90/10) 365.27 398.28 424.44 526.82
NR/R-EPDM (70/30) 368.79 403.96 449.88 N/A
NR/R-EPDM (50/50) 376.33 422.97 494.29 N/A

Table 5 The Decomposition temperature at various maximum peak and char residue of NR/
EPDM and NR/R-EPDM blends

Sample codes Tmax I (°C) Tmax II (°C) Char residue (%)

NR/EPDM (90/10) 402 493 26.93
NR/EPDM (70/30) 403 504 26.67
NR/EPDM (50/50) 403 505 26.19
NR/R-EPDM (90/10) 400 483 28.99
NR/R-EPDM (70/30) 400 493 33.31
NR/R-EPDM (50/50) 401 502 37.39

natural rubber (polyisoprene) segments, which corresponded to the significant peak 
observed from the Derivative Thermogravimetric (DTG) curve. The degradation of 
the natural rubber segment is sensitive to an oxidized structure and the depletion of 
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sulfidic crosslinks in natural rubber. Therefore, the later degradation, which could 
be observed from the DTG curve’s small peak area, was attributed to the scission of 
crosslinked virgin or R-EPDM and conjugated polyene left after the first stage of 
degradation (Tomer et al. 2007).

Notably, the decomposition temperature at 10, 30, 50, and 70% weight loss of 
the blends was higher when the blend ratio of virgin EPDM or R-EPDM was 
increased. This was associated with virgin or R-EPDM, which has higher thermal 
stability. The decomposition temperature at various maximum peaks (Tmax) and char 
residue of the blends are presented in Table 5. The Tmax of the two stages is higher 
for both blends and increases with the increase in a blend ratio of virgin EPDM or 
R-EPDM, suggesting that virgin EPDM or R-EPDM are more thermally stable than 
natural rubber. The char residue obtained for both blends at the final temperature 
increased as a function of the concentration of the R-EPDM phase. As noticed, 
R-EPDM contains 29.33% of CB. Increasing the blend ratio of R-EPDM thereby 
increased the CB content in the blends, leading to a high amount of char residue 
eventually.

In contrast, the char residue in NR/EPDM blends showed no difference, which 
was ascribed to the unchanged CB content upon the increment of virgin EPDM. In 
summary, the decomposition temperature at various weight losses and the maximum 
peak of NR/EPDM blends were higher than those NR/R-EPDM blends. This was 
associated with R-EPDM itself, which was exposed to the environment as stated 
before and lowered the thermal stability of NR/R-EPDM blends.

3.7  Activation Energy of Degradation Process

Both the initial decomposition temperature and the degradation rate correspond to 
polymers’ thermal stability. Observation of kinetic parameters associated with the 
degradation processes is an exciting topic of study. Thermal analysis studies the 
durability assessment and lifetime prediction of the rubber products. Such finding is 
essential for enhancing the service performance of certain products (Saha Deuri 
et al. 1988). The activation energies of degradation of NR/EPDM and NR/R-EPDM 
blends at different blend ratios were determined by applying the Coats-Redfern’s 
method (Coats and Redfern 1964):
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where α is the fractional mass loss at time t, T is the absolute temperature, A is the 
pre-exponential factor, R is the universal gas constant, β is the heating rate, and E is 
the activation energy. A plot of log[−log(1 − α)/T2] as a function of 1/T gives a 
straight line with the slope equal to E/2.303R and the y-intercept is log[(AR)/(βE)
(1 − 2RT/E)].
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According to Coats-Redfern’s equation for NR/EPDM and NR/R-EPDM blends, 
the plots are presented in Figs.  20 and 21. In addition, the kinetic parameters 
obtained by this approach are summarized in Table 6. The DTG curves show that 
the NR/EPDM and NR/R-EPDM blends decomposed in two stages, which can be 

Fig. 20 Coats-Redfern’s plots at the different blend ratio of NR/EPDM blends

Fig. 21 Coats-Redfern’s plots at the different blend ratio of NR/R-EPDM blends
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Table 6 Activation energy of NR/EPDM and NR/R-EPDM blends calculated from Coats- 
Redfern’s equation

Sample codes

Stage I Stage II

E (kJ/mol) Correlation coefficient
E (kJ/
mol) Correlation coefficient

NR/EPDM (90/10) 79.29 0.9038 19.08 0.9752
NR/EPDM (70/30) 62.39 0.8889 29.46 0.9522
NR/EPDM (50/50) 53.78 0.9009 41.13 0.9010
NR/R-EPDM (90/10) 85.58 0.9458 15.76 0.8670
NR/R-EPDM (70/30) 68.83 0.9110 20.22 0.9885
NR/R-EPDM (50/50) 57.93 0.9231 31.83 0.9628

classified from the degradation of natural rubber phase (Stage 1) and virgin EPDM 
or R-EPDM (Stage 2). For NR/EPDM blends, the first stage (330–450 °C) involved 
the activation energy of around 79.29, 62.39, and 53.78  kJ/mol in NR/EPDM 
(90/10), NR/EPDM (70/30), and NR/EPDM (50/50), respectively. On the other 
hand, NR/R-EPDM blends provided somewhat higher activation energies, at 85.58, 
68.83, and 57.93 kJ/mol in a blend ratio of (90/10), (70/30), and (50/50), respectively.

This stage basically could be related to the depletion of sulfidic crosslinks in 
natural rubber (Abdel-Aziz and Basfar 2000). It was also explored that with further 
increase in virgin EPDM or R-EPDM content in the blends, the activation energy of 
this stage started to decrease due to the low natural rubber component. Hence, it 
required less activated energy to cleave the crosslink. The higher activation energy 
for NR/R-EPDM blends rather than NR/EPDM blends in this stage could be due to 
the curative locating more in the natural rubber phase. R-EPDM was mostly cross-
linked, resulting in less possible contact with the curatives. The curatives in the 
natural rubber phase led to higher crosslink density in the natural rubber component.

In the second-stage decomposition, the calculated energies are 19.08, 29.46, and 
41.13 kJ/mol of NR/EPDM blends at a ratio of 90/10, 70/30, and 50/50, respec-
tively. Meanwhile, the activation energies of NR/R-EPDM blends are 15.76, 20.22, 
and 31.83 kJ/mol, respectively. It is found that the activation energy of the blends 
started to increase following the blend ratio of virgin or R-EPDM. This stage indi-
cated the cleavage of crosslink in the virgin or R-EPDM phase. In addition, the 
activation energy of NR/EPDM blends, particularly at high virgin EPDM in this 
stage, exhibited slightly higher than those NR/R-EPDM blends. This is because 
R-EPDM was mostly crosslinked and exposed to the environment. Therefore, the 
crosslinkings were partial scissioning, and curatives tend to locate more on the natu-
ral rubber phase.

On the other hand, virgin EPDM consists of an entirely reactive diene backbone, 
leading to higher sulfur crosslinked EPDM. The briefing observed the activation 
energy between 15.76 and 85.58 kJ/mol. These values correspond to the heat of 
dissociation for radical homolytic cleavage reaction. Therefore, it is reasonable to 
infer that the endothermic chain scission could be the most prevalent reaction in the 
main stage of decomposition (McNeill and Leiper 1985).
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3.8  Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) properties were measured using a dynamic 
mechanical analyzer (Perkin Elmer DMA7). The samples were subjected to a cyclic 
tensile strain with a force amplitude of 0.1  N at a frequency of 10  Hz. Storage 
modulus and mechanical loss factor (tan δ) were determined in the temperature 
range from −100 °C to 60 °C at a heating rate of 2 °C/min. Figure 22 illustrates the 
storage modulus (E′) as a function of temperature on the properties of NR/EPDM 
and NR/R-EPDM blends. The raw data is also summarized in Table 7. All the curves 
show three different regions: a glassy or high modulus region where the segmental 
movement is restricted, a transition zone where a drastic decrease in the E′ values 
when increasing the temperature, and a rubbery region or the flow region where a 
considerable reduction in the modulus with temperature. The results revealed that 
the storage modulus (E′) increased with increasing blend ratio of virgin EPDM or 
R-EPDM. It is well-discussed that the storage modulus is directly related to the 
stiffness and thus crosslink density (McNeill and Leiper 1985; Rahman et al. 2011). 
Therefore, a simple explanation for the respective finding is given by the higher 
degree of crosslinking governed by virgin or R-EPDM, as mentioned earlier on the 
rigidity phase obtained from ethylene–propylene content and overdosed curative 
when increasing blend ratio of virgin EPDM or R-EPDM. Two different factors can 
also elucidate this: one is due to an increment in overall crosslinks density, another 
being the presence of CB in the R-EPDM. The increase in crosslink density of the 
blends upon the incorporation of R-EPDM is due to active crosslinking sites in the 
R-EPDM, which continued to form crosslinking while re-vulcanized: the more 

Fig. 22 Storage modulus as a function of temperature of NR/EPDM and NR/R-EPDM blends
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Table 7 The effect of blend ratio on the storage modulus at 25 °C, maximum tan delta (tan δmax) 
of NR/EPDM and NR/R-EPDM blends and the glass transition temperature (Tg) of the blends

Sample codes Storage modulus (MPa) tan δmax Tg (°C) with respect to tan δmax

NR/EPDM (90/10) 8.558 0.6771 −55.72
NR/EPDM (70/30) 14.910 0.4353 −44.16
NR/EPDM (50/50) 15.277 0.3984 −39.35
NR/R-EPDM (90/10) 10.798 0.7305 −63.55
NR/R-EPDM (70/30) 21.815 0.4659 −49.62
NR/R-EPDM (50/50) 44.159 0.3273 −46.38

Fig. 23 Loss modulus as a function of temperature of NR/EPDM and NR/R-EPDM blends

significant the R-EPDM, the more active crosslinking sites for the formation of 
crosslink (Coran 1995).

Variation of loss modulus (E″) as functions of temperature is shown in Fig. 23. 
The loss modulus (E″) peak also corresponded to the maximum heat dissipation per 
unit deformation (Chuayjuljit and Luecha 2011), which indicated the increment of 
virgin EPDM or R-EPDM required of highly heat dissipation toward the deformation 
of the molecule. This observation agreed well with previous TGA profiles that high 
thermal stability was obtained when increasing the loadings of virgin EPDM or 
R-EPDM. Similar trend of loss modulus peak (E″) damping characteristic (tan δ) 
was found for both blends as the shown in Fig. 24, i.e., highest tan δ was observed 
for the blends at 90/10 (phr/phr). As the damping characteristic is inversely related 
to the degree of crosslinking, the results again verified that the presence of virgin 
EPDM and R-EPDM provided the blends with higher degree of crosslinking than a 
low content of virgin EPDM or R-EPDM. The considerable reduction of tan δmax 
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Fig. 24 Damping factor (tan δ) as a function of temperature of NR/EPDM and NR/R-EPDM blends

may be attributed to filler network of CB either from formulated CB or CB in 
R-EPDM itself (Nair et al. 2009). The presence of CB remained in the blends or 
R-EPDM itself also caused an increase in elastic behavior (reduced tan δmax). A 
report by Kumnuantip and Sombatsompop (2003) indicates the reduction of the 
damping factor of the composite in the presence of CB. It was stated that the CB 
itself has a shallow loss angle, suggesting that the values of tan δmax in blends were 
expected to be less than those in the high NR content.

The tan δmax indicates the glass transition temperature (Tg) of the blends. As can 
be seen from Table 7, Tg of these two blends had increased significantly with the 
presence of virgin or R-EPDM. The Tg at 10 phr of virgin or R-EPDM in the blends 
had risen from −55.72 °C and − 63.55 °C to −39.35 °C and − 46.38 °C of the NR/
EPDM (90/10) and NR/R-EPDM (90/10), respectively. EPDM has higher Tg than 
NR, making the overall Tg of the blends shifted to higher temperature when there is 
a higher content of virgin EPDM and R-EPDM. Another probable reason might be 
associated with the molecular restriction in the blends. Theoretically, the Tg of 
rubber vulcanizates can be increased due to the limitation of molecular movements 
such as crosslink density (Medalia 1986; Trexler and Lee 1986; Kumnuantip and 
Sombatsompop 2003).

As stated previously, R-EPDM was crosslinked prior to use as blending compo-
nent. More crosslinks have made an individual chain harder to move when rubbers 
are subjected to mechanical stress. Therefore, higher molecular restriction shifts the 
transition to higher temperature regardless of molecular interactions. In addition, it 
was also investigated that the presence of virgin or R-EPDM broadened the overall 
width of the tan δmax peaks, particularly in the rubbery region, indicating the more 
significant dynamic mechanical losses in this region (Smit 1966). Sombatsompop 
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(1998) reported that incorporation of recycled polyurethane, which had higher glass 
transition temperature (Tg) into NR vulcanizates, caused the broader peak of damp-
ing factor (tan δ).

4  Conclusions

The tensile strength and elongation at break decreased when the blend ratio of vir-
gin EPDM or R-EPDM increased. In contrast, the maximum torque, minimum 
torque, torque difference, scorch time (ts2), and cure time (tc90) modulus, hardness, 
and thermal stability showed an increasing trend. Because R-EPDM consists of a 
crosslinking before blending with natural rubber, greater crosslink density was 
observed with higher R-EPDM content. This could be confirmed from the 
augmentation of storage modulus (E′) when the blend ratio of recycled EPDM was 
increased. In addition, SEM micrographs proved that higher surface roughness and 
matrix tearing lines were observed in the blends containing high content of virgin 
EPDM or R-EPDM, which is in good agreement with the tensile strength observed.
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Optimization of Accelerators 
on the Properties of Natural Rubber/
Recycled Ethylene Propylene Diene 
Rubber Blends

Nabil Hayeemasae and Hanafi Ismail

1  Introduction

The development of effective recycling technology will be an exciting activity 
because previous solutions to recycle rubber wastes have been landfill and pyroly-
sis, which resulted in changing ecosystems and pollutants (Mathew et  al. 1996; 
Ismail et al. 2002; Ismail and Suryadiansyah 2002). Therefore, having cost-effective 
ways to change rubber waste into a processable rubber matrix is a great challenge in 
the rubber industry (Ismail et  al. 2006; Yazdani et  al. 2011; Zhang et  al. 2011). 
Grinding the rubber waste and further use it as blending component is an easy and 
cost- effective technique to manufacture new rubber material.

Blending improves the overall properties and reduces the final product’s cost 
(Sahakaro et al. 2009). Ethylene propylene diene rubber (EPDM) waste is another 
rubber waste that is available concerning the continuous growth of the EPDM 
market. It can be used as blending component in many types of rubber. Natural 
rubber (NR) is one of the good examples. EPDM waste (w-EPDM) was blended 
with NR. They claimed that w-EPDM improved the oxidative resistance to NR, but 
the durability of the blend is still challenge as NR is incompatible with w-EPDM. The 
unsaturation variance makes this blend incompatible cure, especially in sulfur 
vulcanization systems. Another problem concerning this blend is the migration of 
sulfur or accelerators from one to another phases. This has brought to a reduction in 
mechanical performance of the blend. Ground rubber waste generally contains a 
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certain content of free sulfur and/or accelerators. The migration of sulfur in this 
blend also depends on the content of free sulfur. Morita (1980) found that accelerator 
migrates from rubber waste to virgin rubber. It made the blend scorchy and shortened 
the curing time. Layer (1992) tried to reheat the accelerated rubber, and it was 
reported that the accelerator fragments are not bonded to the network, suggesting 
that such fragments may be functioned at the later stage during vulcanization. 
Gibala and Hamed (1994) emphasized that migration of free curatives is a big 
concern for preparing the rubber blend containing ground rubber waste.

Many studies have tried to overcome the drawbacks of blending NR and 
EPDM.  These include the introduction of compatibilizers (Chang et  al. 1999; 
Sirqueira and Soares 2002; Ghosh et al. 2001), modifying the EPDM rubber (Botros 
2002; Sahakaro et al. 2007), applying double-stage vulcanization, and optimizing 
the accelerator types (Marković et al. 2009; Sae-oui et al. 2007; Palaty and Joseph 
2007). The last example is interesting in terms of practical aspect. Therefore, in this 
chapter, effects of accelerator types on performance of NR/w-EPDM blends were 
focused. The accelerators introduced in this study were N-tert-butyl-2-
benzothiazole-  sulfonamide (TBBS), N-cyclohexyl-benzothiazole-sulfenamide 
(CBS), tetramethyl thiuram disulfide (TMTD), and 2-mercapto benzothiazole 
(MBT). The properties were evaluated from the overall findings such as mechanical 
properties, thermal stability, and other related characteristics.

2  Materials and Preparation

Table 1 lists the ingredients used in this study. Natural rubber (SMR 5 L grade) was 
manufactured by Mardec Berhad, Selangor, Malaysia. w-EPDM was collected by 
Zarm Scientific (M) Sdn. Bhd., Penang, Malaysia. w-EPDM was ground before 
blending with NR. SEM image of w-EPDM can be seen from Fig. 1. The specific 
gravity of the w-EPDM was 1.06 g/cm3 and carbon black (CB) content in w-EPDM 

Table 1 The blending formulation used for blending

Materials (phr)
Sample codes
TBBS CBS TMTD MBT

SMR L 70.0 70.0 70.0 70.0
R-EPDM 30.0 30.0 30.0 30.0
ZnO 5.0 5.0 5.0 5.0
Steric acid 2.0 2.0 2.0 2.0
TBBS 1.2 – – –
CBS – 1.2 – –
TMTD – – 1.2 –
MBT – – – 1.2
Sulfur 1.8 1.8 1.8 1.8
N330 30.0 30.0 30.0 30.0

N. Hayeemasae and H. Ismail



211

Fig. 1 SEM micrograph of recycled EPDM at 100× magnification

Fig. 2 Weight loss of R-EPDM as a function of temperature (TGA curve)

is 29.33%, which was analyzed by thermogravimetric analysis (TGA) (see Fig. 2). 
N330 grade CB was manufactured by Cabot Corporation. Other ingredients such as 
stearic acid, zinc oxide, TBBS, CBS, TMTD, MBT, and sulfur were purchased from 
Bayer (M) Ltd.
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The compounding of the blends with various accelerators were added on a labo-
ratory-sized (160 mm × 320 mm) two-roll mixing mill (Model XK-160). A semi-
efficient sulfur vulcanization system (Semi-EV) was used. The blend ratio of 70/30 
(phr/phr) of NR/w-EPDM was prepared. Samples of the respective blends were 
compression-molded by using stainless steel mold at 150 °C based on the respective 
curing times.

3  Properties of Rubber Blends

3.1  Cure Characteristics

A Monsanto Moving Die Rheometer (MDR 2000) was a tool to measure the curing 
properties of the blends. This is followed by ASTM D 2240–93. The accelerator 
type strongly influences cure characteristics. The effects of accelerators on S′ML 
and S′MH are summarized in Table 2. The S′ML of TBBS, CBS, TMTD, and MBT 
accelerated NR/w-EPDM blends were almost similar. Accelerator’s type did not 
influence the S′ML value. S′ML was recorded at the early stage of curing. Therefore, 
no crosslinking reaction was taken place at this step.

On the other hand, TMTD exhibited higher S′MH value than those of CBS, 
TBBS, and MBT, respectively. TMTD is classified as a sulfur donor accelerator; it 
can be used for vulcanization with less addition of sulfur as the sulfur content in this 
study is controlled. This indicated that higher crosslink was gained for TMTD- 
based NR/w-EPDM and affected the stiffness of the blends. In addition, a less 
molecular movement leads to higher stiffness to the blends (Sae-Oui et al. 2010; 
Nabil et al. 2011). This correlated well with the hardness value, which was discussed 
later in the following section.

The S′(MH–ML) is also summarized in Table  2. The results revealed that the 
MBT-accelerated blend expressed the lowest cure and crosslinking density. TMTD, 
TBBS, and CBS showed more pronounced choices to accomplish sufficient 
crosslinking density. CBS and TBBS are classified as sulfenamide accelerators that 
act as a delayed action accelerator, providing longer ts2 and, thus, safer processability 
than TMTD-accelerated blends. These two accelerators also gave lower crosslink 

Table 2 Cure characteristics of blends

Sample codes TBBS CBS TMTD MBT

S′ML 0.76 0.76 0.77 0.70

S′MH 16.14 16.61 20.82 12.17

S′(MH–ML) 15.38 15.85 20.05 11.47

Tan δ @ MH 0.065 0.142 0.057 0.136
ts2 2.24 1.85 1.27 1.66
tc90 8.31 8.27 2.89 11.29
CRI 16.47 15.58 61.73 10.38
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density, as measured by torque difference results. However, it was still higher than 
MBT-accelerated blends. It was found that the highest crosslink density was 
observed for TMTD-accelerated blend due to its action as sulfur donor. However, 
since the content of curatives used in this study was controlled, the TMTD then 
expressed the highest rate of crosslinking, which later fastened the curing process to 
the blend (Sahakaro et al. 2007, 2009). Another relevant reason might be the nature 
of TMTD. Zinc dimethyl dithiocarbamate is usually formed after the generation of 
an active accelerator complex by sulfur insertion. It is a well-known fact that zinc 
dimethyl dithiocarbamate is grouped as an ultra-fast accelerator for tuber 
compounds. Therefore, it clearly shows the remarkable effect of the curing process 
on the blend. Table 2 also shows the tan δ @ MH of the blends. The tan δ indicates 
dissipated mechanical energy or the so-called hysteresis loss of the compound 
(Ismail and Anuar 2000). MBT may provide lowest hysteresis loss.

3.2  Tensile Properties

Tensile properties of the blends were measured according to ASTM D412. Figure 3 
shows the elongation at break and tensile strength of blends. High tensile strength 
was observed for the blends accelerated by sulfenamide accelerators (particularly 
CBS), followed by TMTD- and MBT-accelerated blends, respectively. As stated 
earlier, CBS and TBBS are grouped as safe accelerator in terms of scorch time. 
Then, CBS and TBBS had sufficient time to foam certain interaction with ZnO and 

Fig. 3 Effects of accelerators on the tensile strength and elongation at break of NR/R-EPDM blends
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thus reacted with rubber chain. The melting point off accelerators also affected the 
blending properties. The melting point of CBS is found to be 97 °C, which is the 
lowest when compared to TBBS (105 °C), TMTD (142–148 °C), and MBT (173 °C), 
respectively. Lower melting point accelerators have a higher possibility to soluble 
with the matrix and complete the interaction earlier, resulting in enhanced the com-
patibility and durability of the blends. Moreover, rubber-bound intermediates were 
produced before forming polysulfides crosslinks. These polysulfides crosslinks also 
provided monosulfide and disulfide crosslinks. Therefore, the blends accelerated 
with CBS systems may have dominant polysulfides, disulfides, and monosulfide 
networks, respectively. Longer crosslinking chains make individual chain move 
easier and entangled (Ismail et al. 2003). The polysulfides crosslinks may give such 
elasticity and hence enhance the tensile strength.

The tensile modulus at 100% (M100) and 300% (M300) strains and hardness 
results are illustrated in Fig. 4. The lowest values of M100 and M300 were observed 
for MBT-accelerated system followed by CBS-, TBBS-, and TMTD-accelerated 
blends. Using MBT may cause to give inadequate stiffness and hardness compared 
to other accelerators. The hardness values of the blends agreed well with the tensile 
moduli. The highest stiffness in TMTD-accelerated blend is corresponding to the 
nature of TMTD.  The combination use of sulfur and TMTD can enhance the 
crosslinking density, which is then reflected in the stiffness of the blend eventually. 
In addition, the stiffness observed in this study corresponded well with the elongation 
at break of the blends. High tensile moduli reduced the flexibility of rubber chains.

Fig. 4 Effects of accelerators on the M100, M300, and hardness of NR/R-EPDM blends
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3.3  Thermo-Oxidative Ageing

Thermal aging was studied by placing rubber samples in an oven at 100 °C for 48 h, 
according to ASTM D573. The hardness and tensile properties of aged samples 
were tested where the thermal resistance was evaluated from the retention. Retention 
was calculated according to Eq. (1):

 
Retention

Value after ageing

Value before ageing
%� � � �100

 
(1)

Figures 5 and 6 showed the elongation at break and tensile strength of un-aged 
and aged blends accelerated by various accelerators. In addition, the hardness and 
tensile modulus at 100% strain of the same samples are listed in Table  3. The 
reduction of elongation at break and tensile strength was found for aged samples 
due to the degradation of rubber. Similar trend of these findings was found regardless 
of accelerators used. All aged samples were reduced after thermal aging. It can be 
seen that the retention of elongation at break and tensile strength exhibited similar 
findings. TMTD-accelerated blends expressed superior retention than CBS-, MBT-, 
and TBBS-accelerated blends. This is responsible to a high requirement of activation 
energy to break the bonds under the thermal aging. The higher energy needed for 
breaking the TMTD-accelerated blend is caused by its crosslink density observed. 
Higher crosslink density reflects higher thermal resistance of the blends. As 

Fig. 5 Effects of accelerators on the tensile strength of un-aged and aged NR/R-EPDM
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Fig. 6 Effects of accelerators on the elongation at break of un-aged and aged NR/R-EPDM after 
thermal aging

Table 3 Effects of accelerators on the M100 and hardness result of un-aged and aged NR/R- 
EPDM blends

Sample code
M100 (MPa) Hardness (Shore A)
Un-aged Aged Retention (%) Un-aged Aged Retention (%)

TBBS 2.11 N/A N/A 66 ± 0.4 68 ± 0.4 103.03
CBS 2.12 5.83 276.27 65 ± 0.5 68 ± 0.7 104.62
TMTD 2.83 7.63 269.01 71 ± 0.7 73 ± 0.5 102.82
MBT 1.49 2.92 195.73 61 ± 0.5 66 ± 0.5 108.20

presented earlier, the TMTD is classified as a sulfur donor accelerator, combined 
with the elemental sulfur; it can enhance the degree of crosslinking. Thus, the rubber 
blend showed essentially less reversion, resulting in improved aging characteristics 
to the blend eventually. Higher retention was observed for modulus and hardness. 
Scission of rubber chains has made high rate of radical termination. This has 
increased the crosslink density and stiffness of the material (Rabello and White 1997).

3.4  Swelling Behavior

Swelling tests were measured by immersing test piece in toluene and left to swell 
for 72 h. The samples were weighed after swelling. Calculation of the changes in 
mass was as follows:
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where W1 and W2 represent the weight of specimen (g) before and after swelling. 
The results from swelling were later applied for calculating the crosslink density 
(Flory and Rehner Jr 1943):
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where ρ is the density of the rubber (ρ of NR = 0.92 g/cm3, ρ of EPDM = 0.83 g/cm3, 
and ρ of R-EPDM = 1.06 g/cm3), Vs is the molar volume of the toluene (Vs = 106.4 cm3/
mol), Vr is the volume fraction of the polymer in the swollen specimen, Qm is the 
weight increase of the blends in toluene, and χ is the interaction parameter of the 
rubber network-solvent (χ of NR = 0.393 and χ of EPDM and R-EPDM = 0.49). The 
degree of crosslink density is given by:

 
V

Mc
c

=
1

2  
(6)

Figure 7 shows the swelling and crosslink density of NR/w-EPDM blends pre-
pared by various accelerators. The lower swelling to the blends indicates a higher 
crosslinking density. TMTD-accelerated blend showed superior crosslink density 
than CBS, TBBS, and MBT consecutively. This result is attributed to the number of 
network chains and the restriction of the chain segment responsible for the 
penetration of toluene (Zhao et  al. 2007). The highest restriction of the rubber 
molecule would lead to a decrease in swelling and an increase in crosslink density. 
The results obtained from the swelling study agree with the torque difference 
observed previously, suggesting that TMTD-accelerated blend consists of the 
highest degree of crosslinking.

3.5  Scanning Electron Microscopy (SEM)

SEM images of specimen after blending with NR are shown in Figure  8a–d. 
Figure  8b shows the image of CBS-accelerated blends where it showed rough 
surface with many tearing lines, indicating higher force is needed for breaking the 
sample. This was in good relation to tensile strength value. It is not like other SEM 
images from other accelerators (see Figure 8b, d), where smoother surfaces were 
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Fig. 7 Effects of accelerators on the swelling resistance and crosslink density of NR/R- 
EPDM blends

seen throughout the matrix. Particularly, Figure 8d exhibited a very smooth surface, 
and few voids formation, which agrees with the lower tensile strength received from 
MBT-accelerated blend. Similar explanation was also mentioned by Noriman et al. 
(2010), who reported that the higher surface roughness corresponded toward the 
higher tensile strength observed.

3.6  Thermogravimetric Analysis

Thermogravimetric analysis was also analyzed to monitor the thermal stability of 
the blends. The thermal decomposition behavior and derivative weight thermograms 
of the blends are shown in Figs. 9 and 10. The TG outputs are also summarized in 
Table 4. The initial minor weight loss of low volatile materials started at around 
180–200  °C and absorbed water at around 300  °C (Tomer et  al. 2007). The 
degradation of the NR phase started at around 330 °C, while w-EPDM degraded in 
the region of 450–520 °C. The degradation of the blends is sensitive to the presence 
of the oxidized structure of sulfidic crosslink in NR and w-EPDM, and other 
components left after initial degradation (Saha Deuri et al. 1988).

The accelerators affected the decomposition temperature at various weight loss 
of the blends. The temperatures were also different since the early stage of 
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Fig. 8 SEM micrographs of NR/R-EPDM blends: TBBS (a), CBS (b), TMTD (c), and MBT (d) 
at 100× magnification

decomposition. Superior thermal stability was found for TMTD- and MBT- 
accelerated blends than those for TBBS- and CBS-accelerated blends. The decom-
position temperature of TMTD- and MBT-accelerated blends demonstrated further 
significance at the decomposition temperature over 50% of weight loss. This finding 
may be because of high crosslink density of TMTD-accelerated blends. Thus, 
higher force is required to break the bonds.

Surprisingly, MBT-accelerated blend showed slightly higher thermal stability 
than that of CBS-accelerated blend at a temperature higher than aging conditions. It 
was described by Bristow et al. (1963) that MBT-accelerated rubber required more 
thermal energy, which is greater than 140  °C, to conquer an apparent activation 
energy of decomposition. This explanation is related to the report by Dick and 
Annicelli (2001). In addition, it was highlighted that the MBT-type accelerator 
shows the marching cure in the general rheometer’s curve. This indicates a different 
crosslinking reaction when a particular time is applied after the curing process, 
suggesting that the MBT-accelerated blend produced more pronounced thermal 
stability than other accelerators used in the blends.

Table 4 also lists the maximum peaks of thermal decomposition and residue after 
analyzing. At the first maximum peak (Tmax I), it represents the thermal decomposition 
of NR, while w-EPDM showed the decomposition temperature at the second 
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Fig. 9 TG curves of NR/R-EPDM blends at various accelerator types

Fig. 10 DTG curves of NR/R-EPDM blends at various accelerator types

maximum peak (Tmax II). Accelerator types had no effect on Tmax I. However, an effect 
was found at Tmax II for TMTD-accelerated blends. This is because of its higher 
crosslink density mentioned earlier. Higher crosslink density required higher energy 
to conquer an apparent activation energy. Furthermore, accelerator types also did 
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Table 4 Effects of accelerators on the decomposition temperatures at various weight losses of 
NR/R-EPDM blends

Sample codes
Degradation temperature (°C)

Char residue (%)T-10% T-30% T-50% T-60% Tmax I (°C) Tmax II (°C)

TBBS 368.79 403.96 449.88 490.14 398 493 33.31
CBS 367.18 403.58 446.97 489.75 399 497 32.55
TMTD 372.05 408.42 457.93 496.77 400 501 33.58
MBT 372.49 406.67 452.27 494.14 400 499 32.33

Fig. 11 Coat-Redfern’s plots of NR/R-EPDM blends at various accelerator types

not alter the char residue of the blends as there was not much change in amount of 
filler (Chakraborty et al. 2011).

3.7  Activation Energy of Degradation Process

Coats-Redfern’s method was applied to observe the activation energies of degrada-
tion (Coats and Redfern 1964). Coats-Redfern plots for TBBS-, CBS-, TMTD-, and 
MBT-accelerated NR/w-EPDM blends are presented in Fig. 11, while the obtained 
activation energies are listed in Table 5. As mentioned earlier, there were two stages 
of degradation: the degradation of the NR (Stage 1) and w-EPDM (Stage 2). Stage 
1 (330–450 °C) involved the activation energy of 68.8, 69.2, 70.9, and 69.2 kJ/mol 
in TBBS-, CBS-, TMTD-, and MBT-accelerated blends, respectively. Stage 2 
(450–520 °C) involved the activation energy of 20.2, 21.4, 23.3, and 21.86 kJ/mol 
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Table 5 Activation energy calculated from Coats-Redfern’s equation of NR/R-EPDM blends at 
various accelerator types

Sample codes
Stage I Stage II
E (kJ/mol) Correlation coefficient E (kJ/mol) Correlation coefficient

TBBS 68.83 0.9110 20.20 0.9885
CBS 69.24 0.9172 20.23 0.9873
TMTD 70.94 0.9233 23.34 0.9920
MBT 69.15 0.9139 21.86 0.9867

in TBBS-, CBS-, TMTD-, and MBT-accelerated blends, respectively. Higher values 
indicate that higher energy is required to decompose the molecular network (Kader 
and Bhowmick 2003). Here, the activation energy observed is responsible for the 
crosslink density obtained by swelling results. They suggested that TMTD-
accelerated blends exhibited the most increased thermal stability among all cases. 
However, TMTD-accelerated blends gave lower elongation at break and tensile 
strength compared to CBS- and TBBS-accelerated blends. Apart from that, it is 
interesting to highlight that CBS-accelerated blends showed good tensile strength 
together with better thermal stability. This is associated with its low melting point, 
which leads to higher equilibrium solubility and provides the blend with better 
properties.

3.8  Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) properties were measured using a dynamic 
mechanical analyzer (Perkin Elmer DMA7). Storage modulus (E′), loss modulus 
(E″), and damping factor (tan δ) were determined in the temperature range from 
−100 °C to 60 °C at a heating rate of 2 °C/min. E′ over the change in temperature is 
illustrated in Fig. 12, while the raw output is also summarized in Table 6.

The results showed that TMTD-accelerated blend possess higher E′ followed by 
TBBS, CBS and MBT, respectively. E′ is directly proportionate to the stiffness and 
thus crosslinking density (Sae-oui et al. 2007; Nair et al. 2009); therefore, it can be 
observed that the greater crosslinking is given by TMTD- and TBBS-accelerated 
blends. Variation of E″ over the change in temperature is shown in Fig. 13. E″ peak 
correlates to maximum heat dissipation per unit deformation (Nair et  al. 2009), 
which indicates that MBT- and CBS-accelerated blends consist of higher heat 
dissipation toward the deformation of the molecule. A similar trend was observed 
for the tan δ, as shown in Fig. 14. The tan δ indicates the damping property. The 
results again confirm that TMTD- and TBBS-accelerated blends possess a high 
crosslinking density compared to CBS- and MBT-accelerated blends.

A change from the glassy state into the rubbery state is called the glass transition. 
As noted from the glass transition temperature (Tg) result, MBT caused to broaden 
the peak, which is attributed to the partially compatible blends and cure mismatch 
in the blend (Komalan et  al. 2007). Moreover, it can be observed that Tg of 
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Fig. 12 Storage modulus as a function of temperature of NR/R-EPDM blends at various accelera-
tor types

Table 6 The effect of various accelerators on the dynamic mechanical properties of NR/R- 
EPDM blends

Sample codes

Parameters at 25 °C Tg (°C)

Storage modulus (MPa) tan δmax tan δmax

TBBS 21.81 0.0888 −49.62
CBS 21.65 0.0882 −50.67
TMTD 22.55 0.0763 −49.90
MBT 18.40 0.1152 −48.89

CBS- accelerated blend possesses lower Tg than those of TMTD-, TBBS-, and MBT- 
accelerated blends. Less molecular movement makes the transition occur at the ear-
lier stage. As CBS-accelerated blend contains higher polysulfides, disulfides, and 
monosulfide networks. Longer crosslinks make the chain move easier upon mechan-
ical stress. The results from E′ and tan δ agreed well with the crosslink density 
measured by swelling uptake.

4  Conclusions

The effects of accelerators and vulcanizing systems were studied. The results indi-
cated that the CBS-accelerated sulfur vulcanization through the semi-EV system is 
highly recommended in such a blend. This is because it provides the lowest melting 
point, which further enhances the blending compatibility. TBBS- and 
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Fig. 13 Loss modulus as a function of temperature of NR/R-EPDM blends at various accelera-
tor types

Fig. 14 Damping factor (tan δ) as a function of temperature of NR/R-EPDM blends at various 
accelerator types
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TMTD-accelerated blends showed higher crosslink density than CBS-accelerated 
blend. However, CBS-accelerated blend showed highest strength, better thermal 
stability and elongation at break, satisfactory modulus, hardness, and dynamic 
mechanical properties.
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Compatibilization of Natural Rubber/
Recycled Ethylene Propylene Diene 
Rubber Blends

Nabil Hayeemasae and Hanafi Ismail

1  Introduction

Ethylene propylene diene rubber (EPDM) is considered a fast-growing rubber com-
pared to other synthetic rubbers (Fukumori et al. 2002; Nabil et al. 2013b). EPDM 
is mostly used as main matrix for non-tire applications (Ismail and Mathialagan 
2012). Although EPDM processes high thermal resistance, it has been discarded 
after certain period of consumption. Because of its higher thermal resistance, it 
makes harder to devulcanize it. Therefore, the best solution is to use directly from 
its form (Phadke et al. 1983; Nabil et al. 2012; Korkut et al. 2013). To conquer this 
drawback, crumb EPDM waste has been currently used in attention to manufacture 
a value-added drubber material based on the blend of NR and w-EPDM. This blend 
has been studied previously (Hayeemasae et  al. 2013; Nabil et  al. 2013a). But 
acceptable cure properties and tensile properties are not easy to receive because 
their cure mismatches between NR and w-EPDM. The dissimilarity in level of diene 
makes them incompatible. To improve it, proper formulation and processing tech-
nique need to be carried out to control the compatibility.

NRL is a unique waterborne polymer gained from para rubber tree (Rathnayake 
et al. 2012; Rahman et al. 2013). NRL can be further processed into a variety of raw 
materials and products. NRL is also known to have stickiness and low surface 
tension which may provide some enhancements to the compatibility of NR and 
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w-EPDM. Previously, NRL was used to modify the properties of vulcanizates by 
Awang et al. (2008). Better performance was observed in their materials.

Nowadays, the curing of rubber by introducing radiation has been applied espe-
cially in the continuous process. The cross-linking bond of radiated rubber is mainly 
C-C bond which is like peroxide cross-link. This method can match the curing of 
different types of rubber and provide high purities to the final product (Rahman 
et al. 2013; Belkahla et al. 2013). There are many sources of radiation that have 
been used to cure the rubber. Among them, EB irradiation has been developed; it is 
claimed to be fast together with well-controlled conditions (Noriman et al. 2010; 
Shanmugharaj and Bhowmick 2003; Banik and Bhowmick 2000). However, there 
were two competitive factors that may interfere the cross-linking by this method 
namely cross-linking and chain scissioning (Munusamy et al. 2009; Zurina et al. 
2008; Ismail et  al. 2008). It always solves by introducing some polyfunctional 
monomers, such as trimethylolpropane triacrylate (TMPTA) which assists to 
decrease the scissioning effect (Vijayabaskar et  al. 2008). Improving the tensile 
properties and dynamic mechanical properties is challenge for NR/w-EPDM blends. 
This chapter describes the effects NRL and EB irradiation on the properties of NR/
wEPDM blends.

2  Materials and Preparation of the Blends

2.1  Materials

Mardec Sdn. Bhd. manufactured the SMR 5L grade NR. NRL with low ammonia 
and w-EPDM were supplied by Zarm Scientific (M) Sdn. Bhd. Penang, Malaysia. 
w-EPDM was ground to gain the size around 10–200 μm. The specific gravity of 
w-EPDM was 1.06 g/cm3. The carbon black (CB) content in w-EPDM was 29.33%. 
Other characteristics can be found in previous work (Hayeemasae et al. 2013). The 
N330-grade CB was manufactured by Malayan Carbon (M) Ltd., Malaysia. Zinc 
oxide, stearic acid, N-cyclohexyl-benzothiazyl-sulfenamide (CBS), and sulfur were 
purchased from Bayer (M) Ltd. Trimethylolpropane triacrylate was purchased from 
UCB Asia Pacific Ltd., Malaysia.

2.2  Preparation of the Blends in the Presence of Natural 
Rubber Latex

There were two ways of compounding preparation. For control, all the rubbers and 
additives (see Table  1) were mixed on a laboratory-sized two-roll mill (model 
XK-160) while different method was proposed for the blends in the presence of 
NRL. As can be seen from Fig. 1 and Table 2, all the ingredients except for NR, 
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Table 1 The blending formulation used for blends in the presence of NRL

Conventional mixing Mixing using NRL
Materials (phr) Control Materials (phr) L1 L2 L3 L4

SMR L 70.0 SMR L 60.0 50.0 40.0 30.0
R-EPDM 30.0 NRL 10.0 50.0 30.0 40.0
ZnO 5.0 R-EPDM 30.0 30.0 30.0 30.0
Stearic acid 2.0 Stearic acid 2.0 2.0 2.0 2.0
CBS 1.2 N330 30.0 30.0 30.0 30.0
Sulfur 1.8 50% ZnO 5.0 5.0 5.0 5.0
N330 30.0 50% CBS 1.2 1.2 1.2 1.2

50% Sulfur 1.8 1.8 1.8 1.8

SMR L standard Malaysian rubber L, NRL natural rubber latex, R-EPDM recycled ethylene 
propylene diene rubber, ZnO zinc oxide, CBS N-cyclohexyl-benzothiazyl-sulfenamide

Fig. 1 Schematic illustration representing the preparation of the blends by natural rubber 
latex (NRL)

stearic acid, and CB (C2 Compound), were processed in NRL.  First, NRL was 
stirred using the mechanical stirrer at 10 rpm for about 10 min. Next, w-EPDM and 
50% zinc oxide (ZnO) were added and stirred. After 5 min of maturation, 50% CBS 
and 50% sulfur were added to the mixture. Next, the mixing was prevulcanized in 
oven at 80  °C for 5  h. Finally, the dried sheet of NRL/w-EPDM blends (C1 
Compound) was blended with NR, stearic acid, and CB (C2 Compound) on the 
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Table 2 Preparation of the unmodified (control) and NRL-modified NR/R-EPDM blends

Additives used with respect to
Control Mixing using NRL
Two-Roll Mill at ambient 
temperature

NRL at ambient 
temperature (C1)

Two-Roll Mill at ambient 
temperature (C2)

NR 60% NRL NR
R-EPDM R-EPDM Stearic acid
ZnO 50% ZnO N330
Stearic acid 50% CBS
CBS 50% Sulfur
Sulfur
N330

Table 3 The blending formulation used for blends in the presence of electron-beam irradiation

Materials (phr) Control blend
Irradiated blends in the presence of 
TMPTA

SMR L 70.0 70.0
R-EPDM 30.0 30.0
ZnO 5.0 5.0
Stearic acid 2.0 2.0
CBS 1.2 1.2
Sulfur 1.8 1.8
N330 30.0 30.0
TMPTA – 3.0

two-roll mill. The respective compounds were later tested for its curing characteris-
tics by using a Monsanto Moving Die Rheometer (MDR 2000). The compounds 
were finally compressed using a stainless-steel mold at 150 °C with a pressure of 
10 MPa based on the curing times.

2.3  Preparation of the Blends in the Presence 
of Electron-Beam Irradiation

Our previous work (Hayeemasae et al. 2013) has concluded that the blending ratio 
at 70/30 (phr/phr) of NR and w-EPDM gave acceptable properties. This ratio was 
chosen on this work (see Table 3). In the control blend, all the rubbers and additives 
were mixed on a laboratory-sized two-roll mill (model XK-160) at ambient 
temperature. On the contrary, the irradiated blends were prepared by adding TMPTA 
as cross-linking promoter.

The respective compounds from all formulations were tested for their cure prop-
erties using a Monsanto Moving Die Rheometer (MDR 2000). Then, they were 
compressed using a hot press based on their curing times. EB irradiation was carried 
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at this step where the samples were irradiated using a 3 MeV EB accelerator (NHV 
EPS-3000) at doses of 0–200 kGy.

3  Effect of Natural Rubber Latex

3.1  Curing Characteristics

A Monsanto Moving Die Rheometer (MDR 2000) was used to determine the curing 
properties of the blends according to ASTM D2084. Table  4 lists the outputs 
received from MDR 2000. Adding NRL provided higher S’ML and it is increased 
over the addition of NRL. This shows that NRL made the processability slightly 
harder. As C1 compound was precured before blending with C2 compound, the C1 
compound contained partial cross-links as well (see Fig. 2). Higher content of NRL 
can make sulfur interacts swell with the NRL to perform the cross-linking.

In general, stiffness can be observed for cross-linked rubber. More cross-linking 
results more stiffness. Thus, less processability was observed over the addition of 
NRL. Similar finding was observed for S’MH which indicates the overall stiffness of 
the compounds. S′(MH-ML) increased up to 30 phr (L3) and then decreased as 
S′(MH-ML) relates to the degree of cross-linking (Ismail et al. 1999). This suggested 
that there was a compatibility between NR and w-EPDM as this value increased 
significantly but it was not obtained for L4 compound. This is because the C1 
compound was mostly cross-linked at this stage and not in a processable form. It 
may lose its ability to be mixed with C2 compound and leading to a decrease in 
degree of cross-linking.

Figure 2 illustrates the way that pre-cross-linking was formed in C1 compound. 
At 10 phr (L1) of NRL, L1 started to form slight cross-linking because L1 already 
contained unsaturation level from the small portion of NRL.  This NRL was 
prevulcanized and left some remaining amount of sulfur or free sulfur. Somehow, as 
the NRL content increased, free sulfur may be reduced by the presence of higher 
level of unsaturation. This observation shows a direct effect to ts2, tc90, and CRI of 
the blends where faster curing process is taken place.

Table 4 Curing characteristics of unmodified (control) and NRL-modified NR/R-EPDM blends

Curing characteristics Control L1 L2 L3 L4

S’ML 0.76 0.84 1.13 1.4 3.69
S’MH 16.61 17.01 17.4 18.74 19.43
S’(MH-ML) 15.85 16.17 16.27 17.34 15.74
ts2 1.85 1.02 0.83 0.65 0.61
tc90 8.27 8.20 7.62 6.01 4.84
CRI 15.58 13.93 14.73 18.66 23.64
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Fig. 2 Characteristics of prevulcanized NRL/R-EPDM blends (C1 compound)

Fig. 3 Tensile strength and elongation at break of unmodified and NRL-modified NR/R-EPDM blends

3.2  Tensile Properties

Tensile properties were evaluated according to ASTM D412. Tensile strength and 
elongation at break of the blends are shown in Fig. 3. NRL has affected to enhance 
the tensile strength and elongation at break of the blends. The enhancements were 
2.05%, 12.37%, and 19.71% higher for L1, L2, and L3 while the improvements for 
elongation at break were 7.26%, 16.61%, and 22.57%. This assumes that the 
interaction between the w-EPDM and NR enhances in the presence of NRL. Further 
explanation on such interactions can be referred to Fig.  4. As C1 compound 
contained vulcanizing additives, C1 can start a normal sulfur-curing reaction. The 
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Fig. 4 Possible physical locking between NR and R-EPDM phases

vulcanizing reactions are as usual as other sulfur vulcanization. The reaction started 
when ZnO creates accelerator complex and later interacts with sulfur to give an 
active sulfurating agent. After that, the cross-linking reaction takes place (Coran 
1965, 2003). At this stage, free sulfur or active sulfurating agents are still free to 
have further interaction with NR (SMR L). This has made the cross-linking 
distributed well throughout the rubber chains. Moreover, w-EPDM used in this 
work was ground and mostly cross-linked. In this case, adding NRL seemed to 
improve the interfacial adhesion between NRL and w-EPDM. Thus, the migration 
of CB to NR is reduced while more homogenous CB distribution in the blends is 
observed. Similar finding was found for elongation at break. Increasing interfacial 
adhesion with NRL also enhanced the flexibility of the chain (Kumar et al. 2002).

The drastic reduction of elongation at break and tensile strength of L4 compound 
is simply due to the less ability of mixing between C1 and C2 compound. The 
heterogonous mixing of these two compounds is responsible for the lower stress 
transfer to the final blend. Therefore, it fastens the crack initiation and reduced the 
tensile strength and flexibility to the blend. Table  5 lists the M100, M300, and 
hardness of the blends. Modulus and hardness indicate the stiffness and also degree 
of cross-link. This has confirmed the affinity of NRL as compatibilizer in the blends. 
The occurrence of prevulcanized NRL is responsible for the increment of hardness 
and modulus.

Compatibilization of Natural Rubber/Recycled Ethylene Propylene Diene Rubber Blends



234

Table 5 M100, M300, and hardness property of unmodified (control) and NRL-modified NR/R- -
EPDM blends

Sample codes M100 (MPa) M300 (MPa) Hardness (Shore A)

Control 2.11 ± 0.07 8.31 ± 0.37 65 ± 0.6
L1 2.62 ± 0.06 8.67 ± 0.14 67 ± 0.8
L2 2.68 ± 0.10 8.95 ± 0.25 68 ± 0.9
L3 2.73 ± 0.12 8.96 ± 0.09 69 ± 0.5
L4 2.96 ± 0.15 9.78 ± 0.26 70 ± 0.8

Fig. 5 Swelling and cross-link density of control and NRL-modified NR/R-EPDM blends

3.3  Swelling Behavior

Swelling uptake was measured according to ASTM D471 based on the gravimetric 
analysis. The results from swelling uptake were further implemented for calculation 
of cross-link density by modifying the Flory–Rehner equation (Flory and Rehner Jr. 
1943). Figure  5 shows the swelling uptake and cross-link density of the blends. 
Swelling decreased over the addition of NRL then slightly decreased for L4. This is 
clear evidence from the previous explanation on the action of NRL as compatibilizer. 
More homogenous w-EPDM and CB distribution in the blends is responsible for 
such enhancement. The increment of swelling result and the reduction of cross-link 
density when using the NRL for 40 phr (L4) is attributed to the heterogeneous 
mixture of C1 and C2 compounds.
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3.4  Scanning Electron Microscopy (SEM)

SEM images were captured to screen the micro-defects of the rubber samples and 
correlated with previous properties. SEM images of the blends are shown in Fig. 6. 
The images correlated well with the result from tensile strength. There was rough 
and torn surface seen in the unmodified blends (Fig. 6a). However, rougher surface 
and many more tearing lines were clearer in L1, L2, and L3 blends (Fig.  6b–d) 
particularly for L3 blend, suggesting more resistance for crack growth and thus 
resulted in highest tensile strength. These findings agreed well with the 

Fig. 6 Tensile fractured surface images obtained from SEM of control (a) and NRL-modified 
NR/R-EPDM blends: L1 (b), L2 (c), L3 (d), and L4 (e) at 100× magnification
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above-mentioned findings related to the enhancement of the tensile strength 
provided by the NRL modification. Awang et  al. (2008) suggested that an 
enhancement in interfacial adhesion after using NRL to reduce interfacial tensile 
between w-EPDM and NR. Furthermore, the image was seen to be smoother when 
the addition of NRL beyond 30 phr (Fig. 6e). This has made less energy used for 
breaking the sample or decrease the possibility of rubber to deform while subjecting 
to stretching.

3.5  Thermogravimetric Analysis (TGA)

Thermal stability of the blends was analyzed by thermogravimetric analysis or 
TGA. TG and DTG curves of the blends are shown in Figs. 7 and 8. The outputs 
from TG profiles such as the decomposition temperatures at various weight loss and 
stages and char residue are tabulated in Table 6. First stage of degradation was at 
about 330 °C which was due to NR degradation while the second stage appeared in 
the region 450–520 °C which was contributed to the scission of w-EPDM and other 
components left after the first degradation step. The thermal stability of the blends 
scan be considered from their thermal decomposition temperature. It was found that 
the decomposition temperature at various weight loss, i.e., 10%, 30%, 50%, and 
60% or stages, i.e., Tmax I and Tmax II, increased up to 30 phr of NRL content. An 
improvement of thermal stability is attributed to the promoting the interfacial 
adhesion to phases of NR and w-EPDM in the presence of NRL.

Fig. 7 TG curves of control and NRL-modified NR/R-EPDM blends
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Fig. 8 DTG curves of control and NRL-modified NR/R-EPDM blends

Table 6 The decomposition temperature at various weight losses and stages and char residue 
(CR) of the control and NRL-modified NR/R-EPDM blends

Sample codes
The decomposition temperature (°C) Char res. (%)
T-10% T-30% T-50% T-60% Tmax I Tmax II

Control 367.18 403.58 446.97 489.75 399 487 33.6
L1 369.90 404.66 450.19 488.26 399 497 33.6
L3 369.04 407.68 452.35 492.37 401 499 33.4
L4 370.60 404.12 442.17 484.34 398 483 33.9

As a result, higher heat is required to break the bonds or the structure of compati-
bilized blends. Such temperatures were clearer at the decomposition temperatures 
above 30% of weight loss. This shows that NRL acted efficiently at higher tempera-
ture. Moreover, the char residue of all samples was not changed as there were no 
additional fillers added in the formulation. The amount of residue is very much 
dependent to the type and amount of filler (Chakraborty et al. 2011).

3.6  Activation Energy of the Degradation Process

Activation energy value was also calculated to correlate with TG profiles of the 
blends. It was analyzed by modifying the Coats–Redfern’s method (Coats and 
Redfern 1964). Coats–Redfern plots of the blends are based on the stages of 
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Fig. 9 Coat–Redfern’s plots of control and NRL-modified NR/R-EPDM blends

Table 7 Activation energy of 
control and NRL-modified 
NR/R-EPDM blends 
calculated from Coats–
Redfern’s equation

Sample codes
Activation energy (kJ/mol)
EI EII

Control 69.24 20.23
L1 70.86 21.75
L3 75.60 25.14
L4 71.56 21.57

degradation received from TG profiles. Figure  9 and Table  7 show the Coats–
Redfern plots and their respective outputs. As stated previously that the blends 
decomposed in two stages, which can be separated as the degradation of NR phase 
(EI) and w-EPDM (EII). It was obviously observed that adding NRL has influenced 
the activation energy of the blends; it kept higher up to the optimum value at 30 phr 
of NRL content. This confirmed that the thermal stability of the blends is received 
in the presence of NRL. This is because of the better interfacial adhesion between 
NR and w-EPDM. The reduction of activation energy for L4 is responsible to an 
uneven cross-linking distribution as stated in the curing part.

3.7  Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis was done under cyclic tensile strain where the data of 
storage modulus (E′), loss modulus (E″), and damping factor (tan δ) were recorded 
and explained. As been clearly observed that introducing NRL has improved the 
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Fig. 10 Storage modulus on temperature of control and NRL-modified NR/R-EPDM blends

performance of the blends, previous results already proposed the respective evi-
dence to support the findings. DMA was also a tool to assess the blending compat-
ibility. Figures 10, 11, and 12 illustrate the E′, E″, and tan δ over the temperatures of 
the blends. The raw data are also listed in Table 8. E′ values increased up to L3 
blends and then reduced continuously for L4. This correlated well with prior discus-
sion on the improvement of blending performance in the presence of NRL.

E″ peak indicates hysteresis loss or heat build-up of the blends under cyclic 
deformation. Higher E″ may not be good for the products that required less heat 
build-up. As can be seen from E″ values, adding NRL has made the rubber less heat 
build-up, and this is a good indication that NRL can improve the compatibility of 
NR and w-EPDM. A similar trend is observed for tan δmax, i.e., L3 provides a com-
paratively lower tan δmax, compared with control blend. As the tan δ reversely relates 
to the cross-linking degree, the results again verified that L3 shows the highest 
cross-linking degree due to the better interfacial adhesion achieved in the blends.

Addition of NRL has also shifted the Tg of the blends, as seen from the tempera-
ture at which tan δmax present. Higher restriction of molecular movement in the pres-
ence of NRL required higher temperature to loosen it. Thus, the changing rate of 
free volume over the temperature is increased resulting to the shifting of Tg.
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Fig. 11 Loss modulus on temperature of control and NRL-modified NR/R-EPDM blends

Fig. 12 Damping factor (tan δ) on temperature of control and NRL-modified NR/R-EPDM blends
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Table 8 Storage modulus (E′) at 25 °C, maximum loss modulus (E″max), damping factor (tan δmax), 
and glass transition temperature (Tg) of control and NRL-modified NR/R-EPDM blends

Sample codes E′ (MPa) E″max (MPa) tan δmax Tg (°C) @ tan δmax

Control 21.65 721.18 0.5073 −50.67
L1 27.74 657.66 0.4312 −49.68
L3 28.51 559.64 0.3929 −48.24
L4 17.94 452.92 0.4755 −51.12

Table 9 Curing 
characteristics of 
NR/R- EPDM blends in the 
absence and presence 
of TMPTA

Curing characteristics
Control 
blend

Irradiated 
blend + TMPTA

S’ML 0.76 0.70
S’MH 16.61 17.47
S’(MH-ML) 15.85 16.77
ts2 1.85 1.83
tc90 8.27 7.7
CRI 15.58 19.08

4  Effect of Electron-Beam Irradiation

4.1  Curing Characteristics

The data obtained from curing characteristics of the blends are listed in Table 9. 
TMPTA lowered the S’ML of the blends, indicating that a lower viscosity of the 
compound was observed. TMPTA is liquid additive; it can act as plasticizer for 
rubber compound, thus making the compound more processable. S’MH also 
increased in the presence of TMPTA. TMPTA is known as co-curing agent which 
can generate free radical when heated. Thus, it can provide some extra cross-linking 
and may increase the stiffness of the blends. This has a direct effect to the S′(MH- 
ML) which indicates the extent of cross-linking (Ishiaku et al. 2000). This finding 
exhibits that the compounds contained more cross-links when adding TMPTA. The 
ts2, tc90, and CRI show that the occurrence of TMPTA fastens the curing process. 
Previous work also reported the same findings on the role of TMPTA as co-curing 
agent (Noriman et al. 2010).

4.2  Fourier Transform Infrared Spectroscopy (FT-IR)

Figure 13 shows the FT-IR spectra of the blends with and without EB irradiation. 
The assignment at various peaks is also tabulated in Table 10. The O-H groups were 
observed at the peak around 3357.79  cm−1 while the peak at 2848.62 and 
2912.84 cm−1 referred to the CH2 and CH3 bands of NR and w-EPDM. C=C and 
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Fig. 13 FT-IR spectrum of NR/R-EPDM blends before and after EB irradiation

Table 10 Fourier transforms 
infrared positions and 
assignments of NR/R-EPDM 
blends before and after EB 
irradiation

Assignments Wave number (cm−1)

C–O stretching 1000–3000
Symmetric C–H stretching 
vibration of CH3

1396.21

CH2 scissoring vibration 1455.67
ENB and C=C vibration 1613.48
C=O stretching vibration 1727.83
C–H symmetric stretching bands 2848.62
C–H symmetric stretching bands 2912.84
O–H stretching 3357.79

C=O groups were observed from two small adjoining peaks at 1613.48 and 
1727.83 cm−1 where their intensity increases over the dose of EB irradiation (Zhao 
et al. 2007). A slight broad peak in the region of 1000–1300 cm−1 indicates C-O 
from the carboxylic acid of TMPTA.  The results appeared from FT-IR clearly 
showed that EB irradiation can induce more cross-links within the NR and w-EPDM.

4.3  Mechanical Properties

Tensile strength and elongation at break of the blends are shown in Fig. 14. It was 
found that the tensile strength increased up to 50 kGy of EB irradiation dose and 
then decreased slightly when applying higher dose. The formation of irradiation- 
induced cross-link may be the main reason contributing to a higher strength. EB 
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Fig. 14 Tensile strength and elongation at break of NR/R-EPDM blends before and after EB 
irradiation

Table 11 M100, M300, and hardness property of NR/R-EPDM blends before and after EB 
irradiation

Sample code M100 (MPa) M100 (MPa) Hardness (Shore A)

Control 2.11 ± 0.04 8.31 ± 0.09 65 ± 0.4
TBBS 2.32 ± 0.10 9.67 ± 0.34 68 ± 0.4
CBS 2.76 ± 0.07 11.67 ± 0.25 69 ± 0.5
TMTD 2.94 ± 0.10 12.35 ± 0.31 70 ± 0.5
MBT 3.21 ± 0.06 13.67 ± 0.09 72 ± 0.5

irradiation together with the TMPTA function well to induce the cross-linking in the 
blends. However, higher formation of cross-links may interfere the stress transfer; it 
restrained the chains from structural rearrangement while stretching and thus reduc-
ing strength. A good explanation was reported by Rooj et al. (2013); they reveals 
that when the cross-link density of rubber is high, some energy is partially stored 
while stretching, more internal heat is present. This can create a failure and reduce 
the energy to break the sample. Elongation at break also reduced over the EB irra-
diation. This was simply because of the cross-linking discussed previously. The 
irradiation induced more cross-linking and caused a restriction molecular chain to 
move and later reduced the flexibility of the rubber chains. This observation 
correlated well to the finding observed in the literatures (Ratnam et al. 2001; Senna 
et al. 2008; Noriman et al. 2010). The formation of irradiation-induced cross-linking 
is also reflected for the increase in modulus and hardness of the blends (see Table 11). 
This is because the modulus and hardness relate to the stiffness and rigidity of rub-
ber (Banik and Bhowmick 2000).
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4.4  Swelling Uptake and Cross-Link Density

Table 12 tabulates the swelling uptake and cross-link density of the blends. The 
swelling resistance and cross-link density of the blends increased over the irradiation 
doses. This is clear applying EB irradiation has induced cross-linking, providing the 
specimen with less penetration of solvent (Chattopadhyay et al. 2001). Pasbakhsh 
et  al. (2012) previously reported that the swelling uptake gave an evidence of 
irradiation induced cross-linking.

4.5  Scanning Electron Microscopy (SEM)

Figure 15 illustrates the SEM images of the blends a 100× magnification. The SEM 
images of the samples agreed well with the results from tensile strength. Typical 
surface with an appearance of roughness and tearing lines was seen for unmodified 
blend (see Fig.  15a), indicating a certain energy was required for breaking the 
sample. Moreover, the surfaces of the specimen changed after applying EB 
irradiation, more roughness and tearing lines were visible (see Fig.  15b). The 
specimen altered cracking area, which brought to more resistance to failure and thus 
leading to an improvement in tensile strength.

The sample tended to be less tearing line and became smoother after 50 kGy of 
irradiation dose (see Fig. 15c–e). This exhibited that lower force was needed to start 
and propagate the cracks while stretching. Similar reports were discussed elsewhere 
(Banik and Bhowmick 2000; Zurina et al. 2008; Munusamy et al. 2009) regarding 
to the changes in SEM images of rubber sample after being exposed to EB irradiation.

4.6  Thermogravimetric Analysis (TGA)

Figures 16 and 17 shows the TG and DTG curves of the blends before and after EB 
irradiation. The raw output obtained from TG profiles is listed in Table 13. Two 
different regions of degradation were observed, one being due to the scission of NR 
(330–450 °C) and another is due to the degradation of w-EPDM (450–520 °C) (He 

Table 12 Swelling and 
cross-link density of 
NR/R-EPDM blends before 
and after EB irradiation

Sample code Swelling (%)
χ-link density 
(×10−5 mol/cm3)

Control 177.40 ± 0.77 41.36 ± 0.42
TBBS 157.38 ± 0.65 48.77 ± 0.29
CBS 143.83 ± 0.45 57.85 ± 0.18
TMTD 136.80 ± 0.79 63.45 ± 0.59
MBT 133.91 ± 0.83 65.93 ± 0.42
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Fig. 15 SEM micrographs of tensile fractured surfaces of control (a) and irradiated NR/R-EPDM 
blends at 50 kGy (b), 100 kGy (c), 150 kGy (d), and 200 kGy (e) (100× magnification)

et al. 2011). It is noted that EB irradiation has influenced the thermal stability of the 
blends regardless of their decomposition at various weight loss or maximum weight 
loss. An improvement in thermal stability is simply because of their cross-linking 
induction after EB irradiation. This is because a higher temperature is required to 
decompose the cross-links. Moreover, there was also no change in the char residue 
of the blends as there was no additional filler added to the rubber formulation.
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Fig. 16 TG curves of NR/R-EPDM blends before and after EB irradiation

Fig. 17 DTG curves of NR/R-EPDM blends before and after EB irradiation

4.7  Activation Energy of Degradation Process

Coats–Redfern’s plots for the blends with and without EB irradiation are illustrated 
in Fig. 18. The values of activation energy are also summarized in Table 14. As been 
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Table 13 The decomposition temperature at various weight losses and stages, activation energy 
calculated from Coats-Redfern’s equation and char residue (CR) of NR/R-EPDM blends before 
and after EB irradiation

Sample codes
The decomposition temperature (°C) Char res. (%)
T-10% T-30% T-50% T-60% Tmax I Tmax II

Control 367.18 403.58 446.97 489.75 399 487 33.6
50 kGy 373.43 409.31 456.92 492.50 401 496 33.8
100 kGy 374.76 410.19 457.97 493.93 402 498 33.7
150 kGy 375.85 410.32 458.86 495.05 402 498 33.2
200 kGy 377.05 411.73 460.17 496.73 403 499 33.7

Fig. 18 Coat–Redfern’s plot of NR/R-EPDM blends before and after EB irradiation

stated before that the blend between NR and w-EPDM provided the TG profiles 
with two stages of decomposition, i.e., NR phase (Stage I) and w-EPDM phase 
(Stage II). When calculating the activation energy, it is very clear that the values 
increased over the dose of EB irradiation. Previous discussion has reported that 
thermal stability was improved after EB irradiation. The data reported as activation 
energy are also the indication confirming their thermal stability irradiated blends. 
TMPTA is also the key role to enhance the thermal stability of rubber. It was also 
reported by Kader and Bhowmick (2003) that the special functional groups of 
TMPTA can help top generate more cross-links in the blends. Thereby, it enabled to 
reduce the bond breakage at the degradation temperature (He et al. 2011).
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Fig. 19 Storage modulus as a function of temperature of NR/R-EPDM blends before and after EB 
irradiation

Table 14 Activation energy 
of NR/R-EPDM blends 
before and after EB 
irradiation calculated from 
Coats–Redfern’s equation

Sample codes
Activation energy (kJ/mol)
EI EII

Control 69.24 20.23
50 kGy 70.91 25.56
100 kGy 71.89 25.91
150 kGy 72.04 26.15
200 kGy 72.06 26.31

4.8  Dynamic Mechanical Analysis (DMA)

Figure 19 illustrates the E′ over the temperature of the blends. The raw data are also 
tabulated in Table 16.15. The values of E′ at 25 °C increased over the dose of EB 
irradiation. Higher cross-linking degree after EB irradiation contributed to E′ of the 
blends. The values of E′ agreed well with the modulus and hardness of the blends. 
The mechanism behind such finding was reported by Akiba and Hashim (1997), the 
EB irradiation generates free radicals and initiates radical reactions, and this is very 
similar to peroxide curing system. The vulcanization of rubber by peroxide requires 
certain temperature to decompose the peroxide but it is not in the case of EB irra-
diation as it was performed at room temperature. An idealized mechanism regard-
ing the formation of cross-link after EB irradiation was modified from Henning 
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Table 15 Storage modulus (E′) at 25 °C, maximum loss modulus (E″max) and damping factor (tan 
δmax), and the glass transition temperature (Tg) of NR/R-EPDM blends before and after EB 
irradiation

Sample codes E′ (MPa) E″max (MPa) tan δmax Tg (°C) @ tan δmax

Control 21.65 721.18 0.5073 −50.67
50 kGy 21.77 663.10 0.5067 −50.38
100 kGy 22.32 585.91 0.4716 −49.98
200 kGy 23.68 585.31 0.4613 −49.63

Fig. 20 Idealized network from EB irradiation curing in the presence of cross-linking promoter 
(TMPTA). Cross-links can be derived from (A) rubber radicals, (B) -Sx- linkages, (C) mixed -Sx- 
and -C-C- linkages, (D) cross-linking promoter forming cross-links, and (E) thermoset domains of 
cross-linking promoter grafted to polymer chains. (Adapted from Henning 2007)

(2007) (see Fig. 20). Cross-links can be from rubber radicals (A), -Sx- bonds (B), 
combined -Sx- and -C-C- bonds (C), cross-linking promoter forming cross-links (D), 
and thermoset domains of cross-linking promoter grafted to polymer chains (E). A 
cross-linking promoter or TMPTA provides effective radicals, whether to generate 
additional cross-links (Keller 1988) or to terminate non-network forming side reac-
tions during irradiation process (Búcsi and Szőcs 2000; García-Quesada and 
Gilbert 2000).
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In the presence of EB irradiation, TMPTA enabled to form a high modulus filler- 
like domain together with the formation of co-cross-links of sulfidic (-Sx-) and and 
carbon to carbon (-C-C-). This may result in an increase in the level of cross-link-
ing. This finding contributed well to an increase in peak intensity from FT-IR at 
wavenumber of 1727.83 cm−1 (C=O stretching vibrations). It is responsible to be 
due an interpenetrating network of filler-like cores or homopolymerized cross-link.

Figure 21 shows the E″ over the temperature range variation of the blends. It was 
observed that the E″ decreased over the dose of EB irradiation. Lower E″ indicates 
lower energy was stored and changed to heat. Thus, EB irradiation has helped to 
provide rubber with less heat build-up. This is simple due to the irradiation induced 
cross-linking as always stated at every point of the discussion. E″ of the blends 
showed quite a similar observation to the tan δ, as shown in Fig. 22. The results 
again verified that EB irradiation gave the rubber with low damping.

The Tg of the blends obtained from tan δmax is also tabulated in Table 16.15. It is 
clear that the Tg of irradiated samples increased gradually. The Tg is direct indicators 
of cross-linking or network structures (Banik and Bhowmick 2000). Cross-linking 
obstructs the molecular deformation under cyclic tension; this kind of phenomenon 
requires higher heat to loosen the rubber chains. This has brought to an increase in 
the Tg of the blends.

Fig. 21 Loss modulus as a function of temperature of NR/R-EPDM blends before and after EB 
irradiation
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Fig. 22 Damping factor (tan δ) as a function of temperature of NR/R-EPDM blends before and 
after EB irradiation

5  Conclusions

5.1  Effect of Natural Rubber Latex

The use of NRL as a compatibilizer in the blends between NR and w-EPDM has 
improved the interfacial adhesion between these two phases. It had direct effect to 
the physical and mechanical properties as well as thermal stability and dynamic 
properties of the blends. The content of NRL at 30 phr gave an obvious effect to the 
properties of the blends. This content is therefore highly suggested to improve the 
compatibility of NR and w-EPDM.

5.2  Effect of Electron-Beam Irradiation

TMPTA plays very important role for the rubber exposed to EB irradiation. It helped 
to provide higher cross-linking to the rubber which later helped to improve the 
overall performance of the blends. These may include physical and mechanical 
properties as well as thermal stability and dynamic properties. The dose of EB 
irradiation of 50  kGy is recommended for this blending system to balance the 
overall properties of the blends.

Compatibilization of Natural Rubber/Recycled Ethylene Propylene Diene Rubber Blends



252

References

Akiba M, Hashim A (1997) Vulcanization and crosslinking in elastomers. Prog Polym Sci 
22:475–521. https://doi.org/10.1016/S0079- 6700(96)00015- 9

Awang M, Ismail H, Hazizan M (2008) Processing and properties of polypropylene-latex modi-
fied waste tyre dust blends (PP/WTDML). Polym Test 27:93–99. https://doi.org/10.1016/j.
polymertesting.2007.09.008

Banik I, Bhowmick AK (2000) Effect of electron beam irradiation on the properties of crosslinked 
rubbers. Radiat Phys Chem 58:293–298. https://doi.org/10.1016/S0969- 806X(99)00371- 0

Belkahla N, Saidi-Amroun N, Saidi M et al (2013) Influence of gamma radiation on electrical con-
duction of polyethylene terephthalate (PET) at ambient temperature. Int J Polym Anal Charact 
18:15–24. https://doi.org/10.1080/1023666X.2012.723854

Búcsi A, Szőcs F (2000) Kinetics of radical generation in PVC with dibenzoyl peroxide utilizing 
high-pressure technique. Macromol Chem Phys 201:435–438. https://doi.org/10.1002/(SICI
)1521- 3935(20000201)201:4<435::AID- MACP435>3.0.CO;2- C

Chakraborty S, Roy P, Pathak A et al (2011) Composition analysis of carbon black-filled polychlo-
roprene rubber compound by thermo-oxidative degradation of the compound. J Elastomers 
Plast 43:499–508. https://doi.org/10.1177/0095244311413442

Chattopadhyay S, Chaki T, Bhowmick AK (2001) Structural characterization of electron-beam 
crosslinked thermoplastic elastomeric films from blends of polyethylene and ethylene-vinyl 
acetate copolymers. J Appl Polym Sci 81:1936–1950. https://doi.org/10.1002/app.1626

Coats A, Redfern J (1964) Kinetic parameters from thermogravimetric data. Nature 201:68–69. 
https://doi.org/10.1038/201068a0

Coran A (1965) Vulcanization. Part VII.  Kinetics of sulfur vulcanization of natural rub-
ber in presence of delayed-action accelerators. Rubb Chem Technol 38:1–14. https://doi.
org/10.5254/1.3535628

Coran A (2003) Chemistry of the vulcanization and protection of elastomers: a review of the 
achievements. J Appl Poly Sci 87:24–30. https://doi.org/10.1002/app.11659

Flory PJ, Rehner J Jr (1943) Statistical mechanics of cross-linked polymer networks II. Swelling. 
J Chem Phys 11:512–520. https://doi.org/10.1063/1.1723791

Fukumori K, Matsushita M, Okamoto H et al (2002) Recycling technology of tire rubber. JSAE 
Rev 23:259–264. https://doi.org/10.1016/S0389- 4304(02)00173- X

García-Quesada J, Gilbert M (2000) Peroxide crosslinking of unplasticized poly (vinyl chloride). 
J Appl Polym Sci 77:2657–2666. https://doi.org/10.1002/1097- 4628(20000919)77:12<2657::
AID- APP130>3.0.CO;2- G

Hayeemasae N, Ismail H, Azura AR (2013) Blending of natural rubber/recycled ethylene- 
propylene- diene monomer: cure behaviors and mechanical properties. Polym Plast Technol 
Eng 52:501–509. https://doi.org/10.1080/03602559.2012.762020

He W, Jiang Y, Luyt A et al (2011) Synthesis and degradation kinetics of a novel polyester contain-
ing bithiazole rings. Thermochimica Acta 525:9–15. https://doi.org/10.1016/j.tca.2011.07.015

Henning SK (2007) The use of coagents in the radical cure of elastomers. In: The 56th interna-
tional wire & cable symposium (IWCS conference™), Lake Buena Vista, 11–14 Nov 2007, 
pp 537–593

Ishiaku U, Chong C, Ismail H (2000) Cure characteristics and vulcanizate properties of a natural 
rubber compound extended with convoluted rubber powder. Polym Test 19:507–521. https://
doi.org/10.1016/S0142- 9418(99)00021- 5

Ismail H, Mathialagan M (2012) Comparative study on the effect of partial replacement of sil-
ica or calcium carbonate by bentonite on the properties of EPDM composites. Polym Test 
31:199–208. https://doi.org/10.1016/j.polymertesting.2011.09.002

Ismail H, Nasaruddin MN, Rozman HD (1999) The effect of multifunctional additive in white rice 
husk ash filled natural rubber compounds. Eur Polym J 35:1429–1437. https://doi.org/10.1016/
S0014- 3057(98)00223- 7

N. Hayeemasae and H. Ismail

https://doi.org/10.1016/S0079-6700(96)00015-9
https://doi.org/10.1016/j.polymertesting.2007.09.008
https://doi.org/10.1016/j.polymertesting.2007.09.008
https://doi.org/10.1016/S0969-806X(99)00371-0
https://doi.org/10.1080/1023666X.2012.723854
https://doi.org/10.1002/(SICI)1521-3935(20000201)201:4<435::AID-MACP435>3.0.CO;2-C
https://doi.org/10.1002/(SICI)1521-3935(20000201)201:4<435::AID-MACP435>3.0.CO;2-C
https://doi.org/10.1177/0095244311413442
https://doi.org/10.1002/app.1626
https://doi.org/10.1038/201068a0
https://doi.org/10.5254/1.3535628
https://doi.org/10.5254/1.3535628
https://doi.org/10.1002/app.11659
https://doi.org/10.1063/1.1723791
https://doi.org/10.1016/S0389-4304(02)00173-X
https://doi.org/10.1002/1097-4628(20000919)77:12<2657::AID-APP130>3.0.CO;2-G
https://doi.org/10.1002/1097-4628(20000919)77:12<2657::AID-APP130>3.0.CO;2-G
https://doi.org/10.1080/03602559.2012.762020
https://doi.org/10.1016/j.tca.2011.07.015
https://doi.org/10.1016/S0142-9418(99)00021-5
https://doi.org/10.1016/S0142-9418(99)00021-5
https://doi.org/10.1016/j.polymertesting.2011.09.002
https://doi.org/10.1016/S0014-3057(98)00223-7
https://doi.org/10.1016/S0014-3057(98)00223-7


253

Ismail H, Munusamy Y, Jaafar M et  al (2008) Preparation and characterization of ethylene 
vinyl acetate (EVA)/natural rubber (SMR L)/organoclay nanocomposites: effect of blend-
ing sequences and organoclay loading. Polym Plast Technol Eng 47:752–761. https://doi.
org/10.1080/03602550802188599

Kader MA, Bhowmick AK (2003) Thermal ageing, degradation and swelling of acrylate rub-
ber, fluororubber and their blends containing polyfunctional acrylates. Polym Degrad Stab 
79:283–295. https://doi.org/10.1016/S0141-3910(02)00292-6

Keller RC (1988) Peroxide curing of ethylene-propylene elastomers. Rubber Chem Technol 
61:238–254. https://doi.org/10.5254/1.3536185

Korkut T, Umaç ZI, Aygün B et al (2013) Neutron equivalent dose rate measurements of gypsum- 
waste tire rubber layered structures. Int J Polym Anal Charact 18:423–429. https://doi.org/1
0.1080/1023666X.2013.814025

Kumar A, Dipak G, Basu K (2002) Natural rubber-ethylene propylene diene rubber covulcaniza-
tion: effect of reinforcing fillers. J Appl Polym Sci 84:1001–1010. https://doi.org/10.1002/
app.10361

Munusamy Y, Ismail H, Mariatti M et al (2009) Effect of electron beam irradiation on the proper-
ties of ethylene-(vinyl acetate) copolymer/natural rubber/organoclay nanocomposites. J Vinyl 
Add Technol 15:39–46. https://doi.org/10.1002/vnl.20174

Nabil H, Ismail H, Rashid AA (2012) Effects of partial replacement of commercial fillers by recy-
cled poly(ethylene terephthalate) powder on the properties of natural rubber composites. J 
Vinyl Add Technol 18:139–146. https://doi.org/10.1002/vnl.20291

Nabil H, Ismail H, Azura AR (2013a) Comparison of thermo-oxidative ageing and thermal anal-
ysis of carbon black-filled NR/virgin EPDM and NR/recycled EPDM blends. Polym Test 
32:631–639. https://doi.org/10.1016/j.polymertesting.2013.03.019

Nabil H, Ismail H, Azura AR (2013b) Effects of virgin ethylene-propylene-diene-monomer and 
its preheating time on the properties of natural rubber/recycled ethylene-propylene-diene- 
monomer blends. Mater Des 50:27–37. https://doi.org/10.1016/j.matdes.2013.02.086

Noriman N, Ismail H, Ratnam C et  al (2010) The effect of electron beam (EB) irradiation in 
presence of TMPTA on cure characteristics and mechanical properties of styrene butadiene 
rubber/recycled acrylonitrile-butadiene rubber (SBR/NBRr) blends. Polym Plast Technol Eng 
49:228–236. https://doi.org/10.1080/03602550903413805

Pasbakhsh P, Ismail H, Mohd Nor A et al (2012) Electron beam irradiation of sulphur vulcanised 
ethylene propylene diene monomer (EPDM) nanocomposites reinforced by halloysite nanotubes. 
Plast Rubber Compos 41:430–440. https://doi.org/10.1179/1743289811Y.0000000058

Phadke A, Bhattacharya A, Chakraborty S et al (1983) Studies of vulcanization of reclaimed rub-
ber. Rubber Chem Technol 56:726–736. https://doi.org/10.5254/1.3538152

Rahman M, Hossain M, Alam M et al (2013) Addition of transition metals to improve physico- 
mechanical properties of radiation-vulcanized natural rubber latex films. Int J Polym Anal 
Charact 18:479–487. https://doi.org/10.1080/1023666X.2013.785098

Rathnayake I, Ismail H, Azahari B et al (2012) Synthesis and characterization of nano-silver incor-
porated natural rubber latex foam. Polym Plast Technol Eng 51:605–611. https://doi.org/1
0.1080/03602559.2012.659310

Ratnam CT, Nasir M, Baharin A et al (2001) Evidence of irradiation-induced crosslinking in misci-
ble blends of poly (vinyl chloride)/epoxidized natural rubber in presence of trimethylolpropane 
triacrylate. J Appl Polym Sci 81:1914–1925. https://doi.org/10.1002/app.1624

Rooj S, Das A, Morozov IA, Stöckelhuber KW et  al (2013) Influence of “expanded clay” on 
the microstructure and fatigue crack growth behavior of carbon black filled NR composites. 
Compos Sci Technol 76:61–68. https://doi.org/10.1016/j.compscitech.2012.12.020

Senna MM, Hossam FM, El-Naggar AWM (2008) Compatibilization of low-density polyethylene/
plasticized starch blends by reactive compounds and electron beam irradiation. Polym Compos 
29:1137–1144. https://doi.org/10.1002/pc.20393

Shanmugharaj A, Bhowmick AK (2003) Dynamic mechanical properties of styrene-butadiene rub-
ber vulcanizate filled with electron beam modified surface-treated dual-phase filler. J Appl 
Polym Sci 88:2992–3004. https://doi.org/10.1002/app.12067

Compatibilization of Natural Rubber/Recycled Ethylene Propylene Diene Rubber Blends

https://doi.org/10.1080/03602550802188599
https://doi.org/10.1080/03602550802188599
https://doi.org/10.1016/S0141-3910(02)00292-6
https://doi.org/10.5254/1.3536185
https://doi.org/10.1080/1023666X.2013.814025
https://doi.org/10.1080/1023666X.2013.814025
https://doi.org/10.1002/app.10361
https://doi.org/10.1002/app.10361
https://doi.org/10.1002/vnl.20174
https://doi.org/10.1002/vnl.20291
https://doi.org/10.1016/j.polymertesting.2013.03.019
https://doi.org/10.1016/j.matdes.2013.02.086
https://doi.org/10.1080/03602550903413805
https://doi.org/10.1179/1743289811Y.0000000058
https://doi.org/10.5254/1.3538152
https://doi.org/10.1080/1023666X.2013.785098
https://doi.org/10.1080/03602559.2012.659310
https://doi.org/10.1080/03602559.2012.659310
https://doi.org/10.1002/app.1624
https://doi.org/10.1016/j.compscitech.2012.12.020
https://doi.org/10.1002/pc.20393
https://doi.org/10.1002/app.12067


254

Vijayabaskar V, Stephan M, Kalaivani S et al (2008) Influence of radiation temperature on the 
crosslinking of nitrile rubber by electron beam irradiation. Radiat Phys Chem 77:511–521. 
https://doi.org/10.1016/j.radphyschem.2007.09.011

Zhao Q, Li X, Gao J (2007) Aging of ethylene-propylene-diene monomer (EPDM) in artifi-
cial weathering environment. Polym Degrad Stab 92:1841–1846. https://doi.org/10.1016/j.
polymdegradstab.2007.07.001

Zurina M, Ismail H, Ratnam C (2008) The effect of HVA-2 on properties of irradiated epoxidized 
natural rubber (ENR-50), ethylene vinyl acetate (EVA), and ENR-50/EVA blend. Polym Test 
27:480–490. https://doi.org/10.1016/j.polymertesting.2008.02.001

N. Hayeemasae and H. Ismail

https://doi.org/10.1016/j.radphyschem.2007.09.011
https://doi.org/10.1016/j.polymdegradstab.2007.07.001
https://doi.org/10.1016/j.polymdegradstab.2007.07.001
https://doi.org/10.1016/j.polymertesting.2008.02.001


255

Effect of Metal Oxide Content 
on the Mechanical and Thermal Properties 
of Natural Rubber/Recycled Chloroprene 
Rubber Blends

Nabil Hayeemasae, Siti Zuliana Salleh, and Hanafi Ismail

1  Introduction

Blending of rubbers is advantageous method to give a balance set of final properties 
of rubber products. This method has given much interesting and is better than 
synthesizing new material when considering the economic scale and technical 
uncertainties (Sae-oui et al. 2007; Chang et al. 1999; El-Sabbagh 2003). Many types 
of rubbers have been blended and available in the market. NR is a good example 
used as blending component in various blends especially in tire application. NR 
provides many remarkable properties such as its highly mechanical strength and 
dynamic response. However, the application of NR is still constraint when requiring 
the heat and oil resistance. This is because an unsaturated molecular chains of NR, 
making it prone to oxidation and swollen in non-polar solvent.

To conquer all the disadvantages of NR, this rubber is then blended with other 
rubbers to have compromising performance such as ethylene propylene rubber 
(EPDM), nitrile rubber (NBR), and chloroprene rubber (CR). The chemical structure 
of CR is similar where the chlorine (Cl) atoms replaced on methyl groups. The 
presence of Cl makes CR more polarity as compared to NR. Blending CR and NR 
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can help NR improved its solvent and thermal resistance. CR also lasts longer at 
high temperature; this makes CR difficult to degrade after period of usage which 
later causes abundance of rubber waste (Hayeemasae et  al. 2013). Therefore, 
switching CR waste into processable form is challenging in relation to the continuous 
growth of CR market. This has brought to a focus to blend CR waste (w-CR) with 
other virgin rubbers to gain compromising properties obtained from both rubbers.

Blends of NR and w-CR were reported recently (Salleh et al. 2013, 2016), but 
the main aim was to focus on their curing and mechanical characteristics; they still 
faced few problems on the curing compatibility between NR and CR as these two 
rubbers are cured in different systems. Besides, the difference in polarity of NR and 
CR has also reduced the mechanical performance of the rubber blend. As a result, 
searching proper design of rubber formulation is very much concerned.

Considering the curing package of sulfur cured system, it is necessary to add 
metal oxide and fatty acid to act as rubber activator and to increase the cure rate of 
the compound. Commonly used activators are zinc oxide (ZnO) and stearic acid. 
There are other types of metal oxide that have been incorporated as activator such 
as calcium oxide (CaO), magnesium oxide (MgO), lead oxide (Pb3O4), and titanium 
dioxide (TiO2) but previous report has mentioned that ZnO is suitable for sulfur 
vulcanization due to chemical reactivity of ZnO.  ZnO can effectively form 
hydrocarbon-soluble zinc stearate during the onset of crosslinking (Heideman et al. 
2005). Apart from their role as curing activator, metal oxide can also be used as 
curing agent in certain rubbers namely CR, CSM, polysulfides, and XNBR (Tinker 
1995). In CR, MgO with combination of ZnO is normally added in the compounding 
formulation, such mixture can give better balance of curing and mechanical 
characteristics. From the aspect of cure compatibility of NR and CR, the combination 
of MgO and ZnO is still unexplored especially in the blend of NR and w-CR.

The point of this chapter was to report the mechanical properties and solvent 
resistance of NR/w-CR blends. Besides, an investigation was also to focus on the 
action of MgO and ZnO content on the blending performance. This work will give 
the readers better understanding on the action of MgO and ZnO in the NR/w-CR 
blends. In this chapter, effects of MgO and ZnO content on the curing properties, 
mechanical, and dynamic mechanical properties of the blends were reported.

2  Materials and Preparation of the Blends

Standard Malaysian rubber (SMR L) grade of NR was used and manufactured by 
Mardec Malaysia Sdn. Bhd. W-CR was rejected gloves that collected by Juara One 
Resources (M) Sdn. Bhd. The compounding ingredients of this rejected glove are 
shown in Table 1. W-CR was ground prior to be blended with NR. The size of w-CR 
was below 600 μm (US Standard mesh is 40). W-CR was in irregular shape as 
shown in Fig. 1. N330 grade of carbon black (CB) was supplied by EXCELKOS 
Sdn. Bhd., Selangor, Malaysia. Other ingredients such as ZnO, MgO, stearic acid, 
N-cyclohexyl-2-benzothiazole sulfenamide (CBS), tetramethylthiuram 
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Fig. 1 SEM image for R-CR powder

Table 1 Compounding formulation used for preparing CR glove

Ingredients Amount (phr)

60% w/w chloroprene rubber 100
25% w/w stabilizer 0.5
43% w/w colorant 0.4
30% w/w accelerator 0.2
11% w/w heat-sensitive agent 0.2
2% w/w thickener 0.2

monosulfide (TMTM), and sulfur were supplied by Bayer (M) Sdn. Bhd., Selangor, 
Malaysia.

Previous report highlighted that the blend ratio of NR/w-CR at 75/25 (phr/phr) 
has provided suitable properties (Salleh et  al. 2013, 2016). Then, this ratio was 
selected for this experiment where the amount of other ingredients is listed in 
Table 2. The content of MgO and ZnO was varied while fixing the ratio of them. The 
entire amount of compounding ingredients was mixed on a two-roll mill (model 
XK-160) at room temperature. The respective compounds were then tested for their 
curing characteristics using a Monsanto Moving Die Rheometer (MDR 2000) and 
finally compression-molded.
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Table 2 Compounding formulation of the blends prepared using various metal oxide contents

Ingredient Content (phr)
Compounding codes M2Z5 M4Z10 M6Z15 M8Z20 M10Z25

NR 75 75 75 75 75
R-CR 25 25 25 25 25
CBS 1.0 1.0 1.0 1.0 1.0
TMTM 0.5 0.5 0.5 0.5 0.5
Stearic acid 3.0 3.0 3.0 3.0 3.0
Sulfur 2.5 2.5 2.5 2.5 2.5
CB 30.0 30.0 30.0 30.0 30.0
MgO 2.0 4.0 6.0 8.0 10.0
ZnO 5.0 10.0 15.0 20.0 25.0

Table 3 Curing characteristics of the blends prepared using various metal oxide contents

Compounding code ts2 (min) tc90 (min) ML (dN.m) MH (dN.m) MH-ML (dN.m)

M2Z5 1.02 2.23 1.05 19.57 18.52
M4Z10 0.98 2.19 0.77 20.01 19.24
M6Z15 0.86 2.05 0.83 22.18 21.35
M8Z20 0.85 2.04 0.89 23.71 22.83
M10Z25 0.82 2.00 0.90 23.78 22.88

3  Properties of the Rubber Blends

3.1  Curing Characteristics

Effects of MgO and ZnO content on the curing characteristics of the blends are 
listed in Table 3. Higher amount of MgO and ZnO has caused to reduce the scorch 
time (ts2) and curing time (tc90) of the blends. This shows that MgO and ZnO have 
given full function as cure activator which can induce the crosslinking during vul-
canization (Hernández et al. 2015; da Costa et al. 2003). In general, the vulcaniza-
tion reaction starts from the reaction between ZnO and stearic acid to give zinc 
stearate. Then, zinc stearate produces free zinc ions to react further with accelerator. 
At this stage, a complex of activator and accelerator is formed and get ready to react 
with sulfur to form an active sulfurating agent (Heideman et al. 2004). Next, such 
agent reacts further with unsaturated backbones through allylic carbon and provides 
a crosslinking precursor. This precursor is very active and can bind with other pre-
cursors to complete crosslinking process (Heideman et al. 2004). Higher content of 
MgO and ZnO can give more active accelerator complexes and resulted to shorten 
the curing process. It is noted that tc90 may not be significant at higher level of MgO 
and ZnO. This is because the content of stearic and accelerators is constant; the 
reactions of these two chemicals may be limited when excessing amount of MgO 
and ZnO was added.
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MgO and ZnO are not only act as curing activator, but they also functioned as 
curing agent for w-CR (Zhang et al. 2010). Considering the curing mechanism in 
w-CR, it starts with the reaction of ZnO and Cl atoms in w-CR to give an active 
intermediate, which later react with another rubber to give carbon–carbon (C-C) 
crosslink through ether linkage (C-O-C) (Roy et  al. 2016). Moreover, ZnCl2 is 
produced in this reaction as by-product which can be an active catalyst to boost the 
vulcanization. However, such ZnCl2 can also generate faster process of 
dehydrochlorination of w-CR leading to a deterioration of the rubber. Thus, MgO is 
incorporated to neutralize the hydrochloric acid (HCl) released while vulcanization 
and scavenges chloride ions that produced during the mixing, thereby limiting the 
amount ZnCl2 (Desai et al. 2007). This is a good compromise between ZnO and 
MgO to optimize the suitable level of crosslinking distribution in the blends.

Minimum torque (ML) was recorded in this work which indicates the compound’s 
viscosity of the rubber. Highest value of ML is found for the blend with 2/5 (phr/phr) 
of MgO/ZnO. This shows that adding MgO/ZnO at this content may interfere the 
processability to the compound. However, the process became easier when adding 
higher content of MgO/ZnO. For instance, in the blend with 4/10 (phr/phr) of MgO/
ZnO, it provided lowest ML compared to the other variations. This may be the 
optimum content of MgO/ZnO to make processing easier in the blend. As the 
content of MgO/ZnO increased, the value of maximum torque (MH) continuously 
increased due to its dilution effect, this is because both MgO and ZnO can act as 
filler beside being curative in the rubber formulation. Hence, higher level of MgO/
ZnO has led to increase the stiffness of the blend and lead to higher restriction of 
molecular movement.

Another reason may be attributed to a faster formation of reactive sulfur com-
plexes promoted by MgO and ZnO which later increases the degree of crosslinking 
in the vulcanizates. When considering only NR, its vulcanization happens in the 
presence of sulfur and is also activated by metal oxide and fatty acid. In this experi-
ment, the presence of MgO and ZnO could form an active complex with accelerator 
and sulfur while vulcanization. This results to an increase in crosslinking (Sahoo 
et al. 2007). Moreover, an increase in MH can also be contributed to the reduction in 
elastic phase as MgO and ZnO are rigid in nature. Therefore, the stiffness of the 
compound increases over the addition of MgO and ZnO.

3.2  Mechanical Properties

Tensile properties were carried out using a universal tensile machine (UTM) based 
on ASTM D412. The outputs received from UTM were tensile modulus at given 
strain, elongation at break, and tensile strength (see Table 4). The tensile strength 
increased up to the content of MgO/Zn at 4/10 (phr/phr). After that, the values 
decreased over the addition of MgO and ZnO. As been stated previously, MgO and 
ZnO can function as high modulus filler and cure activator, a reason at this point is 
their significance as reinforcing roles of combined MgO and ZnO at 4/10 (phr/phr). 
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Table 4 Mechanical properties of the blends prepared using various metal oxide contents

Compounding 
designation

Tensile strength 
(MPa)

Elongation at 
break (%)

M100 
(MPa)

M300 
(MPa)

Hardness 
(Shore A)

M2Z5 18.86 ± 0.56 537.23 ± 2.10 2.72 ± 0.03 9.52 ± 0.05 62
M4Z10 18.97 ± 0.42 520.57 ± 1.98 3.19 ± 0.02 10.06 ± 0.04 65
M6Z15 17.37 ± 0.63 473.87 ± 3.25 3.55 ± 0.03 10.61 ± 0.03 66
M8Z20 17.06 ± 0.44 452.23 ± 4.12 3.82 ± 0.05 11.13 ± 0.05 68
M10Z25 15.51 ± 0.34 446.10 ± 3.97 3.98 ± 0.03 11.52 ± 0.07 69

Therefore, the addition of both MgO and ZnO into the blend can lead to give better 
rubber-filler interactions and enhances the interfacial adhesion between NR and 
w-CR which later increased the tensile strength. Improved rubber-filler interaction 
is mainly because of the function of MgO and ZnO as filler; it may disperse well in 
such content, providing more interfacial contact to the rubber blends.

The decrease of tensile strength at higher content of MgO and ZnO is responsible 
to the tendency of these metal oxides to agglomerate due to their filler-filler 
interactions (Nabil et al. 2013a). Uneven distribution of MgO and ZnO may lead to 
less homogenization within the rubber blends (Sae-Oui et al. 2008). This agreed 
well with other work, which showed the similar finding when high content of 
inorganic filler was added to the rubber matrix (Intiya et al. 2017).

As for the elongation at break, MgO and ZnO had brought to a reduction in elas-
ticity of the blends. This is due to a so-called dilution effect where there is less por-
tion of deformable phase (Zhang et al. 2009). The rigid phase of MgO and ZnO 
occupied the elastic phase in the rubber molecules sand hence restrict the movement 
of rubber chains. More evidence can also be observed from the tensile modulus and 
hardness. Similar trend of modulus sat 100% and 300% elongation (M100 and 
M300, respectively) and hardness was shown. The presence of MgO and ZnO 
caused the blends stiffer than ever. Despite acting as an activator, a crosslinker for 
CR phase, and fillers, their role as filler dominates other functions. Thus, MgO and 
ZnO acted effectively as filler to increase modulus and hardness of the blends.

3.3  Fatigue Life

Monsanto fatigue-to-failure tester was used as a tool to determine fatigue life of 
rubber blends with repeated cyclic strain at 100 cpm and 2.01 ± 0.05 extension ratio 
according to JIS K 6270. The calculated fatigue life values of the rubber blends are 
listed in Table  5. It was observed that the blend at 4/10 (phr/phr) of MgO/ZnO 
received an optimum value of fatigue life, and after this content, the values decreased 
over the content of MgO/ZnO. Adding the MgO and ZnO at this content enabled to 
enhance rubber–filler interaction and crosslinking formation to the blend, giving a 
higher resistance toward the cyclic stretching. However, a decrease of fatigue life a 
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Table 6 Swelling and crosslink density of the blends prepared using various metal oxide contents

Compounding code
Swelling uptake
(%)

Crosslink density
(× 10−5 mol/cm3)

M2Z5 186.73 ± 2.11 4.40 ± 0.54
M4Z10 150.92 ± 3.24 10.84 ± 0.93
M6Z15 146.44 ± 3.85 12.86 ± 0.62
M8Z20 140.58 ± 3.98 14.03 ± 0.19
M10Z25 137.85 ± 2.74 15.36 ± 0.71

Table 5 Fatigue life of the blends prepared using various metal oxide contents

Compounding code Fatigue life (kc)

M2Z5 187.1 ± 2.12
M4Z10 190.5 ± 2.56
M6Z15 148.4 ± 3.21
M8Z20 137.7 ± 2.02
M10Z25 100.8 ± 1.91

high content of MgO and ZnO is related to an increase in filler–filler interaction 
which make them agglomerated (Nabil et al. 2013a). This has brought to early fail-
ure to the rubber sample while cyclic stretching and thus leading to reduce the 
fatigue life of the blends.

3.4  Swelling Behavior

Swelling uptake was tested for the vulcanizates and the raw data from the swelling 
test were applied for calculation of crosslink density according to the Flory–Rehner 
equation (Flory and Rehner 1943). The results of swelling uptake and crosslink 
density of the blends are listed in Table 6. It is known that the swelling uptake is 
related to the crosslink density (Sae-oui et al. 2007), and higher crosslink density is 
from the less swollen sample (Mathialagan and Ismail 2012). Therefore, incorpora-
tion of MgO and ZnO has made the samples less swelling due to dilution effect as 
described earlier. When more rigid phase was added to the rubber formulation, it 
reduced the elastic phase. Reducing elastic component has then decreased the pos-
sibility of solvent to penetrate and to swell the rubber sample.

When calculating the crosslink density, the crosslink density increased over the 
addition of MgO and ZnO. As metal oxide used in this experiment can also function 
as cure activator, it can enhance the state of cure and finally increase the crosslink-
ing degree of the rubber blends. The values of crosslink density correlated well with 
the torque difference (see MH-ML). This finding supports the assumption of MgO 
and ZnO as an activator and crosslinking agent in NR/w-CR blends.
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3.5  Scanning Electron Microscopy (SEM)

The SEM images of the rubber samples were captured from the tensile-fractured 
surfaces. The fractured samples were coated with gold palladium to avoid a charge 
while scanning. Figure 2 shows the SEM images of the rubber blends. Two different 
images are shown to discuss their surfaces at similar content of  MgO/ZnO. Figure 2a, d 

Fig. 2 Backscattered SEM of the tensile-fractured surfaces of the blends prepared using various 
metal oxide contents. (a) M2Z5, (b) M4Z10, and (c) M10Z25 and secondary electrons SEM of the 
tensile-fractured surfaces of (d) M2Z5, (e) M4Z10, and (f) M10Z25
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show the images of the blend at 2//5 (phr/phr) of MgO/ZnO. Non-homogeneous 
dispersion of w-CR throughout the NR matrix and smooth surface is seen, indicat-
ing that lower force may be required to failure. Figure 2b shows the image of the 
blends at 4/10 (phr/phr) of MgO/ZnO. Rougher surface and tearing lines are seen, 
indicating that higher energy was needed to break the sample. This agreed well to 
the fractured surface seen in Fig. 2e, which showed a broader tortuous path. The 
SEM images supported that the ability of MgO and ZnO enhances the dispersion 
and interaction between w-CR and NR phases which resulting to higher values of 
tensile strength. However, when higher content of MgO and ZnO was added, i.e., 
10/25 (phr/phr), both MgO and ZnO tended to agglomerate each other due to the 
strong filler network. This is seen in Fig. 2c, f, suggesting that low force is required 
for failure in the specimen. Higher possibility of forming the filler network is con-
tributed for a decrement in tensile strength.

3.6  Thermogravimetric Analysis (TGA)

A Perkin–Elmer Pyris 6 TGA analyzer was used for the thermogravimetric analysis 
of the rubber blends. The analysis initiated from 30 °C to 600 °C at a heating rate of 
20  °C/min in nitrogen gas. The TG and DTG curves were plotted and shown in 
Figs. 3 and 4. The raw data received from TG profiles such as decomposition tem-
perature at various weight loss, various stages, and their residue are listed in Table 7. 

Fig. 3 TG curves of the blends prepared using various metal oxide contents
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Fig. 4 DTG curves of the blends prepared using various metal oxide contents

Table 7 Thermal decomposition parameter properties of the blends prepared using various metal 
oxide contents

Thermal properties M2Z5 M4Z10 M10Z25

T5% (°C) 344 366 352
T10% (°C) 366 376 367
T30% (°C) 399 406 383
T50% (°C) 462 471 454
Tmax I (°C) 370 378 370
Tmax II (°C) 459 458 448
Char residue (%) 36.34 35.89 43.69

From the results observed, a very minor mass loss at approximately 150–300 °C 
was due to the presence of volatile matters such as moisture, stearic acid, and other 
unreacted substances (Tomer et al. 2007). Beyond such temperatures, there are two 
regions of thermal degradation observed from TG and DTG curves. First maximum 
weight loss was responsible to degradation of NR which observed at the tempera-
ture range of 350 °C to 400 °C. The second maximum weight loss is relative to the 
degradation of w-CR and leftover diene after the first stage of degradation. Such 
steps of degradation were shifted to higher temperature when adding higher content 
of MgO and ZnO. It affected the decomposition temperature at 5%, 10%, 30%, and 
50% weight loss of the blend. The blend at 4 phr of MgO and 10 phr ZnO showed 
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the most thermally stable at the onset of decomposition. The decomposition tem-
perature of such blend showed very significant particularly at the decomposition 
temperature of 5% and 10% of weight loss (T5% and T10%, respectively). The role of 
MgO and ZnO as cure activator may provide the rubber blends with higher cross-
linking which therefore increased the thermal stability of the blends. Another pos-
sible reason may be due to the chemical nature of MgO and ZnO. It is known that 
both MgO and ZnO are considered as inorganic substance, when these two metal 
oxides dispersed all over the rubber matrices, it can protect the sample from losing 
their weight while heating due to their high thermal stability. Higher content of 
MgO and ZnO acts as barrier to reduce the heat transfer which hinders the additive 
decomposition at lower temperature.

It is interesting to note that the temperature of second maximum weight loss was 
decreased at highest content of MgO and ZnO (M10Z25). In general, Zn-stearate is 
defined as a strong Lewis acidity which enables to increase the possibility of 
dehydrochlorination reaction to w-CR (Liu et  al. 2007; Benavides et  al. 1995). 
Therefore, higher content of ZnO is used; there is a high tendency of 
dehydrochlorination taken place (Kameda et  al. 2008). It is well-recognized that 
dehydrochlorination would result to decrease the thermal stability of CR.

Furthermore, the MgO and ZnO content greatly affected the char residue at all 
rubber formulations. As the MgO and ZnO are inorganic in nature which possess 
high thermal stability, the amount of char depends on content of filler, in this case, 
MgO and ZnO (Chakraborty et al. 2011). Both MgO and ZnO are thermally stable 
up to 1000 °C. Hence, more residue is left at the end of testing temperature.

3.7  Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis (DMA) was studied using a Perkin-Elmer DMA7 to 
obtain the results of the storage modulus (E’) and damping characteristic (tan δ). 
The samples were subjected to tension mode with the force amplitude of 0.1 N at a 
frequency of 10 Hz. The E’ of the blends is plotted and shown in Fig. 5 where other 
data obtained from DMA are also tabulated in Table 8. Three different regions of E’ 
were shown namely a glassy zone below the glass transition temperature (Tg), a 
transition zone where E’ value is reduced over the temperature, and a rubbery region 
where the samples behave as elastic material. E’ values at room temperature are 
selected and shown in Table 8; it revealed that the E’ values of the blends increased 
over the content of MgO and ZnO. E’ is related to the degree of elasticity and cross-
link density of the sample (Sae-oui et al. 2007; Nabil et al. 2013b); this is clear that 
elastic response was significant in the presence of MgO and ZnO which can be 
attributed to a higher crosslinking degree imparted by MgO and ZnO. An increase 
of E’ in the blends correlated well with the previous findings such as the calculated 
crosslink density, torque difference, and tensile modulus.

Tan δ is a crucial characteristic to discuss as it is indirectly related to the elastic 
response of the vulcanizate. The factors relating to this result are the nature of 
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Fig. 5 Storage modulus of the blends prepared using various metal oxide contents

Table 8 Thermal decomposition parameters of the blends containing various types of fillers

Compounding codes Log E’ at 25 °C (MPa)

tan δmax Tg @ tan δmax (°C)

tan δmax I tan δmax II tan δmax I tan δmax II

M2Z5 1.30 0.66 0.48 −40.90 −19.98
M4Z10 1.42 0.60 0.45 −39.10 −16.17
M10Z25 1.55 0.52 0.42 −35.47 −14.05

rubber matrix (NR or w-CR), the nature of interphase (b), the frictional damping 
between matrix interphases (c), and the energy dissipation in the catastrophic area 
(d) (Heideman et al. 2004). Variation of tan δ over the temperature is illustrated in 
Fig. 6, and the respective values are tabulated in Table 8. It is significant that the 
blends at low content of MgO and ZnO provided higher tan δmax value. Higher value 
of tan δmax indicates higher damping characteristics. Damping indicates the elastic 
response of the vulcanizate; high damping leads to a low elastic response. Here, it 
agreed well to the previous discussion on E’ value of the vulcanizate. Moreover, the 
value of tan δ decreased over the content of MgO to ZnO. Increasing MgO and ZnO 
content has provided the blends with higher crosslinking degree. Such crosslinking 
network has helped the rubber chain stored the energy and recovered well under 
cyclic tension, and hence lowering the damping characteristics.

The Tg can also be selected by the temperature eat the maximum peak of tan δ. 
Two peaks are found based on the Tg of NR and w-CR. It is significantly observed 
that Tg of the blends increases over the content of MgO and ZnO. The Tg of NR 
phase increased from −40.9  °C (M2Z5) to −36.6  °C (M4Z10) and −  35.5  °C 
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Fig. 6 Tan δ of the blends prepared using various metal oxide contents

(M10Z25) respectively while the Tg of w-CR phase increased from −18.7  °C 
(M2Z5) to −14.5 °C (M4Z10) and − 14.1 °C (M10Z25) consecutively. The shifting 
of Tg is greatly attributed to the high entanglement and crosslink density assisted by 
the presence of MgO and ZnO. This has brought to a high molecular restriction. 
Thus, higher temperature is needed to move the rubber chain while cyclic tension. 
Any type of additive that can restrict the movement of molecular chain would result 
to a shift in Tg. A similar observation was found and discussed previously by 
Ramesan et al. (2001). It was reported that trapped drubber or occluded drubber is 
contributed to the change in the Tg.

4  Conclusions

MgO and ZnO effectively influenced the cure characteristics of the blends. MH was 
observed to be higher for the blends having higher content of MgO and ZnO. The 
tensile strength and elongation at break of the blends increased up to the amount at 
4/10 (phr/phr) of MgO/ZnO.  The E’ and tan δ correlated well to the calculated 
crosslink density, torque different, and tensile modulus. The glass transition 
temperature (Tg) received from damping factor (tan δ) shifted to a higher temperature 
toward the addition of MgO and ZnO.  This was due to the higher molecular 
restriction when higher content of MgO to ZnO is added. As seen from overall 
properties, the content of MgO to ZnO at 4/10 (phr/phr) is highly recommended to 
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compound NR/w-CR blends. It is applicable for the rubber products that required 
high strength and thermal stability. Apart from that, the use of w-CR can cheapen 
the manufacturing cost which results to eliminate CR waste.
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Chloroprene Rubber Waste as Blend 
Component with Natural Rubber, 
Epoxidized Natural Rubber, and Styrene 
Butadiene Rubber

Nabil Hayeemasae, Siti Zuliana Salleh, and Hanafi Ismail

1  Introduction

Earlier efforts on the disposal of rubber waste have been incineration, pyrolysis, and 
landfills which will end up with environmental issues. Therefore, the development 
of effective methods to recycle rubber has been keen challenge (Alassali et al. 2018; 
Hou et al. 2018; Prathiba et al. 2018). Recently, many rubber industries have been 
forced to include rubber waste in their products to compromise between cost and 
environmental aspects (Ghavipanjeh et al. 2018; Rooj et al. 2011). Simple and cost- 
effective ways are to use it in their current form and further blend with other types 
of virgin rubber. Preparing rubber blend is best and potential solutions to make new 
material from rubber waste. Apart from an environmental issue, blending of rubber 
is a purpose to promote better balance gained from blending components (Ismail 
et  al. 2002). Reutilizing chloroprene rubber (CR) is an interesting approach, 
considering the continuous growth of CR market. CR classifies as specialty rubber 
which was originally developed in 1931 (Bridgwater 1940). The chemical structure 
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of CR is quite similar to natural rubber (NR); the property of CR is also similar 
except for the heat and oil resistance which are considerably higher than NR (Sae- 
oui et al. 2007).

NR is one of the first selection for rubber compounder to choose as blending 
component. This is because NR possesses very special characteristics such as high 
durability, flexibility, and resilience. Another type of NR-based rubber origin is an 
epoxidized natural rubber (ENR). ENR was developed to solve few disadvantages 
of NR. ENR is less durable than NR, but ENR is more resistant to oxidation and oil 
(Baker et al. 1985). Currently, there have been limited studies on the use of w-CR 
as blending component with NR and ENR. Previous works have focused on the use 
of virgin rubbers for preparing these two blends. For examples, Ismail and Leong 
(2001) prepared NR/CR and ENR/CR blends and found that this blend offered 
better performance than NR/CR blends. Following study by Sae-oui et al. (2007) 
verified that durability and thermal stability of NR/CR blend were from its 
morphological characteristics whereby such properties were enhanced by the 
addition of CR in the blend. Considering these two blends, CR is more compatible 
to ENR than NR due to their similar polarity in nature. However, it also requires 
certain factors such as blending ratio and curing systems to provide effective 
performance to the blend.

Apart from NR and ENR, styrene butadiene rubber or SBR has always been a 
replacement of NR when the cost of the rubber is concerned. The use of SBR can 
lower the price of the production cost and provides good damping and bonding 
properties. Even SBR possesses lower durability than NR, its heat resistance and 
cycle-to-crack initiation are higher. Blend of SBR and CR has been prepared by 
Ramesan et al. (2005). This was to gain compromising properties from these two 
rubbers such as the strain-induced crystallization, better compression set, and the 
flame resistance compared to SBR alone.

This chapter provides valuable information about the properties of the blends 
based on w-CR as blending component. There were three types of virgin rubbers 
namely NR, ENR50, and SBR. The blends at various ratio, i.e., 95/5, 85/15, 75/25, 
65/35, and 50/50 (phr/phr), were prepared. The findings presented in this chapter 
will be useful and benefits for the rubber manufacturers on manufacturing novel 
materials with economic and environmental aspects based on w-CR. Therefore, the 
blends based on these three blends are novel materials and facilitate developing 
rubber products based on the respective blends.

2  Materials and Preparation of the Blends

w-CR was obtained from rejected CR gloves and was supplied by Juara One 
Resources (M) Sdn. Bhd. w-CR was ground to processable form until the size was 
received at below 600  μm (US Standard mesh is 40). SMR L grade NR was 
manufactured by Mardec Malaysia Sdn. Bhd. SBR 1502 with the 23.5  wt% of 
styrene content was purchased from Juara One Resources (M) Sdn. Bhd. ENR50 
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Table 1 Compounding 
formulation used for 
preparing CR glove

Ingredients Amount (phr)

60% w/w Chloroprene rubber 100
25% w/w Stabilizer 0.5
43% w/w Colorant 0.4
30% w/w Accelerator 0.2
11% w/w Heat-sensitive agent 0.2
2% w/w Thickener 0.2

Table 2 Formulations used for compounding NR/CRw, ENR50/CRw, and SBR/CRw blends

Ingredients Amount (phr)

NR or ENR50 or SBR 95 85 75 65 50
CRw 5 15 25 35 50
ZnO 5.0 5.0 5.0 5.0 5.0
Stearic acid 1.0 1.0 1.0 1.0 1.0
CBS 1.0 1.0 1.0 1.0 1.0
TMTM 0.5 0.5 0.5 0.5 0.5
MgO 2.0 2.0 2.0 2.0 2.0
Sulfur 2.5 2.5 2.5 2.5 2.5
CB (N330) 30.0 30.0 30.0 30.0 30.0

was synthesized by Kumpulan Guthrie Sdn. Bhd. The rubber formulation used for 
blending the original w-CR is shown in Table 1. Carbon black (CB) type N330, 
silica (Vulkasil C), and calcium carbonate (CaCO3) were supplied by EXCELKOS 
Sdn. Bhd., Bayer (Malaysia) Sdn. Bhd., and Emax Asia Pte Ltd., respectively. Other 
additives namely zinc oxide, sulfur, N-cyclohexyl-2-benzothiazole sulfenamide 
(CBS), tetramethylthiuram monosulfide (TMTM), magnesium oxide (MgO), and 
stearic acid were purchased from Bayer (M) Sdn. Bhd., Selangor, Malaysia. Table 2 
shows the ingredients used for preparing the blends. All the ingredients added for 
each blend were mixed on the two-roll mill (model XK-160). Then, the compounds 
were tested for their curing times prior for compression molding.

3  Properties of the Rubber Blends

3.1  Curing Characteristics

The information about torques, scorch time (ts2), and curing time (tc90) of the blends 
was recorded from a Monsanto Moving Die Rheometer (MDR 2000). It was done 
at the temperature of 150 °C according to ASTM D5289. All the data are listed in 
Table 3. As w-CR content increased, the ts2 and tc90 increased. This occurs for all 
rubber blends and correlates to the chemical structure of each blending component 
such as NR, ENR50, and SBR. Longer ts2 and tc90 may be contributed to less reactive 
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Table 3 Curing parameters of NR/CRw, ENR/CRw, and SBR/CRw blends

Blends and their ratio (phr/phr) ts2 (min) tc90 (min) ML (dN.m) MH (dN.m) MH-ML (dN.m)

NR/CRw
95/5 0.90 1.99 0.75 16.96 16.21
85/15 0.98 2.13 0.95 17.83 16.88
75/25 1.02 2.23 1.05 19.57 18.52
65/35 1.09 2.51 1.27 21.95 20.68
50/50 1.12 3.03 2.25 24.25 22.00
ENR/CRw
95/5 0.87 2.70 0.19 17.32 17.13
85/15 0.89 2.73 1.40 18.69 17.29
75/25 0.93 2.79 1.03 21.15 20.12
65/35 1.00 2.88 1.93 23.89 21.96
50/50 1.13 3.38 4.02 26.29 22.27
SBR/CRw
95/5 2.42 4.66 1.79 19.43 17.64
85/15 2.33 4.97 1.93 19.67 17.74
75/25 2.37 5.37 2.33 23.87 21.54
65/35 2.49 6.56 2.54 25.30 22.76
50/50 2.61 6.78 3.82 27.40 23.58

site due to an increase in w-CR content. The difference in unsaturation resulted to 
promote cure incompatibility, especially in sulfur-cured systems. Another reason 
may be because of the w-CR itself (Ismail and Leong 2001). Chlorine (Cl) atom in 
CR possesses high electronegativity; it can de-activate reactivity of allylic carbon to 
generate the free radical. This has later retarded the sulfur vulcanization process 
(Chokanandsombat and Sirisinha 2013). At similar blending ratio, it was found that 
both ts2 and tc90 of SBR/w-CR blends were longer than NR/w-CR and ENR50/
w-CR which exhibited the same. SBR has less diene content styrene than NR and 
ENR50. Thus, it needs longer time to complete vulcanization. Moreover, the ts2 was 
not much different especially at low content of w-CR; there may be less effect at the 
beginning of cross-link.

Minimum torque (ML) increased over the content of w-CR regardless of whether 
NR, ENR50, or SBR was used as blending component. ML indicates the viscosity of 
the rubber compound (Hayeemasae et al. 2013); lower ML exhibits better processing 
of the rubber compound. Here, w-CR provided poor processability to the blends. At 
similar blend ratio (especially at high w-CR content), the blends exhibited higher 
ML. As the w-CR is originally hard due to its crumb form, it may interfere the 
processability of the blends. The maximum torque (MH) also increased over the 
addition of w-CR but not much different when comparing among different types of 
blends. Higher MH may be came from w-CR which possesses harder phase from its 
crumb form as the cross-linking precursors in w-CR.  This phenomenon also 
occurred for the torque difference (MH-ML). MH-ML correlated well with the MH; it 
may be related to the cross-linking degree of vulcanizate (Rattanasom et al. 2007).
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3.2  Mechanical Properties

The mechanical properties of all blends were evaluated through tensile strength, 
elongation at break, tensile modulus, and hardness. The tensile tests were carried 
out using universal tensile machine whereas the hardness was tested by Shore A 
type durometer. Tensile properties and hardness values are tabulated in Table  4. 
w-CR has reduced the tensile strength and elongation at break of all blends regardless 
of blending types. w-CR was cross-linked prior to be used; such cross-link can 
create different interfacial tension with its blending component. Thus, non- 
homogeneous phase structure was formed and later reduced the stress transfer to the 
blends. Comparing each blending type, NR/w-CR blends exhibited highest tensile 
strength and elongation at break which is simply due to the original characteristics 
of NR. NR has very good mechanical performance, owing to its ability to crystallize 
while stretching (Baker et al. 1985; George et al. 2000). Also, the sulfur vulcanization 
system provided an advantage to the NR-based blends because NR contains more 
allylic sites than ENR50 and SBR. NR has highest possibility to have created the 
cross-linking formation than other rubbers which resulted to enhance the tensile 
strength and elongation at break.

It is noted that the tensile strength of the blends is controlled by certain charac-
teristics of blending components. NR has high strength due to its strain- induced 
crystallization (SIC). This behavior is diminished after epoxidation (ENR50). This 
can be seen from the reduction of tensile strength. Moreover, SBR/w-CR blends 

Table 4 Tensile properties and hardness of NR/CRw, ENR50/CRw, and SBR/CRw blends

Blends and their ratio 
(phr/phr)

Tensile strength 
(MPa)

Elongation at break 
(%)

M100 
(MPa)

Hardness 
(Shore A)

NR/CRw
95/5 24.96 ± 0.59 670.00 ± 5.11 2.03 ± 0.02 59
85/15 22.47 ± 0.61 600.77 ± 4.87 2.37 ± 0.03 61
75/25 18.86 ± 0.56 537.23 ± 2.10 2.72 ± 0.03 62
65/35 15.49 ± 0.43 445.43 ± 2.26 3.15 ± 0.04 68
50/50 12.80 ± 0.22 324.43 ± 2.55 3.92 ± 0.03 75
ENR/CRw
95/5 16.16 ± 0.57 393.90 ± 3.07 3.34 ± 0.02 71
85/15 14.61 ± 0.63 375.57 ± 4.85 3.15 ± 0.03 71
75/25 12.35 ± 0.44 284.43 ± 6.40 4.06 ± 0.06 74
65/35 12.05 ± 0.31 237.20 ± 5.41 5.05 ± 0.05 78
50/50 11.22 ± 0.47 224.43 ± 3.06 6.44 ± 0.03 81
SBR/CRw
95/5 10.27 ± 0.55 300.85 ± 6.09 2.60 ± 0.04 64
85/15 9.10 ± 0.27 278.87 ± 4.51 2.55 ± 0.02 65
75/25 8.59 ± 0.33 226.63 ± 3.03 2.98 ± 0.03 68
65/35 8.24 ± 0.41 204.47 ± 4.09 3.67 ± 0.05 70
50/50 9.23 ± 0.48 200.53 ± 3.44 4.33 ± 0.04 77
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exhibited lowest tensile strength. SBR has very low mechanical properties; it always 
requires the addition of reinforcing filler to enhance the strength. This is because 
styrene unit destroys the regularity of rubber chains, which is needed for SIC 
(Ramesan et al. 2001). Similar findings were also observed for elongation at break. 
The flexibility of NR is originally higher than of ENR50 and SBR.

The modulus at 100% elongation (M100) and hardness of NR/w-CR, ENR50/
w-CR, and SBR/w-CR blends are shown in Table 4. w-CR has increased M100 and 
hardness of all blends. This clearly confirmed that the rigidity in nature of w-CR has 
made the vulcanizates more stiffness. Increasing the content of rubber waste, the 
modulus was then increased (Poh et al. 2001). ENR50/w-CR was seen to provide 
the blends with highest M100 and hardness. ENR can be self-cross-linked during 
epoxidation by forming ether bonds (Baker et al. 1985). This cross-linking enables 
to promote high modulus rubber. Another reason may be because of its higher glass 
transition temperature (Tg) of ENR50. It makes this rubber harder at ambient 
temperature unlike other rubbers. Similar report was also mentioned by Nagode and 
Roland (1991), who emphasized that the Tg contributes to the final stiffness of the 
rubber vulcanizate. As for the SBR/w-CR blends, the presence of styrene in the 
SBR restrains the mobility of rubber chain and makes the final rubber harder 
(Chakraborty et al. 2011; Poh et al. 2001).

3.3  Fatigue Life

Monsanto fatigue-to-failure tester was used as a tool to determine fatigue life of 
rubber blends with repeated cyclic strain at 100 cpm and 2.01 ± 0.05 extension ratio 
according to JIS K 6270. The calculated cycles of fatigue life of all blends are 
shown in Table 5. Increasing w-CR content has reduced the fatigue life of all blends, 
which is due to deterioration of vulcanizate in the presence of w-CR. Noriman and 
Ismail (2011) reported that an addition of rubber waste especially in crumb form 
may create defect while stretching the sample. Such defect cannot transfer the stress 
from one phase to another; this has ended up with the broken sample at unexpected 
cycle of fatigue test. This shows that w-CR reduced the elasticity of the blends and 
made them unable to sustain any longer under cyclic deformations. Comparing 
among the blends, SBR/w-CR blends showed less fatigue cycle than NR/w-CR or 
ENR50/w-CR blends. As stated before, the unique property of NR over synthetic 
rubber (SR) is the ability to crystallize while elongation. Such crystals can inhibit 
the propagation of crack during cyclic deformations, thus reducing the crack growth 
to the rubber sample (Poh et al. 2001). This is again due to its SIC which helps to 
enhance the fatigue life. In fact, the major consideration for the products having 
high fatigue life is toward the ability of rubber to perform SIC (George et al. 2000).

In addition to SIC, the fatigue cycle of the SBR/w-CR blends showed lowest 
value, which is simply because SBR does not perform SIC. SBR is an amorphous 
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Table 5 Fatigue life of NR/
CRw, ENR50/CRw, and 
SBR/CRw blends

Blends and their ratio (phr/phr)
Fatigue life 
(kc)

NR/CRw
95/5 402.1 ± 2.95
85/15 297.3 ± 2.09
75/25 187.1 ± 2.12
65/35 166.2 ± 3.17
50/50 28.3 ± 4.05
ENR/CRw
95/5 68.2 ± 5.02
85/15 45.5 ± 5.31
75/25 31.2 ± 4.44
65/35 29.0 ± 3.51
50/50 15.5 ± 3.33
SBR/CRw
95/5 54.6 ± 4.12
85/15 42.3 ± 4.56
75/25 27.9 ± 6.74
65/35 24.3 ± 5.04
50/50 14.0 ± 6.12

rubber due to the presence of styrene along the main chain; it causes poor fatigue 
life especially when considering the crack propagation during cyclic tension. 
Legorju-jago and Bathias (2002) confirmed that the fatigue cycle of NR and SR 
strongly depends on their chemical constituents.

3.4  Swelling Uptake and Cross-Link Density

Swelling uptake was tested for the vulcanizates and the raw data from the swelling 
test were applied for calculation of cross-link density according to the Flory–Rehner 
equation (Flory and Rehner 1943). The results of swelling uptake and cross-link 
density of all blends are listed in Table 6. The swelling resistance was investigated 
by equilibrium toluene uptake at room temperature. Swelling uptake correlates with 
the overall cross-link density of rubber vulcanizate (Flory and Rehner 1943). Less 
swelling uptake indicates more cross-linking because cross-links can inhibit the 
penetration of solvent to the rubber molecules. The swelling uptake of all blends 
reduced over the addition of w-CR. This was simply due to the nature of w-CR, as 
CR possesses good oil and solvent resistances (Ismail and Leong 2001). Adding 
w-CR has then reduced the swelling uptake. Moreover, w-CR was cross-linked due 
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Table 6 Swelling percentage and cross-link density of NR/CRw, ENR50/CRw, and SBR/
CRw blends

Blends and their ratio (phr/phr) Swelling uptake (%) Cross-link density (× 10−5 mol/cm3)

NR/CRw
95/5 243.60 ± 3.15 3.98 ± 0.35
85/15 225.82 ± 2.54 4.25 ± 0.25
75/25 182.62 ± 2.78 4.48 ± 0.46
65/35 167.64 ± 2.55 4.55 ± 0.39
50/50 161.83 ± 4.65 5.63 ± 0.25
ENR/CRw
95/5 162.77 ± 2.52 6.78 ± 0.17
85/15 160.82 ± 2.33 6.89 ± 0.56
75/25 147.48 ± 2.29 7.63 ± 0.48
65/35 139.51 ± 3.21 7.56 ± 0.51
50/50 127.10 ± 1.67 9.41 ± 0.24
SBR/CRw
95/5 180.66 ± 2.49 5.34 ± 0.37
85/15 172.52 ± 3.12 5.58 ± 0.55
75/25 158.12 ± 1.52 6.11 ± 0.61
65/35 150.88 ± 2.44 6.14 ± 0.49
50/50 130.12 ± 2.07 8.35 ± 0.31

to its recycled form; this may be another reason to reduce the possibility of solvent 
to penetrate the molecules of rubber blends.

Types of blending component have also influenced the overall swelling uptake of 
the blends. The blends containing NR as blending component showed highest swell-
ing uptake followed by SBR and ENR, respectively. NR is non-polar rubber, so it is 
very prone to non-polar solvent when immersing. Although SBR is also classified 
considered a non-polar rubber like NR, but the presence of styrene on SBR back-
bones has made SBR more insoluble with non-polar solvent like toluene. The sulfur 
content in the formulation of SBR/w-CR might be another condition that made this 
blend more swelling resistance. As SBR has less unsaturated level than NR, it nor-
mally requires less amount of sulfur for vulcanization. However, all formulations 
used in this work were similar except for the types of blending component. 
Therefore, the possibility of cross-linking in SBR based blend is higher which then 
made the vulcanizate more swelling resistance. In addition to this, the highest swell-
ing resistance observed for ENR50/w-CR blends is simply because of the presence 
of epoxide group. The epoxide group increases the polarity of the ENR and affected 
the final swelling uptake. Another consideration was due to the self- cross- linked 
formation of ENR through the ether linkage. This may also contribute additional 
cross-links to the ENR50/w-CR blends.
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3.5  Scanning Electron Microscopy (SEM)

The SEM images of all blends were taken from the fractured specimen after tensile 
test. Figure 1 shows the SEM images at 50× magnification for all blends. Figure 1a, 
c, e show the SEM images of NR/w-CR, SBR/w-CR and ENR50/w-CR blends with 
low content of w-CR (25 phr). The rough surfaces still can be seen from their 

Fig. 1 SEM images of the blends at various blending ratios, i.e., NR/CRw blends at 75/25 (a) and 
50/50 (b), ENR50/CRw blends at 75/25 (c) and 50/50 (d), and SBR/CRw blends at 75/25 (e) and 
50/50 (f)
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surfaces; this indicates the crack was difficult to create under tensile test. At higher 
content of w-CR (see Fig. 1b, d, f), less roughness and smoother surfaces are seen 
in the images. This agreed well with the values of tensile strength tested. Apart from 
that, detachment of w-CR was visible when more w-CR was added, this is simply 
to the poor compatibility among the blending components; this resulted to reduce 
the tensile strength.

3.6  Thermogravimetric Analysis (TGA)

A Perkin–Elmer Pyris 6 TGA analyzer was used for the thermogravimetric analysis 
of the rubber blends. The analysis initiated from 30 to 600 °C at a heating rate of 
20 °C/min in nitrogen gas. The TG and DTG curves of all blends were plotted and 
shown in Figs.  2, 3 and 4. The raw data received from TG profiles such as 
decomposition temperature at various weight loss, various stages, and their residue 
are listed in Table 7. Two regions are observed in the degradation of these blends. 
From the results observed, a very minor mass loss at approximately 150–300 °C 
was due to the presence of volatile matters such as moisture, stearic acid, and other 
unreacted substances (Tomer et al. 2007). Beyond such temperatures, there are two 
regions of thermal degradation observed from TG and DTG curves. First maximum 
weight loss was responsible to degradation of NR and ENR and the styrene and 
butadiene components of SBR, respectively, which observed at the temperature 
range of 350–400 °C. The second maximum weight loss is relative to the degradation 
of w-CR and leftover diene after the first stage of degradation. The thermal stability 
of all blends can be evaluated from the temperature at certain weight loss. Here, the 
weight loss at 5% and 5% were selected. It is found that the temperature decreased 

Fig. 2 TG and DTG curves of NR/CRw blends
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Fig. 3 TG and DTG curves of ENR50/CRw blends

Fig. 4 TG and DTG curves of SBR/CRw blends

over the content of w-CR for all types of blends, particularly for the initial stage of 
degradation (see T10%–T30%). However, the degradation rates were fastened after 
50% loss (see T50%). In general, the temperature at initial stage of degradation 
correlates to the first maximum peak of decomposition (Tmax1) while the second 
maximum peak of degradation contributes to the second stage of degradation. Here, 
it can be summarized that w-CR provides great effect to the thermal stability of all 
blends, particularly at the lower temperatures. This correlates well to the temperature 
at which volatile matter evaporized and the elimination of HCl from w-CR; this 
contributes to faster loss of weight at this stage (Aracil et al. 2007).
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Table 7 Thermal decomposition parameters of NR/CRw, ENR50/CRw, and SBR/CRw blends

Blends and their ratio 
(phr/phr)

T5% 
(°C)

T10% 
(°C)

T30% 
(°C)

T50% 
(°C)

Tmax1 
(°C)

Tmax2 
(°C)

Char residue 
(%)

NR/CRw
95/5 346 372 401 435 391 426 33.69
75/25 344 366 406 462 370 459 36.34
50/50 342 353 390 475 354 465 41.96
ENR 50/CRw
95/5 341 361 400 437 387 417 28.35
75/25 326 349 384 452 360 467 32.01
50/50 343 349 373 461 351 463 36.22
SBR/CRw
95/5 374 402 453 481 – 472 27.83
75/25 342 362 396 461 376 476 33.11
50/50 353 353 388 477 354 488 37.79

According to Kameda et al. (2008), chlorine-based rubber material tends to per-
form dehydrochlorination; this reaction is initiated at 150 °C and continues to about 
350 °C. As can be seen from the decomposition temperature of the blends, dehydro-
chlorination happened at the initial stage of degradation. However, once the dehy-
drochlorination is complete, the HCl is then released and neutralized, and there is 
only the scission of some cross-linked CR and conjugated polyene left after the 
initial stage of degradation. It still can enhance the thermal stability at the later stage 
of decomposition.

This resulted to increase the decomposition temperatures of the blends. It is 
interesting to highlight that using only 5 phr of w-CR note for SBR/w-CR blend did 
not show the second peak of decomposition temperature. This is because SBR 
implies stable decomposition. The decomposition of SBR involved many chemical 
substances such as 4-phenyl cyclohexene, 4-vinylcyclohexene, styrene, 
ethylbenzene, methylbenzene, and α–methyl styrene. They are all classified as low 
molecular weight substances (Ghosh et al. 2018). This has made the SBR/w-CR 
blends showed highest thermal stability over other types of blending component. 
The structure of blending component greatly affects the thermal stability of the 
blends (Tangudom et al. 2014). Furthermore, the char residue of all blends changed 
considerably over the content of w-CR. As w-CR was in crumb form and contained 
certain content of inorganic additives as evidently shown in Table 1. This may be the 
reason behind the variation in char residue at the final decomposition temperature.

3.7  Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis (DMA) was studied using a Perkin–Elmer DMA7 to 
obtain the results of the storage modulus (E′) and damping characteristic (tan δ). 
The samples were subjected to tension mode with the force amplitude of 0.1 N at a 
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Fig. 5 Storage modulus of NR/CRw blends

Fig. 6 Storage modulus of ENR50/CRw blends

frequency of 10 Hz. Figures 5, 6, 7, 8, 9 and 10 show results recorded from DMA 
of all blends. The raw data are also tabulated in Table 8. As for the E′ (see Figs. 5, 6 
and 7), three different regions of E′ were shown namely a glassy zone below the 
glass transition temperature (Tg), a transition zone where E′ value is reduced over 
the temperature, and a rubbery region where the samples behave as elastic material. 
The result clearly showed that E′ of the blends increased over the content of w-CR, 
except for the ENR50/w-CR blends. E′ is related to the elastic and cross-linking 
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Fig. 7 Storage modulus of SBR/CRw blends

Fig. 8 Damping factor (tan δ) of NR/CRw blends

degree (Nabil et al. 2013); this is clear that elastic response was significant in the 
presence of w-CR which can be attributed to a higher cross-linking degree imparted 
by w-CR.

The different observation found for ENR50/w-CR blends related to the side reac-
tion from taken place between ENR50 and w-CR phases. The CB may catalyze HCl 
during dehydrochlorination process of w-CR; this may cause the separation of rub-
ber phases (Bandyopadhyay et al. 1995). Moreover, the formation of ether bonds 
during the synthesis of ENR may attribute such observation. As for NR/w-CR and 
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Fig. 9 Damping factor (tan δ) of ENR50/CRw blends

Fig. 10 Damping factor (tan δ) of SBR/CRw blends

SBR/w-CR blends, E′ remained the same; although the styrene group may provide 
harder vulcanizate, it may have great effect only at higher content of SBR (50/50 
phr/phr of SBR/w-CR blend) High E′ at higher content of SBR may be due to the 
designed formulation as discussed previously. SBR has less unsaturated level than 
NR, but the content of sulfur remained constant to all over the blends, so the sulfur 
content is more than enough to complete the vulcanization. Thus, SBR consisted of 
more cross-linking than NR in the blends. This agreed well with the cross-link den-
sity reported previously.
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Table 8 Dynamic mechanical properties of NR/CRw, ENR50/CRw, and SBR/CRw blends

Blends and their ratio (phr/phr) Log E′ at 25 °C (MPa)

tan δmax

Tg @ tan δmax 
(°C)

tan δmax1 tan δmax2 tan δmax1 tan δmax2

NR/CRw
95/5 1.06 0.83 – −36.30 –
75/25 1.30 0.66 0.48 −36.59 −19.98
50/50 1.69 0.28 0.51 −34.89 −14.73
ENR50/CRw
95/5 1.85 0.06 0.87 −31.05 14.39
75/25 1.50 0.03 0.73 −38.19 −12.13
50/50 1.62 0.32 0.49 −42.88 −19.12
SBR/CRw
95/5 0.92 1.07 – −22.88 –
75/25 1.15 0.87 – −14.91 –
50/50 2.31 0.75 – −9.42 –

Tan δ is a crucial characteristic to discuss as it is indirectly related to the elastic 
response of the vulcanizate. The factors relating to this result are the nature of rub-
ber matrix (NR, SBR, ENR50 or w-CR), the nature of interphase (b), the frictional 
damping between matrix interphases (c), and the energy dissipation in the cata-
strophic area (d) (Jacob et al. 2006). Besides, tan δ also relates to the impact resis-
tance of the material (Atiqah et al. 2018). Variation of tan δ over the temperature is 
illustrated in Figs. 8, 9 and 10 and the respective values are tabulated in Table 8.

Considering the available figures, the blue straight line represents the Tg for vir-
gin CR, which is roughly at −33 °C, while the red straight line indicates the Tg for 
virgin NR, ENR50, and SBR, which are at −70 °C, −1 °C, and − 34.5 °C, consecu-
tively (Baker et al. 1985; Arrighi et al. 2003). The Tg of NR and SBR is lower than 
CR. This was the reason behind the the shifting of Tg over the content of w-CR in 
the blend. Besides, the Tg of SBR and CR is almost equal which are −34.5  °C 
and − 33 °C, respectively. This is simply the possible reason of having only one 
peak of tan δ. As for the ENR50/w-CR blends, the Tg of ENR50 is way higher than 
CR; this has made the Tg of vulcanizate lower when adding more w-CR. Moreover, 
the tan δ peak is reduced in the presence of w-CR, irrespective of the types of blend-
ing component. The w-CR restricted the mobility of rubber chains because of the 
rigidity of w-CR, resulting to lower elasticity, higher restriction of molecular move-
ment, and thus lowering the damping characteristics. This agreed well with the 
cross-link density reported previously.

It is interesting to highlight that the types of rubber namely NR, SBR, and ENR50 
greatly influence the damping behavior of all blends. It is known that damping 
behavior is opposite to elasticity of vulcanizate. Low tan δ also indicates low tire 
rolling resistance, while a high tan δ shows good wet grip. NR/w-CR and ENR50/
w-CR blends have low tan δ, which is special characteristic of NR, while the SBR/
w-CR blends showed quite higher tan δ values. This is simply because of the nature 
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SBR itself. SBR is known to have very high rolling resistance due to the presence of 
styrene group, a high tan δ seen correlates well with the property of SBR.

4  Conclusions

In this chapter, the utilization of w-CR as blending component in NR, SBR and 
ENR50 was carried out. The overall performance of the blends was evaluated from 
many characteristics such as mechanical properties, thermal stability, and dynamic 
mechanical properties. Before undergoing the respective testing, the curing 
characteristics were observed; it was found that w-CR has prolonged the ts2 and tc90 
due to unsaturation level which led to cure mismatch between the blends. ML, MH, 
and MH-ML of all blends increased over the content of w-CR. This is because w-CR 
has cross-links before blending with virgin rubbers. This also increased the swelling 
resistance, cross-link density, and storage modulus. Tensile strength reduced over 
the content of w-CR; the change in tensile strength can be correlated with the SEM 
images. The rougher surfaces with more tearing lines indicate the requirement of 
higher energy for breaking the sample. w-CR greatly affected the thermal stability 
of all blends by elevating the decomposition temperature. In summary, each blend 
regardless of whether NR/w-CR, ENR50/w-CR, or SBR/w-CR possess their own 
characteristics. The blend based on NR as blending component is suitable for the 
products where flexibility and strength are required. However, the blend based on 
SBR is more appropriate when requiring high thermal resistance and damping 
characteristic. Finally, the blend based on ENR50 as blending component is 
suggested when the rubber compounders request for a synergistic property among 
physical and thermal stability of the rubber vulcanizate. As for the ENR50/CRw 
blends, it provided a compromise in the physical and thermal properties. On top of 
that, the use of w-CR is considered the key role for preparing rubber products based 
on rubber waste and can be ended up with cost-effective and environmentally 
friendly issues.
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Recycled Cellulose and Cellulose-Based 
Materials by Gamma Rays and Its Use 
as Reinforcement in Composites

Irna Zukeyt Garduño-Jaimes, Gonzalo Martínez-Barrera,  
Enrique Vigueras- Santiago, and Julián Cruz-Olivares

1  Introduction

Some studies are related to composites produced with cellulose and polyester resin. 
For example, (I) unsaturated polyester resin was reinforced with cellulose nanofi-
bers (CNF) (up to 45 vol%), which were obtained from wood. When adding 45 
vol% CNF, the strength and the elasticity modulus increase up to three times, while 
ductility and fracture toughness twice. Moreover, the glass transition temperature 
(Tg) increases with cellulose concentration increases (Ansari et  al. 2015). (II) 
Improvements on the tensile modulus, impact resistance, viscoelasticity, and ther-
mal resistance were obtained for composites produced with unsaturated polyester 
resin and up to 6 wt% cellulose nanocrystals modified by silane (Kargarzadeh et al. 
2015). Cellulose is the most abundant natural polymer around the world, with 
(C6H10O5)n chemical formula. Cellulose contains D-glucopyranose units linked by 
β-1,4-glycosidic bonds, containing up to 25,000 repeating units;which constitute a 
straight-chain molecular structure, enabling the production of soft and flexible 
fibers. Cellulose I is referred to nature cellulose, while cellulose II is produced by 
mercerization (alkali treatment) or regeneration (solubilization and subsequent 
recrystallization). Cellulose IIII and IIIII can be formed from cellulose I and II, 
respectively, by reversible reaction with liquid ammonia. Finally, cellulose IVI and 
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IVII can be produced by heating cellulose IIII and IIIII, respectively. The main com-
ponents of natural fibers are cellulose, hemicellulose, and lignin. Each one content 
can vary according to the species, climate, and age (Bledzki and Gassan 1999; Park 
et al. 2010).

2  Cellulose Irradiated by Gamma Rays

Because cellulose is a biodegradable material, its recycling processes have been 
improved; one of them is carried out by electromagnetic radiation, coming from 
radioactive sources such as cobalt 60. Gamma radiation causes or enhances polymer 
breakdown, particularly by scissions of polymer chains, that produce low- molecular- 
weight materials, which can be used as raw materials or additives. Also, gamma 
rays have been used to improve the mechanical properties and performance of waste 
materials, by cross-linking processes. Furthermore, they can be used to upgrade 
natural polymers and to produce products having added value. Polymers submitted 
to ionizing radiation, even at low doses, often undergo structural changes accompa-
nied by chain cleavage, cross-linking, and grafting reactions. In some polymers, 
cleavage and cross-linking reactions happen at the same time. Cross-linking pro-
duced by gamma rays has great advantages since it does not require any additional 
chemical agents and it is easily controlled by radiation dose. Cross-linking process 
is widely used for hydrogel manufacturing. Modifications on the strength and color 
of polymers can be getting by controlled conditions. Chain length disruption initi-
ates the primary break called aging, and various external factors, such as tempera-
ture and chemicals, also increase the degradation rate. In addition, gamma radiation 
has shown being a simple and environmentally friendly technology (Burillo et al. 
2002; Ndiaye and Tidjani 2014; Wan Ishak et al. 2018).

2.1  Degree of Polymerization (DP) and Molecular Weight

Polymerization can be carried out continuously or discontinuously by using differ-
ent processes such as suspension, mass, emulsion, gas phase, and solution. Degree 
of polymerization (DP) is the number of repeating units in the formed polymer 
chain. In materials containing cellulose, this depends on its age, physical, and 
chemical properties. For example, higher molecular weight means higher degree of 
polymerization, as shown in Table 1.

Composites containing nanocellulose have shown great scientific advances, for 
example, (I) those made with sugar palm starch reinforced with nanofibrillated 
sugar palm cellulose, which were produced by a high-pressure homogenization pro-
cess. They show good compatibility between the components. Moreover, at 1 wt% 
sugar palm starch, the tensile strength increased from 4.80 to 10.68  MPa and 
Young’s modulus from 53.97 to 121.26  MPa (Ilyas et  al. 2019a, b, c); the 
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Table 1 Degree of polymerization and molecular weight of materials containing cellulose (Hallac 
and Ragauskas 2011)

Material
Molecular weight (units 
×103)

Degree of polymerization 
(DP × 103)

Cotton (closed fruit) 2478.6 15.3
Poplar cellulose 1668.6 10.3
Cotton (open fruit) 1344.6 8.3
Fir cellulose 1296.0 8.0
Pine cellulose 1279.8 7.9
Spruce-bleached kraft pulp 203.31 1.2
Pine-bleached kraft pulp 144.18 0.89
Bleached bisulfite pulp of 
eucalyptus

105.30 0.65

Rayon regenerated cellulose 49.41 0.30

nanofibrillated cellulose was obtained from sugar palm fibers, by using chemical 
and mechanical processes. This has 82% crystallinity, 92% yield, 5.5 ± 1.0 nm aver-
age diameter, and several micrometer length, as well as thermal stability with 
respect to raw fibers (Ilyas et al. 2019a, b, c). In other study, nanocrystalline cellu-
lose was extracted from sugar palm fibers by delignification and mercerization treat-
ments, at 60 wt% sulfuric acid. The results show nanocrystals with 9 ± 1.96 nm 
diameter and 130  ±  30  nm length (Ilyas et  al. 2018a, b); (II) many studies are 
focused on the reuse and recycling of biobased packaging products. The plastics 
aging is influenced by different factors, such as exposure to sunlight, oxygen, air, 
water, heat, cold, and microorganisms (Ilyas et al. 2021); (III) agroindustrial wastes 
such as starch and sugar palm fibers were used for producing nanocomposites by 
using the solution casting method, adding 0.1–1.0 wt% nanocellulose. The highest 
mechanical and thermal stability was obtained with 1.0  wt% nanocellulose. 
Moreover, burial tests in the soil showed biodegradability resistance (Ilyas et  al. 
2020); (IV) bionanocomposite films were produced with sugar palm starch and sor-
bitol/glycerol. The nanocrystalline cellulose was obtained from sugar palm fiber, 
which was treated with NaClO2, bleached with NaOH and hydrolyzed with acid. 
The nanocrystalline cellulose showed 8.5 ± 1.82 nm diameter and 130 ± 30.23 nm 
length. The films showed higher crystallinity, tensile strength, Young’s modulus, 
thermal, and water resistance (Ilyas et al. 2018a, b); (V) nanofibrillated sugar palm 
cellulose was extracted by using delignification and mercerization processes. Such 
nanofibers were mechanically extracted by high-pressure homogenization. The 
resulting sizes are cycle dependent, particularly when increased from 5 to 15 cycles 
produce decrease in diameter from 21.37 nm to 5.5 nm, but increase crystallinity 
from 38% to 81.19% (Ilyas et al. 2019a, b, c).

The effects of ionizing radiation on cellulose as well as in other polysaccharides 
result in physicochemical property modifications that include decomposition, 
chemical structure, mechanical resistance, solubility in fluids, and reactivity. For 
example, in a study Miscanthus biomass containing cellulose, hemicellulose, and 
lignin was irradiated by gamma rays at 1200 kGy dose. The results show that after 
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irradiating, the DP values decreased from 366,225 to 11,354, which means 96% 
less. Moreover, the weight average molecular mass (Mw) and the number average 
molecular mass (Mn) decreased with increasing absorbed doses. Non-irradiated 
biomass had Mw = 542,342 Da and Mn = 45,544 Da, which decreasing up to 72% 
(namely 150,821) and 33% (30,237 Da), respectively, after irradiation at 1200 kGy 
dose. For non-irradiated biomass, the Mw/Mn ratio was 11.9, while those irradiated 
at 1200 kGy decrease up to 4.98. Moreover, gamma rays can partially destroy the 
intra- or intermolecular hydrogen bonds into biomass. Thus, cellulose and hemicel-
lulose content decrease with increasing absorbed doses. However, the lignin content 
before and after irradiation was almost stable (Su et al. 2020).

2.2  Degree of Crystallinity

Polymers have crystalline and amorphous regions. In the case of polymer fibers, 
they are uniaxially oriented filaments with cylindrical symmetry, sometimes the 
chain axis direction coincides with the cylindrical symmetry axis. In the case of cel-
lulose, linear molecules are linked laterally by hydrogen bonds to form linear bun-
dles and crystalline structures. As known, the degree of crystallinity allows to 
establish the relationship between structure and properties, which can be calculated 
by X-ray diffraction, calorimetry, mass density measurements, among others. The 
degree of crystallinity for materials containing cellulose varies, for example, 90% 
for ramie fibers, 80–85% for cotton, and 60–85% for wood (Ioelovich and Veveris 
1987; Park et al. 2010).

The amorphous regions are reactive during pulping processes; thus, amorphous 
cellulose is more reactive than fully crystalline and therefore more easily degrad-
able. In some materials, the crystalline regions are interrupted every 60 nm with 
amorphous regions. The crystalline regions may contain occasional kinks or folds 
on the polymer chain. As known, cellulose is difficult to hydrolyze due to its crystal-
line structure. However, high degree of crystallinity allows to cellulose be more 
resistant to chemical attack during the pulping process. Moreover, with high crystal-
line/amorphous regions ratio, the rigidity of cellulose fibers increases, but flexibility 
decreases (Akerholm, et al. 2004). Materials containing cellulose with high degree 
of crystallinity show increase or decrease on their properties, as shown in Table 2.

Table 2 Properties of 
materials containing cellulose 
with high crystallinity 
(Ioelovich and Veveris 1987)

Properties that increase Properties that decrease

Tensile strength Deformation
Scratch resistance Water absorption
Stiffness Swelling
Dimensional stability Colorants absorption
Density Flexural
Young modulus Chemical reactivity
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Regarding the effects of gamma rays on cellulose; at a dose of 25 kGy the degree 
of crystallinity decreases by 1%,while at 31.6 kGy it decreases by 12%. However, 
this unchanged up to 300  kGy. For higher doses (> 300  kGy), the crystallinity 
decreases gradually. In other study, the crystallinity remains unchanged up to 
1000 kGy, then decrease for higher doses. Finally, at 6.5 MGy crystallinity totally 
disappears (Glegg and Kertesz 1957).

Regenerated cellulose films prepared by NaOH/urea solvent system were irradi-
ated (5–50 kGy). Cellulose fibers are surrounded by hemicellulose and lignin struc-
tures. During irradiation, gamma rays produce degradation in the hemicelluloses, 
releasing individual crystallites, due to the glycosidic bond cleavage, located 
between cellulose, and hemicellulose. At low doses, the crystallinity percentage 
increases up to 12%, due to the hemicellulose degradation, which is more amor-
phous than cellulose. Moreover, amorphous area is more reactive to gamma rays 
compared to crystalline one. Thus, improved arrangement of cellulose chains is due 
to cross-linking induced by gamma radiation. However, at higher doses than 10 kGy, 
crystallinity decreases up to 20%, which is attributed to chains cleavage, which 
occurs preferentially in the amorphous regions (Tanvir et al. 2016).

After irradiation, glucose units into cellulose are destroyed by cleavages, which 
produce weight loss. Moreover, bond fracture is randomly affected by high-energy 
radiation along each molecular chain; then, as a result of random fracture, the crys-
tallite sizes decrease as degradation proceeds. The bonds in the amorphous and 
crystalline domains are expected to be equally sensitive to radiation (Horio 
et al. 1963).

2.3  Chemical Structure and Morphology

Cellulose irradiated at high doses in oxygen produces carbonyl and carboxyl groups 
due to oxidative degradation. The 1732 cm−1 peak corresponding to C=O stretching 
vibration of the carbonyl group appears at 200 kGy dose. Moreover, its intensity 
increases gradually with the dose, up to 1200 kGy. In the case of its morphology, 
cellulose microfibrils have crystalline and amorphous zones, where chemicals can 
penetrate. Gamma radiation causes breakup of cellulose to shorter chains (which are 
water soluble), as well as additional microcracks, in which water molecules can eas-
ily penetrate. Scanning electron microscopy images of non-irradiated cellulose 
show smooth and homogeneous surfaces with some dispersed particles. However, at 
50 kGy dose, more dispersed particles and some cracks are observed. For higher 
doses, more space between cellulose surfaces appears, along with small voids. Such 
modifications are due to the scission and cross-linking of molecular chains.
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2.4  Thermal Properties and Mechanical Properties

The chemical decomposition of irradiated cellulose (0.2–2.2 MGy doses) is a pro-
cess related with the temperature. Such decomposition stimulates a monotonous 
increase on the production of valuable organic products through chain mechanisms. 
The results shown that irradiation reduces the yield of carbon and water. The hydro-
lysis of water-soluble fractions results in the formation of xylose, arabinose, gluc-
uronic and formic acids, malondialdehyde, among others. Moreover, water-soluble 
products, cellobiose, glucose, glyoxal, and 2-ketogluconic are detected. The cellu-
lose decomposition efficiency depends on the irradiation and heating rates. For spe-
cific irradiation dose, if the temperature increases, then the degree of polymerization 
decreases. At 100 °C, low decomposition was obtained, but for higher temperatures 
resulting notable decomposition. Furthermore, the fragmentation efficiency at 
190 °C was six times higher than that obtained at room temperature (Kholodkova 
and Ponomarev 2011; Ponomarev and Ershov 2014).

The degree of crystallinity is one of the most important structural parameters in 
cellulose, since its values have great influence on the physical and mechanical prop-
erties. Regenerated cellulose films were prepared with NaOH and urea, and exposed 
to gamma rays (5–50 kGy dose). The results show free radical production on the 
cellulose chains, due to the hydrogen and hydroxyl abstraction. At irradiation doses 
less than 10 kGy, the cellulose chains crosslink, thus improvements on the mechani-
cal properties are obtained, resulting in a stronger but more brittle material. At 
higher doses, chain cleavage degradation predominates over cross-linking. 
Glycosidic bond cleavage occurs by random depolymerization which produces 
molecular weight decrease and lower mechanical properties values.

The mechanical characteristics for non-irradiated and irradiated cellulose films 
show that the tensile strength for non-irradiated ones was 62.37 MPa, which increase 
9% at 10 kGy dose, but for higher doses decrease up to 51%. In case of Young 
modulus, 56.44 MPa was obtained for non-irradiated films, but such value increases 
42% at 10 kGy dose. Furthermore, the elongation at break decreases gradually, from 
1.41% to 0.59%, which means 58% less, which was due to the polymer chains 
cross-linking, that reduces their mobility (Tanvir et al. 2016).

3  Effects of Gamma Radiation in Materials 
Containing Cellulose

Gamma radiation has proven to be an effective process for recycling of materials 
containing cellulose, due to its easy handling at room temperature and great pene-
tration. It is considered a fast, clean, and environmental-friendly process. Moreover, 
such ionizing radiation can be used in composite materials as an alternative to cou-
pling or compatibilizing agents, for improvement of the filler/matrix interfaces. 
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Moreover, recycled materials by gamma rays can be reused for producing novel 
materials with specific characteristics.

3.1  Cotton

As is known, after scouring and bleaching, cotton contains 99% cellulose. In one 
study, waste cotton fabrics containing 95–99% cellulose were irradiated with 
gamma rays (doses of 10–100 kGy, at a rate of 10 kGy/h, at room temperature) to 
produce microcrystalline cellulose (MCC). Waste dry cotton was used, and wet cot-
ton was immersed in 35% H2O2 solution. The results show that the degradation of 
the dry cellulose was due to the formation of macroradicals, while that of the aque-
ous solution was due to the indirect effects of the products of water radiolysis after 
irradiation. Free radicals such as hydroxyl formed by water radiolysis are effective 
for enhancing cellulose degradation. The oxidizing species presence, such as hydro-
gen peroxide, can enhance the hydroxyl radical formation as well as the degradation 
process, in order to reduce the degree of polymerization of cellulose (Swantomo 
et al. 2017).

The degree of polymerization (DP) of cellulose decreases with increasing irra-
diation dose. DP was higher in the medium wet phase (hydrogen peroxide) than that 
in dry phase after irradiation. Moreover, the water solubility of the cotton cellulose 
irradiated at the middle wet and dry phase decreases with radiation dose increase. In 
the case of crystallinity, waste cotton fabrics showed 62.63%, which was increasing 
for MCC irradiated at 50 kGy, namely 70.8%; but lower than those values for com-
mercial MCC. The crystallite sizes were 5.92 nm for waste cotton fabrics, which 
decreased for MCC irradiated at 50 kGy at 4.65 nm, and even more for commercial 
MCC, namely 4.0 nm (Swantomo, et al. 2017).

In view of the ecological and economic restrictions imposed on the textile indus-
try, innovative surface modification on the textile surfaces (as cotton fibers) has 
been made by high-energy irradiation methods, such as gamma rays, which improve 
wettability, dyeability, printability, color fastness, hydrophilicity, and effective anti-
microbial activity. Gamma rays improve the accessibility of the functional group 
without affecting other bulk properties. Moreover, such modified textile fibers have 
been mixed with other materials to produce novel materials, such as upholstery 
panels for the automotive industry, for helping the vehicle acoustic properties 
(Shahid-ul-Islam and Mohammad 2015). The combined process including alkaline 
chemical treatment and gamma radiation was applied to cotton, the results showed 
a decrease in the degree of polymerization, as well as an increase in the content of 
carbonyl, nitrogen (19.16%) and oxygen. In addition, an increase of 3  °C in the 
decomposition temperature is observed, with respect to that of untreated cotton 
(358 °C), but a high increase in the exothermic peak, located at 450 °C, for treated 
cotton, with respect to untreated cotton, located at 382 °C. Such thermal changes are 
used for textile fabrics improvements.
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Cotton cellulose was irradiated with gamma rays at 10  kGy/h dose ratio. 
Radiolysis was carried out at 77 K for cellulose, followed by heating to 190–200 K, 
for the appearance of the secondary thermal reactions. The radiolysis results show 
production of H-C=O formyl radical, while for heating cellulose formation of ROO 
peroxide radicals. For the primary radicals, thermal transformations consisted of 
polycarbohydrate complex dehydration as well as bond dissociation (CH, C-OH, 
and CC), elimination (H2O, H2, CO, and CO2), radical formation (allyl and polyene) 
(Kuzina and Mikhailov 2006).

After irradiation by electron beam at room temperature, cotton cellulose showed 
decomposition on its carbonyl groups rather than carboxyl groups. The carbonyl 
group yield was 6.5 ± 0.5 at 100 eV, but lower for the carboxyl groups, namely 
0.9–1.8. Radiation at room temperature and low-dose rates leads chemical transfor-
mations. Moreover, irradiated cellulose decomposes efficiently at temperatures 
below the pyrolysis initiation threshold. At 50 kGy, H groups were produced. Higher 
doses become the cellulose in condensate liquid (Ponomarev and Ershov 2014).

3.2  Paper

Paper-based products contain 90–99% cellulose, which provides strength, flexibil-
ity, and water sensitivity. It has intramolecular (within molecule) and intermolecular 
(with adjacent molecules) very strong hydrogen bonds. In a study, paper with kraft 
cellulose was irradiated with gamma rays. As known, drainability is the measurable 
index for refining degree of the pulps. The freeness term is used to appoint the pulp 
quality. Moreover, recycled fibers have lower drainage rates comparing to virgin 
fibers, namely they have poor quality due to the paper forming and drying process. 
The Schopper-Riegler freeness index (oSR) and the strength increase with the radia-
tion dose increase (Dienes et al. 2005).

3.3  Cellophane

Cellophane is produced by cellulose from wood, cotton, hemp, or other source, 
which is called dissolving pulp that contains 92–98% cellulose. Cellophane is 
widely used as a packaging material for food and pharmaceutical products. Certain 
coatings are applied to improve its barrier properties, although these may present 
difficulties for its biodegradability. For solving such problems, some investigations 
have been carried out, for example, (I) cellophane membranes were irradiated at 
30–60 kGy. As known, cellophane is used for dialysis membranes since its high 
hydrophilicity; however, it is not soluble in water, but allows the diffusion of ions 
and low-molecular-weight solutes, which is related to crystallinity and the intermo-
lecular hydrogen bonding between hydroxyl groups. The cellophane membranes 
were modified at low irradiation dose, but for longer exposure was hardly affected. 
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Gamma rays produce changes on the salt permeability, electrical resistance, and OH 
moieties. The wide absorption band located at 3200–3400 cm−1 becomes narrower 
with irradiation dose increases, due to the weakening of the intermolecular hydro-
gen bonds (Váquez et al. 2004); (II) three types of cellophane films (uncoated cel-
lophane, coated cellophane nitrocellulose, and cellophane coated with PVDC) were 
irradiated by gamma rays in air. The results show remarkable biodegradation in the 
uncoated cellophane. The formed peroxyl free radicals can cause reactions on the 
polymer chains, continue for long periods, and cause structural changes. The min-
eralization percentage of irradiated uncoated cellophane after 3 months storage was 
103%, higher than that for non-irradiated, namely 71%. The aging of the irradiated 
samples increased their biodegradation with storage time, due to irradiation-induced 
free radicals and chain cleavage (Benyathiar et al. 2015).

3.4  Sisal

The sisal fibers contain cellulose (65.8%), hemicellulose (12%), lignin (9.9%), pec-
tin (0.8%), wax (0.3%), and water-soluble compounds. Composites with sisal fibers 
have been studied, for example, (I) composites made with woven sisal fibers and 
castor oil polyurethane, without compatibility agents were irradiated at 25  kGy 
dose. The results show a flexural strength of 42±3 MPa for the non-irradiated com-
posites, and an increase of 31% for the irradiated ones; while the modulus of elastic-
ity of 1.64±0.12 GPa for the non-irradiated composites, increases by 22% for the 
irradiated ones. High impact values   were obtained for composites due to the well 
sisal fiber dispersion. Moreover, probably the ends of the fibers act as crack block-
ers, preventing the cracks propagation and consequently the impact resistance 
increase (Vasco, et al. 2021); (II) polypropylene with 20% sisal fibers was irradiated 
up to 70 kGy (at 4.8 kGy/h ratio), in air at room temperature. After irradiating, at 
10 kGy the tensile strength increases 24% and the elongation at break 25%, while 
impact resistance decreases 24%. Such results can be related with the fractured 
surfaces after mechanical testing, where the sisal fiber dispersion is not optimal. 
Furthermore, hydrophilicity for irradiated polypropylene increases since the OH 
functional groups increase and slight cross-linking is produced on it (Albano 
et al. 2002).

3.5  Bamboo

Bamboo contains 60% cellulose with high content of lignin. Gamma rays are used 
for eliminate moisture and biological agents (mold fungi) in native bamboo, which 
affect long-term durability and dimensional stability. Cell walls of bamboo were 
irradiated up to 1000 kGy dose. At doses less than 100 kGy, the crystallinity and the 
cellulose content increase, but at higher doses (300 kGy), it was degraded showing 
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decrease on the crystalline regions, with more concentration of carbonyl and 
methoxyl groups. Small fragments easily soluble in water are produced. In the case 
of the hemicellulose, it was degraded at doses lower than 100 kGy, via scission of 
molecular chains; its degradation continues up to 1000 kGy doses. Moreover, non- 
phenolic lignin changed to phenolic with the irradiation dose increase (Sun, 
et al. 2014).

Low gamma radiation doses (<5 kGy) have been applied to extend the shelf life 
of bamboo shoots after harvest. Unfortunately, a lot of bamboo shoots are lost due 
to microbial spoilage during storage and transportation. Dendrocalamus asp shoots 
were irradiated (0.5–5.0  kGy), immersed in 2% NaCl solution, and stored at 
5 ± 2 °C. At 2.5 kGy and 5.0 kGy, no microbial load was detected up to 240 days at 
5 ± 2 °C storage; thus, the cells were destroyed at these conditions. The moisture 
content of non-irradiated bamboo shoots ranged between 90.77% and 94.73%, 
while for those irradiated ones, it increased from 94.24% to 96.31% (Singh, 
et al. 2021).

3.6  Wood

Gamma rays can produce free radicals and covalent bonds breaking, so molecular 
weight decreases. The polymer chains can be attached to the initial split point or 
reorganized by covalent cross-linking with neighboring chains. During irradiation, 
peroxy and hydroperoxy radicals are produced in the amorphous regions. When 
more molecules are breaking into the crystallites, the chain cleavage process 
increases the stress concentration in the crystals. Moreover, better adhesion between 
fibers and the matrix is getting when moisture is removed from the composite by 
gamma radiation.

Wood is the primary source of cellulose fibers. The wood cell walls contain cel-
lulose (45–60%), hemicellulose (20–40%), lignin (25%), and pectin (5%). For 
wood cellulose, the degree of polymerization (DP) decreases when increasing radia-
tion dose. For non-irradiated, the DP value was 1200, which decreases drastically 
up to 88% at 200 kGy (Ioelovich and Plotnikov 1999). As known, when the irradia-
tion dose increases, some processes occur, including depolymerization, crystalline 
structure distortion (or dislocation), changes on the inter-plane distances as well as 
macro-radical formation. In wood irradiated at 500 kGy, high solubility is obtained 
due to the depolymerization and degradation of the hemicellulose. Their side-chain 
constituents (galactans) are affected earlier, more than those located at the primary 
backbone, namely xylan or mannan. Furthermore, softening temperature (Ts) was 
located at 235  °C for non-irradiated cellulose, which decreases linearly up to 
300 kGy, due to the scission of chemical bonds such as glycosidic (Ioelovich and 
Plotnikov 1999).

Bleached wood cellulose was irradiated; the results show chains scission and 
local dislocations in crystalline domains. The distance between (020) crystalline 
planes increased linearly with the radiation dose increases. At doses above 1000 kGy, 

I. Z. Garduño-Jaimes et al.



301

the crystallinity percentage and the crystallite size decrease (Ioelovich and 
Plotnikov 1999).

Wood species (Pinus patula, Pinus cunninghamia, Cedrela fissilis, and Ocotea 
porosa) were irradiated up to 100 kGy. The results did not show significant changes, 
which allowed irradiate the wood several times, even if microorganism re- infestation 
occurs. Therefore, gamma rays are efficient as disinfection and decontamination 
treatment, since it does not damage the wood structure or generate by-products. 
Thus, wood sterilization by gamma rays is an easy, fast, and effective process. 
Thermal curves for irradiated wood species showed two stages, the first correspond-
ing to the depolymerization and the second to the cellulose combustion. The ther-
mal behavior shows 9% mass loss up to 130 °C, while at 250 °C, thermal oxidation 
of the cellulose components (crystalline and amorphous) was obtained. At 330 °C, 
mass loss was 64%; low-molecular-weight fragments were obtained as consequence 
of rupture of both glucosidal groups and anhydroglucose units. Finally, at 
330–440 °C, the lignin oxidation occurred, with 20% mass loss. Moreover, lignin 
content decreases gradually from 29.5% to 27.5%, according to irradiation dose 
increases (Severiano et al. 2011).

Composites produced with wood flour, polypropylene, and 3% maleic anhydride 
graft polypropylene as compatibilizer were irradiated (5–30 kGy doses). At 10 kGy 
dose, the highest mechanical values were obtained. The highest flexural modulus 
(9.6 GPa) was 23% higher than that for non-irradiated; such improvement was due 
to the predominant cross-linking, which strengthens the wood flour/polypropylene 
interactions. The flexural strength was 48.6  MPa for non-irradiated composites, 
which increase 4% for irradiated ones. In the same way, the tensile modulus for 
irradiated composites increased 10% (from 2.29 to 2.53  GPa) and the tensile 
strength 3% (from 28.6 to 29.5 MPa). For doses higher than 10 kGy, the chain cleav-
age had a greater effect than cross-linking and the mechanical properties decrease 
(Rimdusit et al. 2010).

Wood/polypropylene composites were irradiated up to 100  kGy. The results 
show minor changes on the tensile strength values but improvement on the bending 
strength is up to 50 kGy dose, as shown in Table 3.

Table 3 Tensile and bending 
strength of wood/
polypropylene composites 
(Ndiaye and Tidjani 2014)

Dose (kGy)

Tensile 
strength 
(MPa)

Bending 
strength (MPa)

0 12.00 12.35
10 12.25 13.75
25 12.50 14.15
50 11.75 14.50
100 11.25 12.40
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3.7  Microcrystalline Cellulose (MCC)

Cellulose microcrystals are fine crystalline powder, odorless, white, and biodegrad-
able materials. Microcrystals are obtained from pulp of fibrous plants with mineral 
acids, by depolymerized of alpha cellulose (type Iβ). Microcrystalline cellulose 
degradation by gamma rays is one of the most promising methods, due to easy han-
dling at room temperature, with great penetration, fast, and clean.

Microcrystalline cellulose (MCC) was irradiated by gamma rays at 400–1200 kGy 
doses. The results show that the degree of polymerization (DP) decreases gradually 
with absorbed gamma dose increases. The DP decreases from 183,045 to 47,495 at 
400  kGy dose, which meant 74% less. Moreover, non-irradiated MCC shows a 
smooth surface, but this was changing according to the gamma dose increase. At 
doses higher than 400 kGy, holes on the surface were produced. The waste cotton 
fabrics have great potential as raw materials for producing low-cost microcrystal-
line cellulose (MCC). The DP of waste cotton decreased with increasing radiation, 
which is due to direct chain scission at the β-glycosidic bonds, an increase in reac-
tive radicals due to hydrogen bond cleavage or an oxidation process.

3.8  Cellulose Nanocrystals (CNC)

Cellulose nanocrystals (CNC) can be obtained by mechanical, chemical, enzymatic, 
or biological processes and have high potential uses as reinforcing materials in 
nanocomposites. For example, addition of irradiated biodegradable CNCs is being 
used in packaging applications. Cellulose nanocrystals were irradiated by gamma 
rays. After irradiation, the molecular weight increases. At higher doses, the degree 
of polymerization (DP) decreases 30%, while the aldehyde group content increases 
to 379 mmol CHO/kg due to the cleavage of glycosidic bonds. Moreover, irradiated 
CNCs provide easy interaction with aqueous biopolymer matrices (i.e., alginate), 
due to their wettability and removal properties. They increase stability in food since 
preventing lipid oxidation. For non-irradiated CNC, the concentration of carboxylic 
acid groups (COOH) was 43 mmol COOH/kg, but increased to 631 mmol COOH/
kg at 80 kGy dose. These physicochemical changes allowed improvement on the 
antioxidant properties (Criado et al. 2017).

Cellulose nanocrystals (CNC), extracted from kraft pulp, are crystalline nanoma-
terials produced by hydrolysis. Dispersed suspensions of cellulose nanocrystals 
were irradiated up to 80 kGy. The results show changes on its molecular structure as 
well as in adsorbed water on the CNC surfaces. Changes in the ketones were 
observed at 1750 cm−1 and 1650 cm−1 in the FT-IR spectrum. After irradiation, alde-
hyde and carboxylic acid were formed; the last improved the hydrophilic behavior, 
which was corroborated by decrease of contact angle. Moreover, for non-irradiated 
CNC, the degree of polymerization (DP) was 135, which was decreasing to 95 
at 80 kGy.
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In other study, cellulose was extracted from rice husk by alkaline and bleaching 
treatments, after cellulose nanocrystals (CNC) were produced by acid hydrolysis. 
Finally, gamma radiation was used to prepare hydrogels (α-cellulose reinforced 
gelatin) and cellulose nanocrystals (CNC) in absence of cross-linking agents. 
Addition of CNC produced higher swelling capacity and improved dynamic 
mechanical properties, and the absorption/release drug performance, Moreover, the 
CNC sizes affected the performance of the cross-linked hydrogels. Such gelatin/
CNC hydrogels are suitable for drug delivery applications (Wan Ishak et al. 2018).

3.9  Cellulose and Polylactic Acid

Composites with polylactic acid (PLA), microcrystalline cellulose fibers (MCC), 
cellulose nanowhiskers (CNW), and maleic anhydride (AM) were produced by a 
melt spinning process and irradiated with gamma rays at 5–30 kGy doses (1.92 kGy/h 
ratio, at room temperature). Due to the fiber fineness variation, the tensile strength 
is expressed as toughness (cN/tex), related to force per fineness unit. Fineness 
relates the fiber mass and its length (tex, g/km). After irradiation, chain cleavage and 
decrease on the molecular weight were obtained for the PLA matrix, probably due 
to structural changes that occurred in the amorphous/crystalline fractions. Moreover, 
the tenacity, Young modulus, and elongation at break decrease gradually on the 
composites, becoming a brittle material. Table  4, shows the data for toughness, 
Young’s modulus and elongation at break of the composites, while Table 5 shows 
the decrease in mechanical characteristics.

Table 4 Mechanical properties of PLA/cellulose composites as a function of absorbed dose 
(Aouat, et al. 2019)

Material
Dose 
(kGy)

Tenacity (CN/
tex)

Young modulus 
(GPa)

Elongation at break 
(%)

PLA 0 7.74 ± 0.2 3.27 ± 0.5 77.77 ± 1.5
30 5.74 ± 0.2 2.64 ± 0.2 45.52 ± 1.5

92% PLA/7% MA/1% 
MCC

0 8.04 ± 0.1 3.38 ± 0.2 91.60 ± 0.8
30 6.52 ± 0.1 2.91 ± 0.1 65.22 ± 1.9

92% PLA/7%/1% CNW 0 6.88 ± 0.4 2.94 ± 0.5 36.46 ± 1.1
30 6.78 ± 0.7 2.92 ± 0.1 36.81 ± 0.9

Table 5 Decrease percentages of PLA/cellulose composites (Aouat et al. 2019)

Fibers Tenacity (%) Young modulus (%) Elongation at break (%)

PLA 25 19 41
PLA/MCC 18 13 28
PLA/CNW 3 1 3
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With respect to the thermal behavior, after irradiation the temperature decreases 
for the glass transition (Tg), cold crystallization (Tcc), and melting (Tm). For PLA, 
at 30 kGy dose the temperatures for Tg, Tcc, and Tm decrease 7, 14, and 4 °C, 
respectively, while for irradiated composites 5, 11, and 3  °C, respectively. Thus, 
composites are thermally more stable. Moreover, The PLA crystallinity increases, 
due to the chain cleavage and the crystallite formation with a smaller size (Aouat, 
et al. 2019).

4  Conclusions

Investigations concerning to cellulose-based composites have shown their effective-
ness on diverse applications. Furthermore, recycling based on the structural modifi-
cations in cellulose has allowed that it has been used as reinforcement in composites. 
Such modifications can be got by gamma rays, which have advantages over other 
processes such as chemical attacks or thermal treatments. Thus, benefits offered by 
gamma rays as recycling tool include to be chemical-free, environmental-friendly, 
clean, and easy handling.
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Tensile, Thermal Properties, 
and Biodegradability Test of Paddy Straw 
Powder-Filled Polyhydroxybutyrate-3- 
Valerate (PHBV) Biocomposites: 
Acrylation Pretreatment

Noorulnajwa Diyana Yaacob, Hanafi Ismail, and Sam Sung Ting

1  Introduction

Over the past few years, there has been increasing interest in using natural fibres as 
a reinforcing agent in composite materials (Ilyas et  al. 2021; Salwa et  al. 2021; 
Chandrasekar et al. 2021; Li et al. 2015; Rubio et al. 2015; Sarifuddin et al. 2015; 
Pang and Ismail 2014; Anuar et al. 2012; Bertini et al. 2012). A combination of 
industry-applicable properties such as low cost, low density, non-toxicity, high spe-
cific properties, no abrasion during processing, and recyclability has contributed to 
an increase of interest from the manufacturing industry. However, several problems 
arise when incorporating such fibres into the matrices. The most notable problem is 
fibre-matrix incompatibility where a polar polymer (i.e. matrix) is concerned. This 
process generates a weak interface, hence causing low thermal and tensile proper-
ties (Chun et al. 2012).

Paddy straw powder (PSP)-filled polyhydroxybutyrate-3-valerate (PHBV) is a 
member of the polyhydroxyalkanoate (PHA) family. PHAs are biodegradable poly-
esters that are synthesised and accumulated intra-cellularly as a carbon or energy 
storage material during unbalanced growth by a large variety of bacteria. Currently, 
more than 80 hydroxyalkanoates have been detected as constituents of PHAs, and 
more than 300 different microorganisms are known to synthesise and accumulate 
PHAs intra-cellularly. Poly(β-hydroxybutyrate-co-β-hydroxyvalerate) (PHBV) is 
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an optically active thermoplastic aliphatic polyester with high stereoregularity (Tao 
et al. 2009).

Paddy straw is one of the lignocellulosic fillers. Paddy (Oryza sativa) is an agri-
cultural co-product which is found abundantly in Malaysia. By comparison with 
mineral, the lignocellulosic filler is shown to be able to demonstrate some outstand-
ing properties (Gordobil et al. 2015; Berthet et al. 2015; Faludi et al. 2013; Bertini 
et al. 2012; Chun et al. 2012; Danjaji et al. 2001). However, there are strong polar-
ised hydroxyl groups which are placed upon lignocellulosic fillers. Hence, it is hard 
to produce a tough interfacial bonding via a non-polar polymer matrix because 
hydrogen bonds hinder the filler surfaces from becoming wet. Because of the inad-
equacy of interfacial adhesion, low mechanical properties in polymer composites 
are portrayed by lignocellulosic fillers (Rahnama et al. 2013). Through altering the 
surface of filler, the interfacial adhesion between matrix and filler can be enhanced. 
Presently, a lot of approaches are applied in order to develop the interfacial adhesion 
between polymer matrices and lignocellulose filler, including silane treatment 
(Kargarzadeh et al. 2015; Ramamoorthy et al. 2014; Chun et al. 2012), esterification 
(Siyamak et al. 2012), using compatibilizers (Wu and Hakkarainen 2015), alkaline 
treatment (Obasi et al. 2014; Ramamoorthy et al. 2014; Rahnama et al. 2013; Njoku 
et al. 2012), and treatment with other chemical compounds.

Recently, scientific research and commercial industry have been focusing on the 
development and application of biodegradable plastic materials. The American 
Society for Testing and Materials Biodegradable (ASTM) defines plastics as degrad-
able plastics where the degradation happens from the enzymatic action of naturally 
occurring microorganisms such as bacteria, fungi, and algae. Based on scientific 
reports, PHB can be degraded by numerous microorganisms in the various ecosys-
tem (Kim et al. 2000). Alternaria sp., Penicillium simplicissimum, P. funiculosum, 
P. notatum, and Eupenicillium sp. are among the microbial species which are known 
to be able to degrade PHB (Rapa et  al. 2011, 2014; Volova et  al. 2010; Shah 
et al. 2007).

Hence, this study was conducted to examine the impacts of acrylic acid (AA) and 
filler loading of PSP upon thermal and tensile properties as well as morphology of 
PHBV/PSP biocomposites. Other than that, the biodegradability of these biocom-
posites was studied by using two different strains of Aspergillus species.

2  Experimental Work

2.1  Materials

PHBV was provided by Hasrat Bestari Sdn. Bhd. in Penang. The paddy straw was 
gained from the paddy field in Perlis. The paddy straw was cut, grounded into pow-
der, and dried at a temperature of 80 °C for 24 h. The Malvern Particle Size Analyser 
Instrument (Italy) was used to measure the average particle size of PSP, and a mea-
surement of 63μm was obtained. The ethanol and acrylic acid (grade 01730) were 
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Table 1 Formulation of treated and untreated of PHBV/PSP biocomposites

Materials PHBV/PSP (untreated) PHBV/PSP (AA treated)

PHBV (% wt.) 100 100
PSP (% wt.) 0, 5, 10, 15, 20 0, 5, 10, 15, 20
Acrylic acid (%)a – 3

AA acrylic acid, PSP paddy straw powder, PHBV polyhydroxybutyrate-3-valerate
a 3% based on the weight of PSP

provided by Fluka in Penang. Table  1 portrays the formulation of treated and 
untreated PHBV/PSP biocomposites.

2.2  Filler Treatment

AA was dissolved into 3% (v/v) ethanol. PSP was then added slowly into the solu-
tion and remained stirred for 1 h for a complete esterification. Lastly, PSP was fil-
tered and dried in an oven at a temperature of 80 °C for 24 h.

2.3  The Blending of PHBV/PSP

PHBV was dried in a vacuum oven for 24 h at 60 °C while PSP was dried for 3 h 
at 105 °C prior to blending. Both PHBV and PSP were compounded in an inter-
nal mixer (Haake Rheomix Polydrive R 600/610) via co-rotating blades and a 
mixing head with a volumetric capacity of 69 cm3. Compounding temperature 
and rotor speed were set to 170 °C and 50 rpm. PHBV was put into the mixing 
chamber and was allowed to melt for 3 min, followed by sequential feeding of 
PSP which was done for 5 min. The materials were mixed for 7 min, making the 
total mixing time of 15 min. Compounded materials were gathered at the end of 
the mixing and were kept in a sealed plastic bag for subsequent compression 
moulding experiment.

2.4  Compression Moulding

Materials which were collected from the internal mixer underwent compression 
moulding in order to get test specimens. The compounded materials were put into 
a suitable steel mould which was covered by aluminium plates at both sides. The 
materials were pressed at 170 °C into tensile specimens of 3 mm thickness, respec-
tively, via Kao Tieh Go Tech compression moulding machine. The moulding cycle 
involved 3  min of preheating without pressure, 3  min of compression under 
14 MPa pressure, and 5 min of cooling under 6.21 MPa pressure. The cooling 
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process was conducted in an adjacent cool press which were equipped with tap 
water cooling.

2.5  Tensile Testing

Instron Machine model 5569 was applied to conduct the tensile testing based on 
ASTM D638. The tensile testing was carried out at 25 ± 3 °C while applying the 
crosshead speed of 50 mm/min. The tensile properties for five similar samples with 
different compositions were assessed and the average values were recorded.

2.6  Morphological Analysis

A variable pressure field emission scanning electron microscope (VPFESEM) 
model Zeiss SUPRA 35VP was applied to conduct SEM of fracture surfaces of 
tensile pieces. The microscope was operated at 10  kV.  The test specimens were 
attached to an aluminium mount using double sticky tape and were sputtered with 
gold (10-nm thicknesses) in order to remove electron charging impacts.

2.7  Thermal Analysis

Thermogravimetric analysis Diamond, Perkin-Elmer (Malaysia) was applied to 
conduct thermal analysis. With the heating rate of 20 °C/min under nitrogen atmo-
sphere, samples of 6 ± 2 mg were scanned from 30 to 600 °C.

2.8  Differential Scanning Calorimetry (DSC) Analysis

The thermal properties of biocomposites can be analysed using differential scan-
ning calorimetry (DSC). This can be done through measuring heat changes which 
happen within bio-molecules under the controlled temperature. A hermetically 
sealed aluminium pan was used to encapsulate 10 mg of sample formulation. A 
Perkin-Elmer DSC 7 instrument was used to examine the sample. In order to elimi-
nate the thermal history of the sample, it was initially heated up from room tempera-
ture to 300 °C at a heating rate of 10 °C/min for 5 min. After that, it was cooled 
down to room temperature with a heating rate of 20 °C/min. Lastly, it was reheated 
again to a temperature of 220 °C at a heating rate of 20 °C/min. The analysis was 
carried out under a nitrogen atmosphere.
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The values of crystallisation temperature (Tc) and melting temperature (Tm) were 
shown by the maximum peak in the graph. The calculation of heat of fusion (ΔH) 
was performed via merging areas under the endothermic curve. The calculation of 
the percentage of crystallinity of biocomposites and PHBV was performed via 
Eq. (1).

 
%crystallinity � �

�
�
H

Hm
100

 
(1)

where ∆H represents the heat of fusion of sample and ∆H𝑚 represents the heat of 
fusion of 100% semicrystalline PHBV.

2.9  Biodegradability Test

Biodegradability test was conducted using solid-state fermentation method 
(Cosgrove et al. 2010). Briefly, 100 g of PSP was put into 500-ml Erlenmeyer flasks 
and was sterilised via autoclaving at a temperature of 121 °C for 15 min. 50 ml of 
filter-sterilised mineral salt medium was added to every flask in order to produce 
moisture. Two types of strains which are Aspergillus fumigatus strain SGE57 and 
Aspergillus niveus isolate A17 were grown in PDA media for 7 days (30 °C). The 
mycelium was roughly chopped with a sterile scalpel blade and was added to the 
Erlenmeyer flasks. The cultures were grown for a week at a temperature of 30 °C 
with occasional shaking and triplicate biocomposites were added after sterilising 
surface with 70% (v/v) ethanol. Total weight loss was determined at the end of the 
fermentation.

3  Results and Discussion

3.1  Tensile Properties

Figure 1 shows the impacts of different PSP contents upon tensile properties of both 
treated and untreated PHBV/PSP biocomposites. The data demonstrated a decrease 
in the tensile strength of the untreated PHBV/PSP biocomposites when the PSP 
content creased. This phenomenon might occur because of the low interfacial adhe-
sion between fibres and matrix as well as poor dispersion and low wettability 
between hydrophobic PHBV matrix and hydrophilic PSP. Nevertheless, the surface 
treatment of PSP via AA lead to an increase of tensile strength. Joseph et al. stated 
that the tensile strength of natural fibre which was altered chemically was enhanced 
(Joseph et al. 1996). Previous research conducted by Li et al. (2007) portrayed that 
the tensile strength of acrylic acid-treated flax fibre–HDPE composites was 
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Fig. 1 Tensile strength of PHBV/PSP biocomposites with and without acrylic acid treatment

enhanced. The study conducted by Vilay et  al. also demonstrated an increase in 
tensile strength of the acrylic acid-treated bagasse fibre–reinforced unsaturated 
polyester (Vilay et al. 2008).

This behaviour was formed due to good dispersion and tough interfacial adhe-
sion that existed between PHBV and PSP. AA responded via the process of esterifi-
cation with the hydroxyl group of PSP in order to produce a hydrogen bond. The 
tensile strength of PHBV/PSP biocomposites increased because of the enhanced 
interfacial adhesion that existed between PHBV matrix and the treated PSP. While 
conducting acrylic acid treatment, hydrophobic ester groups were introduced, and 
most of the lignin and hemicelluloses were eliminated. Therefore, stress transfer 
capacity at the interface is improved while fibre surface area with polymeric matrix 
which has better adhesion is increased (Dhanalakshimi et al. 2015a, b; Bessadok 
et  al. 2007). According to prior study, the tensile strength of biocomposites 
decreased. This phenomenon happened because of the existence of voids, which 
were formed by fibres and pulled out at low fibre content while high fibre content 
led to agglomeration (Dong et al. 2014). Based on the SEM micrographs shown in 
Fig. 5, agglomeration, voids and uneven surfaces were produced in biocomposites 
when comparing to surface of pure PHBV which was smoother. Hence, biocompos-
ites exhibited lower tensile strength than pure PHBV.

Figure 2 portrays the impacts of different PSP content upon the elongation at 
break (Eb) of treated PHBV/PSP biocomposites and untreated acrylic acid. Based 
on the graph, the overall Eb of treated and untreated biocomposites decreased when 
the PSP content increased. This phenomenon might occur because of the hardening 
impact of PSP and reduced deformability of a firm interface between PHBV matrix 
and PSP. However, the treated PHBV/PSP biocomposites with AA demonstrated 
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Fig. 2 Elongation at break (Eb) of PHBV/PSP biocomposite with and without acrylic acid 
treatment

Fig. 3 Modulus of elasticity of untreated PHBV/PSP and treated PHBV/PSP biocomposites

slightly lower elongation at break than untreated biocomposites. The PSP surfaces 
with AA treatment reduced the ductility of biocomposites and improved the firm-
ness of biocomposites. Other than that, the interfacial adhesion between matrix and 
filler would be increased by the treated surface of PSP. This would produce good 
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Fig. 4 SEM micrographs of pure PHBV

stress propagation and enhance tensile strength; however, the biocomposites would 
be more fragile than the polymer matrix (Salmah et al. 2012).

Figure 3 shows the modulus of elasticity for AA-treated and untreated biocom-
posites. The modulus of elasticity of PHBV/PSP biocomposites was greater com-
pared to the pure PHBV. This phenomenon might happen because of high toughness 
strength of PSP fibres. In addition, the modulus of elasticity of treated PHBV/PSP 
biocomposites was greater compared to the untreated PHBV/ PSP biocomposites. 
The results demonstrated an increase in the toughness of the PHBV/PSP biocom-
posites through chemical treatment.

3.2  Morphological Study

The fracture surface of pure PHBV is shown in Fig. 4. Based on the micrograph, the 
surface of pure PHBV was smooth without any voids. Figure 5a, c shows micro-
graphs of the tensile fracture surface of untreated PHBV/ PSP biocomposites with 
10 and 20 wt. % of PSP content. Those two micrographs demonstrated a low adhe-
sion and dispersion at the surface of PSP in PHBV matrix. The filler was removed 
from the unwetted PSP and matrix in PHBV matrix. Agglomeration happened when 
the PSP content was high (Fig. 5c).
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Fig. 5 SEM micrographs of (a) PHBV/10PSP (untreated), (b) PHBV/10PSP (AA treated), (c) 
PHBV/20PSP (untreated), (d) PHBV/20PSP (AA treated)

The polar feature of PSP does not have the ability to generate good connection 
between filler-matrix and non-polar PHBV matrix. The SEM micrographs of 
AA-treated PHBV/PSP biocomposites in Fig. 5b, d showed that the adhesion and 
wettability of PSP in the matrix were good. The filler agglomeration was decreased 
via AA treatment while the interfacial connection between filler and matrix was 
enhanced. It is interesting to note that there is little evidence of fibre which is pulled 
out in the AA-treated fibre-based composites, which indirectly indicating better 
adhesion that exists at the interphase.

3.3  Thermal Analysis

The TGA thermogram of weight loss curves for PHBV/PSP biocomposites along 
with temperature is shown in Fig. 6. Pure PHBV recorded a temperature of 295 °C 
at the highest degradation peak than its composites. This might be because of the 
hydrophilic characteristic of PSP, which would enable the water to be evaporated at 
a faster rate (Dong et al. 2014). According to Yussuf et al. (2010), there are three 
phases of degradation of biocomposites. The first phase takes place at a temperature 
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Fig. 6 TGA of pure PHBV, untreated and treated PHBV/PSP biocomposites

between 0 and 150 °C because the moisture which is absorbed into fibres evapo-
rates. The second stage occurs at a temperature between 230 and 370 °C, and this is 
because of thermal degradation of cellulose, lignin, and hemicellulose in natural 
fibre. The third phase happens after 370 °C and this is because non-cellulosic mate-
rials are degraded in fibres (Yussuf et al. 2010). Based on Fig. 7, the degradation 
temperature of biocomposites decreased when the PSP content increased.

Table 2 summarises degradation temperatures of pure PHBV, PHBV/10PSP; 
PHBV/20PSP, PHBV/10PSP (AA treated), and PHBV/20PSP (AA treated) bio-
composites. The initial degradation at 5 wt% and 30 wt% of sample weight loss was 
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Table 2 TGA data for pure PHBV, untreated, and AA-treated PHBV/PSP biocomposites

Samples T5% (°C) T30% (°C) Char residue (wt.%)

PHBV 235.52 284.69 1.57
PHBV/10PSP (untreated) 232.65 280.64 4.38
PHBV/20PSP (untreated) 230.03 275.74 6.40
PHBV/10PSP (AA treated) 225.62 272.68 5.45
PHBV/20PSP (AA treated) 222.61 269.62 7.05

Table 3 DSC data for Pure PHBV, untreated, and AA-treated PHBV/PSP biocomposites

Samples Tm (°C) Tc (°C) ΔH (J/g) Crystallinity (%)

Pure PHBV 165.50 124.47 65.52 44.87
PHBV/20PSP (untreated) 164.68 113.39 38.32 26.24
PHBV/20PSP (AA treated) 165.26 93.77 44.07 30.18

shown by T values correspondingly. At 5% and 30% of weight loss, pure PHBV 
recorded the highest temperature. PHBV reduced the degradation temperature 
through adding fibres. When natural fibres were added, the replacement of some 
parts of polymer by less thermally stable fibres reduced the thermal stability of 
composites (Yussuf et al. 2010).

By comparison with the untreated PHBV/20PSP biocomposites, the degrading 
temperature of PHBV/20PSP (AA treated) biocomposites reduced. By adding 
treated PSP fibres, the thermal stability of the composites was improved because of 
the presence of enhanced interfacial adhesion between PSP fibre filler and PHBV 
matrix via the acrylation treatment (Praveenkumara et al. 2021). The study con-
ducted by Dhanalakshmi et al. showed that the thermal stability of areca fibre com-
posite increases when the acrylic acid is introduced to the fibre (Dhanalakshmi et al. 
2017). Ester groups, which are introduced into the fibres via acrylation treatments, 
enhance the thermal stability of fibres that are treated chemically.

PSP fibre-filled biocomposites possess more char residue than pure PHBV due to 
the presence of natural fibres. By comparison with the untreated biocomposites, the 
treated biocomposites tended to have more char residue. This is due to the increase 
in thermal stability of treated fibres loaded biocomposites and there was a stronger 
interaction between the PHBV matrix and PSP fibres (Sundar et al. 2010). The ther-
mal stability of biocomposites can be improved with the good interaction between 
filler and polymer matrix in the biocomposites.

3.4  Differential Scanning Calorimetry (DSC) Properties

Figure 7 shows the cooling thermogram of pure PHBV and PHBV/PSP biocompos-
ites. By comparison with pure PHBV, it could be observed that the peak of biocom-
posites moved slightly to left, indicating a lower Tc for all biocomposites compared 
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Fig. 8 DSC melting of PHBV/PSP biocomposites

to the pure PHBV. This might take place because of low miscibility between fillers 
and the matrix, thus portraying low dispersion and incorporation of fibres within the 
biocomposites (Margem et al. 2015). Based on Table 3, the Tc value of PHBV/PSP 
biocomposites (untreated and treated) was lower than pure PHBV. This phenome-
non occurs as the crystallisation process of PHBV is accelerated effectively by 
fibres, hence enabling the growth rate of crystal to be advanced (Praveenkumara et 
al. 2021).

From Fig. 8, there were no substantial alterations in the Tm of biocomposites. 
Chemical modification of PSP slightly improved the Tm; nevertheless, the Tm of 
biocomposites were lower than pure PHBV (Tm = 165.5 °C). Table 3 depicts the 
alterations in Tm and Tc as well as crystallinity of pure PHBV and its composites. 
Pure PHBV had a crystallinity value which was greater compared to untreated bio-
composites. By putting untreated fibres into PHBV, its melting enthalpy became 
lower compared to pure PHBV, thus resulting in its amorphosity of materials to 
increase and eventually causing its crystallinity value to decrease (Faruk et  al. 
2012). The crystallinity of pure PHBV and PHBV/20PSP (untreated) was 44.87% 
and 26.24%, respectively. With the disarrangement of polymeric molecules in the 
biocomposites via fibres, the enthalpy value and crystallinity percentage were thus 
appeared to be low (Faruk et al. 2012).

The crystallinity of the PHBV/20PSP (AA treated) biocomposites was slightly 
higher than untreated biocomposites, which were 30.18% and 26.24%, respectively. 
This increment might be because of the capability of acrylic acid to lengthen the 
prevalence of crystallisation process. High crystallinity value reflects the mechani-
cal properties of polymer biocomposites. Higher crystallinity will give the higher 
tensile strength of the polymer biocomposites (Praveenkumara et al. 2021). Based 
on Fig. 1, pure PHBV had tensile strength which was greater compared to others.

N. D. Yaacob et al.
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Table 4 Weight loss of the 
PHBV/PSP biocomposites 
after 7-day fermentation

Types of strains
Weight 
loss (%)

Aspergillus fumigatus strain SGE57 2.42
Aspergillus niveus isolate A17 3.65

Fig. 9 Photographs of the (a) Aspergillus fumigatus strain SGE57 (b) Aspergillus niveus isolate 
A17 growth on the PHBV/PSP biocomposites

3.5  Biodegradability Test

Biodegradability test was carried out to investigate the efficiency of PHBV/PSP 
biocomposites on the biodegradation via two potential strains, namely Aspergillus 
fumigatus strain SGE57 and Aspergillus niveus isolate A17. Table  4 shows the 
weight loss (%) for each strain after 7 days of fermentation.

Based on Table 4, both strains showed a positive effect on their ability to degrade 
the biocomposites. However, Aspergillus niveus isolate A17 showed a higher rate of 
biodegradation, where the total weight loss of the biocomposites was higher com-
pared to another strain. Theoretically, the PHBV/PSP served as the only carbon 
which were present throughout the process of fermenting these microorganisms. 
The biocomposites experienced an initial breakdown due to numerous enzymes 
which were produced by the microorganisms. Depolymerisation process includes 
extracellular and intracellular enzymes. Depolymerisation is defined as the break-
down of complex polymers into simple monomers in order to allow the molecules 
to pass through the cell wall and further utilise as carbon and energy sources (Dey 
et  al. 2012). Figure  9 shows the photographs of the growth of the strain on the 
PHBV/PSP biocomposites.
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4  Conclusions

• The incorporation of PSP in the PHBV matrix decreased tensile strength and Eb 
but increased the modulus of elasticity of PHBV/PSP biocomposites.

• Treatment of PSP via acrylic acid improved tensile strength and slightly 
enhanced the Eb.

• Morphology of the treated PHBV/PSP biocomposites showed better wettability 
and adhesion of PSP in the matrix.

• Thermal stability and crystallinity of treated PHBV/PSP biocomposites were 
greater compared to the untreated PHBV/PSP biocomposites.

• Two strains from Aspergillus species gave positive effect on biodegradation of 
the PHBV/PSP biocomposites.
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Comparison Between Natural Rubber, 
Liquid Natural Rubber, and Recycled 
Natural Rubber as Secondary Matrix 
in Epoxy/Natural Rubber/Graphene 
Nano- platelet System

K. W. Kam, P. L. Teh, and C. K. Yeoh

1  Introduction

This study focuses on the effect of natural rubber (NR), liquid natural rubber (LNR), 
and recycled natural rubber (rNR) as secondary matrices on the properties of filled 
epoxy systems. NR is classified as a renewable and sustainable biopolymer, which 
is usually tapped and extracted from tropical rubber trees, known as Hevea 
Brasiliensis (Krishna Kumar et al. 2021; Radabutra et al. 2021). NR is extensively 
used in an enormous range of applications due to its high elongation, high elasticity, 
and resilience (Chawalitsakunchai et  al. 2021). The main application of natural 
rubber latex is in glove application, like household or medical gloves. The NR 
gloves waste has created landfill problems. Thus, it is necessary to overcome the 
landfill problems by recycling the NR gloves. Therefore, NR was used to improve 
the toughness properties of epoxy resins, since it is a renewable resource and is 
easily available in Malaysia (Rotrekl et al. 2013).

Epoxy resins are one of the most important classes of amorphous highly cross- 
linked thermosetting polymers and exhibit prominent properties such as high stiff-
ness, creep resistance, chemical resistance, corrosion resistance, thermal resistance, 
good dimensional stability, and low shrinkage (Puglia et al. 2013). Epoxy resins are 
extensively used in aerospace applications, automotive, electronic components, 
electrical laminates, adhesives, coating, and energy devices (Mathew et al. 2010). 
The most widely used epoxy resins are epichlorohydrin and bisphenol- A- derived 

K. W. Kam 
Faculty of Chemical Engineering & Technology, Arau, Perlis, Malaysia 

P. L. Teh (*) · C. K. Yeoh 
Faculty of Chemical Engineering & Technology, Arau, Perlis, Malaysia 

Centre of Excellence Frontier Materials Research (CFMR), Universiti Malaysia Perlis,  
Arau, Perlis, Malaysia
e-mail: plteh@unimap.edu.my

© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2023
H. Ismail et al. (eds.), Recycled Polymer Blends and Composites, 
https://doi.org/10.1007/978-3-031-37046-5_16

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-37046-5_16&domain=pdf
mailto:plteh@unimap.edu.my
https://doi.org/10.1007/978-3-031-37046-5_16


324

resin (Cantoni et  al. 2021). Once epoxy resins are cured with the corresponding 
hardener, a highly cross-linked three-dimensional network structure is formed. The 
high cross-link density is essential for thermosetting resin to attain excellent 
mechanical properties. However, the chief drawbacks of epoxy are their low tough-
ness and impact resistance (Wang et al. 2013a, b). In order to address this issue, one 
of the successful approaches to modify the epoxy resin involved incorporation of 
natural rubber (NR) as the secondary matrix into the epoxy matrix, thereby forming 
an immiscible two-matrix morphology (two-phase structure). Two- matrix system 
can be obtained by reaction-induced phase separation (RIPS) of an initially epoxy/
NR co-continuous structure. According to the Flory-Huggins mean field theory, 
epoxy/NR systems no longer remain homogenous as the average molecular weight 
of epoxy resin is increased up to an extent. During the curing reaction, the molecu-
lar weight of the epoxy matrix increases to a critical extent and the system starts 
phase separating through spinodal decomposition. The curing rate of the epoxy 
matrix is significantly higher, resulting in the precipitation of spherical NR phases 
(Hong and Chan 2004; Tan et al. 2013).

Epoxy resins and NR are polymeric materials, which are usually classified as 
insulating materials. The incorporation of promising conductive nano-fillers like 
copper (Pargi et al. 2015) and even recycled metal (Ilyas et al. 2021a, b) causes the 
material to gradually transition from an insulator to a conductor. In this regard, the 
discovery of graphene is an important addition. Graphene consists of two- 
dimensional nano-fillers with a single atom thick structure of sp2 bonded carbon 
atoms, which is densely packed in a hexagonal honeycomb crystal lattice structure 
(Verma et  al. 2014). Graphene nano-platelets (GNP) have outstanding properties 
such as high aspect ratio, high strength, modulus, and surface conductivity, which 
make them ideal fillers for polymer nanocomposites used in advanced materials 
applications (Yue et al. 2014). It is important to note that graphene is much cheaper 
than single-walled carbon nanotubes (CNTs) because it can easily be derived from 
graphite precursors in large quantities (Du and Cheng 2012). The wrinkled topology 
and nano-scale surface roughness of graphene have increased mechanical 
interlocking with polymer chains, thus strengthening the interaction and increasing 
the maximum load transfer between graphene and polymer matrix.

The present work attempts to investigate the effect of different forms of vulca-
nized NR on the physical, mechanical, thermal, and electrical performances of filled 
epoxy systems. For effective rubber toughening epoxy, the optimum particle sizes 
of rubber phases are within the range of 0.1–5 μm. Large rubber phases (>5 μm) are 
too large to interact with the stress field at the crack tip, while small rubber phases 
(<0.1 μm) are too small to cavitate effectively and do not take part in the toughening 
epoxy matrix (Kam et al. 2018). Tan et al. have indicated liquid epoxidized natural 
rubber is a good potential toughening agent for epoxy resins (Tan et al. 2013). Tan 
et al. described the use of natural rubber as toughening agent in low-density poly-
ethylene systems (Tan et al. 2013). Ozturk et al. indicated mechanical and thermal 
properties of epoxy resins can be enhanced with hydroxyl terminated polybutadiene 
(HTPB) liquid rubber (Ozturk et al. 2001). The incorporation of GNP nano-fillers 
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has transformed the two-matrix system from an insulator to a semiconductor. The 
percolation threshold of GNP nano-fillers, that is 0.8 vol.%, was applied in the filled 
systems based on previous studies (Kam et al. 2018). The electrical performance of 
the filled epoxy system can be further enhanced by rubber phases (elastomer spac-
ers). The elastomer spacers pushed the GNP nano- fillers closer to each other, lead-
ing to the formation of more effective conductive pathways for electron conduction. 
Similar findings reported by Phua et al. (2017) identified that electrical conductivity 
of filled systems improved with 10 vol.% of thermoplastic spacer. With the incorpo-
ration of 10 vol.% PMMA-spacer, the filled system shows promising improvement 
in electrical conductivity, with an order of magnitude increase at 15 vol.% CB load-
ing (Phua et  al. 2017). The fractured surface and two-matrix morphology were 
examined by scanning electron microscope (SEM) to observe the deformation and 
toughening mechanism. Different forms of vulcanized NR acted as elastomer spac-
ers that aided in the improvement on electrical conductivity of filled systems were 
compared.

2  Experimental

2.1  Materials

Epoxy resin (DGEB-A) with epoxide equivalent weight 182–192 and epoxy hard-
ener with amine value 260–284 (mg KOH/gm) were purchased from Euro Chemo-
Pharma Sdn. Bhd. (Malaysia). Natural rubber (cis 1,4-polyisoprene) was purchased 
from Malaysian Rubber Board (Malaysia). Liquid natural rubber (LNR) was pur-
chased from Zarm Scientific & Supplies Sdn. Bhd. (Malaysia). Recycled natural 
rubber (rNR) derived from recycled gloves was purchased from SWJ Global 
Enterprise Sdn. Bhd. (Malaysia). GNP was purchased from SkySpring Nanomaterials 
(USA), with thickness of 11–15 nm. Toluene (C6H5OH) was purchased from Fisher 
Scientific Company L.L.C. (USA). Hydrogen peroxide (H2O2) was purchased from 
HmbG Chemical (Germany). Acetic acid (CH3COOH) was purchased from HmbG 
chemical (Germany). Vulcanizing agents such as zinc oxide (ZnO), stearic acid 
(CH3(CH2)16COOH), n-cyclohexyl-2-benzothiazolesulfenamide (CBS), and sulfur 
were purchased from Malaysian Rubber Board (Malaysia).

2.2  Sample Preparation

2.2.1  Photo-Depolymerization of NR and LNR

Photo-depolymerization was carried out under sunlight as reported by Radhakrishnan. 
For both NR and LNR, photo-depolymerization of rubber in a fixed volume of tolu-
ene was done using 30 wt.% of hydrogen peroxide and 0.35 mol of acetic acid (Kam 
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et al. 2018). The mixture was stirred for 1 h. The milky NR solution was then left 
under sunlight for 2 weeks. The milky NR solution turned pale yellow after 2 weeks. 
The depolymerized NR was coagulated using methanol to remove the residues. 
Finally, the coagulants were dried in oven at 90 °C for 2 days. Before photo-depo-
lymerization, the molecular weight of NR was determined, Mn (number average 
molecular weight)  =  68,699  g/mol, Mw (weight average molecular 
weight)  =  183,510  g/mol, and PDI (polydispersity index)  =  2.671. After 
depolymerization, the molecular weight of depolymerized NR was reduced to 
Mn  =  1688  g/mol, Mw  =  38,527  g/mol, and PDI  =  22.824 while the molecular 
weight of depolymerized LNR was reduced to Mn = 675 g/mol, Mw = 6427 g/mol, 
and PDI = 9.521.

2.2.2  Compounding of Two-Matrix Filled Epoxy/NR/GNP 
and Epoxy/LNR/GNP Systems

For filled epoxy/NR/GNP system, the compositions of epoxy/NR were prepared 
(95/5, 90/10, 85/15, 80/20, 75/25, and 70/30  vol.%). During the initial stage, 
depolymerized NR (DNR) was dissolved in epoxy resin via magnetic stirring at 
60 °C. After NR was completely dissolved, vulcanizing agents such as zinc oxide 
(5 phr), stearic acid (2 phr), and CBS (1.2 phr) based on 100 phr of NR were 
added into the epoxy/NR mixture and stirred for 10 min. 0.8 vol.% of GNP nano-
fillers were added into the mixture and stirred for another 20 min. Afterward, the 
mixture was placed in an ultrasonic water bath for 30 min (53 kHz and 60 °C). 
Sonication is an effective way to suppress the re-aggregation of GNP nano-fillers. 
The sulfur (1.5 phr) was added into the mixture and stirred for 5 min. At last, the 
mixture was stirred together with epoxy hardener and cured in an oven, at 90 °C 
for 2 h. The compounding of two-matrix filled epoxy/LNR/GNP system was done 
similarly as two-matrix filled epoxy/NR/GNP systems, except LNR was used 
instead of NR.

2.2.3  Compounding of Two-Matrix Filled Epoxy/rNR/GNP System

For filled epoxy/rNR/GNP system, the composition of epoxy/NR was prepared 
(95/5, 90/10, 85/15, 80/20, 75/25, and 70/30 vol.%). The rNR was milled and sieved 
to obtain a maximum particle size of 250 μm. During the initial stage, rNR was 
added into the epoxy resins and mixed for 2 h. 0.8 vol.% of GNP nano-fillers were 
added into the mixture and stirred for 20  min. The mixture was placed in an 
ultrasonic water bath for 30  min (53  kHz and 60  °C). The mixture was stirred 
together with epoxy hardener and cured in an oven, at 90 °C for 2 h.
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2.3  Characterizations

Density measurements were performed using a pycnometer, model Micromeritics 
AccuPyc II 1340, under the flow of helium gas at room temperature. The theoretical 
density of the filled systems was calculated based on previous finding (Fuad et al. 
1993). Flexural properties were measured under a three-point bending approach 
according to ASTM D790, using an Instron machine (Model 5569), with a span 
length of 50 mm and a cross-head speed of 2.38 mm/min. The applied load was 50 
kN (Kutz 2002). The size of rectangular samples used was 60  ×  12.7  ×  3  mm. 
Fracture toughness (KIC) was performed using Universal Instron testing machine 
(Model 5569), with a cross-head speed at 1 mm/min, according to the standard of 
ISO 13586 under Mode I (tensile opening). The rectangular samples were notched 
at one-third of the sample width and dimension of samples used were 
60  ×  12.7  ×  3  mm. The morphological study was performed using SEM, JEOL 
JSM-6460 LA with an accelerating voltage of 5 kV. The flexural fractured surfaces 
of cross-sectional samples were coated with palladium, which prevent accumulation 
of electrostatic charges. Thermogravimetric analysis (TGA) of the samples (5 mg) 
was performed based on ASTM E1131 under inert nitrogen atmosphere, with a 
heating rate of 10  °C.min−1 from 25 to 800  °C.  X-ray diffraction analysis was 
performed using Shimadzu X-ray diffractometer XRD-6000 with Cu-Kα radiation, 
at an accelerating voltage of 40 kv. The measured 2θ was recorded from 10° to 70° 
with a scan rate of 5°min−1. The d-spacing of GNP nano-fillers was calculated using 
Bragg’s law. Electrical bulk conductivity was conducted according to ASTM 
D257-14, using a Fluke 8845A/8846A 6.5-digit precision multimeter, with a voltage 
supply of 5 V. To ensure a good surface contact in between electrodes and samples, 
silver conductive paint was applied on the top and bottom surfaces of the samples. 
The diameter and thickness of circular-shaped samples were 10 mm and 0.2 mm, 
respectively.

3  Results and Discussion

3.1  Density

Figure 1 illustrates the effect of different forms of vulcanized NR content on the 
density of filled systems. By using pycnometer density analyzer, the density of the 
pure epoxy and GNP nano-fillers was obtained as 1.169 and 2.8 g/cm3, respectively. 
Comparing at the same rubber content (5 vol.%), the density of filled system with 
rNR was higher as compared to those with NR and LNR. The density of neat rNR 
is reported as 1.103 g/cm3, which is relatively higher than NR (0.949 g/cm3) and 
LNR (0.785 g/cm3). Since the ratio of epoxy to rubber for three filled systems was 
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Fig. 1 Effect of different forms of vulcanized NR on the density of filled systems, at different NR 
contents

the same, hence, the incorporation of high-density neat rNR has increased the 
density values of the filled epoxy system. At 30 vol.% of rubber content, the filled 
epoxy system added with rNR showed the lowest density value as compared to NR 
and LNR. This is because the rNR particles agglomerated, forming large cluster 
particles, where it trapped voids inside the epoxy medium. Hence, the presence of 
voids has obstructed the cross-linking reaction of epoxide groups (epoxy matrix) 
and amine-based groups (hardener).

For all three systems (NR, LNR, and rNR), the density decreased steadily with 
increasing rubber content from 5 up to 30 vol.%. At high NR content, more NR 
phases hindered and obstructed the cross-linking reaction in between the epoxy and 
hardener, thereby impairing the cross-linking reaction at that particular site (Tan 
et al. 2013). This is attributed to rubber molecular chains (bearing epoxide group) 
forming cross-links with the hardener, thereby disrupting the cross-link network of 
epoxy matrix. In addition, the density of neat NR, LNR, and rNR was relatively 
lower as compared to the pure epoxy resin. The increase of NR content from 5 up to 
30 vol.% has led to a decrease in the ratio of epoxy to NR, therefore contributing to 
a reduction in density.

Table 1 summarizes the theoretical (T.D) and experimental density (E.D) of three 
filled systems with different forms of vulcanized NR (NR, LNR, and rNR). The 
theoretical density of filled systems was calculated based on the measured density 
values of epoxy, NR, LNR, rNR, GNP nano-fillers, and vulcanizing agents that was 
determined using the pycnometer. Filled epoxy systems at 0 vol.% of NR content 
showed higher density as compared to filled epoxy systems with NR content from 5 
up to 30 vol.%. This is because the rubber phases functioned as a flexibilizer that 
occupy the spaces in between the reactive sites, thereby impairing the cross-linking 
reaction at that particular site (Thamos et al. 2008). As a result, it reduces the cross- 
link density of the filled systems corresponding to the decrease in density. This 
became more significant when the rubber content increased up to 30 vol.%.
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Table 1 Comparison between theoretical and experimental density of filled system with different 
forms of vulcanized rubber

NR content 
(vol.%)

Vulcanized filled epoxy/
NR/GNP system

Vulcanized filled 
epoxy/LNR/GNP system

Vulcanized filled epoxy/
rNR/GNP system

T.D (g/cm3)
E.D (g/
cm3) T.D (g/cm3)

E.D (g/
cm3) T.D (g/cm3)

E.D (g/
cm3)

0 1.180 1.185 1.180 1.185 1.180 1.185
5 1.175 1.165 1.160 1.158 1.187 1.166
10 1.163 1.159 1.135 1.155 1.189 1.161
15 1.152 1.144 1.112 1.135 1.190 1.151
20 1.142 1.137 1.089 1.132 1.191 1.144
25 1.132 1.124 1.068 1.121 1.193 1.139
30 1.121 1.121 1.047 1.118 1.194 1.077

Fig. 2 Effect of different forms of vulcanized NR on the flexural strength of filled systems, at dif-
ferent NR contents

3.2  Flexural Properties

Figure 2 depicts the effect of different forms of vulcanized NR on the flexural 
strength of filled systems. The formation of rubber phases is related to phase 
separation starting from the initial epoxy/rubber co-continuous structure induced by 
the addition of epoxy hardener. The effectiveness of NR phases acting as energy 
dissipating centers in the epoxy matrix can be influenced by the particle sizes. 
Similar finding has been reported by Thomas et  al. (2008); they identified those 
mechanical properties of epoxy/liquid rubber as greatly influenced by the particle 
sizes of NR particles (Thomas et al. 2008).
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Detachment of dispersed 

NR phases 

Fig. 3 SEM micrographs of the flexural fractured surfaces of filled systems with (a, b) 5 vol.%, 
(c, d) 20 vol.%, and (e, f) 30 vol.% of vulcanized NR content

Comparing samples at the same level of rubber content, flexural strength of filled 
epoxy systems with NR was relatively higher as compared to filled epoxy systems 
with LNR and rNR. In order to correlate the flexural properties with the morphological 
analysis, the flexural fractured surfaces were analyzed using SEM. Based on Figs. 3 
and 4, the flexural fractured surfaces of filled systems have demonstrated two 
distinct phases, which included a continuous epoxy matrix and the spherical rubber 
phases. The effect of different forms of vulcanized rubber content on the average 
particle sizes of rubber phases is summarized in Table 2. The particle sizes of rubber 
phases were measured using software ImageJ, and the average results were obtained.
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(a)  (b)  

 
(c) (d)  

(e)  (f) 

Detachment of LNR phases

Fig. 4 SEM micrographs of the flexural fractured surfaces of filled systems with (a, b) 5 vol.%, 
(c, d) 20 vol.%, and (e, f) 30 vol.% of vulcanized LNR content

Table 2 Effect of different forms of vulcanized rubber contents on the range and average particle 
sizes of rubber phases in filled system

NR content (vol.%) 5 20 30

Average particle sizes (μm) NR 0.287 0.369 1.659
LNR 0.641 2.020 3.571
rNR ≥250 ≥250 ≥250

Range of particle sizes (μm) NR 0.120–0.410 0.168–0.597 0.876–4.457
LNR 0.226–1.118 0.568–4.033 0.732–7.757
rNR ≥250 ≥250 ≥250
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Detachment of rNR particles

Detachment of rNR particles

Fig. 5 SEM micrographs of the flexural fractured surfaces of filled systems with (a, b) 5 vol.%, 
(c, d) 20 vol.%, and (e, f) 30 vol.% of vulcanized rNR content

When comparing the flexural fractured surfaces of NR (Fig. 3), LNR (Fig. 4), 
and rNR (Fig.  5), the particle sizes of NR phases within the epoxy matrix were 
smaller and dispersed more uniformly as compared to LNR and rNR phases, as 
summarized in Table 2. This may be due to the fact that LNR has lower molecular 
weight than NR; the LNR molecules easily migrated and agglomerated into larger 
phases during the phase-separation process. This is agreed by researchers who have 
noted that particle sizes of liquid carboxyl terminated butadiene acrylonitrile copo-
lymer (CTBN) phases were larger due to low molecular weight. In addition, poor 
dispersion of rNR in the epoxy matrix was attributed to the presence of cross-link 
precursors in the rubber molecular structure (Ahmad et al. 2016). The smaller par-
ticle sizes of NR phases have contributed to large surface area to interact with the 
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surrounding epoxy matrix (Zhang et al. 2013). Hence, the NR phases absorbed and 
transferred the stress that was applied on it more effectively (Phinyocheep et  al. 
2007). In addition, the propagation of cracks in filled epoxy/NR/GNP system 
(Fig. 3b) was found to be finer than LNR (Fig. 4b) and rNR (Fig. 5a). This proves 
that the NR phase ha higher potential to act as effective energy dissipating centers 
in the epoxy matrix.

At low rubber content (5 vol.%), the particle sizes of NR, LNR, and the rNR 
phases were smaller and function as energy dissipating centers in epoxy matrix. 
Based on Figs. 3b and 4b, the small NR and LNR phases were able to prevent the 
growth of the cracks, while Fig. 5b shows that small rNR particles were partially 
compatible with the epoxy matrix. However, the flexural strength of filled systems 
decreased gradually with increasing NR, LNR, and rNR contents from 5 up to 
30  vol.%, respectively. Figure  3b, d, f shows the particle sizes of NR phases in 
epoxy matrix increased with increasing NR contents. In Fig. 4b, d, f, the particle 
sizes of LNR phases also increased with increasing LNR content. The presence of 
large particle sizes of rubber phases is attributed to the agglomeration and 
coalescence of the rubber phases during the phase-separation process. Based on 
Fig. 5b, d, f, the compatibility between epoxy and rNR was reduced with increasing 
rNR content. Figure 5d, e shows there was detachment of rNR particles from the 
epoxy matrix, which indicated weak interfacial adhesion in between epoxy matrix 
and large rNR particles.

Figure 6 illustrates the effect of different forms of vulcanized NR on the flexural 
modulus of filled systems. It is interesting to find that the addition of small volume 
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Fig. 6 Effect of different forms of vulcanized NR on the flexural modulus of filled systems, at 
different NR content
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fraction of rubber has improved the flexural modulus of the filled systems. The 
increase in flexural modulus of filled epoxy system with 5 vol.% of NR and LNR 
content was 15.61% and 2.62% as compared to filled epoxy system with 0 vol.% of 
rubber content, respectively. The highest flexural modulus was achieved at 5 vol.% 
of NR content (2317.508 MPa). When the stress is applied to the specimens, the 
small NR phases within the epoxy matrix bear the entire stress that is applied. It is 
important noted that small NR phases have large surface area of contact with the 
surface of GNP nano-fillers. In addition, the inherent stiffness of GNP nano-fillers 
restricted the chain mobility of epoxy molecules and NR phases, hence increasing 
the flexural modulus of filled systems.

At the same rubber content, the flexural modulus has been enhanced by the addi-
tion of NR phases, as compared with LNR and rNR. This is because the particle 
sizes of NR phases were relatively smaller and more uniform as compared to the 
LNR and rNR phases. Low molecular weight of LNR molecular chains is easily 
migrated and coalesce to form large rubber phases, while the poor dispersion of rNR 
in the epoxy matrix was due to the presence of cross-link precursor in the rubber 
phases. Similar finding reported by other researchers indicated the poor dispersion 
of recycled acrylonitrile-butadiene rubber (NBRr) in the NR and ENR-50 matrix 
due to the presence of cross-link precursor (Ahmad et al. 2016). Thus, the small NR 
phases acted as effective energy dissipating centers within the epoxy matrix, which 
promoted effective load transfer from the epoxy matrix to NR phases.

The flexural modulus of filled epoxy systems decreased gradually with increas-
ing NR, LNR, and rNR content from 5 up to 30 vol.%, respectively. Epoxy matrices 
are relatively hard and brittle compared to rubber which is classified as ductile mate-
rials. Therefore, the increase of rubber content in epoxy matrix has promoted a 
reduction in the flexural modulus. At high rubber content (30 vol.%), there are more 
large rubber phases which disrupts the cross-link density of the epoxy network. 
Since the depolymerized NR and LNR molecules contain epoxide groups, the rub-
ber molecules could form cross-links with the amine-based hardener, thereby dis-
rupting the continuous cross-link network of epoxy. As discussed earlier, the 
formation of large rNR particles is attributed to the poor dispersion of rNR in epoxy 
matrix. This is proven by Figs. 3f, 4f and 5f which indicated that there were large 
rubber phases within the epoxy matrix. The large NR, LNR, and rNR phases acted 
as crack initiators, where the cracks were more likely propagated along the weak 
interfacial bonding in between large rubber phases and epoxy matrix. Thus, the 
detachment of rubber phases from the epoxy matrix resulted in a decrease in 
mechanical properties (Mohamad et al. 2013).

3.3  Fracture Toughness

Figure 7 illustrates the effect of different forms of vulcanized NR on the fracture 
toughness (KIC) of filled systems. The KIC value of filled systems was significantly 
enhanced at 5 vol.% of NR content, in average 38.5% as compared to filled epoxy 
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Fig. 7 Effect of different forms of vulcanized NR on the fracture toughness of filled systems, at 
different NR content

systems with 0 vol.% of rubber content. The KIC value of filled system was slightly 
improved by adding with 5 vol.% of LNR content with an increase of 2.63% as 
compared to a filled system with 0 vol.% rubber content. The optimum KIC value 
was achieved at 5 vol.% NR content (4.267 MPa.m½). It is interesting to find that 
toughness properties of pure epoxy can be improved by adding small volume 
fraction of NR content (5  vol.%). At low rubber content (5  vol.%), the small 
vulcanized NR and LNR phases acted as effective energy dissipating centers in the 
epoxy matrix. When stress is applied, the vulcanized NR and LNR phases absorb 
and dissipate the stress to the surrounding matrix with significant ductile deforma-
tion occur in the epoxy matrix (Kumar and Kothandaraman 2008). The small NR 
and LNR phases were able to prevent the growth of the cracks and induced signifi-
cant plastic deformation in epoxy matrix. However, the KIC value of the filled sys-
tems did not improve with rNR. This is attributed to the formation of weak interfacial 
bonding in between epoxy matrix and large rNR particles, although at low rNR 
content.

Based on Fig. 7, the filled epoxy systems with NR showed higher KIC values as 
compared to LNR and rNR. At 5 vol% rubber content, the KIC value of filled epoxy 
systems with NR (4.267  MPa.m½) was significantly 25.87% and 46.73% higher 
than LNR (3.162  MPa.m½) and rNR (2.273  MPa.m½), respectively. At 20  vol% 
rubber content, the KIC value of filled system with NR (3.324 MPa.m½) was 47.65% 
and 52.71% higher than LNR (1.740  MPa.m½) and rNR (1.572  MPa.m½), 
respectively. This indicated that the addition of NR has greatly enhanced the 
toughness properties of the filled epoxy system more than those with LNR and 
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rNR.  The increase in toughness was due to the elastic energy stored in the NR 
phases during stretching (Mathew et al. 2012).

At 5 vol.% rubber content, the KIC value of filled system added with NR was 
higher than those with LNR and rNR. Based on Fig. 3b, the particle sizes of NR 
phases were significantly smaller and more uniform as compared to LNR (Fig. 4b) 
and rNR (Fig. 5b). The mean particle sizes are as summarized in Table 2. The small 
vulcanized NR phases formed good interfacial bonding with the surrounding epoxy 
matrix, allowing effective load transfer from the epoxy matrix to the NR phases 
(Seng et al. 2011). The propagation of cracks in the filled system added with NR 
(Fig. 3a) was found to be finer as compared to LNR (Fig. 4a) and rNR (Fig. 5a). This 
has proven that NR acted as effective energy dissipating centers, which absorbed 
and dissipated the stress to the surrounding matrix with obvious shear yielding. The 
high molecular weight of NR molecules causes a higher difficulty in molecular 
migration; thus, smaller NR phases have formed. As discussed earlier, the particle 
sizes of LNR phases were significantly larger than those of NR. This is because 
LNR molecules have lower molecular weight than NR; the LNR molecules easily 
migrate and agglomerate to form large LNR phases during the phase-separation 
process (Zhou and Xu 2014). The filled epoxy system with rNR exhibited the lowest 
KIC value, which attributed to the poor dispersion of rNR in epoxy matrix. This may 
due to the presence of cross-link precursor in the rNR molecular structure (Ahmad 
et  al. 2016). Similar trends were observed and reported at rubber content from 
5 vol.% up to 30 vol.%.

For each form of vulcanized rubber (NR, LNR, and rNR), the KIC values of filled 
epoxy systems decreased with increasing rubber content from 5  vol.% up to 
30 vol.%. The toughness properties of epoxy resin reduced with increasing rubber 
content. This phenomenon was mainly due to plasticization of the matrix by 
incorporation with rubber. At high rubber content (30  vol.%), the small rubber 
phases coalesce and agglomerate to form large rubber phases. This was proven by 
the SEM micrographs in Figs. 3f, 4f and 5f, at 30 vol.% of rubber content for all 
systems. The large rubber phases have formed weak interfacial bonding with the 
surrounding matrix. Therefore, the cracks were more likely to propagate along the 
weak interfacial bonding, which resulted in rubber phases being detached from the 
surfaces of epoxy matrix as revealed in Figs. 3f, 4f and 5f. This failure occurred at 
lower toughness value. Similar findings were reported by Chikhi et al., who observed 
the formation of weak interface between large rubber phases and epoxy matrix 
under excessive liquid rubber composition (Jansen et al. 1999).

3.4  Thermal Properties

Figure 8 illustrates thermogravimetric (TG) curves for thermal degradation behav-
ior of vulcanized filled epoxy/NR/GNP, epoxy/LNR/GNP, and epoxy/rNR/GNP 
systems at 5 vol.% of rubber content. Regardless of the different forms of NR (NR, 
LNR, and rNR), all filled epoxy systems exhibited two stages of decomposition, 
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Fig. 8 TGA curves of vulcanized filled epoxy/NR/GNP, epoxy/LNR/GNP, and epoxy/rNR/GNP 
systems, comparing at 5 vol.% of rubber content

Table 3 Effect of different forms of vulcanized rubber on T5, T50, Td1, and Tmax of filled system, 
comparing at 5 vol.% of rubber content

T5 (°C) T50 (°C) Td1 (°C) Tmax (°C)

Pure epoxy 193.43 378.17 222.52 368.61
Vulcanized filled epoxy/NR/GNP system 191.57 376.34 227.03 374.16
Vulcanized filled epoxy/LNR/GNP system 195.33 371.33 224.67 366.00
Vulcanized filled epoxy/rNR/GNP system 192.67 368.67 211.33 363.33

similar to pure epoxy as reported previously (Kam et al. 2021). This indicated that 
thermal degradation mechanism of epoxy matrix was not significantly altered by 
incorporation with different forms of vulcanized NR and GNP nano-fillers.

Initial decomposition temperature indicated temperature at which 5% weight 
losses was designated as T5. The effect of different forms of vulcanized NR on T5, 
T50, Td1, and Tmax of filled epoxy systems is summarized in Table  3. Filled 
epoxy/LNR/GNP system has higher T5 values (195.33  °C) among the others, 
indicating that LNR additions delayed the initial degradation of the epoxy matrix. 
However, filled epoxy/NR/GNP system has higher T50 values as compared to those 
with LNR and rNR. This is attributed to the higher heat energy required to force the 
NR molecular chains to flow, which has proven by gel permeation chromatography 
(GPC) result. The high molecular weights of NR molecular chains have absorbed 
more heat energy in order to flow.

Based on Table  3, the initial degradation of pure epoxy occurred at about 
193.43 °C and continued up to 368.61 °C. For pure epoxy and filled systems, the 
weight loss (Td1) at temperature around 200  °C is attributed to the partial 
decomposition of epoxy pre-polymer. The first stage was due to the decomposition 
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of unreacted epoxy resin apart from the cured epoxy resin. The main weight losses 
took place at temperature in the range from 350 to 500 °C, corresponding to thermal 
degradation of the cured epoxy network (Jin and Park 2012).

Based on Table 3, filled epoxy/NR/GNP systems showed higher Tmax value as 
compared to pure epoxy resins. High thermal stability of filled system is attributed 
to more heat energy being required to overcome good interfacial bonding in between 
epoxy matrix and vulcanized NR phases. In filled epoxy system, the vulcanized NR 
phases and GNP nano-fillers acted as effective toughening agent and reinforcement, 
respectively. The presence of NR phases and GNP nano-fillers has enhanced the 
mechanical performance of epoxy matrix with improved thermal stability.

At the same rubber content (5 vol.%), the filled epoxy/NR/GNP systems showed 
higher Tmax value, followed by LNR and rNR. This is attributed to the good interfacial 
bonding between epoxy matrix and small vulcanized NR phases formed in the filled 
epoxy system. The NR molecular chains facing difficulty in migration due to its 
molecular weight are higher as compared to LNR; therefore, smaller NR phases 
were formed in filled system. Thus, more heat energy is needed to overcome the 
good interfacial bonding in between the epoxy matrix and small vulcanized NR 
phases. The filled epoxy/rNR/GNP system exhibited lowest Tmax value among 
others. The presence of cross-link precursors in the rNR caused poor dispersion of 
rNR particles within the epoxy matrix. Thus, less heat energy is needed to overcome 
the weak interfacial bonding between epoxy matrix and large rNR particles. This 
was observed in the flexural strength, modulus, and K1C values as discussed in the 
previous sections.

3.5  X-Ray Diffraction (XRD)

By monitoring the diffraction angles, shape, and intensity of the characteristic peak 
of GNP nano-fillers in the filled systems, the d-spacing in between the GNP nano- 
fillers can be determined. Figure 9 illustrates the XRD patterns of filled systems 
incorporated with different forms of vulcanized NR, at 5 and 20 vol.% of rubber 
content. All the XRD patterns of filled systems with different forms of vulcanized 
NR (NR, LNR, and rNR) showed an initial broad diffraction peak of epoxy matrix 
at 2θ range between 10° and 20°. The single amorphous and broad peak indicated 
the highly amorphous nature of epoxy matrix (Wang et al. 2013a, b; Arshad et al. 
2014). In addition, XRD patterns of filled systems (NR, LNR, and rNR) have 
showed three basal reflection peaks at 2θ of about 31.9°, 34.5°, and 36.4° 
corresponding to (1 0 0), (0 0 2), and (1 0 1) lattice planes of the hexagonal wurtzite 
structure of zinc oxide (ZnO), respectively (Valentini et  al. 2016; Jurablu et  al. 
2015). The intensity of these three peaks is correlated to structurally changing of 
ZnO, which is involved in vulcanization process of rubber phases (Allahbakhsh 
et al. 2013).

Based on the previous finding, XRD pattern of pristine GNP nano-fillers have 
showed an intense and high-intensity basal reflection peak at 2θ = 26.125°, attributed 
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Fig. 9 XRD patterns of filled systems incorporated with different forms of vulcanized rubber, at 
5 and 20 vol.% of rubber content

to the (0 0 2) lattice plane, corresponding to d-spacing value of 0.3408 nm (Kam 
et al. 2018). At 0.8 vol.% of GNP loading (with 0 vol.% of rubber content), the 
characteristic peak (0 0 2) of pristine GNP nano-fillers has shifted from 2θ = 26.125° 
to 26.784°. The decrease in d-spacing values from 0.3408 to 0.3326 nm indicated 
that GNP nano-fillers tend to be closer to each other in high viscosity epoxy medium.

Table 4 shows the diffraction angles (2θ) and d-spacing (nm) of filled epoxy 
systems with different forms of vulcanized NR (NR, LNR, and rNR). At the same 
rubber content, the filled epoxy/NR/GNP system showed the highest 2θ values, as 
compared to those with LNR and rNR.  Based on Table  2, the particle sizes of 
vulcanized NR phases were relatively smaller than that of LNR and rNR phases. As 
a result, there were more particles of vulcanized NR phases per unit volume. The 
vulcanized NR phases acted as elastomer spacers and provided better “GNP packing 
efficiency”, which pushed and forced the GNP nano-fillers to come closer with each 
other. Therefore, the d-spacing values in between the GNP nano-fillers in filled 
epoxy/NR/GNP system showed the lowest value. This is supported by filled epoxy/
NR/GNP systems which exhibited the highest electrical bulk conductivity values as 
discussed in Sect. 3.6. With the aid of elastomer spacers, the GNP nano-fillers easily 
realigned together to form more effective conductive pathways for electron flow, 
thus improving the electrical conductivity of the filled epoxy systems. For filled 
epoxy/rNR/GNP systems, the d-spacing in between GNP nano-fillers was largest. 
The individual rNR particle was easily re-agglomerated to form large rNR particles, 
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Table 4 Effect of different forms of vulcanized rubber on the XRD values of filled system, 
comparing at 0, 5, 20, and 30 vol.% of rubber contents

Rubber content (vol.%) 2θ (°) d-spacing (nm)

Pristine GNP – 26.125 0.3408
Vulcanized filled epoxy/NR/GNP system 0 26.784 0.3326

5 27.225 0.3273
20 27.302 0.3264
30 28.782 0.3099

Vulcanized filled epoxy/LNR/GNP system 5 27.197 0.3276
20 27.210 0.3275
30 28.426 0.3137

Vulcanized filled epoxy/rNR/GNP system 5 26.411 0.3372
20 26.432 0.3369
30 27.676 0.3221

which led to poor distribution of rNR particles in the epoxy matrix. This was shown 
clearly by the SEM micrographs in Fig. 6b, d, f. The presence of large rNR particles 
in epoxy matrix has promoted less rNR particles per unit volume; thus, the 
realignment of GNP nano-fillers would be more difficult as compared to NR and 
LNR. Therefore, the electrical bulk conductivity of filled epoxy/rNR/GNP system 
showed the lowest values due to the large d-spacing in between the GNP nano-fillers.

For each filled epoxy systems with different forms of vulcanized rubber (NR, 
LNR, and rNR), the characteristic peak (0 0 2) of GNP nano-filler has shifted toward 
higher 2θ values, indicating d-spacing in between the GNP nano-fillers has reduced 
with increasing of rubber content from 5 up to 30 vol.%. The number of vulcanized 
rubber phases (NR, LNR, and rNR) per unit volume increased with increasing 
rubber content from 5 up to 30 vol.%. The vulcanized rubber phases (NR, LNR, and 
rNR) acted as elastomer spacers, which pushed and forced the GNP nano-fillers to 
come closer to each other, thus increasing the packing efficiency. This phenomenon 
has led to increment in the number of effective conductive pathways in the filled 
epoxy systems (Khanam et  al. 2015). As the numbers of effective conductive 
pathways are increased, electrons moving from one layer to another layer occurred 
at faster rate. Hence, the electrical bulk conductivity increased with increasing of 
rubber content from 5 up to 30 vol.% as discussed in Sect. 3.6.

3.6  Electrical Bulk Conductivity

Figure 10 illustrates the effect of different forms of vulcanized NR on the bulk con-
ductivity of filled epoxy systems, comparing rubber contents from 0 up to 30 vol.%. 
The two-phase morphology and selective localization of conductive nano- fillers 
could affect the electrical performances of the filled systems (Pan et  al. 2016). 
Selective localization of conductive nano-fillers in one phase of two-matrix system 
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Fig. 10 Effect of different forms of vulcanized NR on the bulk conductivity of filled systems, at 
different rubber content

has reduced the percolation thresholds by forming conductive pathways in the 
selected phases, and this concept is known as double percolation. Based on the pre-
vious findings, the GNP nano-fillers were selectively localized in epoxy matrix 
rather than in NR phases (Kam et al. 2017, 2021).

Similar findings were reported by researchers, which identified that carbon black 
(CB) particles were selectively located in polystyrene (PS) rather than polypropylene 
and CB need to build up percolated pathways in PS phases to achieve insulator-to- 
conductor transition (Chen et al. 2017). In addition, Mao et al. (2012) have used the 
concept of double percolation to obtained conductive composites with a lower 
electrical percolation threshold. They identified that electrical conductivity of 
composites can be optimal as polystyrene (PS) and poly (methyl methacrylate) 
(PMMA) formed a co-continuous structure and octadecylamine-functionalized 
graphene (GE-ODA) were selectively localized in the PS phase (Mao et al. 2012).

Comparing the same rubber content, the filled epoxy/NR/GNP systems showed 
the highest bulk conductivity value, followed by filled epoxy/LNR/GNP and epoxy/
rNR/GNP systems. However, all of the filled systems have bulk conductivity values 
which remained at the same order of magnitude (10−3 1/Ω.cm). The morphology of 
the two-matrix systems has provided a great impact on its electrical performances 
(Huang et al. 2014). Based on Table 2, the particle sizes of vulcanized NR phases 
were relatively smaller and more uniform as compared to LNR and rNR phases. 
Since the particle sizes of vulcanized NR phases were relatively smaller, they 
provided a better “GNP packing density” with more NR phases per unit volume. In 
this case, the vulcanized NR, LNR, and rNR phases acted as elastomer spacers in 
the filled systems. With the aid of vulcanized NR phases, they realigned and forced 
the GNP nano-fillers to contact each other more easily as compared to LNR and 
rNR phases; hence, the d-spacing value in between GNP nano-fillers become 
smaller. This was proven by the XRD results which indicated d-spacing in between 
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GNP nano-fillers was the shortest in the filled epoxy/NR/GNP system, as shown in 
Table  4. The reduction in d-spacing value allowed more tunneling activity and 
electrons hopping in between GNP nano-fillers, resulted in an increase in bulk 
conductivity. The highest bulk conductivity value of filled epoxy/NR/GNP system 
is attributed to the formation of more effective conductive pathways for the ease of 
tunneling activity and electrons hopping. Hence, the electrons can move through the 
seamlessly interconnected three-dimensional networks constructed by the GNP 
nano-fillers in epoxy matrix.

However, the particle sizes of vulcanized LNR phases were relatively smaller as 
compared to the aggregated rNR particles. Thus, the vulcanized LNR phases have 
pushed and forced the GNP nano-fillers close contact each other more easily as 
compared to large rNR particles, where there were more LNR phases per unit 
volume. There are more electrical conductive pathways in filled epoxy/LNR/GNP 
system, compared to filled epoxy/rNR/GNP system. Therefore, the bulk conductivity 
values of filled epoxy/LNR/GNP system were higher than filled epoxy/rNR/GNP 
system, but slightly lower as compared to filled epoxy/NR/GNP system. However, 
further increasing of rubber (NR, LNR, and rNR) contents does not cause a 
significant increase in bulk conductivity values of filled systems, but has leveled off. 
At 30 vol.% of rubber content, bulk conductivity was stabilized at a magnitude of 
10−3 1/Ω.cm, which indicated there exists an optimum formation of conductive 
networks for the electrons to travel.

4  Conclusion

The filled epoxy/NR/GNP system showed the highest flexural strength, modulus, 
and toughness properties, at 5 vol.% of rubber content. The SEM micrographs have 
revealed that particle sizes of NR phases were smaller and more uniform than those 
of LNR and rNR while the filled epoxy/rNR/GNP system showed the lowest flexural 
strength, modulus, and toughness, attributed to poor dispersion of rNR particles in 
the epoxy matrix. Vulcanized filled epoxy/NR/GNP system has the highest thermal 
stability, followed by LNR and rNR due to the good interfacial bonding in between 
epoxy matrix and small NR phases. In terms of electrical conductivity, highest bulk 
conductivity values were reported to the filled epoxy/NR/GNP system. The 
vulcanized NR phases (smaller and more uniform) were acted as elastomer spacers, 
which provided better “GNP packing density” with more NR phases per unit 
volume. The XRD results also indicated d-spacing values in between GNP nano- 
fillers in filled epoxy/NR/GNP system were the nearest for electrons hopping. Thus, 
the electrons can move easily through the seamlessly interconnected networks of 
GNP nano-fillers.
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1  Introduction

The accumulation of plastic solid waste (PSW) is one of the largest concerns world-
wide as the environmental consequences of such wastes are clearly visible through 
the increasing levels of global plastic pollution both on the land and in the oceans. 
Over the years, several waste management methods have been developed for PSW 
disposal such as incineration-gasification, burying the waste, reuse/recycling, etc. 
(Awasthi et al. 2017; Ilyas et al. 2021a, b; Salwa et al. 2021). Incineration of the 
PSW followed by the collection of heat energy is useful for the treatment of mixed 
waste as presorting of mixed plastics is not required here. However, the recovery or 
reuse of any of the starting materials in this process is not possible and the burning 
process also leads to the release of harmful gases to the atmosphere. Burying the 
waste can cause surface and groundwater pollution which hinders the growth of 
agricultural products. Hence, the importance of recycling plastics is quite obvious 
due to the environmental and economic consequences. Thermosetting polymers and 
composites such as epoxy polymers are generally incinerated or landfilled as they 
cannot be reformed (Pastine 2012). However, the end-of-life treatment options for 
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plastic solid wastes are quite limited. These limitations can be perceived in many 
ways, such as in the form of presorting of plastics before recycling which is costly 
both in terms of money and time along with which it also requires an excess amount 
of energy; often leading to unwanted residual polymers; and it is not being able to 
be applied to many polymeric materials. Subsequently, newer research methods are 
able to overcome these limitations with lower energy requirements, avoiding sorting 
through compatibilization of mixed plastic wastes (Hamad et al. 2013), and expand-
ing recycling technologies to traditionally nonrecyclable polymers (Garcia and 
Robertson 2017). 

One of the newest widely used technologies for the large-scale treatment of 
PSW is that of mechanical recycling. In this technology, several steps are present 
such as the removal of organic residue through washing followed by shredding, 
melting, and remolding of the polymer through which the original product is 
remade (Schyns and Shave 2021). The mechanical recycling technologies however, 
have limitations which arise due to each type of plastic responding differently to 
the recycling process depending on their chemical, thermal, and mechanical prop-
erties. Another limitation in the mechanical recycling technology is that tempera-
ture-sensitive plastics like thermosetting plastics cannot be processed. Currently, 
chemical recycling technologies such as pyrolysis (thermolysis) are able to over-
come the limitations of mechanical recycling (Ragaert et al. 2017). The technology 
of pyrolysis includes selectively producing gases, fuels, or waxes through the use 
of catalysts. However, this method is not commonly used as a recycling practice 
due to its high energy costs. Some of the recent important research directions for 
plastic recycling practices are that of: (i) Chemical recycling using advanced cata-
lysts to improve the performance, (ii) Compatibilizer design to minimize the need 
for sorting, and (iii) expanding recycling beyond thermoplastics (Garcia and 
Robertson 2017). Fabrication of recycled plastic product with same/equivalent 
properties to the original material is the main challenge for the recycle and reuse of 
waste material. 

To convert polymer plastic wastes into functional polymer with a new applica-
tion always gives added value. Among other recycling methods, waste plastics are 
nowadays being converted into products used for energy generation, mechanical 
recycling, filtration membrane manufacturing, etc. Fabrication of filtration mem-
branes requires plastics with specific properties like film-forming ability, lower 
cost, and easy processability. Table 1 gives the list of common polymeric wastes and 
the recycle methods used. Polyethylene terephthalate (PET), polyvinyl chloride 
(PVC), polystyrene (PS), polycarbonate (PC), etc. are some of the common mem-
brane filter materials that are discarded as PSW, but could be used to fabricate useful 
membranes with improved eco-efficiency characteristics and technical performance 
toward filtration applications like water purification and gas separation. This chap-
ter covers the current methods and challenges for the fabrication of filtration mem-
branes using widely used reusable plastics namely, PET, PVC, PS, and PC. 
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Table 1 Types of PSW and their present recycling methods including fabrication of filtration 
membranes

Name of the 
polymer Abbreviation Uses Recycling methods

Polyethylene 
terephthalate

PET Water bottles, 
clothings, combs, 
bean bags, rope, 
carpet, packaging 
foods, and beverages

Recycled polyethylene terephthalate is 
known as RPET, and it is the most 
widely recycled plastic in the world. 
Recycled by remelting and by 
chemically breaking to its component 
materials to make new PET resin; 
filtration membranes for water 
purification and gas separation.

Polyvinyl chloride PVC Pipes, electrical 
cable insulation, 
shoes, flooring, 
imitation leather, 
plumbing

Used PVC recycled through mechanical 
recycling (grinds plastic into a powder 
base for new products); filtration 
membranes for water purification

Polystyrene or 
styrofoam

PS Drinking glasses, 
soup bowls, salad 
boxes, sunglass, 
packing foam egg 
cartons

Expanded polystyrene (or EPS) can be 
immediately reused. Three common 
methods of recycling known as 
granulation, compacting, and 
densifying. Filtration membranes for 
gas separation and water purification 
after chemical modification

Polycarbonate PC Safety glasses, 
plastic CDs and 
DVDs, baby feeding 
bottles

PC sheets are 100 percent recyclable. 
Usual process for recycling 
polycarbonate is to sort, shred, wash, 
and then turn into a granulate ready for 
manufacturers to use again. Also PC 
waste was recycled into useful products 
such as phenol and bisphenol A by 
chemical recycling. Filtration 
membranes for water purification.

Polypropylene PP Plastic parts for 
machinery and 
equipment, plastic 
containers, reusable 
water bottles, 
medical components, 
toys.

Polypropylene is widely recyclable and 
either processed as a recyclate for reuse 
or remelted directly into new products.

High-density and 
low-density
polyethylene

HDPE & 
LDPE

HDPE: Chemical 
containers, milk jugs, 
recycling bins, 
flower pots
LDPE: Dispensing 
bottles, wash bottles, 
tubing, plastic parts 
for computer 
components

HDPE is widely recyclable and recycled 
HDPE often used to make piping, 
plastic lumber, recycling bins, and rope. 
Filtration membranes for water 
purification.
LDPE is the material used to make 
things like ice-cream lids, garbage bags, 
sandwich bags, etc. and is usually a soft 
and flexible material that can be 
recycled into the same thing.

(continued)

Recycling of Commonly Used Waste Plastics to Fabricate Membranes for Filtration…



350

Table 1 (continued)

Name of the 
polymer Abbreviation Uses Recycling methods

Other polymers 
(acrylic, 
polyacrylonitrile)

PAN, 
acrylonitrile 
butadiene 
styrene 
(ABS), etc.

PAN: Fibers in hot 
gas filtration 
systems, synthetic 
wool.
ABS: Electronic 
housings, auto parts, 
consumer products, 
pipe fittings, 
protective head gear

PAN may not be possible to recycle 
through traditional recycling methods 
and recycled through blending with 
other polymers to develop different 
products.
ABS plastic is biocompatible and 
recyclable material. Recycled ABS 
generally blended with virgin material 
to produce products with lower cost 
while preserving the high quality.

2  Polyethylene Terephthalate (PET)

Polyethylene terephthalate is one of the highest used plastics produced worldwide 
for single-used drink packaging bottles in the food industries. PET polymers are 
resistant to a wide variety of solvents with good stability in free chlorine & acid 
environments and have very good mechanical, processability, and barrier properties 
(Stevenson 1989). 

The chemical structure of the PET polymer is given below: 

  

After use, making of fabric for cloth is the commonly used recycle method for 
PET. Making of filtration membrane from PET is a better-value product in compari-
son to making cloth fabrics and hence it is economically more feasible and also has 
the advantages of reduction in membrane production costs using green technology 
which minimizes environmental pollution. 

 PET is commonly used to make nonwoven support for preparation of all types 
of filtration membranes. With respect to preparation of membranes for water purifi-
cation, PET membranes manufactured without additives are found rigid with poor 
mechanical properties. Mulyati et al. (2018) reported performance-enhanced PET- 
based membrane preparation via thermal-induced phase separation method using 
the wasted plastic bottle for humic acid separation by adding cellulose acetate and 
silica. Cellulose acetate acts as a sub-polymer to increase mechanical strength and 
silica as a membrane pore-forming agent. Nanofiber-based microfiltration mem-
branes were developed by Zander et al. (2016) from recycled PET plastic bottles 
and used as prefilter for wastewater treatment system. Washed and dried PET shreds 
were dissolved in hexafluoroisopropanol (HFIP) (5–10 wt.%) and nanofiber mem-
branes were prepared via solution electrospinning with fiber diameters as low as 
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100 nm and finally the fibers were functionalized with biguanide and quaternary 
ammonium compound to make the membrane biofouling resistant. 

For use of filtration membranes in high-temperature solvents and other harsh 
environments, Pulido et  al. (2019) reported the development of membranes with 
pore size range of 35–100  nm using recycled water bottles made of PET by 
nonsolvent- induced phase separation in methanol or ethanol solvent. From Fig. 1, it 
can be seen that the PET membranes can be used for permeation of various organic 
solvents along with the water and these membranes were found stable in dimethyl-
formamide (DMF) at temperatures up to 100 °C and highly acidic (pH:1) & alkaline 
(pH:13) conditions. 

Strain et al. (2015) reported the development of PET-based tough fibrous mem-
branes using recycled PET bottles for smoke filtration by solution electrospinning. 
It was found that when air filtration study was carried out using cigarette smoke as 
a model substance through these fiber membranes, it absorbs 32–43 times of its 
weight of the smoke. Figure 2 shows scheme of smoke filtration, photographs of 
mat before and after smoke filtration, and the IR-spectra of a clean and smoke- 
exposed fiber membrane with average fiber diameters of 0.4, 1.0, and 4.3 mm to 
confirm the absorption of carcinogenic hydrocarbons from the tobacco smoke.

3  Polyvinyl Chloride (PVC)

Polyvinyl chloride is a thermoplastic polymer synthesized mostly by suspension 
polymerization of vinyl chloride monomer. After polyethylene and polypropylene, 
PVC polymer is the world’s third-most produced synthetic polymer and has appli-
cations across a broad range of industrial, technical, and household uses for making 
electrical cable insulation, flooring, imitation leather, plumbing, etc. 

The chemical structure of the PVC polymer is given below: 

    

Efficient use and control of PVC throughout its life cycle is one of the challenges 
for sustainability. Being a chlorinated hydrocarbon, pure PVC has molecular insta-
bility towards light and heat. It releases highly corrosive gas/vapor of hydrochloric 
acid on burning and also ash from PVC incineration contains toxic elements like 
cadmium and lead. PVC has great advantage of being a highly versatile polymer 
gets dissolved in a various organic solvent like tetrahydrofuran (THF), N-methyl 
pyrrolidone (NMP), N, N-dimethylacetamide (DMAc), N, N-dimethylformamide 
(DMF), etc. and hence wide range of formulation possibilities can be explored to 
reuse and recycle into new products with improved eco-friendly and safety charac-
teristics without loss of technical performance. One of the very attractive applica-
tions can be the development of suitable filtration membranes for water purification. 
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Fig. 1 (a) Recycled PET bottles and SEM images of membranes prepared. (b) Permeance of 
different solvents using a PET membrane (prepared by casting of 10 wt.% PET solutions in TFA 
with 4 wt.% PEG 1 kg mol−1, with 0  s evaporation time, immersed in ethanol. (Adopted from 
Pulido et al. 2019)

PVC is an outstanding membrane material due to robust mechanical strength, 
suitable chemical resistance, low cost, and other excellent properties such as high 
resistance to acids, bases, and solvents. Hence on the way of recycling, the used 
PVC waste can be dissolved first in a suitable organic solvent like N-methyl pyr-
rolidone (NMP) followed by separation of undissolved additives/binder by filtration 
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Fig. 2 Photographs of fiber mats (a) before and (b) after smoke filtration testing (1.0 mm diameter), 
conducted according to the scheme shown in (c). IR-spectroscopy (d) of a clean fiber mat com-
pared to that of smoke-exposed fiber mats with average fiber diameters of 0.4, 1.0, and 4.3 mm. 
(Adopted from Strain et al. 2015)

with filter paper. Then the PVC solution is allowed to precipitate in water as NMP 
leached out and recover pure PVC for membrane making. 

There are number of published literatures discussed on use of commercially 
available neat PVC polymer for useful membrane fabrication and their probable 
applications in water treatment (Ghazanfari et al. 2017; Dizajikan et al. 2018; Bhran 
et al. 2018). The only literature found where Aji et al. (2020) reported the utilization 
of waste PVC into fabrication of a useful ultrafiltration membranes. PVC derived 
from PSW was blended with cellulose acetate in N, N-dimethyl formamide solvent 
and membranes were prepared via nonsolvent-induced phase inversion techniques. 
From Fig. 3, it can be seen that the pure PVC membranes have very few pores and 
the number of pores increase with increase in cellulose acetate concentration in the 
PVC/CA blend membrane. Ultrafiltration membranes having pure water flux (PWF) 
of 85  L/m2 h with more than 90% bovine serum albumin (BSA) rejection were 
developed. 

4  Polystyrene (PS) 

Polystyrenes is a thermoplastic polymer synthesized mostly by free radical vinyl 
polymerization of styrene monomers. Polystyrenes are commonly used in our 
home, office, local grocery as reusable plastic items like drinking glasses, drinking 
bottles, soup bowls, salad boxes, sunglass, foam egg cartons, etc. Styrofoam is 
basically expanded polystyrene (EPS) consists of ~98% air and ~ 2% of polysty-
rene. The chemical structure of the PS polymer or also known as Styrofoam is 
given below: 
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Fig. 3 FESEM images of PVC/CA membranes. PVC-20 wt.% with different amount of CA (a) 
0 wt.% of CA, (b) 1 wt.% of CA, (c) 3 wt.% of CA, and (d) 5 wt.% of CA. (Adopted from Aji 
et al. 2020)

    

Ramos-Olmos et al. (2008) used recycled polystyrene foam for fabrication of asym-
metric ultrafiltration membranes for water purification. Polystyrene foam (20 wt.%) 
without prior processing was dissolved in N-methyl-2-pyrrolidone (NMP) solvent 
with polyethylene glycol (PEG) of different molecular weights (10–20 wt.%) and 
dioctyl phthalate (DOP) (2  wt.%) as additives and prepared the membranes by 
phase inversion technique. Membranes prepared using casting solution with 
PEG-600 (20 wt.%) give the highest pure water permeability of 120 L.m−2.h−1 with 
molecular weight cutoff of ~750 KDa. Adamczak et al. (2020) reported the utiliza-
tion of waste polystyrene polymers as base material for preparation of ultrafiltration 
membrane and tested using feed prepared by mixing river surface water with micro-
pollutants (1 g/L in methanol). It was demonstrated that ultrafiltration membranes 
prepared using recycled polystyrene in N, N-dimethyl formamide solvent with 
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single- walled carbon nanotube as additives give product water with final concentration 
of 1 mg/L micropollutants and the performances of these membranes are on par 
with commercial membranes. Garcia et al. (2017) reported the utilization of virgin 
commercial high-impact polystyrene (HIPS) and postconsumer recycled high- 
impact polystyrene (HIPS-R) independently as base polymer for the preparation of 
membranes suitable for low-pressure membrane processes like microfiltration and 
ultrafiltration. The polymers were dissolved in N, N-Dimethylacetamide (DMAC) 
solvent for preparation of casting solution and membranes were prepared via phase 
inversion method. The membranes prepared using HIPS-R show similar thermal 
properties and asymmetric membrane structures with slightly higher porosity than 
the control membranes prepared with HIPS. Membranes from HIPS-R minimize 
irreversible fouling and show high humic acid rejection (~ 95–96%). 

Zhuang et al. (2016) used polystyrene waste comprise of three types of styrenes 
[Oriented polystyrene (OPS), expandable polystyrene (EPS), and high-impact poly-
styrene (HIPS)] for preparation of gas separation membrane by a solution casting 
method. The gas permeabilities were measured for all the membranes using H2, 
CO2, O2, N2, and CH4 at 1 atm and room temperature at 27 °C. The results for O2/N2 
and CO2/N2 separation indicate that the membranes fabricated from waste polymer 
maintain same gas-permeation properties compared to the membrane fabricated 
from the raw polystyrene. Out of all types of polystyrene waste, HIPS membranes 
showed high CO2 permeability and also highest CO2/N2 selectivity. 

Waste polystyrene was directly used to fabricate ultrafiltration/microfiltration 
types of membranes previously where only colloidal and suspended matters can be 
removed. We have attempted to develop nanofiltration-type membranes from waste 
polystyrene-based drinking glasses after suitable chemical modification of polysty-
rene for removal of multivalent ions from water and treatment of industrial dye 
effluents. All the steps to make the polymer casting solution for filtration membrane 
preparation starting from white coffee cups are shown in Fig. 4. 

White coffee cups were cut into small pieces and the known amount was put into 
a conical flux and known volume of dense sulfuric acid, 95% was added under agi-
tation. After 4–5 h of reaction, the white pieces become brownish after sulfonation 
and washed the sulfonated polymers with DI water till it is free from residual acids 
and finally dried for making polymer casting solution. The degree of sulfonation of 
the modified brownish polystyrenes was evaluated after dissolved it in a toluene/
methanol (9:1) followed by titration with 0.1 N of sodium hydroxide in methanol 
with phenolphthalein as indicator. The polymer casting solution was prepared by 
adding 18.0 gm of dried sulfonated polystyrene (SPS) into 44.0 gm of 1,4-Dioxane 
and 38.0 gm of N,N-Dimethylacetamide (DMAC) solvent mixture and the solution 
was kept agitated for several hours for complete dissolution. Nanofiltration mem-
branes were prepared by phase inversion technique. The casting solution was spread 
over a nonwoven fabric support using doctor knife edge under a steady casting 
shear. After coating of polymer solution over fabric, it was kept in air for 50–60 s 
for evaporation of solvents followed by immersion in a gelling bath containing DI 
water at room temperature. After complete leaching of the solvents from the mem-
brane matrices, the resulting membranes were taken out of the gelling water bath 
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Table 2 Separation performances of sulfonated polystyrene (SPS) membranes for different solutes

Parameters NaCl Na2SO4 Rhodamine-B

Pure water permeability (L.m−2.h−1) 25.6 26.4 24.3
% solute rejection 54.0 88.7 91.0

Pressure: 1 MPa; temperature: 25 °C; feed concentration: 1000 ppm

pieces using 95% 
conc.H2SO4

+ 1,4-
dioxane 
+ 
DMACCoffee cup

Cut 
into Sulfonation Sulfonated 

polymer

Fig. 4 Steps of preparation of polymer casting solution from waste polystyrene for making nano-
filtration membranes

and rinsed in fresh water for several times. The membranes were characterized in 
terms of product permeability or flux and solute rejection using 1000 ppm Na2SO4 
feed at 1.0 MPa pressure. The performance evaluation of the membranes from SPS 
has been carried out for separation behavior for Rhodamine dye solution. The per-
formance of the SPS membrane for different solutes, namely, NaCl, Na2SO4, and 
Rhodamine-B is given in Table 2.

It can be seen that the polystyrene from polymer waste after chemical modifica-
tion through sulfonation can give very good NF membranes suitable for removal of 
dyes and multivalent salts from feed solution. 

5  Polycarbonate (PC)

Polycarbonate is a polyester family of thermoplastic polymers commonly synthe-
sized by polycondensation reaction of bis-phenol A with phosgene monomer. 
Polycarbonates are commonly used in making electrical and telecommunications 
hardware, construction materials, data storage devices, aircraft & security compo-
nents, etc. The chemical structure of the PC polymer is given below: 

 

Saijun and Chinpa (2020) used waste compact discs of ~95% polycarbonate (PC) 
to successfully prepare the asymmetric ultrafiltration membranes using nonsolvent- 
induced phase inversion technique. To recover PC polymer from waste CDs, first 
the coating layers were removed by mechanical abrasion and then after drying, the 
cut pieces of CDs were dissolved in chloroform to make homogeneous solution 
followed by precipitation in methanol. The recovered polycarbonate (PC-R) was 
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dissolved in N-methyl pyrrolidone (NMP) solvent to prepare casting solution with 
PC-R concentration of 18, 20, 22, and 24 wt.%. For preparation of membranes via 
phase inversion method, the casted membranes were gelled in deionized water at 
70 °C for 1 h followed by washing in deionized water to remove residual solvent. As 
shown in the SEM images in Fig. 5, it is found that regardless of the concentration 
of the casting solution, all the membranes have tight skin layer in the top and a 
finger- like structure or macrovoid sublayer beneath the skin layer. 

More numbers of macrovoids were found in the sublayer of the PC-R mem-
branes prepared with lower polymer concentrations casting solution of 18 and 
20 wt.% but sponge-like sublayer was generated in the membranes prepared from 
higher polymer concentration casting solutions of 22 and 24 wt.%. Ultrafiltration 
membranes having pure water flux (PWF) of 80 L/m2 h with ~70% bovine serum 
albumin (BSA) rejection were developed.

Previously reported work by Saijun et al. (2020) was on fabrication of asymmet-
ric ultrafiltration membranes only which cannot be used for removal of ions and 
dyes from effluents. Hence, similar to waste polystyrene, we have attempted to 
develop nanofiltration-type membranes from waste polycarbonate-based CDs/
DVDs. All the steps to prepare the polymer casting solution for nanofiltration mem-
brane preparation starting from CD/DVD are shown in Fig. 6.

Similar to sulfonated polystyrene in previous section, the polymer concentration 
in mixed solvent system has been optimized and it is found that the casting solution 
prepared by adding 18.0 gm of dried sulfonated polycarbonate (SPC) into 56.0 gm 
of 1,4-Dioxane and 26.0 gm of N, N-Dimethylacetamide (DMAC) solvent mixture 
gives better nanofiltration membranes. 

6  Other Polymers and Future Perspective

Altalhi et al. (2013) reported the method developed to convert commercially avail-
able grocery plastic bags into useful carbon nanotube membranes with desired 
molecular transport properties. Inside Nanoporous anodic alumina membranes 
(NAAMs), carbon nanotubes were synthesized using chemical vapor deposition 
(CVD) system consisting of a two-stage furnace equipped with a cylindrical quartz 
tube with dimension of 43 mm diameter with 1000 mm length. The performance 
testing of CNTs–NAAMs was performed toward selectivity of both charged (posi-
tive and negative) and neutral dyes. 

Zulfi et al. (2019) successfully recycled Acrylonitrile butadiene styrene (ABS) 
waste into nanofiber membranes for air filtration. Polymer solutions were prepared 
using DMAc, DMF, and THF solvents at concentrations of 10, 20, and 30 wt.% and 
the nanofiber membranes were prepared by electrospinning. From the air filtration 
performance test, it was found that membranes fabricated using DMAc and DMF 
solvents had the best criteria as air filter. 

Zukimin et al. (2017) reported on the successful preparation of membrane from 
plastic waste of high-density polyethylene (HDPE) for treatment of contaminated 
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Fig. 5 Surface and cross-sectional SEM micrographs of membranes from PC-R casting solutions 
at concentrations of (a) 18 wt.%, (b) 20 wt.%, (c) 22 wt.%, and (d) 24 wt.%. (Adopted from Saijun 
et al. 2020)
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& cut into 
pieces and 
washed in 
chloroform

using Acetyl 
sulfate or 
chloro-
sulfonic acid

+ 1,4-
dioxane 
+ 
DMAC

CD/DVD

Scratch
top layer

Sulfonation Sulfonated 
polymer

Fig. 6 Steps of preparation of polymer casting solution from waste polycarbonate (CD/DVD) for 
making nanofiltration membranes

river water. HDPE from plastic waste was grinded first into various particle size 
powders (in the range of 93.5–270.7 μm using plastic granulator and automatic 
continuous hammer mill herb grinder machine) followed by preparation of filtration 
membrane by sintering method and finally the effect of particle size and tempera-
ture on the final filtration performances of the membranes was studied. The HDPE 
powder was mixed with different solvents like olive oil, cooking oil, water, and 
ethylene glycol and then sintering was carried out in the temperature in the range of 
120 °C–180 °C (the temperature set at 100 °C and increases 10 °C for every 5 min). 
Microfiltration membranes prepared were tested using river water turbidity of ~49.5 
NTU as feed at 0.85 bar pressure. The HDPE membranes prepared with no solvents 
showed highest percentage of product permeate rejection compared to the mem-
branes prepared with four other solvents. Increase in heating temperature directly 
increases the percentage rejection in permeate till it exceeds the temperature of 
180 °C. Membrane prepared with HDPE powder having average particle size of 
~270.7 μm has better separation in terms of higher percentage rejection compared 
to the membranes prepared using powder with average particle size of ~93.5 μm. 

One of the future prospects of reuse of selected plastic wastes for manufacturing 
useful filtration membranes is to suitably modify the waste polymer so as to make it 
better candidate for development of filtration membranes with desired performance 
characteristics rather than to use the virgin polymer recovered from waste. For 
example, crushed transparent drinking glasses, DVDs as waste polymers made up 
of polycarbonate and polystyrene can give moderate ultrafiltration/microfiltration 
membranes for water filtration but sulfonated polycarbonate and polystyrene can be 
used to make nanofiltration-type membranes useful for removal of multivalent ions, 
treatment of industrial dye effluents, etc. The chemical modification can be that of 
carboxylation, amination, nitration or even by polymer blending with a compatible 
polymer or through nanocomposite with addition of a suitable nanoparticle. 

Regarding scope of use of waste plastic in commercial manufacturing of filtra-
tion membranes, an additional step of crushing, washing, and drying of waste poly-
mer needs to be added prior to making polymer casting solution. A typical scheme 
of membrane making starting from waste plastic is given in Fig. 7. New practices 
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Plastic waste Crushing Plastics

Chemical 

washing

Drying

Solvent
Casting 

solution

DissolutionSTEP-I

STEP-II

Fig. 7 A scheme of filtration membrane making from waste plastic

for making membranes from recyclable polymer waste should be adopted by mem-
brane manufacturing companies for establishment of sustainable uses of some of 
the waste plastics. 

7  Conclusions

This chapter highlights the key developments on fabrication of useful membrane 
filters from different reusable waste plastics. Membrane making using the polymers 
from zero carbon footprint sources, such as plastic waste can make the technology 
more sustainable, attractive and also the cost of filtration membranes would be 
cheaper. The use of waste polymers like polyethylene terephthalate, polyvinyl chlo-
ride, polystyrene, polycarbonate, etc. for fabrication of useful filtration membrane 
can contribute to the sustainability of various separation applications like water 
purification, effluent treatment, gas separation, etc. 

Polyethylene terephthalate polymer wastes were used successfully for fabrica-
tions of ultrafiltration membranes for humic acid separation, microfiltration mem-
branes for prefiltration of wastewater treatment, organic solvent-resistant membranes 
for permeation of various organic solvents, and fiber membranes for air filtration. 
Polyvinyl chloride polymer wastes were used for fabrications of 90% bovine serum 
albumin (BSA) rejecting ultrafiltration membranes. Polystyrene polymer wastes 
were used for fabrications of microfiltration and ultrafiltration membranes for 
removal of humic acid and micropollutants, nanofiltration membranes for treatment 
of dye effluents and gas separation membranes with high CO2/N2 selectivity. 
Polycarbonate polymer wastes were used for fabrications of ultrafiltration and 
nanofiltration membranes. Similarly, high-density polyethylene (HDPE)-based 
microfiltration membranes were fabricated for treatment of contaminated river water. 
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Recycled Polymer Bio-based Composites: 
A Review of Compatibility 
and Performance Issues

Khalid Alzebdeh, Nasr Al Hinai, Mahmoud Al Safy, and Mahmoud Nassar

1  Background

Natural fiber-reinforced polymer composites (NFRPCs) have remarkable properties 
such as low specific gravity, cost-competitiveness, high flexibility, high impact 
resistance, reliability and ease of processing, etc. (Kerni et al. 2020; Nurazzi et al. 
2021a). Because of their eco-friendliness, nontoxicity, and good biocompatibility, 
such composites are gradually replacing conventional composites. However, there 
are several drawbacks to employing natural fillers, which prevent their wider spread 
in different applications. Efficient handling of these drawbacks will improve their 
properties and increase their workability (Chang et al. 2020; Alsubari et al. 2021). 
These fillers are generated from plant sources and are classified as fibers or 
particulates. Natural fillers, such as wheat, pulp, lignin, hemicellulose, pectin, or 
cellulose derivatives, are widely recognized for their applicability as polyolefin and 
other varieties of polymer reinforcements (Bari et al. 2021; Nassar et al. 2021b). 
Because of these benefits, the use of natural fibers in polymeric composites has 
captured the attention of numerous materials engineers and researchers. Nonetheless, 
these gained benefits have to be balanced against expected drawbacks as summarized 
in Table  1. Contemporary breakthroughs in this field of study, as well as recent 
environmental concerns, have accelerated the growing interest among businesses in 
using NFRPCs in the design of a range of goods (Girijappa et al. 2019).

Ecocomposites provide a new category of composite materials obtained by mix-
ing recycled plastics and biomass waste to develop better biomaterials. Creating 
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Table 1 Benefits and drawbacks of NFRPCs

Benefits Drawbacks

Excellent acoustic and electrical insulation 
capabilities

Low fire resistance

Water absorption can be chemically cut down Moisture absorption causes fibers to swell
Biodegradability of fibers through the activity of 
fungus and/or bacteria

Variability in quality due to uncontrollable 
conditions like weathering

Combustibility: energy can be created when 
dumped or disposed

Maximum processing temperature is 
limited

Reasonable mechanical characteristics, 
particularly flexural strength

Low impact strength

Low abrasive characteristics of natural fibers and 
better composite processability

Dimensional instability and material 
hygroscopicity

Renewable resources and sustainability Low durability

innovative ecocomposites using agro-residue fillers and recycled polymers while 
gaining a fundamental grasp of overall quality will optimize accumulated benefits 
and broaden applications (Nassar et  al. 2021b; Shanmugam et  al. 2021). One 
circular economy approach is to reuse products and resources while also regenerating 
natural systems. This approach raises the employment rate linked to waste collection 
and increases plastic pollution management. Involvements at the local and the 
national levels have sought to enhance the status of waste disposal through methods 
such as regulated pricing and government agreements. As a response, the need to 
establish additional selection procedures aims at initiating qualifying requirements 
for recovered plastics in a variety of sectors (Barford and Ahmad 2021; Shanmugam 
et al. 2021).

This chapter describes current breakthroughs in the production of new ecocom-
posite materials derived from recycled polymers and natural fillers developed by 
researchers. It provides the profound related to the compatibility of polymers and 
natural fillers when using filler treatments and polymer chemical modification, 
namely crosslinking agents. Furthermore, the chapter presents the mechanical, 
physical, thermal, and morphological characteristics of recently developed 
ecocomposites. Finally, it concludes with future perspectives and insights on this 
research subject.

2  Recycled Polymers and Natural Fillers

Plastic pollution is seen as a major environmental concern. This has necessitated 
concerted efforts to decrease Municipal Solid Waste (MSW) and identify potential 
reuse opportunities. The utilization of recycled plastic solid waste to generate new 
eco-friendly composites with natural fillers has emerged as a feasible solution (Gu 
et al. 2017; Anjum et al. 2020; Nizamuddin et al. 2021). Polyolefins are the most 
commonly used reprocessed plastic for attempting to make ecocomposites because 
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of their distinctive and acceptable achievement, outstanding impact and abrasion 
resistance, high strength-to-weight ratio, low cost, good durability, low melting 
point, recyclability, and high resistance to microorganisms’ assimilation 
(Chandrasekar et al. 2021). These qualities classify them as viable materials for a 
wide range of products and design standards (Aldousiri and Shalwan 2013; Chamas 
et al. 2020). To generate ecocomposites, recyclable thermoplastic polymers such 
as low-density polyethylene (rLDPE), high-density polyethylene (rHDPE), poly-
propylene (rPP), and polyethylene terephthalate (rPET) were mixed with reinforc-
ing filler including such flax, cotton, sisal, coir, hemp, and palm. Polyolefin 
thermoplastics account for a considerable portion of the plastic waste that is often 
recycled or disposed of in landfills (Ragaert et al. 2017; Joseph et al. 2021). Figure 1 
presents the planning of design solutions within the life cycle context of bio-based 
and synthetic biomaterials designed to motivate implementation of the circular 
economy paradigm for long-term recovery (Lee et al. 2021).

Plastics such as polyethylene (PE) are commonly used in the packaging industry. 
Every year, it creates around 60  million tons of waste. rLDPE is an important 
element of the PE class in the synthesis of polymers due to its wide range of 
applications (Siracusa and Blanco 2020). This polymeric material offers outstanding 
characteristics such as opacity, high flexibility, strong resistance to acids and bases, 
alcohols, and esters, impact resistance, electrical insulation, high toughness, 
dimensional stability, and adaptability even at low temperatures. In addition, it is a 
low-cost substance that is simple to prepare (George et al. 2020; AL-Oqla 2021). 
Similarly, high-density polyethylene (HDPE) is a widely utilized polymer with a 
wide range of uses, including bottles, containers, and everyday items (Chianelli- 
Junior et al. 2013; Evode et al. 2021). HDPE is also a low-cost synthetic polymer 

Fig. 1 Design solutions within the life cycle structure of bio-based and synthetic composites. 
(Lee et al. 2021)
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with good features such as low density, hard surface, resistance to abrasion, and 
electrical insulation. Furthermore, HDPE is environmentally benign throughout its 
manufacturing and functional life, and as such, it is easily recyclable and may be 
reused several times (Jesus et al. 2022). When they are not qualified to fulfill the 
manufacturer/consumer criteria, HDPE has the benefit of being relatively easily 
recyclable. As a result, rHDPE is readily accessible, simple to process, and the most 
often utilized matrix material for ecocomposites. The characteristics of rHDPE 
derived from postconsumer materials are not significantly different from those of 
virgin HDPE.  Hence, they might be employed for a wide range of applications 
(Adhikary et al. 2008; Su et al. 2021).

Polypropylene (PP) is an olefin with a linear structure that may be melted and 
remolded several times. Similar to PE, PP is a hydrophobic material that is utilized 
in a broad range of applications. It has a high softening point and steady mechanical 
characteristics at room temperature (Kim et al. 2019). Its low density, strong impact 
resistance, and dimensional stability, make it appropriate for a wide range of 
structural applications. For long, PP is commonly employed with a diverse range of 
reinforcing fibers and particles (Jannah et al. 2009; Amieva et al. 2014). A main gain 
of this material is its low-cost alongside its ability to be treated repeatedly without 
deterioration of qualities. Due to this, polyolefin thermoplastics contribute a 
significant amount of plastic waste that is frequently recycled or discarded (Kim 
et al. 2019; Kar et al. 2020; Nassar et al. 2021b) .

Polyethylene Terephthalate (PET) is a manmade semi-crystalline thermoplastic 
polymer that is comparable to polyester material in terms of weight, versatility, and 
durability. It is among the most common forms of plastic found in MSW (Wang 
et al. 2019; Benavides et al. 2020). PET is utilized in a variety of purposes, but it is 
most widely and well-known in the production of soft drink plastic-bottles (Čuk 
et al. 2015). Due to the steady-state growth in the bottle industry, PET demand has 
been estimated to have the quickest rate of expansion in the market of plastics. 
Although PET causes no direct harm to the environment, it may be classified as a 
toxic substance due to its vast size and great resistance to atmospheric and biological 
agents (Farahani et al. 2012; Wang et al. 2019).

The use of available resources, such as date palm agro-waste, for the production 
of biocomposites can minimize the shortage of raw materials in the Wood Plastic 
Composites (WPC) sector. Date palm tree fronds, rachis, and pedicels have 
traditionally been used to make mats, baskets, and ropes in various regions around 
the world (Benaniba et al. 2020; Supian et al. 2021). However, the vast majority of 
the material is dumped as waste, which is either disposed of in a landfill or burnt. 
Several research works have been conducted to investigate the appropriateness of 
using date palm leaves, mesh, and rachis in biocomposites for different applications 
(Abdel-Shafy and Mansour 2018; Alzebdeh et al. 2019). The geometric features of 
numerous natural fibers, such as diameter and length, are summarized in Table 2.

Natural fibers come in a wide range of (a) fiber’s diameter (5–76 m), (b) fiber 
bundles width (10–1000 m), and (c) lengths (1.2–300 mm). This divergence causes 
significant variances in the characteristics of polymer composites made from these 
fibers. Furthermore, the inherent discrepancies in natural fiber characteristics 
provide significant challenges in developing production methods for reinforcing 
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Table 2 Geometrical characteristics of natural fibers (Balla et al. 2019)

Fiber Shape Diameter/width (μm) Bundle width, (μm) Length, (mm)

Sisal Round/polygon 4–47 9–460 0.5–8
Jute Polygon/rectangular 5–30 25–200 1–5
Hemp Polygonal/ribbon-shape 5–40 25–500 8–55
Wood Rectangular/round 5–50 – 1.2–3.6
Flax Polygon 5–76 40–620 4–140
Abaca Polygon/round 6–46 10–1000 2–12
Coir Round /oval 10–30 50–460 150–300
Kenaf Round/polygon 12–50 30–247 1.5–11

Table 3 Density and strength properties of natural and synthetic fibers (Balla et al. 2019)

Fiber Density (g/cm3) Elongation (%) Tensile strength (MPa) Young’s modulus (MPa)

Natural fibers

Abaca 1.5 1–12 12–980 12–72
Bamboo 0.6–1.1 3.8–5.8 140–230 11–17
Banana 1.35 1–10 430–914 7.7–42
Coir 1.2 30 160–250 3.3–6
Cotton 1.5–1.6 2–10 220–840 4.5–12.6
Flax 1.5 1.2–4 343–1834 8–100
Hemp 1.48 1.5–51.4 95–1735 2.8–90
Jute 1.3–1.5 1.5–1.8 187–800 3–64
Kapok 1.3 1.2–4 45–93 1.7–4
Kenaf 1.45 1.5 215–930 35–53
Pineapple 0.8–1.6 0.8–14.5 170–627 2–128
Ramie 1.5 1.2–4.6 290–1060 5–128
Sisal 1.5 1.9–14 80–855 9–38
Synthetic fibers

E-glass 2.5 2.5 2000–3500 70
Carbon 1.4–1.7 1.4–1.8 4000 230–240
Aramid 1.4 3.2–3.7 3000–3150 63–67

materials. As a result, precise feedstock material assessment and control are critical 
in achieving targeted performance. In addition, natural fibers do possess a lower 
tensile strength than synthetic materials; however, they offer a larger range of 
mechanical attributes. This qualifies them to be considered as alternatives to replace 
synthetic fibers in a variety of applications (Balla et al. 2019; Lee et al. 2021). On 
the other hand, while the variety in the qualities of synthetic fibers is limited, the 
properties of natural fibers clearly vary, both within the same kind of fiber and 
across different types of fibers. Such a wide variety of mechanical properties of 
natural fibers may generate severe concerns regarding the mechanical performance 
of produced composites being dependent on the fiber source (Balla et al. 2019). For 
completeness, Table 3 shows the mechanical characteristics of popular natural fibers 
and synthetic fibers.
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3  Polymer-Filler Compatibility

Enhancing the compatibility between natural filler and surrounding polymer assists 
in handling number of challenges including poor fiber/matrix adhesion, wettability, 
low fire resistance, insufficient mechanical properties, low heat resistance, and 
constrained production temperature of the biocomposite (Aisyah et  al. 2021; 
Andrew and Dhakal 2022). Researchers have applied a variety of physical and 
chemical approaches to boost the compatibility of fillers and/or polymers. For 
example, the fiber/matrix interlocking, as well as moisture and heat resistance, are 
increased using fiber and polymer subjected to physical and chemical modification 
processes, which ultimately improve the quality of biocomposites produced 
(Kannan and Thangaraju 2021; Zwawi 2021). The following subsections provide 
thorough discussions of recent filler and polymer modification processes.

3.1  Filler Modification

Natural fillers are well known to have poor hydrophilicity and wettability. This 
makes it more challenging to diversify their industrial applications. Therefore, it is 
necessary to strengthen and improve the polymer composites. One possible approach 
to achieve this is by performing filler treatment therapy (Kerni et al. 2020; Obasi 
et al. 2021). Different chemical procedures were employed to treat natural materials. 
Treatments procedures using acetylation, alkalization, benzoylation, silane, and 
malleated coupling are of the most prevalent treatment methods that qualified 
natural fibers as reinforcing agents for both virgin and recycled polymers (Sanjay 
et al. 2019; Syduzzaman et al. 2020). Chemical treatments that improve filler/matrix 
consistency and adherence likely improve the mechanical characteristics of designed 
biocomposites (Hassaini et al. 2017; Kuan et al. 2021). Based on empirical data, the 
alkaline treatment with NaOH is recognized as the most traditional modification 
treatment method of natural fibers (Karthi et al. 2019). In general, one of the major 
goals of the treatment is to modify the surface of the fiber by removing contaminants 
and roughening it, hence, improving adhesion between both the fiber and the 
surrounding matrix. Furthermore, chemical treatment methods weaken the hydrogen 
bond in the fibril structure, triggering fiber/polymer crosslinking (Rahman et  al. 
2018). They also effectively eliminate hemicellulose, lignin, wax, and oils that 
cover the outer layer of the fiber’s cell wall, depolymerize cellulose, and expose 
short length crystallites. When the hydroxyl group in hemicellulose is replaced with 
an alkoxide or acetyl group, the fiber’s behavior shifts from hydrophilic to 
hydrophobic (Rahman et al. 2018). It is viable to perform chemical reactions either 
at room temperature or at increased temperatures by utilizing an external source of 
heat such as traditional oven. Yet, the use of an accelerated heat source (electrical 
microwave) is proven to be successful and efficient (Mohammed et al. 2018; Nassar 
et al. 2020).
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The use of natural filler-reinforced composites made from date palm waste and 
recycled plastics resulted in considerable environmental advantages (Nassar et al. 
2020). Natural strands formed from date palm agro-residue stand out owing to its 
high material properties and affordable cost when compared to certain other varieties 
such as kenaf, hemp, coir, and sisal fibers (Rajeshkumar 2020). Because these 
biodegradable fibers are considered waste and abundant, using date palm fronds as 
fillers in plastics is a potential alternative. Recently, Nassar et al. (2020) developed 
a novel chemical treatment procedure for extracting rich cellulose fiber from date 
palm agro-residues. An experimental characterization of the treated fibers’ thermal, 
physical, and mechanical properties revealed a considerable improvement over their 
untreated counterparts, confirming the new process’s efficacy. Figure 2 illustrates 
the stress-strain diagrams for treated and untreated date fibers. The plot can be used 
to calculate the elastic modulus, tensile strength, and elongation at break. The figure 
clearly shows that fiber processed using the accelerated heating (AH) option yields 
the highest strength but with lower ductility in contrast to conventional heating 
option. The largest ductility is accomplished after using conventional heat (CH) 
source to derive fibers; however, achieved strength was approximately 33% less 
than that of the AH-derived fiber. A typical material behavior noted in this work is 
the balance between strength and ductility. Clearly, the AH-based fiber is less ductile 
than the CH-based fiber due to the altered microstructure, which contributes to 
higher strength and lower ductility.

For natural fibers, surface modification methods were adopted to adjust the sur-
face topography and expose the OH groups at the fiber surface. Moreover, 

Fig. 2 Stress-strain curves of untreated and treated date palm fibers
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functionalization of the natural filler by substituting the OH groups with different 
reactive modifiers boosts the filler reactivity with polymer and reduces the filler 
hydrophilicity, particularly when superhydrophobic agents are utilized (Gu et  al. 
2019). If intended chemical reaction takes place among ingredients of biocomposite, 
intermolecular bonding and crosslinking between the fiber and polymer will be 
introduced. Therefore, effective properties of the developed biocomposites will be 
improved depending on the filler surface roughness and type of chemical 
crosslinking. Robust filler-polymer bonding supports load-bearing capacity and 
develops better mechanical and water repellent properties (Charlet et al. 2015; Gu 
et al. 2019).

Applying functional groups for effective surface modification of date palm pow-
der (DPP) and improved chemical synthesis can be performed using Azide and 
Alkyne chemical-based methods (Nassar et  al. 2021c). The two methods 
demonstrated a considerable capacity to modify lignocellulosic material efficiently, 
with improved surface roughness prompting mechanical interlocking. It also 
reduces the filler hydrophilic nature, which is especially important when water 
repellent agents are used (Gars et  al. 2020). The morphology of original and 
modified DPP is analyzed by SEM as shown in Fig. 3. If the expected chemical 
reaction occurs among the bioconstituents, then composite’s intermolecular binding 
and crosslinking between the fiber and polymer will occur. As a result, depending 
on the filler surface quality and type of chemical crosslinking, the effective 
characteristics of the generated biocomposites will be improved. Strong 

Fig. 3 SEM images of (a) DPP, (b) DPP-Azide, and (c) DPP-Alkyne. (Nassar et al. 2021c)
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filler-polymer bonding promotes load transmission while also improving mechanical 
and water-resistant characteristics (Charlet et al. 2015; Gu et al. 2019).

3.2  Polymer Functionalization

Similar to the filler modification, polymer functionalization aims to improve filler/
polymer bonding by modifying molecules by using chemical or physical methods. 
The presence of hydroxyl groups on the biomass surface, particularly on the 
cellulose backbone, indicates that the biomass is polar. It is conceivable to employ 
hydroxyl groups to create more chemically reactive groups on the natural fiber’s 
surface (Zhang et  al. 2018; Nassar and Sider 2021). Polymer functionality is 
achieved by a variety of approaches that include coupling agents and compatibilizers. 
This builds sustainable ecocomposites with appropriate gradient compatibility as 
shown in Fig. 4 for a newly developed biocomposite (Hubbe and Grigsby 2020; 
Nassar et al. 2021b). Further, performing chemical modification and irradiation for 
fiber and polymer, respectively, results in ecocomposites with more compatibility 
than chemical treatment alone. Irradiated ecocomposites containing treated natural 
fillers exhibited superior mechanical characteristics, decreased moisture content, 
and greater thermal stability (Abdel-Hakim et al. 2021; Lazim and Samat 2019).

Most thermoplastic polymers possess nonpolar functionality and have low sur-
face-free energy, resulting in poor adhesion qualities (Pearson et al. 2022). Therefore, 
coupling agents are used to boost adhesion between fillers and hosting polymers as 
illustrated in Fig. 4. Indeed, the functionalization of a polymer surface by an isocya-
nate group is a new and rarely utilized approach. As exemplified in Fig.  5a, the 
hydroxyl group is very reactive and can establish urethane linkages between bio-
fillers and polymer matrix (Chauhan et al. 2016; Karmarkar et al. 2007). In Fig. 5b, 
which is adopted from a work by Yeo et  al. (2015), the aim is to modify both 

Fig. 4 SEM images of DPP reinforced polypropylene without and with coupling agent. (Nassar 
et al. 2021b)
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Fig. 5 Natural filler-polymer chemical crosslinking: (a) filler and functionalized polymer, (b) 
functionalized filler and functionalized polymer. (Nassar et al. 2021b)

biomass and polymer by amine bonding and maleic anhydride (MAH), respectively. 
This process, known as amidation process, generates polypropylene- graft- MAH 
connected to lignin. It enhances the interfacial connection between the particulate 
filler and the mating matrix, as well as particles distribution within the matrix, thus, 
developing a considerable increase in strength properties.

In relation to the above, an attempt to employ the coupling agent (PP-g-MA) and 
dried coffee ground (CG) to form biocomposites caused chemical interfacial 
crosslinking among ingredients, resulting in an enhancement in the mechanical 
characteristics of the manufactured material (Chitra et al. 2014; Anbupalani et al. 
2020). Similarly, Jute/rPP composites produced using (m-TMI)-grafted- 
polypropylene as the coupling agent demonstrated a considerable growth in 
mechanical tensile, flexural, impact, and tensile modulus at 50 wt.%. This increase 
in mechanical characteristics revealed that rPP reinforced with jute fibers efficiently 
transmitted load from matrix to fibers (Aggarwal et  al. 2013; Nassar and Sider 
2021). According to recent research, LDPE-filled composites containing corn stalk 
powder (CSP) that used Maleic Anhydride Polyethylene (MAPE) as coupling 
agents established stronger interfacial bonding between polymer and filler. Tensile 
strength and breaking elongation were also enhanced. Young’s modulus, on the 
other hand, appeared to decrease as a result of this alteration (Eze and Madufor 
2020; Ismail et  al. 2020). Biological treatment using microbial films is a 
straightforward and clean technology that allows for the grafting of any polymeric 
substrate without affecting the bulk polymer characteristics (Pearson and Urban 
2014; Gafri et al. 2019). When compared to untreated CM/LDPE, the treatment of 
the composite containing 2  wt.% Citrus Maxima (CM)-filled LDPE with silane 
revealed a substantial improvement in tensile strength, percent elongation, and 
impact strength as filler content increases. Furthermore, the CM filler influenced the 
elasticity and deformation characteristics of LDPE (Joglekar et al. 2021).
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4  Recycled Polymer Bio-based Composites Performance

In recent times, ecocomposites generated from waste have become competitive 
materials for an increasing range of industrial sectors. The main leading factors for 
this is the customizable features and low cost. As a consequence, their overall 
quality and performance are rigorously evaluated, studied, and improved in order to 
widen their usage in a variety of applications (Olatunji 2015; Vidakis et al. 2021). 
Despite this, due to the low levels of strength of such materials in relation to design 
specifications, the application of ecocomposites is confined to non-load-bearing 
applications. Accordingly, further in-depth research and development activities are 
essential to raise their performance to the level of structural requirements. The 
following subsections cover recent achievements in this field as well as the realized 
performance of ecocomposites in terms of mechanical, morphological, physical, 
and thermal properties to emphasize the relevance of such an attempt.

4.1  Mechanical Properties

The mechanical characteristics of recycled plastic bio-based composites are strongly 
connected to the natural filler‘s interfacial bonding, compatibility, and engagement 
with the encapsulated matrix (Hasan et al. 2021; Wu et al. 2021). The inclusion of 
suitable compatibilizers, nano-fillers, and coupling agents at optimal concentrations 
helps to increase their mechanical performance. As discussed in Sect. 3, it has been 
established that surface treatment of fillers can have a comparable effect (Singh 
et al. 2019; Omran et al. 2021). Furthermore, mechanical recycling factors such as 
extruder speed and torque, mold temperature, and the number of recycling cycles, 
among others, have a significant impact on the mechanical characteristics made of 
ecocomposites (Chan et  al. 2018; Ilyas et  al. 2021b). In practice, the kind and 
qualities of the eco-ingredients of the composite define the level of total mechanical 
properties. Research that investigated using Olive fibers in rLDPE, for example, 
revealed the ideal reinforcing conditions for increasing the composites’ overall 
flexural capabilities (AL-Oqla 2021; Valvez et al. 2021). Mechanical interlocking 
within the components of ecocomposite generates a strong interfacial connection 
between the olive fiber and the matrix due to sufficient surface roughness of the 
olive particle (Sider and Nassar 2021). Thus far, the greatest flexural strength of the 
biocomposite with different fiber contents was estimated to be 34.6 MPa at 40% 
fiber content and tensile strength of 32 MPa. This enhanced the flexural modulus of 
rLDPE by more than 200%. Moreover, the effect of rLDPE seemed to have a far 
larger impact on the tensile strength WPCs than the wood filler. As a result, the type 
of polymer used in WPC goods should be carefully selected (Acheampong 
et al. 2021).

Of the main challenges that limit the applicability of biocomposites is the grad-
ual reduction in their tensile strength compared to that when using pure polymer. 
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For example, the tensile strength of composites formed completely of rLDPE matrix 
is nearly 13 MPa; however, the inclusion of 40% cocoa waste may lower this value 
to 3.5 MPa. This is a huge drop in the tensile strength. Many literatures explored 
different means to resolve this issue. It is reported that the properties of ecocomposites 
can be upgraded by using compatibilizers such as alkaline pretreatments to remove 
extractives that may impair compatibility, and by controlling the optimum wt.% 
content and form of the fiber, filament, staple, chopped, or powder (de Araújo Veloso 
et  al. 2021; Ilyas et  al. 2021a). Gebremedhin and Rotich (2020) developed an 
ecocomposite material made of rLDPE filled with treated pineapple leaf fiber. This 
developed material had improved properties in tensile, flexural, impact, and water 
absorption at the optimal fiber weight of 30% and length of 30 mm. Further, when 
polyethylene-graft maleic anhydride (PE-g-MA) was employed as a coupling agent 
for Pennisetum Purpureum/rLDPE at 30  wt.% fiber content, the modulus of 
elasticity and tensile strength reached 251 MPa and 11.3 MPa, respectively. These 
results are equivalent to those of various natural woods, allowing them to be used in 
non-load-bearing applications such as furniture and doors (Grillo and Saron 2020).

Furthermore, rLDPE reinforced with irradiation crosslinked fibers demonstrated 
improved mechanical performance and crystalline characteristics while retaining 
the key benefits of self-reinforced biocomposites that are simpler to recycle than 
pure LDPE material (Mészáros et al. 2020). In the case of recycled blends such as 
rLDPE/rHDPE, rTP/rHDPE, and others, it has been revealed that the processing 
time has a greater impact on mechanical strength than the composition of the blend 
itself (Aranda-García et al. 2020). The bio-based composite PP/rLLDP with 2 wt.% 
compatibilizer exceeded the uncompatibilized composite in terms of strength. In 
comparison to the uncompatibilized composite blend, the tensile and flexural 
strengths improved by 24.4% and 14.1%, respectively (Chowdhury et  al. 2021). 
Furthermore, maleic anhydride-grafted PP/PE (13  wt.%) was employed, which 
outperformed maleic anhydride-grafted PP/rLLDPE in terms of mechanical and 
thermomechanical characteristics. It was shown that the addition of 2  wt.% 
compatibilizer improved the mechanical characteristics of PP/rLLDPE mix 
(Chowdhury et al. 2021).

In spite of the presence of surface “pin-holes,” the mechanical performance of 
the composite LLDPE filled with 2.5 wt.% and 5 wt.% wheat bran did not decline 
appreciably. Tensile strength and resilience were practically comparable from 16.5 
to 17  MPa. However, hardness was reduced from 52.5 to 50.5  MPa due to the 
structure’s porosity. Reduced filler loadings had no effect on rheological 
characteristics. Composites comprising 10% and 20% fibers of total weight, on the 
other hand, displayed rotational molding-suitable behavior (Hejna et  al. 2020). 
Another study found that the composite 30%wood/rHDPE had higher strength 
(15.87 MPa) and lower water absorption qualities than other variants of the same 
composite. Particle sizes, plastic types, and blending ratio all exhibited a significant 
effect on the dimensional stability and mechanical behavior of the composites at the 
0.05 significance level. Appropriate WPCs for nonstructural purposes were made 
from Cordia millenii waste and rPE (Omoniyi 2020). Because of the hydrophilic 
filler, the strength of the polyethylene (PE) composites dropped as the amount of 
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Table 4 Tensile strength of biocomposites

Polymer Fiber
Fiber content 
wt.%

Tensile strength 
MPa References

LDPE Olive fiber 40% 32 Al-Oqla (2021)
Coca 40% 3.5 de Araújo Veloso et al. 

(2021)
PALF-treated 30% 1.5 Gebremedhin and Rotich 

(2020)
P. purpureum 30% 11.3 de Camargo and Saron 

(2020)
rLLDPE Wheat bran 2.5% 16.5 Hejna et al. (2020)

Wheat bran 5% 17 Hejna et al. (2020)
rHDPE Wood 30% 15.87 Omoniyi (2020)
rPP Jute fiber 50% 60.6 Aggarwal et al. (2013)
Epoxy Kenaf-treated 6% 45 Ismail et al. (2021)

Kenaf- 
untreated

6% 68 Ismail et al. (2021)

filler increased. However, with 10% and 20% infill, the creep behavior was improved 
(Kohl et al. 2020).

Over virgin PP, the tensile strength of rPP composite filled with 50 wt.% jute 
fiber improved by 87%, while the flexural strength increased by roughly 95%. The 
tensile strength of composites was roughly double that of virgin PP (60.6 vs. 
32 MPa), but as filler content rises, the failure strain and impact strength of the 
composites decrease while the notched impact strength increases (Aggarwal et al. 
2013). In certain instances, therapy produces undesirable outcomes in terms of 
material strengthening. A research done by Ismail et  al. (2021) showed that the 
tensile strength of untreated kenaf fiber/epoxy composite was greater (68 MPa) than 
the strength of treated kenaf fiber/epoxy composite (45 MPa,). In this example, the 
6 wt.% alkali treatment lowered tensile strength by 34% and Young’s modulus by 
12%. Table 4 summarizes the tensile strength of numerous polymers with varying 
fiber contents.

4.2  Morphological Properties

The overall performance of ecocomposites is contributed not only to the base- 
recycled polymer, chemical additives, and production techniques as established 
above, but also to the natural fiber fundamental features such as kind and shape. The 
irregular structure of natural fibers typically reduces the strength of ecocomposite 
due to low interfacial strength, poor compatibility, and moisture between polar plant 
fibers and nonpolar polymers. Furthermore, the filler material should be fine-tuned 
to get the intended result. A high natural fiber content incorporated in polymer may 
result in dominating fiber aggregation, leading to poor fiber dispersion and excess 
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voids or cavities in ecocomposites (Xie et al. 2010; Nassar et al. 2021a). Coupling 
agents help to reduce voids, cracks, and fiber agglomeration. Additionally, they 
enhance the filler encapsulating in the matrix. As a result, the total strength and 
performance of the created ecocomposites are determined by the uniformity of 
fiber/particle dispersion in the matrix. Optical microscopy and scanning electron 
microscopy (SEM) are commonly employed to assess the dispersion of fillers and 
other microstructural characteristics (Nassar et  al. 2021b). The morphological 
examination of the char layer in a produced composite from HDPE filled with 5% 
talc fibers revealed that the addition of this fiber aids flame-penetration prevention 
and enhances the composite’s overall fire resistance. This is in contrast to other 
types of biocomposites. For instance, the surface of typical wood-filled HDPE- 
featured broad fissures, which allows for rapid fire penetration and decreased fire 
resistance. Furthermore, as compared to composites with unaltered HDPE shells, 
there is a small increase in the flame resistance properties of the composite at low- 
fiber loading (25 wt.%). However, at this 25 wt.% fiber loading, the composite’s rate 
and total heat emission were dramatically decreased (Huang et al. 2020).

SEM and AFM images in Fig. 6 indicate that chemical treatment alters the fiber 
shape. Fiber treatment is an effective approach for modifying the topography of the 
surface and an important strategy for improving the quality of the fiber. In certain 
conditions, the properties of the fiber are degraded by fibrillation and damage in the 
treatment. In order to minimize such harm, it is therefore necessary to carefully 
control the treatment conditions. The cellulosic ingredients obtained from natural 
agro-residues as a bio-filler can be used effectively for the modification of different 
processes in recycled polymers. For instance, surface treatment, delignification, and 
hydrolysis provided further insights to these processes (Nassar et al. 2021b).

4.3  Physical Properties

Among critical physical properties of biocomposites is the water absorption as it 
impacts the mechanical performance and durability of the materials. To generate 
economically feasible natural fiber bio-based composites, synthetic resins are quite 
often reinforced with hydrophilic fibers, resulting in incompatibility issues such as 
void formation and delamination at fiber–matrix interfaces (Al-Maharma and 
Al-Huniti 2019). Consequently, the water intake of the biocomposite will increase 
with outlined mechanism as shown in Fig.  7. Then, it is necessary to employ 
chemical and/or physical treatment procedures in order to mitigate the impact of 
these issues. The treatment technique should be carefully chosen and applied while 
taking into account numerous parameters with respect to fiber and matrix 
characteristics (Al-Maharma and Al-Huniti 2019).

The water absorption performance of jute/PP composites without crosslinking 
agents was 2–3 times higher than that of the composites with additives (Aggarwal 
et al. 2013). The water absorption of DPE/HDPE and TP/HDPE blends is affected 
by processing time, which has been investigated by immersing them in water for 
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Fig. 6 SEM and AFM micrographs of (a) raw flax fiber and (b) 10% NaOH-treated flax fiber. 
(Nassar et al. 2021b)

17 days and absorbing 60 wt.% of their dry weight (Aranda-García et al. 2020). 
With combining of lignocellulosic biomass to the matrix, the density of a cocoa 
almond husk/rLDPE composite decreased from 0.81 to 0.61 g/cm3, while moisture 
increased from 0.03% to 0.60% and water absorption increased from 0.17% to 
2.68%, indicating good potential for use in civil construction. Incorporating 
additives into cocoa waste-based composites, on the other hand, improves their 
water repellency and hence qualifies them for outdoor applications (de Araújo 
Veloso et  al. 2021). Furthermore, the water uptake capability of the composites 
PALF-treated/rLDPE increases at higher fiber weight and length in the application 
of wall tiles (Gebremedhin and Rotich 2020). It has been found that DPP/rPP 
composites are much more resistant to water absorption than virgin polypropylene- 
based composites. This improvement might be attributable to the reprocessed plas-
tic polymer’s better surface modification (Alzebdeh et al. 2019).
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Fig. 7 Mechanics of water swelling in NFRPCs. (Rahman and Nur 2021)

4.4  Thermal Properties

The basic thermal properties of biocomposites of interest are coefficient of thermal 
expansion, decomposition and transition temperatures, crystallinity index. These 
properties are often assessed using Differential Scanning Calorimetry (DSC) and 
Thermogravimetric Analysis (TGA). Thermal degradation of composites made 
from natural fiber/rLDPE composites typically occurs at temperatures over 200 °C, 
allowing thermomechanical processing of the constituents by extrusion and injection 
molding (Grillo and Saron 2020). For example, the chemically treated kenaf fiber- 
filled composite materials offer superior heat stability over the untreated counterpart. 
In addition, an epoxy filled with untreated kenaf fiber showed temperature 
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sensitivity and loss threshold of 82% in the temperature range 25–150  °C.  The 
treated kenaf/epoxy composite performs the best at ambient temperature, while the 
tensile strength starts to decline at temperatures over 50 °C. In another case where 
rice husk fillers are added to rPE matrix, a weight loss or breakdown of the compos-
ite seems to begin around 250 °C, but decomposition (weight loss) of PE without 
the rice husk filler appears to begin around 325 °C. Because roofing tiles are the 
most typical application for rPE with rice husk filler composites, it is critical to 
comprehend how the material responds to high temperatures that tiles may be sub-
jected to. As a result, creep resistance is crucial in such application, and studies 
suggest that adding rice husk improves it. The increased storage moduli at 50 °C 
provided further confirmation of improved high-temperature performance of rice 
husk filler-based composites at 10% and 20% filler loading (Kohl et  al. 2020). 
Overall, research into the thermal behavior of natural fiber-reinforced polymer com-
posites is currently being conducted, and hence this area of study has a promising 
future (Kerni et al. 2020; Nurazzi et al. 2021b).

5  Applications

The use of ecocomposites generated from natural sources and recycled polymers is 
motivated by the low-production cost, functional capabilities, and ingredient avail-
ability. They have recently acquired popularity in a range of applications such as 
transportation (automotive, locomotive, and aerospace), military items, building 
(ceiling panels, partition boards), packaging, consumer products, and so on (Suhaily 
et al. 2012; Atuanya and Aigbodion 2014; Paul et al. 2021). Furthermore, light- weight 
biocomposites are finding uses in the automobile industry for making components 
mostly made of recycled plastics (rPP, rPE, rPVC, etc.) and natural fibers (wood, 
sisal, hemp, banana, flax, and rise hulk), with certain additives to boost strength and 
density. To provide a better understanding of how cost-effective biocomposite may 
be, glass fibers are priced between 0.30 and 2.00 $/kg, whereas natural fibers are 
priced between 0.22 and 1.10 $/kg (Zajac et al. 2014; Rodríguez et al. 2018).

Adaptive manufacturing and 3D printing of ecocomposites to create new prod-
ucts with geometric flexibility are developing. Recent advancements in the produc-
tion of complex structures may pave the way for natural fiber-based composites to 
overcome considerable constraints in structural components. Adaptive printing has 
great potential in biomedical applications such as functional replicas for surgical 
rehabilitation, dentistry, individualized implants, medication delivery devices, and 
organ fabrication (Ngo et  al. 2018; Oladele et  al. 2020; Aliyeva et  al. 2021). 
Therefore, ecocomposites have a tremendous potential to fulfill the growing need 
for high-strength modern materials, such as those required by the automotive and 
aerospace industries. Researchers and scientists all around the globe are working 
hard to produce more industrially applicable ecocomposites.
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6  Future Perspectives

More research and development will be necessary in the future to effectively pro-
duce ecocomposites that are economically and operationally compatible with com-
mercial design. One of the difficulties in this respect is to improve mechanical 
characteristics by creating more tailored morphologies with homogenous filler 
distribution and strong bonding with the surrounding polymer. Appropriate and 
efficient functionalization and ingredient modification procedures will result in 
improved attributes of newly produced ecocomposites.

Until now, only a limited quantity of plastic rubbish has been collected and 
recycled mechanically. The relatively high costs of collecting, cleaning, sorting, 
and treating waste are a major hindrance to this method. Effective strategies to 
enhance the qualities of recycled plastics must be introduced to boost people’s 
motivation to recycle plastic garbage, eliminate its disposal, and lessen its nega-
tive influence on the environment. Designers, manufacturers, and end users should 
collaborate to develop novel recycling processing technologies in the future. The 
fact that the natural fiber composite market in many industries is largely driven by 
increased demand for lightweight and environmentally friendly goods is a con-
tributing factor in improving recycled plastic adaptation. Similarly, demand for 
recyclable items is increasing in the worldwide biocomposite industry. This 
expands the worldwide market for such commodities and may lead to increased 
global demand. As a result, ecocomposite supply chain management must be 
carefully assessed in order to collect adequate resources to meet market demand 
in a sustainable manner.

In recent years, a variety of nano-scale additives for reinforcing polymeric 
materials have also been used. Still, a modest number of mixtures of ecological 
composites including nanoparticles and postconsumer recycled polymers have 
been manufactured. The incorporation of clay nano-fillers into biopolymers 
may increase the overall impact of the created ecocomposites. More research 
into acquiring new and diverse types of production processes and procedures for 
ecocomposites would help to boost the economic value of industrial items. 
Furthermore, qualifying and testing of nano-ecocomposites are still in its early 
stages. The goal is to develop completely biodegradable bioplastics at a reason-
able cost. Furthermore, in order to lower overall vehicle weight and increase 
performance, the contemporary aerospace and automotive sectors are striving to 
move from high-density materials to composites. To summarize, more research 
is crucial to clarify the behavior of natural fiber sandwich composites in engi-
neering applications. Treatment will be required in the future to strengthen the 
durability of the adopted production procedures, which include biological and 
nanoparticles.
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7  Concluding Remarks

Recycled-based polymer biocomposites have developed as a significant class of 
natural filler-reinforced polymer composites with high-good properties and 
performance. Several recycled polymers were tested for compatibility and 
performance when supplemented with natural fillers. Furthermore, bio-fillers’ 
cellulosic substances derived from modified natural agro-residues using various 
procedures have been employed in processing of recycled polymer-based 
biocomposites. Chemical alteration of the polymer or natural fillers improves the 
compatibility of composite materials. Water is absorbed by biocomposites through 
fine voids and gaps at the interface between both the polymer and the filler, as well 
as microfractures in the polymeric matrix. Thus, the filler/polymer interfacial 
bonding has a significant impact on water absorption and related mechanical 
characteristics. Mechanical (chemical or physical) interlocking can be achieved by 
carefully modifying the surface of the filler. The results demonstrated enhanced heat 
stability of the ecocomposites created by including a natural filler into the 
recycled matrix.

Overall, this chapter has shed light on latest advances in the development of eco- 
based composites derived from natural and waste resources. Its goal was to assist 
researchers in the planning, selection, and development of various types of 
ecocomposite materials. The utilization of recycled polymers to create usable goods 
is primarily advocated. To achieve a high rate of adoption of such goods, new 
manufacturing processes capable of producing high-quality environmental 
composites for usage in a variety of applications are required.
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Production and Recycling 
of Biocomposites: Present Trends 
and Future Perspectives

Venitalitya A. S. Augustia and Achmad Chafidz

1  Present Trends in Biocomposites Production 
and Its Applications

Composites are considered one of the most important manifestations of the inte-
grated mechanism in structures, technology, and materials creation, and one of their 
main components is a polymer. There is a quick increase in the development of 
material creation such as composites as human technologies develop rapidly but 
there is a need to place attention on the environment due to the fact that these tech-
nologies also have certain negative effects (Ilyas et al. 2021a, b, c). For example, 
humans frequently use polymers which are mostly known as plastics in their daily 
life in the twentieth century because they are cheap, durable, and convenient. 
However, the uncontrolled use of this material which is mostly nondegradable, has 
led to the accumulation of plastic waste globally, thereby causing significant dam-
ages to the environment (Ilyas et al. 2021a, b, c).

Environmental scientists predicted that the quantity of global plastic waste in 
landfills is estimated to reach 12,000 million tons in 2050 (AccessScience 2017). A 
previous study also showed that the degradation process of different types of plastic 
usually produces some harmful volatile compounds such as ketones, esters, lac-
tones, carboxylic acid, aldehydes, alcohol, and ethers (Shanmugam et  al. 2021). 
This means there is a need to innovate and find more eco-friendly materials which 
are safe for humans and easy to degrade. Biocomposites are recyclable, lightweight, 
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and cost-effective materials that have been discovered to have a high potential to 
serve as the substitute for nondegradable materials such as plastics (Kumar et al. 
2020; Righetti et al. 2019; Das et al. 2018a, b).

Biocomposites are composed of bio-based polymer and filler made from renew-
able natural sources and degradable materials (Sundarakannan et al. 2020; Das et al. 
2018a, b, 2019). These natural fillers also known as bio-filler can be classified into 
two groups of raw materials which include the first- and second-generation (Sheldon 
and Norton 2020). Wood is an example of first-generation materials while the ligno-
cellulosic wastes produced from wood, forest, and agricultural residues are second- 
generation materials. This shows that second-generation materials are more widely 
used in the production of biocomposites due to their eco-friendly properties and 
availability at a very low cost. Moreover, plastics and some other renewable natural 
sources can also be used in producing biocomposites (Sheldon and Norton 2020) 
with the renewable natural sources usually applied to minimize the use of nonre-
newable sources and to repair the existing waste streams (Mohanty et al. 2018).

Bio-fillers are also normally used to strengthen the structure of biocomposites 
through the addition of a coupling agent and to enhance the biodegradability of the 
composites (Shanmugam et al. 2021). The types of natural fibers and fillers com-
monly used in the production process are presented in Fig. 1 while the matrix poly-
mers including the petrochemical-based and bio-resourced materials which are both 
advanced technologies are indicated in Fig. 2. It is also important to note that bio-
composites are also known as hybrid composites (Mohanty et al. 2018).

There are several methods used in producing biocomposites with each having 
different materials and applications. For example, the melt mixing processes, 
through the extrusion and injection mold, are usually used to manufacture short- 
fiber, particulate-type, and filler-reinforced thermoplastic biocomposites (Mohanty 
et al. 2018) while the thermoforming and compressing molding-type are used in 
reinforcing fabric thermoplastic-type. Moreover, thermoset resins are manufactured 
through the resin infusion process while thermoset biocomposites are mainly pro-
duced through hand-layup, vacuum-assisted resin, transfer molding, and sheet 

Fig. 1 Several types of natural fibers and fillers. (Adopted from Mohanty et al. 2018)
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Fig. 2 Several types of matrix polymers used for biocomposites. (Adopted from Mohanty 
et al. 2018)

Fig. 3 The examples of biocomposites manufacturing processes. (Adopted from Mohanty 
et al. 2018)

molding processes (Mohanty et al. 2018). The examples of the materials, processes, 
and types of products in biocomposite production are presented in Fig. 3.
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Table 1 Different applications of biocomposites

Type of resin Type of filler Application References

Polypropylene Coir fiber Load-floor production 
for the 2012 model ford 
Fucus battery-electric 
vehicles

Malnati (2018)

Thermoplastic 
elastomer

Ground coconut shells Structural guards for 
ford F-250 super duty 
pickups in 2013

Thermoplastic 
polyolefin

Ground coconut shells, 
shredded battery cases, 
unique synthetic 
mineral-based fiber 
(magnesium silica)

Rear decklid applique 
brackets and side-door 
cladding for 2015 MY 
ford mustang sports cars

Natural resins Lignin Construction, 
electronics, headphones, 
and furniture

Kun and 
Pukánszky 
(2017)

No information Wood fibers with an 
oil-based binder

Door panels for 
Mercedes Benz S-class

Akampumuza 
et al. (2017)

Polyols Natural fibers Interior auto 
components (door panel 
and seats) by Johnson 
Controls interiors

Sajjan et al. 
(2020)

Poly(3- 
hydroxybutyrate- co-3-
hydroxyvalerate)

Coffee Silverskin Plastic materials at food 
contact

Gigante et al. 
(2021)

Thermoplastic polymer Lignocellulosic 
components (e.g., pulp 
fibers, nanocellulose, and 
lignin)

Construction, household 
items, interior design, 
and automotive 
industries

Zarna et al. 
(2021)

Enzymatically 
synthesized Levan from 
Erwinia amylovora

Montmorillonite clay, 
bovine serum albumin

Drug delivery system 
and short peptide

Xu et al. (2020)

Natural mucilage 
biopolymer

Nanophase yttrium- 
substituted hydroxyapatite 
particles from eggshell

Biomedical fields Sridevi et al. 
(2021)

Polyaniline-modified 
almond

Walnut shells Adsorbents for 
removing Orange G dye 
in industrial wastewater

Imgharn et al. 
(2021)

Chitosan-gelatin 
(biopolymers)

Allantoin Biocomposite film for 
wound dressing

Sakthiguru and 
Sithique (2020)

Poly(methyl 
methacrylate)

Hybrid materials (e.g., 
ZrO2/Kraft lignin and 
ZrO2-SiO2/Kraft lignin)

Building facades, noise 
barriers, and other 
construction 
applications

Jędrzejczak 
et al. (2021)

Poly(ε-caprolactone) Lignocellulosic hemp Lightweight 
applications

Dhakal et al. 
(2018)

(continued)
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Table 1 (continued)

Type of resin Type of filler Application References

Poly(lactic acid) Nanofillers (e.g., metallic 
nanofillers, cellulose 
nanocrystals, and 
carbon-based 
nanoparticles)

Biomedical and 
pharmaceutical 
applications, packaging, 
and sensors

Liu et al. 
(2020)

Bio-epoxy and 
acrylate-epoxidized 
soybean oil resin 
(thermoset bioresin)

Denim waste Automotive interior 
parts, furniture, interior 
construction and sport, 
and leisure equipment

Temmink et al. 
(2018)

Different types of biocomposites such as natural fiber composites are applied in 
construction, automotive part, electronic, and sporting goods industries as indicated 
in Table 1 (Mohanty et al. 2018). They are widely applied in automotive industries 
due to their great properties such as moisture repellence, structural stability, good 
finishing, and flame-retardant (Mohanty et  al. 2018), and their  ability to provide 
long-term price stability for auto manufacturers. The use of eco-friendly materials 
such as the wastes and by-products of agroforestry industries also makes the prod-
ucts cheaper than traditional materials (Malnati 2018). Moreover, it is also possible 
to recycle the polymer matrix (i.e., thermoplastic) and use it in the production of 
biocomposites. This is considered advantageous due to the increase in environmen-
tal and ecological awareness around the world which has made recycling and reuse 
of thermoplastics to be very important. Several countries were observed to have 
implemented policies to ban single-use of plastics in some applications such as 
cups, straws, water bottles, bags, and others and also to promote the usage of recy-
cled or reusable plastics (Chandrasekar et al. 2021; Ilyas et al. 2021a, b, c).

2  Life-Cycle Analysis of Biocomposites

Conventional polymer composites have certain environmental issues due to their 
nondegradable and harmful residues. Therefore, innovations of composite fabrica-
tion were discovered over the last decade in the form of biocomposites (Zini and 
Scandola 2011) which have been previously explained to consist of bio-based or 
natural fiber as the filler and polymer matrix (Beigbeder et al. 2019). The applica-
tion of natural and renewable components in these materials makes it possible to 
manage their end-of-life stage (Beigbeder et  al. 2019) using several methods, 
including recycling, incineration, composting, or landfilling as well as some 
mechanical methods such as extrusion after washing, shredding, and sorting (Le 
Duigou et al. 2008; Soccalingame et al. 2015; Srebrenkoska et al. 2008; Beigbeder 
et al. 2019).

A life-cycle assessment was developed to evaluate the environmental effects of a 
system or product (Pennington et al. 2004). This is also known as life-cycle analysis 
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(LCA) and designed as the methodology to analyze the environmental performances 
of commercial materials/products, processes, or services in all stages. For example, 
the environmental performances of a product being manufactured are normally ana-
lyzed starting from the raw material into final disposal with the focus on the extrac-
tion of raw material, processing, manufacturing, transportation or distribution, use 
or re-use, maintenance, and recycling or final disposal (Song et al. 2009). The stan-
dard associated with this assessment has been outlined by the International 
Organization for Standardization (ISO) 14,040:2006—Environmental Management 
(Salwa et al. 2021).

Corbière-Nicollier et al. (2001) studied the use of LCA on biofibers to determine 
the environmental impact of substituting glass fibers with reed fibers in plastic prod-
ucts and the use of natural fibers was observed to be generally more eco-friendly 
compared to glass fibers. It is important to note that the cutoff approach is the model 
mostly applied in the recycling process of LCA. This means the recycling steps of 
the biocomposites produced using recycled materials need to be considered 
(Frischknecht 2010). LCA was also applied by Beigbeder et al. (2019) to polypro-
pylene/wood flour and polylactic acid/flax fibers which are two kinds of biocom-
posites commonly used in France while the environmental impacts of the end-of-life 
options such as landfill, incineration, mechanical recycling, and industrial compost-
ing were also studied. Some system boundaries were selected as indicated in Fig. 4 
and the results showed that the lowest environmental impacts were found with the 
recycling end-of-life option.

Fig. 4 System boundaries of LCA applied to polypropylene and PLA/flax fiber composites. 
(Adopted from Beigbeder et al. 2019)
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Fig. 5 System boundaries used in the application of LCA on the biocarbon from Miscanthus, 
polypropylene-reinforced biocarbon biocomposites, and biocomposites for automotive compo-
nent. (Adopted from Roy et al. 2020)

Roy et al. (2020) also applied LCA to determine the environmental impacts and 
advantages of using biocomposites in producing automotive components consider-
ing the fact that the transportation industry is one of the sectors that mostly use this 
material. The boundaries used in the study are presented in Fig. 5 and it was discov-
ered that the colorant used in automotive components normally produces the highest 
environmental impacts while the biocarbon contained in biocomposites has the low-
est. This means biocomposites also have greater environmental impacts compared 
to conventional composites (Roy et al. 2020).

3  Recycling Technologies of Biocomposites

There are three types of biocomposite recycling methods which are mechanical, 
chemical, and thermal methods (Shanmugam et al. 2020). The first is the mechani-
cal recycling method which involves conducting remelting and remolding processes 
simultaneously (Shanmugam et al. 2021), and the steps include cutting of the bio-
composites to form granules, pellets, or flakes followed by extruding and the addi-
tion of virgin plastics into the new recycled product to improve the quality (Grigore 
2017; Shanmugam et al. 2021). It is important to note that some properties such as 
molecular weight of recycled plastics and aspect ratio of reinforcements usually 
reduce after the mechanical process (Grigore 2017). This means it is better to use 
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these composites only one time even though the recycling process is more eco- 
friendly (Shanmugam et al. 2021).

The second is the chemical recycling method which involves the use of a solvent 
to dissolve the matrix of the polymer followed by the separation of the recycled 
material and the matrix polymer (Rybicka et  al. 2016; Yang et  al. 2012). These 
chemical processes are normally used to convert plastics to monomers or to ensure 
partial depolymerization to oligomer (Shanmugam et al. 2021) while some other 
reactions are for polymer decomposition such as the degradation through micro-
wave, thermal or catalytic cracking, hydrogenation, glycolysis, and methanolysis, 
depolymerization using chemical processes, gasification, pyrolysis, photodegrada-
tion, and degradation using ultrasound, reforming, and hydrolysis (Grigore 2017). 
The last is the thermal recycling method which involves an important process of 
incineration or combustion in recycling biocomposites. It is considered promising 
due to the energy usually generated from the polymer but observed to be disadvan-
tageous because it produces toxic and harmful airborne compounds (Grigore 2017).

Mechanical recycling is the best method among the three due to the fact that it 
has more advantages such as low cost, ease to process, and eco-friendly (Chaitanya 
et al. 2019; Badia et al. 2012). Figure 6 shows the two types of recycling methods 
typically for thermoplastic and thermosetting-based composites as reported by Yang 
et al. (2012) while the structure of the recycling process is presented in Fig. 7.

Fig. 6 Two recycling methods for composites. (Adopted from Yang et al. 2012)
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Fig. 7 The recycling processes for composites. (Adopted from Yang et al. 2012)

4  Properties of Recycled Biocomposites

There are two types of polymers, namely thermosets and thermoplastics. 
Thermoplastics are usually used in daily life such as the large range of plastic prod-
ucts due to their affordable price, lightweight, low density, user-friendly design, 
high strength, and durability (Grigore 2017). The three types of thermoplastics are 
crystalline, amorphous, and semi-crystalline (Nicholson 2017). It is important to 
note that plastics have some drawbacks despite their numerous benefits and these 
include the difficulty in degrading, thereby leading to their accumulation in landfills 
and the subsequent effect on the natural ecosystems (Grigore 2017). Therefore, this 
makes the recycling processes an interesting idea to solve this problem.

Previous studies have been conducted on recycling processes, specifically with 
the focus on biocomposite components, and recycled biocomposites were reported 
to have many advantages in the automotive industries (Mohanty et  al. 2018) but 
require good properties to ensure their continuous application. The mechanical 
properties of some biocomposites are presented in Table 2 while the practical advan-
tages and benefits of the biocarbon in their application are described in Fig. 8.
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Table 2 Several biocomposites and their properties

Types of 
fillers Types of resins

Tensile 
strength 
(MPa)

Tensile 
modulus
(GPa)

Impact 
strength
(kJ/m2) References

Carbon fibers, 
jute fibers

Polylactic acid 57–185 5.1–19.5 – Matsuzaki 
et al. (2016)

Flax fibers Polybutylene 
succinate/polylactic 
acid

39–55 3.6–7.4 9.1–17.8 Bourmaud 
et al. (2015)

Glass fibers Epoxy/acrylate 532 37 237 Hosseini et al. 
(2016)

Sisal fibers Bio polyurethane 57–119 1.2–2.2 – Bakare et al. 
(2010)

Wood, poultry 
litter biochar

Polypropylene 27 4.3 8.1 Das et al. 
(2016)

Flax fibers Polypropylene 40 6.5 0.751 Oksman 
(2000)

Fig. 8 Practical advantages and benefits of biocarbon in biocomposite applications. (Adopted 
from Chang et al. 2021)
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5  Future Perspectives of Recycled Biocomposites

Previous explanations showed that biocomposites have several advantages which 
led to their wide application in automotive and construction industries (Gurunathan 
et al. 2015) due to the need to replace conventional composites with renewable and 
degradable materials. However, biocomposites need to be developed to make sure 
they have good functional and structural stability for storage and usage condition 
and also to degrade effectively after disposal (Satyanarayana et  al. 2009). This 
means there is a need for more technologies to produce eco-friendly biocomposites 
using different efficient processes (Gurunathan et al. 2015).

Faruk et al. (2012) explained that the main obstacle to the commercialization of 
biocomposites in developing countries is the absence of study and development 
despite the abundance of natural resources for fibers in these areas. This means there 
is a need for more studies and development on the technology associated with bio-
composite production as well as waste management (Gurunathan et al. 2015). This 
is necessary because the products need to be sustainable, biodegradable, recyclable, 
affordable, and have good mechanical properties to ensure wider applications.

The inclusion of natural materials as the main raw material in addition to syn-
thetic ones such as plastics can also be a challenge to the wide-scale production of 
biocomposites due to the availability and sustainability of natural feedstock or bio-
mass. This shows the need to plan the biomass supply chains with a focus on the 
strategies to be applied in harvesting, collecting, transporting, and also storing the 
biomass (Mohanty et al. 2018). This is necessary because the availability and qual-
ity of raw materials usually affect the quality of biocomposites produced. Some 
other factors to be considered include the energy consumed during the manufactur-
ing process, durability of the product, health impacts after using the product, the 
economic value, and the wastes (Álvarez-Chávez et al. 2012; Ilyas et al. 2021a, b, c).

6  Conclusions

High usage of conventional composites is creating new problems for the environ-
ment due to their nonbiodegradability and this led to the introduction of biocompos-
ites because they use natural or biomaterials as their filler. These biocomposites can 
be applied in several industries such as healthcare, food packaging, and automotive, 
but the availability and sustainability of green materials have been discovered to be 
the challenge to the mass production of these materials. Moreover, there is the need 
to consider the quality and economic feasibility due to the importance of these fac-
tors to the consumers and also to maintain the end-of-life recycling and disposal of 
the products to prevent new harmful impacts on the environment and achieve their 
purpose of being alternative eco-friendly materials.
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1  Polyethylene Blends and Composite Consumption

Polyethylene (PE) could be classified into four types based on its structure, molecu-
lar weight, and crystallinity; low-density polyethylene (LDPE), linear low- density 
polyethylene (LLDPE), high-density polyethylene (HDPE), and ultrahigh molecu-
lar weight polyethylene (UHMWPE). PE is the most widely used polymer world-
wide, and in 2019, the annual production and consumption of PE is higher than 100 
million tons. This figure accounts for 40% of the total consumption of thermoplastic 
polymers (Gaurh and Pramanik 2018). PE is used in wide range of applications as 
shown in Fig. 1. PE is often blended with various thermoplastics, elastomers, and 
fillers to produce blends and composites. Examples of PE blends and composites 
are listed in Table 1.
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Fig. 1 Products from PE

2  Polyethylene Blends and Composite Waste

PE blends and composite waste could be classified into two types which are the 
postindustrial scraps which are generated during the manufacturing process and 
postconsumer waste which is generated by end users. According to statistics, PE 
contributes to 69% of all plastic waste especially in the form of packaging materials 
(Gaurh and Pramanik 2018). It is harder to recycle postconsumer PE products. The 
postconsumer PE products are often collected as mixed waste which leads to 
incineration for energy recovery or recycled through open-loop recycling which 
results in low-quality end products. Postconsumer material also consists 
contamination which causes color changes or imparts odor to recycled products. 
The postconsumer PE waste is normally cleaned using absorber, biological treatment 
technology, and specialized washing techniques.

3  PE Waste Treatment Options

PE waste treatment options could be divided into options shown in Fig. 2. For each 
recycling pathway, the circular economy performance indicator is calculated based 
on minimal required effort in the recycling process. In that perspective, close- loop 
recycling is the best option while incineration is the least. Another indicator that 
often been used is recyclability benefit rate indicators which are expressed by the 
potential environmental saving by the choice of recycling method compared with 
virgin material production or disposal of material to landfill. Study shows that 
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Table 1 Example of PE composites and blends

Polymer blends or 
composites Properties Reference

Blends
PE Rigidex™ or Innovex™ 
blended with liquid 
crystal polyester

Good melt processability, reduction of specific 
energy during compounding, and reduction of 
viscosity.

Akkapeddi 
(2014)

PE copolymer blended 
with ethylene propylene 
diene monomer (EPDM), 
PP, and talc

Excellent moldability and surface finish. Improved 
hardness and good impact resistance.

Utracki 
(2003)

PP blended with LLDPE 
and ethylene-butene 
plastomer

The blend is used for melt-spun or melt-blown fibers 
and fabrics. The blends showed good processability, 
resistance to tearing, and tensile strength.

Utracki et al. 
(2014)

LLDPE blended with 
starch and ionic 
compound

The blend is used to produce weldable and sealable 
multilayer films. Starch improved biodegradation of 
the blend.

Utracki 
(2014)

HDPE blended with 
acrylonitrile -butadiene 
copolymer

The blend is used for injection-molded plastic 
bottles, automobile gasoline tanks, and other 
containers having limited or restricted permeability 
to gases, vapors, or organic liquids. These materials 
also showed good chemical resistance, strength, and 
processability.

Utracki 
(2014)

LLDPE blended with 
PMMA

The blends were found to produce blown films with 
improved tear in the machine direction, modulus, and 
impact strength.

Utracki et al. 
(2014)

Composites
PE filled with aluminum 
hydroxide (ATH) or 
magnesium hydroxide 
(MH) up to 60 wt.%

Improvement of flame retardancy Hippi et al. 
(2003)

UHMWPE reinforced 
with carbon fiber

CF improves the strength, wear, and abrasion 
resistance of the composite for tribotechnical 
materials.

Gogoleva 
et al. (2019)

Injection-molded HDPE 
biocomposites with rice 
straw

Addition of rice straw has increased the tensile and 
flexural modulus.

Rahman 
et al. (2009)

LDPE filled with ultrafine 
iron (Fe)

Produce multifunctional materials that respond to 
external mechanical pressure and magnetic field, as 
well as have radio-absorbing properties.

Kabirov et al. 
(2021)

LLDPE filled with 
calcium carbonate and 
talc

LLDPE used to produce cast films is filled with high 
amount of calcium carbonate and talc to reduce the 
cost of the product.

Barczewski 
et al. (2016)

close-loop recycling has 60% environmental benefits compared to virgin material 
production while open-loop recycling shows 26–39% environmental benefits 
(Larrain et al. 2020). However, in terms of economic performance in plastic blend 
or mixed plastic system, open-loop recycling has better economic performance than 
close-loop system (Salwa et al. 2022).
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Fig. 2 Options for recycling of PE

3.1  Close-Loop Recycling of PE Composites

PE composites are made of two or more materials with distinct phase such as matrix 
and fillers. The phases are mixed together and thus it is not worthwhile to separate 
them and recycle. The most economical route will be to reprocess the composite 
through melt mixing and used it for new product development (Grigore 2017).

Many studies reported reduction of molecular weights and chain entanglement in 
neat PE due to recycling which then leads to reduction in elastic properties (Ilyas 
et al. 2022). Macroradicals are formed during repeated reprocessing. In recycling of 
neat HDPE, chain branching is reported as the main structural change during first 30 
recycling process through extrusion. After 30 cycles, chain scission takes place and 
after 60  cycles cross-linking occurs. While in recycling of neat LDPE, 100 
reprocessing cycles cause thermal degradation and gelation caused by chain 
scission, reticulation, and branching. In HDPE, chain scission is the dominant 
structural change while in LDPE, branching and reticulation are the main structural 
changes (Benoit et al. 2017). The dominant degradation pathway of PE could be 
determined by studying the shear rheology of the material during reprocessing. 
Large changes in the zero-shear viscosity (ƞ0) regions indicate structural changes 
due to chain entanglement; however, significant change to the onset of shear thinning 
or time relaxation (λ) and the width of the transition zone between zero-shear rate 
region and power law region (а) will indicate degradation due to main chain session 
(Berzin et al. 2001).

In recycling of natural fiber PE composites, properties such as fiber dimensions, 
polymer matrix number average molecular mass, crystallinity, and viscosity are 
largely affected (Chandrasekar et  al. 2022). Appropriate choice of parameters 
during recycling such as screw rotational speed, throughput rate, and temperature 
profile in the barrel is crucial to minimize thermal degradation and color deterioration 
of natural fiber composites. Recycling of compatibilized composite system also 
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causes less deterioration of properties. Some study also reported that even though 
the recycled composite undergone chain scission, fiber breakup, and universal 
degradation, the mechanical properties are still at the considerable level and the 
composite could be used in industrial application (Berzin et  al. 2001). All the 
reported work only consider recycling cycle less than 10. However due to these 
issues, most of the effort to recycle natural fiber PE composites involves dissolution 
of PE matrix and recovery of fibers (Maris et al. 2018).

The largest change in molecular weight of PE composites during recycling hap-
pens in the first cycle and does not show any particular trend in subsequent cycles. 
This is in contrary with recycling of neat PE where continuous reduction in molecu-
lar weight will be observed. A study conducted by Kabamba et al. (2011) shows that 
the ƞ0 of the recycled LDPE fiber composites is higher compared to recycled neat 
PE. The а, λ, and n for the PE composite are generally lower than the value for neat 
PE because addition of fiber reduces elasticity and fluidity of the polymer matrix. It 
is noteworthy that these values increase with reprocessing cycles. Moreover, the 
differences between ƞ0 of neat PE and composite PE decrease as the number of 
reprocessing increases. The observe change in rheological properties is caused by 
the decreasing fiber length due to reprocessing. The elongational strains in the 
extruder are mostly transferred to the PE matrix while the shear strains are subjected 
to the fibers to cause breakage. Some works have reported that the usage of coupling 
agent or compatibilizer could reduce fiber breakage during reprocessing by improv-
ing the transfer of shear strain to PE matrix (Gosselin et al. 2006). However, all the 
other mechanical properties will be higher for recycled neat PE compared to PE 
composites at all reprocessing cycle.

In recent years, attention is also given to recycling of PE nanocomposites due to 
the increment in the production of these materials for industrial and consumer 
usage. Studies found that in nanocomposites, the dispersion of the nanofillers 
improves due to repeat extrusion and the degradation of the polymer matrix is also 
influenced by degradation of modifiers on the nanofillers (Stan et  al. 2017). 
Modifiers are often used to improve the dispersion of the nanofillers in polymer 
matrix and increase the interaction between the filler and matrix. The findings on PE 
nanocomposite recycling show that the properties of PE nanocomposite recycled 
products are depended on the degradation of each component and recycling param-
eters as shown in Table 2. The influence of several factors on recycling of PE com-
posite and nanocomposites is shown in Fig. 3.

3.2  Close-Loop Recycling of Polymer Blends

Blends of HDPE, LDPE with PP are used vastly and cause major waste stream. In 
this type of blends, the polymers are hard to be separated from each other during 
recycling due to their similar densities. In a close-loop recycling of these blends, the 
properties of the recycled products are mainly depended on the compatibility 
between the phases. Factors such as reduction of molecular weight, detanglement, 
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Table 2 Recycling of PE nanocomposites

Nanocomposite system Effect of recycling Reference

LDPE/organically modified 
nanoclay nanocomposites. 
Four extrusion cycle at 
different temperature (low 
160 °C and high 210 °C).

At low-processing temperature, the viscosity 
increases after reprocessing because the dispersion of 
nanoclay was improved.
At high-processing temperature, the viscosity 
decreases after reprocessing due to disruption of 
intercalated structure of nanoclay. Degradation of 
organo-modified nanoclay through Hoffmann 
reaction.

Stan et al. 
(2017)

HDPE/carbon nanotubes 
(CNT) nanocomposite. Ten 
extrusion cycle

The mechanical properties of the neat HDPE and 
HDPE composites does not change much after ten 
cycles of extrusion. In fact, nanocomposite does not 
exhibit any reduction in molecular weight while in 
neat HDPE, a large reduction in molecular weight 
could be observed after ten extrusion cycle. It is 
noteworthy that the CNT were not surface modified. 
The loading of CNT was less than 3 wt.%

La Mantia 
et al. 
(2013)

HDPE/multiwall carbon 
nanotubes (MWCNT)

Below 3 wt.%, loading MWCNT reprocessing does 
not affect the properties of the composites. However, 
when the loading of MWCNT increases to be more 
than 3 wt.%, reprocessing caused large degradation 
due to percolation of MWCNT.

Svensson 
et al. 
(2020)

and changes of crystallinity can cause phase separation during recycling. Some of 
the approaches to reduce the effect of phase separation include usage of 
compatibilizer, chain extender, and radiation during melt extrusion of recycled 
products. For example, usage of gamma radiation on recycled LDPE/HDPE blends 
showed improvement in mechanical properties due to increment in compatibility 
between the two phases by cross-linking (Stan et al. 2021). Usage of modifiers and 
compatibilizers such as very low-density PE (VLDPE), ethylene vinyl acetate 
(EVA), and poly(1-butene) in HDPE-PP blends could improve the recycle ability of 
the blends (Miguez Suarez et al. 2000).

PE is also often used to produce multilayer films with polyethylene terephthalate 
(PET) and these layers are immiscible to each other. To increase the compatibility 
between these layers during film production, an intermediatory polymer adhesive is 
added to tie the two layers together. The polymer adhesive has functional groups 
such as maleic anhydrides which can chemically react with the layers and form 
covalent bond or they could also form secondary bonding like hydrogen bonding. 
The compatibility between the layers could also be improved by using physical 
method such as ion sputtering, corona irradiation or plasma irradiation. The 
recycling of these multilayer films is very difficult due to the presence of adhesion 
between the layers. PE and PET could not be separated and thus need to be melt 
processed together during recycling to produce a product. However, melt processing 
PE and PET multilayer films results in product with poor mechanical properties due 
to immiscibility of the blend components which then causes phase separations. 
Thus, a compatibilizer with functional groups that can interact with the components 

Y. Munusamy et al.



411

Final Properties of
Recycled

Composites

Equipment
Characteristic

Processing
conditions

Interfacial
properties

Constituents

Final Properties of
Recycled

Nancomposites

Surface
modification of

filter

Processing
conditions

Loading of
fillers

Dispersion
state

Fig. 3 Factors influencing 
recycling of PE composites 
and nanocomposites

of the blends or resembling PE or PET needs to be added when recycling the film. 
The properties of polymers blended with PE are also depended on the amount of PE 
loading. At loading less than 10 wt.%, PE was found not to influence the properties 
of the recycled blends (Tall et al. 1998).

Blending of PE with natural polymers such as starch is also quite common nowa-
days in order to produce a more environmentally friendly polymer (Saikrishnan 
et al. 2020). Thermoplastic starch was found to be stable and does not degrade up to 
ten extrusion cycles. LDPE blended with thermoplastic starch shows not much 
reduction in properties up to ten extrusion cycles. Imaging equipment shows 
reduction in the average size of thermoplastic starch-rich phase upon reprocessing. 
This increases the interaction between starch and LDPE phase. Addition of 50 wt.% 
starch led to 25% reduction in elastic modulus and tensile strength (Abioye and 
Obuekwe 2020). Oxidation of PE which then form groups with oxygen functional 
group also improves the interaction between PE and natural polymers.

Open-loop recycling becomes a choice when the PE composite and blends could 
not be melt processed again and used to substitute the virgin PE. Often in open-loop 
recycling, the composite or blends are mixed in some proportion together with 
virgin plastic or other forms of materials. The waste composite and blends will be 
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Table 3 Additives used in open-loop recycling of PE multilayer films

Film 
components Additives Reference

PA/PE PP-based elastomer—Viscosity modifier elastomer
Talc filler

Eriksen et al. 
(2019)

PET/HDPE Ethylene-glycidyl-methacrylate (EGMA)
Ethylene-butylene-styrene-grafted with maleic anhydride 
(SEBS-g-MA)

Pawlak et al. 
(2002)

PET/PE EGMA and copolymer of ethylene-α-olefin grafted with 
maleic anhydride (PE-g-MA)

Uehara et al. 
(2015)

either melt reprocessed and blended with other thermoplastics or grinded to powder 
and mixed with thermosets, rubber or even materials such as cement. For instance, 
LDPE composites could be dissolved in a solvent, quenched, and powdered. The PE 
powder then could be mixed into cement matrix. Addition of PE powder into cement 
was found to increase fracture toughness of the cement product.

Open-loop recycling is also popular in multilayer PE composite films used for 
packaging purposes. The layers are physically attached, thus each polymer compo-
nents are hard to be separated from each other. Therefore, they are processed 
together as mixture most of the time. The polymers used to produce these layers are 
not miscible to each other due to difference in polarity or chemical structure such as 
PE/PA or PE/PET multilayer films. Melting these films for recycling will produce 
immiscible blend. The immiscibility between different polymers will have negative 
effect on mechanical properties and processability which makes recycling 
challenging. Thus, in open-loop recycling of multilayer films, additives such as 
compatibilizer are often used. Compatibilizer improves the interaction between the 
immiscible component. The mechanical properties of recycled blends are improved 
by improving the interphase adhesion between the immiscible component of the 
blends. In addition, additives such as viscosity modifier, plasticizer, stabilizer, and 
mineral fillers are also often added. The common additives used in recycling of 
multilayer PE films are shown in Table 3.

Delamination method is also used to segregate the different layers of films and 
recycling the polymer multilayer films separately. The adhesive between the layers 
is dissolved using specific solvent. Research is also conducted to improve 
delamination of multilayer PE film by using protein-based adhesive as substitute for 
common adhesive. The protein layer can be removed by washing the film with 
enzymatic detergents (Uehara et al. 2015).

4  Challenges and Future Perspective in PE Composites 
and Blends Recycling

The main challenges faced by recycling of composites are lack of adequate market, 
high cost of recycling, and low quality of recycled products. Extensive R&D has to be 
carried out to develop better recyclable composites. The separation of plastic waste 
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stream also needs to be improved. A synergistic effort is required from design aspect, 
manufacturing method, and end-of-life management for the composites to be recy-
cled. The current available recycling technologies have difficulties to meet require-
ments from products quality, environment regulations, and operation economics.

Innovations are necessary areas listed below to increase the recyclability of 
composites:

 (i) Development of new and easily recyclable composite materials
 (ii) Development of more intensified separation and purification technique
 (iii) Environmental legislation to recycle composites

In terms of collection and transport of PE composites and blends, an efficient 
system is required for collection of both postindustrial and postconsumer scrap. The 
product has to be cut and shredded to smaller size for easy handling. Insufficient 
collect rate and small volume of collection will reduce the interest of industry to use 
recycled PE composite and blends. Market requirement for high quality and price 
competitive of recycled product compared to virgin material is another important 
factor, especially when the price of virgin material fluctuates (Sabau 2018).

5  Conclusions

In general, PE composite and blends could be classified into two category; postin-
dustrial and postconsumer scrap. This type of waste could be recycled through four 
approaches; close-loop recycling, semi close-loop recycling, open-loop recycling, 
and incineration. Close-loop recycling shows minimal required effort for recycling 
while incineration shows maximum effort based on circular economy indicators. 
Close-loop recycling also shows more environmental benefits compared to open-
loop recycling of PE. In close-loop recycling of PE composites, the properties of 
recycle products are dependent on equipment design, processing parameters, filler 
properties, and loading. While in close-loop recycling of PE blends, the properties 
of recycle products are mainly dependent on compatibility between phases. Open-
loop recycling becomes a choice when PE composites and blends cannot be melt 
processed again to substitute virgin PE in a product. However, development of new 
and easily recyclable composite materials and better separation technology of waste 
streams could drive closer-loop recycling of composite and blends.
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and Their Applications
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1  Introduction

In 2020 alone, around 22.66 million metric tons of polyethylene terephthalate (PET) 
resin have been produced worldwide and the growth rate is expected to increase by 
4% annually until 2025. PET is a general-purpose thermoplastic made of polyester 
(Zhang et al. 2020). Semi-aromatic PET is made by combining two monomers of 
modified ethylene glycol and purified terephthalic acid through synthesis. PET has 
a glass transition temperature of 67–81 °C and a melting point of 260 °C, and exists 
as an amorphous (transparent) or semicrystalline (opaque and white) thermoplastic 
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material. Semicrystalline PET has excellent mechanical properties in terms of 
strength, ductility, stiffness, and hardness. Meanwhile, PET with an amorphous 
structure has better ductility than that of semicrystalline PET but has to compromise 
with less stiffness and hardness (Ragaert et al. 2017). PET exhibits good dimensional 
stability, thermostability, and resistance to impact, and it has excellent moisture and 
fair oxygen barrier characteristics. Therefore, PET has become the material of 
choice in industrial applications especially for the packaging of fruit juice and soft 
drink bottles (de Moura Giraldi et al. 2005).

Today, PET is the most recyclable plastic in the world and it can be easily identi-
fied from the number 1 indicator in the triangular code printed on the bottle or 
container. Recognizing the critical threats posed by PET waste, various organizations 
and entities have collaborated to promote the importance of PET waste recycling. 
Through numerous attempts, a minimum reduction of 24% carbon emissions can be 
eradicated and this makes the utilization of rPET a more sustainable option 
(Khoonkari et al. 2015; Raheem et al. 2019). Predominantly, PET can be recycled 
multiple times before ending up in a landfill. Plastic waste from other products may 
be utilized as a low-cost and long-term feedstock in other new production processes 
(Salwa et  al. 2021). Material recycling is essential due to the increasing use of 
composites in many sectors as well as stricter legislation and concerns about the 
disposal or incineration of composites in landfills (Ilyas et al. 2021). Apart from 
recycling, rPET has been successfully blended with various thermoplastics, namely 
polypropylene (PP) (Subhashini et al. 2021), polyethylene (PE) (Lei et al. 2009), 
and polyamide 11 (Khan et al. 2021). The improved blending properties have been 
confirmed by mechanical testing based on tensile and flexural strengths. In addition, 
studies on the utilization of solid fillers from fly ash (Sharma and Mahanwar 2010; 
Zaichenko and Nefedov 2018), mineral-based fillers (Negoro et al. 2016; Pivsa-Art 
et al. 2021), glass fiber (Monti et al. 2021), carbon-based fillers (Baek et al. 2018), 
and nanoparticles (Chowreddy et  al. 2019) in rPET have also gained significant 
interest among researchers. To provide clear insight, this chapter focuses on the 
progress of rPET blends and rPET-based composites as well as their impact on 
engineering design and performance.

2  Source of PET Waste

With the increasing use of PET plastics, the waste will accumulate in the environ-
ment and will generate unknown long-term impacts. PET was initially assumed to 
be harmless and inert, but later researchers have claimed that it could take more than 
400 years to completely decompose (Hamad et al. 2013). Based on the Springer 
Report 2019, China is the world’s largest PET resin manufacturer encompassing 
more than 15% of the global market. Moreover, China is also the largest consumer 
of PET products in the world. Previously, PET accounted for about 50% of China’s 
waste plastic imports (Sardon and Dove 2018). Between 2000 to 2018, the 
cumulative amount of waste PET bottles was around 78 million tons in China which 
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was equivalent to about 7 tons of waste PET bottles generated per minute. 
Remarkably, China is also a net importer of waste PET bottles, and the number of 
waste PET bottles imported are 290 times that of export. To address this issue, the 
Chinese government has taken action to restrict the import of waste plastics in 2018 
(Wang et al. 2020).

PET plastic bottles are a popular choice for packaging soft drinks due to their 
numerous benefits to manufacturers and consumers. About 70% of soft drinks 
(carbonated drinks, fruit juices, and bottled water) are largely packaged in PET 
plastic bottles (Singh et al. 2021a). By 2016, annual sales of bottled water in the 
United States (US) officially surpassed soft drinks. As a result, plastic bottles and 
bottle caps are the third and fourth most collected plastic waste in the US. Most of 
the beverages we consume regularly are in single-use bottles and cans for water, 
sodas, iced tea, cold-brewed coffee, fruit juices, energy drinks, and others (Wang 
et  al. 2020). Furthermore, PET is frequently used as packaging for a variety of 
products including beverages, bakery goods, frozen foods, salad dressings, 
cosmetics, and household cleaners. These materials accumulate a large portion of 
the PET waste in landfills as well as in the ocean.

Moreover, Norway has a recycling rate of PET bottles over 97% as of 2018, mak-
ing it a world leader in recycling (Mallakpour & Behranvand 2016). In the same 
year, the recycling rate of PET bottles in the US was only 29% (Yamada and 
Thumsorn 2013). The high recycling rate in Norway can be attributed to the 
country’s efficient deposit return system. When customers purchase a plastic bottle, 
they pay a modest surcharge in addition to the product price, which will be refunded 
when the bottle is returned to reverse vending machines. Other countries have 
adopted this approach as it has been proven effective. In the United Kingdom (UK), 
86% of the population favored the supermarket deposit return scheme for plastic 
and glass bottles as well as beverage cans (Raheem et al. 2019).

3  Impact of PET Waste to Humans

Initially, PET was considered harmless and inert, but over the years, perceptions 
have changed owing to the massive amount of PET being disposed into the 
environment. Sardon and Dove (2018) predicted that by 2050, the size of plastic 
waste will continue to grow, and the recycling process will be insufficient causing 
the mass of plastic waste to exceed the number of fish. Similarly, PET waste has 
accumulated at landfills progressively and the amount continues to increase yearly, 
comprising PET-based product and packaging materials (Feng et al. 2013).

Before being converted to the final product, various additives are added into the 
PET resin during processing for different reasons. The most significant reason is to 
retain the properties of the resin for a sufficient period. Typically, an inorganic 
compound, such as antimony trioxide, is used as a catalyst for PET production and 
rubber vulcanization, and this additive can leach when exposed to extreme and 
rigorous conditions. For PET plastics, the waste is buried, compressed in layers, and 
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exposed to rain and hot weather constantly at landfills (Ioakeimidis et al. 2016; Yesil 
2013). Although the degradation process can decelerate in the long run, it can 
greatly expose landfills to toxic additives due to the leaching issue from PET waste.

In addition, PET waste is considered a major burden to the aquatic environments 
where there is prolonged biophysical breakdown of plastics, negative impacts on 
ocean habitats, and limited plastic removal options. For synthetic polymer, PET 
plastic, the degradation process begins as soon as it is disposed into the oceans due 
to the synergistic effects of environmental variables and inherent material instability. 
Ioakeimidis et al. (2016) performed FTIR characterization on PET collected from 
the submarine environment and indicated that the degradation behavior of PET was 
attributed to environmental conditions. Based on the findings, it was proven that 
PET remained robust after 15  years of floating in the ocean. Subsequently, a 
significant decrease in native functional groups has been documented and some 
have disappeared (Chowreddy and Nord-Varhaug 2019). The PET will then slowly 
degrade and turn into large amounts of floating marine waste microplastics. 
Microplastics are small pieces of plastic that are less than 4.76 mm in length, and 
now they have sparked a huge controversy that seriously endangers marine 
ecosystems (Gan et al. 2021). According to Cox et al. (2021), Americans consume 
more than 50,000 microscopic bits of plastic from the food chain each year. Through 
the food chain, toxins attached to plastics can also move and accumulate in animal 
fats and tissues through the bioaccumulation process.

In addition, man-made CO2 emissions pose a serious hazard to both humans and 
ecosystems. PET bottle releases more than 100 times toxins into the air and water. 
Moreover, the production process of PET can be classified as a process that is 
hazardous to workers. Over the years, serious accidents including explosions, 
chemical fires, chemical spills, and clouds of toxic vapor were unprecedented. On 
the other hand, PET bottles have contributed significantly to CO2 emissions in 
recent years. If preventative actions are not taken, CO2 emissions from plastic 
bottles are expected to quadruple by 2021 compared to 2006 (Zhang et al. 2020). 
Activated carbon derived from industrial waste, especially plastic waste, is 
considered a promising CO2 adsorbent that can address PET waste recycling and 
CO2 mitigation simultaneously. Wang et al. (2020) studied the PET waste-derived 
activated carbon for CO2 capture and revealed that the life cycle process stipulated 
a large primary energy demand of 5481 MJ kg−1 activated carbon. This suggested 
that a large portion of the total energy was used for CO2 desorption. The study also 
revealed the environmental trade-offs associated with this technique, with primary 
energy use, water resource depletion, and freshwater ecotoxicity being the most 
significant.

4  Recycling Methods

The general terminology for plastic recycling is described through recycling steps 
including collection, separation, manufacturing, and marketing (Grigore 2018). 
This terminology is based on various recycling and recovery processes (Table 1). 
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Table 1 Different terminologies of plastic recycling and recovery

ASTM D5033 definitions ISO 15270 definitions Other equivalent terms

Primary recycling Mechanical recycling Closed-loop recycling
Secondary recycling Mechanical recycling Downgrading
Tertiary recycling Chemical recycling Feed stock recycling
Quaternary recycling Energy recovery Valorization

Primary (mechanical reprocessing into goods with equivalent attributes), secondary 
(mechanical reprocessing into products with lesser properties), tertiary (recovery of 
chemical constituents), and quaternary (recovery of chemical constituents) are the 
four types (recovery of energy) (Hopewell et al. 2009).

4.1  Mechanical Recycling

Primary recycling (closed-loop recycling) and secondary recycling are two types of 
mechanical recycling (downgrading). Primary recycling is the most practical as it 
successfully separates contaminants from the source and stabilizes them against 
degradation during reprocessing and subsequent use. It is used to produce an 
identical product that was recovered in the beginning. This innovative product can 
be constructed entirely from recycled plastics or a mixture of recycled and virgin 
polymers. The method of dilution ensures that the product can be recycled at the 
same rate as the material recovered. All PET bottles, for example, are constructed 
from similar PET grades appropriate for the manufacture and reprocessing of bottles 
to polyester fibers (Ragaert et  al. 2017). Meanwhile, secondary recycling 
(downgrading) is used for products that are different from those recovered. For 
example, textile fibers are made from PET bottles and printer components are made 
from polycarbonate water bottles (Hopewell et al. 2009).

A physical approach is used to describe the mechanical process, which includes 
waste collecting, sorting, washing, material grinding, and melting to manufacture 
new products through extrusion (Fig. 1). Automatic and manual sorting is used to 
sort items by shape, density, size, color, or chemical composition. Furthermore, 
Fourier transform near-infrared (FT-NIR) is used to separate the mixed plastic 
waste, which is then segregated into clear, blue, and green PET using an optical 
color recognition sorter. Finally, all of these sorted streams pass through a sorting 
cabin, where trained operators inspect them for false positives and negatives 
(Ragaert et  al. 2017; Grigore 2018). In addition, product washing is required to 
remove food residues, pulp fibers, and adhesives. To remove residues, several 
approaches are used, such as wet (water) or dry (friction) surface cleaning (Hopewell 
et al. 2009). The final step in mechanical recycling is the size reduction from goods 
to flakes via grinding. Optional treatments for converting flakes into granulates 
include compounding and pelletizing (Al-Salem et al. 2009; Ragaert et al. 2017).
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Table 2 Chemical processes involved in the decomposition of polymers into monomers

Types Definitions

Chemolysis New approaches are being developed using garbage as a precursor in 
the production of pure value-added goods for a variety of industrial and 
commercial purposes.

Pyrolysis Multilayer packaging, fiber-reinforced composites, polyurethane 
building, demolition waste, and other plastic waste feeds that are 
difficult to depolymerize and are not currently (mechanically) recycled 
but burnt and/or disposed of at landfills.

Fluid catalytic 
cracking (FCC)

The skewed carbon distribution of the reactor effluent results from the 
thermal degradation of solid plastic waste.

Hydrogenation The method is similar to fluid catalytic cracking (FCC), but hydrogen is 
added to the mixture.

Gasification combined 
with methanol 
production

Waste is converted to methanol using Enerkem’s cutting-edge 
technology. Methanol is then converted to chemicals such as acetic 
acid, thickening agents, and dimethyl ether, e.g., for fibers and 
adhesives (clean propellant gases).

Katalytische 
Drucklose Verölung 
(KDV)

The catalytic pressureless depolymerization process converts biomass 
and plastic waste into liquid fuels at pressures close to atmospheric 
pressure.

Toxicity of pyrolysis 
and gasification 
products

The toxicity of gaseous compounds produced under different thermal 
decomposition settings is a major problem.

Fig. 1 Basic steps in mechanical recycling

4.2  Chemical Recycling

Chemical recycling is the process of chemically converting a polymer to monomers 
or partially depolymerizing a polymer to oligomers (chemical structure change) 
(Singh et al. 2017). The resulting monomers can be utilized to create further polym-
erization to replicate the original or similar polymer product. Starting with mono-
mers, oligomers, or a combination of various hydrocarbon compounds, this process 
can convert plastic materials into smaller molecules appropriate for use as feed-
stocks. Table  2 lists the chemical processes that convert polymers to monomers 
(Ragaert et al. 2017).
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4.3  Energy Recovery

Energy recovery from plastics is a good solution and an effective way to reduce the 
volume of organic materials through incineration. This method generates 
considerable energy from polymers, but it is ecologically unacceptable due to the 
health risk from airborne toxic substances including heavy metals, chlorine- 
containing polymers, toxic carbon, and oxygen-based free radicals (Grigore 2018).

5  Engineering Design of Recycled PET

While Covid-19 is an immediate challenge, new recycling technologies and alterna-
tive feedstocks will become increasingly important in the subsequent five years. The 
engineering design of recycled PET (rPeT) into new blends and composites is con-
sidered an eco-strategy to overcome a large amount of PET waste. rPET is often 
used as a matrix material in blends and composites and also as a filler in composites. 
Blending rPET with new virgin materials or with other recycled materials can 
reduce total production costs. In addition, the utilization of rPEt as a filler can 
enhance the properties of the composites. This section reviews the engineering 
designs of various types of rPETs (i.e., commercial rPET resin and rPET flakes 
from PET waste) used in blends and composites and their final properties.

5.1  Recycled PET Blends

Recycled PET blends can be combined with virgin PET or with other/more materi-
als to produce new materials with unique physical and mechanical properties. Due 
to the incompatible properties of rPET with other materials, several studies have 
been conducted to seek an effective compatibilizer for rPET blends. Compatibilization 
is crucial to ensure an increase in microstructural uniformity, and also enhance the 
interfacial adhesion between phases. Among the examples of compatibilizers 
currently used in rPET blends are polypropylene-graft-maleic anhydride (PP-g-MA), 
polyethylene-graft-maleic anhydride (PE-g-MA), styrene-ethylene-butylene- 
styrene (SEBS-g-MA), and ethylene-glycidyl methacrylate copolymer (E-GMA) 
(Lei et  al. 2009; Ahmadlouydarab et  al. 2020; Adekunle et  al. 2020; Subhashini 
et al. 2021). Furthermore, several researchers have proposed chemical approaches, 
such as chain extender, to enhance the properties of rPET blends apart from 
compatibilizers. In this section, the properties and potential applications of several 
rPET blends combined with compatibilizer or/and chain extender are summarized 
in Table 3.
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Table 3 Recent studies on processing methods, potential applications, and properties of 
rPET blends

Blend and processing method
Potential 
application Properties

rPET/rHDPE—Extrusion Container for 
packaging 
material

This blend has poor compatibility in the 
presence of HDPE exceeding 5%, where the 
two phases were clearly differentiated from 
SEM micrographs (Navarro et al. 2008).

rPET/rHDPE with 
compatibilizer (PE-g-MA, 
SEBS-g-MA, and E–GMA)—
Reactive extrusion and 
postextrusion strand 
stretching

Packaging 
material

The compatibility of rPET and rHDPE was 
improved. 5% E-GMA blended with rHDPE/
rPET (75/25 w/w) indicated the best 
performance among compatibilizer with 
significantly improved toughness and impact 
strength, and increased tensile fracture 
elongation by 83% (Lei et al. 2009).

PP/rPET-compatibilizer 
PP-g-MA—Twin-screw 
extrusion

Industrial 
applications

The yield stress and elastic modulus of the 
blends increased with increasing rPET 
concentrations in the blends from 0% to 
30%. Sample with compatibilizer 
demonstrated higher yield strength, modulus 
of elasticity, and impact energy compared to 
blends without compatibilizer 
(Ahmadlouydarab et al. 2020).

PP/
rPET PP-g-MA—Extrusion

Low-speed wheel 
material

The tensile strength, Young’s modulus, and 
flexural strength were improved with 
increasing rPET content from 10% to 30%. 
The elongation at break reduced when more 
r-PET was included in the blends 
(Subhashini et al. 2021).

RPET/PETV—Melt 
blending—Haake rheometer
Melt spinning

Filament yarn for 
textile

The melting temperature of the blend fibers 
decreased with increasing rPET content. The 
crystallization rate decreased with the 
addition of rPET into the PETV. The 
mechanical properties of 30/70 wt.% rPET/
PETV blended fibers were comparable to 
those of virgin PET fibers (Lee et al. 2013).

rPET/PET—Single-screw 
extrusion

Food contact 
packaging

The degree of crystallinity of the blends 
slightly improved at rPET composition of 
10–30%. The Young’s modulus for the rPET 
composition of 30/70 showed the highest 
tensile strength (Masmoudi et al. 2020).

rPET/PET with 5-amino 
isophthalic acid (C8H7NO4) as 
additive—Reactive extrusion

Matrices for 
composites

Reactive extrusion has improved the 
flowability and elastic modulus of the blends 
(Asensio et al. 2020a).

rPET/PBT—Single-screw 
extruder

Not mentioned Tensile strength, impact strength, and degree 
of crystallinity of PET/PBT (40w/60w) 
blends containing 60 wt.% rPET improved 
(Baxi et al. 2010).

(continued)
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Table 3 (continued)

Blend and processing method
Potential 
application Properties

rPET/PBT with 
multifunctional epoxide as 
chain extender—Reactive 
extrusion

Not mentioned The addition of only 0.2 wt.% Joncryl to the 
rPET/PBT (75/25) blends dramatically 
improved its thermal stability, dynamic 
rheological properties, and processability 
(Guclu et al. 2021).

rPET/PBT—Twin-screw 
extruder

Home 
appliances, 
electrical, and 
automotive 
applications

The addition of a chain extender increased 
the melt viscosity of the blend. In the 
amorphous region, the blends were totally 
miscible, but after rapid cooling, the 
crystalline phases became immiscible. The 
chain extender did not significantly influence 
the mechanical properties (Nofar and Oğuz 
2019).

rPP/rPET with compatibilizer 
SEBS-g-MA—Internal mixer 
(Brabender)

Fibers 
applications

50/50 rPP/rPET blend with 20 phr 
compatibilizer showed better tensile strength, 
impact resistance, and resilience modulus 
compared to those without compatibilizer 
(Araujo and Morales 2018).

rPP/rPET uncompatibilzed—
Injection molding

Substituted to 
rPP for similar 
applications

The elastic modulus improved at 20% and 
30% of opaque rPET (rPET-O). An increase 
in rPET-O from 10% to 30% has improved 
the fatigue life, diminished overall 
deformation, prevented local heating, and 
changed fatigue failure to quasi-static failure 
(Tramis et al. 2021).

rPET/PC—With styrene 
acrylic copolymer as chain 
extender—Single-screw 
extruder

The tensile modulus improved with the 
addition of 30% PC in the blend. The tensile 
strength and modulus further increased by 
adding chain extender from 0.5% to 2% 
(Srithep et al. 2017).

rPET/EVA with pyromellitic 
dianhydride (PMDA) as chain 
extender—Extrusion & 
reactive extrusion

Microfibrillar 
composite

The rate and degree of crystallinity of rPET 
decreased with the addition of PMDA and 
EVA. rPET/EVA showed co-continuous 
morphology, while the addition of 0.5 wt.% 
PMDA showed microfibrillar matrix-disperse 
state (Moghanlou and Pourabbas 2020).

rPET/PA11 
uncompatibilized—Twin- 
screw extruder

Automobile, 
packaging, and 
various industries

Tensile and flexural strength improved 
significantly with the addition of PA11 into 
the rPET (Khan et al. 2021).

rPET/PE/PP/PS with EGMA 
as compatibilizer—Extrusion

Not mentioned The Izod impact strength improved with 
increasing EGMA content in the rPET/PE/
PP/PS blend. The miscibility of the blends 
also improved with increasing EGMA 
content and was evidenced by SEM images 
(Imamura et al. 2014).

rPET/rHDPE/rPP (ethylene- 
glycidyl methacrylate 
copolymer (EGMA)—
Injection molding

Automobile 
bumper

Blending 164 g rPET, 18 g rHDPE, and 18 g 
rPP with 10% EGMA produced the best 
mechanical properties of a car bumper 
(Adekunle et al. 2020).
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5.2  Recycled PET Composites

Recently, rPET has also been used as a matrix material in the production of various 
polymer composites, which is economically effective. It also has the potential to 
reduce the consumption of virgin materials and address the environmental 
contamination issue that results from postconsumer PET waste. In rPET composites, 
several fillers have been widely used such as organoclay, glass fiber, wood, titanium 
dioxide, carbon fiber, rubber particles, kenaf, and others (Singh et al. 2021a, b). The 
type of fillers, compounding process, and performance of rPET blends and compos-
ites are summarized in Table 4.

6  Applications of Recycled PET Blends and Composites

The evolution of rPET in new plastic packaging was introduced in 2002 by 
Triantafyllou et al. (2002). PET Recycling Company NPC or known as PETCO is 
one of the companies established in 2004 to handle the rPET (Petco n.d.). PETCO 
has commercialized new food grade and nonfood grade packaging from rPET. Then, 
Artenius (LSB) has commercialized a new packaging material in early 2012 which 
was a combination of virgin PET with recycled PET (Gallant 2012). Moreover, 
Artenius UNIQUE F10 currently uses a chemical recycling process to produce 
rPET-Artenius FLOW (virgin resin with 10% clean recycled PET). Furthermore, 
Coca-Cola Great Britain has recently stated that Sprite bottles would be changed 
from green to clear plastic to allow bottle-to-bottle recycling, with the quantity of 
rPET in all bottles increased to 50% (Maile 2019). It has good mechanical properties 
and was intended for stretch blow molding processes to make packaging for highly 
carbonated soft drinks and all direct food contact applications.

In addition, Greiner Packaging has also shifted to sustainable materials by com-
bining PET with 30% rPET in new packaging for ketchup and sauce bottles (Edbauer 
2019). Extensive research on this area is escalating over the years due to the 
increased production and consumption of PET plastics as new plastic packaging. 
Meanwhile, Covestro introduced Arnite® AM2001 GF (G)-recycled PET, high- 
performance, glass-fiber-filled rPET for 3D printing filament in 2021 (Product 
News 2021). It allows fast and cost-effective of additive manufacturing for large-
scale items. It has potential for structure, small recreational boats, tooling, and 
infrastructures such as footbridges and cycling, or pedestrian tunnels as well as 
architectural applications. Konica Minolta was another pioneering business that has 
successfully produced a new rPC/rPET for the exterior parts of a multifunction 
printer (MFP). The strength, flame resistance, and molding of rPET were successfully 
enhanced with polycarbonate (PC) to produce composite materials (Business solu-
tion, n.d.). The rPET/PC combination is also commonly utilized in automobile 
applications for bumpers, wheel covers, body panels, and electrical components. 
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Table 4 Recent studies on processing methods, potential applications, and properties of rPET 
composites

Composites
Compounding 
process Properties

rPET/organoclay 
nanocomposites

Twin-screw 
extruder

The glass transition temperature (Tg) and melting 
temperature (Tm) of the composite decreased slightly in 
the presence of 1 wt.% clay. However, concentrations 
higher than 1 wt.% did not cause further reduction in Tg 
and Tm. Yield strength and modulus improved with 
increasing MMT up to 5 wt.% (Bizarria et al. 2007).

rPET/ clay 
nanocomposites

Twin-screw 
extruder via 
masterbatch 
dilution

The composite with 1 wt.% clay exhibited Newtonian 
behavior, while more than 1 wt.% up to 6 wt.% showed 
the shear thinning effect. In contrast, the viscosity of 
the composite decreased with increasing clay content. 
The Tg decreased with increasing clay content. The 
tensile strength increased gradually with the clay 
content. The impact strength did not change when 
4 wt.% clay was added but decreased by 28% at 6 wt.% 
clay (Chowreddy et al. 2019).

rPET/glass fiber Twin-screw 
extruder

The impact strength and tensile strength improved with 
the addition of 30% glass fiber (de Moura Giraldi et al. 
2005).

rPET /recycled 
LDPE-HDPE

Single-screw 
extruder & 
injection molding

Different rPE/rPET ratios were used. The time taken to 
extrude the composite increased with increasing 
rPET. The viscosity also increased, but the compressive 
strength decreased with decreasing rPET ratio (Laria 
et al. 2020).

rPET/micronized 
rubber

Extrusion The Tg and degree crystallinity increased with the 
addition of rubber. The toughness improved by adding 
rubber powder (Zander and Boelter 2021).

rPET/glass fiber/
wood laminated 
composites

Compression 
molding

The alternating arrangement of rPET and wood layers 
influenced the final properties of the sandwich 
composite. The rPET layers decreased water absorption 
by the composites. The addition of an rPET layer 
decreased the flexural strength and modulus (Bakir 
et al. 2021).

rPET/glass fiber Pultrusion Different types of rPET were used. Composites with 
chemically modified rPET showed higher flexural 
strength and modulus compared to unmodified rPET 
and colored rPET. Composites with chemically 
modified rPET showed the highest tensile strength 
(441 MPa) (Asensio et al. 2020b).

rPET/glass fiber 
composites with 
impact modifier

Twin-screw 
extruder

The addition of an impact modifier slightly improved 
the impact properties. Composite with E-MA/24-GMA 
impact modifier showed the highest impact. From SEM 
images, the impact modifier tended to form the largest 
rubber particles (Monti et al. 2021).

(continued)
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Table 4 (continued)

Composites
Compounding 
process Properties

rPET/TiO2 Semi-industrial 
extrusion 
calendering 
process

Two composites made of two types of rPET (i.e., 
transparent bottle grade (rPET-T) and mix transparent 
colored with opaques (rPET-O)) containing 1.45 wt.% 
TiO2 were produced. The glass transition of rPET-T 
was higher than that of rPET-O. rPET-O showed stable 
and uniform color. Both samples demonstrated almost 
similar Young’s modulus and yield strength. Physically 
aged rPET-T showed higher tensile strength than the 
physically aged rPET-O sample (Loaeza et al. 2021).

rPET/nano-TiO2 Twin-screw 
extruder and melt 
spinning

The tenacity and elongation at break of bicomponent 
fibers increased with the increase of nano-TiO2 up to 
3 wt.%. The 90/10 bicomponent multifilament fiber 
with 3 wt.% TiO2 achieved the highest antibacterial 
activity (Pivsa-Art et al. 2021).

rPET/sawdust Dry blending & 
hot flat pressing

The modulus of elasticity decreased with increasing 
sawdust content (40–70%). The modulus of rupture 
also decreased gradually (Rahman et al. 2013).

rPET/carbon 
fibers

Hot pressing Tensile strength improved by increasing the processing 
temperature up to 270 °C. The interlaminar shear stress 
(ILSS) also showed a similar trend (Baek et al. 2018).

rPET/fly ash Injection molding The compressive strength of the composite increased 
by adding modified fly ash (Zaichenko and Nefedov 
2018).

rPET/talc Twin-screw 
extruder

The rPET was more crystallized using air cooling than 
the water cooling system during extrusion. Tensile 
strength and modulus improved with the addition of 
5 wt.% talc. The tensile modulus of the composite 
prepared by water cooling was higher than that of the 
air cooling system (Negoro et al. 2016).

rPET/ newspaper 
fiber

Twin-screw 
extruder

The tensile and flexural strength improved by adding 
newspaper fiber (NPF) up to 5 wt.%, then gradually 
decreasing at 10 wt.% and 15 wt.% NPF. The impact 
strength decreased with increasing NPF content up to 
15 wt.%. The degree of crystallinity of the composites 
increased with increasing NPF content (Ardekani et al. 
2014).

rPET/rPP/kenaf Twin-screw 
extruder

Composites reinforced with kenaf bast fiber have higher 
mechanical properties than kenaf core fiber composites. 
For both bast- and core-filled composites, the maximum 
tensile strength was 5 phr and the highest impact 
strength was 20 phr (Marzuki et al. 2021).

rPET/PAN 
composite 
nanofibers

Electrospinning The compressive and flexural strength of the mortar 
improved by adding rPET/PAN fibers. Water 
penetration decreased with increasing rPET/PAN 
composite nanofibers (Chinchillas-Chinchillas et al. 
2020).

(continued)
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Table 4 (continued)

Composites
Compounding 
process Properties

rPET/PBAT/wood Twin-screw 
extruder

The tensile strength improved by increasing wood 
content up to 30 wt.%. The impact strength decreased 
in proportion to the decrease in rPET content. The 
flexural strength increased when wood content 
increased up to 15 wt.% (Chaiwutthinan et al. 2019).

rPET/ poly 
(ε- caprolactone) 
(PCL)/sawdust

Cryogenic 
solid-state milling 
& hot flat pressing

The optimal tensile strength for 25% sawdust was 
35.8 MPa, with a high modulus of elasticity of 
1100 MPa (Allaf et al. 2020).

The rPET content employed is between 50% and 80%, while the PC content ranges 
from 25% to 30%, and this is cheaper than materials made of acrylonitrile butadiene 
styrene (ABS) (Thakur 2015). Glass-filled rPET composites have also been used in 
automotive applications for headlamp bracket, window hardware, roof rack, and 
others, and Ford uses them for grille opening reinforcing panels of cars and trucks 
(Koester 1997).

7  Challenges in PET Recycling

Washing is required prior to mechanical and chemical recycling to remove impuri-
ties from the surface of plastic waste. Contaminants are critical factors affecting the 
suitability of postconsumed PET flakes for recycling in terms of the amount and 
nature of contaminants present in the flakes, resulting in deterioration of physical 
and chemical properties during reprocessing and problems of recycling 
postconsumed PET (Giannotta et  al. 1994). PET (contaminated flakes) produces 
43.9% carbon dioxide/acetaldehyde and 3.66% 4-(vinyloxycarbonyl) benzoic acid 
as its main components. The most prevalent by-products of faster pyrolytic 
breakdown due to the catalytic effects of remaining pollutants (i.e., D-limonene, 
chlorobenzene, benzophenone) are products with low molecular weight (CO2, 
acetaldehyde) (Dimitrov et al. 2013). Several contaminants can contaminate rPET 
(Table 5).

Contamination issues can be solved by improving the recycling process. The 
super-clean PET recycling technique based on pellets, according to Damayanti and 
Wu (2021), is an alternative to overcome the difficulties. This approach is extremely 
similar to current mechanical procedures and uses the same apparatus, but it uses 
solid-state polycondensation (SSP) technology to accomplish it. The first stage 
involves the removal of all pollutants that have adhered to the PET surface. The PET 
is thoroughly cleaned in the second stage using SSP technology. With parameters 
such as residence time, temperature, vacuum, and inert gas stream, the SSP can be 
operated in a batch or continuous mode. Depending on the reaction temperature and 
the desired viscosity of the PET material, the residence time for the solid-state 
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Table 5 Types of contaminants that can affect properties of recycled PET

Type of 
contaminants Effect Problem solving

Water Before the molten PET reacts rapidly, the hydrolytic 
chain cleavage and moisture content are 
devolatilized. The viscosity of the polymer can be 
lowered by a small amount of moisture (La Mantia 
1996). PET hydrolysis is aided by its starting pace. It 
results in water loss in the sample, whereas the 
slower pace is due to thermooxidative chain 
depolymerization by thermal energy (Seo and Cloyd 
1991).

PET should be 
rigorously dried before 
melt-reprocessing. The 
drying temperature for 
recovering PET flakes is 
160–180 °C (La Mantia 
1996).

Coloring Before melt-reprocessing, the PET should be 
thoroughly dried. To recover PET flakes, the drying 
temperature ranges from 160 to 1800 °C (La Mantia 
1996).

A few additives (Bacha 
et al. 2012) can be used.

Acetaldehyde (i) Food packaging and containers use copper 
phthalocyanine blue.

Heavy metal (ii) UV stabilizers, such as benzotriazole, are used to 
protect food from the sun.

reactions is between 6 and 20  h. For this scenario, the temperature range is 
180–220 °C. The virgin rPET is homogenous, and postconsumer PET contamination 
is evenly dispersed, according to the findings.

The main difference is the presence of oxygen in the atmosphere. This leads to 
the formation of oxygenated groups on the polymer chain and affects the final 
properties of the material. In addition, the subsequent challenge is the processing of 
complex mixtures as the polymers in the mixed plastic waste differ in melting points 
and processing temperatures. When reprocessing these mixtures, recyclers often 
need to reprocess them at the highest melting component processing temperature. 
This often leads to overheating and degradation of some of the lower melting com-
ponents, which in turn reduces the final properties (Ragaert et al. 2017).

Mechanical recycling has several obstacles, including (1) thermal-mechanical 
degradation, (2) degradation over time, and (3) complex mixed processing. The 
polymer is heated and mechanically sheared during melt processing, causing 
thermal-mechanical deterioration. Chain scission and chain branching are the most 
typical processes observed in commercial polymers (Beyler and Hirschler 2002). 
The photooxidation process, due to the mixture of heat, oxygen, light, radiation, 
moisture, and mechanical stress, causes the degradation of plastic items over their 
lifetime. Thermomechanical degradation and structural changes in polymers are 
extremely comparable. When comparing mechanical and chemical recycling, the 
industry promotes chemical recycling more aggressively, despite the fact that it 
consumes a lot of energy and does not mitigate CO2. Chemical recycling, in reality, 
has its own set of obstacles and disadvantages. The production of fuel from plastic 
waste through chemical recycling is inconvenient as more CO2 is released into the 
atmosphere when this fuel is consumed.
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As a result, it is preferable to convert waste into energy (quaternary recycling) in 
a waste incineration plant rather than using fuel as an intermediary step. If the 
plastic waste contains too many distinct materials or is too filthy, the quality of the 
product will be affected, and the entire process will become economically 
unsustainable. Chemical recycling currently receives more funding than mechanical 
recycling. A chemical recycling factory, for example, will be developed in 
Rotterdam, Netherlands. It will convert 360,000 tons of plastic waste to methanol 
annually. Meanwhile, Air Liquide of France, AkzoNobel Specialty Chemicals of the 
Netherlands, Enerkem of Canada, and the Port of Rotterdam each spent a total of 
EUR nine million at the start. The factory is projected to cost around EUR 200 
million in total (ChemViews Magazine 2020).

8  Conclusion

PET waste has dominated the world ranging from large pieces of water bottles to 
tiny-sized microplastics that are harmful to the environment, humans, and wildlife. 
The recycling method has evolved since the first existed to address the PET waste 
issues globally and continue to seek ways to utilize rPET. The evolution involving 
engineering design through reactive blending and chemical approach (i.e., chain 
extenders and compatibilizer) for rPET blends, as well as the addition of various 
fillers and fibers for rPET composites has created different high-end products for 
many industries and offered an economically feasible rPET business.
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