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ABSTRACT 
The reliance on conventional polymeric materials derived from petrochemical sources, has been 
associated with various environmental burdens and stressors that are well documented. These are namely 
associated with the overall carbon print of plastics conversion and an overwhelming accumulation of 
solid waste; which on the other hand is associated with soil and water aquifers poisoning in many 
regions the world over. In this work; and in an effort to develop a polymeric blend that can sustain itself 
in terms of mechanical integrity, thermoplastic starch polyester was converted with virgin linear low 
density polyethylene (LLDPE) and a plastic solid waste (PSW) component retrieved from municipal 
sources. The objective in this communication is to study the effect of different compounding conditions 
on the resulting blends which were characterized using scanning electron microscopy (SEM), 
mechanical profiling in accordance with ASTM 882-12 and physical-optical properties determination. 
The blends were originally prepared using single screw extrusion (SSE), twin screw extrusion (TSE) 
and blown-filming, to determine which of the processes are more reliable for industrial bulk 
production purposes in the future to establish a plastic conversion line suitable for biodegradable 
plastic film conversion. 
Keywords:  biodegradation, polyester, starch, polymer waste, waste management. 

1  INTRODUCTION 
Due to the environmental concerns associated with the disposal of plastic solid waste (PSW), 
the development of a new class of materials becomes a necessity rather than a luxury. 
Biodegradable plastics presents itself as such, and it has proven itself as an effective measure 
against conventional plastics. Comprehensive assessments of biodegradable polymers 
applications and current developments were reviewed previously by Amass et al. [1]. 
Emadian et al. [2] reported that biodegradation cannot lead to a complete disappearance  
of the material. The colonisation of microorganism on the plastic occurs when materials  
are exposed to the appropriate conditions of soil and humidity. Chiellini et al. [3] has  
also provided an overview of the degradable polymers in agricultural applications. Orhan 
and Büyükgüngör [4] tested the biodegradability of polyethylene (PE) bags containing 12% 
by weight of starch. They reported that PE plastics build-up in the environment is at a  
rate of 25 million tons per year. Ohtaki and Nakasaki [5] examined the degradability of 
several biodegradable plastics under controlled composting conditions and concluded  
that the degradability of 8 plastic ranged from a few percentage points to approximately 
65% over the 8 days composting period at 50oC. Studies of polymer degradation during 
their lifecycle have shown that there are usually two main steps involved: abiotic and  
biotic degradation. Abiotic degradation involves the degradation of the polymeric content 
due to environmental exposure and is accompanied by microbial colonisation (biotic 
degradation) [6]. 
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     Biodegradation at chemical level is initiated by containing a carbonyl functional group 
(C=O) within a chemical chain. Hydro-biodegradable materials contain carbonyl groups, 
which break down with heat and moisture. A 100% of such material is therefore classified 
on its own as biodegradable. Oxo-biodegradable plastics, do not contain carbonyl groups 
making it essential to introduce other additives which will change their chemical properties 
and accelerate the oxidation process leading to biodegradation of the material. Reddy et al. 
[7] revealed that biodegradables can mitigate harmful pollutants from leaching into 
surrounding environments, such as chlorinated compounds and toxins. The reader is 
referred to our earlier work on the biodegradability of oxo-biodegradables in arid climates 
as well [8]–[10]. 
     Montagna et al. [11] also reported the use of different pro-degradant materials to 
enhance polymers biodegradability and showed the influence of an organic pro-degradant 
on PP under the two different environmental conditions (abiotic and biotic). According to 
literature, various characterisation methods such as spectroscopy (FTIR), mechanical 
testing [12], [13], and thermal analysis (TGA and DSC) [14] have been used to assess the 
composition of waste [15] as a result of their susceptibility to changes in material 
properties. FTIR spectroscopy is found to be the most effective and sensible technique for 
measuring polymer degradation [15]. In this article which is the first part of a two series 
communication, we present the compounding and basic characterisation of various 
biodegradable blends originating from virgin linear low density polyethylene (LLDPE) and 
PSW, enhanced with a prod-degradant and a thermoplastic starch (TPS) resin.  

2  EXPERIMENTAL  
Commercial grade LLDPE (EFDC-7050) was used as received in a pellet form with a 
reported density of 0.918 g cm-3 [8]. The LLDPE polymer was compounded with a 3 wt.% 
ECOVIO® (TPS) resin and by the same amount with a PDQ-M Willow Ridge Plastics 
(Inc.) pro-degradant chemical, using three different techniques that are standardised in the 
industry of plastics conversion. These techniques are namely, (a) single screw extrusion 
(SSE), (b) twin screw extrusion (TSE), and (c) blow-filming (BF) which are the most 
common among commercial film production lines, and have been chosen to study the effect 
of processing and melting on the materials. SSE was performed using a Dolci extruder (L/D 
ratio 1/28) using 10 kg as master batch mix. The blends with TPS were conducted in  
the same mix ratios as the oxo-additives. Mixing with palletized PSW was also conducted 
in the same blend ration of 3 wt.%. Furthermore, BF was conducted with the same 
formulations aforementioned using a Windsor blown-film coupled with an L/D (1/28) SSE 
operated under 6 bars of pressure. TSE was performed using a Kung Hsing operated in  
co-rotation with a maximum speed of 75 RPM maintained throughout the experimental 
work. The TPS samples were extruded in a standalone Brabender SSE which was used in 
the compounding process of the samples. All samples were extruded as sheets of 100 m 
thickness meeting standard market specifications and as an average of major film 
applications. Mechanical properties were studied following test protocol of ASTM 882 
using a Tinius Olsen Universal Testing Machine (UTM) machine as depicted previously  
in Al-Salem et al. [8]. The optical and physical properties of the samples were evaluated 
using the PCE-CSM3 colorimeter following ASTM D 2244 protocol to measure colour 
parameters. The tests were used to establish the colour parameters for light/dark (L*), 
red/green (a*), and yellow/blue (b*). The average readings of the specimen are reported. 
The haze (%) and light transmission (%) of the samples were determined using a MF709 
(spherical) haze meter (model BS 2782) following ASTM D 1003 similar the methods 
applied in past works [8], [16]. This provided an estimate of the crystalinity change and 
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amorphous region loss within the polymer matrix to determine the pre-degradation 
behaviour. Replicates of the specimens were tested for haze (%) and light transmission (%) 
and the average of the readings were reported. 

3  RESULTS AND DISCUSSION 
Table 1 depicts a sample of the mechanical properties estimated in this work. Typically, 
stress values are not related to the waste content in the blend [17]. Due to polymer films 
processing conditions, the change in the amorphous region affects the stress at break, which 
results from the heating cycles at compounding stages [18]. Stress at break was measured 
for the LLDPE and its blends and was compared with PSW. The effect of the compounding 
technique on stress at break, as well as, additive content was evident in the stress at break 
values (Fig. 1). SSE compounding gave the highest stress at break values for the LLDPE 
and PSW blends with and without PDQ-M. On the other hand, LLDPE/TPS blend 
exhibited the highest stress when compounded using TSE. Overall, the presence of the 
additives has affected the stress at break of the LLDPE polymer only. The PDQ-M additive 
allowed LLDPE blends to withstand the highest stress at break values compared to the pure 
LLDPE. The PSW, PSW/PDQ-M and PSW/TPS samples showed the same mechanical 
behaviour, i.e. they have similar stress at peak values for all compounding techniques. In 
general, the reported stress at break for pure LLDPE is several folds higher than that 
reported earlier in literature. TPS is a low-cost biodegradable polymer that can offer 
undesirable mechanical properties [19]. Adding TPS to the blends has been found to reduce 
the modulus and tensile strength of the Young but generally speaking this impact becomes 
greater as the TPS content increases [20]. The TPS sample reported the highest stress at 
break value (373 MPa) compared to all samples tested. This indicates that on a molecular 
level, the crystallinity of the TPS formulation is higher than the other examined blends, 
which is due to it exhibiting a higher stress at break as observed in Fig. 1. Again, the 
reported TPS stress at break values were several folds higher than those reported in 
literature [20], [21]. A study of particular interest is that of Shan et al. [22] which 
investigated the change in tensile stress over strain for a mixture of LDPE and two types of 
PP, namely homogeneous PP (PPH) and PP block‐copolymer (PPC), over the full range of 
blend composition. The blends were compounded in a TSE and then injection moulded into 
test specimens. The mechanical properties of the blends were reported to show that pure 
LDPE had the lowest stress point (about 11 MPa) compared to its blends with PP.  

Table 1:   Sample of the mechanical properties estimated in this work showing the 
mechanical tensile pull properties of the blow film samples.  

Material/Blend  
(wt.%/wt.%) 

Young’s Modulus 
(MPa) 

Stress at 
break  
(MPa) 

Strain at 
break  
(%) 

Strain at 
break  
(N) 

LLDPE (100) 5048 ± 1783.94 291 ± 11.49 922 ± 20.30 29.1 ± 1.15 

LLDPE/PDQ-M (97/3) 3333 ± 740.14 305 ± 15.12 939 ± 28.44 30.5 ± 1.51 

LLDPE/TPS (97/3) 3697 ± 254.46 276 ± 6.31 887 ± 21.51 27.6 ± 0.63 

PSW (100) 3891 ± 199.90 194 ± 5.99 782 ± 20.80 19.4 ± 0.60 

PSW/PDQ-M (97/3) 3718 ± 269.67 186 ± 15.25 749 ± 50.54 18.6 ± 1.52 

PSW/TPS (97/3) 3951 ± 181.57 184 ± 7.02 752 ± 45.17 18.4 ± 0.70 
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Figure 1:    Stress at Bre||AK (MPa) measured for the compounded LLDPE and PSW films 
without and with TPS and PDQ-M. 

     The mechanical behaviour of the graphite nanophalates/LDPE manufactured with 
compression moulding and blown film extrusion technologies, was investigated by 
Carotenuto et al. [23]. The pure LDPE was found to be capable to stand extension up to 
600% by activating necking and cold-drawing mechanisms. In BF, mechanical properties in 
the machined direction (MD) and the transverse direction (TD) were tested. In the 
transverse direction the unreinforced LDPE in the blown extrusion process exhibited a 
behaviour that is very similar to that observed for compression moulded samples. The 
polymeric chains’ orientation effect was clearly visible in the Machined Direction (MD) 
sample curve, where LDPE behaved more like a brittle material, hitting higher tensile 
strength values (22 MPa) but a lower maximum pressure. However, the maximum strain 
reached only 300% which was almost twice for previously tested LDPE. Similar results 
were reported by Guichon et al. [24]. Another important consideration was the Young's 
modulus, which was not influenced by the transverse and the machined direction (180 MPa 
for TD and 185 MPa for MD), which means that the chain orientation mainly affected the 
necking and re-crystallisation phases and not the elasticity of polymers. Mechanical 
properties in terms of compressive response of LDPE were investigated across a range of 
strain rates and temperatures [25]. The LDPE plate samples were machined in the through-
thickness direction, with a few experiments conducted in the two orthogonal directions. The 
LDPE stress–strain curve revealed an initial linear elastic region followed by a non-linear 
transition to yield, followed by strain softening and strain hardening afterwards. As 
predicted in most polymers, LDPE is showed an increase in stress with higher strain rate or 
lower temperature. LDPE stress-strain response was qualitatively similar to Omar et al. [26] 
LDPE response. 
     Strain at break (%) was estimated and depicted in Fig. 2. A clear variation is seen in 
relation to the additive content in the measured stain at break values for all the LLDPE 
formulations using the different compounding techniques. Furthermore, pure LLDPE and 
LLDPE-PDQ-M samples compounded in SEE exhibited the highest change in terms of 
strain when compared to their compounded samples using TSE and BF. This is in contrast 
to LLDPE-TPS sample compounded using SSE where a clear drop is noted in its strain 
value. This can be attributed, to the immiscibility on a physical level of the polymeric blend 
using this compounding technique. For the PSW and its blends it can be seen that similar 
strain values were maintained for all compounding techniques. This shows that an amount 
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of 3 wt% of additive could be added to PSW samples with no effect on the product 
integrity. All of the samples tested in this study revealed higher strain at break values than 
TPS, indicating superiority of the blends over the TPS material. All of the PSW samples 
measured in this study showed relatively high strain at break values in comparison to the 
pure LLDPE and its blends, proving clear superiority of the waste blends over the pure 
polymer from an economical and environmental point of view. 
 

 

Figure 2:    Strain at break (%) measured for the compounded LLDPE and PSW films 
without and with TPS and PDQ-M. 

     Colour parameters were measured and summarised in Table 2. The effect of 
compounding techniques on the blends in terms of the difference in the measured colour 
parameters was evident in SSE samples. LLDPE/PDQ-M blend compounded in SSE were 
lightest in colour and more yellow compared to LLDPE and LLDPE-TPS. Using the same 
compounding technique also, PSW had the highest lightness value compared to its blends. 
Amongst all compounded samples using SSE, TPS had the highest lightness, while L* 
values of its blends declined by increasing LLDPE and PSW content (97 wt.%) in the films. 
Lightness recorded for pure LLDPE, PSW and their blends compounded in TSE and BF 
were relatively within the same range (Table 2). Overall, the LLDPE and PSW films did 
not have the same L* and a* values in all compounding techniques. The same was also 
observed for their blends with PDQ-M and TPS. The a* values which stand for redness (or 
greenness) in colour space were insignificant, and even for films compounded in TSE and 
BF they were near zero. For b* values, PSW/TPS blend and PSW films had the highest 
yellowness levels in SSE and BF, respectively. The LLDPE/PDQ-M blend compounded in 
TSE had the most yellowness level amongst all compounded films. In general, lightness 
(L*) was in line with the general colour measurement theory, since transparent and 
achromatic films should have high lightness and minimum colour space values of a * and 
b*. Al-Salem et al. [27], [28] also tested colour parameters of control unexposed 
LLDPE/Waste (100/0) sample extruded using a single screw extruder (L/D=30) and film 
blowing machine. The reported L*, a* and b* values were 29.0, –0.4, and –3.5, 
respectively. These were slightly different from those of the pure LLDPE colour parameters 
reported in the study. Al-Salem et al. [28] also concluded that there was no change in 
colour parameters with respect to DHT. 
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Table 2:   Colour parameters compounded LLDPE and PSW films (with and without TPS 
and PDQ-M additives).  

Material/Blend (wt.%/wt.%) L* a* b* 
Single screw extrusion

LLDPE (100/0) 35.06 ± 0.55 -1.16 ± 0.07 0.25 ± 0.28 
LLDPE/PDQ-M (97/3) 44.50 ± 1.74 -1.43 ± 0.34 0.90 ± 0.43 
LLDPE/TPS (97/3) 40.29 ± 0.33 -1.22 ± 0.13 0.28 ± 0.14 
PSW (100/0) 37.92 ± 0.67 -1.31 ± 0.12 0.57 ± 0.41 
PSW/PDQ-M (97/3) 23.93 ± 0.43 -1.47 ± 0.13 0.18 ± 0.05 
PSW/TPS (97/3) 34.60 ± 0.95 -1.17 ± 0.41 3.48 ± 0.37 
TPS (100/0) 72.49 ± 0.16 -2.33 ± 0.01 -3.91 ± 0.07 

Twin screw extrusion
LLDPE (100) 27.64 ± 0.39 0.22 ± 0.06 2.40 ± 0.22 
LLDPE/PDQ-M (97/3) 28.58 ± 0.16 0.40 ± 0.05 3.59 ± 0.18 
LLDPE/TPS (97/3) 23.86 ± 0.06 -1.25 ± 0.13 0.14 ± 0.22 
PSW (100) 31.50 ± 0.11 -0.32 ± 0.04 0.56 ± 0.13 
PSW/PDQ-M (97/3) 27.46 ± 0.12 -0.31 ± 0.11 0.37 ± 0.12 
PSW/TPS (97/3)  32.37 ± 0.15 -0.68 ± 0.07 -0.72 ± 0.19 

Blow filming/extrusion
LLDPE (100) 30.90 ± 0.18 -0.09 ± 0.03 0.44 ± 0.14 
LLDPE/PDQ-M (97/3) 29.73 ± 0.11 0.06 ± 0.03 1.36 ± 0.08 
LLDPE/TPS (97/3) 26.32 ± 0.13 -0.42 ± 0.09 0.63 ± 0.32 
PSW (100) 27.54 ± 0.18 0.22 ± 0.09 2.08 ± 0.64 
PSW/PDQ-M (97/3) 31.69 ± 0.07 0.27 ± 0.01 1.57 ± 0.02 
PSW/TPS (97/3) 31.65 ± 0.17 0.01 ± 0.00 0.66 ± 0.63 

 
     Light transmission (%) values were measured for LLDPE and PSW blends and are shown 
in Fig. 3. All pure samples and their blends showed similar transparency characteristics in 
comparison with TPS. Samples containing 97 wt.% LLDPE and PSW did not lose their 
transparency more rapidly because of the low percentage of additives in the blends. It is 
generally ideal for the packaging industry to manufacture films with low hazel and high gloss 
when the product does not need light protection [29]. Factors that can influence haze are the 
degree of crystallisation and/or crystal structure, and the time of polymers relaxation [30]. 
Higher relaxation time allows the crystallisation to occur under the influence of stress 
elongation, allowing the crystalline structures to be small, thin and oriented (lower haze and 
higher gloss) [31]. In addition, the loss of amorphous regions in polyolefins leads to hazy 
specimens; this was reported for TPS and its blends (LLDPE/PDQ-M and PSW/TPS) and is 
shown in Fig. 4. Pure LLDPE and its blends showed comparatively similar trend amongst all 
three compounding techniques indicating the dependency of haze (%) on the additive 
presence and the compounding technique applied. The LLDPE blends showed a clear shift in 
haze values when compared to the pure LLDPE. The same was also observed for PSW and its 
blends (PSW/PDQ-M and PSW/TPS). The virgin LLDPE proved tested by Al-Salem et al. 
[27] to be hazier its other blends with waste. The reported Haze% and Light Transmission% 
of unexposed virgin LLDPE (100) were 42% and 91.5%, respectively. The Haze% value was 
higher than that reported in the study for all LLDPE samples. The light transmission on the 
other hand was in agreement with that reported by Al-Salem et al. [27] (91.5%). Al-Salem et 
al. [27] also reported a notable decrease in haze measurement as the waste content increased 
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and light transmission showed a gradual decrease with exposure time. In addition, Al-Salem 
et al. [28] reported a decrease in Haze% and light transmission% of the virgin LLDPE/waste 
blends (100/0, 90/10, 75/25, 50/50, 75/25, and 10/90), compounded using single screw 
extruder (𝐿/𝐷 =30), with the increase in waste content due to the lack of miscibility between 
constituting polymers. The sensitivity of colour parameters to waste content was not evident 
in this study as seen in Fig. 4. The haze% and light transmission% were measured for 
unexposed LLDPE/waste (100/0) and (0/100) blends extruded, and blown using a single 
screw extruder (Tecnova, L/D=30) as part of the study conducted by Al-Salem et al. [8]. The 
study reported LLDPE/waste (100/0) haze% and light transmission% values of 41.27 ± 3.1 
and 91.48 ± 0.09, respectively. The reported haze% and light transmission% values for 
LLDPE/waste (0/100) blend were 24 ± 0.32 and 90.60 ± 0.08, respectively. 
 

 

Figure 3:    Light transmission (%) of compounded LLDPE and PSW films without and 
with TPS and PDQ-M. 

 

Figure 4:    Haze (%) of compounded LLDPE and PSW films without and with TPS and 
PDQ-M. 
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     It should be highlighted at this stage that oxo-biodegradables were criticised as of late 
for the possibility of environmental pollution (due to chemicals/toxics release to 
surrounding environment) and contributing to the overall microplastic (MP) release. These 
issues are related to oxo-biodegradables fragmentation in open environments and landfill 
conditions, as previously depicted in the EU Directive 94/62/EC [32]. Oxo-biodegradables 
are also known to be non-compostable materials, unlike hydro-biodegradables investigated 
in the research presented in this article. Combined with the presented efforts, and following 
previous recycling and biodegradation of plastics efforts in the region and its impact on the 
environment [9], [27], [33]–[36] the promotion of hydro-biodegradable plastics presents 
itself as a viable environmental solution. The execution of landfill burial experiments and 
following the same methodology for investigating the impact of landfill conditions on 
hydro and oxo-biodegradables presented elsewhere [8], [36] will also be part of this major 
research project in the near future that can deliver a more realistic assessment of 
environmental impact of such materials.  

4  CONCLUSION 
Formulated blends of virgin linear low density polyethylene (LLDPE) and plastic solid waste 
(PSW) with pro-degradant additive and starch based resin, were studied for their mechanical 
integrity and physical characteristics. All blends were in-line with past efforts characterising 
the mechanical integrity of market products which indicates their applicability to be mass 
produced as a biodegradable plastic for local markets. The compounding technique showed an 
immense impact on the stress at break of the blend. Single screw extrusion resulted in the 
highest value for the stress at break namely for the LLDPE and PSW blend. On the other 
hand, LLDPE/TPS blend exhibited the highest stress when compounded using TSE. It is 
therefore recommended to produce such blends with the aforementioned technique to meet 
certain demands and specifications of the market based on consumer demands. The change in 
mechanical properties could be attributed to the heating loop power and amount of shear 
applied due to the screw configuration. Starch based resin was also the haziest amongst 
sample produced in this work. However, the blending using twin screw extrusion showed that 
samples produced with this technique had the lowest haze (%) due to the high blending 
resulting from the twin screw configuration. There was no apparent impact with colour 
parameters light transmission between all samples.  
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