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1.   INTRODUCTION

To address the dual problems of the depletion of natural 
resources and the environmental impact of a growing volume 
waste, effective recycling of various products and materials 
has become an important challenge. Especially, the amount 
of plastic waste is extremely large, and thus it is important 
to establish effective methods for recycling these materials 
rapidly.1,2)

There are essentially three ways to recycle plastics.3) In the 
thermal recycling, plastics are incinerated to produce heat. In 
the chemical recycling, the monomers or organic chemicals 
that are obtained from polymers are reused. Finally, in the 
material recycling, recycled plastics are used for molding as is.

Among these methods, thermal recycling requires the 
least amount of energy. However, from an environmental 
perspective, this method should be considered a last resort. 
Chemical recycling requires large amounts of energy and 
very complicated processes, and even then is not suitable for 
use with every macromolecular species. Therefore, ideally, 
material recycling should be repeated as many times as 
possible before the plastic is subjected to thermal recycling.

However, the mechanical properties of the products 
of material recycling are believed to be inferior to those 
of products molded from virgin plastics, and thus their 

application is presently limited.4)

Generally, these inferior mechanical properties are believed 
to be due to the degradation of plastics, but there have been 
few detailed investigations on this subject.5-8) Especially, the 
physical properties of pre-consumer recycling plastic made 
from byproducts (for example, runners, etc.) during molding 
have not been investigated much. In this study, we compared 
the molecular and physical properties of virgin polypropylene 
(VPP) to those of pre-consumer recycling polypropylene (Pre-
RPP). We also investigated the effects of UV light on the 
mechanical properties of these samples.

2.   EXPERIMENTS

As the VPP sample, we used an injection-molding and 
transparent grade polypropylene (molecular weight, density 
and MFR are shown in Fig. 1 and Table I). The Pre-RPP 
samples were pelletized from the byproducts of injection-
molding of the VPP test pieces. No additives were used in 
these molding and pelletizing processes. 

As an index of degradation, we compared the absorption 
strengths of carbonyl (1733 cm-1) and isopropyl groups 
(1165 cm-1) in each sample by FT-IR. The melting behaviors 
were measured by DSC.

For the measurement of mechanical properties, we 
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investigated the tensile properties of 3 mm-thick test 
pieces (JIS K7162) and 100 µm-thick films (JIS K 7113 
2(1/2)). Table II shows the tensile test conditions. In these 
measurements, we tested five samples and evaluated their 
mean values and deviations.

We also evaluated the tensile fracture energy from the area 
under the stress-strain curve.

3. RESULTS AND DISCUSSION

Table I shows the densities and MFR of VPP and Pre-RPP. 
Figure 1 shows the results of gel permeation chromatography 
(GPC), as well as both the number and weight averaged 
molecular weights based on a polystyrene standard and the 
ratio of Mw /Mn (We converted the polystyrene equivalent 
molecular weight to real molecular weight).9) As shown in 
the figure, Pre-RPP had a slightly higher proportion of low 
molecular weight components. Consistent with the results of 
GPC, Pre-RPP also has a slightly higher MFR value. On the 
other hand, Pre-RPP is more dense than VPP, which indicates 
that the crystallinity of Pre-RPP is larger than that of VPP.

However, these differences are almost negligibly small and 
we can conclude that these samples have almost the same 
molecular properties. Therefore, we can also conclude that 
a history of injection-molding had little, if any, effect on the 
molecular properties. 

In Table I we also show the results of FT-IR for both VPP 
and Pre-RPP. In this measurement, we used transmission 
mode for a 100 µm-thick sample. The vertical axis shows 
the ratio of the absorption strengths of carbonyl (1733 cm-1) 

and isopropyl groups (1165 cm-1) in each sample. We used 
this ratio as an index of degradation. The variation in the 
value measured for Pre-PP was slightly greater than that for 
VPP, although the ratios themselves were almost the same. 
Thus, polypropylene does not degrade much at the injection-
molding.9)

Figure 2 shows the stress-strain curves for a 3 mm-thick test 
piece for VPP and Pre-PP (injection-molded according to JIS 
K7162 1B and the conditions of injection-molding are same). 
Consistent with the results shown in Figs. 1 and Table II, the 
stress-strain profiles of the two samples are almost the same. 
This result suggests that a useful injection-molded product can 
be made from Pre-RPP if it is sufficiently thick (above 3 mm 
or so).

Figure 3 shows SEM images of the cross-sections of 3 mm-
thick test samples broken in liquid nitrogen. The cross-section 
of the VPP specimen shows a smooth surface, while that of 
the Pre-RPP specimen shows a rough surface. This indicates 
that the inner structures (including the crystalline structures) 
of VPP and Pre-RPP are quite different from each other.

Figure 4 shows the stress-strain curves for 100 µm-thick 
films (the films are punched out from a pressed film shaped 
according to JIS K7113 2(1/2)). As shown in Fig. 4(a), the 
VPP film extends very much. In contrast, the Pre-PP film 
breaks as soon as it reaches a yield value [Fig. 4(b)]. These 
results are significantly different from those in Fig. 2. The 
tensile fracture energy of Pre-RPP as calculated from the 
area under the of stress-strain curve is nearly two orders of 
magnitude smaller than that of VPP, which explains why the 
former is so brittle.

It is well known that shear-induced crystallization occurs 
when molten polymers are subjected to shear deformation 
during processing and the resulting inner structure influences 
the mechanical properties of the product. According to Kanaya 

Table I. Density, MFR and Index of degradation of virgin and recycled 
samples.

Sample Density  
(kg/m3) 

MFR 
 (g/10 min)  Degradation Index*1 

VPP 900 31.9 0.00911 (±0.00114)*2 

Pre-RPP 904 43.0 0.00933 (±0.00381) *2 

*1 Absorption strengths ratio between   carbonyl group (1733cm-1) and isopropyl group (1165cm-1). 
*2 Number in brackets represents the standard deviation. 

Table II. Tensile test conditions

Sample thickness 3mm test piece 100 m film 

Temperature 23°C 

Humidity 50% RH 

Elongation speed 50mm/min 5mm/min 

Chuck distance  115mm 40mm 

2 3 4 5 6 7 log M 

virgin 

recycled 

Sample M n M w M w/M n

virgin 39,000 171,000 4.4
recycled 40,700 161,000 4.0

Fig. 1. GPC results for virgin and recycled polypropylene. The table 
shows the number averaged and weight averaged molecular 
weight and polydispersity of each sample.
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and co-workers, shear-induced crystallization begins to occur 
with a shear rate of at least 3 sec-1.10-12) It has also been shown 
that the inner structures caused by shear deformation are very 
stable at high temperature.13,14) The Pre-RPP used in this study 
was pelletized from the byproducts of injection-molding, 
and thus had been subjected to high shear deformation and is 
thought to have shear-induced inner structures. Our present 
results suggest that the temperature and duration of Pre-PP 

pelletization in this study were relatively low and short, so that 
the inner structures were remained.

Our results also suggest that the inner structures of VPP 
and Pre-RPP are quite different. The results in Figs. 3 and 
4 indicate that both the crystal and amorphous structures 
(including tie molecules between crystal lamella) are very 
different, and this could explain the low tensile properties of 
Pre-RPP.

Fig. 2. Stress-strain curves for 3 mm-thick test pieces of  virgin and recycled samples. 

(a)  (b)  

Fig. 3. SEM images of fractured surfaces of test pieces (3 mm-thick) molded from (a) virgin and (b) recycled pellets.

Fig. 4. Stress-strain curves of 100 mm-thick films of virgin and recycled samples. 
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Figure 5 shows the melting behaviors of the VPP and 
Pre-RPP samples at different heating rates (5 °C/min and 
50 °C/min). In this time the amounts of the each sample 
were about 7 mg. Before the measurements, samples were 
heated to 210 °C (heating rate was 20 °C/min), hold 2 min at 
this temperature and cooled at room temperature. As shown 
in Fig. 5(a), when the heating rate was slow, although the 
endothermic curve of Pre-RPP was slightly disturbed, the 
melting behaviors were almost the same. On the other hand, 
when the heating rate was 50 °C/min [Fig. 5(b)], while the 
peak of melting temperatures of the two samples were almost 
the same, the shapes of the endothermic curves were slightly 
different; the curve for Pre-RPP shows a small shoulder.

It is well known that the recycled plastics easily degrade. To 
make sure that this is also same for the pre-consumer recycling 
plastic, in this study, we compared the durability of VPP and 
Pre-PP by UV irradiation. Figure 6 shows the dependence of 
tensile fracture energy on the duration of UV irradiation for 
100 µm-thick films of both VPP and Pre-RPP. As shown, the 
value for VPP is about 50 times greater than that for Pre-RPP, 

while the slopes of the curves are very similar.
In Figure 7, we shifted the results for VPP to the left and 

superimposed them on the results for Pre-RPP. As shown, the 
superposition had been very successful and there was a close 
relation between the two trends.

According to previous investigations, the axial elastic 
modulus of a semi-crystalline polymer mainly depends on the 
number of taut tie molecules present.15,16) Other researchers 
have suggested that the fracture energy is proportional to 
the number of chains that cross a unit fracture surface.17,18)  
These investigations suggest that the polymer fracture energy 
depends on the number of molecules that sustain adhesion 
between domains (referred to here as sustaining molecules).

If we assume that the energy for fracture depends uniquely 
on the number of sustaining molecules between domains, we 
obtain equation (1).
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Where EB(t
 ) is the tensile fracture energy at time t, N(t ) is the 

number of sustaining molecules at t, and EB0 is a constant.

-12 

-10 

-8 

-6 

-4 

-2 

0 
80 100 120 140 160 180 200 

D
SC

 1
/m

W
 

Temperature 1/ ºC 

virgin 

recycled 

(a) (b) 
-1.2 

-1 

-0.8 

-0.6 

-0.4 

-0.2 

0 
80 100 120 140 160 180 

D
SC

 1
/m

W
 

Temperature 1/ ºC 

virgin 

 recycled 

Fig. 5. DSC endothermic curves of virgin and recycled samples. (a) : heating rate is 5 ºC/min, and (b): heating rate is 50 ºC/min. (in case (b) we 
did not correct the base slope.)
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Fig. 6. Dependence of the tensile fracture energy of virgin and recycled 
samples on the duration of UV irradiation. 

0.0001 

0.001 

0.01 

0.1 

1 

10 

0 10 20 30 40 50 

Te
ns

ile
 fr

ac
tu

re
d 

en
er

gy
 (M

J m
-2

) 

Shifted UV irradiation time (hours) 

virgin 

recycled 

Fig. 7. Superimposed result in Fig. 8. 
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We can consider that UV irradiation may break some of the 
polymer chains, and a chain that has broken once could break 
again in the same manner.

While all of the broken molecular chains will be sustaining 
molecules when they break for the first time, over time, these 
broken non-sustaining molecules can break again. Thus, the 
number of sustaining molecules after time t has passed can be 
given by equation (2). 
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(2)

Where N0 is the initial number of sustaining molecules, a is 
the number of broken molecules per unit time, t is time, and p 
is the probability of breakage.

Therefore, the probability that molecules that are directly 
related to the tensile fracture energy will decrease over time, 
and the time-dependence of the tensile fracture energy can be 
represented by equation (3).
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The time-dependence of the tensile fracture energy from 
Fig. 7 gives equation (4). 
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By comparing eqs. (3) and (4), we can derive the probability 
p. In this investigation, p = 0.22. According to this result, 
under UV irradiation, about 20 % of all molecules break per 
unit time (one hour), and this probability is the same for VPP 
and Pre-RPP samples.

The difference in the tensile fracture energy between the 
VPP and Pre-RPP samples is due to the difference in the initial 
number of sustaining molecules. Based on Fig. 7, the results 
for Pre-RPP are offset from those for VPP by about 12 hours. 
Thus, according to eq.(3), the initial number of sustaining 
molecules in Pre-RPP is about 5 % of that in VPP.

4. CONCLUSION

In this study, we investigated the molecular characteristics 
and mechanical properties of virgin polypropylene (VPP) and 
recycled polypropylene that was obtained from byproducts 

(runners, etc.) at the time of injection-molding (pre-consumer 
recycling plastic: Pre-RPP). We found that the molecular 
weight, polydispersity, and degree of degradation of the two 
samples were almost the same. Consistent with these results, 
the tensile strengths of 3 mm-thick test pieces of VPP and Pre-
RPP were about the same. However, fractured cross-sections 
of these samples were very different (VPP: smooth, Pre-RPP: 
rough) and the tensile strengths of 100 µm-thick films were 
also very different (VPP: ductile, Pre-RPP: brittle). The results 
of DSC measurements under a high heating rate suggest that 
these differences are due to the difference between their inner 
structures, and that of Pre-RPP might to be influenced by 
shear deformation in the process of injection-molding. From 
the results regarding the dependence of the tensile fracture 
energy on the duration of UV irradiation, we constructed 
a theoretical equation that can estimate the fracture rate of 
sustaining molecules. This equation shows that the initial 
number of sustaining molecules in Pre-RPP is about 5 % of 
that in VPP.

The results of this investigation suggest that Pre-RPP 
exhibits poor mechanical characteristics and durability due to 
its inner structure. Thus, if we could modify the inner structure 
and the number of sustaining molecules of Pre-RPP by 
treatment with heat or solvent, we might be able to improve 
its mechanical properties and durability.
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