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ABSTRACT: With the people’s awareness of the “3Rs” in recent
years, using recycled high-density polyethylene (HDPE) and random
copolymer polypropylene (PPR) as the base materials for piping
fabrication has become a mainstream in scholastic path and industrial
engineering. In this study, the modified maleic anhydride-grafted
polyethylene (POE-g-MAH) compatibilizer was fabricated to increase
the interfacial adhesion and dispersion. With the surface modification
of calcium carbonate, a POE-g-MAH/CaCO3/HDPE polymer
composite has been prepared. Such modified polymer composites
can further reinforce the processing performance and mechanical
properties of recycled HDPE and PPR materials. The results
indicated that with the introduction of the polymer composite,
significant enhancement of the recycled materials in the aspects of
processability, tensile strength, flexural performance, and impact force could be obtained, and the POE-g-MAH/CaCO3/HDPE
polymer composite would contribute to the impressive balance between high rigidity and toughness. In addition, the feasibility and
mechanical properties of the recycled HDPE-PPR-POE-g-MAH/CaCO3/HDPE blended system were also studied: with the help of
a composite microcapsule, the gap of mechanical capacity between recycled and non-recycled materials was further reduced, and
such a blended system was capable of being commercialized in the piping industry.

1. INTRODUCTION

Double-wall corrugated pipes with a cyclic wall structure have
been widely used for industrial and daily consumption.
Compared with traditional iron, concrete, and even clay
pipes, the double wall corrugated pipe has high rigidity,
excellent bending performance, high impact and compressive
strength, and even other characteristics. Because of their
excellent performance and relatively economical cost,1 double-
wall corrugated pipes in Europe and other developed countries
have been greatly promoted and applied.2

The raw materials of double-wall corrugated pipes could be
generally divided into two categories, which include polyvinyl
chloride (PVC) and polyolefin (polyethylene or polypropy-
lene).3,4 The PVC piping materials, although compared to
polyolefins, have advantages of good stiffness and low-cost over
the polyethylene and polypropylene ones, but because of their
difficulties in processing, it would become difficult to enlarge
the diameter. In addition, the PVC double wall corrugated pipe
would have significant impact defects under low temper-
ature.3,5 As in the aspect of flexibility, weldability, thickness,
aging resistance, and even environmental protection, polyolefin
double wall corrugated pipe polyolefin has certain advantages
over polyvinyl chloride. Hence, the PVC raw material has been

substituted by polyolefin in the market due to the fierce
competition.6 Polyolefin double walls mainly contain two types
of materials wherein high-density polyethylene (HDPE) and
random-copolymer polypropylene (PPR) as the most
representative piping materials have their large applications
even in some specific areas.7 These two piping materials share
reliable connection, high impact resistance, chemical resist-
ance, flexibility, water resistance, and other characteristics.8

With people’s awareness of environmental protection via the
“3Rs” (Reduce, Reuse, & Recycle), recycled HDPE and PPR
materials have been increasingly developed in the cutting
edge.9 Not only could it save oil resources by reducing the
generation of waste, but also the recycled plastic wastes could
be fully utilized. However, as the recycled materials are
blended and obtained through extrusion, these samples do not
indicate satisfactory mechanical performance compared with
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non-recycled materials.10 With the development of inorganic−
organic hybrid composites, it is indicated that these inorganic
composites are able to continuously improve mechanical and
processing properties of the plastic materials. Moreover,
attempts to improve mechanical properties for commonly
used polyolefins by using ceramic materials, e.g., silicon nitride,
glove talc, and silicon carbide, have been carried out in recent
technical studies.11,12 The addition of inorganic composite-
reinforced polyolefins, such as high-density polyethylene
(HDPE) and random copolymer polypropylene (PPR), has
also been reviewed by various authors.13−15 However, the
major problem in these recycled composites is still the
interfacial adhesion between the inorganic filler and the
polyolefin matrix as well as their dispersion. Deka et al.16

introduced an epoxy functionalized hybrid compatibilizer to
address the interfacial bonding; Deepthi et al.17 used surfaces
treated with cenospheres and a functionalized high-density
polyethylene (HDPE) to improve the compatibility between
the blend components.
In this study, the modified POE-g-MAH/CaCO3/HDPE

polymer composite has been fabricated for the improved
compatibility of the interfacial adhesion between the HDPE/
PPR matrix and inorganic calcium carbonate. After it was
further blended with HDPE and PPR, the processing rheology
and mechanical studies of such blended systems have been
conducted. These results include the enhancement of
processing and mechanical properties of these recycled
materials and even offer the formulation optimization of the
mass percentage of the compatibilizer in practical applications.

2. MATERIALS AND METHODS

2.1. Materials. Recycled HDPE aggregates (Brand M) and
recycled PPR aggregates (Brand X) were purchased from
Jingcheng Plastic Co., Ltd. (Chengdu, China) and Maoguang

Plastic Co., Ltd. (Chengdu, China), respectively. The other
groups of non-recycled HDPE aggregates and non-recycled
PPR aggregates were also selected for analogical experiments
and benchmarks from the same companies. Ethylene-alpha-
octene copolymer, maleic anhydride (MAH), and a peroxide-
type initiator18 were obtained from Dow Chemical Pacific Ltd.
(Selangor, Malaysia) for the fabrication of the POE-g-MAH
(maleic anhydride-grafted polyethylene) compatibilizer. Anti-
oxidant 1010 (pentaerythritol tetrakis-3-(3,5-di-tert-butyl-4-
hydroxyphenyl) propionate), calcium oxide (CaO) de-
foamers,16 calcium carbonate (CaCO3), and styrene were
obtained from Sigma-Aldrich (Shanghai, China).

2.2. Preparation of the Modified POE-g-MAH Compa-
tibilizer. The maleic anhydride (MAH)-grafted polyolefin
thermoplastic elastomer (POE) was prepared by mixing an
ethylene-alpha-octene copolymer, maleic anhydride (MAH), a
peroxide-type initiator, and phosphite. The ethylene-alpha-
octene copolymer was a vinyl elastomer made from ethylene
and an alpha-octene copolymer. It is a new type of polyolefin
thermoplastic elastomer (POE) developed by the Dow
Chemical Company in the US using metallocene as the
catalyst. After simple mixing, all the raw materials, calcium
carbonate, and Antioxidant 1010, with a ratio of 98:1:1 by
mass, were put into an extruder or compactor for a melt
grafting reaction to obtain the said maleic anhydride-grafted
ethylene-alpha-octene copolymer following ref 18.

2.3. Surface Modification of Calcium Carbonate.
Figure 1 presents the schematic diagrams illustrating the
formation of the POE-g-MAH/CaCO3/HDPE polymer
composite. CaCO3 microdroplets (Figure 1a) were dispersed
uniformly in the polymer composite with the help of calcium
oxides and Antioxidant 1010. After adding POE-g-MAH and
stirring, POE-g-MAH/CaCO3 was formed and stabilized with
the presence of a microcapsule structure bigger than the

Figure 1. Schematic diagrams of (a) the CaCO3 microdroplet, (b) POE-g-MAH/CaCO3 microcapsule, and (c) POE-g-MAH/CaCO3/HDPE
polymer composite.

Table 1. Table of HDPE/PPR Piping Formulations

formulation code name
HDPE/
PPR POE-g-MAH grafted compatibilizer (test group) non-POE-g-MAH compatibilizer (control group) CaO defoamer

non-recycled HDPE/PPR 95 5
5% w POE-g-MAH 90 5 5
15% w POE-g-MAH 80 15 5
25% w POE-g-MAH 70 25 5
35% w POE-g-MAH 60 35 5
45% w POE-g-MAH 50 45 5
55% w POE-g-MAH 40 55 5
5% w/o POE-g-MAH 90 5 5
15% w/o POE-g-MAH 80 15 5
25% w/o POE-g-MAH 70 25 5
35% w/o POE-g-MAH 60 35 5
45% w/o POE-g-MAH 50 45 5
55% w/o POE-g-MAH 40 55 5
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original CaCO3, as shown in Figure 1b,c. Such a polymer
composite was filling-synthesized by the extrusion of POE-g-
MAH (modified maleic anhydride-grafted elastomer):Ca-
CO3:HDPE at 1:16:3 by mass. Continuous stirring and
heating were carried out for 2.5 h at 125 °C. The grafted
product was cooled and precipitated in methanol and filtered.
The product obtained was then washed several times with
methanol, rinsed with acetone for cleaning the composite
surface, and dried for further usage. Meanwhile, the control
polymer−composite group with no POE-g-MAH compatibil-
izer was fabricated by CaCO3:HDPE only at 4:1 in the same
process.
2.4. Blending Preparation of the Newly Fabricated

Recycled Pipe Materials. The newly fabricated recycled pipe
materials were added into a PS40E5ASE injection molding
machine (NISSEI, Shenzhen, China) with the following
processing parameters: temperature at the front end of 220
°C, middle temperature of 220 °C, and temperature at the rear
end of 180 °C; extrusion rate of 16%; injection time of 12.0 s;
molding time remaining at 30.0 s; and cooling time of 2.0 s.8

The piping formulations are indicated in Table 1. CaO at 5.0
wt % was selected as the default defoamer within
formulations.18

2.5. Composition and Morphology Characterization.
The morphology was characterized using a scanning electron
microscope (SEM) (Hitachi S-4700, California, US) that was
attached to a Bruker AXS Quantax 4010 energy-dispersive X-
ray spectrometer (EDX, Karlsruhe, Germany).9 FTIR spectra
were obtained at room temperature on a Nicolet - 6700
spectrophotometer (Thermo Electron Corporation, Waltham,
US) between 4000 and 600 cm−1 with a resolution of 4
cm−1.10

2.6. Processing Rheology. The processing rheology,
including the melt flow rate (MFR), was performed on the

capillary rheometer CFT-500D (SHIMADZU/SSL, Shanghai,
China). 1.0 g of the blended samples was selected, the
experimental temperature was at 200 °C, load weight was at
9.5 kg, and the capillary specifications were Φ1.0 × 10.0 mm.11

2.7. Mechanical Properties of the Blends. The tensile
and flexural properties of the nanocomposites were measured
using an AGS-J (SHIMADZU/SSL, Shanghai, China). The
tensile and flexural tests were performed as per ASTM:D638
and ASTM:D790-10 methods, respectively.12,13 The impact
test was performed using an XQZ-1 (Minsks, Xi’an, China)
first to hit the samples with 2.0 mm deep type A pendulum
followed by an XJU-5.5 Izod impact tester (Tuobo, Suzhou,
China) on the notch test specimens with the pendulum at 2.75
J.14,15 A minimum of five specimens was tested for each
variation in composition of the blend, and results were
averaged.

3. RESULTS AND DISCUSSION
3.1. Formation Mechanism of the POE-g-MAH

Compatibilizer. Figure 2 indicates the potential reactions
that occurred in the formation of the maleic anhydride
(MAH)-grafted polyolefin thermoplastic elastomer (POE).
The polyolefin elastomer contained between 9.5 and 28.0% by
weight alpha-octene. The polyolefin elastomer had a melt
index (MFR, ASTM D-123B) of 1−30. The polyolefin
elastomer had a narrow relative molecular weight distribution
and a narrow comonomer distribution.6,11 The polymerization,
wherein n = 5000 to 30,000, might happen in both the
backbone (Figure 2a) and side chain (Figure 2b) with the
following repeating structural units. The high weight
percentage of side grafted MAH could lead to more spatial
structures for the packaging of other organic and inorganic
particles. According to Figure 2, the preparation started with
creating a POE-g-MAH emulsion with spatial structures.

Figure 2. Formation mechanism of POE-g-MAH: (a) backbone polymerization and (b) side grafted polymerization.

Figure 3. SEM graphs and EDX mappings of (a) the CaCO3 microdroplet, (b) POE-g-MAH/CaCO3 microcapsule, and (c) POE-g-MAH/CaCO3/
HDPE polymer composite.
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3.2. SEM Characterization of the POE-g-MAH/CaCO3/
HDPE Polymer Composite. The surface modification of
calcium carbonate was obtained by covering the POE-g-MAH/
CaCO3 microcapsules with an HDPE shell and a POE-g-
MAH/CaCO3/HDPE polymer composite emerged. Through
the high-energy beam of electrons under SEM observation, the
corresponding structures of the CaCO3 microdroplet, POE-g-
MAH/CaCO3 microcapsule, and POE-g-MAH/CaCO3 with
an HDPE shell are demonstrated in Figure 3. The POE-g-
MAH thin film on the CaCO3 microdroplet contained a small
CaCO3 microdroplet by forming a new grain boundary, as
shown in Figure 3a. The thin HDPE shell effectively stabilized
and prevented the coalescence of POE-g-MAH/CaCO3
microcapsules and served as the hard template for the newly
fabricated compatibilizer (Figure 3c). Also, the appearance of
the polymer composite was as white in color as its CaCO3
base. Through EDX mapping in Figure 3, the intensities for the
different elements within the spectra are indicated as well. The
intensity change, comparing among Figure 3a−c of the calcium
element, would provide sufficient evidence of the inorganic
calcium carbonate in the POE-g-MAH/CaCO3 microcapsule.

There might be a lot of calcium carbonate in there all stuck
together, but with proper mixing with HDPE, a thin shell was
formed from the reaction between POE-g-MAH and HDPE
due to the high reactivity of POE-g-MAH.

3.3. FTIR Characterization of the POE-g-MAH/CaCO3/
HDPE Polymer Composite. To confirm that the POE-g-
MAH/CaCO3/HDPE polymer composite has been success-
fully prepared, the FTIR spectra of the different stages of POE-
g-MAH/CaCO3/HDPE polymer composite were obtained, as
shown in Figure 4. To prove that POE-g-MAH was grafted on
CaCO3, pure HDPE used for polymer composite preparation,
POE-g-MAH (both as a control group), and the POE-g-MAH/
CaCO3 microcapsule was extracted with the ethanol solvent.
Then, the residues were characterized by FTIR. According to
the functional groups as confirmed by the literature,16−18 the
POE-g-MAH/CaCO3 microcapsule exhibited the absorption
peaks of POE-g-MAH at 2966, 2802, 2218, 1689, 1259, 932,
and 713 cm−1 marked in brown,16 but its spectra might had
been affected and still retained similar absorption peaks to
CaCO3 at 2804, 1798, 848, and 720 cm−1.17 As for the spectra
for the POE-g-MAH/CaCO3 microcapsule, there was some
migration that happened compared with CaCO3, but after
comparing it with the product after solvent extraction, it was
not obvious to observe the mitigation of peaks among different
composites. Also, this might be caused by the complex spatial
structure in between POE-g-MAH and CaCO3.
After the POE-g-MAH/CaCO3/HDPE polymer composite

was formed, the FTIR spectra only displayed most of the
characteristic peaks of HDPE at 2982, 2856, and 1489 cm−1 as
illustrated in dark blue.17,18 The peaks of individual CaCO3 or
POE-g-MAH were merged and became smooth, which might
indicate the coverage and distribution of HDPE and POE-g-
MAH/CaCO3 microcapsules and the immobilization of
CaCO3 in the polymer composite. Transmission electron
microscopy (TEM) images for all the samples were also
obtained for their interfacial characterizations. However, as the
transparency for the samples was very low, the distribution of
CaCO3 microdroplets within the composite and microcapsule
could be barely seen in Figure 5a−c with different
magnifications. The interface between the CaCO3 micro-
droplet and POE-g-MAH/CaCO3 microcapsule was marked,
and the surrounding irregular structure attached with the
microcapsule was believed to be the HDPE matrix. Such

Figure 4. FTIR spectra of the compatibilizer component POE-g-
MAH, pure HDPE, the CaCO3 microdroplet, the POE-g-MAH/
CaCO3 microcapsule, and the POE-g-MAH/CaCO3/HDPE polymer
composite.

Figure 5. TEM images of the POE-g-MAH/CaCO3/HDPE polymer composite at different magnifications: (a) structures of the CaCO3
microdroplet, (b) interface between POE-g-MAH and CaCO3 within the POE-g-MAH/CaCO3 microcapsule, and (c) interface within the polymer
composites.
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interfacial adhesion could also be concluded from the previous
SEM characterization section.19,20

3.4. Processing Performance Analysis of the Newly
Fabricated Recycled Pipe Materials. The processing
rheology, which represented the processability of the melt
flow rate (MFR), was performed under the same applied stress
at 2.45 × 105 Pa. The HDPE series piping material with the

MFR over the mass percentage of the compatibilizer is
indicated in Figure 6a, and the PPR-based series is indicated in
Figure 6b.
For the HDPE piping series, the MFR of the composites

decreased with the increment of two compatibilizers as
demonstrated in the trend line. The same decreasing tendency
also happened in the PPR piping series, which can be

Figure 6. Melt flow rate (MFR) over the mass of the compatibilizer: (a) HDPE series and (b) PPR series.

Table 2. Shear Rate, Viscosity, and Flow Rate of the HDPE Series

formulation code name flow rate × 10−2/(cm3/s) viscosity × 102/(Pa·s) shear rate × 102 / s−1

non-recycled HDPE 3.49 ± 0.22 6.97 ± 0.15 3.53 ± 0.47
5% w POE-g-MAH 3.23 ± 0.12 7.26 ± 0.73 3.28 ± 0.13
15% w POE-g-MAH 2.85 ± 0.51 8.14 ± 0.19 2.93 ± 0.81
25% w POE-g-MAH 2.67 ± 0.09 8.99 ± 0.14 2.72 ± 0.17
35% w POE-g-MAH 2.49 ± 0.27 9.63 ± 0.99 2.54 ± 0.62
45% w POE-g-MAH 2.43 ± 0.15 9.91 ± 0.12 2.47 ± 0.59
55% w POE-g-MAH 2.26 ± 0.33 10.64 ± 0.58 2.31 ± 0.28
5% w/o POE-g-MAH 3.04 ± 0.13 7.52 ± 0.34 3.15 ± 0.29
15% w/o POE-g-MAH 2.79 ± 0.27 8.24 ± 0.22 2.91 ± 0.28
25% w/o POE-g-MAH 2.58 ± 0.11 8.74 ± 0.55 2.74 ± 0.19
35% w/o POE-g-MAH 2.40 ± 0.72 9.43 ± 0.77 2.53 ± 0.82
45% w/o POE-g-MAH 2.29 ± 0.48 9.87 ± 0.92 2.42 ± 0.29
55% w/o POE-g-MAH 2.14 ± 0.54 9.98 ± 0.79 2.28 ± 0.45
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summarized as follows: the more the compatibilizer used, the
smaller the melt flow rate becomes. The reason could be due
to the large possibility of the CaCO3 filler particles gathering
together in the composite blending system. AS most of the
fluidity within the composite changed to aggregating state, the
MFR reduced. However, with the help of the grafted POE-g-
MAH, the decrement of the flowability and the MFR would

become slower than the groups without POE-g-MAH., Even at
a lower weight percentage of compatibilizer, the MFR
performance would be better than those of pure HDPE and
PPR. It should be caused by the core−shell structure
composed of individual CaCO3 and POE-g-MAH, and it
could increase the dispersion and the faster thermal response
during the process.

Table 3. Shear Rate, Viscosity, and Flow Rate of the PPR Series

formulation code name flow rate × 10−2 / (cm3/s) viscosity × 102 / (Pa·s) shear rate × 102 / s−1

non-recycled PPR 3.74 ± 0.27 6.426 ± 0.29 3.82 ± 1.26
5% w POE-g-MAH 3.57 ± 0.22 6.795 ± 0.84 3.73 ± 0.57
15% w POE-g-MAH 3.48 ± 0.23 7.231 ± 1.22 3.52 ± 0.63
25% w POE-g-MAH 3.21 ± 1.17 7.945 ± 1.27 2.98 ± 0.91
35% w POE-g-MAH 2.98 ± 0.36 8.646 ± 0.93 2.94 ± 0.52
45% w POE-g-MAH 2.67 ± 0.29 9.735 ± 0.56 2.64 ± 0.43
55% w POE-g-MAH 2.43 ± 0.43 10.523 ± 0.43 2.47 ± 0.27
5% w/o POE-g-MAH 3.58 ± 1.19 6.673 ± 0.53 3.71 ± 0.41
15% w/o POE-g-MAH 3.47 ± 0.18 6.842 ± 0.41 3.50 ± 1.23
25% w/o POE-g-MAH 3.31 ± 0.27 7.281 ± 0.98 3.37 ± 0.51
35% w/o POE-g-MAH 2.85 ± 0.46 8.430 ± 1.15 2.91 ± 0.48
45% w/o POE-g-MAH 2.52 ± 1.12 9.582 ± 0.42 2.59 ± 0.37
55% w/o POE-g-MAH 2.37 ± 0.31 9.801 ± 1.19 2.32 ± 1.02

Figure 7. Tensile strength (TS) over the mass of the compatibilizer: (a) HDPE series and (b) PPR series.
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Also, the values of shear rate, viscosity, and flow rate with
the samples in the capillary rheometer test were also obtained,
as shown in Tables 2 and 3. Although the MFR and
processability might be continuously decreasing for both
HDPE and PPR with and without POE-g-MAH, still with little
amount of POE-g-MAH, the processing performance became
higher than those of the non-recycled materials compared with
the imaginary lines. To conclude, the more that the mass of the
compatibilizer was increased, the worse the flowability and
processability we would end up with.
3.5. Mechanical Properties of the Newly Fabricated

Recycled Pipe Materials. 3.5.1. Tensile Strength. The
results of tensile strength (TS) of the HDPE series piping
material with the strain over the stress are indicated in Figure
7a, and the PPR-based series is indicated in Figure 7b. As
indicated in the figure, both the tensile strengths of the HDPE
and PPR series decreased with the increment of the
compatibilizer. Also, with the greater amount of CaCO3
particles, worse compatibility was demonstrated between the
original polyolefins and these compatibilizers as well as the
poorer dispersibility of particles in the base particle. As the
samples were subjected to tensile force, the CaCO3 particles
easily fell off the interface, gaps would become larger, and the

tensile strength decreased. It was also indicated that the use of
the graft POE-g-MAH compatibilizer in both polyolefin series
led to similar tensile strength than without the use of POE-g-
MAH.

3.5.2. Flexural Properties. The results of flexural strength of
the HDPE series piping material over the stress are indicated in
Figure 8a, and the PPR based-series is indicated in Figure 8b.
The same values of blue and green imaginary lines are also
provided in Figure 8a,b, which could be referred to from there
to see the variation between the POE-g-MAH compatibilizer
and the flexural strength. For both HDPE and PPR series, the
introduction of POE-g-MAH into the two series composites
would increase the flexural strength from the demonstration of
the trend line. This was due to the addition of the composite
particles and its core−shell structure blocking the movement of
the molecular chain, and the flexural strength of the
composites could be enhanced. Compared with the PPR
series, there was a remarkable improvement for the HDPE
series without POE-g-MAH with the increment as high as 5.93
MPa, from 17.42 to 23.35 MPa, which indicated the great
enhancement of these CaCO3-based compatibilizers in the
recycled high-density polythene. In order to exhibit the
significance of POE-g-MAH within the PPR series, the region

Figure 8. Flexural strength (TS) over mass of compatibilizer: (a) HDPE series and (b) PPR series.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02354
ACS Omega 2021, 6, 19705−19716

19711

https://pubs.acs.org/doi/10.1021/acsomega.1c02354?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02354?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02354?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02354?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


between blue and green imaginary lines was zoomed up. For
the PPR series, although there was a slight increase from 22.6
MPa with 5% and 23.8 MPa with 55%, still these small trends
would matter in the selection of HDPE-PPR-POE-g-MAH/
CaCO3-blended system, which would be further discussed in
following section.
Furthermore, the usage of the POE-g-MAH/CaCO3/HDPE

polymer composite indicated the significant increase compared
with the ones without the polymer composite in both HDPE
and PPR series. The composite did not have much of an affect
for the flexural strength at all mass ratios. Moreover, a slight
decrement would even occur as the mass ratio gradually
increased from 15 to 35%. Also, the decreasing intervals of the
HDPE series were higher than those of the PPR series reaching
1.5 MPa. As shown in Figure 8a,b, as the weight percentage of
the POE-g-MAH/CaCO3/HDPE polymer composite went to
35 and 25%, there was minimum flexural strength for the
HDPE and PPR series, respectively. This is because the POE-g-
MAH/CaCO3/HDPE polymer composite was well dispersed
in the recycled HDPE and PPR-blended system, which was
able to enhance the toughness of the composites rather than
the flexural strength.
The results of flexural modulus (FM) of the DPE series

piping material over the stress are indicated in Figure 9a, and

the PPR series is indicated in Figure 9b. For the trend lines of
both HDPE and PPR series, the increment of these two
compatibilizers would significantly increase the flexural
modulus. This was due to the modulus of the CaCO3 particles
would be ten to hundred times of the pure polyolefins. In
addition, the increment in the HDPE series was higher than
those corresponded PPR groups, which indicated the better
dispersion of CaCO3-based compatibilizers in HDPE-blended
systems.
Moreover, the flexural modulus of the HDPE series without

the POE-g-MAH elastomer was superior to those of the groups
with the POE-g-MAH elastomer. This was because of the
POE-g-MAH elastomer and its microcapsule structure would
enhance the toughness rather than flexural modulus as pre-
discussed in flexural strength. While in the PPR series, the
increment for the group with POE-g-MAH/CaCO3 micro-
capsules indicated better flexural modulus performance, and it
was definitely caused by the better dispersion without the help
of POE-g-MAH. Also, the whole series of PPR did not increase
as much from 5 to 55% of mass as those HDPE series.
In general, with the consideration for both flexural strength

and flexural modulus, the addition of compatibilizers had an
enhancing effect on the bending performance for both HDPE
and PPR series. For the HDPE series, though the introduction

Figure 9. Flexural modulus (FM) over the mass of the compatibilizer: (a) HDPE series and (b) PPR series.
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of the POE-g-MAH elastomer would slightly increase the
flexural performance, it would obtain a balance between high
flexural properties and high toughness. While for the PPR
series, the POE-g-MAH elastomer would significantly increase
the flexural performance only, it would only donate the effect
of CaCO3 particles in the recycled PPR.
3.5.3. Impact Performance. The results of impact strength

(IS) of the HDPE series piping material over the weight
percentage of the compatibilizer are indicated in Figure 10a,
and the PPR-based series is indicated in Figure 10b. As for
both of these two series, the introduction of CaCO3 particles
could substantially increase the notched impact strength and
the rigidity of the composites, which was presented in the
trend lines for all these groups. Conversely, the toughness for
the composites would be reduced. Generally, the more
particles there are inside these two blended systems, the
poorer the toughness and the worse the impact properties the
composite would be; and the PPR series indicated better
impact performance than the corresponding HDPE series.
The results also indicated that the use of the POE-g-MAH

compatibilizer in both polyolefin series had higher impact
strength than the one without the POE-g-MAH compatibilizer,
especially at its high mass regions. Although the weight
percentage of POE-g-MAH compatibilizer continuously rose to

45%, there was still a certain impact strength increased
mutation more in those HDPE series than PPR. The same
tendency happened for the PPR series at the mass of 55%,
which was even higher than the non-recycled PPR. All these
results demonstrated that the impact properties, owing to the
POE-g-MAH-grafted compatibilizer, would increase the impact
strength and might even obtain a balance with the toughness as
well. In sum, the introduction of any compatibilizers into the
recycled HDPE and PPR blended system would slightly
decrease the impact strength, wherein the formulation groups
with the POE-g-MAH compatibilizer would drop less, because
of the toughening effect from the POE-g-MAH.

3.6. Formulation Analysis of the Tertiary HDPE/PPR
and POE-g-MAH/CaCO3/HDPE-Blended System. For
visual representation of the how the mass of this polymer
composite in Figure 11 would affect individual factors,
including melt flow rate (MFR), tensile strength (TS), flexural
strength (FS), flexural modulus (FM), and impact strength
(IS), and even for the overall performance, a formulation
analysis graph using a normalized unit (p.u.) was obtained.
The design of such a figure was to deploy all the experimental
results obtained above into one figure for each series (PPR or
HDPE) into a normalized unit. Hence, the closer the
performance was to 1, the better the performance it referred

Figure 10. Impact strength over the mass of the compatibilizer: (a) HDPE series and (b) PPR series.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02354
ACS Omega 2021, 6, 19705−19716

19713

https://pubs.acs.org/doi/10.1021/acsomega.1c02354?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02354?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02354?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02354?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


to. Also, this method was commonly used in statistics and
might help in the selection for the overall best formulation.

Also, the formulation groups with (w) and without (w/o)
polymer composites are also included in the figures. It was not

Figure 11. Formulation analysis by using the normalized unit over the mass of the compatibilizer: (a) HDPE series and (b) PPR series.

Table 4. Mechanical Properties of the Recycled HDPE-PPR-POE-g-MAH/CaCO3 Blended System

HDPE:PPR:POE-g-MAH/CaCO3/HDPE maximum bending stress (MPa) flexural modulus (MPa) impact strength (J) maximum tensile stress (MPa)

1:1:1 19.05 ± 4.11 553.97 ± 10.82 0.60 ± 0.03 16.08 ± 4.52
2:3:1 24.42 ± 3.72 1033.14 ± 20.72 0.40 ± 0.02 16.85 ± 5.13
3:3:2 22.61 ± 4.51 1342.38 ± 22.13 0.34 ± 0.09 18.14 ± 3.78
3:2:1 21.78 ± 4.09 1256.43 ± 21.42 0.38 ± 0.07 17.89 ± 4.85
2:2:1 21.55 ± 4.69 978.96 ± 19.51 0.36 ± 0.09 24.44 ± 6.95

Table 5. Mechanical Properties of Non-recycled HDPE-PPR-POE-g-MAH/CaCO3 Blended System

HDPE:PPR:POE-g-MAH/CaCO3/HDPE maximum bending stress (MPa) flexural modulus (MPa) impact strength (J) maximum tensile stress (MPa)

1:1:1 21.90 ± 3.35 1010.44 ± 20.07 0.38 ± 0.88 15.31 ± 3.90
2:3:1 22.91 ± 4.14 1011.31 ± 19.93 0.38 ± 0.41 17.55 ± 5.10
3:3:2 20.48 ± 3.72 1258.31 ± 22.01 0.46 ± 0.37 12.24 ± 3.40
3:2:1 20.42 ± 3.93 815.69 ± 18.10 0.37 ± 0.21 19.95 ± 4.60
2:2:1 20.79 ± 3.82 902.61 ± 20.12 0.37 ± 0.16 22.35 ± 4.09
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difficult to find that (i) as the overall normalized unit of PPR
series was higher: the PPR series recycled materials had its
lowest normalized score at 0.57, indicating the slightly better
performance of the recycled HDPE series with the lowest score
at 0.45; (ii) the processing performance and mechanical
properties was very sensitive to the mass of polymer
composites. Considering the variations of these five factors
and even the opposite tendency among these factors, a region
of normalized unit within the range of 0.80−0.95 and
concentrated distribution was encircled in Figure 11a,b as
well. Moreover, this shaded area should be where the exact
optimal formulation group falls in; (iii) due to the different
component of the recycled materials, what these results might
offer was just the range of the weight percentage of the
polymer composite; (iv) for the recycled HDPE series, the
optimized formula region of the polymer−composite mass
would be in the range between 8 and 35%, while for the PPR
series, the optimized region of polymer−composite mass
would be at 5 to 25%. In addition, these results might help in
the formulation design of HDPE-PPR-POE-g-MAH/CaCO3
blended systems in the following section.
3.7. Performance Analysis of the HDPE-PPR-POE-g-

MAH/CaCO3/HDPE Blended System. According to the
results and discussion of mechanical performance, recycled
high-density polypropylene (HDPE) was characterized with
good mechanical properties and enhanced rigidity. At the same
time, due to the high tensile strength of recycled random
copolymer polypropylene (PPR) and good bending resistance,
these results did provide important reference and possibility for
the fabrication of a POE-g-MAH/CaCO3/HDPE blended
system. Moreover, mixing with a twin screw extruder would
contribute to higher impact strength as compared to direct
injection.28

Trials of the HDPE-PPR-POE-g-MAH/CaCO3/HDPE
blended system were also performed. Several optimized
formulations were selected and their tensile, flexural, and
impact properties were studied, indicated in Tables 4 and 5.
Table 4 shows that the mechanical properties of the recycled
materials would increase and then decrease with the mass
increment of the POE-g-MAH/CaCO3/HDPE polymer
composite. The best mechanical performance formulation
groups would be the ones with a mass ratio of 3:2:1 for
HDPE:PPR:POE-g-MAH/CaCO3/HDPE, which included a
higher HDPE mass (16.7%) than PPR or POE-g-MAH/
CaCO3/HDPE. This was because the structure of poly-
propylene is easier to be oxidized and degraded under
ultraviolet light and heat due to PPR having a methyl side
chain before being recycled.
It could also be observed that the non-recycled material for

such blended systems would have the best mechanical
performance for the formulation group with a HDPE:PPR:-
POE-g-MAH/CaCO3/HDPE mass ratio of 2:3:1, which
contained less HDPE than the recycled groups. Furthermore,
the gap between recycled and non-recycled materials, in Table
5, was further reduced, and such a blended system did prove
the mechanical capacity of recycled materials might be better
than that of the non-recycled ones. This trial study could also
lead to significant commercial development.

4. CONCLUSIONS
This experiment used a modified POE-g-MAH/CaCO3/
HDPE polymer composite to enhance the recycled high-
density polyethylene and polypropylene for better preparation

of a double-wall corrugated pipe. The fabrication mechanism
of POE-g-MAH/CaCO3 microcapsules and the processing
performance and mechanical properties for different piping
formulations were investigated.
The POE-g-MAH/CaCO3/HDPE polymer composite was

able to reinforce the recycled HDPE and PPR by obtaining
significant improvement in processability, flexural performance,
impact force, and even durability. The usage of POE-g-MAH
could contribute to the impressive balance between high
rigidity and high toughness. However, the mass of the POE-g-
MAH/CaCO3/HDPE polymer composite should not be too
high, and the proper mass range should be neither higher than
35% nor lower than 8%. Furthermore, trials and studies of the
potential capacity and mechanical property of the HDPE-PPR-
POE-g-MAH/CaCO3/HDPE blended system were also
performed. Results showed that the gaps between recycled
and non-recycled materials would be further reduced with the
help of the POE-g-MAH/CaCO3 microcapsules, and such a
blended system promises great commercial value in the
industry.
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