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Abstract Bi-functional co-agent, diallyl phthalate (DAP),
—assisted melting free-radical grafting of maleic anhydride
(MAH) on polypropylene (PP) is carried out by reactive
extrusion. The PP/recycled polyethylene terephthalate
(rPET) blends with and without PP-g-MAH/DAP (PP grafted
with both MAH and DAP) are conducted on a twin-screw
extruder. It reveals that the introduction of DAP can signifi-
cantly enhance the grafting degree of MAH and decrease the
chain scission of PP. The maximum extent of MAH grafting
(1.5 wt.%) is obtained when DCP and MAH contents are 0.5
and 6.0 wt.%, respectively, and the DAP/MAH molar ratio is
0.3. Besides, differential scanning calorimetry (DSC) analysis
shows that the crystallization temperature of grafted PP is
higher than that of pure PP due to the nucleation of grafted
groups. Fourier transform infrared spectroscopy (FTIR) anal-
ysis proves that chemical reactions take place between PP-g-
MAH/DAP and rPET. In particular, scanning electron micros-
copy (SEM) observations demonstrate that, the PP/rfPET
blends compatibilized with PP-g-MAH/DAP show enhanced
adhesion at the interface comparing with the binary PPAPET
blend, which is also proved by DSC measurements, dynamic
mechanical analysis (DMA) and mechanical properties.
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Introduction

Polyethylene terephthalate (PET) is an important engineering
plastic. One of the main applications for PET is in packaging
(bottles, films, containers, etc.), where optical clarity is the
main concern [1]. Owing to its broad-scale applications, the
need to provide for its post-consumer recycling has become an
important challenge in environmental protection and enabling
plastics manufacturing technology to be sustainable. During
the last decade, many efforts have been directed toward
recycling waste PET products [1-13]. Among these, blending
PET with PP is very attractive because of its economy and the
superior mechanical properties of the blend [6-9].

However, PP and PET are thermodynamically incompati-
ble because of differences in their chemical nature and polar-
ity, their blends therefore tend to separate grossly with weak
interfacial bonding and poor mechanical properties [7]. Ap-
propriate compatibilization is necessary to reduce the interfa-
cial tension, achieve good adhesion, and stabilize the domain
structure. There are multiple types of compatibilizers applied
in PP/PET blends [2, 4, 7, 9, 14-27]. PP grafted with maleic
anhydride (PP-g-MAH) is the most common because of its
improved polarity and reactivity [14, 24-27]. Now, the reac-
tion of MAH grafted PP in the melting state in the presence of
a radical initiator is the most widespread methodology. How-
ever, the grafting reaction is generally accompanied by chain
scission that results in the reduction of the grafting degree and
decrease in the molecular weight.

Much attention has been given to improving the grafting
behavior by the introduction of a co-agent. Li et al. [28] and
Bettini et al. [29] showed that the presence of the electron-
donating monomer styrene (St) in the melting process reduced
the PP chain scission and increased the grafting degree of
MAH. The maximum extent of MAH was obtained when the
MAH/St molar ratio was 1.0. With addition of St, it is likely that
MAH and St interact with each other to form a charge transfer

@ Springer



35 Page2of12

J Polym Res (2015) 22: 35

complex (CTC), which leads to a greater extent of grafting and
forms a SMA branch on PP. However, St is not a perfect choice
because of its high volatility and toxicity. Henry et al. [30, 31]
reported that high grafting levels of MAH (2.5 to 3.0 wt.%)
were achieved without excessive degradation of the PP chain in
areactive extrusion process by using a brominated co-agent, N-
bromosuccinimide (NBS). The bromine radicals are able to
reversibly quench PP macroradical, the instantaneous concen-
tration of active free radicals is decreased, promoting grafting
instead of chain scission. It must be pointed out that NBS can
epimerize the backbone with decrease in the PP-g-MAH crys-
tallinity. Heteroaromatic derivatives have also been used as co-
agents during MAH functionalization of PP [32-34]. A co-
agent, such as butyl 3-(2-furanyl) propenoate (BFA), which has
an electron donating heterocyclic aromatic ring conjugated with
a double bond bearing an electron- attracting group substituent,
results in a high addition rate to the tertiary polypropylene
macroradical with formation of a new resonance-stabilized
macroradical that limits the polypropylene degradation and
improves the grafting degree. Besides, rare earth oxide has also
been used to assist the grafting process [35]. In some cases,
poly-functional monomers are recommended. Ni et al. [36]
found that use of trimethylol propane triacrylate (TMPTA) as
a co-agent improved the grafting degree of MAH and con-
trolled the degradation of the grafted PP. It suggests that
TMPTA has high reactivity with both the PP macroradical
and MAH, leading to the stabilization of the macroradical,
depression of the chain scission and formation of branched
PP. Sengupta et al. [37] observed that chain scission in the
melting state could be mitigated using the co-agent assisted
cross-linking when MAH was grafted with PP. Both triallyl
trimesate (TAM) and triallyl phosphate (TAP) were used as co-
agents, however, these tri-allylic co-agents had no obvious
effect on the grafting degree.

Diallyl phthalate (DAP) is a bi-functional monomer with
allylic structure. It is less toxic than St and relatively inexpen-
sive in comparison with tri-functional monomers, such as
TMPTA and TAM. To our knowledge, there is no public
report on bi-allylic co-agent application in MAH grafted PP.
In this work, DAP is used as a co-agent in the grafting process.
The effect of DAP on the grafting degree of MAH, melt flow
index (MFI) and thermal properties is analyzed. In addition,
we study the effectiveness of PP-g-MAH/DAP (PP grafted
with both MAH and DAP) as a compatibilizer for PP/recycled
PET (rPET) (80/20, w/w) blends.

Experimental
Materials

PP (K8003) was copolymer grade, supplied by Dushanzi
Petrochemical Co., Ltd., with MFT of 2.5 g/10 min (230 °C,
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2.16 kg). MAH was commercially available (analytical
grade). DAP and the free radical initiator dicumyl peroxide
(DCP) were obtained from Aladdin Reagent Co., Ltd., China.
rPET was waste bottle grade from Botou Jiaxin Chemical Co.,
Ltd.

Melt grafting

The PP (100 phr), DCP (0.2 to 1 wt.%), MAH (2 to 10 wt.%),
and DAP (the DAP/MAH molar ratios were 0.2, 0.3, 0.5, 0.8,
and 1, respectively.) were premixed in a high speed mixer. The
grafting reaction was conducted on a co-rotating twin-screw
extruder (SHJ-35, @ =21.7 mm, L/D=32, Nanjing Keya Co.,
Ltd.). The temperatures of barrels were 170 °C, 190 °C,
195 °C, 190 °C, and 190 °C. The feed screw and the main
screw speed were 15 and 30 rpm, respectively.

Blend preparation

The PP/PET (80/20, w/w) blends with different amounts of
PP-g-MAH/DAP were prepared on a co-rotating twin-screw
extruder. The temperatures from the hopper to the die were
200 °C, 250 °C, 255 °C, 250 °C, and 230 °C. The feed screw
and the main screw speeds were 30 and 100 rpm, respectively.
Before blending, PP, PP-g-MAH/DAP and rPET were dried in
a vacuum oven for 12 h at 80 °C, 120 °C and 140 °C,
respectively. The resulting products were cut into pellets, dried
at 120 °C for 12 h, and then injection molded in an injection-
molding machine (JN55-E, Zhenxiong Machinery Factory
Co., Ltd.). The procedures for preparing the blends are shown
in Fig. 1.

Fourier transform infrared spectroscopy (FTIR) analysis

The grafted PP was Soxhlet-extracted using hot xylene for
24 h to separate out the xylene-insolubles. Excess acetone
was then added to the xylene-soluble fraction to give a
soluble fraction containing unreacted monomer and co-
agent, while the insoluble fraction contained MAH grafted
PP. The precipitate was filtered, washed, and then dried in
a vacuum oven at 80 °C for 24 h. The purified sample was
then hot-pressed into thin films at 190 °C and analyzed by
FTIR (Nicolet 5700). The scan number was 32 and the
resolution was 4 cm .

The possible chemical reaction between PP-g-MAH/DAP
and the terminal groups of rPET was also characterized by
FTIR. The PPAPET/(PP-g-MAH/DAP) (80/20/10) blend was
Soxhlet-extracted using refluxing trifluoroacetic acid to ex-
tract the rPET phase. The insoluble fraction was dried and
then hot-pressed into a thin film at 190 °C.
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Fig. 1 Procedures for preparing DAP

the PP/rPET/(PP-g-MAH/DAP) PP+ MAH+DCP —mmmm > PP-g-MAH/D AP
blends: (1) melt grafting, (2)

blend preparation (1 )

PP+ rPET =——————— PP/PET/(PP-g-MAH/DAP)

Determination of the grafting degree of MAH

The grafting degree of MAH was determined by chemical
titration. About 0.5 g purified sample was dissolved in
100 mL of refluxing xylene. Then excessive potassium hy-
droxide (KOH) in ethanol solution was added to the cooled
xylene solution, and it was refluxed again for another 1 h.
Finally, the hot solution was titrated immediately with hydro-
chloric acid (HCI) in isopropanol solution with 1 % phenol-
phthalein as the indicator. The equation used to calculate the
acid number (4, mmol KOH/g) is

A= (C\V1—CyVy) /M (1)

where V| and ¥, represent the volumes (mL) of KOH solution
in ethanol and HCI solution in isopropanol, respectively. C;
and C, were the concentrations (mol/L) of KOH in ethanol
solution and HCl in isopropanol solution, respectively, and M
(g) is the mass of the purified samples. The grafting degree of
MAH (Gyap, Wt.%) is calculated as follows,

GMAH = 9.806 x (A_A())/z (2)

where 4, (mmol KOH/g) is the acid number of the purified
sample without addition of MAH.

MFI measurement

MFI was performed on a MFI equipment (RSY-1LH-90,
Shanghai Liwupu Instrument Co., Ltd.) at 230 °C with a load
of 2.16 kg according to the ASTM D1238 standard.

Morphology analysis

The morphologies of the blends were studied by scanning
electron microscopy (SEM, S-4800, Hitachi). The samples
were fractured in liquid nitrogen, and the fractured surfaces
were coated with a thin gold layer before testing. A mixed
solvent of phenol/1, 1, 2, 2, tetra chloroethane (60/40, w/w)
was used to extract the rPET phase [16, 38]. The particle size
distribution of the dispersed phase was analyzed by measuring
the diameter of an appropriate number of particles for each
sample by an image analysis program (Nano Measurer 1.2).

)

Differential scanning calorimetry (DSC) measurement

DSC measurements were conducted on a TA instrument
(2910C) used for analysis of thermal properties. The temper-
ature was calibrated with indium. About 8 to 12 mg of grafted
PP was accurately weighed. The sample was pre-heated from
25 to 200 °C, held for 2 min, then cooled to 25 °C, and
reheated to 200 °C at a constant cooling/heating rate of
10 °C/min. All operations were performed in nitrogen
atmosphere.

The uncompatibilized and compatibilized PP/rPET blends
were pre-heated from 25 to 280 °C, and held for 2 min, then
cooled to 25 °C, and reheated to 280 °C at a constant cooling/
heating rate of 10 °C/min.

Dynamic mechanical analysis (DMA)

DMA, conducted on a TA instrument (Q800), was employed
to study changes in glass transition temperatures (T,,) of the PP
and rPET phases in the uncompatibilized and compatibilized
blends. The three-point bending mode was chosen for analy-
sis. The specimens were heated from —50 to 150 °C at a
heating rate of 5 °C/min, and the testing was performed at a
vibration frequency of 1Hz.

PP

ras
1860 1789

PP-g-MAH m

Transmittance (%)

115

PP-g-MAH/DAP

A
1782 1727
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Fig. 2 FTIR spectra of pure PP, and MAH grafted PP without and with
DAP
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Mechanical analysis

Tensile and flexural tests were performed with a SANS univer-
sal testing machine (CMT 4204) in accordance with ISO 527
and ISO 178 standards, respectively. The notched impact
strength was tested by a Charpy tester (XCJ-4, Chengde Preci-
sion Testing Machine Co., Ltd) according to ISO 179 standard.

Results and discussion

Figure 2 displays the FTIR spectra of pure PP, PP-g-MAH
(Gmau=0.8 wt.%) and PP-g-MAH/DAP

(Gman=1.5 wt.%). New absorption bands at 1860 cm !

and 1789 cm ' found in PP-g-MAH without DAP, are
assigned to the absorption bands of the carbonyl groups
(C=0) of MAH. The absorption band at 1727 cm™' ob-
served in PP-g-MAH/DAP, is assigned to C=0 of DAP,
and the band at 1789 cm ' shifts to 1782 cm'. De
Roover et al. [39] assigned the band at 1790 cm ' to a
single succinic anhydride attached to the chain end of PP,
and the band at 1782 cm ' was attributed to polymaleic
anhydride or other forms of MAH. Bettini et al. [29] suggested
that the shift of C=0 was due to reaction between St and
MAH to form a branch on PP. In the present case, it implies
that a change appears in MAH neighboring groups because of
the incorporation of DAP.

Fig. 4 Effect of MAH content on 1.4 18
grafting degree and MFI value -o- Grafting degree (Wt%)
(DCP 0.5 wt.%) —e— MFI (g/10min) I
=15
& 124
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d:g 1.0 4
©
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.\
.
0.8 . . . 3
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Fig. 5 Effect of DAP/MAH 1.6
molar ratio on grafting degree and ° —o- Grafting degree (wt%) [ 35
MFTI value (DCP 0.5 wt.%, MAH o —e— MFI (g/10min)
6.0 wt.%) I
1.4 4 oy
= o i
E )
@ 124 L 21 ‘2
3 1.2 o) g
&0 e =
S o [ 2
50 —
£ -14 &
€ 10- \ =
G ) o -
e
\ -7
084 s |
T T T T . T T T T T 0
0.0 0.2 0.4 0.6 0.8 1.0

Effect of DCP content on the grafting degree and MFI

At a DAP/MAH molar ratio of 0.5 and MAH content of
4.0 wt.%, the effect of DCP content on the grafting degree
of MAH and MFTI value is shown in Fig. 3. With increasing
DCP concentration, the grafting degree first increases and then
decreases. The highest grafting degree of MAH is obtained
when DCP content is 0.5 wt.%. The MFI value of grafted PP
for the same series increases sharply when the amount of DCP
is higher than 0.5 wt.%, which means that a severe degrada-
tion of the PP backbone is induced. This suggests that an
appropriate amount of DCP is effective in improving the
grafting degree of MAH. However, when DCP content is
excessive, the grafting degree of MAH decreases because of
severe chain scission of PP. Similar results have been obtained
by other researchers [28, 40, 41].

Effect of MAH content on the grafting degree and MFI

At a DAP/MAH molar ratio of 0.5 and DCP content of
0.5 wt.%, the effect of MAH content on the grafting degree
and MFI value is given in Fig. 4. As MAH concentration
increases, the grafting degree of MAH also first increases and
then decreases. As MAH content increases, more MAH
monomer can react with the PP macroradicals, so the grafting
degree increases. With further increase in MAH content, DAP

Table 1 DSC data for pure PP, PP-g-MAH and PP-g-MAH/DAP

Sample T.(°C)  Tn(°C)  AH.(/g)  AHn(/g)
PP 117.0 166.9 86.7 —85.3
PP-g-MAH 1182 165.2 83.2 -82.1
PP-g-MAH/DAP 1218 166.4 82.6 -81.7

DAP/MAH molar ratio

content also increases. It suggests that MAH and DAP are
involved in competitive reactions, such as grafting or cross-
linking (xylene-insolubles were found in the grafted PP),
which leads to a lower grafting degree and MFI value. When
the DAP/MAH molar ratio is 0.5, DCP and MAH contents are
0.5 and 6.0 wt.%, respectively, the grafting degree is 1.3 wt.%.

Effect of DAP/MAH molar ratio on the grafting degree
and MFI

Figure 5 shows the grafting degree and MFI curves as a
function of DAP/MAH molar ratio, obtained at MAH content
0f 6.0 wt.% and DCP content of 0.5 wt.%. The introduction of
DAP improves the grafting degree. At a DAP/MAH molar
ratio of 0.3, the grafting degree reaches a maximum of
1.5 wt.%, which is an enhancement of 88 % compared with
the pure MAH system (0.8 wt.%). A furan derivative was used
as co-agent in MAH grafted PP to control degradation due to
its higher reactivity towards PP macroradicals with respect to
MAH [32]. Similarly, TMPTA-assisted MAH grafting onto
PP achieved high MAH grafting degree, attributing to high
reactivity of TMPTA to PP macroradicals and MAH [36]. In
the present work, the high reactivity of DAP is activated by
the initiator at high temperature [42], which means that DAP
can react with macroradicals to form stabilized radicals to
reduce chain scission and promote the grafting process. How-
ever, the grafting degree decreases above a DAP/MAH molar
ratio of 0.3. Insoluble gels form during the purification of
PP-g-MAH/DAP by xylene refluxing when the DAP/MAH
molar ratio is above 0.3, which hints more DAP may be
involved in competitive reactions, including grafting and
cross-linking. The MFTI of the grafted PP therefore decreases
with increasing DAP concentration. Sengupta et al. [37] also
found that the influence of chain scission on melt grafting
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Fig. 6 FTIR spectra of (a) PP-g-
MAH/DAP, (b) rPET and (c) PP/
rPET/(PP-g-MAH/DAP) (80/20/
10) blend after extracting the
rPET phase

Transmittance (%)

4l 730
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could be mitigated using TAP assisted cross-linking. A further
advantage of adopting DAP is that its polar ester group can
provide additional polarity as the target of grafted PP [36].

Thermal properties of grafted PP

The crystallization and melting behavior of pure PP, PP-g-
MAH (Gyan=0.8 wt.%) and PP-g-MAH/DAP (Gpan=
1.5 wt.%) were characterized by DSC to determine the crys-
tallization temperature (T.), melting temperature (T,,), crys-
tallization enthalpy (AH,.) and melting enthalpy (AH,,), as
summarized in Table 1.

The T, of grafted PP shifts to higher temperature,
which implies that the nucleation capacity is enhanced,

Fig. 7 SEM images of the PP/
rPET/(PP-g-MAH/DAP) blends
with composition (a) 80/20/0, (b)
80/20/2, (c) 80/20/5, (d) 80/20/
10, (e) 80/20/15

- N |
54800 10:0k\8°4mm x5.00RSE(M):
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ascribed to the nucleating capability of the grafted
groups. Similar results have also been reported by other
authors [18, 43]. Grafted PP has a lower T,, than that of
pure PP because grafting partially destroys the ordered
structure of the PP crystals [30, 37, 44]. Chain scission
of PP during grafting may also contribute to the decrease
in T, [30, 44]. Besides, the T,, of PP-g-MAH/DAP is
higher than that of PP-g-MAH. This may be explained
by the benzene ring and ester group in DAP restricting
the movement of PP chain. In addition, a decrease of the
melting and crystallization enthalpies is observed for
grafted PP, which implies a lower crystallinity due to
the presence of the grafted groups. Similar effects have
been observed by other researchers [18, 30].

\]l



J Polym Res (2015) 22: 35

Page 70f 12 35

Fig. 8 SEM images of the PP/
rPET/(PP-g-MAH/DAP) blends
after etching the rPET phase with
composition (a) 80/20/0, (b) 80/
20/2, (c) 80/20/5, (d) 80/20/10,
(e) 80/20/15

Chemical reaction between PP-g-MAH/DAP and rPET

FTIR spectra of PP-g-MAH/DAP, rPET and PP/rPET/
(PP-g-MAH/DAP) (80/20/10) blend after extracting the
rPET phase are given in Fig. 6. The absorption bands at
1720 em ', 1410 em™ !, 1260 ecm ™' and 730 cm ™! in

Fig. 9 Particle size distribution
histograms of the PP/rPET/(PP-g-
MAH/DAP) blends after etching
the rPET phase with composition
(a) 80/20/0, (b) 80/20/2, (c) 80/
20/5, (d) 80/20/10, (e) 80/20/15
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Fig. 10 DSC crystallization (a (a) (b)
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be hidden by the band at 1720 cm ' in the blend). The
existence of the characteristic peaks of rPET in the
blend after extracting the rPET phase indicates that a
copolymer PP-g-PET has been in-situ generated during
melting blending process owing to the chemical reaction
between PP-g-MAH/DAP and the terminal groups of
rPET [4].

Morphology

Figure 7 shows SEM micrographs of the uncompatibilized
and compatibilized PP/rPET (80/20) blends and Figs. 8 and9
display SEM images and particle size distribution histograms
of these blends with different PP-g-MAH/DAP contents after
etching the dispersed rPET phase, respectively.

In Figs. 7 and 8, without a compatibilizer, the PP/rPET
blend shows a dispersed rPET phase with irregular particle
sizes and shapes, caused by thermodynamical immiscibility of
PP and rPET. Poor interfacial adhesion is evidenced by the
lack of adhered rPET on the surface of PP phase.

Figure 9, the average particle sizes of PP/rPET blends with
0,2,5,10, and 15 wt.% PP-g-MAH/DAP are estimated to be
2.16, 1.48, 1.30, 1.03, and 0.92 um, respectively, and a more
uniform particle size distribution of the dispersed rPET phase
with increasing PP-g-MAH/DAP content is observed. It sug-
gests that the rPET particle sizes depend on the amount of
compatibilizer and that the interfacial adhesion is promoted
significantly by its incorporation.

It is well known that a compatibilizer can prevent coales-
cence and reduce the interfacial tension in the control of
morphology of a blend [21, 26, 45]. The uniformity of particle
size and the shape of the rPET phase caused by adding a
compatibilizer is believed to be the result of reduction of
coalescence due to steric stabilization by a compatibilizer.
The change of rPET particle sizes with different amounts of
compatibilizer is probably caused by the different extents of
interaction between the anhydride groups of MAH and the
hydroxyl groups or carboxyl groups of rPET [2, 4, 17, 22].
Moreover, in this case, PP-g-MAH/DAP has similar chemical
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properties to the rPET phase due to the presence of the ester
polar group of DAP in grafted PP, which may further enhance
the interaction between PP-g-MAH/DAP and rPET, decreas-
ing the interfacial tension at the PP-rPET interface.

Thermal properties of the blends

The effects of PP-g-MAH/DAP on the crystallization and
melting behaviours of PP/rPET blends were investigated.
DSC curves are given in Fig. 10 and DSC results for PP, rPET,
and PP/rPET/(PP-g-MAH/DAP) blends are summarized in
Table 2.

The T, and AH, of PP in the uncompatibilized PP/rPET
blend are higher than those of pure PP, indicating the hetero-
geneous nucleating effect of rPET matrix on the continuous
PP domain [4, 18]. In addition, the T. of rPET in the
uncompatibilized blend also moves to a higher temperature,
which means that the PP phase also affects the nucleation of
the rPET phase. Tao [4] found similar results in PP/rPET
blends.

As PP-g-MAH/DAP content increases, the T, of PP de-
creases, which is attributed to the interaction between PP-g-
MAH/DAP and rPET [4]. The AH, values of PP in the
compatibilized blends are hardly affected by the PP-g-MAH/
DAP content. However, a crystallization peak of rPET is not
found in the compatibilized blends, which is also ascribed to
the interaction between PP-g-MAH/DAP and rPET. Other
researchers also reported that the crystallization of PET in
the PET/PP blend was hindered by addition of SEBS-g-
MAH [20]. The T,, and AH,, of PP and rPET show no
obvious change after compatibilization, and are minimally
influenced by the PP-g-MAH/DAP content.

Possible shifts in the T, of the PP and rPET phases were
studied by DMA. The T, values of the PP and rPET phases in
different blends, determined from the peaks of tan & curves,
are shown in Fig. 11. The T, values of the PP phase hardly
change, and only small peaks are observed in these locations,
but the tan & peaks for the rPET phase are influenced signif-
icantly by addition of different compatibilizer contents. The
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Table 2 DSC results for PP, rPET, and PP/rPET/(PP-g-MAH/DAP) blends

PP/tPET/(PP-g-MAH/DAP) PP PET
T. (°C) T (°C) AH, (Vg)* AHy, (J/g) T, (°C) T (°C) AH, (J/g) AH, (J/g)
100/0/0 116.9 167.0 69.4 —68.2 , , , ,
80/20/0 122.7 167.5 75.7 723 207.4 2524 6.9 -5.1
80/20/2 120.2 167.1 75.6 729 / 2523 / 45
80/20/5 119.8 167.1 75.2 732 / 252.0 / -4.7
80/20/10 119.5 166.9 74.9 716 / 251.9 / 45
80/20/15 119.1 167.0 75.4 726 / 251.8 / 4.4
0/100/0 / / / / 192.3 2522 73 -79

* AH, and AH,,, were normalized by PP or rPET content

addition of 15 wt.% PP-g-MAH/DAP to the PP/rPET blend
shifts the tan & peak by 3.2 °C towards that of pure PP (9.0 °C).
This is an indication of enhanced compatibility between
PP and rPET phases induced by PP-g-MAH/DAP, which is
supported by the morphology characterization and the DSC
analysis. Heino et al. [23] also found a similar tan 6 peak shift
in the PP/PET/SEBS-g-MAH (80/20/5) blend.

Mechanical properties

The effects of PP-g-MAH/DAP on the tensile, flexural, and
impact properties of PP/rPET blends are given in Fig. 12. As
shown in Fig. 12a, blending the PP and rPET components
without a compatibilizer causes a very low elongation at break
because of the absence of interface adhesion. In comparison
with uncompatibilized PP/rPET blend, the tensile properties
of PP/rPET/(PP-g-MAH/DAP) blends show definite

improvement because the compatibilizer can enhance the
compatibility between two components [20, 22]. The tensile
strength and elongation at break of the ternary blends first
gradually increase with the increased PP-g-MAH/DAP con-
tent. Increasing PP-g-MAH/DAP content to 5 wt.%, the ten-
sile strength and elongation at break reach maximum values of
37.5 MPa and 242 %, which are improved by 12 and 171 %,
respectively, compared with the binary PP/rPET blend. How-
ever, exceeding the optimum amount of the compatibilizer,
the tensile properties start to decrease slightly. This behavior
may be attributed to the low tensile property of PP-g-MAH/
DAP itself. When compared with pure PP (33.0 MPa), the
tensile strengths of the ternary PP/rPET/(PP-g-MAH/DAP)
blends improve to different degrees (the largest improvement
is 14 %), whereas the elongations at break decrease due to
higher tensile strength of rPET and low elongation at break of
PP-g-MAH/DAP and rPET [17].

Fig. 11 Tan b curves of the PP/ 0.20
rPET blends with different
amounts of PP-g-MAH/DAP
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0.08
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Fig. 12 Mechanical properties of pure PP, PP/rPET, and PP/rPET/(PP-g-
MAH/DAP) blends. (a) Tensile property, (b) flexural property, (c)
notched impact strength

The flexural properties of PP/rPET/(PP-g-MAH/DAP)
show a similar trend to the tensile properties as previ-
ously mentioned, compared with the binary PP/rPET
blend. Fig. 12b illustrates that variation in the PP-g-
MAH/DAP content in the blends results in an increase
in flexural strength and flexural modulus, followed by a
slight reduction at concentrations above 5 wt.%. The

@ Springer

flexural properties of PP/rfPET blends with and without
a compatibilizer are higher than those of pure PP because
of the high flexural property of rPET. When the PP-g-
MAH/DAP content is 5 wt.%, the value of flexural
strength and flexural modulus are 43.9 MPa and
2078 MPa, which are improved by 27 and 35 %, respec-
tively, compared with pure PP.

The notched impact strengths of the ternary PP/rPET
blends are higher than that of the binary blend, as seen in
Fig. 12c. When the PP-g-MAH/DAP content is 15 wt.%,
the value of the notched impact strength is 14.0 kJ/m?,
improved by 82 % in comparison with the binary PP/rPET
blend. This is because that the dispersed rPET particles in
the ternary blends, uniformly distributed in the PP do-
main, are much smaller than those in the binary blend,
therefore, can absorb much impact energy [46]. The
notched impact strength increases with increasing PP-g-
MAH/DAP content, which is supported by the morphol-
ogy characterization, DSC and DMA analysis. However,
the notched impact strengths of the binary and ternary
blends are lower than that of pure PP, which may be
related to the low notched impact strength of rPET and
PP-g-MAH/DAP.

Conclusions

In this study, DAP is chosen as a co-agent for MAH grafted
PP. With addition of a suitable amount of the co-agent, the
grafting degree of MAH is significantly enhanced and the
MFI simultaneously reduced, which means the degree of
chain scission can be depressed. When the DCP and MAH
contents are 0.5 and 6.0 wt.%, respectively, and the DAP/
MAH molar ratio is 0.3, a maximum grafting degree of MAH
(1.5 wt.%) is obtained. Meanwhile, the T, of PP-g-MAH/DAP
is higher than that of pure PP, due to the nucleating capability
of the grafted groups.

The chemical reactions that take place between PP-g-
MAH/DAP and rPET cause a noticeable improvement of
adhesion at the PP-rPET interface, with better phase disper-
sion. In the binary PP/rPET blend, the T, values of PP and
rPET phases increase ascribed to the heterogeneous nucle-
ation effect on each other. In the compatibilized PP/rPET
blends, the decrease in the T, of PP phase compared with
the uncompatibilized PP/tPET blend, the disappearance of
the crystallization peak of rPET phase, and the shifts in the
T, of the rPET phase towards that of PP phase are the
further indications of improved adhesion at the PP-rPET
interface induced by PP-g-MAH/DAP. Furthermore, the
incorporation of PP-g-MAH/DAP in PP/rPET blends im-
proves the mechanical properties with respect to the
uncompatibilized PP/rPET blend.
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