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Abstract: The attapulgite (ATP) with unique one-dimensional rod-like structure was used to improve the mechanical and
crystallization properties of the recycled polypropylene (rPP). In order to increase the compatibility of the polar ATP and
the non-polar rPP, the maleic anhydride (MAH) was grafted onto the fischer-tropsch wax (FTW) then reacted with ATP
to prepare FATP. The tensile, flexural and impact strength of the composites were maximized at the FATP content was
3 wt%, increased by 13.09, 17.56, and 101.92% compared with rPP, and reaching the level of the PP. Due to the improved
compatibility, the mechanical properties of the rPP/FATP composites were increased compared with the rPP/ATP com-
posites at the same addition. Moreover, the differential scanning calorimetry (DSC) analysis proved that the addition of
the ATP or FATP improved the crystallization properties of the rPP. The crystallization temperature (7,) of the rPP, rPP/
3 wt% ATP, and rPP/3 wt% FATP was 126.31, 127.86, and 129.37 C, respectively. The non-isothermal and isothermal
crystallization kinetic results showed that the crystallization rate was increased with the addition of the ATP and FATP.
Meanwhile, by reason of the synergistic effect of compatibility improvement and internal lubrication, the crystallization
rate of the rPP/FATP composites was faster than the rPP/ATP composites. However, the ATP or FATP added in rPP had
no effect on the spherulites growth mode of the composites. Above all, the scanning electron micrographs (SEM) results
provided intuitive evidence which the compatibility between FATP and rPP was greatly improved.

Keywords: recycled polypropylene, attapulgite, fischer-tropsch wax, compatibility, properties.

Introduction

Polypropylene (PP) is characterized by excellent chemical
resistance, heat resistance and mechanical properties which has
lots of extensive applications in the automotive and aerospace
industries."”* Nevertheless, the limited biodegradability of the
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PP contributes to the escalating accumulation of waste which
leading to adverse environmental effect.’ Therefore, managing
PP waste is crucial to solve environmental problems which
include landfills, incineration and recycling.* Landfill may waste
valuable resources and cause land occupation, incineration
may produce toxic gases and cause pollution. Therefore, recycling
PP is the best way to solve sustainability and environmental
issues.”® According to distinct mechanisms, recycled PP (rPP)
can be categorized into mechanical recycling and chemical
recycling.” Compared with the intricate procedure involved in
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chemical recycling, mechanical recycling is easier to operate
and widely adopted method globally.””

However, the poor mechanical properties of the rPP obstruct
the use of the mechanical recycling.' This is because the molec-
ular chains of the rPP are broken during long-term use and
multiple processing. The scission chains diminish the presence
of ordered segments, leading to the decrease of the crystal-
lization properties of the rPP and subsequently resulting in the
reduction of the mechanical properties of the rPP."-'? Blending
modification has been widely used in industries to restore the
original properties of the rPP, this way refers to blending of
polymers with different properties to create high-property poly-
mers, and has advantages of simplicity and cost-effective-
ness."*!"* There are various additives to melt blending with rPP,
including elastomer,'® biomass fibers'® and inorganic particles."”
Among them, inorganic particles which have better heat resis-
tance, higher strength and lower price are extensively used for
blending with rPP."” This is because inorganic particles can
provide heterogeneous nucleation sites for rPP.'® Then crystals
initiate growth from these sites, reducing the time during ran-
dom movement of molecular chains to form critical nuclei,
increasing nucleation density, and improving the crystal struc-
ture of the rPP.”

As a kind of inorganic particles, attapulgite (ATP) has unique
one-dimensional rod-like structure which is widely used in
blending with pure PP** Wang et al*' prepared the PP/ATP
composites. The results showed that with increased ATP con-
tent, the spherulite size of composites decreased and the num-
ber increased. Therefore, the crystallization temperature (7},)
increased 5 C and the impact strength increased 70% com-
pared with pure PP. Chen et al.** found that the PP/4 wt% ATP
composites exhibited a notable increase in 7}, compared with
pure PP, the Young’s modulus increased by 812 MPa, and the
spherulite size of the composites decreased. In summary, there
is a rationale to explore the blending of the ATP and the rPP
which has the potential to yield promising results.
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Figure 1. Reaction diagram of the FATP.?
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However, the ATP with strong polarity and the non-polar
PP cause the poor compatibility of the rPP and ATP which may
affect modification effects.” Currently, there are lots of meth-
ods for improving the compatibility between polar particles and
non-polar polymers, including coupling agent treatment, add-
ing compatibilizers, and modification through reactions with
long-chain fatty acids.**”® Among them, coupling agent treat-
ment and adding compatibilizers have the advantage of sim-
plicity.** The long carbon chain can act as lubricant during
the crystallization process of the polymer.”® However, The cou-
pling agent can only treat the surface of inorganic particles, so
that the effect is limited. The main composition of the com-
patibilizers which is used in PP/inorganic particles composites
is polypropylene grafted with maleic anhydride (MAPP), but
during the preparation process, due to the large molecular weight
of the matrix polymer, there is a challenge to obtain higher
grafting ratio which may affect the modification effect. The
long-chain fatty acids have smaller molecular weight, resulting
in less effect compared with compatibilizers. In summary, it is
necessary to search a kind of long-chain acids with suitable
molecular chain lengths to modify ATP, then achieve the antic-
ipated improvement of the crystallization and mechanical prop-
erties of the rPP/ATP composites.

Fischer-tropsch wax (FTW) is a waxy substance composed
of Cy-Cg straight-chain saturated alkanes.”’ The FTW has inter-
nal lubrication properties and the carbon chain length is moderate,
thus exhibiting excellent effective in improving compatibility.*®
In our previous work, the maleic anhydride (MAH) was grafted
onto the FTW to obtain fischer-tropsch acid (MAFT) which
has acid value of 50 mg KOH/g. The ATP reacted with the MAFT
to prepare the FATP, thereby reducing the polarity of the ATP.
The FATP was greatly accelerating the crystal transformation
rate of the isotactic polybutene.”” The reaction diagram was
shown in Figure 1. Besides, the acid value of the MAPP is
about 20-30 mg KOH/g which is lower than that of MAFT.*

In this study, to improve the interface compatibility between

120°C
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ATP and rPP and use the internal lubrication effect of the MAFT,
the ATP was reaction with MAFT to obtain FATP. The ATP
and FATP were melting blending with rPP to prepare the rPP/
ATP composites. The interface compatibility between ATP and
rPP was observed by scanning electron microscopy (SEM). The
mechanical properties and the crystallization behavior of the
composites were determined in detail. Meanwhile, the crys-
tallization kinetic of the composites was calculated from the
Avrami equation.

Experimental

Feedstock Sources. The rPP (S1003) and PP (S1003) was
supplied by Sinopec Yanshan Company (China). The ATP was
purchased from Jiangsu Aotebang Nonmetal Co., Ltd. (China).
The synthesis of the FATP which the acid value was 50 mg
KOH/g acid has been documented in publications from our
previous work.”

Preparation of the rPP/ATP Composites. The formu-
lation of the rPP/ATP composites was shown in Table 1. The
samples were mixed with a high-speed mixer (Songqing Hard-
ware Factory, SL-500A, China). The mixed samples were extruded
and pelletized by a twin-screw extruder (Shanghai Xinshuo
Precision Machinery Co., Ltd. WLG10A, China). The standard
test specimens were molded by an injection machine (Shang-
hai Xinshuo Precision Machinery Co., Ltd. WZS10D, China)
with an injection pressure of 15.5 MPa and 180 C.

Mechanical Properties of the rPP/ATP Composites. The
tensile properties of the composites were assessed following
the specification of GB/T 1040-2006, utilizing universal test-
ing machine (Jiangsu Tianyuan Test Instrument Co., Ltd. TY-
8000A, China) at a speed of 5 mm/min. The flexural tests were
performed according to GB/T 9341-2008, utilizing universal
testing machine at a speed of 10 mm/min. Impact strength of
the composites was measured by impact tester (Jiangsu Tianyuan
Test Instrument Co., Ltd. TY-4021, China) with 5.5 J capacity at

Table 1. Formulation of the rPP/ATP Composites Table

Sample PP (wt%) ATP (wt%)  FATP (wt%)

rPP 100 - -
rPP/1 wt% ATP 99 1 -
rPP/3 wt% ATP 97 3 -
rPP/5 wt% ATP 95 5 -
rPP/1 wt% FATP 99 - 1
rPP/3 wt% FATP 97 - 3
rPP/5 wt% FATP 95 - 5

maximum pendulum height (150°) at room temperature accord-
ing to GB/T 1043.1-2008. Five samples were tested individually
and the average results were recorded.

Crystallization Behavior Characterization of the rPP/ATP
Composites. The crystallization behavior of the composites
was performed by DSC (Q1000, TA Instruments Inc., USA) in
a nitrogen atmosphere (50 mL/min). All the composites were
eliminated the thermal history from 30 to 210 C at 10 C/min
before testing. For the non-isothermal crystallization behavior,
the composites were cooled from 210 to 30 C at different heating
rate (10, 20, 30 C/min), then heated from 30 to 210 C at 10 C
/min. For the isothermal crystallization behavior, the composites
were cooled from 210 C to different temperatures (140, 143,
145 C), maintained the temperature for 35 min. then cooled
from different temperatures to 30 ‘C at 10 C/min.

SEM of the PP/ATP Composites. The compatibility between
ATP and rPP was investigated by SEM (S4800, Hitachi Ltd.,
Japan) at an accelerating voltage of 5kV.

Result and Discussion

Mechanical Properties of the rPP/ATP Composites.
Figure 2 illustrated the tensile properties of the composites at
different ATP addition. The composites demonstrated an initial
increase followed decrease tendency in tensile properties with
increased ATP or FATP addition. This was because the appro-
priate addition of the ATP or FATP can evenly distribute within
the rPP, thus improving the tensile properties of the composites.
However, the excessive addition of the ATP or FATP tended to
aggregate within the rPP due to the effect of intramolecular
hydrogen bonds. The aggregation affected the compatibility
between ATP and rPP, ultimately leading to the decrease of
tensile properties.’' The tensile strength and tensile modulus of
the composites reach peak values when the ATP or FATP con-
tent was 3 wt%. Compared with rPP, the rPP/3 wt% ATP com-
posite increased by 7.31% and 7.85%, while the rPP/3 wt%
FATP composite increased by 13.09% and 11.46%, effectively
match the properties of the PP. This was because the ATP can
act as heterogeneous nucleating agent, promoting the close pack-
ing of the composites molecular chains and thereby enhancing
the tensile properties of the composites.’ The MAFT can react
with -OH in ATP to produce FATP, reducing the molecular
polarity of the ATP and improving the compatibility between
ATP and rPP, thereby achieving better effects.™

Figure 3 depicted the flexural properties of the composites.
With increased ATP addition, the flexural properties demon-
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Figure 2. Tensile properties of the rPP/ATP composites: (a) tensile strength; (b) tensile modulus.
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Figure 3. Flexural properties of the rPP/ATP composites: (a) flexural strength; (b) flexural modulus.

Table 2. Non-isothermal Crystallization Kinetic Parameters of the rPP/ATP Composites

Sample @ 7, (C) AH (J/g) n logk, ti» (min)

10 129.54 81.79 3.85 0.3198 1.79

PP 20 126.76 80.99 3.33 2.2668 1.42

30 125.11 79.79 3.08 2.5821 1.04

10 126.31 53.59 3.61 -0.1239 2.23

rPP 20 123.05 52.30 3.68 1.8707 1.76

30 122.82 50.52 3.32 2.4929 1.32

10 127.86 50.90 3.85 0.2534 2.01

rPP/3 wt% ATP 20 125.29 48.26 3.67 1.9340 1.58
30 122.83 48.07 3.10 2.8864 1.21

10 129.37 49.24 3.56 0.5139 1.80

rPP/3 wt% FATP 20 125.59 48.06 3.87 2.2561 1.41
30 122.43 48.23 3.17 3.1862 1.05

strated a similar trend to the tensile properties, which was also flexural strength and flexural modulus of the composites attained

attributed to aggregation caused by ATP or FATP addition. The peak values when the ATP or FATP content was 3 wt%. Com-
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Figure 4. Impact strength of the rPP/ATP composites.

pared with PP, the rPP/3 wt% ATP composite increased by
10.42% and 23.54%, while the rPP/3 wt% FATP composite
increased by 17.56% and 35.32%, effectively matched the prop-
erties of the origin PP. This was because the ATP can refine the
crystal and reduce the crystal size of the rPP, thereby improv-
ing the rigidity of the composites.” The MAFT in FATP which
had molecular chains of moderate length can improve of com-
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patibility and resulted in stronger interface adhesion between
FATP and rPP, and that was the reason of the rPP/3 wt% ATP
composite had the maximum flexural properties.*

Figure 4 was shown the impact strength of the composites.
The trend in impact strength was similar to the tensile and flex-
ural properties which was also attributed to aggregation caused
by excessive ATP or FATP addition. At the ATP or FATP con-
tent was 3 wt%, the composites reached the maximum impact
strength. Compared with rPP, the rPP/3 wt% ATP composite
and the rPP/3 wt% FATP composite increased by 44.18% and
101.92%, respectively. This was because the ATP can improve
the boundary strength of the spherulites which consequently
improving the impact strength of the composites.> Moreover,
the MAFT with moderate carbon chain length can promote ATP
to disperse evenly in the rPP matrix.”*® Therefore, compared
with ATP, the FATP had better compatibility with the rPP which
had higher impact strength.

Non-Isothermal Crystallization Behavior of the rPP/ATP
Composites. The non-isothermal crystallization curves for
different composites were shown in Figure 5, and the data was
shown in Table 2. With increased cooling rates, the 7, of the
composites decreased. This was because rapidly changes of
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Figure 5. Non-isothermal crystallization curves of the rPP/ATP composites at different cooling rates: (a) PP; (b) rPP; (c) rPP/3 wt% ATP;

(d) rPP/3 Wt% FATP.
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temperature allow insufficient time for molecular chains to align
in ordered manner, thereby resulting in decrease in crystallization
properties.”’

It was evident from Figure 5 and Table 2 that under same
cooling rate, The T, of the composites increased with increased
addition, and when the ATP or FATP content was 3 wt%, the
composites had the highest 7,,. At the cooling rate of 10 ‘C/min,
The 7, value of the rPP, rPP/3 wt% ATP, and rPP/3 wt% FATP
were recorded as 126.31, 127.86, and 129.37 C, and the rPP/
3 wt% FATP composite can match the property of the PP. This
was because the ATP can provide nucleation sites for the com-
posites, promoting the ordered arrangement of the molecular
chains around ATP, thereby increasing the 7, of the compos-
ites.! The FAFT can uniform dispersion in the rPP matrix due
to good compatibility, and thereby the rPP/FATP had the high-
est 7,7

The relative crystallinity X(7) of the composites was given

by eq. (1):

T.-J. Zhao et al.

where dH/dT is the crystallization heat flow rate at tem-
perature 7, T, represents the temperature at the start of crys-
tallization, and 7., represents the temperature when crystallization
was completed.™

The data from Figure 5 was processed by eq. (1) and yielded
the X(7) versus temperature curves for different composites as
Figure 6 By applying eq. (2), the X(¢) vs. crystallization time
curves for different composites were obtained as Figure 7 and
the data was recorded in Table 2.

t=(T,-T)/d )

where the 7 is the crystallization time at temperature 7, and the
@ is the cooling rate.

It can be observed from Figure 7 and Table 2 that the half
crystallization time (#,,) of the composites decreased with
increased cooling rates. This was because rapid cooling caused
insufficient time for the molecular chains of the composites to
align in an ordered manner, initiating crystallization at lower
temperatures and reducing the nucleation time and accelerating

T (d Y .
X(T) =I (dij,)dT / J (d—I]_{)dT (1) the crystallization process.”’ The #,, of the rPP, tPP/3 wt% ATP,
T, T, o .
’ and rPP/3 wt% FATP at a rate of 10 C/min were recorded as
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Figure 6. Non-isothermal crystallization relative crystallinity versus temperature of the rPP/ATP composites: (a) PP; (b) rPP; (c) rPP/3 wt%

ATP; (d) rPP/3 wt% FATP.
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2.23 min, 2.01 min, and 1.80 min and the rPP/3 wt% FATP
composite can match the property of the PP. It can be demon-
strated that the ATP can act as heterogeneous nucleating agent
to reduce the time during random movement of molecular
chains to form critical nuclei and increase the crystallization
rate’” In addition, The MAFT in FATP can serve as internal
lubricant in the rPP matrix, accelerating molecular chain move-
ment, thereby further reducing the #,, of the composites.

The Avrami equation which is used to study the crystallization
kinetics of polymers is expressed as eq. (3):

log[-In(1-X(#))] =n log t+log k 3)

where X(7) is obtained from eq. (1) and (2), n is the Avrami
index, ¢ is the crystallization time and £ is the kinetic param-
eter.”’

The use of the Avrami equation for the study of non-iso-
thermal crystallization kinetics has deviations, therefore, it is of
great necessity to use the Jeziorny method to modify the Avrami
equation. Based on the Avrami equation, the Jeziorny method
can be employed to correct the & through ¢ by eq. (4) and

yielding the k. The log k. is the crystallization rate constant.

“4)

The data from Figure 7 was processed by eq. (3) and (4) and
yielded Figure 8, and the data from Figure 8 was recorded in
Table 2. The increased log k. indicated faster crystallization

log k.= (log k)/¢

rate of the composites. The log k. of different composites
increased with the cooling rate increased. Under the same cool-
ing rate, the log k. of the composites increased with increased
laddition, and the rPP/3 wt% FATP composites exhibited the
highest log k.. The above results supported the conclusion
derived from the #, of the composites.

The 7 is linked to nucleation mechanisms and crystal growth
patterns. The value represents the sum of the growth dimen-
sionality of crystals and the time dimensionality of nucleation
processes. When the growth dimensionality is 3, crystals exhibit
spherical growth. In the case of heterogeneous nucleation, the
time dimensionality is 0. The » of the rPP/ATP composites was
around 3, indicating that the composites grown in the form of
spherulites. This suggested that the ATP or FATP added in rPP

Polym. Korea, Vol. 48, No. 3, 2024
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had no effect on the spherulites growth mode of the composites.

Isothermal Crystallization Behavior of the rPP/ATP
Composites. The isothermal crystallization curves of the rPP/
ATP composites at different temperatures were depicted in
Figure 9. With decreased temperature, the crystallization peak
of the composites narrowed, which indicated that the time for
complete crystallization of the composites decreased. This was
because the extended time for molecular chain rearrangement
at lower temperatures and facilitating the formation of orderly
crystalline structure. Consequently, the result led to an improve-
ment in both the crystallization rate and the degree of the crys-
tallization.*

The data from Figure 9 processed by eq. (1) and yielded the
X(f) versus crystallization time curves for different composites
as Figure 10, and the date was resulted in Table 3.

The result demonstrated from Figure10 and Table 3 that under
identical isothermal crystallization temperature, the trend of
crystallization rate was as follows: rPP/3 wt% FATP <rPP/3 wt%
ATP <1PP. For example, at the temperature of 140 C, the ¢,
of the rPP, rPP/3 wt% ATP, and rPP/3 wt% FATP were 2.88 min,
2.73 min, and 2.38 min, and the rPP/3 wt% FATP composite
can match the property of the PP. This was because the ATP
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Table 3. Isothermal Crystallization Kinetic Parameters of the
rPP/ATP Composites

Sample T, (C) n logk. t» (min)

140 2.49 -3.056 2.37

PP 143 2.59 -5.3366 6.82

145 3.23 -7.9327 10.39

140 1.86 -2.3314 2.88

rPP 143 2.31 -4.9545 7.29

145 2.35 -6.0909 11.43

140 2.18 -3.1058 2.73

rPP/3 wt% ATP 143 243 -5.4041 7.15
145 2.67 -7.3507 11.28

140 2.73 -4.0430 2.38

rPP/3 wt% FATP 143 3.17 -7.6598 6.84
145 341 -8.6132 10.15

can reduce the time during the random movement of com-
posites molecular chain to form critical nuclei, thereby increas-
ing the isothermal crystallization rate. The MAFT in FATP can
serve as internal lubricant, promoting the random movement of
molecular chains, thereby further increasing the isothermal
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Figure 10. Isothermal crystallization relative crystallinity versus crystallization time of the rPP/ATP composites: (a) PP; (b) rPP; (c) rPP/3

Wt% ATP; (d) rPP/3 wt% FATP.
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Figure 11. Isothermal crystallization kinetics curves of the rPP/FATP composites: (a) PP; (b) rPP; (c) rPP/3 wt% ATP; (d) rPP/3 wt% FATP.

crystallization rate.”®

Plotted log[-In(1-X(#))]-log # according to eq. (3) and (4) yielded
Figure 11 and the data was recorded in Table 3. As the crys-
tallization temperature increased, the # slightly increased. This
was because higher crystallization temperatures resulting in
better crystals of the composites.

Furthermore, at the same crystallization temperature, the order
of n was as follows: rPP < rPP/3 wt% ATP <PP < rPP/3 wt%
FATP. The order corresponded to the trend of the log k.. The
result demonstrated that reducing the polarity of the ATP through
the MAFT improving the compatibility between ATP and rPP,

P 3

aggregation

Figure 12. SEM photograph of the rPP/ATP composites: (a) rPP/3
Wt%ATP; (b) tPP/3 wt% FATP.

Zav, A|489 A3, 20243

leading to improve the crystallization of the rPP and beyond
the level of the PP. The above results supported the conclusion
derived from the isothermal crystallization X(¢) versus crys-
tallization time of the composites.

Scanning Electron Microscopy Observations. Figure 12
showed the microstructure of the rPP/FATP composites. From
the SEM images, it can be observed that the ATP exhibited sig-
nificant aggregation within the rPP, indicating poor compat-
ibility between ATP and rPP, thereby affecting the modification
effect. The fracture surface of the rPP/3 wt% FATP composites
appeared smoother with a noticeable improvement in the aggre-
gation phenomenon. This suggested that the compatibility between
ATP and rPP was significantly improved, which was also the
fundamental reason for the superior crystallization and mechan-
ical properties of the rPP/3 wt% FATP composites compared to
the rPP/3 wt% ATP composites.

Conclusions

In this study, the ATP with unique one-dimensional rod-like
structure was used to improve the mechanical and crystallization
properties of the rPP. In order to increase the compatibility of
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the polar ATP and the non-polar rPP, the MAH was grafted onto
the FTW then reacted with ATP to prepare FATP. The rPP/ATP
composites were prepared through melting blending. The mechan-
ical properties demonstrated that the addition of the FATP
improved the mechanical properties of the composites. Com-
pared with rPP, the rPP/3 wt% FATP composites increased by
13.09%, 17.56%, and 101.92%, and reaching the level of the
PP. Due to the improved compatibility, the mechanical prop-
erties of the rPP/FATP composites were increased compared
with the rPP/ATP composites at the same addition. This was
because the ATP can act as heterogeneous nucleating agent to
promote the close packing of the composites molecular chains,
thereby enhancing the mechanical properties of the compos-
ites. The MAFT can improve the compatibility between ATP
and rPP and resulting ATP to disperse evenly within the rPP,
thereby achieving better effects. Moreover, the DSC analysis
proved that the addition of the ATP or FATP improved the
crystallization properties of the tPP. The 7, of the rPP, rPP/3
wt% ATP, and rPP/3 wt% FATP was 126.31, 127.86, and
129.37 C, respectively. The non-isothermal and isothermal
crystallization kinetic results showed that the crystallization
rate of the rPP was increased with the addition of the ATP and
FATP. Meanwhile, by reason of the synergistic effect of com-
patibility improvement and internal lubrication, the crystal-
lization rate of the rPP/FATP were faster than the rPP/ATP.
This was because the ATP can reduce the time during the ran-
dom movement of composites molecular chain to form critical
nuclei, thereby increasing crystallizaion properties. The MAFT
in FATP can serve as internal lubricant, promoting the random
movement of molecular chains, thereby further increasing the
crystallizaion properties. However, the ATP or FATP added in
rPP had no effect on the spherulites growth mode of the com-
posites. Above all, the SEM results provided intuitive evidence
which the compatibility between FATP and rPP was greatly
improved.
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