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Abstract: In order to overcome the challenge of synchronously strengthening and toughening
polypropylene (PP) with a low-cost and environmental technology, CaCOj3 (CC) nanoparticles are
modified by tartaric acid (TA), a kind of food-grade complexing agent, and used as nanofillers for the
first time. The evaluation of mechanical performance showed that, with 20 wt.% TA-modified CC
(TAMCC), the impact toughness and tensile strength of TAMCC /PP were 120% and 14% more than
those of neat PP, respectively. Even with 50 wt.% TAMCC, the impact toughness and tensile strength of
TAMCC /PP were still superior to those of neat PP, which is attributable to the improved compatibility
and dispersion of TAMCC in a PP matrix, and the better fluidity of TAMCC /PP nanocomposite.
The strengthening and toughening mechanism of TAMCC for PP involves interfacial debonding
between nanofillers and PP, and the decreased crystallinity of PP, but without the formation of 3-PP.
This article presents a new applicable method to modify CC inorganic fillers with a green modifier and
promote their dispersion in PP. The obtained PP nanocomposite simultaneously achieved enhanced
mechanical strength and impact toughness even with high content of nanofillers, highlighting bright
perspective in high-performance, economical, and eco-friendly polymer-inorganic nanocomposites.

Keywords: polypropylene; calcium carbonate; tartaric acid; modification; dispersion

1. Introduction

Polypropylene (PP), a thermoplastic polymerized by propylene monomer, has been
widely used in automobiles, appliances, packaging, and other fields [1,2], because of its
good chemical resistance, satisfactory heat resistance, electrical insulation, high mechanical
strength and wear resistance, etc. It also has favorable processability and can adapt to
conventional plastic processing technology, such as injection, extrusion, blow molding,
calendering, rotary molding, etc., and has become one of the most commercialized and
popular thermoplastics [3]. However, poor impact resistance has fairly hindered the further
application of PP [4].

In recent years, many studies and reports have conducted in-depth research on the
basic theory and application of polypropylene toughening. There are principally two
toughening methods for PP, blending rubber or elastomer, and adding inorganic rigid
particles with PP [5,6]. For the former, the blending of rubber or elastomer with PP can
significantly increase the toughness of PP, but at the same time, the modulus, strength, and
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hot deformation temperature of PP composites would inevitably decrease [5,7]. In com-
parison, the addition of inorganic rigid particles can not only considerably reduce the cost,
but also bring positive effects on the prepared composites, such as good heat resistance,
low shrinkage, good dimensional stability, and high stiffness [2,6]. More importantly,
the addition of nano-sized particles (namely, nanofillers) can achieve comprehensively
enhanced mechanical performance in nanocomposites. Thanks to mature manufacture
technology, low price, and abundant reserves, calcium carbonate (CaCO3) nanoparticles
are one of the most versatile and commercialized inorganic nanofillers for PP [8-12].

However, on account of high specific surface area and surface energy, CaCO3 nanofillers
highly tend to agglomerate in a polypropylene matrix and form stress-concentration
points, which can dramatically deteriorate the mechanical performance of the formed
nanocomposites [11,13]. In order to improve the dispersion of CaCO3 nanofillers in PP,
organic compounds (such as surfactants, coupling agents, and polymers) are used to modify
the surface of CaCOj3 nanofillers [14-17]. As a result, the surface energy and polarity,
as well as the surface chemical composition of CaCOj3 nanofillers, can be adjusted to be
similar to those of a PP matrix to improve their compatibility, wettability, and adhesion,
and the enhancement of mechanical performance for PP is achieved accordingly. For
instance, Zhao et al. employed dodecyl dihydrogen phosphate (DDP) to modify spherical
CaCOj3 nanofillers, and successfully changed the CaCOj3 nanofillers from hydrophilic to
lipophilic, which obviously improved the dispersion and mechanical properties of prepared
CaCO3 /PP nanocomposites [14]. Chan et al. modified CaCOj3 nanofillers with various
amounts of stearic acid to toughen PP. The results showed that the nanocomposites filled
with monolayer-coated CaCOs nanofillers had the best impact strength, owing to the
superior dispersion of the nanofillers in the PP matrix [15]. Similarly, Zaman et al. coated
CaCOjs nanofillers using pimelic acid, which was also beneficial to the dispersion of CaCOs3
nanofillers in the PP matrix, leading to improved toughness [16].

However, another important property, the mechanical strength (such as tensile or
flexural strength), is often in conflict with toughness in PP composites [17]. Up to now,
the reported works have almost suggested that, although the addition of various CaCOs3
nanofillers could contribute to the improvement in impact toughness, it caused the loss of
mechanical strength [8,18]. Furthermore, with the existing technological means, it is also
difficult to manufacture high-performance polymer nanocomposites with high loading of
inorganic particles, which is crucial for the application of structural or functional polymers
and the cost reduction of polymer nanocomposites.

In addition, the above modification methods of CaCO3 nanofillers are based on organic
modifiers that are harmful for the environment and human health, and should be avoided
as much as possible. Besides, there are some other modification methods associated
to coating polymers on CaCO3 nanoparticles, which commonly require sophisticated
synthesis containing multi-step reaction procedures, and lead to high production cost and
low production efficiency [19,20]. Furthermore, it is still challenging work to toughen
polypropylene with high loading of CaCOj3 nanofillers and without a negative effect on its
strength [21]. Therefore, from the perspective of economy, health, and performance, more
CaCO3 /PP nanocomposites with cost-effective manufacturing, environment friendliness,
and well-combined toughness and strength urgently need to be developed.

Our previous work has shown that organic modifiers with complexation ability can
improve the fluidity of inorganic nanoparticles and their interfacial bonding with a polymer
matrix, and are helpful for enhancing the mechanical performance of PP [22,23]. In the
present study, CaCOj3 nanoparticles (CC) were modified by tartaric acid (TA), a kind of food-
grade complexing agent, and used to enhance the mechanical performance of PP. As far as
we know, this was the first PP nanocomposite reinforced by tartaric acid-modified CaCO3
nanofillers (TAMCC). It is also noteworthy that the impact toughness and mechanical
strength of the nanocomposite were superior to those of neat PP even with the high addition
TAMCC (50 wt.%). Based on the characteristics of micromorphology, melting behavior, and
crystal structure, the toughening and strengthening mechanisms of the nanocomposite were
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studied. This study can provide an effective way and theoretical support for developing
low-cost, safe, and high-performance polypropylene nanocomposites.

2. Materials and Methods

Herein, in an effort to simultaneously strengthen and toughen polypropylene (PP)
by use of CaCO3 nanofillers, a green approach was employed. The overall research
approach can be described briefly as below (Figure 1). Step I, CaCOj3 nanofillers (CC)
were modified by tartaric acid (TA), a kind of food-grade complexing agent, under certain
reaction conditions. Step II, the TA-modified CC (TAMCC) was uniformly mixed with PP
pellets. Step 111, the mixture of PP and TAMCC was processed into granular TAMCC /PP
nanocomposite by means of the extrusion and pelletizing process via a twin-screw extruder.
Step IV, the specimens for mechanical tests were manufactured by injection process. Besides,
the measurement of mechanical performance, physical and chemical characterizations were
also performed to carry out studies of structure, properties, and relevant mechanisms.
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Figure 1. Schematic diagram of the overall research approach.

2.1. Materials

The polypropylene (PP) pellets with a trade mark of PPH-T03 were supplied by Jing-
men Branch of China Petrochemical Corporation (Jingmen, China). The CaCOj3 nanofillers
(CC) (with density of 2.7 g cm™ and average diameter of 25 nm) were supplied by Fos-
han Shunde Yufeng Powder Material Co. Ltd. (Foshan, China). The tartaric acid (TA),
namely, 2,3-dihydroxysuccinic acid, was purchased from Sinopharm Chemical Reagent
Co. Ltd. (Shanghai, China). All chemicals were of commercial grade and used without
further treatments.

2.2. Modification of CaCO3 Nanofillers

The CC (99.5 g) was dried at 80 °C for 4 h, and then mixed with 100 mL of absolute
ethanol in a glass flask to form slurry. TA (0.5 g) was dissolved into 10 mL of absolute
ethanol in another container, followed by adjusting pH value to 7 with dilute NaOH
solution. After the prepared slurry and TA solution were heated to 40 °C, the TA solution
was dropped into the slurry under stirring for 1 h. Subsequently, the mixture was poured
out and dried, and the products (tartaric acid-modified CaCOj3 nanofillers, TAMCC) were
obtained after the grinding treatment.
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2.3. Preparation of CaCO3/PP Nanocomposites

The TAMCC and PP were blended through the extrusion and pelletizing process
via a twin-screw extruder (L/D ratio = 32, screw diameter of 21.7 mm) (SHJ-20, Nan-
jing Giant Machinery Co., Ltd., Nanjing, China) under seven barrel temperatures of
200/205/210/215/225/220/200 °C, and then the granular CaCO3 /PP nanocomposites
were prepared. In the experiment, various samples with different weight percentages of
TAMCC in nanocomposites were prepared. In order to make comparison, the nanocom-
posites of unmodified CaCOj3 nanofillers and PP were also prepared. The samples of
nanocomposites of TAMCC and PP, nanocomposites of unmodified CaCOj3 nanofillers and
PP, and neat PP were represented as TAMCC/PP, CC/PP, and PP, respectively.

2.4. Measurement of Mechanical Performance

Dumbbell-shaped and rectangular bars were prepared as specimens for tensile and
flexural tests using the injection process on a vertical injection molding machine TY-400
(TAYU Machinery Co., Ltd., Hangzhou, China). The tensile tests (GB1040) were performed
on a TCS-2000 Universal Testing Machine at room temperature at a crosshead speed of
50 mm/min. In the flexural tests (GB9341), a three-point loading system was used, and
the support span length was adjusted to 60 mm. The crosshead speed was 2 mm/min. As
for the notched Izod impact experiments, a single-edge 45° V-shaped notch (tip radius of
0.25 mm and depth of 2 mm) was milled in the rectangular bars (the same as rectangular
bars for the flexural test). The impact strength measurement was performed according to
GB1843. All of the reported values were the average values of five individual measurements.

2.5. Characterization

The measurement of Fourier transform infrared spectroscopy (FTIR) was performed
on a Nicolet 6700 spectrometer (Thermo Fisher, Waltham, MA, USA) using the KBr pellet
technique in the range between 4000 and 500 cm™!. The melting behavior was studied by
differential scanning calorimetry (DSC) on an STA 409 PC/4/H Luxx apparatus (NETZSCH,
Selb, Germany) under a nitrogen atmosphere at a heating rate of 20 °C/min. The XRD
spectra were recorded on an X-ray diffractometer (D/MAX-RB, Rigaku, Tokyo, Japan)
employing Cu-Ka radiation (A = 0.15418 nm). The observation of micromorphology of
fracture surfaces of the Izod specimen was performed on the Field emission scanning
electron microscope (FE-SEM) (JSM-5900LV, JEOL, Tokyo, Japan) with an accelerating
voltage of 10 KV. The neat PP, CC/PP, and TAMCC/PP were hot melted and cast on the
glass slide to form films, respectively. The surface morphological features of the films were
measured using an atomic force microscope (AFM, NX-10, Park Systems Corp., Suwon,
Korea). The three-dimensional topographic images and average surface roughness (Ra) of
different samples were collected at a scan rate of 1.0 Hz for a scan size of 10 x 10 um? using
the accompanying software (XEI, ver 1.8.2. Build1, Park Systems Corp., Suwon, Korea). In
addition, phase images were also collected to evaluate the dispersions of inorganic fillers
in nanocomposites. The CC and TAMCC were pressed into tablets under high pressure of
20 MPa for 5 min, and the contact angles of water droplets on the samples were measured
on a contact angle meter (JC200D). The melt flow rate (MFR) was measured on an MFR
tester (SRZ-400D, Changchun Intelligent Instrument Equipment Co., Ltd., Changchun,
China) under a load of 2.16 kg at 210 °C.

3. Results

As described above, it is an effective approach to improve mechanical performance
by means of CC modified with organic compounds. However, for the modification of CC,
complicated synthetic processes or harmful ingredients are always needed. In the present
study, the TA (a kind of food additive) with low molecular weight of 150.09 g~mol‘1, and
two carboxyl and hydroxyl groups per molecule, was employed, and the CC was modified
via the facile process as shown in Figure 2a. In brief, the TA was firstly neutralized using
sodium hydroxide (NaOH), and then the neutralized TA solution was mixed with CC.
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By means of the strong interaction between TA and CC, for instance, hydrogen bonding
between -OH (TA) and C-O (CC), complexation between -COO™ (TA) and Ca (CC), the
modification was facilely fulfilled.
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Figure 2. (a) Schematic diagram of modification of CC by TA. (b) FTIR spectra of CaCOj3 nanofillers,
TA, and TMACC. (c) XPS spectra (Ca 2p 3/2 doublet) of CC and TMACC.

Figure 2b shows the FTIR spectra of CC, TA, and TAMCC. In the characteristic peaks
of CC, the bands located at 1400, 874 and 712 cm™! are attributable to the stretching, and
out-of-plane and in-plane bending vibrations of C-O, respectively [24]. The characteristic
peaks of TAMCC were nearly similar with those of CC, whereas two new bands at 3450
and 1800 cm™ appeared. These two peaks should be ascribed to the modification of TA,
corresponding to stretching vibrations of -OH and C=0, respectively [25]. It is noteworthy
that compared with neat TA and CC, the bands at 3450, 1800 and 1430 cm™! underwent
blue shifts in TAMCC, which should have been due to the formation of hydrogen bonding
between C-O and —OH, and complexation between carboxyl groups and Ca, as shown
schematically in Figure 2a. Moreover, the chemical interaction on the surface of CaCOj3
nanofillers can be further demonstrated via XPS spectrum (Figure 2c). It can be seen that
the bonding energy of the Ca 2p3/2 doublet for TMACC (344.53 eV) were higher than
that of neat CC (344.38 eV). The higher bonding energy in TMAC also corresponded to the
increased oxidation state of Ca caused by the complexation between carboxyl groups and
Ca, further demonstrating the successful modification of CC by TA [26,27].

Figure 3 shows the evaluation of the tensile and flexural properties of CC/PP and
TAMCC/PP. The tensile strength of neat PP was nearly 30 MPa, and it could be improved by
the addition of CC or TAMCC (Figure 3a). The reason behind this should have been that the
nano-sized CC could provide a large surface area to contact PP. For the CC/PP, it exhibited
the highest tensile strength with CC content of 10 wt.%. Nevertheless, the tensile strength
underwent considerable degradation if the CC content was higher than 10 wt.%, and the
tensile strength of CC/PP was completely lower than neat PP when the CC content was
higher than 30 wt.%. It may have been caused by the agglomeration of CC, which could
have brought stress concentrators in the PP matrix. For the TAMCC/PD, it showed fairly
higher tensile strength than neat PP and CC/PP. For instance, the TAMCC/PP achieved the
highest tensile strength of 34.4 MPa, superior to neat PP (30.0 MPa) and CC/PP (30.7 MPa).
Additionally, when the TAMCC content was as high as 50 wt.%, the tensile strength of
TAMCC/PP was still superior to that of neat PP. The similar result was also obtained
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in flexural strength evaluation (Figure 3b), further revealing the advantage of TAMCC.
In the case of flexural modulus, it could be seen that both CC and TAMCC could play
positive roles in the flexural modulus of nanocomposites, which rose with the increment
of the content of CC or TAMCC. It is noted that when the contents of nanofillers (CC
and TAMCC) were higher than 20 wt.%, with increasing nanofiller contents, the tensile
and flexural strengths declined, whereas the flexural modulus kept upgrading (Figure 3b).
This may have been on account of two reasons. Above all, the nanofillers with high
content would tend to agglomerate and form stress concentrators, and the tensile and
flexural strengths of nanocomposites were sensitive to the stress concentrators so as to
reduce. Besides, the flexural modulus was evaluated in the elastic deformation zone
under a relative low load, which was bearable for the adhesion at the interface between
nanofillers and PP even where the nanofillers were agglomerated. This is also consistent
with previous reported results. Zhang et al. found that Young’s modulus of polylactide
(PLA) significantly increased with the addition of organically modified montmorillonite
(MMT), while the tensile strength increased initially and then decreased if the addition
of MMT was higher than 5 wt.% [28]. Ghasemi et al. found that the addition of CaCO3
nanofillers into the blend of polypropylene and maleic anhydride-grafted polypropylene
(PP/MAPP) could improve tensile modulus by 26%, however, the tensile strength declined

by 13% [21].
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Figure 3. The tensile (a) and flexural (b) properties of CC/PP and TAMCC /PP with various contents of nanofillers.

The impact strength of CC/PP and TAMCC/PP versus the content of nanofillers is
plotted in Figure 4, which displays that both impact strengths of CC/PP and TAMCC /PP
were higher than that of neat PP, revealing the toughening effect of nanofillers, i.e., CC
and TAMCC. This improved toughness should be principally attributed to the interfacial
debonding between nanofillers and the PP matrix, as the same as the toughening mech-
anism of rubber using rigid nanofillers. In brief, the CC and TAMCC initially acted as
stress concentrators, and then they were subject to stress at the triaxial state. Subsequently,
the debonding arose at the interface between nanofillers and the PP matrix, followed by
the formation of voids surrounding the nanofillers. In the end, the voids facilitated the
release of stress and yielding of PP molecular chains, and shear yielding was achieved
and led to huge adsorption of energy upon fracture [29]. Afterwards, Chan et al. utilized
the high-molecular-weight PP to manifest another toughening mechanism, showing that
strong ligaments with high fracture stresses were beneficial to the stabilization of the crack-
initiation process and the following energy dissipation at crack-initiation stage, resulting
in high impact strength [30]. More importantly, it could be also found that the impact
strength of TAMCC /PP was greatly superior to that of CC/PP. For instance, comparing
with neat PP, the TAMCC/PP improved 120% in impact strength with an addition of
20 wt.% TAMCC, whereas the CC/PP increased only 12% with the same content of CC.
Furthermore, with increasing content of TAMCC up to 50 wt.%, the TAMCC/PP still
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retained high impact strength (76% higher than neat PP). However, the impact strength
of CC/PP with 50 wt.% CC dropped to a value lower than that of neat PP. To the best of
our understanding, this prominent toughening of TAMCC should be explained by its good
dispersion in the PP matrix.

74 I ccPp
< | [ TAMCC/PP

N w L) w
1 1 1 1

Izod impact strength (kJ

—_
1

o
|

0 10 20 30 40 50
Content of nanofillers (wt%)

Figure 4. The impact strength of CC/PP and TAMCC/PP with various contents of nanofillers.

In addition to interfacial debonding between nanofillers and PP, the degree of crys-
tallinity and the crystal form of PP also play crucial roles in the toughness of PP nanocom-
posites. Thumsorn et al. intensively studied the relationship between crystallization
features and mechanical properties of cockleshell-derived CaCOs (CS)-filled PP. The results
showed that the CS could distinctly promote the formation of 3-form PP, leading to im-
provement in rigidity and toughness of nanocomposites. In their comparative experiment,
stearic acid-treated CS would not generate the formation of 3-form PP, but could signifi-
cantly affect the nucleation process and therefore hindered crystallization [31]. Figure 5a
shows the DSC melting curves of neat PP, CC/PP, and TAMCC/PP (both CC/PP and
TAMCC/PP contain 20 wt.% nanofillers), from which the melting enthalpy (AHm) and
melting temperature (Tr,) could be collected. Furthermore, the degree of crystallinity (X)
can be calculated by Equation (1) [32]:

X =100% x AHm/(WAH,) 1)

where W is the weight fraction of PP in nanocomposites, 80 wt.%, and AH, is the melting
enthalpy of a perfect PP crystal, 207 J /g [33,34]. The data of AHp,, Try, and calculated X,
are shown in Table 1. It was found that all of AHy,, T, and X decreased in the order of
PP, CC/PP, and TAMCC/PP. This should be attributed to the blocking effect of nanofillers
on the PP molecular chain, which destroyed the regularity of the PP molecular chain. In
our opinion, the TAMCC possessed better dispersion in PP, thus resulting in more PP
molecular chains being hindered by this blocking effect, so the decrease in AHp,, T'rm, and
X. of TAMCC/PP was most obvious. This was also the reason contributing to higher
impact toughness in TAMCC/PP.
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Figure 5. (a) DSC melting curves of neat PP, CC/PP, and TAMCC/PP. (b) XRD patterns of neat PP, CC/PP, and TAMCC/PP.

Table 1. Comparison of T, AHp, and X, for neat PP, CC/PP, and TAMCC/PP.

Sample T (°O) AHp, (J/g) X (%)

Neat PP 165.632 71.656 34.285

CC/PP 164.971 63.587 24.339
TAMCC/PP 163.638 59.983 22.96

Furthermore, it could be also found that all of the DSC melting curves of neat PP,
CC/PP, and TAMCC/PP manifested only a single melting peak at the temperature higher
than 160 °C, which was the representative melting peak of x-PP, suggesting that the
addition of CC or TAMCC could not result in the formation of any other crystal types
in PP [31,35,36]. As is well known, PP can be categorized into three classes based on the
crystal form, i.e., the monoclinic, trigonal, and orthorhombic types, corresponding to «-,
(-, and y-PP, respectively. Due to the superior toughness and heat distortion temperature,
B-PP has been identified as the ideal choice for manufacturing high-performance PP
nanocomposites. Mai et al. prepared -PP nanocomposites using nano-CaCOj3 with f3-
nucleation (3-CC) as nanofillers. It could be found that a new melting peak at ~150 °C
belonging to 3-PP obviously arose on the DSC melting curve if the 3-CC was introduced.
Owing to the synergistic toughening effect of nano-CaCOj3 and 3-PP, the resultant 3-PP
nanocomposites achieved high impact strength and stiffness [37]. However, in the present
study, the DSC melting curves of CC/PP and TAMCC/PP did not show the melting peak
of 3-PP, indicating that CC and TAMCC could not toughen PP by the formation of 3-PP.
In order to confirm that 3-PP was not formed in CC/PP and TAMCC/PP, the XRD patterns
of neat PP, CC/PP, and TAMCC/PP were measured (Figure 5b). There were five peaks
at 20 = 14.5°,17.2°,18.8°, 21.2°, and 22.1° in the XRD pattern of neat PP, corresponding
to (110), (040), (130), (111), and (131) planes of x-PP, respectively [8,36,38]. It could be
found that both XRD patterns of CC/PP and TAMCC/PP were similar with that of neat
PP without showing the representative peaks of 3-PP, further verifying that both CC and
TAMCC could not toughen PP by the formation of 3-PP as described above.

The melt flow rate (MFR) is a crucial parameter for the processibility of polymeric
materials. Normally, for the same materials, the higher MFR value corresponds to the better
mobility and processibility. Table 2 shows the measured MFR for neat PP, CC/PP, and
TAMCC/PP (both CC/PP and TAMCC /PP contain 20 wt.% nanofillers). It could be seen
that the TAMCC/PP exhibited the highest MFR value among the three samples, implying
its superior mobility and processibility. It was also probably owing to the improved
dispersion of TAMCC in the PP matrix, which was beneficial to blocking the intermolecular
contact and friction of PP chains. In other words, TAMCC with good dispersion acted as
the lubricant in PP, leading to improved mobility and MFR of TAMCC/PP. In turn, better
mobility would also promote the dispersion of nanofillers, i.e., TAMCC.
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Table 2. Comparison of MFR for neat PP, CC/PP, and TAMCC/PP.

Sample Neat PP cc/ppP TAMCC/PP
MER (g-10 min~1) 2.18 2.12 2.38

To manifest the dispersion of nanofillers and fracture features of the prepared PP
nanocomposites, the micromorphologies of the impact fracture surface of CC/PP and
TAMCC/PP (both samples contained 20 wt.% nanofillers) were observed using FE-SEM.
Figure 6a shows that the impact fracture surface of CC/PP principally consisted of two
regions, the smooth matrix region and collection region of agglomerates (indicated by the
dotted ellipse), suggesting the poor dispersion of CC in the PP matrix. In the enlarged
SEM image (Figure 6b), it could be found that the fracture surface exhibited lots of large
agglomerates, which had inferior compatibility with the matrix and introduced a large
amount of cavity flaws and stress concentration points in the nanocomposite, as indicated
by the yellow arrows. By contrast, the impact fracture surface of TAMCC/PP displayed a
continuous and undulating morphology without uneven distribution (Figure 6c), revealing
the improved dispersion of TAMCC in PP. Figure 6d shows that matrix ligaments (indicated
by the red arrows) were formed, indicating that the matrix underwent plastic deformation,
and the energy generated by shear yield could be absorbed during impact fracture, so
that the toughness of TAMCC/PP was improved. Moreover, it was hard to find the
agglomerated nanoparticles on the fracture surface, further demonstrating the improved
dispersion and interface adhesion of TAMCC in PP. From the above observation and
comparison, it can be concluded that TA was an effective modifier to improve the dispersion
and interface adhesion of CC in the PP matrix, which was also confirmed in our related
experiments [22,23], so that the negative effect of stress concentration was tremendously
eliminated. As a result, a great improvement in both strength and toughness was achieved
for TAMCC/PP.

Figure 6. SEM images of impact fracture surfaces for CC/PP (a,b) and TAMCC/PP (c,d).
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Figure 7 shows the AFM images of neat PP, CC/PP, and TAMCC/PP. The three-
dimensional topographic images (Figure 7a—c) reveal that the neat PP exhibited the roughest
surface (with the highest Ra values of 12.1 nm). With addition of CC (20 wt.%), the surface
of CC/PP became smoother (Ra = 11.7 nm), because the nano-sized CC could fill the
gap between PP aggregates to form a smoother surface. The TAMCC/PP with 20 wt.%
TAMCC manifested the smoothest surface and the lowest Ra values (4.2 nm) among the
three samples, which should be attributed to the improved fluidity and dispersion of
TAMCC in the PP matrix. Meanwhile, the neat PP appeared uniform brown in the phase
image (Figure 7d). In the case of CC/PP and TAMCC/PP, there was not only the brown
matrix, but there were also aggregated long strips (Figure 7e) and scattered dots (Figure 7f),
respectively. Apparently, the scattered dots further demonstrate the improved dispersion
of TAMCC comparing with CC (aggregated long strips). Thus, the results of AFM were
well consistent with the observation of SEM.

Figure 7. Three-dimensional topographic images (a—c) and phase images (d—f) of neat PP (a,d), CC/PP (b,e), and

TAMCC/PP (c,f).

It is well known that the most commonly used organic modifier, e.g., stearic acid,
could lower surface polarity and improve their compatibility and dispersion in PP. In the
present study, the organic modification was also identified as an important contribution
of the improved compatibility and dispersion of TAMCC in PP. The surface polarities
of different samples were characterized using contact angles of water droplets on their
surfaces. Figure 8a,b show that the contact angles of water droplets on the TAMCC and
CC were 32° and 67°, respectively, revealing the better hydrophobicity, viz., lower polarity,
of TAMCC, which was greatly beneficial to the improvement in the compatibility and
dispersion of TAMCC in the nonpolar PP matrix.

It should also be noted that the TA containing two carboxyl and hydroxyl groups per
molecule belonged to strong polar organic compounds, and the TA modification could only
provide limited hydrophobicity for TAMCC. To the best of our knowledge, the superior
dispersion of TAMCC should also have originated from some other contributions besides
the improved compatibility. In the synthesis of TAMCC, the TA was firstly neutralized
using NaOH, and then the TAMCC was formed via a strong interaction, i.e., hydrogen
bonding and complexation, between TA and CC. Actually speaking, the CC particles were
coated by sodium tartrate instead of tartaric acid. Thus, the TAMCC exhibited a negative
outer surface, which would allow TAMCC with improved dispersion in the PP melt under
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the repulsive interaction in between negative nanofillers. However, in the case of CC, this
repulsive interaction was absent, and the nanofillers highly tended to agglomerate due
to high specific surface area and surface energy. The corresponding schematic diagram is
shown in Figure 8c,d.

(@) (b)

Figure 8. Comparison of the contact angles of water droplets on TAMCC (a) and CC (b); schematic
diagram of dispersion of CC (c¢) and TAMCC (d) in PP.

To quantitatively illustrate the influence of nanofillers” dispersion on mechanical
performance of PP nanocomposites, the relation between tensile strength and interfacial
interaction is characterized using Equation (2) [39]:

L— ¢

where oy and oy are yield stresses of the nanocomposite and polymer matrix; ¢f is the
volume fraction of inorganic filler, and; Boy is the parameter representing the interfacial
interaction between inorganic filler and the polymer matrix. Ordinarily, the better in-
terfacial interaction will lead to a higher Bsy value. Herein, the samples of CC/PP and
TAMCC/PP both containing 20 wt.% nanofillers are taken for example. Assuming that CC
and TAMCC possessed the same density, the volume fractions (¢¢) of CC and TAMCC in
nanocomposites were the same. The yield stress of the polymer matrix (cym) of CC/PP
was also equal to that of TAMCC/PP. Thus, the difference of yield stresses (cy) for CC/PP
and TAMCC/PP was just caused by the Byy value. As measured above, the tensile strength
of TAMCC/PP (34.4 MPa) was superior to that of CC/PP (30.7 MPa), when the content
of nanofiller was 20 wt.%. Given that, under the same testing conditions, higher tensile
strength corresponded to the larger yield stress, the TAMCC /PP possessed better interfacial
interaction than CC/PP obtained through Equation (2). To the best of our understanding,
the enhanced interfacial interaction in TAMCC/PP is attributable to improved dispersion
and compatibility as described above, which was beneficial for forming more interaction
points and stronger interaction forces between TAMCC and the PP matrix. However, for
CC/PP, due to poor dispersion and compatibility, there were lots of agglomerates and
cavity flaws (Figure 6), which could have impeded the interfacial interaction between CC
and the PP matrix, resulting in the unsatisfactory mechanical performance.
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4. Conclusions

In summary, nano-CaCOs was modified using a green modifier (TA) and used as
nanofillers to synchronously strengthen and toughen polypropylene. The successful mod-
ification was confirmed using FTIR and XPS spectra. The tensile, flexural, and impact
strengths were completely evaluated, and the results showed that enhanced strength and
toughness were simultaneously achieved in the obtained nanocomposites (TAMCC/PP).
For instance, when the content of nanofillers was 20 wt.%, the TAMCC/PP not only ex-
hibited obviously higher tensile strength (34.3 MPa) than neat PP (30.0 MPa), but also
improved impact strength by 120%. Furthermore, the mechanical strength and impact
toughness of TAMCC /PP with ultra-high content (50 wt.%) of nanofillers were still supe-
rior to those of neat PP. The measurements of DSC and XRD suggested that the toughening
mechanism was attributed to interfacial debonding and decreased crystallinity, but with-
out the formation of 3-PP. The measurement of MFR revealed that the MFR value of
TAMCC/PP (2.38) was higher than those of CC/PP (2.12) and neat PP (2.18), implying its
superior mobility and processibility among the three samples. Meanwhile, the observations
of FE-SEM and AFM demonstrated the compatibility and dispersion of TAMCC in the
PP matrix, which was considerably helpful for achieving high mechanical performance in
TAMCC /PP nanocomposites.

Overall, enhanced mechanical strength and impact toughness were simultaneously
achieved in the present TAMCC /PP nanocomposites even with high content (50 wt.%)
of nanofillers. Meanwhile, the high content of low-cost CaCOj3 nanofillers was benefi-
cial for cost reduction of PP nanocomposites, and food-grade modifier (TA) can help the
TAMCC/PP to be applied into the fields of food, medical and health industries, etc. There-
fore, owing to well-balanced strength and toughness, low-cost, and safety, the TAMCC /PP
shows great application potential in the field of high-performance polymer nanocomposites.

Author Contributions: Conceptualization, J.Y., Z.S., H.-H. (Huabo Huang), and C.X,; Investigation,
H.H. (Hanchao Hu), YW, L.G., and X.W,; Resources, X.J.; writing—original draft preparation, J.Y.,
L.G.; writing—review and editing, H.H. (Huabo Huang); supervision, C.X.; project administration,
J.Y. and H.H. (Huabo Huang). All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by State Major Research Program of China (Grant No. 2020YFF
0406126), National Natural Science Foundation of China (Grant No. 51602230), and Graduate
Innovation Fund of Wuhan Institute of Technology (Grant No. CX2020127).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank the Center of Analysis and Test of Wuhan Institute of Technology for
the SEM measurements.

Conflicts of Interest: The authors declare no conflict of interest.

1. Shubhra, Q.T.H.; Alam, A KM.M.; Quaiyyum, M.A. Mechanical properties of polypropylene composites: A review. J. Thermoplast.
Compos. Mater. 2013, 26, 362-391. [CrossRef]

2. Kumar, V;; Singh, A. Polypropylene clay nanocomposites. Rev. Chem. Eng. 2013, 29, 439-448. [CrossRef]

3. Mohebbi, A.; Mighri, F; Ajji, A.; Rodrigue, D. Current issues and challenges in polypropylene foaming: A review. Cell. Polym.
2015, 34, 299-337. [CrossRef]

4. Arencon, D.; Ignacio Velasco, J. Fracture toughness of polypropylene-based particulate composites. Materials 2009, 2, 2046—-2094.

[CrossRef]

5. Panda, B.P; Mohanty, S.; Nayak, S.K. Mechanism of toughening in rubber toughened polyolefin-a review. Polym. Plast. Technol. Eng.
2015, 54, 462-473. [CrossRef]
6. Chen, B.; Evans, ].R.G. Impact strength of polymer-clay nanocomposites. Soft Matter 2009, 5, 3572-3584. [CrossRef]


http://doi.org/10.1177/0892705711428659
http://doi.org/10.1515/revce-2013-0014
http://doi.org/10.1177/026248931503400602
http://doi.org/10.3390/ma2042046
http://doi.org/10.1080/03602559.2014.958777
http://doi.org/10.1039/b902073j

Nanomaterials 2021, 11, 2493 13 of 14

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

Lendvai, L. A novel preparation method of polypropylene/natural rubber blends with improved toughness. Polym. Int. 2021, 70,
298-307. [CrossRef]

Lin, Y.; Chen, H.; Chan, C.; Wu, J. High impact toughness polypropylene/CaCO3; nanocomposites and toughening mechanism.
Macromolecules 2008, 41, 9204-9213. [CrossRef]

Thenepalli, T,; Jun, A.Y.; Han, C.; Ramakrishna, C.; Ahn, ].W. A strategy of precipitated calcium carbonate (CaCO3) fillers for
enhancing the mechanical properties of polypropylene polymers. Korean . Chem. Eng. 2015, 32, 1009-1022. [CrossRef]

Lam, T.D.; Hoang, T.V,; Quang, D.T.; Kim, ].S. Effect of nanosized and surface-modified precipitated calcium carbonate on
properties of CaCOj3/polypropylene nanocomposites. Mater. Sci. Eng. A—Struct. Mater. Prop. Microstruct. Process. 2009, 501,
87-93. [CrossRef]

Chan, C.-M.; Wu, J.; Li, J.-X.; Cheung, Y.-T. Polypropylene/calcium carbonate nanocomposites. Polymer 2002, 43, 2981-2992.
[CrossRef]

Liang, ].-Z. Impact fracture toughness and flow properties of polypropylene composites. Polym. Test. 2017, 60, 381-387. [CrossRef]
Kiss, A.; Fekete, E.; Pukanszky, B. Aggregation of CaCOj particles in PP composites: Effect of surface coating. Compos. Sci. Technol.
2007, 67, 1574-1583. [CrossRef]

Zhao, L.-N.; Wang, ].-K.; Kong, Z.-G.; Wang, Z.-C. Preparation, characterization of hydrophobic spherical CaCOj3 particles and
influence on properties of polypropylene. Chem. J. Chin. Univ. 2012, 33, 2019-2024.

Lin, Y,; Chen, H.; Chan, C.-M.; Wu, ]. Effects of coating amount and particle concentration on the impact toughness of
polypropylene/CaCO3 nanocomposites. Eur. Polym. . 2011, 47, 294-304. [CrossRef]

Zaman, H.U.; Beg, M.D.H. Mechanical, thermal, and rheological properties of nano-calcium carbonate/polypropylene composites
modified by methacrylic acid. . Thermoplast. Compos. Mater. 2016, 29, 189-203. [CrossRef]

Sun, Y,; Fan, X.; Lu, X.; He, C. Overcome the conflict between strength and toughness in poly(lactide) nanocomposites through
tailoring matrix filler interface. Macromol. Rapid Commun. 2018, 40, 1800047. [CrossRef]

Hernandez, Y.; Lozano, T.; Morales-Cepeda, A.B.; Navarro-Pardo, F.; Angeles, M.E.; Morales-Zamudio, L.; Melo-Banda, J.A.;
Sanchez-Valdes, S.; Martinez-Colunga, G.; Rodriguez, F. Stearic acid as interface modifier and lubricant agent of the system:
Polypropylene/calcium carbonate nanoparticles. Polym. Eng. Sci. 2019, 59, E279-E285. [CrossRef]

Sheng, Y.; Zhu, D.; Wang, J.; Zhang, L.; Zhu, Z. Calcium carbonate surface coating modification and it’s effect on the mechanical
properties of filled polypropylene. Acta Polym. Sin. 2008, 8, 813-817. [CrossRef]

Chatterjee, A.; Mishra, S. Rheological, thermal and mechanical properties of nano-calcium carbonate (CaCOs)/poly(methyl
methacrylate) (PMMA) core-shell nanoparticles reinforced polypropylene (PP) composites. Macromol. Res. 2013, 21, 474-483.
[CrossRef]

Menbari, S.; Ghasemi, EA.; Ghasemi, I. Simultaneous improvement in the strength and toughness of polypropylene by incorpo-
rating hybrid graphene/CaCOj reinforcement. Polym. Test. 2016, 54, 281-287. [CrossRef]

Yao, J.; Xiong, C.; Dong, L.; Chen, C,; Lei, Y.; Chen, L,; Li, R.; Zhu, Q.; Liu, X. Enhancement of dielectric constant and piezoelectric
coefficient of ceramic—polymer composites by interface chelation. . Mater. Chem. 2009, 19, 2817-2821. [CrossRef]

Li, Q.; Dong, L.; Deng, W.; Zhu, Q.; Liu, Y.; Xiong, C. Solvent-free Fluids Based on Rhombohedral Nanoparticles of Calcium
Carbonate. J. Am. Chem. Soc. 2009, 131, 9148-9149. [CrossRef] [PubMed]

Zou, H.; Zhu, H.; Zhou, X.; Song, Y.; Zheng, K.; Shi, Z.; Sheng, Y. Facile surfactant- and template-free synthesis and luminescence
properties of needle-like calcite CaCOs: Eu®* phosphors. Crystengcomm 2018, 20, 496-504.

Fu, B,; Shen, Q.; Qian, W.; Zeng, Y.; Sun, X.; Hannig, M. Interfacial interaction of tartaric acid with hydroxyapatite and enamel.
J. Mater. Sci. Mater. Med. 2005, 16, 827-831. [CrossRef]

Ben-Azzouz, C.; Dentel, D.; Derivaz, M.; Bischoff, J.L.; Delaite, C.; Bistac, S. Grafting process of ethyltrimethoxysilane and
polyphosphoric acid on calcium carbonate surface. Appl. Surf. Sci. 2013, 264, 864-871.

Sun, S.; Ding, H.; Zha, Y.; Chen, W.; Xu, Z. Surface organic modification of CaCO3-TiO, composite pigment. Minerals 2019, 9, 112.
[CrossRef]

Jiang, L.; Zhang, J.; Wolcott, M.P. Comparison of polylactide/nano-sized calcium carbonate and polylactide/montmorillonite
composites: Reinforcing effects and toughening mechanisms. Polymer 2007, 48, 7632-7644. [CrossRef]

Zuiderduin, W.C.J. Toughening of polypropylene with calcium carbonate particles. Polymer 2003, 44, 261-275. [CrossRef]

Chen, H.; Chan, C.-M.; Wu, J. The toughening mechanism of polypropylene/calcium carbonate nanocomposites. Polymer 2010,
51,3277-3284.

Thumsorn, S.; Thavarungkul, N.; Wong-on, J.; Leong, Y.; Hamada, H. Crystallization, mechanical properties and thermal stability
of cockleshell-derived CaCOsj filled polypropylene. J. Polym. Res. 2016, 23, 224-230. [CrossRef]

Graziano, A ; Dias, O.; Garcia, C.; Jaffer, S.; Tjing, J.; Sain, M. Non-isothermal crystallization behavior and thermal properties of
polyethylene tuned by polypropylene and reinforced with reduced graphene oxide. Nanomaterials 2020, 10, 1428. [CrossRef]
Lu, Q.-C.; Dou, Q. Investigation of the microstructures, properties, and toughening mechanism of polypropylene/calcium
carbonate toughening masterbatch composites. J. Appl. Polym. Sci. 2017, 134, 45515-45530. [CrossRef]

Lu, Q.-C; Dou, Q. Investigation on microstructures, melting and crystallization behaviors, mechanical and processing properties
of beta-isotactic polypropylene /CaCOj3 toughening masterbatch composites. J. Polym. Res. 2017, 24, 206-220. [CrossRef]

Ding, Q.; Zhang, Z.; Wang, C.; Jiang, J.; Dai, X.; Mai, K. Preparation and characterization of wollastonite with a beta-nucleating
surface and its filled isotactic polypropylene composites. J. Mater. Sci. 2013, 48, 5225-5235. [CrossRef]


http://doi.org/10.1002/pi.6133
http://doi.org/10.1021/ma801095d
http://doi.org/10.1007/s11814-015-0057-3
http://doi.org/10.1016/j.msea.2008.09.060
http://doi.org/10.1016/S0032-3861(02)00120-9
http://doi.org/10.1016/j.polymertesting.2017.04.022
http://doi.org/10.1016/j.compscitech.2006.07.010
http://doi.org/10.1016/j.eurpolymj.2010.12.004
http://doi.org/10.1177/0892705713518791
http://doi.org/10.1002/marc.201800047
http://doi.org/10.1002/pen.25053
http://doi.org/10.3724/SP.J.1105.2008.00813
http://doi.org/10.1007/s13233-013-1049-y
http://doi.org/10.1016/j.polymertesting.2016.07.026
http://doi.org/10.1039/b819910h
http://doi.org/10.1021/ja902197v
http://www.ncbi.nlm.nih.gov/pubmed/19534465
http://doi.org/10.1007/s10856-005-3581-6
http://doi.org/10.3390/min9020112
http://doi.org/10.1016/j.polymer.2007.11.001
http://doi.org/10.1016/S0032-3861(02)00769-3
http://doi.org/10.1007/s10965-016-1119-x
http://doi.org/10.3390/nano10081428
http://doi.org/10.1002/app.45515
http://doi.org/10.1007/s10965-017-1375-4
http://doi.org/10.1007/s10853-013-7312-y

Nanomaterials 2021, 11, 2493 14 of 14

36.

37.

38.

39.

Ding, Q.; Zhang, Z.; Dai, X.; Li, M.; Mai, K. Effect of hybrid wollastonite with different nucleation and morphology on the
crystallization and mechanical properties of polypropylene. Polym. Compos. 2019, 40, E638-E646. [CrossRef]

Zhang, Z.; Wang, C.; Meng, Y.; Mai, K. Synergistic effects of toughening of nano-CaCO3 and toughness of beta-polypropylene.
Compos. Part A Appl. Sci. Manuf. 2012, 48, 189-197. [CrossRef]

Perez, E.; Alvarez, V.; Perez, C.].; Bernal, C. A comparative study of the effect of different rigid fillers on the fracture and failure
behavior of polypropylene based composites. Compos. Part B Eng. 2013, 52, 72-83. [CrossRef]

Xie, X.-L.; Tang, C.-Y.; Zhou, X.-P; Li, RK.-Y.; Yu, Z.-Z.; Zhang, Q.-X.; Mai, Y.-W. Enhanced interfacial adhesion between PPO and
glass beads in composites by surface modification of glass beads via in situ polymerization and copolymerization. Chem. Mater.
2004, 16, 133-138. [CrossRef]


http://doi.org/10.1002/pc.24925
http://doi.org/10.1016/j.compositesa.2011.10.008
http://doi.org/10.1016/j.compositesb.2013.03.035
http://doi.org/10.1021/cm034512z

	Introduction 
	Materials and Methods 
	Materials 
	Modification of CaCO3 Nanofillers 
	Preparation of CaCO3/PP Nanocomposites 
	Measurement of Mechanical Performance 
	Characterization 

	Results 
	Conclusions 
	References

