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ABSTRACT: Poly(lactic acid) (PLA)/nano zinc oxide/copper chlorophyll acid (CCA) antibacterial nanocomposites with excellent
mechanical properties were prepared in the presence of a chain extender named tolylene diisocyanate (TDI). The effect of the chain
extender on the PLA long chain was confirmed by the increased molecular weight shown in the mass flow rate and gel permeation
chromatography. Escherichia coli were adopted to examine the antibacterial ability of the blends. The effect of CCA is also discussed
with regard to the enhancement of the antibacterial effect of zinc oxide (ZnO) over E. coli. Scanning electron microscopy and trans-
mission electron microscopy were used to view the agglomeration and dispersion of ZnO in the PLA matrix. Differential scanning
calorimetry and thermogravimetric analysis revealed a relatively stable thermal performance of the nanocomposites with and without
TDI. A sharp increase in the mechanical properties was also observed after the addition of the chain extender under different process-
ing conditions. Additionally, we found that the nanocomposites with the incorporation of TDI and the masterbatches in batches
effectively improved the mechanical properties of PLA/ZnO/CCA without a sacrifice of the antibacterial effect. © 2014 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 2015, 132, 41561.
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INTRODUCTION

Biopolymers have received an increasingly essential attention in
recent years for their biocompatibility and biodegradability.
Among these, poly(lactic acid) (PLA) is the most promising
candidate for packing end-use applications because of its renew-
ability, high strength, and stiffness.'" However, some issues,
such as its insufficient toughness and low heat-distortion tem-
perature, limit further application of PLA.* To overcome these
drawbacks, copolymerization, blending, and filling techniques
are normally used to improve the properties of PLA.? Neverthe-
less, blending has attracted more attention due to its economy
and convenience in industrial production.

Nano zinc oxide, one kind of emerging multifunctional inorganic
nanoparticle with photocatalytic and antibacterial activities, has
been used as nanofillers for a lot of polymers to overcome their
shortcomings.” It is well known for its high photocatalytic activ-
ity under UV light irradiation but not under sunlight® As a
result, some modification could be used to improve the activity
under sunlight, enlarge the spectral response, and enhance the
utilization of sunlight energies.”® Copper chlorophyll acid (CCA)
with a structure of the porphyrin rings is the main substance
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used to absorb and transmit light energy during photosynthesis.
Because the top of the conduction band of zinc oxide (ZnO) is
lower than the energy level of the first excited state of CCA, there
may be an interface interaction between ZnO and CCA.>'® As a
result, CCA was adopted to improve the photocatalytic efficiency
and antibacterial activities of ZnO.

Our previous studies found that the addition of ZnO and CCA
significantly improved the antibacterial activities of the nano-
composites. However, the mechanical properties were sharply
reduced because of the degradation of PLA. It has been generally
believed that the use of a chain extender could effectively
increase the molecular weight and enhance the mechanical prop-
erties of polymers. Suitable chain extenders for polymers include
bis(2-oxazoline)s, diisocyanates, bisepoxides, and polycarbodii-
mide, among which, the high reactivity of tolylene diisocyanate
(TDI) has been studied and found to significantly enhance the
molecular weight of PLA in a short time and under a low tem-
perature.'" Chen et al.'* also found that the addition of metha-
cryloyloxyethyl isocyanate (MOI) with the functional group
isocyanate exhibited superior mechanical properties compared to
PLA alone. Therefore, in our study, TDI was introduced to
improve the mechanical properties of the nanocomposites.
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Sample Composition Procedure

P PLA PLA was extruded once.

P-T PLA/1.5 wt %TDI PLA and TDI were extruded simultaneously.

P=Z=C PLA/1.2% Zn0/0.4% CCA PLA and the antibacterial masterbatches were extruded
simultaneously.

p-z-C-T PLA/1.2% Zn0/0.4% CCA/1.5%TDI PLA, the antibacterial masterbatches, and TDI were
extruded simultaneously.

2P-T-Z-C PLA/1.2% Zn0/0.4% CCA/1.5%TDI PLA and TDI were prepared in the first extrusion, and the
antibacterial masterbatches was added in the second
extrusion.

2P-7-C-T PLA/1.2% Zn0/0.4% CCA/1.5%TDI PLA and the antibacterial masterbatches were prepared in

the first extrusion, and TDI was added in the second
extrusion.

The main objective of this study was to provide a simple but
effective way to improve the mechanical properties of PLA/
ZnO/CCA without any sacrifice of the antibacterial effect. The
effects of the chain extender on the properties of the blends in
different processing conditions during melt mixing were investi-
gated. The antibacterial activities, morphology, thermal proper-
ties, and mechanical properties of the PLA/ZnO/CCA/TDI
blends were also examined.

EXPERIMENTAL

Materials

The PLA used in this study was supplied by Kunshan HeZhi
Plastic Technology Co., Ltd. (Suzhou, China). The selected
grade, PLA 4032D, was a semicrystalline material in pellet form.
Nano-ZnO was purchased by Aladdin Chemistry Co., Ltd.
(Shanghai, China). The purity was 99.9%, and the particle size
was 30 = 10 nm. The sodium copper chlorophyllin was supplied
by Zhengzhou Renren Chemical Products Co., Ltd. (Zhengzhou,
China). TDI used as a chain extender was supplied by Sino-
pharm Chemical Reagent Co., Ltd.

Antibacterial Nanocomposite Preparation

Preparation of CCA. Hydrochloric acid was used to acidize the
sodium copper chlorophyllin (SCC) to improve the compatibil-
ity with the matrix. An amount of 3 g of SCC was dissolved in
900 mL of distilled H,O in the presence of 1 mL of hydrochlo-
ric acid in a 1-L round-bottom flask, and to dissolve it well,
several minutes of mechanical stirring was necessary. CCA was
finally achieved by vacuum suction filtration.

Antibacterial Masterbatches Preparation. Because of the
small particle size, high surface energy, and strong polarity
of ZnO make it difficult to disperse evenly in the matrix,
the method of solution blending was used to reduce the
agglomeration.

The mixture of ZnO and CCA were initially carried out by
ultrasound for 2 h in chloroform and then blended with parts
of dried poly(lactic acid) (P) together by mechanical stirring for
3 h. The antibacterial masterbatches were finally obtained by
precipitation and vacuum suction filtration until the chloroform
in the mixed solution was evaporated.
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Antibacterial Nanocomposite Preparation. At first, PLA and
7ZnO were dried at 70°C for 24 h, and CCA was dried at 55°C
for 24 h. To prepare the antibacterial nanocomposites, the anti-
bacterial masterbatches and the rest of PLA were evenly mixed
together (P-Z—C) in an RHR-10A high-speed mixer. The blends
were then extruded by a corotating twin-screw extruder from
Chemical Machinery Research Institute. The operating tempera-
tures of the extruder were set at 155, 165, 175, 170, 175, 170,
and 170°C (for the different zones from hopper to die). For the
sake of comparison, P and poly(lactic acid) containing only
1.5% toluene diisocyanate (P-T) were processed under condi-
tions similar to those discussed previously.

The sample of P-Z-C-T was adopted to examine the effect of
the chain extender on the mechanical properties. The 2P-T-Z—
C and 2P-Z-C-T samples (Table I) were prepared to investigate
the effects of the processing times and processing sequences on
the mechanical properties. The use of TDI was done according
to our previous study in which 1.5% TDI was found to achieve
the best mechanical properties. The specific strategies applied
previously are summarized in Table I. After each extruding pro-
cess, the composites were stretched into stripes in cold water
after they emerged from the extrusion die and then pelletized
and dried in an air-circulating oven at 55°C for at least 24 h.

To characterize the antibacterial activities, films with a thickness
of about 0.5 mm and an area of 4 X 4 cm® were obtained by
the molding of the dried composites pellets on a plate vulcaniz-
ing machine (the type was 600 X 600 X 2 of Qingdao Yaxing
Machinery Co., Ltd.).

Antibacterial Effect

To characterize the antibacterial effect of the P-Z—C—T blends,
Escherichia coli was used according to ISO 22196-2007. E. coli
were inoculated in the Luria—Bertani culture (1 g of trypton/
0.5 g of yeast extract/0.5 g of NaCl/100 mL of distilled H,O)
and incubated in an orbital shaker rotated at 50 rpm at 37°C
for 24 h under aerobic conditions. To ensure the quality of the
bacteria, the process was repeated twice. Subsequently, the bac-
teria was inoculated on the surface of the composite films in
the plate and covered with a PE film cut into 3 X 3 cm” square
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Table II. Antibacterial Activities of the Samples

Average colony-forming Antibacterial

Sample units (x10° cfu/piece) efficiency (%)
Colonies 4.564 0

P 3.843 15.8

P-T 3.362 26.3

pP-z-C 0.006 99.8
P-Z-C-T 0.029 99.4
2P-T-Z-C 0.037 99.2
2P-Z-C-T 0.045 99.0

pieces to prevent moisture from evaporating too fast and killing
the bacteria. The plates were incubated in visible light at 37°C
for 24 h. Finally, the bacteria cultivated well were diluted 10>
times by elution (0.8 g of NaCl/100 mL of distilled H,O) and
transferred to a solid medium (2 g of agar/1 g of trypton/0.5 g
of yeast extract/0.5 g of NaCl/100 mL of distilled H,O). The
solid medium containing bacteria was cultivated for at least 24
h in the incubator. The colony counts (cfu/piece) were calcu-
lated by multiplication of the number of colonies on the solid
medium after 24 h of incubation by its dilution ratio. The anti-
bacterial rate (R) was obtained by the calculation of the amount
of the bacteria:

R(%)=100(B—C)/B

where B is the colony count of the bacteria (cfu/piece) and C is
to the colony count of the sample.

Melt Mass Flow Rate (MFR)

MFR calculations were performed with a melt flow indexer
(RL-5 of Shanghai Sierda Scientific Instrument Co., Ltd.). The
execution standard was ISO 1133-1997, the temperature was set
at 190°C, and the weight was 1835 g.

Gel Permeation Chromatography (GPC)

The molecular weight of the nanocomposites was determined
by four Waters Styragel columns (HT 2, HT 3, HT 4, and HT
5), a Waters 1515 isocratic HPLC pump, and a Waters 2414 RI
detector. The blends were first dissolved in chloroform and then
mixed with THE Polystyrene standards were used for the
calibration.

Differential Scanning Calorimetry (DSC)

DSC tests were conducted by PerkinElmer Pyris Diamond DSC
under a nitrogen atmosphere. The samples about 3-7 mg were
cut off from the pellets, which were dried for at least 12 h at
50°C. The samples were heated at a rate of 10°C/min from 30
to 200°C, held at that temperature for 1 min, and then cooled
to 30°C before a second heating scan from 30 to 200°C at a
rate of 5°C/min.

Thermogravimetric Analysis (TGA)

TGA was used to test the thermal stability of the polymeric sys-
tem in a certain temperature region. The 3-5-mg pelletized
samples were dried in an air-circulating oven at 55°C for at
least 24 h. The initial operating temperature was 30°C, and the
final temperature was 420°C. The heating rate was 10°C/min.
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TGA and derivative thermogravimetry (DTG) were observed in
the study.

Transmission Electron Microscopy (TEM)

TEM of Tecnai G* 20 S-TWIN of FEI Co. was used at an accel-
erator voltage of 200 kV. The samples, with a thickness of about
50-100 nm, were cut by ultramicrotome at room temperature.

Scanning Electron Microscopy (SEM)

SEM was used to characterize the phase morphology of the
samples by JEM-7500F from JEOL Co. (Japan). The samples
were obtained from the cross section of the specimen in the
tensile test.

Mechanical Properties

The mechanical properties consist of the tensile properties,
impact properties, and bending properties. The dumbbell-
shaped specimens were obtained by injection with dimensions
of 172 mm in length, 10 mm in width, and 4 mm in thickness
of the parallel portion according to ISO 527-2-1993. The tensile
test was done with a CMT 5104 instrument of Shenzhen SANS
Co., Ltd., at a speed of 20 mm/min. The dimensions of the
bending tests were 80.0 X 10.0 X 4.0 mm® (Length X Width X
Thickness). Meanwhile, the speed of the test was 2 mm/min.
The Izod impact tests were measured according to ISO 179-1-
2001 by a XJU-22 machine from Chengde Testing Machine Fac-
tory. All of the values were obtained at room temperature by
the averaging of over seven specimens for each processing
condition.

RESULTS AND DISCUSSION

Antibacterial Activities

The antibacterial activities of the different composite films were
measured by a conventional plate count method."” An antibac-
terial plastic was reported to have a strong antibacterial effect
only in the condition in which its R reached up to 99%,
whereas when R reached up to 90%, it was reported to have an
antibacterial effect according to the international standard of
antimicrobial plastics shown previously.

As explained in Table IT and Figure 1, no noticeable reduction
in the E. coli colony was observed in the PLA film compared
with the pure colony; this indicated that PLA had no antibacte-
rial effect on E. coli. The result was same as that after the addi-
tion of TDL

However, an obvious reduction in the colonies was observed in
the nanocomposites containing ZnO/CCA. The antibacterial
mechanism of the nanocomposites was mainly attributed to the
ability of ZnO to catalyze the photooxidation of polymers. Spe-
cifically, the quantity of reactive oxygen species (ROS; -OH,
'0,, O;) production in the course of photocatalysis determines
the antibacterial effect.'* After illumination, ZnO absorbs pho-
tons with energy equal or higher than its band gap energy. It
leads to the formation of electron-hole pairs in which an elec-
tron is excited to the conduction band; this leaves a positive
hole in the valence band. The electron can reduce molecular
oxygen to superoxide anions (O, s), which can be transformed
to singlet oxygens ('O,s). The hole can oxidize water and
hydroxyl to hydroxyl radicals (-OHs). The three types of ROSs
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Figure 1. Antibacterial activity of (A) P, (B) P-T, (C) P-Z-C, (D) P-Z-C-T, (E) 2P-Z-C-T, and (F) 2P-T-Z-C. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

may simultaneously contribute to antibacterial action.'?
Although the wide band gap of ZnO makes it require more
energy to excite the electrons, CCA containing porphyrin rings
with two conjugated double bonds can absorb and transmit
light energy during photosynthesis. Because the top of the con-
duction band of ZnO was lower than the energy level of the
first excited states of CCA, there were some interactions
between ZnO and CCA.’ It was confirmed by Fourier transform
infrared and ultraviolet—visible spectroscopy in our previous
studies,'® in which we reported that the interaction made the
visible region absorption of ZnO/CCA broader. According to

(A) (B
_ T R

Figure 1(3), the composite film of P-Z-C showed a strong anti-
bacterial effect of up to 99.8% against E. coli with only 75.7%
PLA/ZnO under the same conditions as used in our previous
study.'®

A slight reduction of R was observed after the addition of TD],
as shown in Figure 1(4). It was reasonably attributable to the
incorporation of TDI; this decreased the number of the surface
hydroxyl of ZnO. This led to a decrease in the photocarrier
(electron-hole pairs) separation efficiency and an increase in the
recombination probability of electrons and holes.'” The changes

(©)

Figure 2. TEM micrographs of (A) P-Z-C, (B) P-Z-C-T, and (C) 2P-Z-C-T.
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(C)

Figure 3. SEM micrographs of (A) P-Z-C, (B) P-Z-C-T, and (C) 2P-Z-C-T.

slightly decreased the ROS generation concentration and
decreased the antibacterial activities.

Morphology

TEM micrographs of the blends with and without TDI with dif-
ferent incorporation methods are shown in Figure 2. The dark
spots represent ZnO particles, and the gray areas corresponded
to the PLA matrix. CCA could not be seen from the micro-
graphs because of its low molecular weight.'"® The TEM images
were measured at different magnifications, which characterized
the distribution and the degree of ZnO aggregation in the PLA
matrix. Obviously, the blends without TDI revealed a fairly uni-
form distribution and less aggregation. However, when TDI and
the masterbatches were incorporated simultaneously to the PLA
matrix, ZnO dispersion became deteriorated, and the aggrega-
tion was aggravated. This phenomenon was mainly attributed to
competing effects.” The isocyanate groups of the chain extender
could react with both the hydroxyl groups of the PLA and the
hydroxyl groups on the surface of ZnO. This led to the poor
dispersion of ZnO in the PLA matrix."” Meanwhile, when PLA
and TDI were blended first, the excessive addition of TDI were
consumed by not only the hydroxyl end groups but also by the
carboxyl end groups of PLA."" Consequently, no more reactions
were carried out between the PLA chains and ZnO particles;
also, the reaction between PLA and excessive TDI further
decreased the mechanical properties through the formation of
crosslinking and a branch structure.'® To improve the distribu-
tion of ZnO and reduce the degree of ZnO aggregation, a
hypothesis is proposed that parts of carboxyl end groups of
PLA were bonded with the hydroxyl groups of ZnO by the
ester group® at first; then, the remaining hydroxyl groups of
PLA reacted with TDL'' This decreased the agglomeration
degree of ZnO and enhanced the compatibility between ZnO
and PLA.*®*' This exactly conformed to the results of the
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incorporation of TDI and the masterbatches in batches, as
shown in Figure 2(C). Nevertheless, further analysis was needed
to determine the specific reason.

Figure 3 shows the fractured cross sections of P—Z-C without
and with TDI with different incorporated methods after stretch-
ing. The micrographs of the nanocomposites without TDI
revealed a fairly smooth fracture surface of the dispersion phase
with brittle deformation in Figure 3(A). This indicated bad
interfacial interaction between the PLA matrix and ZnO. Inter-
facial debonding without perceptible plastic deformation* was
observed, as shown in Figure 3(B); this led to the formation of
worse interfacial interaction. When TDI and the masterbatches
were added to the blends in batches, the plastic deformation of
the PLA matrix was clearly observed, as shown in Figure 3(C).

16.54
15.04
1354
12.04
1054
9.04
7.5
6.04
4.54
3.04

1.5 d—v

Melt mass flow rate(g(10 min)")

P

P-T 4
P-Z-C 1
P-Z-C-T
2P-T-Z-C1
2P-Z-C-H

Figure 4. MFR results of the P, P-T, and blends. The test temperature was
190°C.
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Table III. Molecular Weight Analyses of the Samples by GPC

WILEYONLINELIBRARY.COM/APP

Applied Polymer

Number-average

Weight-average molecular

Sample molecular weight (Da) weight (Da) Polydispersity
P 130,797 201,009 1.537
P-T 133,280 218,480 1.639
pP-zZ-C 102,916 164,477 1.598
pP-Z-C-T 109,441 175,329 1.602
2P-T-Z-C 111,486 175,718 1.548
2P-7-C-T 107,141 170,149 1.514

As shown, small black cavities and crazes appeared, and the
stress whitening layers were larger. This indicated the formation
of better interfacial interaction between the PLA matrix and
ZnO. In the course of stretching, aggregates of ZnO may have
acted as sites of local stress concentration; these sites were capa-
ble of triggering cavities and crazes and released the strain con-
straint and led to the relaxation of the stress concentration.*>**
This increased the toughness of the blends [Figure 3(C)].
On the contrary, when the crazes were not constrained by
the interfacial effects, a rapid growth of cracks appeared and
finally developed to crack fractures [Figure 3(B)]. This explana-
tion was consistent with the mechanical properties of the
nanocomposites.

Mechanical Properties

It is well known that one of the limitations of PLA toward
wider industrial applications is its thermal and mechanical deg-
radation during processing.”> The degradation from PLA com-

posites should be responsible for the reduction of its

mechanical properties. Bitinis”> evaluated the degradation of
PLA by viscosity measurements and found a viscosity decrease
of nearly four times and a reduction of the molecular weight of
about 30% due to the chain scission process at 160°C for 15
min. Similar results were also found by other authors.*® To eval-
uate the influence of the thermal degradation and mechanical
degradation on the mechanical properties of PLA, MFR and
GPC were adopted, and the results are shown in Figure 4 and
Table III, respectively. Low MFR values indicated a higher vis-
cosity value, higher molecular weight, and less degradation dur-
ing the process.”’ The MFR values of the blends with and
without TDI were investigated as follows.

As shown in Figure 4 and Table III, the MFR values of the PLA
decreased slightly after the incorporation of 1.5% TDI; this
indicated an increase in the viscosity values and a reduction of
degradation. Although the MFR value of P-Z-C was up to
16.3 g (10 min) " '; this indicated an obvious viscosity decrease
of almost 3.5 times and a reduction in the molecular weight of
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Figure 5. Mechanical properties of the P, P-T, and blends: (A) tensile strength, (B) strain at break, (C) bending strength, and (D) impact strength.
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Figure 6. (A) T, curves, (B) T, curves of the samples of the P, P-T, and blends. [Color figure can be viewed in the online issue, which is available at
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nearly 21% compared with PLA. This result was mainly attrib-
uted to the degradation of the composites caused by the ZnO,
CCA, processing conditions, high temperature, and shear force
during melt processing. ZnO initiated the breakdown of organic
molecules by its photocatalytic ability. CCA accelerated the deg-
radation of PLA and reduced its molecular weight by the hydro-
lysis of ester bonds. With the addition of TDI, the MFR values
of the blends decreased by almost half, and the molecular
weight increased by more than 6%. It was mainly because TDI
retarded the degradation by the formation of high molecular
chains.

Figure 5 shows the effects of TDI and different incorporation
methods on the mechanical properties of the nanocomposites.
PLA is a brittle and rigid polymer with a high tensile strength
of 69.8 MPa and a very low strain at break of only 3%. It breaks
without necking and shows brittle fracture; this was confirmed
by the results of SEM micrographs.'® The addition of TDI to
the PLA matrix improved the molecular weight and led to an
obvious increase in the bonding strength. This was in good
agreement with previous studies,”® which reported that the
addition of methacryloyloxyethyl isocyanate improved the
mechanical properties of PLA.

From the MFR results, we observed that the blends without
TDI suffered adverse thermal degradation and mechanical
degradation; this led to a sharp decrease in the mechanical
properties with respect to the blends with TDI. After the
addition of TDI to P-Z-C, marked increases in the tensile
strength, strain at break, impact strength, and bending
strength of 38.1, 33.8, 28.0, and 56.5%, respectively, were
observed.

Table IV. Thermal Parameters of the Samples

However, an increase in the agglomerated ZnO and worse interfa-
cial interaction between the PLA matrix and ZnO were observed
from TEM and SEM with respect to the blends without TDI.
Najafi et al.® reported that the strain at break was sensitive to the
dispersion of the blends, and the simultaneous incorporation of
clay and Joncryl into the PLA matrix decreased the clay dispersion
so that clay aggregates appeared. Taguet et al.* also observed that
the elongation at break was directly linked to the state of the inter-
face. Another study by Pongtanayut et al.*® revealed that the elon-
gate was greatly dependent on the dispersion and size distribution
of the rubber particles in the PLA matrix. The strain at break of
the blends with the incorporation of TDI and the masterbatches
in batches was higher than that with the simultaneous incorpora-
tion by 67.0%. The incorporation in batches effectively decreased
the ZnO agglomeration and increased the degree of uniform dis-
persion; this promoted the formation of a larger interfacial area
and better interfacial interaction between the matrix and additives
and led to an increase in the stress transfer from the PLA matrix
to the inorganic phase and finally increased the tensile strength
and bending strength.’" The reduction in ZnO agglomeration also
decreased the degree of interfacial debonding and craze density
and led to an increase in the toughness.

Generally speaking, great increases in the tensile strength, strain
at break, impact strength, and bending strength of 27.2, 67.0,
18.7, and 35.5%, respectively, were observed in the incorpora-
tion in batches compared with the simultaneous incorporation
of the masterbatches and TDL

Thermal Properties
DSC thermograms of the nanocomposites, obtained from the
second heating run, are shown in Figure 6. The associated

Sample Ty Q) T. (°C) T, (°C) AH,, (J/g) X (%)
PLA 65.0 102.2 169.0 18.9 20.2
PLA-TDI 66.8 108.9 168.6 14.4 15.5
PLA-Z-C 65.5 104.1 168.7 23.6 25.4
pP-Z-C-T 67.0 102.1 167.2 24.0 25.8
2P-T-Z-C 67.4 101.7 167.3 20.1 21.6
2P-Z-C-T 67.1 100.4 167.4 20.7 22.3
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Figure 7. (A) Thermogravimetry and (B) DTG results of the P, P-T, and blends. [Color figure can be viewed in the online issue, which is available at
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thermal parameters, such as the glass-transition temperature
(Ty), cold crystallization temperature (T,), melting temperature
(T,,), melting enthalpy (AH,,), and degree of crystallinity (X,),
are summarized in Table IV. X, was calculated on the basis of
the AH,, value of 100% crystalline PLA being equal to 93 J/g."’

The pure PLA showed a clear glass transition at 65°C, whereas
some significant changes were observed after the addition of
TDL It was noteworthy that T, is a complex phenomenon that
relies on several factors, such as intermolecular interactions,
steric effects, chain flexibility, molecular weight, and the branch-
ing and crosslinking density.”> In the case of the blends with
TDI, the increase in T, was mainly attributed to several aspects.
On one hand, the restriction of the polymer chain mobility was
introduced by the high molecular weight.”> On the other hand,
the hard groups of benzene in TDI in the polymer chains
resulted in an increase in the chain stiffness."' Additionally, the
ester group between ZnO and CCA and the reaction between
PLA and TDI increased the interactions of the nanocomposites
and thus led to the increment of T, values.

After the addition of TDI to PLA, the cold crystallization was
restrained as evidenced by an increase in T, with a broad cold
crystallization peak and a decrease in AH,,. It was noteworthy
that the T, of P-Z-C shifted to a lower temperature after the
addition of TDI and the masterbatches in batches. This indi-
cated that ZnO with less agglomeration and more interfacial
areas had a marked heterogeneous nucleation effect on the PLA;
this was in good agreement with previous studies that reported
similar observations between the dispersion state of montmoril-
lonite (MMT) and T.*”

Table V. Parameters of the Thermogravimetry Curves of the P, P-T, and
Blends

Sample Tonset (°C) Ts9 (°C) Tso% (°C) Tp (C)
P 316 387 365 369
P-T 300 325 356 361
P=Z=C 260 271 289 293
pP-Z-C-T 235 270 294 300
2P-T-Z-C 257 274 294 301
2P-Z-C-T 253 271 291 295
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The DSC results reveal that T,, remained unaltered with differ-
ent incorporation methods of TDI and the masterbatches. This
implied that TDI and the masterbatches had little influence on
T,.. The increase in X, after the addition of TDI and the master-
batches to PLA could have explained the heterogeneous nuclea-
tion effect of ZnO.

Dong™ also reported a phenomenon in which a higher X, of
polymer composites let to better mechanical properties; this was
consistent with the tensile or bending strengths of the blends
after the addition of TDI.

The thermal stabilities of the samples measured by TGA and
derivative TGA in a nitrogen atmosphere are presented in Fig-
ure 7. The characteristic thermal degradation temperatures,
including the onset degradation temperature (Tonser), the tem-
peratures of 5 and 50% mass loss (Tsy, and Tsge, respectively),
and the temperature of the maximum rate of thermal degrada-
tion (Tp-from DTG), are summarized in Table V. All thermal
degradation curves of the samples experienced a one-stage
weight loss.

Jayaramudu et al.’®> reported that the thermal stability was
mainly dependent on two controlling parameters, the molecular
interaction between different macromolecules and some inher-
ent characteristics of the components. In terms of P-T, the
slight reduction in T,z With respect to the neat PLA could be
reasonably ascribed to the low thermal stability of the chain-
extender decomposition products, for example, the carbamate,
of which the thermal decomposition temperature was approxi-
mately 250°C.>® Additionally, the volatilization might be delayed
by the labyrinth effect of the large molecular chain structure
with an increased entanglement density,”” leading to a rapid
decrease of Tp, which is in good agreement with the sample of
2P-Z-C-T. Although the sharp decrease of the decomposition
temperature compared with P-T is mainly due to the degrada-
tion caused by CCA and ZnO and the thermal degradation dur-
ing the process.

Yourdkhani et al.’® reported that strong interfacial adhesion and
effective dispersion provided a thermal barrier in the regions of
the polymer and increased the thermal stability. Obvious
increases in both T, and Tso, were observed with the incor-
poration in batches compared with the simultaneous incorpora-
tion; this indicated the incorporation in batches effectively
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enhanced the compatibility between ZnO and PLA. This was
confirmed by TEM micrographs and mechanical properties.

CONCLUSIONS

In this study, PLA/ZnO/CCA/TDI nanocomposites with perfect
antibacterial activities and mechanical properties were prepared.
TDI, basically as a chain extender, was introduced to the blends
by different incorporation methods. The samples of TDI and
the masterbatches incorporated in batches were found to effec-
tively improve the compatibility and the homogeneous disper-
sion degree of ZnO in PLA matrix compared to disposable
incorporation; thus, they exhibited more excellent mechanical
properties, such as the strain at break and impact strength.
Simultaneously, the addition of TDI retarded the degradation
caused by CCA and ZnO and lead to an increased molecular
weight; this improved the tensile strength and bending strength.
The R of PLA/ZnO/CCA against E. coli was proven to 99.9%,
whereas no remarkable reduction after the addition of TDI was
observed. This indicated that the blends of PLA/ZnO/CCA/TDI
had a strong antibacterial effect against E. coli over 99%.
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