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Abstract

A new type of designed hyperbranched ethylenediamine trazine polymer (HBETP) is successfully synthesized and charac-
terized based upon NMR and GPC. The prepared HBETP is used to modify the poly(hydroxybutyrate-co-hydroxyvalerate)
(PHBV)/poly(butylene adipate-co-terephthalate) (PBAT) blends. The effect of HBETP on the microstructure, mechanical
properties and thermal properties of the blends is studied. The results indicate that upon addition of 1.0 wt% of HBETP, the
impact strength of the PHBV/PBAT blends is increased by 47.1%; AT, of the blends decreases from 53.2 t0 49.9 °C. These
results, together with the morphology analysis of the fractured surface of the blends, conclude the formation of the transition
layer between PHBV and PBAT. Also, the XRD result shows that the addition of HBETP can limit the growth of the PHBV
crystals and causes the decrease of both the crystallinity and the grain crystalline size. The DSC result demonstrates that the
addition of HBETP mainly affects the crystallization of the HB-HV binary eutectic region within PHBV. The mechanism of
PHBV/PBAT toughening is due to the formation of the strong physical hydrogen bonding and the chemical micro-crosslinking
between HBETP and PHBV/PBAT, which is proposed based on XPS characterization.
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Introduction conducted aiming to replace petroleum products by other

sustainable resources. Thus, in recent years, bio-based and

Polymer materials have found increasingly widespread
applications over the past several decades. However, most
of the existing synthetic polymers are non-degradable. Their
disposal creates serious white pollution. Also, the ever
growth of the cost of petroleum products has been of great
concerns. Taking into account the reality that petroleum
resources are in great shortage, many attempts have been
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biodegradable polymers have attracted expanded attentions
which can effectively reduce the environmental pollution
and the consuming of nonrenewable sources, i.e. petroleum
and gas products [1-6].
Poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) is a
type of typical bio-based and biodegradable polymer pro-
duced in nature by microorganism under the condition of
non-equilibrium status [7, 8]. It is formed as intracellular
carbon sources and energy reserve in organism. It has found
potential applications in packaging, automotive, biomedicine
and agriculture, ascribing to its biodegradability, biocompat-
ibility, piezoelectricity and optical activity. However, PHBV
has some intrinsic drawbacks which restrict its applications,
such as high hardness and fragility, high cost, poor impact
resistance, slow crystallization rate and extreme instability
in molten state. Meanwhile, the thermal degradation tem-
perature of PHBYV is found closed to its melting temperature.
All these disadvantages have made the processing of PHBV
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difficult. In order to solve such a problem, blending modifi-
cation is an effective method commonly employed [9-18].

Poly(butylene adipate-co-terephthalate) (PBAT) is also
a kind of full-biodegradable polymer which integrates the
flexibility of PBA chains with higher thermal resistance, and
PBT chains which possess high impact resistance [19, 20].
The blending modification of PHBV and PBAT can enhance
the general performances of the material, and ensure the
biodegradability of the blends. However, the poor compat-
ibility between PHBV and PBAT directly leads to a dra-
matic decrease in the mechanical property of the PHBV/
PBAT blends [12-15]. In order to improve the mechani-
cal properties of the PHBV/PBAT blends, various types of
compatibilizers have been added to the blends. Pawar et al.
reported the effect of graphene nanosheets and vermiculite
on tensile properties of the PHBV/PBAT composites [12].
It was found that upon addition of graphene, the composites
showed remarkable enhancement in tensile strength. Naga-
rajan et al. studied the effect of pMDI as a compatibilizer
on the impact strength of the PHBV/PBAT blends [13]. It
concluded that when the concentration of pMDI was 1 phr,
the impact strength of the composite increased by 102%,
compared to that containing 30 wt% of switchgrass. Javadi
et al. demonstrated the effect of recycled wood fiber (RWF)
on the mechanical properties of the PHBV/PBAT blends
[15]. It reported that the storage modulus of the PHBV/
PBAT blends increased specifically upon addition of 10 wt%
of RWF, when compared to that of the neat PHBV/PBAT
blends.

Hyperbranched polymers (HBP), which are polymerized
with polyfunctional monomers, represent a novel polymer
form developed over the past three decades. Compared with
linear polymers, HBPs have many unique advantages, such
as high degree of branching, low probability of molecular
chain entanglement, low viscosity and low crystallinity.
There are also plenty of active terminal functional groups
within HBP, which enable certain types of hydrogen bonding
and/or chemical reactions between HBP and other polymers.
On the other hand, compared with micro-molecular modi-
fiers, HBPs are more stable in blends because they are dif-
ficult to be separated and migrate, which makes themselves
more suitable in the application of packaging materials,
e.g. food packaging. As a result, HBPs are widely used as
modifiers in many investigations. It has been found that the
strong interactions between HBP and blended polymers
could influence the properties of polymeric blends, such as
glass transition temperature (T,), melting point, crystallinity,
and surface energy [21-30].

In this study, a new type of hyperbranched ethylenedi-
amine trazine polymer (HBETP) was synthesized by one-
step method and was used as the compatibilizer for the
PHBV/PBAT blends. The effect of the addition of HBTEP
on the microstructure, mechanical properties and thermal

properties of the PHBV/PBAT blends was demonstrated.
The toughening mechanism is discussed in detail. It pro-
poses that upon addition of HBETP, both the physical
hydrogen bonding effect and the chemical microcrosslink-
ing occurred.

Materials and Methods
Materials

Ethylene-diamine (analytical reagent) was purchased from
Beijing chemical plant, Beijing, China. Cyanuric chloride
(analytical reagent), sodium carbonate (analytical reagent),
and acetone (analytical reagent) were purchased from Bei-
jing Chemical Reagent Company, Beijing, China. PHBV
(Technical Pure, M_Wz 3.0x 10° g mol™, the molar content
of HV is 3%) (Y 1000P) was purchased from Ningbo Tian’an
Biological Materials Co., Ltd., Ningbo, Zhejiang Province,
China, and the molecular structure of PHBV is shown in
Fig. 1. PBAT (TP, M,,=1.2x10°> g mol™", the molar con-
tent of AT is 55%) (Ecoworld®) was purchased from Jinhui
Zhaolong High Technology Co., Ltd., Xiaoyi, Shanxi Prov-
ince, P. R. China.

Synthesis of HBETP

73.8 g Cyanuric chloride and 700 mL acetone were mixed
together and added into a 1000 mL three-necked glass flask.
48 g ethylene diamine and 25.4 g sodium carbonate were
dissolved in 250 mL deionized water at 80 °C. The aqueous
solution was then cooled down to room temperature and
added to the reaction system by dropwise. The mixture was
stirred at room temperature. During the polymerization, a
large number of bubbles and white particles were observed
in the solution. The reaction was carried out for 7 h. The
reaction mixture was filtered and the product was rinsed with
hot deionized water and acetone three times separately. The
target product, HBTEP, was dried for 48 h in a vacuum oven
at 90 °C to yield a white solid with the yield of 96.3%. The
structure of the synthesized HBTEP is shown in Fig. 2.
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Fig.1 Molecular structure of PHBV
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Fig.2 Schematic diagram of HBTEP molecular structure

Characterization of HBETP
Characterization of HBETP by Nuclear Magnetic Resonance

'H and !*C nuclear magnetic resonance (NMR) spectra were
recorded using a Bruker Advance 400 spectrometer (Agilent
NMR Magnet) at 400 and 100 MHz respectively, as solu-
tions dissolved in DMSO-d,, at room temperature.

Characterization of HBETP by Gel Permeation
Chromatography

Gel permeation chromatography (GPC) (DAWN HELEOS-
II, Wyatt, USA) was carried out using dimethylsulfoxide as
the solvent. Concentration is 1 mg mL~". Calibration was
performed using polystyrene standards.

PHBV/PBAT/HBETP Blends Preparation

700 g PHBYV, 300 g PBAT and a certain amount of HBETP
(0, 5, 10 and 20 g, respectively) were placed in a vacuum
oven and dried for 12 h at 90 °C. The parameters of the twin-
screw extruder (CTE-35, Koblon Koya Machinery Co., Ltd.,
Nanjing, Jiangsu Province, China.) were set at 175, 175,
180, 180, 180 and 175 °C (from one area to six area), all
ingredients were melt blended by a twin-screw extruder. The
blends were then cooled down to room temperature before
pelletized by a pelletizer. The mixing temperature was set
to 152 °C, and the injection pressure was 4 MPa. Standard
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splines were made through an injection molding machine
(T'Y-400, Hangzhou Dayu Machinery Co., Ltd., Hangzhou,
Zhejiang Province, PR China).

Characterization of the PHBV/PBAT Blends
Mechanical Properties

Tensile strength of the blends was tested by a computer-
controlled electronic universal testing machine (CMT6104,
MTS Industry System Co., Ltd., Shenzhen, Guangdong
Province, PR China) according to GB/T 1040.2-2006 Stand-
ard. The tensile rate was chosen to be 5 mm min~!. The
size of the spline was determined according to the GB/T
1040.2-2006 standard: dumbbell shaped spline, L =150 mm,
d=4 mm.

Impact strength was tested by an electronic Izod impact
testing machine (XJUD-5.5, Chengde Jinjian Testing
Instrument Co., Ltd., Chengde, Hebei Province, PR China)
according to GB/T 1843-2008 standard (ISO180:2000).
The size of the A-type notched spline was determined
according the GB/T 1843-2008 standard (ISO180:2000):
80 mm X 10 mm X4 mm. The impact energy of the pendu-
lum was 4 J.

DMA

The dynamic mechanical analyzer (DMA) (242C,
NETZSCH, Germany) of the PHBV/PBAT blends with vari-
ous HBTEP contents were measured under liquid nitrogen
atmosphere. The sample dimensions were approximately
10 mm X 30 mm X2 mm. The parameters of dynamic
mechanical analysis for the samples were set as follows:
temperature range, — 80 to 70 °C; heating rate, 3 °C min';

frequency, 5 Hz.
X-Ray Photoelectron Spectroscopy

All X-ray photoelectron spectroscopy (XPS) spectra were
recorded using a PHI Quantera II spectrometer employing
a focused, monochromated Al Ka source (hv=1486.6 eV),
hybrid (magnetic/electrostatic) optics, hemispherical ana-
lyser and a multi-channel plate and delay line detector
(DLD) with a X-ray incident angle of 30° and a collection
angle, 8, of 0° (both relative to the surface normal). The
analysed area was 100 um X 100 um, and 16 different spots
of each sample were analysed. All XPS measurements were
conducted at room temperature.

For data interpretation, a spline linear background sub-
traction was used. Peaks were fitted using GL(30) line-
shapes; a combination of a Gaussian (70%) and Lorentzian
(30%) [31]. All XP spectra were charge corrected by setting
the measured binding energy of the C Isto 285.0 eV.

aliphatic
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XRD

X-ray diffraction (XRD) (D8 advance, Haake, Germany)
patterns were obtained at room temperature. The scanning
range was 5°-80° at a rate of 4°/min. The sample dimensions
were approximately 30 mm X 30 mm X 2 mm.

DSC

The differential scanning calorimeter (DSC) (Q100, TA,
USA) of the PHBV/PBAT blends with various HBTEP con-
tents were measured under the protection of nitrogen gas.
The sample (5.0-10.0 mg) was heated from room tempera-
ture to 200 °C, pre-annealed at 200 °C for 3 min, followed
by cooling to —70 °C at 20 °C min~' and then reheated to
200 °C at 10 °C min™".

Morphology of the Fractured Surface

The morphology of the fractured surface of the impact
sample was observed under scanning electron microscopy
(SEM) (QUATA250, FEI, USA). Before SEM, gold spraying
was performed with a working voltage of 15 kV.

Results and Discussion
NMR Analysis of HBETP

Figure 3a demonstrates the '"H NMR spectrum of HBETP.
As expected, there are three proton signals showing chemi-
cal shifts at 2.05, 3.45 and 9.13 ppm, respectively. The
signal at 2.05 originates from the proton of the terminal
amino group (-NH,). The other two signals represent the
protons of the —CH,— and -NH- groups, respectively. In 'C

NMR spectrum, as shown in Fig. 3b, the peak at 39.94 ppm
is assigned to —CH,— group; signals ranging from 166 to
169 ppm can be attributed to carbons within triazine struc-
ture. These results conclude that the target product, HBETP,
has been successfully prepared.

GPC Analysis of HBETP

The measured number-average molecular weight of
HBETP is 2.05x 10* It is calculated that the molecular
weight of the molecular chain segment of HBETP is 194.
The molecular weight of the n-th generation HBETP is
2524194 x 3 x (2" 1 = 1). Therefore, it is calculated that
n =6, indicating that the generated HBETP contains 96 ter-
minal amino groups.

Mechanical Properties Analysis of PHBV/PBAT

The data of tensile strength and impact strength for the
blends with different contents of HBTEP are given in Fig. 4.
As shown in Fig. 4a, it is observed that the tensile strength of
the blends stayed nearly consistent. However, the elongation
at break and the impact strength of the blends both increased
firstly and then decreased, along with the increasing of the
HBETP content, as shown in Fig. 4b. It indicates that the
addition of an appropriate amount of HBETP can improve
the toughness of the blends.

The improvement of the toughness lies in two factors.
Firstly, HBETP contains a large amount of amino groups;
whilst many hydroxyl groups and carboxyl groups exist
within the PHBV and PBAT molecular chains. As a result,
strong hydrogen bonding can be easily formed between
HBETP and PHBV/PBAT. It enhances the physical entan-
glement and the interweaving between HBETP and the PLA/
PBAT blends; Furthermore, an active terminal amino group

(a) . 2 (b) -
i w O C
N N
NH—( N NH— 42<N
HN/—/ NiNH { N#
2 XNH H,N NHxNH 1
H 2 H
3 —
DMSO
1
J -y b
L L + 1 . T T T T £ T T T
10 8 6 4 2 0 180 170 160 50 40
ppm ppm

Fig.3 '"H-NMR (a) and 'C-NMR (b) spectra of HBETP
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Fig.4 a Tensile strength, elongation at break and b impact strength of the PHBV/PBAT blends with different contents of HBETP

of HBETP forms the amide bond with the carbonyl group of
PHBYV and/or PBAT (confirmed by XPS followed in “XPS
Analysis of PHBV/PBAT” section), leading to a chemical
micro-crosslinking between HBETP and the PHBV/PBAT
blends.

The combined action of the strong physical hydrogen-
bonding and the chemical micro-crosslinking makes the
compatibility of PHBV and PBAT improved. The phase
interface between PHBV and PBAT becomes no longer
apparent, the size of the PBAT disperse phase in PHBV sys-
tem is greatly reduced and the sea-island structure is almost
disappeared. However, since there is only trace amount
addition of HBTEP (<2.0%), the completely melting mis-
cibility at the molecular level cannot be achieved between
PHBYV and PBAT. The micro-phase separation still exists
(confirmed by DMA and SEM followed in “SEM Analysis
of PHBV/PBAT” and “DMA Analysis of PHBV/PBAT” sec-
tions). The presence of the micro-phase separation makes
the tensile strength of the PHBV/PBAT system almost
unchanged with different content of HBTEP.

Besides, the addition of HBETP in PHBV/PBAT can form
a wider and more obvious gradient transition layer between
PHBYV and PBAT (see Fig. 5), which leads to the improve-
ment of the compatibility between PHBV and PBAT. The

Fig.5 The gradient transition
layer diagram in PHBV/PBAT
sea-island structure before (a)
and after (b) proper addition of
HBETP
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inseparable gradient transition layer can quickly absorb
the energy when impacted by external forces, which could
dissipate the energy and subsequently increase the impact
strength. Furthermore, it is well known that high genera-
tion of HBETP contains a large number of cavities inside
(see Fig. 1). These cavities can also absorb the energy under
external impact and thus give rise to the ulterior increase of
the impact strength.

When the content of HBETP is 1.0 wt%, the impact
strength of the blends reached the peak value, which is
increased by 47.1% compared to that of the neat PHBV/
PBAT. The reason of this phenomenon lies in: The com-
bined action of the strong physical hydrogen-bonding and
the chemical micro-crosslinking, especially the chemi-
cal micro-crosslinking, makes the structure of the PHBV/
PBAT blends changed from linear structure to 3-D micro-
crosslinked network structure. It helps the improvement of
the elasticity and the impact strength of the blend system.
When the HBETP content was less than 1.0%, the proper
degree of crosslinking makes the impact strength of the
PHBV/PBAT blends increased with the increase of HBETP
content. When the content of HBETP was more than 1.0%,
excessive micro-crosslinking restricts the movement and/or
rotation of the molecular chain. At this point, the relative




Journal of Polymers and the Environment (2018) 26:4158-4167

4163

0.065

= PHBV/PBAT
0.060 | PHBV/PBAT/1.0% HBP
0.055 |
2 = o tn
© . H. -
F o050 L - b -
hr &
~ :
- _.' ~
0.045 | - - "
e ' - -
0.040 L I I L |
40 20 0 20 40 60

Temperature /°C

Fig.6 DMA curves of the PHBV/PBAT blends before and after addi-
tion of 1.0 wt% of HBETP

Table 1 Thermal properties of the PHBV/PBAT blends before and
after addition of 1.0 wt% of HBTEP obtained from DMA

HBTEP content T, °C) Ty °C) AT, °C)
(wt%)

0 —-24.8 28.4 53.2

1.0 —-23.6 26.3 49.9

Ty and Ty, are the glass transition points for PBAT and PHBV
respectively

movement of the molecular chains is not feasible, only if the
chemical bond is broken. Thus the impact strength is found
decreased with the increasing of HBETP content.

DMA Analysis of PHBV/PBAT

As shown in Fig. 6, the PHBV/PBAT blends have two values
of Tg, which correspond to Tg values of PHBV and PBAT,
respectively. It indicates that PHBV and PBAT are thermo-
dynamically incompatible with each other. After addition of
HBETP, the DMA curve shows that the difference between
two Tg values (ATg) decreases (see Table 1 in detail). When
the content of HBETP is 1.0 wt%, it is found that ATg of the
blends is 49.9 °C, which is 3.3 °C lower than that of the neat
PHBV/PBAT blends.

It indicates that HBTEP is an excellent modifier which
can improve the compatibility between PHBV and PBAT,
but the complete melting miscibility at the molecular level
cannot be achieved. The micro-phase separation between
PHBV and PBAT still exists. However, the existence of
micro-phase separation does not affect the toughening and
modification results of HBP to PHBV/PBAT (see mechani-
cal property results in “Mechanical Properties Analy-
sis of PHBV/PBAT”). On the contrary, the existence of

micro-phase separation contributes to the maintenance of a
certain mechanical strength.

SEM Analysis of PHBV/PBAT

Figure 7 shows SEM images of the impact section of the
blends. As shown in Fig. 7a, there are many pore and granu-
lar protrusions appeared in the matrix. Shape of the pore
and the particle are regular and smooth, indicating the week
interfacial adhesion between the two phases and the poor
compatibility between the two substances. Upon addition
of 0.5 wt% of HBETP, the cross-sectional island structure
is not obvious. The protrusions and holes become smaller,
as described in Fig. 7b. When the content of HBETP is 1.0
and 2.0 wt%, the island structures nearly disappear, as shown
in Fig. 7c, d, respectively.

It must be noted that SEM can only provide the fractured
morphology in micrometer level. Under this condition, it
can be observed that the sea-island structure roughly disap-
peared. However, combined with the above DMA results, it
concludes that the addition of HBETP cannot achieve the
melting miscibility of PHBV and PBAT at the molecular
level. The interface of the two phases still exists, which is
consistent with the conclusions of DMA analysis above.

XPS Analysis of PHBV/PBAT

HBETP and HBETP modified PHBV/PBAT blends are char-
acterized by XPS in order to confirm the formation of the
amide bond between HBETP and the blends. The N 1s spec-
tra of HBETP and HBETP modified PHBV/PBAT blends
are shown in Fig. 8.

As expected, the N 1s spectrum of HBETP can be fitted
with two components, N, ... -and N-_y_c, showing binding
energy at 398.5 and 399.8 eV, which are consistent with
those reported in literature [32]. A satisfactory fitting of the
spectrum is carried out and shown in Fig. 8a.

On the other hand, as shown in Fig. 8b, in the N 1s
spectrum of the HBETP modified blends, there are three
types of nitrogen electronic environment observed. Apart
from N, i,, and N-_y_c, @ new component, Ny_c_y, show-
ing binding energy at 400.8 eV [33, 34], can be assigned
to the nitrogen atom within amide bond. The new formed
No-c_n component suggests the formation of the amide
bond between terminal amino groups of HBETP and car-
bonyl groups in PLA and/or PBAT in blends.

XRD Analysis of PHBV/PBAT
Figure 9 represents the XRD patterns of the PHBV/PBAT
blends. All diffraction planes are labeled. At first glance, there

is no obvious change in terms of the number and the position
of diffraction peaks, indicating that the addition of HBETP
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Fig.7 SEM images of the
PHBV/PBAT blends with dif-
ferent contents of HBETP: a
0 wt%, b 0.5 wt%, ¢ 1.0 wt%
and d 2.0 wt%

X
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Fig.8 N Is high resolution spectra of HBETP and HBETP modified PHBV/PBAT blends

has no impact on the crystal shape, cell parameters and crys-
tal structure of the blends. However, by carefully analyzing
the XRD patterns, it is found that that with the increasing of
HBETP content, progressive decrease of the intensity of (020),
(101), (111), (040) and (200) planes has happened, indicating
that the crystallinity of the blends is decreased. The crystal-
linity of all samples is calculated according to Eq. 1 and listed
in Table 2.

C

1. +1

c a

Crystallinity = (1)

@ Springer

where I is the intensity of diffraction peak for the crystal-
lized region; I, is the one for amorphous region.

When the content of HBETP is 2.0 wt%, the calculated
crystallinity is 34.8%, which is 24% lower than that of the
neat PHBV/PBAT blends (see Table 2 in detail). It suggests
that the addition of HBETP can limit the growth of the
PHBYV crystals.

(040) Plane is selected as a representative plane to show
the change of the crystalline grain size of the sample. The
calculation of grain sizes is conducted according to Eq. 2 and
the results are also listed in Table 2. It is found that the grain
size is decreased from 109.96 to 44.90 A, which confirms that
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Fig.9 XRD patterns of the PHBV/PBAT blends with different con-
tents of HBETP. 1: 0 wt%, 2: 1.0 wt%, 3: 2.0 wt%

Table2 Crystallinity of PHBV/PBAT blends with different contents
of HBETP

HBETP con-  Crystallinity (%) Intensity (040) Grain size
tent (%) (040) (A)
0 58.8 318.88 100.96
1.0 42.6 154.20 64.09
2.0 34.8 43.38 44.90

upon addition of HBTEP, the crystallinity and crystalline grain
size of the blends are both reduced.
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where D is the mean thickness of the grain perpendicular to
the direction of the lattice plane; j represents the FWHM of
the diffraction peak; A is the wave length of X-ray; K is the
Scherrer constant.

The XRD results conclude that the addition of HBETP
can effectively reduce the crystallinity and the crystalline
grain size of the blend system due to the formation of the
transition layer between PHBV and PBAT.

DSC Analysis of PHBV/PBAT

DSC curves of the blends were recorded and shown in
Fig. 10. The melting temperature and the crystallization
temperature derived from DSC curves are also presented
in Table 3.

As shown in Fig. 10a, it concludes that the crystallization
temperature of the blends decreases from 96.77 to 91.44 °C,
along with the increasing of the content of HBETP, which
suggests that the crystallization of the blends becomes dif-
ficult upon addition of HBETP.

Furthermore, the splitting of the melting peaks upon
addition of HBETP was more and more obvious, as demon-
strated in Fig. 10b. In specific in the case of the blends with
2.0 wt% of HBETP, an unresolved doublet peak is observed.

It is well known that PHBV contains HV unit and HB
unit, as shown in Fig. 1. The length of the side chain can sig-
nificantly influence the flexibility of the molecular chain, and
thus the orientation arrangement during crystallization. As a
result, the crystallization of HV segment cannot be formed.
However, the presence of HV segment can impact the crys-
tallization of HB segment, leading to two HB crystalline
regions. The one with higher melting temperature represents
the HB crystalline region (T,,,); one with lower melting tem-
perature is assigned to the HB-HV binary eutectic region
(T,,))- The addition of HBETP helps to form the transition

.~

Endo

120 130 140 150 160 170 180 190

Temperature / °C

Fig. 10 DSC curves of the PHBV/PBAT blends with different contents of HBETP from the cooling (a) and heating (b) scans. 1: 0 wt%, 2:

1.0 wt%, 3: 2.0 wt%
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Table 3 Thermal properties of the PHBV/PBAT blends with different
contents of HBETP obtained from the cooling and heating scans

HBETP content T, (°C) T,, (°C) T, (°C)
(Wt%)

0 168.14 172.93 96.77
1.0 167.62 172.25 96.13
2.0 164.02 171.07 91.44

T, represents the melting temperature of HB-HV binary eutectic
region; T, corresponds to the melting temperature of the HB crystal-
line region

layer between PHBV and PBAT. It causes the moving of
PBAT chain segment towards PHBV chain easier, which
can preferentially affect the crystallization of the HB-HV
binary eutectic region. With the increasing of the content
of HBETP, such effect becomes more intense. When the
content of HBETP is 2 wt%, T,,; is decreased by 4.1 °C
(from 168.14 to 164.02 °C). It must be noted that T, is
also decreased, with the increasing of the content of HBETP
(from 172.93 to 171.07 °C). But such a decrease is not as
obvious as that of T, ;, which confirms that the impact of the
addition of HBETP upon crystallization of PHBV mainly
focuses on the HB-HYV binary eutectic region.

Fig. 11 Toughening mecha-
nisms of the PHBV/PBAT
blends modified by HBETP

HOANN\PHBVAVYVVWWCOOH

HOAN\PBAT AYVVWWCOOH
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From another point of view, as has been claimed from
XRD analysis, with the increasing of HBETP content, the
crystalline grain size both decreased (see Table 2). The
decrease of the crystalline size can cause the decrease of
the melting temperature, meaning that the HB-HV binary
eutectic region is partially changed to amorphous. The crys-
tallinity decreases, which is consistent with the conclusion
of XRD.

The decline of the melting temperature can not only
reduce the energy consumption but also prevent the ther-
mal decomposition of PHBV during processing. It helps to
improve the processibility of PHBV.

Toughening Mechanism

The toughening mechanism of PHBV/PBAT modified by
amino-terminated HBTEP dues to three reasons as follows
which is shown in Fig. 11.

(1) Large numbers of terminal amino groups covering
HBETP can cause strong hydrogen bonding effect and
even the formation of amide bond, in the presence of
the carboxyl groups and ester groups of PHBV and
PBAT. Thus the entanglement and interweaving were
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strengthened between spherical HBETP and linear
PHBYV and PBAT. The gradient transition layer between
PHBYV and PBAT is formed, which can quickly absorb
the energy under external impact, dissipate the energy
and thus improve the impact strength.

(2) Strong hydrogen-bonding and chemical micro-
crosslinking, especially the formation of chemically
micro-crosslinked structures, can make the structure of
the PHBV/PBAT blends changed from linear structure
to 3-D micro-crosslinked network structure. It helps the
improvement of the elasticity and the impact strength
of the blend system.

(3) High generation of HBETP contains a large num-
ber of cavities inside which can also absorb energy
under external impact and thus give rise to the ulterior
increase of the impact strength.

Conclusions

A new synthesized amino-ended HBETP is used to modify
the PHBV/PBAT blends. Upon addition of HBETP, proper-
ties of the blends are significantly improved. When the con-
tent of HBETP is 1.0 wt%, the impact strength of the blends
is increased by 47.1%, compared to that of the neat blends,
indicating that the toughness of the blends is enhanced.
AT, of the blends with 1.0 wt% of HBETP is found 3.3 °C
smaller than that of the neat blends. SEM images on the
fractured morphology of the blends also indicate that there
is a transition layer between PHBV and PBAT formed. XRD
results show that the addition of HBETP can effectively
reduce the crystallinity and the crystalline grain size of
PHBYV. DSC results illustrate that the addition of HBETP can
mainly influence the crystallization of the HB-HV binary
eutectic region within PHBV. The toughening mechanism is
discussed in detail. It suggests that both the hydrogen bond-
ing effect and the formation of the amide bond occurred.
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