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Polymer blend nanocomposites with the nanoparticles exclusively located at the interface have attracted sig
nificant attention while the compatibilization functions of such nanoparticles in the blends are still controversial.
Herein, the pristine boehmite nanorods (p-BNRs) and epoxide group modified boehmite nanorods (m-BNRs) have
been synthesized and incorporated in the immiscible Poly(L-lactide)/Poly(1,4-butylene succinate) (PLLA/PBSU)
blends. It is found that both p-BNRs and m-BNRs are thermodynamically located at the interface and the phase
morphologies of the two nanocomposites are very similar at the same nanofiller loadings. However, the two
nanocomposites exhibit different mechanical properties. The PLLA/PBSU blend nanocomposites with m-BNRs
show increased elongation at break, enhanced notched impact strength and improved yield strength, as
compared with the binary PLLA/PBSU blends. In contrast, p-BNRs lead to drastically deteriorating mechanical
properties of the PLLA/PBSU blends even with all p-BNRs located at the interface. The investigation indicates
that p-BNRs at the interface have barren surface and are lack of specific interactions with the polymers in the
neighboring phases. In contrast, the epoxide groups on m-BNRs reacted with the end carboxylic acid groups of
both PLLA and PBSU and the polymer chains were chemically bonded onto the surface of nanorods. The
chemically bonded polymer chains on the nanorods at the interface can entangle with the molecular chains of the
two polymers to enhance the interfacial adhesion. This paper demonstrates the significance of molecular chain
entanglements of the compatibilizing nanoparticles and paves a new possibility to fabricate new materials with
simultaneously enhanced strength and toughness.

1. Introduction
Polymer blend nanocomposites based on immiscible polymer blends
and inorganic nanoparticles have attracted significant attentions
because they can combine the advantages of polymer blends and the
functionality of nanoparticles [1–5]. Moreover, the strategy to combine
polymer blends and nanoparticles into one system provides a platform to
tailor and design both the phase morphologies and the properties. The
performance of polymer blend nanocomposites is greatly dependent on
the phase morphologies of the multi-component/multi-phase systems
[6–8]. Extensive investigations have been carried out on the location of
nanoparticles in polymer blends and the effects of nanoparticles on
phase morphologies of polymer blends as well over the past two decades
[9–13].
Dependent on the interactions of specific nanoparticles with the two
components of polymer blends, nanoparticles can be either located in
one of the phases or distributed at the interface [6–14]. The

thermodynamic equilibrium location of the nanoparticles in immiscible
polymer blends can be predicted by the wetting parameter ω according
to Young’s equation [15]:

ω¼

γf

B

γf

γA

B

A

(1)

Inorganic nanoparticles will locate inside of B or A phase for the
cases of ω< 1 or ω>1, respectively. The nanofillers distribute thermo
dynamically at the interface only when 1 < ω < 1. Based on the
Young’s equation, one can also design or tailor the phase structure of the
blend nanocomposites with the nanoparticles distributed either in one of
the phases or at the interface by the specific surface modification of the
fillers [16–19]. The blend nanocomposites with the interfacial distri
bution of nanoparticles attract the most attention because such a novel
hierarchical structure is expected to exhibit additional functionality at
very low nanofiller loadings, typically the so-called double percolation
structure for the conductive polymer composites [20,21]. Numerous
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literatures reported the formation of the polymer nanocomposites with
the nanoparticles located at the interface since the first report by Sumita
[21].
On the other hand, the effects of nanoparticles on the phase mor
phologies of the immiscible polymer blends have also been well inves
tigated [22–31]. For blend nanocomposites with the nanofillers located
in one of the two phases, the nanoparticles change the viscosity ratio of
the two phases with less effect on the interfacial tension because
nanoparticles usually increase the viscosity of the component [32,33].
Therefore, either the enlarged domain size or the decreased domain size
has been observed depending on the distributions of nanoparticles in
minor phase (domain) or major phase (matrix) [31–35]. Although many
literatures concluded compatibilization effects of the nanoparticles for
the immiscible polymer blends in the one phase distributed nanoparticle
systems as evidenced by the decreased domains size [34,35], the
nanoparticles are not the real compatibilizers because the compatibil
izers should be at least located at the interface to bridge the neighboring
phases and to decrease the interfacial tension. On the other hand, the
interfacially located nanoparticles have been easily assigned as the
effective compatibilizers for the immiscible polymer blends, especially
for the system with decreased phase sizes as compared with the blends
without nanoparticles [36]. However, the potential feasibility of nano
particles compatibilizing is questionable and the strategy needs further
exploration. Generally speaking, the effective compatibilizing of
immiscible blends should enhance the mechanical properties, but most
of the nanoparticles compatibilized immiscible polymer blends show
even deteriorated mechanical properties, especially the toughness and
ductility [37–40]. We consider that the enhancing interfacial adhesion
by molecular entanglements on the surface of nanoparticles will take the
critical role for the mechanical enhancement for the real nanoparticle
compatibilized system. Unfortunately, so far the importance of the
molecular entanglements between the molecular chains on the nano
particles and the molecules of components has not been confirmed.
Especially, the comparison has not been made for the nanoparticle
compatibilized polymer blends with and without chemical bonding
polymer chains on the nanoparticles. The polymer chains chemically
bonded on the nanoparticles may lead to the possible molecular en
tanglements of the grafted polymer chains with the individual
components.
In this work, we prepared Poly(L-lactide)/Poly(1,4-butylene succi
nate) (PLLA/PBSU) blend nanocomposites with the incorporation of the
pristine boehmite nanorods (p-BNRs) and the epoxide group grafted
boehmite nanorods (m-BNRs) by melt blending. Interestingly, it is found
that both p-BNRs and m-BNRs are mainly located at the interface be
tween PLLA and PBSU and the two PLLA/PBSU blend nanocomposites
have very similar morphologies at the same BNR loading. However, mBNRs improve the mechanical properties of the blends and p-BNRs
decrease the mechanical properties of the blends. This work presents the
direct evidence, for the first time, of the prerequisite of the molecular
entanglements for the nanoparticle compatibilized polymer blends.
Moreover, the results pave a new possibility to fabricate materials with
both high strength and toughness.

2. Experimental section
2.1. Materials
The chemical structures of the raw materials are shown in Scheme 1.
Poly(L-lactide) (PLLA, 3001D, Mn ¼ 1 � 105 g/mol, PDI ¼ 1.45, density
¼ 1.24 g/cm3) was purchased from NatureWorks, USA. Poly(1,4butylene succinate), extended with 1,6-diisocyanatohexane (PBSU,
Mn ¼ 8.9 � 104 g/mol, PDI ¼ 1.80, density ¼ 1.3 g/cm3) was purchased
from Sigma Aldrich. Aluminium isopropoxide, 3-glycidoxy-propyltrime
thoxy-silane (GPS), chloroform, acetic acid, ethanol absolute, petroleum
ether were all purchased from Sinopharm Chemical Reagent.
2.2. Synthesis and surface modification of boehmite nanorods
Boehmite nanorods (p-BNRs) were prepared by the hydrolyzing the
aluminium isopropoxide according to procedure of the literature [41].
Specifically, 13.6 g aluminium isopropoxide powder and 60 mL deion
ized water were mixed slowly at 75 � C with stirring for 30 min. The
temperature of solution was raised up to 95 � C to vaporize the iso
propanol after the powder was fully dissolved. The heated solution and
0.62 g acetic acid were transferred into an autoclave together. The re
action temperature is 150 � C and the reaction time is 8 h. The reduced
pressure distillation was used for removing solvent of the solution after
the reaction and pristine boehmite nanorods (p-BNRs) were collected.
The synthesized boehmite nanorods have the size of about 60 nm in
length and 6.5 nm in diameter by statistically calculated from the TEM
images (as shown in Fig. S1 in Supporting information).
3-glycidoxy-propyltrimethoxy-silane was grafted onto the surface of
boehmite nanorods to obtain surface modified boehmite nanorods (mBNRs) using the reported strategy [17]. The detailed process is as fol
lows: 4 g boehmite nanorods were added into a 250 mL mixed solution
of ethanol absolute (230 mL) and 3-glycidoxy-propyltrimethoxy-silane
(20 mL). The mixed solution was then ultrasonicated for 20 min fol
lowed by pouring into a single-necked flask and refluxing at 75 � C for 20
h. The unreacted silane coupling agent was washed out by the precipi
tating, centrifuging and washing with petroleum ether.
2.3. Preparation of boehmite nanorods incorporated PLLA/PBSU blends
PLLA and PBSU were melting-blended in a Haake Polylab QC
(Thermo Fisher Scientific, Germany) mixer with or without nanorods.
The melting-blend temperature is 190 � C and the mixing time is 10 min.
The weight ratio of PLLA to PBSU was set to be 70:30 in this work, while
the amount of the boehmite nanorods was varied from 0 to 5 wt%. The
mixing screw speed was 50 rpm. The melt-blended samples were then
hot-pressed at 190 � C for 6 min and cooled down to room temperature
under the pressure of 10 MPa by flowing cold water in the press plates.
The obtained sheets with 0.5 mm thickness were used directly for the
further characterization.
2.4. Characterization
Fourier transform infrared spectroscopy (FT-IR). A VERTEX 70 V
spectrometer (Bruker, USA) was used for obtaining the FTIR spectra

Scheme 1. The chemical structure of PLLA, PBSU, and GPS.
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under vacuum at room temperature. The samples were mixed with KBr
and compressed into flakes. The resolution is 2 cm 1 and the samples
were scanned with 64 scans.
Thermal analysis. A TGA Q500 (TA Instruments, USA) was used for
the thermogravimetric measurements. The samples were measured from
30 to 650 � C with 10 � C min 1 heating rate in nitrogen atmosphere. The
thermal behaviors of the samples were measured using a DSC Q2000 (TA
Instruments, USA) from 30 to 220 � C with 10 � C min 1 heating rate. In
an air atmosphere, a DMA-Q800 (TA Instruments, USA) was used for
obtaining dynamic mechanical analysis (DMA) in tension mode. The
samples were measured from 60 to 200 � C with 3 � C min 1 heating
rate. The strain used in the DMA measurements is 0.05% and it is in the
linear viscoelastic region of the samples.
Scanning electron microscopy (SEM). An S-4800 microscope
(Hitachi, Japan) was used for obtaining the phase morphology of the
PLLA/PBSU blends at 3 kV accelerating voltage. The specimens were

fractured after immersing in liquid nitrogen for 10 min and dried under
vacuum for 2 h at 55 � C. The fracture surface of the specimens was
sputtered with gold under vacuum at room temperature. The average
diameter of PBSU phases (dn) was calculated by the following equation:
P
Ni d i
dn ¼ Pi
(2)
i Ni
where N is the number and d is the diameter of PBSU phases with i �
300.
Transmission electron microscopy (TEM). A HT-7700 (Hitachi,
Japan) instrument was used for obtaining the distribution of boehmite
nanorods in PLLA/PBSU blends at 100 kV accelerating voltage. All
samples were ultramicrotomed into 70–80 nm thickness and then the
obtained slices were stained with ruthenium tetroxide (RuO4) at room
temperature for 4 h.
Mechanical testing. An Instron 5966 universal testing machine

Fig. 1. SEM images for the PLLA/PBSU(70/30) blend samples with (a) 0, (b) 1, (c) 3, (d) 5 wt% p-BNRs and (b’) 1, (c’) 3, (d’) 5 wt% m-BNRs; (e) Number-average
PBSU domains size (dn) as a function of the filler loadings in the blend nanocomposites.
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(Instron, USA) was used for tensile test. Tension rate is 10 mm min 1.
Notched impact test was performed on an impact testing machine SS3700CZ. Samples for tensile and impact tests were prepared by injec
tion molding using mini-jet and aged for 24 h at room temperature
before measurements.
Surface tension measurements. In order to determine the surface
energy of PLLA, PBSU and boehmite nanorods, contact angle was
measured according to the literatures [42,43]. PLLA and PBSU films
were obtained through compression molding. The boehmite nanorods
films were obtained by the solvent casting method at the rotation speed
of 2000 rpm using a spin-coating instrument. The nanorods dispersion
has good wettability with the glass slides and a smooth nanorods film
can be obtained for the contact angle measurements. The contact angle
instrument (DSA 100, Data-Physical, Germany) was performed to the
contact angle tests. The contact angle values were measured by depos
iting a drop of 3 μL liquid on the sample surface and recorded after 30 s.
The recorded contact angle values were all the average of five mea
surements from different positions of the solid surface.

the PLLA/PBSU (70/30) blend (Fig. 1b). The average domain size de
creases with increasing pristine boehmite nanorods loadings (Fig. 1c and
d). The PBSU domains sizes are 1.0 and 0.6 μm for composites with 3 wt
% and 5 wt% p-BNRs, respectively. It is very interesting to find that all
the p-BNRs are exclusively distributed at the interface between PLLA
and PBSU phases. No any nanorods can be found either in the PLLA
phase or PBSU phase, indicating that the p-BNRs are thermodynamically
located at the interface. Very similar morphologies have been observed
for the same blends with the incorporation of m-BNRs. The PBSU phase
size decreases with increasing the m-BNRs loadings. In the meantime, mBNRs are also observed at the interface between the PBSU dispersed
phase and PLLA matrix, similar to the situation of the p-BNRs incorpo
rated PLLA/PBSU blends. Fig. 1e shows the average domain size of the
nanocomposites as function of the BNRs loadings. It is obviously that the
morphology of the PLLA/PBSU blends with p-BNRs is very similar to
that of the blends with m-BNRs. In other words, the blends nano
composites with p-BNRs and m-BNRs have very similar morphologies in
terms of the BNRs location and the domains size at the same nanorod
loadings.
Fig. 2 shows the typical TEM images of the PLLA/PBSU blends with 3
wt% p-BNRs and m-BNRs with different magnifications. The TEM results
are consistent with those of the SEM measurements in Fig. 1. PBSU forms
domains dispersed in the PLLA matrix with the irregular shapes. Both
the p-BNRs and the m-BNRs are exclusively located at the interface. The
two blend nanocomposites with different boehmite nanorods have the
very similar morphology in terms of both the phase size and the shape of
the domains. Very few small domains with the size of about 100 nm can
be found in the PLLA matrix. This may be originated from the high
compatibilization efficiency of the m-BNRs. Moreover, one can find that
the interface layers for both samples contain many non-oriented nano
rods with the interface thickness of about 80 nm. This may be originated
from the fact that the TEM images are obtained from the image

3. Results
3.1. Morphology of the PLLA/PBSU blends with p-BNRs and m-BNRs
Fig. 1 shows the SEM images of PLLA/PBSU (70/30) blends without
and with various amounts of p-BNRs and m-BNRs. The binary PLLA/
PBSU (70/30) blend exhibits a typical two phase structure because of the
immiscibility between PLLA and PBSU. The discrete droplets of the
minor PBSU phase are dispersed in the PLLA matrix. The fact that PBSU
domains show inhomogeneity with circular and oval form indicates poor
compatibility between PLLA and PBSU. The average size of the dispersed
PBSU phase in the binary PLLA/PBSU blend is around 2.3 μm (Fig. 1a).
The value decreases to about 1.7 μm when 1 wt% p-BNRs are added into

Fig. 2. TEM images for the PLLA/PBSU (70/30) blend sample with 3 wt% p-BNRs (a) (b) and 3 wt% m-BNRs (a’) (b’) with different magnifications.
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projection of the ultramicrotomed section with about 80 nm thickness.

3.3. Thermal behaviors of the p-BNRs and m-BNRs incorporated PLLA/
PBSU blends

3.2. Mechanical properties of the p-BNRs and m-BNRs incorporated
PLLA/PBSU blends

Fig. 4 shows the typical DSC cooling and heating curves of the PLLA/
PBSU blends with the incorporation of the p-BNRs and m-BNRs at the
�
cooling and heating rate of 10 C/min. No crystallization peaks can be
observed for the neat PLLA/PBSU blends during cooling from the melt
state, indicating that both PLLA and PBSU exhibit a slow melt crystal
lization rate in the blends without nanorods. The interfacially distrib
uted p-BNRs enhance the melt crystallization rate of both PLLA and
PBSU, as evidenced by the obvious melt crystallization peaks during
cooling. The most drastic enhancements in the crystallizations of PLLA
and PBSU are achieved with the addition of the m-BNRs. The crystalli
zation peak temperatures for PLLA and PBSU in the PLLA/PBSU/mBNRs are higher than those in the PLLA/PBSU/p-BNRs, respectively.
This means that the m-BNRs show more efficient effects on the crystal
lization behaviors of the both phases than p-BNRs. The nucleation ef
fects of the BNRs for PLLA and PBSU can also be confirmed by the
following heating curves. Only small cold crystallization peaks for both
PBSU and PLLA are observed for the m-BNRs incorporated blends. The
detailed thermal parameters from the DSC measurements are listed in
Table 1. The enhanced crystallinity of PLLA and PBSU can be achieved
with the interfacially incorporated inorganic nanorods. No drastic dif
ference is found for the melt points of PLLA and PBSU.
Fig. 5 exhibits the storage modulus and the tanδ of the PLLA/PBSU

Fig. 3a shows the typical strain-stress curves for the PLLA/PBSU (70/
30) blends without and with BNRs. The BNRs loading is 3 wt%. PBSU is a
rubbery biodegradable polymer and it can increase the ductility of PLLA
significantly. The PLLA/PBSU blend without BNRs has a yielding stress
of 44.5 MPa and the elongation at break of about 322%. The incorpo
ration of pristine BNRs leads to the drastic reduction of the elongation at
break to about 80%. At the same time, the yielding strength increases to
around 48 MPa because of the strengthening effects of BNRs as inorganic
fillers. This means that the interfacially located p-BNRs can strengthen
the PLLA/PBSU blend but decrease the ductility of the blends. Totally
different situation is observed for the same blends incorporated with the
m-BNRs. The PLLA/PBSU/m-BNRs nanocomposite with 3 wt% m-BNRs
has the elongation at break of about 355%, which is even higher than
that of the neat PLLA/PBSU blends. At the same time, the m-BNRs
incorporated PLLA/PBSU blends exhibit the yield strength and the
strength at break of 50 and 49.5 MPa, respectively. The values are higher
than those of the neat PLLA/PBSU. This means that m-BNRs enhance
both the ductility and the strength of the PLLA/PBSU blends. This has
seldom been achieved for the polymer blends nanocomposites.
The BNRs loading content effects on the yield strength, elongation at
break, and notched impact strength of the PLLA/PBSU blends are shown
in Fig. 3b, c, and d, respectively. Obviously, both the interfacially
distributed p-BNRs and m-BNRs take the effective role to strengthen the
PLLA/PBSU blend, as evidenced by the gradually increased yield
strength with the incorporation of BNRs. It is further found that the
blends with the surface modified BNRs have the higher yield strength
than those with the pristine BNRs at the same loadings, indicating that
m-BNRs have higher strengthening effects than p-BNRs. Different situ
ation can be observed for the elongation at break and the impact
strength when m-BNRs and p-BNRs were incorporated. P-BNRs decrease
drastically the elongation at break and the impact strength. With
increasing the p-BNRs loadings, both the elongation at break and the
impact strength decrease gradually. This behavior has been usually
observed in many polymer nanocomposites because inorganic nano
particles generally induce the brittleness of the materials [14,16,18]. For
the m-BNRs incorporated polymer blends, the elongation at break value
is even slightly higher than that of the binary PLLA/PBSU blends. All the
nanocomposites with m-BNRs keep the high elongation at break. More
importantly, the nanocomposites with m-BNRs have the enhanced
notched impact strength than the neat PLLA/PBSU blend. The notched
impact strength is 6.8 kJ/m2 for the nanocomposites with 3 wt%
m-BNRs, which is 42% higher than 4.8 kJ/m2 of the binary PLLA/PBSU
blend without BNRs. This means that the m-BNRs at the interface can
simultaneously enhance both the yield strength and the impact strength,
which has seldom reported so far. In contrast, the p-BNRs at the interface
can only enhance the yield strength with the drastically decreasing in
both ductility and impact strength. It should be noted that the tough
ening effects of m-BNRs are mainly originated from the enhanced
interfacial adhesion of the two phases. The inorganic nanorods at the
interface are rigid and they have less ability to adsorb the impact energy.
Therefore, the increase of impact strength by the m-BNRs is not as much
as the polymer compatibilized blends [4].

Fig. 3. (a) The strain–stress curves of PLLA/PBSU (70/30) with (I) 0, (II) 3 wt%
pristine boehmite nanorods (III) 3 wt% modified boehmite nanorods; (b) Yield
strength, (c) Elongation at break and (d) Notched impact strength of PLLA/
PBSU (70/30) with 0, 1, 3, 5 wt% pristine boehmite nanorods and 1, 3, 5 wt%
modified boehmite nanorods.

Fig. 4. DSC cooling curves (a) from 220 � C and the subsequent heating curves
(b) for the neat PLLA/PBSU (70/30) blend and the indicated
boehmite nanorods.
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Table 1
Thermal properties of the PBSU/PLLA blends obtained from the DSC measurements.
No-BNRs
p-BNRs
m-BNRs

ΔHc,PLLA(J/g)

ΔHc,PBSU(J/g)

Xc,PLLA (%)

Xc,PBSU (%)

Tm,PLLA(oC)

Tm,PBSU(oC)

10.2
16.2

5.5
6.3

2.4
15.6
25.0

3.2
16.6
18.1

168.8
168.0
168.0

113.3
112.6
111.8

ΔHc means the enthalpy of melt crystallization, Xc means the value of crystallinity, Tm means melting temperature.

Fig. 5. DMA spectra of the storage modulus (a) and the tanδ (b) of PLLA/PBSU (70/30) blend nanocomposites.

transition temperatures (Tgs) of both PLLA and PBSU shift very slightly
with the addition of the pristine boehmite nanorods. That is because of
poor compatibility between the pristine boehmite nanorods and poly
mer matrixes and no specific interactions occur. It is noticed that the
glass transition temperatures (Tgs) of both PLLA and PBSU shift toward
each other with the addition of m-BNRs. The Tgs of PLLA and PBSU are
67 and -24 � C in the blends without BNRs. The values change to 60 and
-23.7 � C, respectively. The each shifted Tg in the blend with m-BNRs
indicates the enhanced compatibility between PLLA and PBSU [45]. It is
induced by the molecular chain entanglements between the grafted
molecular chains on the surface of m-BNRs and the polymer compo
nents. It should be noted that the larger Tg decline of PLLA may be also
originated from the increased free volume of the PLLA near the interface

blends without BNRs and the blends nanocomposites with different
BNRs as a function of temperature. All the samples show a sudden
modulus drop at the temperature of about 60 � C due to the glass tran
sition of PLLA phase followed by the increasing in the modulus because
of the cold crystallization of PLLA after the glass transition [44,45]. The
storage modulus of the nanocomposites with BNRs is higher than that of
the binary blends at the temperature below the Tg of PLLA, indicating
the strengthening effects of the BNRs, as also indicated in the
strain-stress curves. The m-BNRs incorporated sample shows the
modulus enhancement at the lowest temperature after the glass transi
tion of PLLA. This means that the m-BNRs incorporated sample has the
fastest crystallization rate in all the samples, which is consistent with the
DSC results in Fig. 4. In the loss tangent curves (Fig. 5b), the glass
6
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by the nanoparticles [46].

In other words, the BNRs are barren with no any organic content on the
surface and the BNRs are physically located at the interface. No
connection occurs between the PLLA and PBSU phases by the p-BNRs.
Significant different TGA behaviors are observed for the remains from
the nanocomposite with m-BNRs. On the one hand, the clear two steps
weight loss in the temperature ranging between 300 and 400 � C are
observed in addition to the weight loss at about 470 � C. On the other
hand, the chars are only 28 wt%. The char content of the m-BNRs from
the blends is 50% lower than the original prepared m-BNRs, as shown in
Fig. 7a. This means that m-BNRs contain large amount of organic spe
cies. The weight loss at about 470 � C is again attributed to the dehy
dration of AlOOH, same to that of p-BNRs. Two separated DTG peaks are
observed from the curve of the remains in the temperature ranging from
300 to 400 � C, as shown in Fig. 7b. By comparing the TGA curve of the
remains from the nanocomposites with m-BNRs with those of neat PLLA
and neat PBSU, it is easily concluded that the remains containing both
PBSU and PLLA grafts. The maximum degradation temperatures of neat
PLLA and PBSU are 358 and 395 � C, respectively. The DTG curve of the
remains shows also the two-step weight loss in this temperature region.
This means that m-BNRs in nanocomposite contain both PLLA grafts and
PBSU grafts. The TGA results are high consistent with the TFIR results.
The specific grafted content of PLLA and PBSU can be estimated from
the TGA curves and the DTG curve of the surface grafted BNRs. The graft
density (σ) of PBSU and PLLA on the surface of BNRs can be therefore
calculated according to the following equation [39]:

3.4. Chemical structures of BNRs surface in the blends with p-BNRs and
m-BNRs
To elucidate the different functions of the two interfacially located
BNRs in the blends, the BNRs have been concentrated in the blend
nanocomposites after carefully washing out the free PLLA and PBSU.
The blend nanocomposites with 5 wt% boehmite nanorods were etched
using Soxhlet by the mixture of petroleum ether and chloroform. The
remains were considered to be the BNRs without any free polymers and
they were suffered for the FTIR and TGA measurements to detect the
surface nature of the BNRs at the interfaces. Fig. 6 shows the FTIR
spectra of the remains from the nanocomposites with p-BNRs and mBNRs. The FTIR spectra of p-BNRs, m-BNRs, the neat PLLA and PBSU are
also shown in the figure for comparison. It is found that the remains from
the nanocomposite with p-BNRs show a very similar FTIR spectrum to
the pristine BNRs. This means that the interfacially located p-BNRs have
no chemical reaction with either PLLA or PBSU in the blend nano
composites. The nanorods are bare and physically embedded at the
interface. In contrast, the remains from the nanocomposite with m-BNRs
show the totally different FTIR spectrum, as shown in Fig. 6a. A new
adsorption peak appears around 1730 cm 1 (Fig. 6a) and it is the
characteristic peak of carboxyl groups. The selected band in Fig. 6a is
enlarged in Fig. 6b. This peak can be curve-fitted into two absorptions at
1714 and 1758 cm 1, respectively. The two peaks are corresponding to
the carboxyl groups of PBSU and PLLA. This means that both PLLA grafts
and PBSU grafts are presented on the surface of the boehmite nanorods.
Moreover, the FTIR absorption peaks in the wavenumber region from
1200 to 1000 cm 1 (Fig. 6c) show the similar results that m-BNRs in the
nanocomposites have both PLLA and PBSU grafts. Except for these new
adsorption peaks, the epoxy groups at 910 cm 1 of m-BNRs disappeared
in nanocomposite. It again means the reaction of the epoxy groups of mBNRs with end carboxylic acid groups of PLLA and PBSU.
The fact that both PLLA and PBSU were grafted onto the surface of
BNRs in the m-BNRs incorporated nanocomposites can also be
confirmed from the TGA curves of the remains of the composites after
Sohlex etching, as shown in Fig. 7. Pristine beohmite nanorods (p-BNRs)
have the maximum weight loss in the temperature range from 450 to
500 � C with the char content of about 78%. The weight loss is originated
from the dehydration of AlOOH to the Al2O3 during heating. The re
mains from the nanocomposite with p-BNRs show very similar TGA
curves and DTG curves with the pristine BNRs. The char content is just
slightly lower than that of the original pristine BNRs. This again means
that the remains from the composite are almost the neat pristine BNRs.

σ¼

fpolymer NA ρAlOOH d
4fAlOOH Mn

(3)

where fpolymer is the weight fraction of PLLA or PBSU and fAlOOH is the
weight fraction of the boehmite nanorods determined by TGA mea
surement; NA is Avogadro’s number; ρAlOOH is the density of the
boehmite nanorods; d is the average diameter of the boehmite nanorods;
Mn is the number-average molecular of PLLA or PBSU. fPLLA, fPBSU and
fAlOOH are 26%, 21% and 53% respectively for the nanocomposites with
5 wt% m-BNRs. ρAlOOH is 3.43 g/cm3 according to literature [17]. The
graft densities of PLLA and PBSU are therefore calculated to be 0.016
and 0.015 chain/nm2, respectively. The fact that the graft densities of
PBSU and PLLA are almost same means that the well-shaped double
grafted boehmite nanorods can be thermodynamically located at the
interface and a nice compatibilization through the molecular chain en
tanglements between the grafted PBSU and PLLA chains on the surface
of boehmite nanorods and the polymers can be achieved.
4. Discussion
It is interesting to find that both pristine boehmite nanorods and
epoxide group modified boehmite nanorods are exclusively located at
the interface of the PLLA/PBSU blends and the two types of BNRs show
similar functions on the phase morphologies of the blends. However, the
two types of interfacially located BNRs exhibit totally different functions
on the physical properties of the nanocomposites. Obviously, the
interfacial location of p-BNRs is also originated from the thermody
namically factors because all the p-BNRs are self-assembled at the
interface during the melt blending. The wetting parameter of the p-BNRs
with PLLA and PBSU was calculated to be 0.63 at 190 � C, as shown in the
supplementary information (Table S-1 to S-3). This means that p-BNRs
will dominantly locate at the interface between PLLA and PBSU ac
cording to equ 1. For the m-BNRs, the carboxylic acid end groups of
PLLA and PBSU are ready to react with the epoxy groups on the surface
of BNRs, so the PLLA and PBSU molecular chains were simultaneously
grafted onto the surface of BNRs during melt blending. The two grafts
are long enough for the entanglements with the molecular chains of the
two phases [47] and self-assembled at the interface to form the Janus
structure. Fig. 8 presents the schematic diagrams of the p-BNRs and
m-BNRs incorporated PLLA/PBSU blends. Pristine BNRs distribute

Fig. 6. FTIR spectra curves of the p-BNRs, m-BNRs, p-BNRs in nanocomposites,
m-BNRs in nanocomposites, neat PBSU and neat PLLA in the wavenumber re
gion of 4000–400 cm 1 (a), 2000-1500 cm 1 (b), and 1300-400 cm 1 (c).
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Fig. 7. TGA (a) and DTG (b) curves of the p-BNRs, m-BNRs, p-BNRs in nanocomposites with 5 wt% loadings, m-BNRs in nanocomposites with 5 wt% loadings, PBSU,
and PLLA.

thermodynamically at the interface during the melt mixing and they
decrease the phase size of the blends. However, p-BNRs have the surface
with many hydroxyl groups and the groups are inert with both PBSU and
PLLA, so the interfacially located p-BNRs are barren without any long
molecular chains. In other word, the BNRs with barren surface do not
bridge the neighboring phases. Such weak interface cannot effectively
transfer the loadings when suffering the tensile or impact stresses. A
totally different situation occurs for the m-BNRs incorporated
PLLA/PBSU blends, as indicated in Fig. 8b. The end carboxylic groups of
both PLLA and PBSU can react with the epoxy groups on the surface of
m-BNRs. The graft densities of PLLA and PBSU on the surface are almost
same. Both the grafts assemble into a kind of Janus structure in the
blends in the melt blending conditions. The chemically grafted polymers
on the nanorods have long chains and they can entangle with the bulk
component of the blends. Such entanglements can effectively decrease
the interfacial tension of PLLA/PBSU and transfer the loadings across the
interface. Therefore, the PLLA/PBSU blends compatibilized by m-BNRs
exhibit not only the increased yielding strength and the modulus, but
also the enhanced elongation at break and the improved impact
strength. To confirm the functions of the polymer grafting on the
m-BNRs, we have also prepared the PLLA/PBSU/m-BNRs nano
composites by the solution blending strategy. We found that all m-BNRs

are selectively located in PLLA phase and no comparibilization effects
can be achieved (Fig. S2).
It should be mentioned that the results in this work also pave a new
avenue to the high performance polymeric materials with both
enhanced toughness and improved stiffness. The inorganic nanofillers
compatibilized immiscible polymer blends are feasible to fabricate the
stiffness-toughness balance materials. The nanofillers with long grafted
chains that entangle with both two phases can effectively decrease
interfacial tension and transfer stress across the interface, so toughness
can be improved. On the other hand, the inorganic nanofiller itself im
proves the modulus and strength of the polymer blends.
5. Conclusion
The structures and properties of the immiscible PLLA/PBSU blend
nanocomposites with pristine and expoxide modified boehmite nano
rods have been investigated. The locations of the nanorods and the
phase structures of the blends are almost same in the blend nano
composites incorporated with the two types of BNRs at the same load
ings. M-BNRs formed a double grafted structure through the reactive
blending so that those grafted chains had the molecular chain entan
glements with the both components. The double grafted BNRs take the
8
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Fig. 8. Schematic diagram of p-BNRs and m-BNRs incorporated PLLA/PBSU blends.

China (51890872).

effective role as the compatiblizers to bridge the neighboring phases, so
the blend nanocomposites have a significant enhanced elongation at
break and the impact strength. The p-BNRs cannot react with the com
ponents and they are also thermodynamically located at the interface by
the proper wetting parameters. However, the surface of the interfacially
located BNRs is bare without any entanglements with the two phases, so
both the elongation at break and the impact strength decrease by the
interfacially located BNRs. The results present the direct evidence that
the effective compatibilizers should have the molecular entanglements
with the both phases to transfer stress across the interface. Moreover,
this work paves a new possibility to fabricate the multicomponent
nanocomposites with simultaneously enhanced strength and toughness.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.compositesb.2020.108153.
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[29] Nofar M, Salehiyan R, Ciftci U, Jalali A, Durmuş A. Ductility improvements of PLAbased binary and ternary blends with controlled morphology using PBAT, PBSA,
and nanoclay. Compos B Eng 2020;182:107661.
[30] Yan J, Kristufek T, Schmitt M. Matrix-free particle brush system with bimodal
molecular weight distribution prepared by SI-ATRP. Macromolecules 2015;48:
8208–18.

10

