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nanoparticles as the
compatibilizers for immiscible polymer blends:
simultaneously enhanced mechanical performance
and flame retardancy†

Zhiang Fu,ab Hengti Wang,a Xuewen Zhao,a Xuan Li,a Xiaoying Gua and Yongjin Li *a

Surface modified boehmite nanorods have been synthesized by binary grafting of reactive epoxide groups

and long poly(methyl methacrylate) (PMMA) tails. The prepared nanoparticles have been incorporated into

the immiscible poly(vinylidene fluoride)/poly(L-lactide) (PVDF/PLLA) blends. Unlike the traditional metal

hydroxide flame retardants, a small amount of surface modified boehmite nanorods (5 wt%) can

simultaneously enhance both the flame retardancy (with the LOI increasing 33%) and mechanical

performance (with elongation at break increasing more than 10 times) of the PVDF/PLLA (70/30) blends.

It is found that the boehmite nanorods are dominantly located at the interface between PVDF and PLLA

phases. The reactive boehmite nanorods improve the compatibility of PVDF/PLLA blends by physical

entanglement and in situ chemical reaction during melt blending. At the same time, the nanorods at the

interface reduce the surface temperature and form a dense metal oxide layer which isolates the flame

and oxygen through their thermal decomposition during combustion. Therefore, simultaneous

enhancements in both mechanical properties and flame retardancy using flame-retarding metal

hydroxides have been achieved for the first time.
1. Introduction

The increasing extensive application of polymer materials in
varied elds leads to a continuous demand for enhanced ame
retardancy and mechanical properties of polymers.1–3 Unfortu-
nately, their propensity to combustion hampers their industrial
applications due to the elemental compositions of most poly-
mers. Incorporation of ame retardants is a widely used strategy
to inhibit the burning of polymer materials.4–8 Halogen-based
compounds are the decent options to improve the ame
retardancy of polymers providing both high ame retardant
efficiency and relatively slight deterioration of the mechanical
properties. However, the corrosive and poisonous gases gener-
ated during the combustion of halogen-based compounds have
serious secondary hazards to the environment and humans,
which impels the development of halogen-free ame retar-
dants.9–14 Metal hydroxides are the most promising options in
the area of halogen-free ame retardants. They show the
signicant advantages of smoke suppression, non-toxicity, non-
emical Engineering, Hangzhou Normal

310036, People's Republic of China.

y System, Shanghai Institute of Applied

ghai 201800, People's Republic of China

tion (ESI) available. See DOI:

hemistry 2019
volatility and cost-effectiveness over other counterparts.15–17 In
order to improve the dispersion of metal hydroxides in the
polymer matrix and achieve the desired ame retardancy of
polymer composites, it is essential to modify the surface of
metal hydroxides to enhance the interaction with the matrix.
However, the ame-retardant efficiency of metal hydroxide-
based ame retardants is always low, so very large ller load-
ings are necessary to achieve satisfactory ame retardant
performance.18,19 This inevitably leads to serious deterioration
of the mechanical properties of polymer composites.

On the other hand, the application of metal hydroxides as
ame retardants in polymers has been mainly focused on single
polymer component systems so far.1,20–24 In fact, multi-
component polymers or polymer blends are also highly
pursued for their ame retardancy.25–27 Obviously, the compati-
bility between components also needs to be considered while
enhancing the ame retardancy of materials. Most of the
components are thermodynamically immiscible due to the
intrinsic low mixing entropy and high interfacial tension, which
leads to signicant phase separation and nally the deterioration
of mechanical performances caused by their inherent propen-
sity.28–30 Therefore, a novel strategy to simultaneously enhance
the ame retardancy and mechanical performance of polymer
blends is critically important for both academia and industry.

To achieve high-performance polymers with both enhanced
ame retardancy and mechanical performance with low
J. Mater. Chem. A, 2019, 7, 4903–4912 | 4903
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loadings of metal hydroxide-based ame retardants, we here
propose a new strategy to modify immiscible polymer blends
using ame-retarding boehmite nanorods as the reactive com-
patibilizers, based on molecular entanglement between poly-
mer chains on the nanorods’ surface with the components.31–33

As shown in Fig. 1, the surface modied boehmite nanorods,
graed with both reactive epoxide groups and long PMMA tails,
are incorporated into poly(vinylidene uoride)/poly(L-lactide)
(PVDF/PLLA) immiscible blends by reactive blending. The
combination of the in situ graing of the PLLA tail via the
reaction of the carboxylic acid groups with epoxide groups and
the molecular entanglement of the PMMA chain on the
boehmite nanorods’ surface with PVDF anchors the nanorods
onto the interface of the PVDF/PLLA blends by the formation of
Janus-faced hybrid nanorods. The unique structure and distri-
bution of the boehmite nanorods suppress the coalescence of
PVDF domains and enhance the interfacial adhesion of the
blends. More importantly, the boehmite layer at the interface
could undergo hydrolysis and form a dense aluminium oxide
layer which isolates oxygen and absorbs heat, lowering the
temperature of blends during combustion, which simulta-
neously lead to high ame retardant performance even with
a low addition of metal hydroxide-based ame retardants.

It should be noted that the PVDF/PLLA blends are both
academically and industrially important. Neat PVDF shows high
ductility, biocompatibility, unique dielectric behavior and
piezoelectricity and is widely used as a sensor lm, but PVDF
lms have a low modulus with poor adhesion performance due
to the low surface energy of the uorine element in the main
chain.34 Blending with a high modulus polar polymer like PLLA
is the most feasible method to overcome the shortcomings of
the PVDF material. Fortunately, PLLA is also a piezoelectric
polymer due to the asymmetric carbon atoms and it exhibits
shear piezoelectricity.35–37 Therefore, the incorporation of PLLA
into PVDF can not only enhance the physical properties but also
Fig. 1 Schematic diagram of the surface modified boehmite nanorods
as the reactive compatibilizer and flame-retardant agent for the
immiscible PLLA/PVDF blends.

4904 | J. Mater. Chem. A, 2019, 7, 4903–4912
improve the piezoelectricity and adhesion performance.38,39 It is
highly important to enhance both the mechanical and ame
retardant performances of the immiscible PVDF/PLLA blends.

2. Experimental section
2.1 Chemicals and materials

Poly(vinylidene uoride) (PVDF, KF850) and poly(L-lactide)
(PLLA, 3001D) were purchased from Kureha Chemicals, Japan,
and NatureWorks, USA, respectively. 4,40-Azobis-(4-cyanovaleric
acid) (ACVA, 98%) was purchased from Acros. N,N-Dime-
thylbenzylamine (DEA, $98.0%), thioglycolic acid (TAC) and
methyl methacrylate (MMA, $98.0%) were purchased from
Sigma Aldrich. Aluminium isopropoxide (AIP, 98.0%), tetrahy-
drofuran (THF, $99.8%), acetic acid (HAc,$99.8%), petroleum
ether (analytical purity), acetone ($98.0%), chloroform
($98.0%), N,N-dimethylformamide (DMF, $99.5), ethanol
absolute ($99.8%) and 3-glycidoxy-propyltrimethoxy-silane
(GPS, $98.0%) were all purchased from Sinopharm Chemical
Reagent. MMA was washed with 5% sodium hydroxide and
distilled water several times. Then it was dried through vacuum
distillation with CaH2 at reduced pressure before use. ACVA was
recrystallized using methanol. THF was dried with sodium-
benzophenone under nitrogen gas and distilled before use.

2.2 Synthesis of carboxyl-terminated PMMA (PMMA-COOH)

PMMA-COOH was synthesized via radical telomerization of
MMA with ACVA as the initiator and TAC as the transfer agent,
respectively. A more detailed account of the reaction mecha-
nism has been published elsewhere.40–42 A typical procedure is
as follows: MMA (10 g, 0.1 mol), ACVA (0.28 g, 0.001 mol) and
TAC (0.46 g, 0.005 mol) are dissolved in 20 mL of THF and
stirred at 60 �C for 4 h in a triangle ask. The reaction mixture is
then dissolved in acetone, precipitated twice in petroleum ether
and once in distilled water. The product is dried in a vacuum
oven for a minimum of 48 h. A white powder (PMMA-COOH) is
obtained; Mn ¼ 3850 g mol�1, Mw/Mn ¼ 2.24. FTIR (KBr):
3000 cm�1, 2953 cm�1, 1730 cm�1, 1484 cm�1, 1450 cm�1,
1269 cm�1, 1245 cm�1, 1234 cm�1, 1184 cm�1, 1147 cm�1,
746 cm�1.

2.3 Synthesis of boehmite nanorods and the surface
modication of boehmite nanorods

Boehmite nanorods are obtained by the hydrolysis of
aluminium isopropoxide.43 In a typical reaction, 13.6 g of
aluminium isopropoxide is dropped stepwise into 60 mL of
water at 75 �C under stirring, and the solution is then heated to
95 �C to vaporize the isopropanol. The hot solution is poured
into an autoclave with 0.62 g of acetic acid, heated at 160 �C for
8 h and cooled to room temperature. The solvent of the resul-
tant mixture is removed by reduced pressure distillation. FTIR
(KBr): 3313 cm�1, 3097 cm�1, 1628 cm�1, 1161 cm�1,
1069 cm�1, 772 cm�1, 649 cm�1, 478 cm�1.

Boehmite–GPS is prepared by graing GPS onto the surface
of boehmite nanorods. The detailed procedure is as follows: 4 g
of boehmite nanorods is charged into 200 mL of ethanol
This journal is © The Royal Society of Chemistry 2019
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absolute and the mixture is ultrasonicated for 15 min. Then, the
suspension and GPS (3 mL) are transferred into a three-necked
ask equipped with an N2 inlet and reuxed at 78 �C for 8 h. The
reaction mixture is centrifuged and washed thoroughly with
ethanol and DMF to remove the unreacted GPS.

Boehmite–GPS–PMMA is obtained by the ring-opening
reaction of carboxyl-terminated PMMA with the epoxy groups
of boehmite–GPS in the presence of DEA. The typical reaction is
carried out as follows: boehmite–GPS (4 g), PMMA (4 g, 0.1 mol)
and DEA (0.0242 g, 0.18 mmol) are dissolved in 200 mL of DMF
and stirred at 140 �C for 20 h in a triangle ask under a N2

atmosphere. The resultant suspension is centrifuged, and
washed extensively with THF, acetone and chloroform under
ultrasonication, respectively.

2.4 Preparation of boehmite nanorod compatibilized PVDF/
PLLA blends

Various surface modied boehmite nanorods are incorporated
into PVDF/PLLA blends through a simple melt-blending
method directly in a Haake Polylab QC (Thermo Fisher Scien-
tic, Germany) mixer at 190 �C for 10 min. The screw speed of
themixing is 50 rpm permin. The blends are then compression-
molded by hot pressing at 10 MPa and 190 �C for 6min followed
by quenching to room temperature.

2.5 Characterization

Fourier transform infrared resonance (FT-IR). The FTIR
spectra aremeasured using a VERTEX 70 V spectrometer (Bruker,
USA) at room temperature under vacuum. The samples are gin-
ned and compressed into KBr akes over the range of 4000–
400 cm�1 at a resolution of 2 cm�1 with a minimum of 64 scans.

Gel permeation chromatography (GPC). The GPC curves are
determined using two MZ-Gel SDplus 10.0 mm bead-size
columns (10 � 105 and 10 � 103 Å) and an Optilab T-rEX
detector (Wyatt Technology, USA). Samples are eluted with
chromatographically pure THF at a ow rate of 1 mL min�1 at
35 �C. Absolute molecular weights are evaluated with the ASTRA
6 soware from Wyatt Technology.

Thermal analysis. Thermogravimetric analyses (TGA) are
carried out on a TGA Q500 (TA Instruments, USA) in nitrogen
and air atmospheres from 40 �C to 650 �C. The heating rate is
10 �C min�1. The content of graed PMMA with epoxy groups
on boehmite nanorods’ surface is calculated using the Formula
S1 in the ESI.†Differential scanning calorimetry (DSC) is carried
out on a DSC Q2000 (TA Instruments, USA) in a nitrogen
atmosphere from �50 �C to 220 �C. The heating rate is
10 �C min�1. Dynamic mechanical analysis (DMA) is performed
on a DMA-Q800 (TA Instruments, USA) in tension mode and
under a nitrogen atmosphere from �50 to 220 �C. The
frequency is 3 Hz and the heating rate is 10 �C min�1. The
samples are tailored to dimensions of 8 mm � 6.30 mm �
0.50 mm in length, width, and thickness, respectively.

X-ray diffraction (XRD). The patterns are recorded over the
angular range 10–80� (2q) with a speed of 2� min�1 on a Bruker-
D8 (Bruker-D8, Germany), using Cu Ka radiation (l ¼ 0.154056
nm) with a working voltage and current of 40 kV and 100 mA,
This journal is © The Royal Society of Chemistry 2019
respectively. The samples are milled into powders at room
temperature.

Rheological characterization. The rheology behaviours are
determined using an MCR 302 (Anton Paar instrument, Austria)
at 190 �C. The plate diameter of the parallel plate is 25 mm and
the frequency sweep is performed from 100 to 0.01 rad s�1 at 5%
strain.

Scanning electron microscopy (SEM). The phasemorphology
of the PVDF/PLLA blends is analysed using an S-4800 micro-
scope (Hitachi, Japan) at an accelerating voltage of 100 kV. The
specimens are fractured by immersion in liquid nitrogen for
5 min and sputtered with gold aer drying under vacuum
conditions for 2 h at room temperature.

Transmission electron microscopy (TEM). The distribution
of boehmite nanorods in PVDF/PLLA blends is observed using
a HT-7700 (Hitachi, Japan) instrument with an accelerating
voltage of 80 kV. All samples are ultramicrotomed into 70–
80 nm thickness. In order to selectively stain the PVDF phase,
the samples are stained using ruthenium tetroxide (RuO4) for
4 h at room temperature. PLLA was observed as a grey phase and
PVDF was observed as a black phase in the TEM images.

Mechanical testing. Tensile tests are performed via using an
Instron 5966 universal testing machine (Instron, USA) at
a tension rate of 10 mm min�1. Samples are punched into
tensile specimens with a standard dumb-bell shape and aged
for 24 h at room temperature prior to measurements.

Flame retardancy measurement. Limiting oxygen index (LOI)
measurements are performed according to ASTM D2863 on
samples with dimensions of 120 mm � 10 mm � 4 mm. The
value of the LOI is measured using an HC-2C (Jiang Ning
analytical instrument, China). All cone calorimetry tests were
performed using a low oxygen standard cone calorimeter
(manufactured by Fire Testing Technology) at an incident heat
ux of 50 kW m�2 according to ISO 5660-1 standard on a TC-
1611/TC-1611-X (Deatak, USA). All samples (100 � 100 � 1
mm3) were laid on a horizontal sample holder. The UL-94
vertical burning level is determined using a CZF-2 instrument
(Jiang Ning, China) according to ASTM D 3801 standard.

3. Results
3.1 Synthesis of boehmite nanorods and the surface
modication of the nanorods

The fabrication procedure of the surface modied boehmite
nanorods is illustrated in Fig. 2. The boehmite nanorods are
prepared using aluminium isopropoxide through a typical
hydrothermal reaction in the presence of acetic acid.43 Then,
epoxide groups and PMMA chains are sequentially graed onto
the surface of the nanorods using 3-glycidoxypropyltrimethox-
ylsilane (GPS) and carboxyl-terminated poly(methyl methacry-
late) (PMMA-COOH) through silane coupling agents and
carboxyl group ring-opening reaction with epoxide groups on
the nanorods.31 PMMA-COOH has a number-average molecular
weight (Mn) of approximately 3850 g mol�1 and is synthesized
by free radical polymerization (Fig. S1†).37

Fig. 3 shows the TEM images, and the FTIR and TGA curves
of the prepared nanorods with various surface features. All the
J. Mater. Chem. A, 2019, 7, 4903–4912 | 4905
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Fig. 2 The fabrication schematic of reactive boehmite nanorods with
both PMMA tails and epoxide groups (boehmite–GPS–PMMA).

Fig. 4 SEM and TEM images of PLLA/PVDF (50/50) blends with 3 wt%
(a) pristine boehmite, (b) boehmite–GPS and (c) boehmite–GPS–
PMMA nanorods.

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 3
1 

Ja
nu

ar
y 

20
19

. D
ow

nl
oa

de
d 

by
 T

H
E

 L
IB

R
A

R
Y

 O
F 

H
A

N
G

Z
H

O
U

 N
O

R
M

A
L

 U
N

IV
E

R
SI

T
Y

 o
n 

2/
28

/2
01

9 
8:

21
:3

8 
A

M
. 

View Article Online
boehmite particles have a rod shape with a length of about 60–
100 nm and a diameter of about 5 nm as seen in the TEM images
(Fig. 3a–c). A very thin layer can be observed on the surface of the
nanorods aer the binary graing of both GPS and PMMA
oligomers (Fig. 3c). This is clearly conrmed by both FTIR and
TGA measurements. Both the characteristic absorption peaks at
1730 cm�1 and 910 cm�1 can be observed for the boehmite–
GPS–PMMA samples (Fig. 3d). This means that the binary
graing has been achieved successfully. The TGAmeasurements
indicate that the organic graing content is about 19.2 wt% for
the boehmite–GPS–PMMA samples. The detailed molecular
parameters of the surface modied boehmite nanorods and
PMMA-COOH used are shown in Table S1.†
3.2 Morphology of the boehmite nanorod compatibilized
PVDF/PLLA blends

The boehmite nanorods were incorporated into PVDF/PLLA
blends by a simple melt-blending method. Fig. 4 shows the
Fig. 3 TEM images of boehmite (a), boehmite–GPS (b) and boehmite
boehmite, boehmite–GPS, and boehmite–GPS–PMMA nanorods and PM

4906 | J. Mater. Chem. A, 2019, 7, 4903–4912
SEM and TEM images displaying the morphologies of the PLLA/
PVDF blends (50/50, w/w) mixed with 3 wt% boehmite nanorods
having different surface modications. The phase size of each
sample aer incorporation of the nanorods is shown in Fig. S2.†
PVDF and PLLA are totally immiscible and the blends without
nanorods show a very large phase size of 13.2 � 4.4 mm
(Fig. S3†). The blends with pristine boehmite nanorods
(Fig. 4a1) and epoxide group modied boehmite nanorods
(boehmite–GPS) (Fig. 4b1) have a phase size of 13.4 � 8.3 mm
and 11.5 � 5.3 mm, respectively. Moreover, the incorporation of
pristine boehmite and boehmite–GPS nanorods does not
induce interfacial enhancement as evidenced by the large
interfacial gap (or the hole on the fracture surface) between the
–GPS–PMMA nanorods (c). FT-IR (d), TGA (e) and DTG (f) curves of
MA-COOH.

This journal is © The Royal Society of Chemistry 2019
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phases. This means that both the pristine boehmite and
boehmite–GPS nanorods do not enhance the compatibility
between PVDF and PLLA. It is further found that the pristine
boehmite and the boehmite–GPS nanorods are selectively
encapsulated in the PLLA phase due to the higher affinity of
both boehmite and boehmite–GPS to PLLA (Fig. 4a2 and b2).
However, the addition of boehmite nanorods graed with both
PMMA and epoxide groups (boehmite–GPS–PMMA) distinctly
decreased the size of the dispersed phases (1.8 � 0.3 mm) and
almost all the nanorods are exclusively located at the interface
(Fig. 4c1 and c2). The selective location of the boehmite–GPS–
PMMA at the interface has also been conrmed by the SEM/EDS
analysis, as shown in Fig. S4.† One can clearly observe that the
interface exhibits extremely high Al intensity for the boehmite–
GPS–PMMA compatibilized blends while the Al element was
observed in the PLLA phase for the boehmite–GPS incorporated
blends.

Fig. 5 shows the SEM images of the compatibilized PVDF/
PLLA 50/50 and 70/30 blends with the indicated amount of
boehmite–GPS–PMMA nanorods. With increasing the loading
of the boehmite–GPS–PMMA nanorods from 1 to 5 wt%, the
PVDF domain size decreased from 13.2� 4.4 mm to 1.3� 0.7 mm
(Fig. S5a†) for the 50/50 blend, indicating the compatibilization
effects of the surface modied nanorods. For the PVDF/PLLA
70/30 (w/w) blend, a co-continuous phase structure can be
observed with the addition of more than 3 wt% boehmite–GPS–
PMMA nanorods. This again means that the boehmite–GPS–
PMMA nanorods exhibit efficient compatibilizing functions for
the immiscible PVDF/PLLA blends. All the boehmite–GPS–
PMMA nanorods are selectively located at the interface and also
decrease the phase size of the co-continuous structure drasti-
cally (Fig. 5b and S5b†). We considered that the co-continuous
structure with the boehmite nanollers will benet the ame
Fig. 5 SEM and TEM images of PVDF/PLLA (50/50) (a) and PVDF/PLLA (7
boehmite–GPS–PMMA nanorods, respectively.

This journal is © The Royal Society of Chemistry 2019
retardant performance because the boehmite nanorods form
a network and they can effectively impede the propagation of
combustion (please see Section 3.5).

We have also investigated the graed PMMA molecular
weight effects on the morphology of the boehmite–GPS–PMMA
compatibilized PLLA/PVDF 50/50 blend, as shown in the TEM
images in Fig. S6.† It was found that most of the boehmite–
GPS–PMMA nanorods are located at the interface with the
PMMA Mn being 3850 while the reactive nanorods with both
short PMMA tails (Mn of 2000) and long PMMA tails (Mn of 8000)
cannot induce good compatibilization effects on the PVDF/
PLLA blends.
3.3 Effects of boehmite nanorods on the thermal behaviour
of PVDF/PLLA blends

The boehmite nanorods’ effects on the thermal behaviour of
PVDF/PLLA blends have been investigated, using the PVDF/
PLLA (70/30) blend as an example. Fig. 6 shows the DSC and
DMA curves of the PVDF/PLLA (70/30) blends with various types
of boehmite nanorods. It was found that both boehmite–GPS
and boehmite–GPS–PMMA nanorods accelerate the crystalliza-
tion of PVDF, as evidenced by the increased melt crystallization
temperature. On the other hand, the nanollers at the interface
induce also the increase of melt crystallization temperature of
PLLA (Fig. 6a). However, incorporation of a small amount of
boehmite nanorods does not induce a drastic change in the
crystallinity and melting temperatures of both PVDF and PLLA
(Fig. 6b). Dynamic mechanical analysis (DMA) has also been
carried out for the boehmite nanorod incorporated PVDF/PLLA
blends, as shown in Fig. 6c and d. The tan delta (d) relaxation
peaks at�35.0 �C and 63.7 �C correspond to the Tgs of PLLA and
PVDF, respectively. It can be observed that the Tg of the PLLA
0/30) (b) blends with the addition of 1 wt% (1), 3 wt% (2) and 5 wt% (3)

J. Mater. Chem. A, 2019, 7, 4903–4912 | 4907
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Fig. 6 DSC spectra during cooling from 200 �C (a) and the following
heating (b) curves of PVDF/PLLA (70/30), PVDF/PLLA/boehmite–GPS
(70/30/3) and PVDF/PLLA/boehmite–GPS–PMMA (70/30/3) blends;
DMA spectra of the loss tangent (c) and storage modulus (d) of PVDF/
PLLA (70/30), PVDF/PLLA/boehmite–GPS (70/30/3) and PVDF/PLLA/
boehmite–GPS–PMMA (70/30/3).
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component shis to a lower temperature and the Tg difference
(DTg) between PVDF and PLLA is correspondingly decreased
with the incorporation of the boehmite–GPS–PMMA nanorods.
This again means that the surface modied nanorods improve
the compatibility of PVDF and PLLA. Moreover, boehmite–GPS–
PMMA induces pseudo solid-like rheological behaviour of the
PVDF/PLLA blends at the terminal region in the small ampli-
tude oscillatory shear (SAOS) tests, as shown in Fig. S7.†
3.4 Mechanical properties of the boehmite nanorod
compatibilized PVDF/PLLA blends

Fig. 7 shows the strain–stress curves of the PVDF/PLLA blends
with changing the surface modications and the loadings as
well. As shown in Fig. 7a, the PLLA/PVDF (50/50) blend without
the compatibilizer is very brittle with low tensile strength
because of the immiscibility between the two components (as
Fig. 7 (a) The strain–stress curves of the PVDF/PLLA (50/50) blends with t
GPS–PMMA nanorods, respectively. (b) The strain–stress curves of the P
5 wt% boehmite–GPS–PMMA nanorods, respectively. (c) The strain–stre
1 wt%, 3 wt% and 5 wt% boehmite–GPS–PMMA nanorods, respectively.
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also shown in Fig. S3†). The tensile strength and the elongation
at break are 47 Mpa and 4.2%, respectively. Both pristine
boehmite and boehmite–GPS (3 wt%) nanorods do not enhance
the mechanical properties of the blends, as evidenced by the
almost similar tensile behaviour to that of the neat blend.
However, the addition of boehmite nanorods graed with both
PMMA and epoxide groups (boehmite–GPS–PMMA) at the same
loadings distinctly improved the mechanical properties of the
blends. The obvious yielding behaviour can be observed in the
strain–stress curve for the blends compatibilized with
boehmite–GPS–PMMA, indicating the drastically improved
ductility. The yielding stress and the elongation at break of the
blends compatibilized with boehmite–GPS–PMMA nanorods
are 52 MPa and 13%, respectively. These are attributed to the
entanglement of the PMMA tails on the nanorods with the PVDF
chains and in situ reaction of epoxy groups with carboxylic acid
groups of PLLA chains, allowing boehmite–GPS–PMMA nano-
rods to function as an effective compatibilizer.

Moreover, the work-to-break values in the tensile tests of
each sample in Fig. 7 have also been calculated and are dis-
played in Table S2.† The work of fracture is 1.15 � 106 J m�2 for
the PVDF/PLLA 70/30 sample with 5 wt% boehmite–GPS–PMMA
and this value is two orders of magnitude higher than the 2.4 �
104 J m�2 for the sample without nanorods. This again indicates
the signicantly enhanced toughness of the blends by the
surface modied nanorods.
3.5 Flame retardant properties of the boehmite nanorod
compatibilized PVDF/PLLA blends

Boehmites are some of the typical metal hydroxides used for
increasing the ame retardancy of polymers. The LOI values of
all samples with various types and amounts of boehmite
nanorods have been measured and are displayed in Fig. 8. The
limiting oxygen index (LOI) of the PVDF/PLLA (50/50) blend
without nanorods is 24%. Both the pristine boehmite and the
GPS-modied boehmite nanorods increase the LOI slightly.
However, the incorporation of boehmite–GPS–PMMA nanorods
leads to drastically enhanced LOI. The blends with 3 wt%
boehmite–GPS–PMMA nanorods show an LOI value of 28.6%
he addition of 3 wt% pristine boehmite, boehmite–GPS and boehmite–
VDF/PLLA (50/50) blends with the addition of 0 wt%, 1 wt%, 3 wt% and
ss curves of the PVDF/PLLA (70/30) blends with the addition of 0 wt%,

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 (a) The LOI of the PVDF/PLLA (50/50) blends (I), the blends with
the addition of 3 wt% pristine boehmite (II), boehmite GPS (III) and
boehmite–GPS–PMMA nanorods (IV). (b) The LOI of the PVDF/PLLA
(50/50) and PVDF/PLLA (70/30) blends with the addition of 0 wt%,
1 wt%, 3 wt% and 5 wt% boehmite–GPS–PMMA nanorods.

Table 1 The UL-94 results of neat PP, PP/APP and PP/PA–APP
composites

Sample

UL-94

Rating Dripping

PVDF/PLLA (70/30) V-2 No
PVDF/PLLA/boehmite–GPS (70/30/3) V-0 No
PVDF/PLLA/boehmite–GPS–PMMA (70/30/3) V-0 No

Fig. 9 HRR, THR, SPR and TSP plots of neat PVDF/PLLA (70/30), PVDF/
PLLA/boehmite–GPS and PVDF/PLLA/boehmite–GPS–PMMA blends.

Table 2 Cone-calorimetry data of PVDF/PLLA, PVDF/PLLA/
boehmite–GPS and PVDF/PLLA/boehmite–GPS–PMMA composites

Sample
PVDF/PLLA
(70/30)

PVDF/PLLA/
boehmite–GPS
(70/30/3)

PVDF/PLLA/
boehmite–GPS–
PMMA (70/30/3)

TTI (s) 49 42.5 41.75
PHRR (kW m2) 184.6 106.2 127.8
THR (MJ m2) 31.8 25.6 16.5
AEHC (MJ kg�1) 10.38 8.47 8.3
RW (wt%) 83.83 71.44 69.44
TSP (m2) 8.21 0.66 0.21
CO yield (kg kg�1) 0.0307 0.00589 0.00526
CO2 yield (kg kg�1) 1.11855 0.88725 0.84826
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(Fig. 8a). This means that the boehmite nanorods located at the
interface can signicantly enhance the ame retardancy of the
blends. The LOI values of the PVDF/PLLA 50/50 and PVDF/PLLA
70/30 blends compatibilized with various amounts of
boehmite–GPS–PMMA nanorods are displayed in Fig. 8b. The
LOI values of the PVDF/PLLA 70/30 samples are higher than
those of the PVDF/PLLA 50/50 samples at the same boehmite
loadings because PVDF is much more ame retarding than
PLLA. It is clear that the LOI value increases with the addition of
boehmite–GPS–PMMA nanorods, indicating the gradually
enhanced ame retardant performance. The ame retardant
effects of boehmite–GPS–PMMA nanorods are more effective for
the blends with a co-continuous structure 70/30 blend than
those with a sea-island structure 50/50 blend. The LOI values
increase 19% (from 24.5% to 28.5%) for the PVDF/PLLA 50/50
blend with 5 wt% boehmite–GPS–PMMA nanorods while the
value increases 33% (from 30% to 42%) for the 70/30 blend with
the same loading. Obviously, the protection layer of the nano-
rods forms a network in the blends with a co-continuous
structure and therefore drastically increases the ame retar-
dant properties of the multi-component polymer blends. Note
that only the boehmite nanorods at the interface take the role of
a ame retardant. No LOI changes can be observed for the
blends compatibilized with the traditional reactive compatibil-
izers. Reactive polystyrene-g-GMA-g-PMMA exhibits similar
compatibilization effects to boehmite–GPS–PMMA for PVDF/
PLLA blends, as shown in Fig. S8 and S9.† However, no ame
retardancy can be observed for the polystyrene-g-GMA-g-PMMA
compatibilized blends and the LOI values are the same as those
of the blends without compatibilizers (Table S3†).

We also carried out the vertical burning test (UL-94) of the
PVDF/PLLA 70/30 blend with and without the surface modied
boehmite nanorods, as shown in Table 1. The neat PVDF/PLLA
(70/30) shows V-2 rating in the persisting combustion aer
removal of the test ame. When incorporating 3 wt% modied
boehmite nanorods, the blends are observed to resist ignition
and self-extinguish without any dripping. The UL-94 rating of
the PVDF/PLLA (70/30) composites is therefore improved from
V-2 to V-0 due to the good ame retardant performance of the
boehmite nanorods in the blends.

Cone calorimetry is widely used to evaluate the burning
behaviour of polymeric materials. Fig. 9 shows the heat release
This journal is © The Royal Society of Chemistry 2019
rate (HRR), total heat release (THR), smoke production rate
(SPR) and total smoke production (TSP) during combustion of
the PVDF/PLLA (70/30) blend without and with different
boehmite nanorods and the corresponding data are presented
in Table 2. It could be observed that neat PVDF/PLLA (70/30) is
prone to combustion and produces a lot of smoke. The peak of
heat release rate (PHRR) and total heat released (THR) are
184.6 kW m�2 and 31.8 MJ m�2, respectively. When incorpo-
rating 3 wt% boehmite–GPS nanorods, the PHRR and average
effective heat of combustion (AEHC) of the blends are
decreased, which can be attributed to the good dispersion of
J. Mater. Chem. A, 2019, 7, 4903–4912 | 4909
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boehmite nanorods in the PLLA phase improving the ame-
retardant properties of the PLLA phase. But the value of the
THR of the PVDF/PLLA/boehmite–GPS (70/30/3) blend is still as
high as 25.6 MJm�2. However, when the boehmite nanorods are
located at the interface of the PVDF/PLLA blends, despite
a slight increase in the PHRR due to the decrease of the
boehmite content in the PLLA phase, both AEHC and THR of
the PVDF/PLLA/boehmite–GPS–PMMA (70/30/3) blend
decreased compared with those of the PVDF/PLLA/boehmite–
GPS (70/30/3) blend, especially THR, which decreased to 16.5 MJ
m�2, reduced by 64.4% compared with that of the blends
incorporated with boehmite–GPS. Meanwhile, it can be
observed that both boehmite–GPS and boehmite–GPS–PMMA
could decrease the SPR and the TSP. Especially with boehmite–
GPS–PMMA, the TSP of the blends can reach 0.21 m2, which is
lower than that of neat PVDF/PLLA (8.21 m2) and boehmite–GPS
(0.66 m2) obviously. These results further illustrate that the
ame retardant like boehmite nanorods located at the interface
of blends can more effectively protect the material from further
degradation due to the thermal degradation of the interfacial
boehmite nanorods which constitute the aluminium oxide layer
at the interface during combustion.
4. Discussion

The incorporation of inorganic nanoparticles into immiscible
polymer blends provides a simple route for creating materials
that combine the merits of different components.30 Anchoring
Fig. 10 TGA (a) and DTG (b) curves of the PVDF/PLLA (70/30) blend with
snapshots (1) and SEM images (2) of the char of neat PVDF/PLLA (70/30) (c
GPS–PMMA (e).

4910 | J. Mater. Chem. A, 2019, 7, 4903–4912
nanollers at the interface of immiscible polymer blends has
been achieved previously by adjusting either the affinity of the
nanoller to the polymer component (thermodynamically) and/
or the mixing sequence (kinetically) of the polymer blends.31,40,44

However, the mechanical properties of such blends are gener-
ally not improved (or even deteriorate) due to the lack of
molecular entanglement. In the present work, we designed
modied boehmite nanorods that show molecular entangle-
ment with both the components. It is interesting to nd that the
reactive boehmite nanorods can simultaneously enhance the
mechanical properties and ame retardancy of the immiscible
PVDF/PLLA blends. The boehmite–GPS–PMMA nanorods
contain both reactive epoxide groups and long PMMA tails. It is
well-known that PMMA is thermodynamically miscible with
PVDF due to the specic interactions between the carboxyl
groups of PMMA and CF2 of PVDF.45 On the other hand, the
COOH end groups of PLLA readily react with the epoxide groups
on the nanorods during the melt blending, as evidenced by the
decreased absorption intensity of epoxide groups with the melt
processing (Fig. S10†). Therefore, the boehmite nanorods form
a kind of Janus structure which makes them effective compa-
tibilizers for PLLA/PVDF blends, as demonstrated in Fig. 1. The
nanorods thermodynamically located at the interface by
molecular entanglement enhance the adhesion between the two
phases and improve the mechanical properties signicantly.

On the other hand, the boehmite nanorods at the interface
readily dehydrate into aluminium oxide due to the heat
produced during combustion. This process not only releases
0 wt%, 1 wt%, 3 wt% and 5 wt% boehmite–GPS–PMMA nanorods; the
), PVDF/PLLA/boehmite–GPS (70/30/3) (d) and PVDF/PLLA/boehmite–

This journal is © The Royal Society of Chemistry 2019
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water and lowers the burning temperature but also forms
a dense aluminium oxide layer which protects the sample from
further burning. This can be conrmed by the thermal stability
of the composites under a nitrogen atmosphere in TGA. As
shown in Fig. 10, the neat PVDF/PLLA (70/30) blend shows two
independent weight losses at 310–390 �C and 440–510 �C, cor-
responding to the degradation of PLLA and PVDF, respectively.
In comparison, the incorporation of 3 wt% boehmite–GPS–
PMMA nanorods leads to a signicant decrease in the degra-
dation temperature of the blends and only one step weight loss
can be observed. The maximum degradation temperature of the
compatibilized blends is about 320 �C, compared with the
370 �C of the blends without compatibilizers. Obviously, the
degradation temperature corresponds to the hydrolysis of
boehmite nanorods. Moreover, one can nd that the residue
char of the compatibilized blends is much higher than that of
those without boehmite nanorods. The char yield drastically
increased from 22% to 32% for the PVDF/PLLA (70/30) blend
with only 1 wt% boehmite–GPS–PMMA nanorods. It is further
illustrated that the boehmite nanorods release water and form
a dense aluminium oxide layer at the interface and protect the
sample from further degradation during burning. The degra-
dation behaviours of the PVDF/PLLA (70/30) blends with various
types of boehmite nanorods under an air atmosphere (Fig. S11†)
show similar results to those obtained under a nitrogen atmo-
sphere. Fig. 10c–e demonstrate the char appearance and the
corresponding SEM image of the char for the PVDF/PLLA (70/
30) blends aer cone tests. It is clear that the burning char of
the blends with boehmite–GPS–PMMA nanorods retains the
original shape, compared with the neat blend and the blend
with boehmite–GPS. Moreover, the char was covered with well
dispersed white powder. The SEM images indicate that the
white powder is mainly located on the interfaces, as shown in
Fig. 10e2. Combined with the EDX, IR and X-ray diffraction
(XRD) characterization results (Fig. S12 and S13†), we conrm
that the powder is aluminium oxide formed by the dehydration
of boehmite nanorods. Therefore, we consider that the
boehmite nanorods at the interface are critically effective for the
ame retardancy function because all nanorods are enriched at
the thin layer and they dehydrate into aluminium oxide due to
the heat produced during combustion. This process not only
releases water and lowers the burning temperature but also
forms a dense aluminium oxide layer which protects the sample
from further burning, as schematically demonstrated in Fig. 1

5. Conclusions

In conclusion, we have reported for the rst time that metal
hydroxide nanoparticles can be used as both a ame retardant
and compatibilizer for immiscible polymer blends. The reactive
boehmite nanorods containing both reactive epoxide groups
and PMMA tails are located thermodynamically at the interface
between PVDF and PLLA phases by the in situ reaction with
PLLA and physical interactions with PVDF. The nanorods are
effective compatibilizers and enhance the mechanical proper-
ties of the blends. On the other hand, the thermal degradation
of the boehmite nanorods located at the interface resulted in
This journal is © The Royal Society of Chemistry 2019
the formation of an aluminium oxide layer which protected the
sample from further degradation during combustion. Consid-
ering the increasing demand for enhanced mechanical prop-
erties and ame retardancy of multicomponent polymers, the
strategy to use ame-retarding nanoparticles as compatibilizers
provides new possibilities for synthesizing high performance
polymeric materials with excellent ame retardancy.
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