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We report a novel synthesis method for the preparation of polypropylene/layered double hydroxide

(PP/LDH) nanocomposites, in which LDH nanosheets, [Mg2Al(OH)6](DDS)$2H2O (Mg–Al–DDS),

were prepared using a one-step reverse microemulsion method. PP/LDH nanocomposites were

prepared by direct mixing of the obtained LDH nanosheets with PP in xylene at 140 �C. Loadings of the
LDH in PP of 0.5, 1.0, 1.5, 2.0, 4.0, 8.0 and 16.0 wt% were investigated. The results indicate that

the LDH nanosheets were highly dispersed in PP and this dramatically improves the performance of the

nanocomposites at very low LDH loadings (e.g. 1.0 wt%). In particular, the thermal stability, melting

transition, recrystallisation behavior, and rheological properties of the PP/LDH nanocomposites were

evaluated. The thermal stability (T0.5) of the pure PP was increased from 336 to 384 �C by 1.0 wt%

addition of the Mg–Al–DDS nanosheets. At 1.0 wt% loading the melting temperature (Tm) and the

recrystallisation temperature (Tc) of PP were also increased by 2.5 and 6.7 �C respectively. The

nanocomposites showed decreased G0 and G0 0 when the LDH nanoplatetet loading is low (<2.0 wt%).

With 0–2.0 wt% of LDHs, both G0 and G0 0 decreased with the increase of LDH loading. While on

increasing the LDH loading from 2.0 wt% to 16.0 wt% both the storage modulus (G0) and loss modulus

(G0 0) gradually increased. At a 16.0 wt% LDH loading, the rheological response changes and the elastic

solid-like behavior is observed, with only a limited reduction in G0 at low frequency. For the PP/LDH

nanocomposites containing 0.5–4.0 wt% LDH, tan d decreases monotonously with increasing

frequency (w). Above 8.0 wt% LDH loading, tan d starts to show three different stages: rubbery,

viscoelastic and a glassy state. These results demonstrate that the reverse microemulsion method is a

simple and efficient approach for the one-step synthesis of LDH nanosheets for use in the synthesis of

polymer/LDH nanocomposites with enhanced thermal, rheological and mechanical properties.
1. Introduction

In recent years, polymer/LDH nanocomposites have attracted

considerable interest in the field of materials chemistry.1–6 Since

high mechanical, optical, thermal and rheological properties are

rarely present in pure polymers or micro-scale composites, these

hybrids are seen to have a wide range of applications such as

organoceramics, biomaterials, electrical, and mechanical mate-

rials.7–13 It is believed that the bulk property improvements are due

to the small size together with the high aspect ratio of the filler

particles, and its homogeneous dispersion on the nanoscale within

the polymeric matrix.14 In addition, since the chemical composi-

tion of LDHs can be precisely controlled, these materials should

find applications in areas such as microelectronic and medical

materials where the chemical purity is often a critical requirement.

To date, numerous types of polymer/LDH nanocomposites have
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been reported, which include polypropylene (PP)/Mg–Al–

LDH,15,16 PP/Zn–Al–LDH,17 PP/Co–Al–LDH,18 low density

polyethylene (LDPE)/Mg–Al–LDH,19 linear low density poly-

ethylene (LLDPE)/Zn–Al–LDH,20 high density polyethylene

(HDPE)/Zn–Al–LDH,21 poly(methyl methacrylate) (PMMA)/

Zn–Al–LDH,22 PMMA/Mg–Al–LDH,23 polyvinyl chloride

(PVC)/Mg–Al–LDH,24 PVC/Zn–Al–LDH,25 PVC/Mg–Al–Ce–

LDH,26 PVC/Mg–Cu–Al–LDH,27 polystyrene (PS)/Mg–Al–

LDH, PS/Co–Al–LDH, PS/Ni–Al–LDH, PS/Cu–Al–LDH, PS/

Cu–Fe–LDH, and PS/Cu–Cr–LDH,28 ethylene vinyl acetate

(EVA)/Mg–Al–LDH, EVA/Zn–Al–LDH,29 polylactic acid

(PLA)/Zn–Al–LDH,30 polyamide (PL)/Co–Al–LDH,31,32 Epoxy

(EP)/Mg–Al–LDH,33 poly(propylene carbonate) (PPC)/Mg–Al–

LDH,34 nylon 6/Mg–Al–LDH,35 polyethylene oxide (PEO)/Mg–

Al–LDH,36 polymethacrylate (PMA)/Zn–Al–LDH,37 and poly-

styrenesulfonate (PSS)/Zn–Al–LDH.38 The polymers PP and PE

are themostwidely used in the preparation of nanocomposites due

to their ready availability and relatively low cost.39,40 Mg–Al, Zn–

Al, and Zn–Mg–AlLDHs are themost preferred fillers, since these

white materials will not cause any unwanted colour to the mother

polymers.29However, most importantly the ultimate performance
J. Mater. Chem., 2012, 22, 19113–19121 | 19113
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of any LDH/polymer nanocomposites strongly depends on the

degree of dispersion and the compatibility of LDHs in the polymer

matrices.21

Although there are a number of approaches for the prepara-

tion of nanocomposites, the route involving the exfoliation of the

inorganic component is the one that usually attracts the most

interest since this tends to result in a better dispersion of an

inorganic material in the polymer matrix and enhanced proper-

ties as compared to, for example, intercalated nano-

composites.6,41 However, since LDH layers possess a high charge

density (ca. 3 mequiv. per gram) the strong interlayer electro-

static interactions make the exfoliation of LDHs much more

difficult.42 In addition, pristine LDHs are not suitable for the

penetration of giant polymer chains or chain segments into their

gallery space unless their interlayer separation is significantly

increased. Accordingly, the intercalation of macromolecules in

LDHs involves either the organic modification of the LDH to

expand the basal spacing and/or chemical modification of the

polymer to graft anions into the polymers.20

We and others have been exploring the routes to preparing

colloidal dispersions of LDH nanosheets followed by simple

mixing with a polymer to obtain nanocomposites.5,43,44 However,

we believe a much more useful method would be to develop a

simple (one step) synthesis of LDH nanosheets which could then

be used directly to synthesise polymer/LDH nanocomposites.45

The reverse microemulsion method has been widely used for

controlling the size and shape of inorganic nanocrystals.46–49 Our

group has developed an attractive approach for using a reverse

microemulsion to control the nucleation and growth of rigid

LDH nanosheets. In the reverse microemulsion system, the

anionic surfactants dissolved in organic solvents form spheroidal

reverse micelles with the hydrophobic chains pointing out into

the oil phase. A remarkable function of these systems is the initial

isolation of a space. When water (or aqueous solution) is added,

the micelles swell with water droplets entrapped at the polar

cores that are formed by the hydrophilic heads of the surfactants.

Then, under controlled reaction conditions, the LDH nanosheets

are induced to form within the limited space.45,50–52 With this

method, several LDHs have been synthesised, including

Mg–Al,45,50,51 Co–Al,52 Ni–Al,53 Ca–Al,54 and Zn–Co–Fe.55

Here we report the first direct synthesis of a polymer/layered

double hydroxide (PP/LDH) nanocomposite by the addition of

LDH nanosheets synthesised using a reverse microemulsion

method.
2. Experimental section

2.1 Synthesis

Synthesis of [Mg2Al(OH)6](DDS)$2H2O (Mg–Al–DDS LDH)

nanosheets. A metal precursor solution (A) was prepared by

dissolving 18.43 g Mg(NO3)2$6H2O and 9 g Al(NO3)3$9H2O in

30 ml degassed and de-ionised (DI) water. The base solution (B)

was prepared by dissolving 6.97 g NaNO3 and 4.8 g NaOH in 30

ml deionised H2O. The DDS intercalated Mg–Al LDH nano-

sheets were prepared by a reverse microemulsion method.45,50–52

1.8 g NaDDS {CH3(CH2)11OSO3Na}, 1.9 g 1-butanol, and

2.15 g solution A were added to 130 ml isooctane to obtain a

transparent solution (C). 1.8 g NaDDS, 4 g 1-butanol and 1.55 g
19114 | J. Mater. Chem., 2012, 22, 19113–19121
of solution B were added to 120 ml isooctane to obtain a trans-

parent solution (D). If solution D is not transparent, more

1-butanol was added until the solution turned transparent. Then

solution D was added drop-wise into solution C with magnetic

stirring. Finally, the mixture was aged at 75 �C for 24 h. After

aging, LDH nanosheets were separated by centrifugation

(3750 rpm) and washed first with H2O/ethanol (1 : 1) twice, then

with acetone twice. After washing, the obtained LDH slurry was

directly used for the preparation of PP/LDH nanocomposites.

Synthesis of PP/LDH nanocomposites. 5 g PP, the LDH slurry

prepared above and 100ml xylene were charged into a 250ml round

bottom flask. The amount of LDH added to the PP corresponds to

0.5, 1.0, 1.5, 2.0, 4.0, 8.0 and 16.0 wt%, respectively. The mixture

was refluxed at approximately 140 �C for 2 h. After the reflux

process was completed, a hot xylene solution containing dissolved

PP and highly dispersed LDH nanosheets was poured into 100 ml

hexane (also called a solvent extraction method).56,57 This results in

the precipitation of the PP/LDH nanocomposites as a white solid

which was collected by filtration and dried in a vacuum.
2.2 Characterization

X-ray diffraction (XRD). XRD patterns were recorded on a

PANalytical X’Pert Pro instrument in reflection mode with Cu

Ka radiation. The accelerating voltage was set at 40 kV with

40 mA current (l¼ 1.542�A) at 0.01� s�1 from 1� to 70� with a slit

size of 1/32 degree.

Fourier transform infrared (FT-IR) spectroscopy. FT-IR

spectra were recorded on a Bio-Rad FTS 6000 FTIR Spec-

trometer equipped with a DuraSamplIR II diamond accessory in

attenuated total reflectance (ATR) mode in the range of 400–

4000 cm�1; 100 scans at 4 cm�1 resolution were collected. The

strong absorption in the range 2500–1667 cm�1 was from the

DuraSamplIR II diamond surface.

Transmission electron microscopy (TEM). TEM analysis was

performed on a JEOL 2100 microscope with an accelerating

voltage of 400 kV. LDH nanosheets were dispersed in ethanol

with sonication and then cast onto copper TEM grids coated

with a Formvar film.

Scanning electron microscopy (SEM) and energy dispersive

X-ray spectrometry (EDS). SEM and SEM-EDS analyses were

performed on a JEOL JSM 6100 scanning microscope with an

accelerating voltage of 20 kV. AMg–Al–DDS LDH bulk sample

was spread on carbon tape adhered to an SEM stage. Before

observation, the samples were sputter coated with a thin Plat-

inum layer to prevent charging and to improve the image quality.
2.3 Property measurements

Thermal stability behavior. The thermal stability of neat PP

and its nanocomposites was studied by thermal gravimetric

analysis (TGA, Netzsch), which was carried out with a heating

rate of 10 �C min�1 and an air flow rate of 20 ml min�1 from

25 to 600 �C.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Schematic representation of the nucleation and growth of LDH

nanosheets in a reverse microemulsion.

Fig. 2 FTIR analysis of a Mg–Al–DDS LDH nanoplatelet synthesised

by the reverse microemulsion method.
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Recrystallisation and melting behavior. The recrystallisation

and melting behaviors of neat PP and nanocomposites were

analysed by a TA Instrument Q200 differential scanning calo-

rimeter (DSC). Experiments were run on samples of about

10 mg. Each sample was first heated from room temperature to

220 �C with a heating rate of 10 �C min�1 to remove the thermal

history, cooled to 40 �C at a rate of 10 �C min�1, and then

reheated to 220 �C at a rate of 10 �C min�1 to determine the melt

temperature. The experiments were carried out at a nitrogen flow

rate of 50 ml min�1.

Rheological behavior. The melt rheological behavior of neat PP

and the nanocomposites were studied using a TA Instruments

AR 2000ex Rheometer. An environmental test chamber (ETC)

steel parallel-plate geometry (25 mm in diameter) was used to

perform the measurement at 200 �C, with dynamic oscillation

frequency sweeping from 100 to 0.1 Hz in the linear viscoelastic

(LVE) range (strain 1%) under a nitrogen atmosphere to prevent

the oxidation of PP.

2.4 Simulation of powder XRD patterns

The simulation studies of the powder X-ray diffraction patterns

of Mg–Al–DDS were carried out using the Fortran programme

DIFFaX.58 Within the DIFFaX formalism, a crystalline solid is

treated as a stacking of layers, which are interconnected by a

stacking operation. The PXRD pattern is simulated by inte-

grating the diffraction intensities layer by layer. The 3R1 stacking

sequence was chosen for Mg–Al–DDS LDH and the stacking

direction was defined along the c-axis. The interlayer distance

was set as 3 nm. Since we are interested in the thickness of platelet

LDHs, the width of the a, b-plane was set as infinite. The powder

XRD patterns were simulated by integrating the diffraction

intensities layer by layer.

3 Results and discussion

3.1 Synthesis and characterization of Mg–Al–DDS nanosheets

A reverse microemulsion is a ternary system containing water

(aqueous solutions of salts for synthetic purposes), oil, and

surfactants. In our synthesis, isooctane was used as the oil phase,

NaDDS was used as the surfactant, and 1-butanol was employed

as a co-surfactant. The aqueous phase which contains the ions

(Mg2+, Al3+, OH�) required for the growth of the LDH crys-

tallites are dispersed in the oil phase to form droplets surrounded

by DDS groups. The Brownian motion of the micellar aggregates

will lead to continuous collisions among the aggregates and

consequently the exchange of ions between the droplets entrap-

ped by the surfactant shells. The Al3+ and Mg2+ cations from

metal precursor solution A react with the OH� anions from the

basic solution B, forming LDH nuclei during the process of

coalescence and decoalescence between the water pools when the

two systems are mixed together. Upon heating at elevated

temperatures, the LDH nuclei grow into larger LDH nano-

crystals.52 The schematic synthesis process using a reverse

microemulsion method is presented in Fig. 1. According to our

previous work, the water/surfactant molar ratio (w) is the key

parameter that controls the final size of the LDH phases. For

instance, when w ¼ 12, LDH nanosheets with a uniform 14 �A
This journal is ª The Royal Society of Chemistry 2012
monolayer thickness could be synthesised.45 We report herein the

synthesis of Mg–Al–DDS LDH nanosheets with w ¼ 12 as an

additive for the preparation of PP/LDH nanocomposites in a

simple one step procedure.

The nanoplatelet [Mg2Al(OH)6](DDS)$2H2O (Mg–Al–DDS)

LDH prepared in an isooctane, NaDDS and 1-butanol reverse

microemulsion was initially characterised by FTIR analysis, as

shown in Fig. 2. The –OH stretch in the brucite-like layers

appeared at around 3468 cm�1; the vibration of angular defor-

mation of H2O molecules was seen at 1628 cm�1; and the Al–O

and Mg–O vibrations in the brucite-like layers were found at

around 679 cm�1.59–61 The interlayer anion DDS can also be

identified. The absorbances at 2922 and 2850 cm�1 can be

attributed to the antisymmetric and symmetric VCH modes from

the dodecyl groups, and absorbances at ca. 1200 and 1055 cm�1

are assignable to the S]O stretching mode of the sulfate groups.

In addition, a small absorbance appears at 1466 cm�1 together

with two very weak signals at 1421 and 1357 cm�1 which can be

attributed to the CH2 scissoring, CH3 asymmetrical bending and

symmetrical bending from the long dodecyl chains.52

The powder XRD for the Mg–Al–DDS LDH is shown in

Fig. 3. Broad Bragg reflections indexed as (003), (006), and (009)

were observed at 2q ¼ 2.93�, 6.63�, and 10.11� respectively. The
interlayer distance can be calculated as 30 �A, indicating the

successful intercalation of the DDS anions. The XRD patterns in

the region 2q ¼ 30–60� show two low intensity reflections, which
J. Mater. Chem., 2012, 22, 19113–19121 | 19115
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Fig. 3 XRD of the Mg–Al–DDS LDH synthesised by the reverse

microemulsion method.

Fig. 4 (a) Simulated XRD patterns using DiFFAX of an Mg–Al–DDS

LDHwith layer numbers from 2 to 10. (b) The FWHMof (003) reflection

as a function of layer number.

Fig. 5 XRD patterns of Mg–Al–DDS LDH nanosheets deposited on

glass plates for 1, 2, 5, and 9 times.

Pu
bl

is
he

d 
on

 2
6 

Ju
ly

 2
01

2.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
T

en
ne

ss
ee

 a
t K

no
xv

ill
e 

on
 1

0/
06

/2
01

6 
20

:3
8:

06
. 

View Article Online
can be indexed as the nonbasal plane Bragg reflections, (012) and

(110) of a hexagonal unit cell a¼ b¼ 2d110¼ 3.04 �A. In addition,

there is a broad feature observed at a 2q value of around 20�,
which is absent in both nitrate- and sulfate-intercalated LDHs.

We tentatively attributed this feature to X-ray scattering of

locally ordered carbon chains in the intercalated DDS.62,63 The

crystalline domain length derived from the 00l Bragg reflection

line widths must be related to the thickness or stacking in the

platelet samples. In order to have a convenient way to estimate

the thickness of platelet LDHs using XRD data, a simulation of

the X-ray diffraction patterns of a model Mg–Al–DDS structure

was carried out using the DIFFaX program. Fig. 4(a) illustrates

the influence of the number of stacking layers on the observed

XRD patterns, while keeping the width of the a, b-plane infinite.

All the Bragg reflections are broader and have a lower intensity

when the number of stacking layers decreases. The position of

the (00l) reflections shift to a lower angle when the stacking

number is below 5. This is typical for nanoparticles when the

number of repetitive units in a crystal is too small to be consid-

ered as long-range order relative to the atomic size. A plot of the

full width at half maximum (FWHM) of the (003) Bragg reflec-

tion versus layer number is shown in Fig. 4(b). It shows an

exponential relationship between these two factors. The thick-

ness of the as-synthesised nanoplatelet LDHs can be estimated

from this plot. The measured FWHMof our synthesisedMg–Al–

DDS nanoplatets is 1.52�, which corresponds to 1–2 layers (60�A)

according to the simulation. Application of the Scherrer equa-

tion would suggest that the crystalline domain length along the c-

axis is ca. 50 �A, which is consistent with the simulation result.

Our previous atomic force microscopy (AFM) indicated that

very thin LDH nanosheets can be obtained using the reverse

microemulsion method.45 This was examined by further XRD
19116 | J. Mater. Chem., 2012, 22, 19113–19121
analysis. After washing with ethanol/water and acetone, the

LDH slurry was re-dispersed in ethanol with a concentration of

ca. 3 mg ml�1. The LDH–ethanol mixture solution was then

dropped onto a glass slide and dried at 25 �C. Another three

samples were prepared by repeating the above action for 2, 5, and
This journal is ª The Royal Society of Chemistry 2012
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9 times, respectively. Fig. 5(a) shows that only 00l Bragg reflec-

tions were observed for all four samples. The absence of reflec-

tions other than those that can be indexed as 00l reflections

indicates that the deposited LDH platelets are highly oriented

parallel to the surface of the glass slide. The (003) Bragg reflec-

tion has a low intensity from the sample using one deposition of

droplets, and the reflection intensity gradually increased with

repeated depositions, suggesting the building up of LDH nano-

sheets (Fig. 5(b)). The broad reflection at ca. 22� is associated

with the glass slide support. A similar result was observed for

delaminated LDH–glycine in formamide.64

The Mg–Al–DDS LDH nanosheets were further characterised

by TEM and SEM. The TEM image in Fig. 6(a) clearly shows

LDH platelets lying flat on the substrate, with some platelets

overlapping on the edge. Furthermore, particles can often be

seen through another because of the very thin nature of the

platelets. Fig. 6(b) shows the SEM image of the as-synthesised

Mg–Al–DDS LDH. It can be seen that the LDH nanosheets

severely aggregated after drying, forming very big particles of

several tens of micrometers. This clearly indicates that in order to

have a good dispersion of LDH nanosheets within the polymer

matrix, LDH nanosheets should be introduced into polymers

before any drying step. In this work, a PP/LDH nanocomposite

was prepared by a solvent mixing method using xylene as the

solvent. After being washed and separated by centrifugation, the

LDH nanosheet suspension was directly dispersed in xylene. Due

to the intercalation with DDS, the LDH nanosheets behave as

hydrophobic particles and so are highly dispersed in xylene

solution. Nanocomposites were then prepared by dissolving PP

in the LDH/xylene suspension at 140 �C for 2 h, followed by

pouring into hexane to induce rapid precipitation.
Fig. 6 (a) TEM and (b) SEM images of Mg–Al–DDS LDH synthesized

by the reverse microemulsion method.

This journal is ª The Royal Society of Chemistry 2012
3.2 Characterization of PP/LDH nanocomposites

The PP/Mg–Al–DDS nanocomposites were initially charac-

terised by powder XRD (Fig. 7). When the LDH loading in the

polymer is lower than 2.0 wt%, a (003) Bragg reflection is

observed at a very low angle of 1.87�, corresponding to an inter-

layer distance of ca. 4.7 nm. This value is much larger than the

interlayer distance (3.0 nm) in bulkMg–Al–DDS, suggesting that

the Mg–Al–DDS LDH galleries are expanded by the insertion of

polymer molecules. However, upon increase of LDH loading in

the PP, another Bragg reflection at ca. 2.93� appears, this is

attributed to the existence of bulk Mg–Al–DDS LDH nano-

platelets. This result suggests that in order to have a maximum

dispersion of the LDH nanosheets within the PP matrix, the

loading should be less than 2.0 wt%. The XRD data suggest that

any higher LDH loadings will lead to the aggregation of LDH

nanosheets and the formation of larger LDH agglomerates

Fig. 8 and 9 show the SEM images of PP/Mg–Al–DDS

nanocomposites with the LDH loadings of 0, 1.0, 4.0, 8.0, and

16.0 wt%. Spherical particles were formed for all the samples,

which is caused by the rapid precipitation of the polymer

composite from hexane. For all the nanocomposite samples,

aggregated LDH particles are rarely observed, which can be

attributed to the ultrafine LDH particles and their good disper-

sion within the PP matrix. It is interesting to see that the size of

the spheres decreased with the increase of LDH loadings

(Fig. 10). For instance, with 0 and 1.0 wt% of LDH, the average

particle size is 60 and 25 mm, respectively; while with 4.0, 8.0 and

16.0 wt% of LDH, the average particle size greatly decreased to

15, 6 and 4 mm, respectively. This result suggests that the LDH

nanosheets may work as the nucleation seed during the rapid

precipitation of the nanocomposites from hexane solution.65 The

degree of dispersion of the LDH in the PP was further charac-

terised using SEM-EDS mapping (Fig. 11). The EDS spectrum

showed emission fromMg, Al and S which derive solely from the

Mg–Al–DDS LDH in the nanocomposite samples (Fig. 11(b))

The Mg/Al ratio is 2.1, close to the value (2.3) of the bulk

nanoplatelet LDH. Fig. 11(c) and (d) show the elemental

mapping for Mg and S, indicating that the LDHs are evenly

distributed in the polymer nanocomposites.
Fig. 7 Powder XRD data for PP/Mg–Al–DDS nanocomposites con-

taining different LDH loadings (pure PP, 0.5 wt%, 1.0 wt%, 1.5 wt%,

2.0 wt%, 4.0 wt%, 8.0 wt%, and 16.0 wt%).

J. Mater. Chem., 2012, 22, 19113–19121 | 19117
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Fig. 8 SEM images of (a) pure PP and (b) 1.0 wt% PP/Mg–Al–DDS

nanocomposites.

Fig. 9 SEM images of (a) 4.0 wt%, (b) 8.0 wt%, and (c) 16.0 wt%

PP/Mg–Al–DDS nanocomposites.

Fig. 10 The effect of LDH loading on the observed particle size of

PP/Mg–Al–DDS nanocomposites.
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3.3 Performance tests of PP/LDH nanocomposites

The thermal stability of PP/Mg–Al–DDS nanocomposites with

various LDH loadings was tested using thermogravimetric

analysis (TGA) in air (Fig. 12). The 50% weight loss temperature

(T0.5) data are summarised in Fig. 12(b). It indicates that the

thermal stability of the Mg–Al–DDS LDH loaded PP is higher

than that of the pure PP. While increasing the LDH loadings,

T0.5 first increased from 336 �C (0 wt%) to 384 �C (1.0 wt%), and

then gradually decreased to 340 �C (16.0 wt%). 1.0 wt% was

determined as the optimal LDH loading, with which T0.5 was

increased by 48 �C compared to the pure PP. Similar results were

also observed in other polymer/nanofiller nanocomposites.56,66,67

Gilman and Kashiwagi68 suggested that the barrier properties of

the polymer nanocomposites, which include both thermal barrier

and transport barrier, are responsible for the observed thermal

property enhancement. However, there is still a significant effect

on the thermal properties even when the nanoparticle loading is

too low to form the barrier.69 Zhu et al.70 studied PS/clay and

PS/graphite nanocomposites and suggested that the structural

nanoparticles act as the operative site to trap the radicals.

However, the agglomerated nanoparticles will have a little effect

on the thermal stability. This is probably the reason why T0.5 first

increased with the increase of LDH loading and then decreased

with excessive loadings.

The melting and recrystallisation behaviors of PP and the

PP/LDH nanocomposites are very important when considering

downstream processing. The melting and recrystallisation events

were studied by DSC (Table 1). PP is a semicrystalline polymer

and the final properties of PP based composites in engineering

applications are critically dependent on the extent of crystallinity
19118 | J. Mater. Chem., 2012, 22, 19113–19121
which in turn depends on the processing conditions.71 To remove

the heat history effects induced by the prior hot press on the

thermal properties, the DSC curves were recorded on the first

cooling and second heating processes. After introducing LDHs,

both the melting temperature (Tm) and the recrystallisation

temperature (Tc) increased. For example, with 1.0 wt% loading,
This journal is ª The Royal Society of Chemistry 2012
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Fig. 11 (a) SEM image, (b) EDS elemental analysis, (c) Mg mapping,

and (d) S mapping of 8.0 wt% PP/Mg–Al–DDS LDH nanocomposites.

Table 1 Summary of the melting temperature (Tm), DHc and the
recrystallization temperature (Tc), DHm and crystallinity fraction (Xc) as
measured by DSC for the PP/Mg–Al–DDS nanocomposites

LDH
loading (wt%) Tc/

�C DHc/J g
�1 Tm/

�C DHm/J g
�1 Xc (%)

0 108.31 85.61 153.65 85.70 58.4
1.0 115.04 98.25 156.10 91.75 67.1
1.5 116.25 101.4 156.19 90.28 69.2
2.0 117.89 95.72 156.47 87.59 65.3
4.0 117.83 96.05 156.40 90.10 65.6
8.0 116.46 98.56 155.63 89.25 67.3
16.0 117.51 90.11 157.17 83.75 61.5
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Tm and Tc increase by 2.5 and 6.7 �C, respectively. However,

further increase in the LDH loadings did not cause significant

differences in both Tm and Tc. The crystallinity fraction (Xc) of

the pure PP and the PP/LDH nanocomposites was determined by

eqn (1), where the crystallinity heat of the pure crystalline PP

(DHc
0) was assumed to be 146.5 J g�1.71,72 At 1.0–8.0 wt%

loadings, all the nanocomposites exhibited an significantly

enhanced Xc by ca. 6.9–10.8% compared to the pure PP. When
Fig. 12 (a) Thermal stability of PP/Mg–Al–DDS LDH nanocomposites

evaluated by TGA. (b) The 50% weight loss temperature (T0.5) variation

as a function of LDH loading in the PP/Mg–Al–DDS LDH

nanocomposite.

This journal is ª The Royal Society of Chemistry 2012
the loading is above optimum (16.0 wt%), the Xc drops to just a

3.1% increase.

Xc ¼ DHc

DHc
0
� 100 (1)

The rheological behavior of the nanocomposite melts is very

important for industrial nanocomposite processing. Further-

more, the formation of a percolated system can be detected by

characterising the complex viscosity (h*), storage modulus (G0),
and loss modulus (G0 0) as a function of frequency (w).73–75 The

storage and loss moduli of the pure PP and its nanocomposite

melts containing the nanoplatelet LDHs from 0.5 to 16.0 wt% at

200 �C are presented in Fig. 13(a) and (b). Unlike many other

fillers, these nanoLDH filled polymer nanocomposites showed

decreased G0 and G0 0 when the loading was low (<2.0 wt%). With

0–2.0 wt% of LDHs, both G0 and G0 0 decreased with the increase

of LDH loading. The reduced G0 and G0 0 are attributed to the

enhanced mobility (relaxation) of confined polymer chains at the

interface of the PP–LDH layer, a similar phenomenon has been

reported previously.43,76 Such a relaxation behavior only exists in

the nano-regime, which well explains the nanosize of the LDH
Fig. 13 (a) Storage modulus (G0) and (b) loss modulus (G0 0) as a function
of frequency for PP and PP/LDH nanocomposites.

J. Mater. Chem., 2012, 22, 19113–19121 | 19119
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in the nanocomposites.77,78 The complex viscosity h*(w) is

strongly related to G0 and G00 and can be calculated using the

following equation (eqn (2)). Therefore, the reduced viscosity is

also observed in Fig. 14(b). However, increasing the LDH

loading from 2.0 wt% to 16.0 wt% gradually increased both G0

and G0 0. At a 16.0 wt% LDH loading, the rheological response

changes and the elastic solid-like behavior is observed, with only

a limited reduction in G0 at low w.

h*(u) ¼ [(G0/u)2 + (G0 0u)2]1/2 (2)

Fig. 14(a) shows the mechanical loss factor (tan d) as a func-

tion of w. The tan d, which arises from the discordance between

strain and stress in the polymer exposed to an external force, is

strongly related to applied frequency. For pure PP and its

nanocomposites with 0.5–4.0 wt% LDHs, tan d decreases

monotonously with increasing w. While from 8.0 wt%, tan d

starts to show three different stages: rubbery, viscoelastic and a

glassy state.79 A minimum in tan d is observed with 16.0 wt%

LDH filled PP nanocomposites. When the LDH loading is low

(0–1.5 wt%), tan d increases with increasing loading, reaching a

maximum value at 1.5 wt%. tan d then decreases with the further

increase of LDH loading from 1.5 wt% to 16.0 wt%. The incor-

poration of the LDH nanoparticles will restrain the relative

motion of the polymer chain and makes the nanocomposites

‘‘stiffer’’.80–82

Fig. 14(b) shows the complex viscosity (h*) as a function of w

for the pure PP and its nanocomposites at 200 �C. h* first

decreased with increasing LDH loading up to 2.0 wt%, and then

begins to increase with further increasing loading to 16.0 wt%.

The pure PP shows a classical viscoelastic behavior characterised

by a transition from low frequency Newtonian flow behaviour to

high frequency shear thinning nature (viscosity decreases with an
Fig. 14 Variation in tan d and complex viscosity as a function of

frequency for PP and PP/LDH nanocomposites.

19120 | J. Mater. Chem., 2012, 22, 19113–19121
increase of shear rate/frequency).82–84 Similar fluid properties

were observed in the PP/LDH nanocomposites with the LDH

loading up to 8.0 wt%. However, as the LDH loading is increased

up to 16.0 wt %, the viscosity curve becomes linear within the

whole frequency range. This phenomenon indicates the filler

dominated fluid in the nanocomposites with a relatively high

particle loading. The transition in h* indicates that the nano-

composites have reached a rheological percolation, at which the

nanoparticles form a network structure and greatly impede the

motion of the polymer chains.85

4 Conclusions

We report a simple one step synthesis of PP/LDH nano-

composites. The method produces an excellent dispersion of

nanoplatelet LDHs in the PP. The microemulsion method also

produces nanoplatelets with an interlamellar distance of 30 �A

and with a narrow lateral width dimensions of ca. 50 nm. The

particle size of the nanocomposites decreases with the increase of

LDH loadings, suggesting that the LDH nanosheets work as the

nucleation seed during the rapid precipitation of the nano-

composites. The excellent dispersion of the LDH nanosheets

within the PP matrix is indicative of an excellent compatibility of

the hydrophilic LDH nanoplatelets with the PP matrix. We have

found that adding the LDH greatly enhances the thermal

stability of the PP, with an increase of 48 �C in T0.5 of 1.0 wt%

loading. The nanoplatelet LDHs also increase the melting and

the recrystallisation temperatures of the nanocomposites

compared to the pure PP. Rheological studies demonstrated that

the G0, G0 0, tan d, and h* of PP can be tuned by adding specific

amounts of these dispersed LDHs.
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