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Preparation of stable dispersions of layered double hydroxides (LDHs) in

nonpolar hydrocarbons: new routes to polyolefin/LDH nanocompositesw
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We report a simple and cost effective solvent treatment method

for the synthesis of a stable and transparent dispersion of the

hydrophilic layered double hydroxide, [Mg6Al2(OH)16](CO3) in

non-polar hydrocarbon solvents. This dispersion can be used to

make polyolefin/LDH nanocomposites using a simple solvent

mixing method.

Organic polymers containing layered double hydroxides

(LDHs) [Mz+
1–xM

y+
x(OH)2]

a+(Xn�)a/n�mH2O (Mz+, z = 1

or 2; My+, y = 3 or 4) nanoparticles dispersed at the

nanoscale level have attracted considerable interest.1,2 The

major advantage of LDHs is that they are synthetic materials

in which the chemical composition of both the inorganic layers

and the interlayer gallery anions can be varied.2–7 This gives

LDHs highly tunable properties and makes them suitable for a

wide range of applications such as catalysts,8,9 scavengers for

pollutants,10 flame retardants,11–14 thermal stabilizers,15–17 IR

absorbers,1,18 UV absorbers,19–21 medical materials1,22 and as

nanofillers in polymer/LDH nanocomposites.

In order to achieve the necessary performance targets for

the polymer/LDH nanocomposites at the lowest possible

LDH loadings, it is critical to achieve dispersed nano-sized

LDH sheets/particles that exhibit good compatibility with the

macromolecule. Highly dispersed inorganic nanoparticles in

polymer matrices often show good optical clarity as well as

exhibit enhanced physical and chemical characteristics.

We were particularly interested in developing novel

approaches for making polyolefin/LDH nanocomposites.

However, due to the intrinsic hydrophilic nature of LDHs,

they generally cannot be dispersed in nonpolar solvents

(see Fig. 1(a)) and so they do not exhibit native compatibility

with non-polar polyolefin hosts. Current approaches involve

modifying the LDHs by intercalating with organic surfactant

anions (e.g. dodecyl sulfate (DDS)). However, one drawback

is that many important LDHs cannot be introduced into

polymers using this method. For example, carbonate intercalated

LDHs have excellent IR absorbing and radical scavenging

properties while borate intercalated LDHs have excellent flame

retardant properties; none of these materials is compatible with

the routes involving surfactant modification. In addition, the

use of surfactant modified LDHs as nano-additives in com-

modity polymers such as polyethylene (PE) or polypropylene

(PP) is both limited and expensive and so poses a major barrier

to their large-scale application in these materials.

Currently polymer nanocomposites containing LDHs are

generally prepared by melt mixing, in which the polymer and

the dried LDH powders are mechanically mixed in an extruder

at elevated temperatures (e.g. 160–200 1C). Furthermore,

when LDH nanoparticles are dried, they often aggregate

severely (see Fig. S1w), which can result in a poor dispersion

of the LDH nanoparticles in the polymer matrix. To date,

there is no report of the successful synthesis of polymer/LDH

nanocomposites using unmodified LDHs by solvent mixing.

Herein, we report a simple novel method of preparing dis-

persed LDHs in non-polar hydrocarbon solvents and its use to

prepare polyolefin/LDH nanocomposites.

[Mg6Al2(OH)16](CO3) (Mg3Al-LDH) with an average par-

ticle size of ca. 20 nm, was synthesized using co-precipitation

Fig. 1 The effect of solvent treatment on the Mg3Al-LDH nano-

particles; (a) unmodified LDH cannot be dispersed in xylene, after the

washing treatment the LDHs nanoparticles can be dispersed in xylene.

(b) Transmission UV-visible spectra of solvent-modified Mg3Al-LDH

dispersions in xylene.
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at high pH.23,24 The nanoparticles were washed with water

until the pH of the washings was close to 7. These nano-

sized LDH particles were used directly without further drying

to avoid aggregation. Treating the as-prepared Mg3Al-

LDH by a simple washing procedure using appropriate

organic solvents produced hydrophobic LDH nano-

particles that could be dispersed in non-polar hydrocarbon

solvents. We found that first washing the LDH slurry 3 times

with 1 : 1 vol ratio of water/ethanol and then 3 times with

acetone did not change the composition, structure or parti-

cles size but dramatically changed the hydrophobicity of

the LDH nanoparticles. These solvent treated LDH nano-

particles can now be dispersed in xylene to give a stable

suspension.

Evidence of the transparency and stability of the LDH

dispersion in xylene was demonstrated using transmission

UV-visible spectrometry. The results are shown in Fig. 1(b).

When the LDH loading is lower than 10 g L�1, negligible light

scattering is observed. A transmission factor of 99.8% and

96.8% was achieved with 5 g L�1 and 10 g L�1 suspension,

respectively at 500 nm. When the LDH loading was increased

to 20 g L�1, the transmission decreased to ca. 60% at 500 nm.

No change in the UV-vis spectra was observed after standing

for 24 h. The absorbance has an almost linear dependence on

LDH concentration which indicates monodispersed particles

with negligible interaction (Fig. S2w).25 The data indicate that

the LDH suspension in xylene is optically transparent and

stable. The dispersion of the LDH nanoparticles in xylene also

exhibits Tyndall light scattering.

Fig. 2 shows the TEM images of LDH nanoparticles

dispersed in water and in xylene. These data clearly show that

the washing modification does not change the morphology or

size of LDH nanoparticles. In addition, the TEM images

clearly show that the synthesized LDH nanoparticles are well

dispersed and very small, with an average size ofB20 nm. The

small size of the LDH nanoparticles ensures that the disper-

sions in xylene are optically transparent. The XRD data for

the modified LDH (Fig. S3w) indicates that the washing

procedure does not change the layered structure of the

LDH. The crystallinity along the 00l direction was calculated

to be ca. 11 nm using the Scherrer equation, dynamic light

scattering (DLS) measurements in xylene also suggests a mean

particles size of 11 nm (Fig. S4w).
We have investigated the range of solvents that may be

successfully used for the surface modification step. In addition

to acetone, many other solvents were examined. We found that

all the solvents which have a 100% miscibility with H2O,

including acetone, acetonitrile, dimethylformamide, dimethyl

sulfoxide, dioxane, ethanol, methanol, n-propanol, iso-propanol

(2-propanol), and tetrahydrofuran, can effectively modify

the LDH to enable them to form good dispersions in xylene

(Table S1w). In contrast, all the solvents which do not have

good miscibility with H2O were not effective. We have also

investigated if other solvents in addition to xylene, could be

used to form good liquid dispersions. Many other solvents,

such as alkanes, alcohols, ethers, ketones, and aromatic solvents,

were also investigated (Table S2–S3w). We found that only

certain aromatic solvents can produce stable suspensions, which

include benzene, toluene, xylene, mesitylene, benzyl alcohol,

chlorobenzene, dichlorobenzene, and trichlorobenzene.

LDH nanoparticles have a high surface charge, which results

in adsorption of water molecules on the platelet surfaces

making them hydrophilic. When the LDH nanoparticles are

washed with certain solvents which have a 100% miscibility

with water, we propose that the water molecules are removed

and substituted by the washing solvent molecules and is this the

reason why the LDH can be converted into hydrophobic

particles following this washing treatment.

Polypropylene/Mg3Al-LDH (PP/LDH) nanocomposites

were synthesized by dissolving PP into a clear dispersion of

Mg3Al-LDH in xylene. In order to achieve a homogeneous

dispersion of the Mg3Al-LDH in PP, the mixture was heated

at 140 1C for at least 2 h. The solution was then poured into

hexane for quick cooling. This results in the precipitation of

the PP/Mg3Al-LDH nanocomposite as a white solid, the solid

was collected by filtration and dried in vacuum.

Fig. 3(a) and Fig. S5w show the XRD data from PP/Mg3Al-

LDH nanocomposites containing different LDH loadings. The

characteristic X-ray diffraction from the LDH nanoparticles

can be clearly seen.6,24 The intensity of LDH Bragg reflections

increases with the increase in LDH loading. SEM-EDX map-

ping (Fig. S6w) suggests that the LDH nanoparticles are highly

dispersed within the PP matrix.

The thermal stability of the polymer/LDH nanocomposites

was studied using TGA. Fig. 3(b) shows the TGA results for

pristine PP and PP/Mg3Al-LDH nanocomposites in air with

LDH loadings up to 12 wt%. The data show that the thermal

stability of PP has been significantly increased with the addi-

tion of the modified LDH. As the LDH loadings increase, the

50% weight loss temperature (T0.5) first increases from 336 1C

for pristine PP to 380 1C with 9 wt% LDH, further increase in

LDH content then decreases T0.5 to 370 1C with 12 wt% LDH.

A 9 wt% loading was found to be the optimal LDH loading, at

this level the 10% weight loss temperature (T0.1) and T0.5 were

increased by 26 1C and 44 1C, respectively. This value is

comparable to the conventional surfactant modified LDH/PP

nanocomposites (Table S4w).26–30

The melting and recrystallisation behavior of neat PP and

PP/LDH nanocomposites, are very important when consider-

ing downsteam processing.31 The melting and recrystallisation
Fig. 2 TEM images ofMg3Al-CO3 LDHnanoparticles from dispersions

in (a) H2O, and (b) xylene.
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events were studied by DSC (Table S5w). After introducing the

modified LDH nanoparticles, both the melting temperature

(Tm) and the recrystallisation temperature (Tc) increase. For

example, with 9 wt% loading, Tm and Tc increase by 12.961

and 4.331, respectively. The rheological behavior of the nano-

composite melts are also very important for industrial pro-

cessing. Fig. S7w shows the storage modulus (G0) and

mechanical loss factor (tan d) as a function of frequency (w).

Unlike many other fillers, the G0 of the nano-LDH filled

polymer nanocomposites first decreases with the increase of

LDH loading in the range of 0–3 wt%, and then increases with

further increasing the LDH loading from 3 wt% to 12 wt%.32

The tan d is strongly related to the applied frequency. For pure

PP and its nanocomposites with 1–6 wt% LDHs, tan d decreases
monotonously with increasing w. While from 6 wt%, tan d starts
to show a rubbery state in the low frequency region.33 When the

LDH loading is low (1 wt%), the tan d is higher than that of

neat PP. Tan d then decreases with the further increase of LDH

loading from 1 wt% to 12 wt%. The incorporation of LDH

nanoparticles restrains the relative motion of the polymer

chains and makes the nanocomposites ‘‘stiffer’’.34 These

results suggest that the thermal properties, melting and

recrystallisation properties, and rheological behaviours of PP

can be tuned by adding specific and optimal amounts of these

modified LDHs nanoparticles.

This novel LDH modification approach has also been

applied to other LDHs with different anions or cations, and

all of them showed enhanced properties (Fig. S8–10w). We

hope to be able to extend this procedure to the synthesis of a

range of LDH nanocomposites based on other non-polar

polymers such as polyethylene (PE) and high density poly-

ethylene (HDPE). Therefore, we believe this approach has

great potential as a general, simple and convenient method

for the synthesis of polymer/LDHs. The only requirement

is that the LDHs are stable during the washing modification

and the polymers can be dissolved in the non-polar dispersing

solvents.
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nanocomposites with different LDH loadings, (.) Mg3Al-LDH.

(b) TGA analysis of the PP/Mg3Al-LDH nanocomposites in air.
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