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ABSTRACT: Nitrate layered double hydroxide (LDH) phase Zn2Al(OH)6(NO3)�2H2O is successfully exfoliated in the presence of poly-

ester under mild conditions using water as essential solvent and at room temperature under air. From small angle X-ray scattering

spectroscopy a total exfoliation is found to be achieved using up to 10 wt % LDH, while intercalated polymer nanocomposite struc-

tures largely extended up to 14 nm are observed for loading ranging from 10 to 20 wt %. The process is found to be explained by

the diffusion of the polymer chain into the interlayer host structure. Starting from an initial value of 0.89 nm, �3, 7, 10, 14, and 20

nm transient interleaved nanostructures are formed without any carbonate uptake. The collective gap distance is certainly due to a

defined number of polymer chains diffusing into the LDH interstices. Similarly, starting from an aqueous polyester solution highly

concentrated in LDH nitrate phase up to 50% w.w, successive dilutions yield platelet exfoliation, thus rendering a smooth chemistry

process attractive for potential applications. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

A straightforward and scalable process to exfoliate inorganic

platelets has been in the focus of many studies from the materi-

als science community and in particular for those devoted to

polymer nanocomposite to fulfill in particular properties related

to mechanical reinforcement and barrier properties.1–4 It

requires a modification of the platelets surface by organic mole-

cules, generally long alkyl chain surfactant molecule,5,6 in order

to compatibilize them with the polymer chains and to promote

the diffusion of the latter into the interlayer spacing. Subsequent

exfoliation in most cases requires shearing forces helping to

disagglomerate the hybrid structure during the polymer

nanocomposite preparation. Such a multiple step process is

energy-demanding, molecular inefficient and in many cases

questionable in view of scalability.

We focus our study on the exfoliation of layered double hydrox-

ide (LDH) into a waterborne polyester dispersion using a sim-

ple procedure.

Polyesters as a class of polymer receive a lot of attention due to

its compatibility with other polymers and biopolymers7 as well

as being biodegradable in some cases.8–10 Additionally, a num-

ber of monomeric diols and diacids, like fatty acid derivatives,

can be biobased.11–13 Therefore, many efforts have been

undertaken to promote their properties and in particular the

barrier properties (water, fire) through the nanocomposite

approach.14–16 Indeed other barrier and mechanical properties

regarding stone-chip resistance in automotive coatings were

recently found to be enhanced for polyester-based polyurethane

formulations using LDH platelets.17–19 LDH-type material struc-

ture derives from brucite, Mg(OH)2, which consists of two-

dimensional layered structure with cation substitution resulting

in the ideal formula of [MII
1-xM

III
x(OH)2]

þx[A�x/m
m�nH2O]

where trivalent cations replaces partially the divalent metal cati-

ons. The positive layer charge is balanced with anions in the

interlayer space residing with water molecules. LDH type mate-

rial is extensively studied as polymer filler and fire retardant

because of its associated form factor, tunable composition, and

its container role.20–24 However, due to rather high charge den-

sities, LDH platelets are not easy to exfoliate in contrast to swel-

ling cationic clays bearing less layer charges. Stacked LDH plate-

lets can be disassembled using chemical procedures such as

those using environmental unfriendly and/or harmful solvent

as shown using surfactant modified25–28 and nitrate29–31

Additional Supporting Information may be found in the online version of this article.
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comprising LDH platelets. For the latter, the delamination of

large LDH crystals was associated to gradual platelets dissolu-

tion. One should also mention alkoxide32 and lactate33–34 inter-

calated LDH platelets that are delaminated in water at room

temperature to form stable translucent colloidal solutions.

As far as LDH platelets dispersion into polyester is concerned,

effective exfoliation of organo-modified LDH platelets was

observed using either solution casting or melt extrusion as was

illustrated for poly(e-caprolactone) (PCL),35 polylactic acid

(PLA),36–39 polyethylene terephthalate (PET)40, and poly(3-

hydroxybutyrate) (PHB)41 resulting in corrugated and randomly

dispersed layers. High-energy ball milling42,43 as well as reflux

conditions using cyclohexanone were also reported for PCL.44

To our knowledge a simple, room temperature and reproducible

method free of organic intercalated anions and precarious

solvents has not yet been reported for the exfoliation of LDH

platelets into a waterborne polyester dispersion, thus yielding

exfoliated polymer nanocomposite highly suitable for barrier

properties relevant in polymer science.

Within this article a straightforward process to obtain exfoliated

LDH polyester nanocomposite system enabling tunable filler

loading is reported starting from a concentrated LDH phase

solution. In addition, even if the polymer nanocomposite

structures are well characterized, the intermediate transient

compositions and time intervals were more arbitrarily chosen.

Therefore, the progressive polymer diffusion into the filler host

structure was recorded over time by following the evolution of

X-ray diffraction and small angle X-ray scattering signals as well

as by taking corresponding electron microscopic pictures.

EXPERIMENTAL

Materials

Zn(NO3)2�5H2O (Acros, 98%), Al(NO3)3�9H2O (Acros, 99%),

NaOH (Acros, 97%), NaNO3 (Acros, 99%), ethanol (Acros,

99%), and polyester (BASF Coatings, GmbH, 60 wt % solution)

were used as received. The hydrotalcite-like materials were pre-

pared by the coprecipitation method adapted from Miyata pio-

neer work.45,46 Experimentally, 100 mL of a solution of the salts

Zn2þ (0.1 mol) and Al3þ (0.05 mmol) were added dropwise to

a solution containing NaNO3 (0.05 mmol) under nitrogen

atmosphere at constant pH of 8. The product was kept after

centrifugation as slurry, and its associated solid content was

measured by mass balance. Adopting the expected molecular

weight formula of Zn2Al(OH)6NO3�2H2O, LDH total mass yield

of 93.6% was obtained from the initial reactant input, and the

solid mass content of 17.1% was measured for slurry after 20

min centrifugation at 4000 rpm and drying at 30�C. The pH

values of the further diluted slurries was measured to be in the

range of pH ¼ 6 to 10.

Polyester PESh was obtained from a hydroxyl terminated poly-

ester precursor, which is the polycondensation product of a

mixture of dimerized fatty acid (PRIPOL 1012, Unichema),

hydrogenated phthalic acid, hexamethylenediol, and 2,2-di-

methyl-1,3-propanediol. This was chain extended using trimel-

litic acid anhydride. The PES functionality in terms of carbox-

ylic acid (¼¼AN) and hydroxyl groups (¼¼OHN) expressed as

the equivalents of mg KOH per gram solid polymer were 32

and 57, respectively, the mean molecular weight Mw being

30,000 with a PDI (Mw/Mn) of 10, determined with SEC using

PMMA standards. The mass fraction of the dimerized fatty acid

derived hydrocarbon increments (aliphatic and alicyclic CH,

CH2 moieties) within the PESh polymer was calculated as 20 wt

% and the polymer functionality in N, N-Dimethylethanol-

amine neutralized carboxylic acid groups was determined as

0.53 mmol/g. PESh was used as a 60 wt % solution in a 1 : 1

part by weight mixture of water and 2-butoxyethanol.

Sample Preparation

The dispersion of LDH into polymer was conducted using dif-

ferent amounts of water and polymer. LDH slurry (17.1% solid

content) was added in amounts to achieve the desired ratios fil-

ler to polymer taking into account both the solid content of the

LDH slurry and the polyester concentration, the latter being

used after dilution to 25.7% with deionized water in order to

decrease the viscosity. The mixture was mechanically stirred at

130 rpm in air for various time periods. Previous experiments

were carried out to study the stability of the polymer at the pH

values in the range of 5–11 (the PES solutions being adjusted

by the addition of ‘‘acid’’ and/or ‘‘base’’) in the time frame of

weeks by following the acid number (AN) and the molecular

weight distribution (SEC) in order to exclude that the PES

hydrolyzes in the course of the sample preparation. Mass ratios

between LDH and PES (LDH : PES) are given from 1 : 1 down

to 1 : 9.

CHARACTERIZATION

Powder X-ray diffraction profiles (PXRD) were obtained with a

Siemens D501 X-ray diffractometer using a diffracted beam

monochromator Cu K source. Typical measurement conditions

were in the 2h-range 2�–70�, step size 0.04�(2), and step count-

ing time 4 s. More specifically low angle measurements were

performed closing the slits from 1� to 0.3� in the 2h-range 1�

or 0.7 to 10� with a step size 0.005�, and step counting time of

20 s. The instrumental full width at half maximum (FWHM)

Dh0 was measured with the silicon diffraction line (111) at 2h
¼ 28.478�, Dh0 ¼ 0.154�.

Fourier transform infrared (FTIR) spectra were recorded on a

Perkin-Elmer 2000 FT spectrometer employing the KBr pellet

technique.

Small-angle X-ray scattering (SAXS) and wide-angle X-ray scat-

tering (WAXS) patterns were recorded on an Anton-Paar SAX-

Sess mc2 diffractometer using line collimation and Cu-Ka radia-

tion. The distance between sample and detector was 261.2 mm.

One should mention that contrary to PXRD SAXS/WAXS

experiments were carried out on the original, liquid polymer-

LDH composite slurries.

Transmission electron microscopy (TEM) images were recorded

using a H7650 Hitachi microscope equipped with a camera

AMT Hamamatsu. For the analysis, viscous slurries of polyester

LDH nanocomposite were slightly dispersed into ethanol and

deposited on Cu mesh, acceleration voltage was of 80 kV.
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RESULTS AND DISCUSSION

XRD Study

Staked powder diffraction patterns as a function of the relative

amount of polyester against LDH filler displayed in Figure 1

show interesting changes. At a relative dispersion of 1 to 1, the

diffraction lines are consistent with Zn2Al/nitrate LDH struc-

ture.29 As commonly described in R-3m space group in rhom-

bohedral symmetry, the harmonic peaks (00 ) are present as

well as some peaks (hk ) as identified in Figure 1. As expected

the peak (110) independent of Miller index is evidently not

influenced by the LDH sheet spacing, i.e. of the exfoliation pro-

cess. This (110) peak position informs on the intralayer cation

substitution and is related to the cell parameter .

The presence of the –dependent diffraction lines specifically of

lines (00 ) is indicating that the dispersion is not efficient and

that the layered LDH structure remains intact thus resulting in

a nonmiscible nanocomposite. When the relative amount of

polymer increases, the diffraction lines (00 ) of LDH nitrate

phase disappear progressively. One should note that two over-

laying effects have to be considered to explain the loss of peak

intensity related to the inorganic framework crystallinity: a pos-

sible disassembling effect due to platelets exfoliation and the

dilution of crystallized objects within the polymer medium.

Even if one cannot discard the dilution effect, the persistence of

the (110) diffraction line even for the most diluted samples

proves that the number of platelets is sufficient to diffract.

All the diffraction lines are not behaving similarly. The intra-

layer brucitic arrangement remains constant as can be seen with

the diffraction line at 2h ¼ 61� (110) whereas the hump cen-

tered around 35� stemming from the diffraction lines (101) and

(012) becomes distorted because the latter peaks merges into

the former with an increasing basal spacing and an increase in

the turbostratic disorder. Conversely the diffraction lines (10

and 11 ), highly dependent of the index, such as (105), (107),

and (113) disappear due to an increase in the stacking distance

(up to complete exfoliation) associated with an increase in the

turbostratic disorder.

At the first glance, an exfoliated structure is reached for a ratio

polymer to LDH of five for which exclusively the 10 l and 11

reflections were observed. The quantitative exfoliation of the

nitrate LDH phase (>50 g L�1) in this case is much higher

as compared to what was hitherto reported using nitrate

intercalated or even surfactant modified LDH platelets25–30 and

compares quite well with recently published routes that rely on

hexamine hydrolysis along with formamide47 or which are based

on the action of DMSO and ethylene-vinyl alcohol copolymer

(EVOH).48

SAXS Study

Information on larger correlation distances obtained from SAXS

spectroscopy is displayed in Figure 2. For a ratio 1 to 1, the

scattering lines at q ¼ 7.001 and 14.16 nm�1 are characteristic

of the nitrate LDH phase and represent the lines (003) and

(006), respectively (WAXS data are supplied in Supporting In-

formation). At lower q-values, some humps are visible at values
Figure 1. Stacked XRD of the dispersion of LDH into PESh using

different LDH to polymer ratio, from top to bottom diagram 1 : 1 to

1 : 10 every 1 : nth.

Figure 2. SAXS of the dispersion of LDH into PESh using (a) 1 : 1, (b)

1 : 5, and (c) 1 : 9 LDH to polymer ratio.
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of 0.63, 1.38, and 2.09 nm�1 [materialized by dashed lines in

Figure 2(c)] and corresponding to correlation distance values of

9.91, 4.53, and 3.01 nm, respectively. Such contrast corresponds

to a stacking structure lines (00 ) with in the order of 1, 2,

and 3, thus resulting in an intercalated polymer nanocomposite

structure of about 10 nm. When increasing the polymer ratio to

1 : 5 (LDH : polymer), peaks due to nitrate LDH phase are

then absent and only two large humps are observed at q ¼ 0.90

and 0.43 nm�1, resulting in distance of 7.1 and 14.4 nm. Once

again this is indicative of an intercalated polymer nanocompo-

site structure of about 14 nm. Note that the scattering hump

centered at q ¼ 13.26 nm�1 is due to the polyester (d ¼ 0.47

nm, 2h ¼ 18.9�). For a ratio of 1 to 9, there is neither peak nor

hump observed other than the latter polymer contribution, thus

informing of the total exfoliation of the LDH platelets in the

low q-scale (up to 60 nm in distance scale). Again the observed

hump at q � 24 nm�1 (d ¼ 0.26 nm, 2h ¼ 34�) is characteris-
tic of the merged lines (101) and (012) of LDH inside-sheet

structure, and typical of the 10 two-dimensional reflection

(Supporting Information).

The slope log I versus log q fitted by a power law dependence

informs on the apparent mass fractal dimension of the scatter-

ing LDH platelets dispersed into the polymer. Indeed in recipro-

cal space, mass-fractal objects follow the power-law relationship

in a log–log axes curve fitting profile:

I ðqÞ � q�Df ; 1 � Df � 3

and a slope of 2 is expected for a disk or sheet-like object.49–51

A slope of 1.87, 1.71, and 1.44 in q domain 0.3–2 nm�1 is

obtained for 1 : 1, 1 : 5 and 1 : 9 LDH to polymer dispersion,

respectively. The deviation from the ideal value of 2 increases

with the extent of exfoliation. This is counter-intuitive since a

better exfoliation conceptually is associated with platelet-like

particles. Such a deviation from the Euclidian object Df ¼ 2

could however be explained by the presence of fractal structures

related to the interphase constituted by the polymer chains

attached to the exfoliated platelets.

If increasing amounts of exfoliation is related to increasing

dimensions of the intercalated species primary particles become

more and more exposed and the resulting electron contrast with

the polymer comprising aqueous continuous phase accentuates

both the form factor of the tactoids but also an associated inter-

phase roughness related to tethered polymer chains.

Exfoliation Time Dependence

To get some insights into the time dependence of the LDH dis-

persion within the polymer, XRD analysis is conducted after dif-

ferent times (Supporting Information). Qualitatively, one notes

that there are some apparent changes in the stacked XRD dia-

grams that are depicted by an increase in the (00l) diffraction

lines width as illustrated in the enlarged 2h domain for the ratio

LDH : PES of 1 : 1 (Figure 3). The width is related to the asso-

ciated coherence length by the Scherrer relation:

L ¼ 0:9 � k
Dh2m � Dh20

� 1

cos h

where Dh2m is the FWHM of the diffraction line, Dh20 the instru-

mental FWHM (see Experimental section) and k the wave-

length. The difference of coherence length between two samples

is then given by:

L1

L2
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dh2m2 � Dh20

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dh2m1 � Dh20

q

Between t ¼ 0 and 96 h, FWHM of (003) is increased, and

inversely the coherence length L is decreased from �20 nm

down to 12 nm corresponding to the stacking of 22 and 14 pla-

telets, respectively. Thus the lost approximately one-third of the

initial platelets corresponds to the formation of intercalated

polymer structure, which was observed by SAXS (Figure 2).

Time-evolution is even more pronounced on a dilute LDH sam-

ple, small angle scattering PXRD of the 1 : 9 dispersion being

drastically modified (Figure 4). Starting initially from three cor-

related diffraction lines at 2h ¼ 2.2, 4.0, and 6.3� (basal spacing

Figure 3. Enlarged XRD for LDH PESh dispersion using 1: 1 LDH to

polymer ratio and after a storage time indicated in hours.

Figure 4. Low-angle XRD of LDH PESh dispersion using 1 : 9 LDH to

polymer ratio and after a storage time of (a) 0, (b) 48, and (c) 96 h.
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of about 4 nm), the intercalated polymer nanocomposites inter-

stitial spacing is shifted to 7.2 nm (2h ¼ 1.2�) after 96 h and

disappears after one month giving rise to the LDH platelets

complete exfoliation, this in agreement with the previous SAXS

data recorded after a long storage time.

To know whether the observed polymer nanocomposite structure

largely intercalated such as the 1 : 5 dispersion (d ¼ 14.4 nm) has

reached a stabilized state after six month, small angle PXRD is

conducted after more than one year (about 14 months). A lay-

ered structure is still observed with correlated lines at 0.9�, 1.3�,
1.8�, and 2.2� corresponding to spacings of 9.8, 6.8, 5.2, and 4.0

nm, respectively (Figure 5). The line positions are better visual-

ized by the signals derivative. The associated distances can only

be explained with a total inter-layer spacing of 20 nm, the first

harmonic expected at 2h ¼ 0.44�, which is not accessible with the

instrument being used. This demonstrates that the 14.4 nm inter-

calated structure after six months is still expanding to larger

interlayer distance with a number of platelets barely sufficient to

diffract. However, this resulting polymer nanocomposite struc-

ture maybe considered as exfoliated.

Infrared Analysis

To characterize the mutual effect arising from the dispersion as a

function of the ratio LDH to polyester, FTIR is displayed in two

selected wave number regions (Figure 6). One should note that

FTIR spectra are not time dependent (performed on aged pow-

ders after drying). The presence of LDH platelets is observed in

the low wave number region between 750 and 400 cm�1 where

the inorganic metal framework stretching modes are expected.

Two polymer vibration bands located at 1372 and 1725 cm�1 are

apparently shifted to higher wave numbers to 1384 and 1733

cm�1, respectively. However, for the LDH composite the former

peak appears as a shoulder of the dominating sharp nitrate vibra-

tion band. The peak around 1730 cm�1 is characteristic for the

carboxylic acid ester stretching vibration. In addition a slight

shift to higher wavenumbers is observed for the vibration at 1240

cm�1 characteristic for trimellitic acid ester as well as for the

vibration of CAH bonds at 1460 cm�1 characteristic for fatty

acid bearing polyester. Note that the typical vibrations for CH

and CH2 of PESh located around 2900 cm�1 are not modified as

well as other vibrations located at 1065 and 1120 cm�1, the latter

being characteristic for hydrogenated phthalic acid ester. These

observations show that the local environment of the trimellitic

polymer acid ester functions is modified presumably due to the

presence of LDH platelets, the carboxylate group of the trimellitic

moiety acting as the charge balancing counter ion. The tethered

polymer chains are most probably assembled in a dissimilar way

as compared to the pristine PES as indicated by a shift of the

peak at 1460 cm�1, characteristic for CAH vibrations of aliphatic

chains, to higher wavenumbers. Such a shift of IR peaks in the

order of 8 cm�1 to higher wavenumbers because of a confine-

ment of polymer chains has also been observed for the semicrys-

talline polyester PET.52

TEM Observations

TEM micrographs displayed in Figure 7 for the freshly prepared

dispersion ratios 1 : 1, 1 : 5, and 1 : 9 picture the morphological

Figure 5. Low-angle XRD of LDH PESh dispersion stored 14 months

using 1 : 5 LDH to polymer ratio.

Figure 6. FTIR spectra of LDH PESh dispersion (a) 1 : 1, (b) 1 : 5, and (c) 1 : 9 LDH to polymer ratio using two selected wavenumber domains. PESh

and LDH nitrate in (d) and (e).
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dependence. Some stacked platelets are observed for the 1 : 1 dis-

persion, single platelets were not observed in that dispersion. For

the other two dispersions, thin separated platelet structure pre-

senting hexagonal feature is observed; however, the dispersion 1 :

5 exhibits some additional stacks of corrugated fringes. The iso-

lated sheets were found to be instable, vanishing (degrading) rap-

idly under the electron beam. Additionally, the study of the mor-

phological change against shell life of the slurries was attempted.

However, the suspension started to be slightly gummy in time

making difficult transmission microscopy analysis, the pictures

were then very fuzzy and the solid particles blurred (not shown).

Masterbatch

The ability to exfoliate LDH platelets was also studied using suc-

cessive dilution. Such a masterbatch approach is commonly used

in polymer processing applications. Starting with a ratio of 1 to

1, the LDH proportion is then successively divided (Figure 8).

The LDH nitrate phase present in the 1 : 1 masterbatch is pro-

gressively disappearing. An intercalated structure is observed for

the ratio 1 : 7.5 with peaks at 2h ¼ 6.2 (1.43 nm) and 11.9� (0.93
nm) corresponding to a basal spacing of 2.8 nm. It is interesting

to note the strong increase in intensity at small angles for 1 : 5

and 1 : 7.5 due to larger distance correlations, probably due to

largely intercalated polymer nanocomposite structures while this

rise in background intensity was not observed for 1 : 10. In-plane

LDH structure related peaks are still observed for the highest

dilution hence underlining the topotactic effect of PES chains dif-

fusion as well as its associated turbostratic effect with the merg-

ing of the corresponding 10 and 11 two-dimensional reflec-

tions. This set of experiments demonstrates the potential to

yield exfoliated composites by using a masterbatch technique.

CONCLUSIONS

We demonstrate the possibility to achieve LDH platelets exfolia-

tion through a simple procedure at room temperature using a

waterborne polyester as a dispersing medium, this in the ab-

sence of organo-modification of the inorganic framework as

usually performed using surfactant-type molecules. Since, the

dispersion is carried out in air, it is remarkable to note that car-

bonate uptake is not observed even after prolonged storage.

The observed polymer nanocomposite structure is found to be

either as coexisting phases, or as polymer intercalated as well as

exfoliated platelets as a function of the dispersion ratio. Above a

mass ratio PESh to LDH of five, which corresponds to an equiv-

alent ratio of the cationic layer charge to the carboxylic anions

of one, a largely intercalated polymer structure with an inter-

layer spacing up to 20 nm was observed. This distance increases

in time without any mechanical force applied, which underlines

that the polymer chain diffusion into/between the LDH platelets

is thermodynamically driven. Similarly exfoliation can as well be

achieved by successive dilution yielding comparable results to

those obtained from a one-step directed dilution.

Regarding the LDH inorganic platelets they may be considered

as a filler that exfoliates yielding a polymer nanocomposite

structure imparting barrier properties whereas the polymer may

be perceived as a disassembling medium to achieve LDH sheets

exfoliation.

It is the authors persuasion that such a smooth chemical modi-

fication approach to achieve exfoliation is of significant rele-

vance for polymer processing related to applications that neces-

sitate strength, toughness, as well as barrier properties. For the

latter and particularly regarding stone chip resistance, the prop-

erties are now under investigation.
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Figure 7. TEM of LDH PESh dispersion with (a) 1 : 1, (b) 1 : 5, and (c)

1 : 9 LDH to polymer ratio with view along the lateral size and along the

stacking. Scale bar in nm.

Figure 8. Stacked XRD of the dispersion of LDH into the polyester using

successive freshly prepared dilutions as indicated by 1 : n, n being the

polymer ratio. Scale bar in nm.
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