
Synthesis, structure, thermal and mechanical properties of nanocomposites

based on linear polymers and layered silicates modified by polymeric

quaternary ammonium salts (ionenes)

Michail V. Burmistr a, Kostyantyn M. Sukhyy a,*, Valery V. Shilov b, Policarpos Pissis c,

Anna Spanoudaki c, Irina V. Sukha a, Vitalij I. Tomilo a, Yuri P. Gomza b

a Ukrainian State Chemical Technology University, Pr. Gagarina, 8, Dnepropetrovsk 49005, Ukraine
b Institute for Macromolecular Chemistry, Ukraine National Academy of Sciences, Kharkivski shausse, 48, Kyiv 02160, Ukraine

c National Technical University of Athens, Department of Physics, Zografou Campus, Athens 15780, Greece

Received 15 February 2005; received in revised form 18 August 2005; accepted 20 October 2005

Available online 10 November 2005

Abstract

Polymer–clay composites has been prepared by melt blending an organo-bentonite with linear polymers (polyamide, polysterene and

polypropylene) in a disk-screw extruder. In first time organo-clay was prepared by surface treatment of Na-forms bentonite with polymeric

quaternary ammonium salts (PQAS). XRD indicated that organo-bentonite layers were exfoliated and dispersed into polyamide and polystyrene.

Addition of 2 wt% organo-bentonites (optimal concentration) to polyamide increased tensile strength by 53% and Sharpy impact by 140%. With

the incorporation of 2 wt% organo-bentonites (optimal concentration) into polystyrene the tensile strength increased to 28% and the Sharpy

impact increased to 25%. For polypropylyne–organo-bentonites composites we did not observe delamination of layered structure, and as result

absence of reinforcements. TGA showed that the polyamide and polystyrene nanocomposites have higher decomposition temperature in

comparison with the original polymers.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer/layered silicate nanocomposites have drawn

research attention over the last 20 years [1]. The major reason

is that, as it has been demonstrated, introducing clay into

polymers at the nanoscale level one can obtain improved

mechanical, thermal, flammability and other properties at low

clay contents (1–10 wt%). Polymer layered silicates have been

prepared in different ways: intercalation in solution [2], in situ

polymerization [3] and direct melt intercalation [4].

Layered silicates are classified as dioctahedral or trioctahe-

dral. In clay minerals, the smallest structural unit contains three

octahedral sites. If all three octahedral sites are occupied, i.e.

have octahedral cations at their centers, the sheet is classified as

trioctahedral. If only two octahedral sites are occupied and the
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third octahedron is vacant, the sheet is classified as

dioctahedral. The 2:1 type layered silicates have various cation

substitutions in both the tetrahedral and octahedral positions.

Substitutions within the layers by ions of less charge, notably

Si4C by Al3C in tetrahedral positions and Al3C or Fe3C by

Mg2C or Fe2C in octahedral positions, result in negative

charges on the layers. These are normally counterbalanced by

alkali or alkali earth cations situated in the interlayer space. In

pristine layered silicates the interlayer cations are usually

hydrated NaC, KC, Ca2C and Mg2C ions but a wide range of

other cations, including organic ions, can be introduced by

exchange reactions [5].

The replacement of inorganic exchange cations in the

galleries of the native clay by cationic surfactants such as

alkylammonium ions is known to help compatibilize the

surface chemistry of the clay and the hydrophobic polymer

matrix. The role of alkylammonium cations in the organosi-

licate is to lower the surface energy of the inorganic host and

improve its wetting characteristics with the polymer. Addition-

ally, organic cations may provide various functional groups

that can react with the polymer to improve adhesion or initiate
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polymerization of monomers to improve the strength of the

interfacial bond between the silicate and the polymer [6].

Three main types of composites (phase separated, inter-

calated and exfoliated or delaminated structure) may be

obtained when a layered clay is associated with a different

polymer matrix: polyamides [7–33], polystyrene [34–46],

polypropylene [47–59], polyethylene, poly(methyl methacry-

late), polyethylene oxide, epoxy polymer and other [60–94].

These primarily depend on the method of preparation and the

nature of components used (layered silicates, organic cation

and polymer matrix). As organic surfactant quaternary

ammonium salts, aliphatic amines and various silicon-organic

reagents are used.

In the present investigation polymeric quaternary

ammonium salts (PQAS), were used to achieve organo-clay

intercalation. Use of polymeric modifiers is explained by the

following factors. In first, the polymeric quaternary ammonium

salts have higher thermal stability in comparison with low-

molecular quaternary ammonium salts and aliphatic amines.

The thermal stability of which low-molecular surfactances, as a

rule, does not exceed 200 8C. As against it thermal stability of

polymeric quaternary ammonium salts more than 250 8C. It

allows to be sure for what absence of any degradation

processes at polymers processing.

Besides the fastening of polymeric quaternary ammonium

salts on exchange positions layered silicates is statistical. And

thus a part of ammonium groups are in a free condition (for

low-molecular analogues it is impossible).

This fact allows in the greater degree to realize their useful

qualities and to carry out the directed influence on processes of

structure formation and improvement of the operational

characteristics of polymeric composites.

In particular the polymeric quaternary ammonium salts are

effective inhibitors of oxidizing degradation [95]. And, was

shown, that they are more effective in comparison with low-

molecular quaternary ammonium salts.

It is explained to that the quaternary ammonium salts

particles brake electronic process basically at the expense by

creation of adsorption potential by the positively charged atom

of nitrogen, and the polymer, alongside with it, brakes process

and at the expense of blocking a surface of polymeric structure.

Thus it is possible to combine of nanoscale layered silicates

barrier properties and property of the polymeric quaternary

ammonium salts to slow down the oxidizing degradation.

We investigated the effect of PQAS on the intercalation

behaviour of linear polymer/organo-bentonite composites. The

degree of intercalation is estimated using wide-angle X-ray

diffraction, while mechanical and dynamic thermal analysis

(DTA) are conducted to examine the effect of the PQAS-

bentonite inclusions on the relevant material properties.

2. Experimental

2.1. Materials

The Bentonite powders were provided by Dash-Bent

Trading Company and contained exchangeable cations of
primarily NaC, KC and Ca2C. Bentonite is a fine powder with

average particle size of 50 mm and a cation exchange capacity

of 75 mequiv/100 g.

The polymeric quaternary ammonium salts were prepared

by reaction between p-xylylenedichlorides (Aldrich) and

diamines (Aldrich) [96].

Equimolar amounts of dichlorides and N,N,N 0,N 0-tetra-

methyl-1,6-hexanediamine were dissolved in acetone to obtain

a 0.1 M solution of each reactant, stirred for 6 h at 40 8C. The

product was dried at 60 8C/20 mm Hg and stored in a

desiccator.

Polyamide-6 was provided by Caprolit (Russia), poly-

styrene—by Kaucuk (Czechia) and polypropylene—by Linos

(Ukraine).
2.2. Preparation of organo-bentonite

Organo-bentonite was prepared by cationic exchange

between the inorganic cations in the bentonite galleries and

PQAS NC-cations in an aqueous solution. Before this step we

have increased concentration of montmorillonites fraction in

bentonites.

One hundred and ten grams of bentonite were suspended

in 10 l of distilled water. The dispersion was stood for 1 h,

after which the finely disperse fraction was separated. This

operation was repeated 3–4 times. After that, an aqueous

solution of 5 g Na2CO3 was added gradually in order to

exchange all inorganic cations in the bentonite galleries to

NaC cations. The mixture was agitated vigorously for 15 min

at boiling temperature. Then, 20 g of PQAS in 200 ml

distilled water was added to the dispersion. The mixture was

stirred for 24 h at 40 8C and then filtered, washed with hot

water and dried at 60 8C in vacuum. The organo-bentonite

thus obtained is highly hydrophobic. Particles potential of

water suspension is for pure bentonite xZK32 mV whereas

for organo-bentonite xZC34 mV.
2.3. Compounding

The preparation of polymer–clay composites has been

conducted in two steps. Melt blended composites were

prepared using an ED-2.2 disk-screw extruder at a constant

rotating speed of 30 rpm and at temperature 200G5 8C. Prior

to each melt processing step, the samples based on polyamide

were dried in a vacuum oven for 10 h at 80 8C.

Extruded composites were injection molded into standard

speciments using a Kuasy 25–32 injection molding machine at

optimal temperature ranges. The same procedure was used to

prepare the pure polymers.



Fig. 2. DTA curves of bentonite, organo-bentonite and PQAS.
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2.4. Characterisation

2.4.1. Wide-angle X-ray scattering

Wide-angle X-ray scattering (WAXS) profiles of the

samples were collected in the transmission mode using a

DRON-2,0 diffractometer. Nickel-filtered Cu Ka radiation

(radiation wavelength lZ0.154 nm) was produced by an

IRIS-M7 generator at an operating voltage of 30 kV and a

current of 30 mA. The scattering intensities were measured

using a scintillation detector scanning in 0.28 steps over the

range of angles of 2–408. The diffraction curves obtained were

normalized for the intensity of the primary beam and the

scattering volume by the usual technique [97].

2.4.2. DTA-analysis

The DTA analysis was conducted on a Paylic-Paylic-Erday

derivatograph, using a heating rate of 10 8C/min, from room

temperature to 900 8C.

2.4.3. Mechanical testing

Tensile strength tests were conducted using a FP10/1

tension-testing machine. Yield strength and elongation at break

were determined at a crosshead speed of 5.1 cm/min. Sharpy

impact tests were performed using an impact testing machine

KM-5T. Property values reported here represent an average of

the results of five test runs on different samples.
3. Results and discussion

3.1. Characterization of organo-bentonites

As layered silicates are highly organized materials, wide-

angle X-ray scattering gives valuable information on changes

of their structure, especially concerning intercalation, exfolia-

tion and delamination. The diffraction patterns of the pure

bentonite and organo-bentonite are shown in Fig. 1. The X-ray

patterns of pure bentonite revealed the diffraction peak at

2qZ5.38, that corresponds to a layer spacing dZ1.03 nm. The

layer spacing d was calculated from the peak position using
Fig. 1. X-ray diffraction patterns of bentonite and organo-bentonite.
Bragg’s low (dZl/2sin(q)). This value for pure bentonite is the

same as documented for Na-forms montmorillonite [98].

The primary silicate reflection at 2qZ8.68 in the organo-

bentonites corresponds to a layer spacing dZ1.67 nm which

represent an increase approximately to 0.6 nm. Thus varies not

only position of the maximum containing the information on

periodicity in an arrangement of basaltic planes, but also the

form of this maximum (intensity and width), directly connected

with the degree of perfection of the macrolattice. For organo-

bentonite we observed more precise peak. It testifies to

formation of more perfect structure at modification.

The thermal decomposition behavior of pure and organo-

bentonites and PQAS is shown in Figs. 2 and 3. The DTA-peak

observed in organo-bentonite at 280 8C corresponds to the

degradation of PQAS. From TG-curves (Fig. 3) the concen-

tration of PQAS in organo-bentonites was calculated to be

12 wt%.

3.2. Morphology of polymer–organo-bentonite composites

X-ray diffraction analysis is a powerful tool for examining

the structure of polymer–organoclay nanocomposites. X-ray
Fig. 3. TGA of bentonite and organo-bentonite.



Fig. 4. X-ray diffraction patterns of PA and PA–organo-bentonite composites.
Fig. 6. X-ray diffraction patterns of PP and PP–organo-bentonite composites.
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diffraction patterns of investigated polyamide, polystyrene and

polypropylene composites with 1 and 2 wt% organo-bentonite

contents are presented in Figs. 4–6 respectively. We studied

only these concentrations as at the big concentration decrease

in properties is observed that speaks about excess percolation

barriers. For all investigated polymeric composites the degree

of crystallinity has not changed.

The peak observed in organo-bentonites at 2qZ8.68 (dZ
1.67 nm) has disappeared in the polyamides and polystyrenes

composites containing 1 and 2 wt% of organo-bentonites. This

result indicates the exfoliation of organo-bentonites of the

elementary layers in the polymer matrix.

In polypropylene composites we see a different situation.

For polypropylene composites containing 1% of organo-

bentonites practically there is no peak in the small angles,

characteristic for organo-bentonites. It can be connected with

partial exfoliation of polypropylene composites.

The practically identical curves for polypropylene–organo-

bentonite composites with 2 wt% of organo-bentonites and

organo-bentonites (Fig. 6) show that there is no intercalation of

the polymer matrix between the layers. This situation

corresponds to that of a conventional filled polymer were

each primary particle is dispersed in the polymer matrix.
Fig. 5. X-ray diffraction patterns of PS and PS–organo-bentonite composites.
3.3. Mechanical properties of polymer–organo-bentonites

composites

The mechanical properties of all the composites were

examined. For pure PA the tensile strength is 31 MPa and

Sharpy impact 32 kJ/m2. With the incorporation of 1 wt%

organo-bentonite, the tensile strength increased to 46 MPa

(which is 50% higher than that of the pure PA) and,

surprisingly, the Sharpy impact also increased to 68 kJ/m2

(which is 115% higher than that of the pure PA). Addition of

2 wt% organo-bentonites (optimal concentration) increased

tensile strength by 53% and Sharpy impact by 140%.

For the polystyrene composites a similar situation is

observed, but more modest. With the incorporation of 2 wt%

organo-bentonites (optimal concentration) the tensile strength

increased to 22 MPa (which is 28% higher than that of the pure

PS) and the Sharpy impact increased to 20 kJ/m2 (which is 25%

higher than that of the pure PS).

As summarized in Table 1, there was a clear tendency that

both mechanical properties (tensile strength and Sharpy

impact) improve with increasing organo-bentonite content up

to 2 wt% in PA and PS composites. The decrease for 5 wt%

seems consistent with the reduced exfoliation beyond 2 wt%.

This deterioration of the mechanical properties can be

attributed to the aggregation of the organo-bentonite

nanolayers.

The effect of organo-bentonite loading on the mechanical

properties of polypropylene composites are also shown in

Table 1. Compared to the other samples, PP composites show a

different behaviour. This means that the increase of mechanical

properties is not based on the reinforcement effect of the

dispersed organo-bentonite nanolayers. As mentioned above,

this situation is similar to what is observed for conventional

filled polymer. The fact that the PP–organo-bentonite

composites have higher mechanical properties than the PP

with pure bentonite can be explained as follows: The organo-

bentonite surface is much more hydrophobic than the surface of

pure bentonite, therefore organo-bentonite has good thermo-

dynamical compatibility with the polymer matrix, which

results to improved mechanical properties.



Table 1

Physical-mechanical properties of nanocomposites

Polymer Properties Content of pure bentonite (wt%) Content of organo-bentonite (wt%)

0 1 2 5 1 2 5

Polyamid 6 Tensile strength (MPa) 30.86 39.84 36.76 32.71 46.17 47.12 34.61

Sharpy impact (kJ/m2) 31.78 28.15 24.12 21.71 68.13 76.12 51.20

Elongation at break (%) 28.75 22.15 18.31 10.81 35.00 34.61 17.22

Polysterene Tensile strength (MPa) 17.50 18.80 18.41 16.50 21.15 22.34 17.72

Sharpy impact (kJ/m2) 15.50 10.42 12.50 9.12 17.31 19.62 11.98

Elongation at break (%) 13.53 25.00 19.75 8.17 39.51 42.15 12.34

Poly-propylene Tensile strength (MPa) 14.78 12.77 15.50 6.73 19.36 21.08 20.27

Sharpy impact (kJ/m2) 53.35 25.40 21.55 21.82 43.37 47.73 36.65

Elongation at break (%) 61.33 80.00 90.67 40.00 133.00 157.21 26.67
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Summarising, we observed a strong relationship between

morphology and mechanical behaviour of the investigated

polymer–organo-bentonite composites. At full exfoliation of

organo-bentonites layered structure more essential reinforce-

ment of composites (polyamides and polystyrenes composites)

is observed, and at partial exfoliation of layered structure the

mechanical characteristics of composites essentially do not vary

in comparison with pure polymer (polypropylene composites).
3.4. Thermal behaviour of polymer–organo-bentonite

composites

Figs. 7–9 show the TGA results for pure polymer matrix

(PA, PS, PP corresponding) and for the composites containing

2 wt% of the organo-bentonites.

The changing of thermal behaviour of investigated

polymers composites are corresponding with described

above structures and mechanical properties. For PA and PS

composites we can see an essential changing of thermal

properties, whereas this is not observed for PP composites.

The PA and PS composites have higher thermal stability

compared to pure polymer matrices. The similar results of

higher thermal decomposition temperature of nanocomposites
Fig. 7. TGA of PA and PA–organo-bentonite composites.
based on different organo-clay were reported before [16,20,

21,26,32].

For PA composites the initial thermal decomposition was

increased from 350 8C for pure PA to 410 8C for nanocompo-

sites containing 2 wt% organo-bentonites. Organo-bentonites

possesses not only high thermal stability but also a different

character of thermodegradation. Its layer structure exhibits

great barrier effect, hindering the evaporation of the low

molecular weight compounds during thermal degradation and

slows down the diffusion of molecular oxygen into the

polymeric matrix.

For PS composites the temperature of thermodegradation

increased from 280 8C for virgin PS to 310 8C for nanocompo-

sites containing 2 wt% organo-bentonites. Nevertheless, we

did not observe a change of the thermodegradation process -

the thermal degradation of PS composites is the same as that of

the pure polymer.

For PP composites we did not observe essential change of

properties.

The effects are more evident in PA composites, where the

silicate is exfoliated and well dispersed. This may be partly due

to kinetic effects, with the platelets retarding diffusion of

oxygen into the polymer matrix.
Fig. 8. TGA of PS and PS–organo-bentonite composites.



Fig. 9. TGA of PP and PP–organo-bentonite composites.
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4. Conclusions

For the first time, polymeric quaternary ammonium salts, a

cationic polymer was used for preparation of exfoliated linear

polymer–organo-bentonite composites.

The preparation of nanocomposites by extrusion of linear

polymers with organo-bentonites depends on the level of

polymer’s polarity. For non-polar polypropylene we did not

observe the full exfoliation of organo-bentonites at this order

preparation of composites. As a result, the mechanical and

thermal properties were not improved. However, other authors

have achieved delamination for PP–organo-clay under other

conditions [47–59].

The PA and PS–organo-bentonites nanocomposites show

improved mechanical properties: both tensile strength and,

surprisingly, Sharpy impact were higher than the ones of the

pure polymer. The PA and PS–organo-bentonite nanocompo-

sites have also higher thermal stability compared to the pure

polymer matrix. The PA and PS–organo-bentonite nanocom-

posites showed the best balance in properties at 2 wt% of clay

loading.
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