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Abstract

Melt compounding was used to prepare thermoplastic composites reinfor-

and the control of extrusion parameters were used to promote good disper-

-

ties of the mixture, since the melt viscoelastic behavior is sensitive to changes 

in the molecular structures at nanoscale and mesoscale. The palygorskite 

nanoclay (diameter 30 nm) was extracted from a site in the southeast of the 

-

-

to evaluate the interaction between the matrix and the nano-reinforcement. 

The master curves of storage modulus (G’), loss modulus (G”) and complex 

vs x) show a change of the interfacial inte-

raction polypropylene/palygorskite when the palygorskite was chemically 

doi: http://dx.doi.org/10.1016/j.riit.2015.09.002
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Introduction

-

sed by Bradley in 1940: [Si8Mg O20(OH)2](H2O)4 2O; 

the water molecules associated with the palygorskite 

water, coordinated water and structural water. 

such as animal waste adsorbent, pesticide carrier, deco-

-

cipient for medical drugs (Dos Santos, 2013).

The adsorbent and catalytic applications of the 

palygorskite depend from the surface physico-chemical 

thermal treatments to control the surface activity (Jime-

et al., 1978; Bonilla et al et al., 1992; 

Duan et al., 2011). Although palygorskite has been stu-

1969; Corma et al et al., 1990), 

the literature concerning this mineral is less abundant 

than that for sepiolite or other smectites. 

Clays are being used to create new materials with 

are the composites in which the clay is mixed at nano 

level with a polymer; these materials are known as po-

lymer-silicate nanocomposites (PSNs). They only incorpo-

rate a small amount of silicates but provide good 

mechanical, thermal, and barrier properties (Kojima et 

al., 1993; Furuichi et al et al., 2001; Koo et 

al

is the distribution of nano-reinforcement in the matrix, 

(Chen et al., 2010). Depending on the chemical nature of 

the constituents and the interactions between nanorein-

forcing particles, their dispersion can generate agglo-

merated, intercalated and exfoliated structures (Koo et 

al., 2003).

Molten compounding to disperse the nanoclay in a 

manufacturing PSNs, due to its ease of operation (Chen 

et al., 2010), low cost and minimal impact on the envi-

ronment. This processing method is based on conven-

this processing method is used with non-polar poly-

mers such as polypropylene

-

-

noclay in the matrix. A generally accepted practice is to 

add maleated polypropylene

However, parameters like the molecular weight of the 

MaPP and the content of grafted maleic anhydride (MA) 

must be taken into account. It has been found that in the 

case of laminar clays, a high content of MA generally 

increases the melt intercalation of PP chains in the clay 

structure which leads to a separation of the clay sheets, 

however, the presence of the MA can also generate im-

-

chanical properties of the nanocomposites (Kato et al., 

1997; Koo et al., 2003; Ville et al

the molecular weight is less clear; most authors have 

used low molecular weight MaPP (Kato et al., 1997; 

Kawasumi et al., 1997; Hasegawa et al., 1998; Hasegawa, 

et al, 2000), nevertheless, high molecular weight impro-

ves the mechanical properties. The presence of MaPP 

Resumen

El método de mezclado en fundido se utilizó para preparar materiales compuestos 

-

trol de los parámetros de extrusión se usaron para promover una buena dispersión y 

buena interface con la matriz polimérica, afectando las propiedades reológicas de la 

en las estructuras moleculares tanto a nanoescala como a mesoescala. La nanoarcilla 

paligorskita se extrajo de una mina a cielo abierto situada en el sureste del estado de 

-

las cuales fueron incorporadas (0.5 w%) a una matriz de polipropileno por extrusión 

de doble husillo. Barridos de frecuencia se emplearon para evaluar la interacción 

entre la matriz y el nano-refuerzo. Las curvas maestras del módulo de almace-

x) mostraron un cambio en la interacción interfacial polipropileno/
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melt behavior of the matrix (Reichert et al., 2000).

the molten matrix, often negatively. However, with na-

noparticles, the interaction between the reinforcement 

and the matrix takes place at the molecular level, di-

-

son, the dispersion degree and interfacial interaction 

the rheological properties of a nanocomposite, and 

knowledge of the nanocomposite rheological behavior 

-

trusion or injection).

A considerable number of studies have been con-

ducted on the mechanical, rheological and thermal pro-

that by adding nanoclays to bitumen, the material’s 

rheological properties changed; not only the material 

-

sed and the aging resistance improved. Mahi and Ro-

drigue (2012) performed dynamic rheological tests 

using ethylene vinyl acetate/nano-crystalline cellulose 

behavior was observed, which was correlated to parti-

cle networks related to the hydrogen bonding between 

the cellulose molecules. Jin and Zhong (2013) perfor-

med dynamic rheological tests to measure the storage 

using soy protein hydrogels reinforced with nanoclays 

nanoclay dispersion on the rheological properties of 

PSNs (Vaia et al et al. (2000) and Lim 

-

blish that the linear viscoelastic properties of nanocom-

dispersion at the polymeric matrix, particularly nano-

composites where the polymer chains and the clay sur-

face are chemically bonded (Krishnamoorti et al., 1996; 

considered to improve the properties of PSNs; as men-

tioned by Murray and Zhou (2006), the amount of clay 

used and the physical properties of palygorskite and 

area, chemical charge are a key factor to control the per-

Experimental

The clay used as reinforcement of the PSNs was 

palygorskite with an average diameter of 30 nm. Table 

1 shows the chemical composition of the palygorskite 

Yucatan, Mexico. The matrix used was isotactic polypro-

pylene maleated polypro-

pylene (MaPP); Table 2 shows the properties of the PP 

-

Element
O
Si 22.40
C 12.24

Mg
Al 4.21
Fe 2.20
K 0.36
Ca 0.80
Na 0.03
Cl 0.21

Material
MFI

(g/10 min) Mw Mn

Acid number
(mg KOH/g)

Maleic 
Tm (°C)

Density
(g/cm3)

107814 39417

PP Valtec HP423M 3.8 232400 80142 0 0 0.9
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acid, hydroxylamine chloride and sodium hexameta-

phosphate, all of them reagent grade and hydrogen pe-

process, 3-aminopropyltrimethoxysilane was used.

1) 30 g of palygorskite was mixed with 400 mL of disti-

lled water for 3 h until total dispersion, after which 

added and stirred until the bubbling ceased and then 

added. Once the bubbling ended, the solution was 

heated at 100°C to evaporate the water; the addition 

until no color change was observed in the solution. 3 

mL of glacial acetic acid was added and the solution 

in an oven for 8 h at 100°C. 

3) 240 mL of a solution 1 M of sodium acetate adjusted 

the palygorskite and stirred for 3 h. The mixture was 

the sediments were decanted and dried in an oven at 

100°C for 8 h. 

of glacial acetic acid were added to the palygorskite 

and the mixture was heated at 96 ± 3°C with occasio-

nal stirring for 6 h; 600 mL of distilled water was 

added to the palygorskite and stirred and evaporated 

for 30 min after which the mixture was centrifuged at 

oven at 100°C for 8 h (Tessier et al., 1979). 

-

palygorskite and stirred for 8 h, after which the solu-

tion was placed for 60 min in an ultrasonic bath, and 

centrifuged at 2000 rpm for 60 min; it was then de-

canted and the palygorskite was dried in a vacuum 

-

te was grinded and stored.

Silanization process of the purified palygorskite 

-

ted for 1 min; the solution was heated to a temperature 

3-aminopropyltrimethoxysilane was added drop by 

drop for 60 min; the mixture was then centrifuged at 

was added to each centrifuge tube and these were pla-

of distilled water was added to each tube and centrifu-

ged at 2000 rpm for 10 min extra. 40 mL of distilled 

water was added to each centrifuge tube which were 

then sonicated for 10 min and centrifuged for 10 min at 

2000 rpm. The solid material in the centrifuge tubes was 

the palygorskite was grinded and stored.

3 mg of palygorskite were mixed with 130 mg of KBr 

and the mixture was subjected to a pressure of 10 ton in 

a Carver hydraulic press to mold a tablet that was dried 

The spectrophotometer used was a Fourier Transform 

Infrared (FTIR) Nicolet model Protege 460. The spectra 

were obtained in the range from 4000 to 400 cm-1 with a 

resolution of 4 cm-1 and 100 scans.

Microscopic examination was performed to establish 

the morphology of the palygorskite before and after 

-

cess. The scanning electron microscope (SEM) used was 

a JEOL model JSM-6360-LV. The scans were performed 

of 10,000x and 20,000x. The samples were coated with 

-

chine, with a deposition time of 18 s.

The PP/nanoclay blends were prepared in a twin-screw 

-

ticorder (model 813402). The length of the screw is 400 

mm with an L/D ratio of 13:1. The extrusion conditions 
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and 210°C, respectively. The extruder was fed with 

three dispensers calibrated to generate the formula:  

0.9 mm in a Carver semiautomatic press at 210°C with 

The rheological analysis was performed in a rheometer 

-

-

ments were performed on specimen disks with an 

-

test temperatures in the environmental chamber of the 

rheometer were 170, 190 and 210°C. Two methods were 

-

rent temperatures. 

-

cy was decreased from 200 to 0.1 rad/s at the three 

sample). 

chamber reached the working temperature (170, 190, 

and 210°C) and the storage modulus (G’), loss modulus 

sweeps from each sample and the principle of time-

temperature superposition (TTS) were used to generate 

the master curves, which were calculated at a reference 

temperature of 170°C.

The time-temperature superposition principle was 

used to study the behavior of materials in a wide ran-

transfers the information obtained to a single referen-

ce temperature, thus it is possible to compare the re-

The superposition principle is valid only when all re-

laxation times a

same temperature dependence; mathematically, this 

Zhao et al

    (1)

     (2)

where

r   = reference temperature

a    = relation between two relaxation times at two  

      temperatures 

(T) = density of the polymer at a temperature T

Results and discussion

-

-

moted the ion exchange of calcium per sodium; the 

palygorskite collected from a mine naturally contains 

-

tion process and therefore the compatibility with the 

thermoplastic matrix.

Figure 1 shows the FTIR spectra from the various 

-

sorption bands at 3700–3200 cm  correspond to the 

stretch vibrations of structural OH and OH of the 

bound and hygroscopic waters. The absorption band at 

1700–1600 cm

the hygroscopic, adsorbed and bound water or from 

structural OH. The bands between 1300 and 400 cm  

are a combination of the stretch and bend vibrations of 

the Si or Al–O and octahedral M–OH (M represents me-

tal element). Table 3 lists the band positions correspon-

ding to the functional groups of the palygorskite 

et al., 2007; Cheng et 

al., 2011).

( )
´( ,T ) ´( ,T)

(T)T
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-
-1, which co-

rrespond to water due to the hydrophilic nature of 

palygorskite. The spectrum from treatment 2 shows 
-1 which corresponds 

to the bending vibration mode of the hygroscopic water 

1 are similar to those reported by Cai et al. in their FTIR 

study of palygorskite (2007), the palygorskite did not 

process.

-

-

-

ding to the silane, which proves silane grafting to the 

-

kite was heavily washed with alcohol). Table 4 shows the 

The bands at 3212 cm-1 could be assigned to the 

N—H stretching from the silane, the vibration at 1608 

cm-1 also belongs to a silane amine group and it is over-

lapped with the 1628 cm-1 band characteristic of the ab-

-1 corresponds to the absorption of an amino 

group which is absent in the palygorskite spectrum. 

intensity of 2930 cm-1 assigned to the C—H stretching 

was increased due to the contribution from the organic 

et al., 2014). In addition, the 
-1 corresponds to the vibrations 

of the –NH3
+

-

morphology of the palygorskite without treatment at 

their morphology, length and diameter seem to be simi-

-

the palygorskite, probably because this treatment in-

volves a long period of centrifugation (60 min) and so-

nication (60 min). 

Position (cm-1) Assignation
Al2-OH
Mg2-OH
Al,Fe3+-OH
Mg,Fe3+-OH
Si(OH)Si

3283 Si(OH)Al
OH2

H2O
1200 SiU-O-SiD

1120 Si-O
1093 Si-O

Si-O
Si-O

914 Al2-OH
646 Si-O

Si-O
Octahedral 
deformation

484
Si-O (parallel to 
layer)

444 MgO6 (Rotation)

Position (cm-1) Assignation
Stretch Mg—OH dioctahedral
Stretch OH of coordinated water with Al, Mg

3390
3212 Stretch N—H

Stretch N—H de amino (—NH3
+)

2930 Stretch C—H
Deformation OH of water
Symmetric deformation N—H of amino (—
NH3

+)
1470 Deformation C—H
1194 Stretch Si–O
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measured: PP, a mixture of PP and MaPP and three for-

-

x) = 

x = 

-

which is near the resolution limit of the rheometer. 

-

ture PP/MaPP; the relaxation time corresponding to the 

x

than that of PP. The loss modulus, storage modulus 

-

which is to be expected since the mixture PP/MaPP con-

-

fted maleic anhydride), therefore, the rheological 

behavior is dominated by the PP.

Based on the results from Table 6, it can be said that 

all the formulations initially showed a similar linear be-

-

lation (Figure 6) is similar to PP, this could be caused by 

postulated by Zhao et al -

cles per unit volume is a key factor in establishing the 

characteristic rheological response of clay nanocompo-

Formulation
PP MaPP 

PP 100 0 0

PP/MaPP 90 10 0

PP/MaPP/
UC

10

PP/MaPP/PC 10

PP/MaPP/
PSC

10
Clay)
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sites”. In addition, the palygorskite used did not recei-

ve any surface treatment, therefore, the palygorskite 

not substantially contribute to the strengthening of the 

nanocomposite.

The rheological properties of the PP/MaPP/PC and 

-

rences when compared to PP. The PP/MaPP/PC (Figu-

their reinforcement ability due to the reduction of the 

In contrast, PP/MaPP/PSC (Figure 8) showed a subs-

-

-

the matrix and the reinforcement. The amino groups 

grafted onto the surface of the palygorskite provided a 

chemical bond to the polymeric matrix; accordingly 

with Demjén et al. (1999), it is believed that during the 

extrusion process parcial thermal degradation of the 

PP/MaPP generates active carboxylic groups, which 

may chemically react with the amino groups of the gra-

fted silane, providing covalent links between the 

palygorskite and the polymer matrix, and therefore, the 

relaxation time of the composite is increased.

Figure 9 shows the relaxation times from each sam-

-

ples show no substantial changes; however, the last two 

samples show a considerable change. PSNs with puri-

-

low matrix/reinforcement interaction, while the rein-

forcing particles created areas of stress concentrations 

-

Properties
SAMPLE

PP PP/MaPP PP/MaPP/UC PP/MaPP/PC PP/MaPP/PSC
Intersection interval

x (rad/s)
11.40±0.78

S
lo

p
e 

L
o

w
 G’ 1.17 1.17 1.22 1.28 1.18

G’’ 0.84 0.86 0.88

-0.12 -0.12 -0.14

H
ig

h
 G’ (Pa) 86340.37 82969.69 102606.69

G’’ (Pa) 49049.31 47776.72

498.03 460.28 471.98 319.87

L
o

w
 G’ (Pa) 40.19 41.37 30.34

G’’ (Pa) 308.76 301.99 144.89

12174.49 11488.99 10808.26 14138.63
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-

tic; this formulation reported the longest relaxation 

time, which proves the existence of an interaction bet-

ween matrix and reinforcement and therefore an im-

provement of the rheological properties of PSNs.

Conclusions

-

sistent with the spectrum of palygorskite reported in 

the literature. The palygorskite’s chemical structure 

-

cesses.

-

spectra. The presence of silane improved the interface 

between the palygorskite and the polypropylene, in-

when melted.

SEM micrographs proved that the last treatment of 

-

phosphate, centrifugation and sonication, caused a 

morphological change in the palygorskite: the aspect 

ratio was reduced. 

The formulation PP/MaPP/PC prepared with puri-

modulus, probably caused by the low reinforcement 

-

palygorskite (PP/MaPP/PSC) improved their rheologi-

cal properties compared to PP, despite the damage su-

process.
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