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Abstract: This mini-review article addresses the development in synthesizing polyolefin/clay nanocomposites by olefin 

polymerization under catalysis of clay intercalated precatalysts in recent years. The review comprises three parts which 

focus on mainly the synthetic route, structural characterization, and properties of polyolefin/clay nanocomposites, respec-

tively. Moreover, outlook for future research and development trends is outlined. 

Keywords: Polyolefin/clay, nanocomposites, polymerization, outlook. 

INTRODUCTION 

 Polyethylene and polypropylene occupy about half the 
total production capacity in synthetic plastics. Having been 
an important field in both academy and industry for more 
than half century [1], polyolefin nanocomposites are still 
attracting interests from numerous researchers due to their 
superior properties such as strong interfacial interaction be-
tween inorganic fillers and organic polymers, improved on-
set decomposition temperatures (Tonset), heat distortion tem-
peratures (HDT), increased mechanical properties, excellent 
impermeability to small molecules as H2O and CO2, good 
nonflammability, and better dyeability, etc. with a small 
amount of fillers (usually < 5 wt %). Significant advance-
ments in polyolefin/clay nanocomposites have been accom-
plished since the successful preparation of nylon 6/clay in 
late 1980s [2]. Clay includes mainly montmorillonite 
(MMT), hectorite, and saponite, etc (Table 1). The great 
polarity discrepancy between polyolefins and clay makes the 
manufacture of polyolefin/clay nanocomposites a great chal-
lenge. Up to now, three types of methods have been devel-
oped to prepare polyolefin/clay nanocomposites. The first is 
melt intercalation compounding in which the polyolefins, 
modified clay, and additives were extruded together above 
the melting temperatures of polyolefins to form intercalated 
or exfoliated polyolefin/clay nanocomposites [3-7]. The sec-
ond is solution blending in which an organic-modified clay 
was dispersed in polyolefin resin dissolved in an organic 
solvent to form intercalated polyolefin/clay nanocomposite 
[8-11]. The last yet the most promising strategy receiving 
greatly increasing attention involves a silicate that was inter-
calated by an initiator or catalyst [12-42], and, upon the in-
troduction of monomers, an intercalated or exfoliated poly-
mer nanocomposite was formed. Besides cases of conducting  
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ethylene homopolymerization, there have been reports about 
the synthesis of polyethylene/montmorillonite (PE/MMT) 
nanocomposites by copolymerization of ethylene with in situ 
produced -olefins under a dual functional catalyst system 
intercalated into MMT layer [23, 24, 35, 38]. The present 
review will present the most recent progress in polyolefins 
(predominantly polyethylene (PE) and polypropylene 
(PP))/clay nanocomposites (PE/MMT and PP/MMT, respec-
tively) relating to their synthetic routes, structural characteri-
zation, and property investigation. 

1. Synthesis of Polyolefin/Clay Nanocomposites 

 The preparation of polyolefin/clay nanocomposites from 
olefin polymerization is essentially the same although four 
types of catalysts including Ziegler-Natta catalysts [12-22], 
metallocene catalysts [23-38], non-metallocene catalysts 
[39], and late transition metal (LTM) catalysts [40-42] are 
used. To achieve uniform dispersion of clay layers through-
out polyolefin matrix, the key factor is the immobilization of 
precatalysts onto clay. It is the exotherm released from olefin 
polymerization plus propagating polyolefin chains that exfo-
liate and disperse the clay layers. Polymerization-induced 
formation of polyolefin/clay nanocomposites is advanta-
geous in that 1) unfavorable thermodynamic requirement for 
melt intercalation is avoided; 2) facile adjustment of clay 
loading and the accompanying nanocomposites’ properties; 
3) no special demand on polyolefin molecular weights and 
no need of introducing olefin oligomer modifiers; 4) more 
homogeneous dispersion of clay layers in the polymeric ma-
trix. 

 Now that MMT (Scheme 1) is used most extensively for 
research and development, it is convenient thereafter to focus 
on MMT in elucidating the whole process of producing 
polyolefin/MMT (POE/MMT) nanocomposites. The key 
issue in immobilizing olefin polymerization catalysts onto 
MMT is that the high polarity arising from MMT’s surface 
groups and the resultant complicated physical and chemical 
properties lower the polymerization activities of almost all 
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Table 1. Chemical Composition and Parameters of Clay (2:1 Type) 

Clay Chemical composition
a
 CEC (mequiv/100 g) Particle size (nm) 

MMT Mx(Al4-xMgx)Si8O20(OH)4 110 100-50 

Hectorite Mx(Mg6-xLix)Si8O20(OH)4 120 200-300 

Saponite MxMg6(Si8-xAlx)Si8O20(OH)4 86.6 50-60 

aM = monovalent metal cation; x = 0.5-1.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Schematic structure of MMT (a); and TEM image of MMT (b). 

catalysts. Such that a series of treatment is necessary to syn-
thesize POE/MMT nanocomposites as exemplified in Fig. 
(1) [42].  

 The first step is the formation of organo MMT (OMMT). 
The purpose of this treatment is reducing the surface energy 
of MMT, increasing the interlayer spacing of MMT, and 
creating anchoring points for catalyst incorporation. In most 
cases, this can be realized by ion exchanging of MMT with 
organic amines that preliminarily increased the interlayer 
spacing of MMT (d001 = 1.99 nm). The second step is the 
immobilization of (pre)catalysts for olefin polymerization 
that further expanded this distance (d001 = 2.76 nm). The last 
step finalizing the formation of the nanocomposite is olefin 
polymerization between layers of MMT. As time went on the 
d001 values increased gradually and the structure of the nano-
composites evolves from intercalation (d001 = 3.27 nm) to 
exfoliation (no characteristic diffraction peak of MMT ob-
served) accordingly. 

 As the first example attempting POE/MMT nanocompo-
site fabrication [12], the treatment of Li-MMT with methy-
laluminoxane (MAO) did not increase the d001 value (0.96 
nm). However, the immobilization of [Zr( -
C5H5Me(thf)]BPh4 (d001 = 1.44 nm) via ion exchanging with 
Na

+
 afforded active species towards propylene polymeriza-

tion and formed PP/MMT nanocomposite (Fig. 2). Ground-
ing together OMMT and MgCl2 offered support for TiCl4 
that, upon activation with triethylaluminum (TEA), polymer-

ized propylene to intercalated PP/MMT nanocomposites 
[15].  

 To improve the supporting efficiency of metallocene 
complex, amine compound capable of activating metallocene 
was ion exchanged with MMT and employed in successful 
production of exfoliated PP/MMT nanocomposite with high 
activity (26  10

6
 g PP (mol metal h)

-1
) [26]. 

 MMT after exchanged with positively charged stearyl 
trimethyl ammonium chloride can support rac-Et(Ind)2ZrCl2 
in forming partially exfoliated PP/MMT nanocomposite 
[33]. Monoalkylimidazolium- [18] or alkltriphenylphospho-
nium-modified MMT [19] was useful to form 
TiCl4/MgCl2/MMT compound catalyst and produced exfoli-
ated PP/MMT nanocomposites through intercalative polym-
erization of propylene although the MMT loadings are only 
about 2.0 wt %. 

 Metallocene catalysts constitute majority of all the po-
lymerization-generated PE/MMT nanocomposites [23-25, 
27-32, 34-36, 38] whereas there is little research relating to 
PP/MMT nanocomposites when metallocene catalysts were 
adopted [26, 33, 37]. Four types of metallocene complexes 
were immobilized onto MMT and exhibited catalytic activi-
ties towards ethylene polymerization [25]. Na

+
-MMT and 

Cloisite 25A exerted different efficiencies in immobilizing 
Cp2ZrCl2, only the OMMT support achieved high ethylene 
polymerization activities and formed exfoliated nanocompo-
sites [32]. Various modifiers like [CH3O2CCH2NH3]

+
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Fig. (1). (a) Formation of PE/MMT nanocomposites using a Brookhart’s single component palladium-based complex; (b) XRD patterns: (A) 

1-tetradecylammonium modified fluorohectorite (C14N-2); (B) C14N-2 after intercalation by 1 (Pd-2); (C) Pd-2 after exposure to ethylene for 

135 min; (D) Pd-2 after exposure to ethylene for 24 h. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Formation of PP/MMT nanocomposites under the catalysis of metallocene complex. 
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(MeGlyH
+
) [27], L-amino acids (AAH

+
Cl

-
) or their methyl 

esters (MeAAH
+
Cl

-
) [41] were effective in the exfoliation 

MMT during ethylene homopolymerization or copolymeri-
zation with other olefins. Trimethylaluminum-depleted 
methylaluminoxane was used to modify MMT before a Ti-
based constrained geometry catalyst was anchored to pro-
duce exfoliated PE nanocomposite (MMT loading up to 3.4 
wt %) [39]. 

 Alkylaluminum and vinylalcohol as bifunctional modifi-
ers afforded vinyl groups chemically linked to the silicate 
surface which were copolymerized with ethylene inside the 
clay galleries using a nickel LTM catalyst [43]. Complete 
exfoliation of montmorillonite during Ti-based Ziegler-Natta 
polymerization of ethylene had been successfully carried out 
by using montmorillonite (MMT-OH) modified with interca-
lation agents containing hydroxyl groups. Hydroxyl groups 
in intercalation agents offered facile reactive sites for an-
choring catalysts in between silicate layers although the po-
lymerization activities significantly lowered due to the exis-
tence of hydroxyl groups [16]. PP/clay nanocomposites were 
prepared under Ziegler-Natta catalysis of propylene by way 
of ion exchanging the clay with an olefinic functionalized 
surfactant containing a chain end polymerizable double bond 
(Fig. 3) [22]. PE nanocomposites were prepared by in-situ 
polymerization method using the Ziegler-Natta catalyst sup-
ported on the OMMT/MgCl2 bisupport in the presence of 
TEA as the cocatalyst [20]. 

 Montmorillonite/silica hybrid (MT-Si) support was de-
veloped from CTAB-modified MT with expanding interlayer 
spacing (3.2 nm) due to in situ generated silica nanoparticles 
between galleries of the MT. Cp2ZrCl2 was fixed on the MT-
Si surface and two classes of nanofillers (clay layers and 
silica nanoparticles) were dispersed concurrently in the PE 
matrix and exfoliated PE/clay-silica nanocomposites were 
obtained [30]. MMT/MgCl2/TiCl4 precatalyst was prepared 
by first diffusing MgCl2 into the swollen MMT layers, fol-
lowed by loading TiCl4 on the inner/outer layer surfaces of 

MMT where MgCl2 was already deposited. The precatalyst 
upon activation with TEA polymerize ethylene to exfoliated 
PE nanocomposite with MMT loading below 1.0 wt % [17]. 
Polyethylene-clay nanocomposites were synthesized by in 
situ polymerization with 2,6-bis[1-(2,6-diisopropylphenyl-
imino)ethyl] pyridine iron(II) dichloride supported on a 
modified montmorillonite clay pretreated with MAO [40]. 
However, the MMT loadings were limited to ca. 1.0 wt % in 
order to obtain exfoliated PE nanocomposites as indicated by 
wide-angle X-ray diffraction (WAXD) analyses. Nickel -
diimine LTM catalyst could be supported on the AlEt3-
activated OMMT and initiate ethylene polymerization to 
form PE/MMT nanocomposites which show reduced d001 
value (lower than that of OMMT) as the MMT loading 
reached 11.9 wt % [41].  

 OMMT-intercalated rac-Et(Ind)2ZrCl2 copolymerized 
ethylene and 10-undecen-1-ol with MAO the activator to 
form PE/MMT nanocomposites with comparable catalytic 
activities [34]. Taking similar route, p-methylstyrene (pMSt) 
was introduced to PE matrix which claimed to obtain  
structurally stable PE/MMT nanocomposites (Fig. 4) [36]. 
The copolymerization of propylene and 5-hexenyl-9-
borabicyclo [3.3.1]nonane (5-hexenyl-9-BBN) catalyzed by 
OMMT-supported MgCl2/TiCl4/TEA-diphenyldimethoxysi-
lane (DDS) resulted in exfoliated PP/MMT nanocomposites 
with reactive borane groups in the PP matrix [21].  

 Although details on the chemical substances are not dis-
closed, the organoclay precursors were made by ion ex-
changing clays with selected amine complexes capable of 
activating metallocene olefin polymerization catalysts. The 
as-modified clay powder was suspended in toluene and then 
mixed with hydrolytic scavengers and a highly isotactic met-
allocene propylene polymerization catalyst to produce PP-
clay nanocomposites of various clay loadings by just chang-
ing the polymerization time [26]. For the PE/MMT nano-
composites from OMMT-Cp2ZrCl2 system, an increase of up 
to 25 

o
C in decomposition temperature is obtained whereas 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Schematic illustration of a process for making polyolefin/clay nanocomposites using olefinic functionalized organoclay. 
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no much improved melting temperatures was resulted [32]. 
Using stearyl trimethyl ammonium chloride (SAC) as the 
swelling agent, an organo-MMT (OMMT) was resulted from 
the reaction of MMT with SAC and concentrated orthophos-
phoric acid. The OMMT reacted with a rac-Et(Ind)2ZrCl2 
solution in toluene and MAO solution in toluene to form the 
supported catalyst [33]. (2-hydroxylethyl) hexadecyl diethy-
lammonium iodine modified MMT reacted with excessive 
MAO and rac-Me2Si(2-Me-4-Ph-Ind)2ZrCl2 to form MMT-
supported catalyst together with external MAO and realized 
fairly high activities for propylene polymerization in the 
preparation of i-PP/MMT nanocomposite [37]. 

 Totally different from other methods in synthesizing 
PE/MMT nanocomposites, tandom catalysis was subtly in-
troduced to prepare PE/MMT nanocomposites by simply 
immobilizing precatalysts for ethylene oligomerization onto 
MMT and forming a dual functional catalytic system with 
homogeneous ethylene copolymerization catalysts [23, 24, 
35, 38]. Due to the confinement effect of MMT’s layered 
structure, significantly improved selectivity for low molar 
mass -olefins were resulted from ethylene oligomerzation, 
that, under the catalysis of another catalyst, metallocene 
complexes in general, in situ copolymerized with ethylene to 
manufacture PE/MMT nanocomposites with good activities 
in which the polymer matrix was linear low density polyeth-
ylene (LLDPE).  

2. Structure Characterization of Polyolefin/Clay Nano-
composites 

 Wide angle X-ray diffraction (WAXD) and transmission 
electron microscopy (TEM) are major conventional tools in 
characterizing the structure of clay and polyolefin/clay nano-
composites with regard to the dispersion, intercalation, and 
exfoliation of clay and the resulting POE nanocomposites. In 
practice, WAXD and TEM are employed in combination to 
reflect the real state of clay layers. 

 Bragg Law ( n = 2d sin ) is used in calculating the 
interlayer spacing (d001) of MMT according to the results 
from WAXD measurement. WAXD possesses the advan-
tages of simple and rapid operation. The microstructure of 
the clay can be preliminarily determined in accordance with 
the position and intensity of the characteristic diffraction 
peak of clay. Also known from WAXD is the incompatible 
dispersion structure on micro scale, and intercalated or exfo-
liated structures on nano scale. Moreover, WAXD technique 
is a useful tool in studying the kinetics of the melt intercala-
tion compounding process in producing polymer/clay nano-
composites. 

 It must be noticed that WAXD does not always present 
trustworthy information about the true structure of the nano-
composite materials when low clay loadings, e.g., < 2 wt %, 
occur. The absence of the characteristic diffraction peak in 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). Preparation route to PE-co-p-MS/OMMT nanocomposite and subsequent in situ matrix functionalization. 
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this case does not represent complete exfoliation of clay. It is 
the sensitivity of WAXD and relatively weak diffraction 
intensity that lead to the undetectable signal. The reality 
might be the existence of an intercalated structure or even, in 
extreme cases, no dispersion of clay layers at all. On the 
other hand, WAXD presents statistical results of the samples, 
the actual space distribution and structural inhomogeneity of 
clay in the polymeric matrix are hardly reflected. In particu-
lar, it is difficult to make difference between partial exfolia-
tion and partial intercalation. Also hard to determine is the 
relationship between the broadening of the characteristic 
diffraction peak plus the lowering of diffraction intensity and 
quantitative data in structural change. 

 As a direct means of observation, TEM discloses the in-
ternal layered structure of clay, the dispersion states of inter-
calated clay and exfoliated clay in polymer matrix, the space 
distribution, orientation and structural defect etc. of different 
phases. Disadvantages arising from using TEM lie in two 
points. One is the difficulty in sample preparation, the other 
is the time-dependence of the observation. Some polymer 
composites, like LLDPE/MMT nanocomposites, suffered 
from structural deterioration in very short time under the 
radiation of electron beams at high operating voltage. Fig. 
(5) depicts the WAXD patterns and TEM images of typical 
intercalated [37] and exfoliated [19] POE/MMT nanocompo-
sites from olefin polymerization. 

 To make up what WAXD fails to fulfill, such as proofs 
of detailed structure on larger scale (e.g., d001 above 6 nm in 
intercalated nanocomposites or ordered structure in exfoli-
ated nanocomposites), small angle X-ray scattering (SAXS) 
and neutron scattering turn to be powerful alternatives. 
Moreover, 2D WAXD and 2D SAXS can be utilized in prob-
ing structure and orientation on large scale. Solid NMR 
technique is also useful in obtaining clay morphology, sur-
face chemistry, and, in particular, the process kinetics and 
degree of exfoliation of the nanocomposites. FT-IR and Ra-
man spectroscopy are also used to analyze the structure of 
polyolefin/clay nanocomposites. 

3. Properties of Polyolefin/Clay Nanocomposites 

 In general, polyolefin/clay nanocomposites exhibit im-

proved comprehensive properties whichever fabrication 
methods are adopted. With the progress of research on the 

PE/clay nanocomposites, extensive investigation on more 

and more properties of the nanocomposites is conducted. 
The immobilization of pre-catalysts for olefin polymeriza-

tion on clay usually increased the molecular weight of matrix 

polyolefins while narrower polydispersities were still main-
tained [12, 19, 25, 27, 30]. For example, the Mns of PP from 

Zr( -C5H5)2Cl2 and LaponiteRD-MAO-Zr( -C5H5)2Me
+
 

were 863 and 1996 g mol
-1

, respectively, whereas the 
polydispersities were 2.4 and 1.9, respectively [12].  

 Using a magnesium based catalyst, very high catalyst 

efficiency was reached (14650 kg PE (mol Ti h)
-1

) for kaolin 

filler [13]. Whatever the investigated Al/Ti/Mg composition, 

the melting temperature (Tm) of the PE matrix is ca. 137 
o
C, 

except for one sample whose filler content was higher than 

all the other samples. Similarly, the crystallinity degree was 

basically independent of the catalyst composition. The melt 

viscosities were expectedly high in relation to a high filler 

content although the kaolin used in this case was indeed an 

anisotropic flake-like filler known for a drastic increase in 
the melt viscosity.  

 The filler particles were firstly coated by the growing PE 

chains, followed by the interconnection of the near neighbor 

particles through PE threads (Fig. (6)), thus increasing the 

mechanical strength of the composites due to improved 

compatibility between the polymer and the filler [13]. The 

superiority of polymerization-filled composites (PFCs) over 

melt-blended composites emerges from the comparison of 

the impact energy (I.E.), the elongation at rupture ( r), and 

the rc/ yc tensile strength ratio [13]. With regard to an inor-

ganic fiber, palygorskite, both the tensile strength and elon-

gation at break were much lower for polyethyl-

ene/palygorskite nanocomposites prepared by in situ polym-

erization compared to the composites from melt blending 

     a      b 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. (5). TEM images of (a) intercalated i-PP/OMMT-OH0.8 nanocomposite containing 6.69 wt % of MMT; and (b) exfoliated PP/MMT 

nanocomposite containing 1.53 wt % of MMT. 
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due to poor bonding between polyethylene and palygorskite 
[14]. 

 PP/MMT nanocomposites from MMT-supported Ziegler-
Natta catalyst showed great increase in the dynamic storage 
modulus (E ) especially at temperatures above the glass tran-
sition temperature (Tg) while the Tgs also rose in comparison 
to neat PP. Young’s modulus of the nanocomposites found 
significant increment with MMT loadings. For the MMT 
loading of 2.5 wt %, relatively higher tension strength and 
elongation at break were observed. Also improved markedly 
is the Tonset (up 44 

o
C, MMT = 10.4 wt %) and HDT (up 40 

o
C, MMT = 8.1 wt %) for the nanocomposites. All of these 

improvements arose from dispersion of MMT layers on 
nanoscale in PP matrix (Fig. 7) [15]. 

 MMT-OH containing methyl tallow bis(2-hydroxyethyl) 
quaternary ammonium could be exfoliated with PE like a 
stretched accordion fold [16]. Meanwhile, the PEMMT-OH 
experienced stacking recovery after processing (extrusion 
caused more serious stacking recovery than compression), 
which may be also a common phenomenon for other poly-
olefin/clay nanocomposites. The confinement of the nano-
dispersed MMT layers to molecular chain and the strong 
interaction between the nanoscale MMT layers and the resin 
matrix were thought to account for the decrease of crystallin-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (6). SEM images of HDPE growing on the surface of kaolin Satintone W/W. HDPE content = (a): 0 wt %; (b): 10 wt %; (c): 20 wt %; 

(d): 30 wt %; and (e): 68 wt %. 



8    The Open Macromolecules Journal, 2010, Volume 4 Qian and Guo 

ity and the remarkable enhancement of tensile strength of 
PE/MMT nanocomposites prepared by in situ coordination 
polymerization using a MMT/MgCl2/TiCl4 catalyst activated 
by TEA [17].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (7). TEM images of PP/MMT nanocomposites. 

 
 MMT modified with alkyl-imidazolium (IMMT), alkyl-
ammonium (AMMT), and alkyltriphenylphosphonium 
(PMMT) behaved differently with regard to the thermal sta-
bility of PP/MMT nanocomposites with IMMT featuring the 
highest Tmax of 422 

o
C [18, 19]. With the increase of the or-

ganoclay loading, the number of degradation stages de-
creased. Meanwhile, the presence of the exfoliated clay 
nanolayers increased the Ea of the thermo-oxidative degrada-
tion process of the PE matrix as indicated by improved ther-
mal oxidation stability [28]. 

 A low degree of hydroxyl functionalization of PE, e.g., 
0.16 mol % of hydroxyl groups in PE for a 5.36 wt % of 
OMMT filling, showed remarkable structure-stabilizing ef-
fect when the as-prepared PE/OMMT nanocomposites were 
subjected to thermal processing [34]. In contrast, the 
compression-molding of PE/MMT nanocomposite 
significantly affected the original dispersion of the clay 
layers in the polyethylene matrix and caused stacking 
recovery possibly because of the transformation of interlayer 
structure from bilayer arrangement to monolayer 
arrangement, which make the surface character of the 
organoclay less organophilic [41]. In contrast to the 
heterogeneous catalysts on kaolin, heterogeneous catalysts 
formed on MMT were very active in ethylene and propylene 
polymerization while rac-Et(Ind)2ZrCl2 was used [25]. 
Moreover, values of the melting temperature and tacticity 
regarding PP significantly decreased compared to the case of 
employing homogeneous rac-Et(Ind)2ZrCl2. 

 The molecular weight of these PP-clay nanocomposites 
could be controlled by the polymerization temperature and 
monomer concentration in the polymerization slurry. The 
isotacticity of the PP matrix varied over a very narrow range, 
typically from 95-98 %, as determined by 

13
C NMR. Also 

realized in this case is the drastically improved Young's ten-

sile modulus, up to 600 kpsi, which is well above the 
modulus of highly crystalline PP. Other improved properties 
of the PP/clay nanocomposites made in this work are re-
duced thermal expansion coefficient, improved melt flow 
strength, increased HDT, and lowered gas diffusion coeffi-
cient [26]. In addition to high loadings of Zr, Cp2ZrCl2 sup-
ported on MeGlyH

+
-modified MMT also (co)polymerized 

ethylene to PE/MMT nanocomposites with good bulk den-
sity (in most cases > 0.3 g cm

-3
) [27]. Similar results are ob-

tained with other modifiers like AAH
+
Cl

-
or (MeAAH

+
Cl

-
) 

when such metallocene was used in ethylene (co)polymeriza-
tion to form PE/MMT nanocomposites [28]. 

 PE/MMT composites from ethylene catalysis over (n-
BuCp)2ZrCl2 fixed on MAO-treated MMT reveal that differ-
ent polyethylenes were generated before and after delamina-
tion of the silicate layers as reflected by XRD and DSC 
analyses [29]. Meanwhile, the layered structure of clay also 
affected the polymerization reactions, especially chain trans-
fer and termination reaction, which influenced the molecular 
weight of polymer. 

 rac-Et(Ind)2ZrCl2 supported on SAC-treated MMT pro-
duced PP/MMT nanocomposites represented by the coexis-
tence of intercalation and exfoliation of MMT layers upon 
polypropylene polymerization. PP/MMT nanocomposite had 
more [mmmm] pentads so that the PP/MMT nanocomposite 
had a higher Tm and H than PP under the same reaction 
conditions. As evidenced by improved HV values (Vicker 
hardness), the silicate sheets of MMT could provide good 
hardness property in the as-prepared composite [33]. 

 As elucidated by SEM observation, the shape of the pure 
PP particles resembled that of the rac-Et(Ind)2ZrCl2 catalyst, 
as depicted in Fig. (8a,b). The particle sizes were about 4–6 
μm at a reaction temperature of 40 °C but the PP particles 
fragmented into smaller particles at higher reaction tempera-
tures (Fig. 8a,b). The shapes of PP/MMT nanocomposites 
differed completely from those of PP, as shown in Fig. 
(8c,d). The larger particles of PP/MMT particles were ob-
tained by the rac-Et(Ind)2ZrCl2-supported catalyst and the 
diameters of the particles were estimated in the range of 10–
30 μm. Larger particles increase the bulk density of the 
PP/MMT nanocomposite. Additionally, the bulk density of 
PP/MMT nanocomposites clearly increased with the MMT 
content [33]. 

 A reactive PE matrix bearing p-MS units was capable of 
undergoing free radical and butyllithium-induced maleation 
reactions under mild reaction conditions with the latter being 
followed by an anionic graft-from polymerization of MMA. 
It’s the pendant maleic anhydride groups and the polar 
PMMA side chains that effectively improved the miscibility 
between the PE matrix and delaminated MMT layers, lead-
ing to significant stability enhancement of the nanocompo-
site structure against processing (Fig. 9). 

 The existence of silica nanoparticles in the galleries of 
C16-MT played a very important role in the preparation of 
well dispersed PE nanocomposites from metallocene cataly-
sis. When MT-Si-cat is used (S1–6), high tensile moduli 
(1665 MPa) and dynamic storage moduli were observed. 
Little improvement in tensile strength was also observed for 
samples S1–6. Noticeably, it is not possible to compare the 
samples (S0–8) directly because the filler content and the PE 
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Fig. (8). SEM photographs of PP at (a) 40 °C (P-1); (b) 80 °C (P-2); and PP/MMT nanocomposite at (c) 40 °C (PCH-4); (d) 80 °C (PCH-5). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (9). TGA curves of samples (a) as-polymerized; (b) compres-

sion-molded; (c) MA-functionalized; and (d) PMMA-functiona-

lized PE-co-p-MS/OMMT nanocomposites containing 0.90 mol% 

of p-MS units and 1.5 wt % of OMMT. 

 
molecular weight change at random. Additionally, sample S0 
produced with homogeneous catalyst showed a spongy struc-
ture with a low bulk density of 0.07 g cm

-3
, whereas sample 

S1 presented a granular morphology with a bulk density of 
0.2 g cm

-3
, typical of a heterogeneous catalyst system, indi-

cating that the supported catalyst MT-Si-cat is applicable to 
slurry processes [30]. 

 (3-Aminopropyl)triethoxysilane (APTEOS)/MAO-modi-
fied MMT intercalated by Cp2ZrCl2 produced PE (in fact 
(nano)composites with MMT although it’s not the focus of 

this work) of bimodal molecular weight distribution possibly 
due to different reaction modes between APTEOS and pre-
treated MMT which resulted in MMT-7 with two distinct 
interlayer spacings (2.08 and 1.10 nm, resp.) [31]. So the 
pretreatment of MMT had a significant influence on the 
interlayer structures of the resulting modified MMTs due to 
differences in the chemical and physical environment of spe-
cific catalytic sites as confirmed by XRD and XPS charac-
terization. This will further affect the anchorage of approach-
ing zirconocene compounds. With regard to ethylene co-
polymerization with oct-1-ene using similar catalysts, PEs 
produced by the supported catalyst had lower average Mw 
and broader MWD than those by homogeneous catalyst. The 
average Mw and melting temperature (Tm) of the polymers 
produced in ethylene homopolymerization were higher than 
those in copolymerization [31]. Finally, branching from oct-
1-ene insertion was more favorable for MMT-supported 
Cp2ZrCl2 with different interlayer spacings than for its ho-
mogeneous analogue. 

 Metallocene-catalyzed ethylene homo- and copolymeri-
zation in the presence of organophilic layered silicates 
(bentonites and hectorites) afforded PE nanocomposites with 
improved stiffness and strength with respect to those ob-
tained for melt-compounding nanocomposites [44]. Addi-
tionally, oct-1-ene incorporation appeared to improve com-
patibility between polyethylene and modified silicates. How-
ever, the precatalysts in this case were not tethered onto lay-
ered silicates. (2-hydroxylethyl) hexadecyl diethylammo-
nium iodine exchanged with MMT to afford reactive OH 
groups on the surface of MMT layers. PP/MMT nanocompo-
sites from propylene polymerization catalyzed by rac-
Me2Si(2-Me-4-Ph-Ind)2ZrCl2 that was immobilized on the 
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as-prepared OMMT exhibited improved thermal stability 
while high molecular weights of the polymer matrix were 
maintained [37]. Unfortunately, no results were reported as 
to changes in the isotacticity of PP produced in this case. 

 Similar results were obtained from ethylene polymeriza-
tion catalyzed by CGC and MAO pretreated kaolin [39]. An 
increase in the nanofiller content clearly resulted in a dra-
matic increase in crystallinity, parallel to a higher Tm, which 
suggested a nucleating activity of the nanofiller. In the case 
of PE of lower molecular weight, the storage moduli drasti-
cally rose with hectorite loadings [39]. Three transitions ob-
served at ca. -115, -25, and 70 

o
C could be assigned to the , 

, and  relaxations of PE, respectively. All these relaxations 
changed with the filler content, suggesting that the nanofill-
ers influenced not only the properties of the amorphous 
polyethylene but also the crystalline regions [39].  

 Quite different from other synthetic routes to PE/MMT 
nanocomposites, the concept of copolymerization of ethyl-
ene with in situ generated -olefins also proved to be a 
highly effective method [23, 24, 35, 38]. This method com-
bined the advantages of linear low density polyethylene 
(LLDPE) and highly uniform dispersed MMT layers 
throughout the LLDPE matrix. In addition to completely 
exfoliated structure of MMT sheets, greatly improved ther-
mal stability was realized as well (Fig. 10). More strikingly, 
all of the as-prepared PE/MMT nanocomposites showed 
remarkable improvement in tensile strength and Young’s 
modulus while their elongation at break decreased. Moreo-
ver, the flexural strength of the PE/MMT nanocomposites 
increased by 2-3 times with the flexural modulus maintained 
at their original levels (Fig. 11) [38]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (10). TGA traces of PE and PE/MMT nanocomposite contain-

ing 3.0 wt % of MMT. 
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Fig. (11). Contd….. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (11). Morphology of cross section of PE and PE/MMT nanocomposites. 
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 Up to now, there has been a little research on the crystal-
lization of polyolefin/MMT nanocomposites prepared by 
olefin polymerization methods [20, 45]. Highly uniform dis-
persion MMT nanolayers invariably increase the crystalliza-
tion rate and crystallization temperature due to the heteroge-
neous nucleating role of dispersed MMT particles. These 
effects ensured rapid crystallization for practical applications 
(Fig. 12) [45]. 

4. Outlook for Future Development in Polyolefin/Clay 

Nanocomposites 

 As has been described above, polyolefin/clay nanocom-
posites preparation via olefin (co)polymerization present 
itself a promising method in fabricating polyolefin nano-
composites with drastically improved chemical and physical 
properties. With continued efforts of numerous researchers, 

 
Fig. (12). Curves of logR vs logt: (a) PE; (b) PE/MMT1 (MMT = 0.2 wt %); (c) PE/MMT2 (MMT = 1.0 wt %); (d) PE/MMT3 (MMT = 2.4 

wt %); (e) PE/MMT4 (MMT = 4.0 wt %). 
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the as-prepared nanocomposites of MMT loadings below 5 
wt % are advantageous in preserving an exfoliated structure. 
However, the polyolefin matrix and the MMT layers already 
dispersed tend to form phase separation upon thermal or me-
chanical processing. Usually, an MMT loading below 2 wt 
% is better for realizing stable nano-structure of the compos-
ites. 

 To make the present polymerization-induced formation 
of polyolefin/clay nanocomposites applicable to industrial 
bulk or slurry processes, more efforts are needed with regard 
to the preparation of regular morphology of catalytic species, 
prevention against re-aggregation or stacking recovery of the 
already intercalated or exfoliated MMT sheets, and the 
rheological properties of the nanocomposites with various 
structures and different MMT loadings. 

 As a result, the key issue in further developing such a 
polymerization method is the search for a good balance 
among catalytic efficiency, morphology control, phase sta-
bility, and property adjustment. 
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