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ABSTRACT
Sustainable development, the design of green and economically feasible processes to produce synthetic polymers is one of the major needs and biggest 
challenges. Catalysis of polymerization processes is among the most important applications within the field of nanoscience. Intensive research is being 
conducted and considerable success has been achieved in the heterogenization of various homogeneous catalysts on nano supports for polymerization of 
olefins and dienes. The large surface area of various nanomaterials qualifies them quite naturally to act either as a heterogeneous promoter for catalytic 
reactions or as a support for the heterogenization of homogeneous catalysts. To the polymerization of olefins and dienes by using nanocatalysts are devoted 
significant numbers of published papers, but to elucidate the possible effect of both the type and properties of nano supports and their sizes and amounts 
on the activity and stereoselectivity of heterogenized catalysts and the properties of the obtained polymers are needed more detailed studies. 

This review attempted to collect some published research materials in the field of the nanocatalysis of olefins and dienes polymerization processes and our 
main aim is to assess the critical points and to indicate the future perspectives and possible strategies in this area of research.

We are confident that this review will be a helpful companion and deliver key hints to those, in academia and in the industry, who decide to move their 
research interest in this direction.

Keywords: Dienes, Homogeneous Catalysts, Heterogenization, 
Nanocatalysis, Nanosupports, Olefins, Polymerization, Polymers

Introduction 
Olefins (especially, ethylene and propylene) and conjugated 
dienes (especially, butadiene and isoprene) represent the most 
widely monomers for the producing of polymers. Methods for 
their polymerization have been known for a long time, but no 
method known before 1954 allowed one to obtain polymers 
with a high stereo regularity of structure from the most common 
monomers. A true breakthrough in the development of polyolefin 
and diene rubbers took place after the discovery of stereospecific 
polymerization with transition metal-based coordination 
catalysts. From the late 1950s, rapid developments of industrial 
polymerization processes with Ziegler-Natta type catalysts were 
observed. It is worth noting that no other method of polymerization 
of olefins and conjugated dienes so far known shows the high 
degree of chemo- and stereoselectivity of coordination catalysts 
[1-6].

Polyethylene and polypropylene have been used to make different 
kinds of daily used products, so it is seen as one of the great 
innovations of the last century. It is very important to discover 
and synthesize an effective catalyst for ethylene polymerization. 
Because of their interesting catalytic behaviors towards ethylene 

and the easily controlled polyethylene produced the late transition 
catalysts have drawn more attention. However, this kind of catalyst 
has the same disadvantages as other homogeneous catalysts, 
such as a short lifetime of active sites and the limitations of use 
in large scale processes. Instability of the catalyst is the most 
important disadvantage of homogeneous catalysis. A deactivation 
mechanism of catalyst through the loss of ligands is unique for 
homogeneous catalysis. This may happen by dissociation or the 
reaction of some external reagents with the ligands: a) inhibition 
by the solvent; b) inadvertent admission of air or moisture; c) 
inhibition by the buildup of reaction products; d) inappropriate 
substrate functionality, from undesired substrate reactions, or 
by deposition of bulk metal [1-4]. To pass those challenges and 
develop suitable systems for most of the industrial processes 
(slurry or gas-phase reactors), both early and late transition metals 
catalysts were immobilized on inorganic supports. There are 
strong correlations between the nature of the supporting material 
and the size, diameter, and distribution of the pores with the 
polymerization activity of supported catalysts.

Heterogenization of the homogeneous catalyst for industrial 
processes is very important, because heterogenization offers many 
advantages such as ease separation and catalyst reusability. The 
discovery of very high-activity supported Ziegler-Natta catalysts 
has promoted the polyolefin industry. Higher catalyst activities 
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mean lower production costs owing to possibilities of eliminating 
some operations from the production technology or introducing 
new cheap production technologies (e.g., gas-phase processes). 
A gas phase process is lower in cost and energy consumption in 
comparison with a solution process. In gas phase polymerization 
solvents are not used, and at the same time, after polymerization, 
a ready-made commercial polymer is obtained, which excludes 
energy-consuming and ecologically dangerous stages from the 
technological scheme of production [7-9]. The polymer product 
can inherit the morphology of solid-supported catalysts, and 
these solid supports with controlled particle sizes and narrow 
particle size distributions can easily be prepared. Moreover, the 
heterogenized catalysts require a smaller amount of cocatalyst than 
soluble systems to achieve high activity for the polymerization 
of olefins.

Polybutadiene rubber (BR) is the second largest produced synthetic 
rubber next to styrene butadiene rubber (SBR). Following 
extensive work carried out over the last decades and continuing 
up to present, a vast number of catalysts based on the combination 
of transition metal compounds of groups IV to VIII of the periodic 
system or of the lanthanide or actinide series with aluminum alkyls 
or hydrides, and thus they fit the definition of Ziegler-Natta type 
catalysts. Derived from Ti-, Co-, Ni- and Nd- based precursors 
and organometallic or metal hydride activators these catalysts 
are at present the most important with regard to both activity 
and stereo regularity, and they are the only ones now used for 
the industrial manufacture of conjugated diene (butadiene and 
isoprene) polymers [10,11]. 

As most of the existing olefin`s polymerization plants run a 
slurry- and gas-phase process with heterogeneous catalysts, 
the homogeneous catalysts for dienes polymerization also must 
be heterogenized on a support in order to be applied in those 
processes [12,13]. In addition, the heterogenization of the dienes 
polymerization catalysts is necessary to avoid reactor fouling with 
finely dispersed polymer particles, to prevent excessive swelling 
of polymers, and to produce polymer particles of a desired regular 
morphology [14,15]. In the gas phase polymerization of dienes, the 
formation of gel is particularly important, because the monomer 
conversion in the individual polymer granules can be remarkably 
high, especially when diffusion of monomer becomes the rate 
determining step. In addition, a local overshoot of temperature 
can easily occur especially at the start of the polymerization when 
the polymer granules are small and their respective heat capacities 
are still low [16-18].

As is known only a small percentage of the metal atoms in the non-
supported catalysis (typically less than 1% in the first-generation 
catalysts) were active for alkenes and dienes polymerization [19]. 
It was realized that much of the pro-catalyst mass acted simply 
as a support for the active sites formed by activation, and the 
significant improvement could be made by depositing the active 
metal species on a support, whose residues would be inert and 
not detrimental to the properties of the polymer. It is evident that 
higher catalyst activities will be achieved using transition metal 
compounds supported on appropriate matrices. Thus, for the 
industrial ethylene and propylene polymerization processes a wide 
range of supported catalysts have been successfully developed 
and used. For this purpose have been applied as catalyst supports 
various metal oxides, chlorides, oxychlorides and alkoxides, such 
as Al2O3, SiO2, Al2O3•SiO2, MgO, ZnO, ZrO2, TiO2, ThO, 
Mg(OH)Cl, Mg(OEt)2 and MgCl2. The functions of the catalyst 
support may also be played by organic polymers [8].

The catalyst particle size significantly influences the polymerization 
rate, and it is possible that both chemical and physical differences 
exist between the larger and smaller particles in each batch of 
catalyst. With the catalyst, the smaller the catalyst particles are, 
the higher the yield is for one hour of reaction, and faster the 
activation/deactivation are. The literature materials show that 
Ziegler-Natta type catalytic systems, heterogenized on nanosized 
supports, are highly active in the gas phase polymerization of 
olefins and dienes and in their presence the catalysts productivity 
and polymers main properties can be regulated in very wide range 
[20-23].

As known, the great factors which influence the catalytic activity 
of the homogeneous systems are the electronic density and the 
bulkiness around metal center provided by the ligands. When the 
homogeneous catalyst immobilized on nanomaterials through non-
covalent or covalent interaction, there should be a strong interaction 
between the homogeneous compound and the nanosupport. This 
naturally influences the electron properties of the metal loaded 
onto the support and have an influence on the catalytic activity. 
It`s also known, that the steric hindrance around the metal center 
is one of the important factors influencing the catalytic reaction. 
The heterogeneous catalysts have a direct interaction between 
the active center and the nanosupport. The nanomaterials are the 
huge group compared to the organic species and can be considered 
as “macro-ligands”, are then introduced into the polymerization 
process. During the polymerization a great influence to monomer 
insertion and chain walking stages has the large bulkiness of these 
“macro-ligands”. By this way, the presence of the nanosupport 
plays an important role in the catalytic activity, stereo selectivity 
and as well as on polymer characteristic (molecular weight and 
MWD) [20-23].

One reason to consider nanomaterials as suitable supports for 
metallocomplexe catalysts is the high surface to volume ratio. 
High surface areas and a well-developed porosity are essential for 
achieving large metal dispersions, which usually results in a high 
catalytic activity. On the other hand, the surface areas and porosity 
offer the possibility to absorb the olefin or diene monomer gas 
via π-π-interaction. These unique properties of the nano support 
increase the rate of monomer insertion on the surface of the 
nanosupport material and increase the effectiveness of the catalyst 
[20-23]. Below we will consider a review of literature materials 
in the field of nanocatalysis of olefins and dienes polymerization 
process using catalysts heterogenized on various nano supports.

Nanocatalysis in Olefins Polymerization Processes
No doubt that how important is the catalyst for a chemical 
reaction, the finding of an effective catalyst is also the key step 
for the polymerization. As already stated, heterogeneous catalysts 
supported on inorganic support have been reported and some of 
them have been successfully used in the industrial processes. It 
is worth mentioning that nano supports have the key properties, 
similar to the inorganic support used, such as large surface area, 
high thermal conductivity, porosity, etc. Moreover, nano supports 
are much more stable to the pH, temperature, and oxygen, therefore, 
they have the potential possibility to support the homogeneous 
catalysts for applications in polymerization processes. Nano 
support heterogenized catalysts for the polymerization have 
been studied and various publications reported different kinds of 
polymerization processes for a wide variety of monomers, such as 
ethylene, propylene, norbornene, styrene, caprolactone, etc. [21-
24]. Among them, the catalysts for the ethylene polymerization 
represent the most important part.
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Ethylene polymerization
In the last decade, some of the classic homogeneous catalysts 
have been anchored to nanosupports and then investigated in 
the ethylene polymerization reaction. It is reported that the 
presence of the nanosupports can affect the activity and has a great 
influence on the properties of produced polymer. Carbon nanotubes 
(CNTs) are well known as long and slender fibres with superior 
mechanical, thermal and electrical properties. Some hydroxyl and 
carboxylic groups contained on the surface of the purified CNTs 
can make the metallocomplexe catalysts stabilized on its surface 
[25-31]. Supported on the capped-ended and open-ended CNTs 
the Cp2ZrCl2 catalyst have high polymerization activities (106 
kg PE/mol Zr∙h). It is seen from SEM investigation that on the 
morphology of resulting PE has a significant effect the structure of 
the CNTs. The catalyst is mainly adsorbed on the surface of pristine 
CNTs and polyethylene form fibrous morphology, encapsulated 
on the surface of CNTs. The capped ends of CNTs are opened 
partly after treatment with nitric acid. The catalyst can disperse 
into the pore of the CNTs, so the hydraulic pressure of ethylene 
in polymerization makes the CNTs break up into fragments and 
the resultant PE has fractional morphology [32,33].

Figure 1: Preparation of Cp2ZrCl2-MWCNT catalyst

New catalytic systems, where CNTs are coated by the Ziegler-Natta 
catalyst through MgCl2/nOH were synthesized and investigated as 
polymerization catalysts [35]. Ethylene polymerized on the surface 
of the SWCNTs and between the SWCNTs and PE a crosslink have 
formed. It was obviously that in situ polymerized PE layer played 
an important role as an interfacial modifier [35].

In the article is reported that for production of Ultra High Molecular 
Weight Polyethylene (UHMWPE) synthesised and used mono- 
and bi-supported Ziegler–Natta type catalysts using magnesium 
ethoxide (Mg(OEt)2) and graphene oxide (GO) as catalyst support 
[36]. The activity of TiCl4/Mg(OEt)2, TiCl4/Mg(OEt)2-GO and 
TiCl4/GO catalysts in terms of g PE/mmol Ti∙h was experimentally 
obtained for catalysts with different ratios of co-catalyst (tri-
isobutylaluminium) to TiCl4 and the TiCl4/Mg(OEt)2-GO catalyst 
has highest activity than TiCl4/GO [36].

High active and selective late transition metal catalysts can also 
be grafted on nanocarbons and be investigated in the ethylene 
polymerization reaction. These catalysts can be supported on 
nanocarbons through non-covalent or covalent approaches 
depending on which kind of group is used to anchor onto the 
nanocarbon. A series of nickel com plex with the amino group 
have been synthesized and grafted on carbon nanotubes by Kemp 
et al. [37]. Both supported and unsupported catalysts showed good 
activity, but the supported catalysts was more active.
Supported on SWCNTs the nickel (II) carborane complex 
([closo-1-Ni(PPh3)2-2-Me-3-((CH2)4NH-)-ή5-2,3-C2B9H9][OEt])

n(SWCNT) (3) has been synthesized (Scheme 1) [37]. By the 
reaction of closo-1-Me-1,2-C2B10H11 (4) with n-butyl lithium 
followed by treatment with 1-bromopentane received closo-1-
Me-2-pentyl-1,2-C2B10H10 (5), after decapitation which with 
sodium hydroxide in refluxing ethanol has been obtained the salt 
Na[nido-7-Me-8-pentyl-7,8-C2B9H10] (6). For the comparison of 
catalytic activity, homogeneous analogue closo-1-Ni(PPh3)2-
2-Me-3-Pentyl-ή5-2,3-C2B9H9 (7) has been prepared from its 
nido-precursor (6). The above synthesized nickel complexes (3) 
and (7) have been tested as moderately active catalysts for olefins 
(ethylene, vinyl chloride, etc.) polymerization in the presence of 
the MAO co-catalyst [37].

Scheme 1: Synthesis of carborane nickel (II) complexes

In another work ethylene polymerization was carried out with 
Cp2ZrCl2 catalyst supported on Multiwall Carbon Nanotubes 
(MWCNTs). Under optimum polymerization conditions (T=50°C, 
[Al]/[Zr]=1000), the fibres of the original MWCNTs could be 
replicated by polyethylene to obtain nano polyethylene fibres 
[38]. The diameters of the nano-fibres are 80–130 nm. With the 
increase of polymerization temperature and the [Al]/[Zr] molar 
ratio, the “overload” of polyethylene on the surface of CNTs 
made the polyethylene fibres disappear. The morphology of the 
resultant polyethylene can be controlled easily depending on the 
polymerization conditions.

The dimethylsilyl (N-tert-butylamido)(tetramethylcyclopentadienyl) 
titanium dichloride was synthesized and immobilized on the 
modified with MAO nano porous silica support and then used 
as catalyst for ethylene polymerization [39]. The influence of 
some critical parameters such as silica type and immobilization 
conditions including temperature and time of immobilization on 
catalyst performance was studied.

Calcination of support at 350oC and 600oC was performed 
and the results revealed that calcinations at higher temperature 
led to systems with higher activity. Synthesis of heterogeneous 
catalysts was investigated, and the synthesized catalyst showed the 
highest activity at 60oC for ethylene polymerization. The time of 
immobilization of catalyst was evaluated and higher activity was 
obtained at 18 hours. The catalyst synthesis and polymerization 
were at different temperatures, and the results showed that the 
optimum temperature for the polymerization of these systems 
was 75oC. With changing the molar ratio of [Al]/[Ti] from 190 
to 1160 the activity of catalyst systems changed from 37 to 1042 
kg polymer/mol Ti∙h∙bar. The specific morphology of the polymer 
particles is amorphous with a crystallinity of about 44-66% [39].
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Cp2ZrCl2/MAO catalyst were supported on the nano-sized and 
micro-sized silica particles and used in ethylene polymerization 
[40]. Nano-sized catalyst exhibited much better polymerization 
activity than micro-sized catalyst. Due to the better active site 
dispersion, the absence of internal diffusion resistance, and the 
large specific external surface area the nano-sized catalyst’s 
activity was 4.35 times higher than micro-sized catalyst’s activity 
at the optimum temperature of 60oC. SEM analysis indicated that 
the resulting polymer morphology contained discrete tiny particles 
and thin long fibrous interlamellar links (Figure 2).

                   a                                           b
Figure 2: TEM micrograph of nano-sized silica supported 
Cp2ZrCl2/MAO catalyst (a) and SEM micrograph of polyethylene 
produced with this catalyst (b).

The same catalyst Cp2ZrCl2/MAO was supported on a nano-
sized silica with the length of 10 nm and a width of 4 nm and 
used in the catalysis of the copolymerization of ethylene/1-
hexene and ethylene/1-octene to produce linear low-density 
polyethylene (LLDPE) [41]. Exhibited more than 1.7-2.7 times 
higher polymerization activity under identical reaction conditions 
the nano-sized catalyst allow to produce the copolymer with 
greater molecular weight and lower polydispersity index than a 
micro-sized catalyst, which has the much lower internal diffusion 
resistance. With the increasing of polymerization temperature 
due to the decreasing of reactivity ratio and ethylene solubility 
the copolymer density decreased. Increasing of co-monomer 
concentration leads to a rapidly increasing in polymerization 
activity of the nano-sized catalyst. Ethylene/1-octene exhibited 
higher polymerization activity and had a stronger co-monomer 
effect than ethylene/1-hexene [41].

Nano-sized (diameter of 2-6 nm) and micro-sized (particle size of 
around 100 µm) silica particles were used to support a zirconocene 
catalyst [racemic-dimethylsilylene-bis(1-indenyl) zirconium 
dichloride], with methylaluminoxane as a cocatalyst (Figure 3) 
[42]. The resulting catalyst was used in the polymerization of 
ethylene in the temperature range of 40-70oC, and observed that 
nano-sized catalyst is more active than micro-sized catalyst. At the 
optimum temperature of 60oC, nano-sized catalyst’s activity was 
two times higher than micro-sized catalyst’s activity. Polymers 
obtained with nano-sized catalyst had higher molecular weight and 
higher crystallinity than those obtained with micro-sized catalyst. 
The better performances of nano-sized catalyst were attributed to 
its large external surface area and its absence of internal diffusion 
resistance [42]. 

                           a                                                 b
Figure 3: SEM micrograph of polyethylene produced with: nano-
sized catalyst (a) and micro-sized catalyst (b) at 70oC.

The metallocene catalyst (nBuCp)2ZrCl2 supported on the 
synthetic hybrid layered (HLSNP) and tube-like (TLSNP) silica 
nano particles observed significant catalytic activities, comparable 
to a homogeneous analogue [43]. For the study of the catalyst 
loading effect and particle surface on catalytic behaviour and 
polymer properties the different amounts of zirconium were 
directly supported on the nano particles either with or without 
methylaluminoxane (MAO) treatment. With the increasing the 
amount of zirconium on the support the catalytic activity of the 
metallocene catalyst, supported on MAO-treated nano particles, 
also increased and the molecular weights of the polyethylene 
synthesized using both supported systems were higher than those 
from homogeneous analogue [43].

Supported catalyst consisted one Cp2ZrCl2 molecule and 1-2 MAO 
molecules inside super cage of NaY zeolite prepared and used in 
ethylene polymerization [44]. This catalyst showed low activity 
without any additional MAO co-catalyst and the activity was 
dependent on the kind of aluminium alkyl. With long activation 
time in situ generation of active site between NaY/MAO and 
homogeneous Cp2ZrCl2 showed low activity, which could be 
regarded as the diffusion effect of Cp2ZrCl2 inside the super cage 
of NaY. NaY/Cp2ZrCl2 and homogeneous MAO system showed 
the characteristic ethylene polymerization with homogeneous 
catalyst, indicating that active site was not generated inside the 
super cage of NaY. Activity of these catalysts was 22-1180 kg-PE/
(mol Zr∙h∙atm) [44].

The preparation of dealuminated (DEAL) ZSM-2 zeolite nano 
crystals for use as an active metallocene polymerization catalyst 
support is presented in the work [45]. Metallocene catalyst was 
directly supported on the zeolite and used in the polymerization of 
ethylene using methylaluminoxane (MAO) or an alkylaluminum 
co-catalysts. Due to the activator effect of extra framework 
aluminum species with strong Lewis acidity existing in the 
DEAL-ZSM-2 zeolite structure the supported metallocene catalyst 
exhibited high activity. High external surface area of the nano-sized 
zeolite also contributes to reduce the diffusion effects commonly 
observed in micro-sized zeolite supports. The results demonstrate 
that DEAL-ZSM-2 zeolite support does not necessitate to be 
treated with MAO previous fixation of the metallocene catalyst, 
and that polymerization activity can be also achieved using a 
trialkyaluminum as cocatalyst. Using of DEAL-ZSM-2 zeolite 
as metallocene support could contribute to reduce the amount of 
MAO required for ethylene polymerization [45].

Nano-sized catalysts for the synthesis of micro fine ultra-high 
molecular weight polyethylene (UHMWPE) particles a catalytic 
approach was proposed. In a simple preparation step a Ziegler-
Natta-type MgO/MgCl2/TiCl4 core-shell catalyst with the particle 
size in a nano-range scale by utilizing MgO nano particles as a 
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core material was prepared [46].

With different molar ratios of Mg/Ti the MCM-41 and SiO2 
supported TiCl4 and TiCl4/MgCl2 catalysts were synthesized and 
used for ethylene polymerization under atmospheric pressure 
[47]. The active sites formed inside the nano channels of MCM-
41, which serve as nano scale polymerization reactor. Ethylene 
monomer diffused into the channels and growing polyethylene 
chains were extruded to form nano fibres, which were observed 

in SEM micrographs of resulting polyethylene (Figure 4). MCM-
41 showed higher activity than SiO2 supported catalysts and at 
polymerization conditions: Al:Ti= 30, P= 1 atm, T = 50oC and τ = 
30 min catalyst productivity was (1.6-4.7)∙104 g PE/mole Ti∙hour. 
MgCl2 has enhanced the catalytic activities of both supports. The 
resulting PE prepared by MCM-41 supported catalysts has higher 
melting points, more crystallinity, and molecular weights than that 
of SiO2 supported catalysts.

            a    b   c    d
Figure 4: SEM micrograph of the polyethylene prepared by catalysts: A) MCM-41/TiCl4 (a) and MCM-41/MgCl2/TiCl4 (Mg:Ti=2) 
(b) and B) SiO2/TiCl4 (c) and SiO2/MgCl2/TiCl4 (Mg:Ti=2) (d)

Only work was found by us devoted to the heterogenization of olefin polymerization catalyst on an organic nanosupport. Nano-
sized PS beads functionalized with polyethylene oxide (PEO) or polypropylene oxide (PPO) were prepared by miniemulsion 
polymerization and used as support in heterogeneous ethylene polymerization [48, 49]. The monomers used are styrene, 
divinylbenzene as crosslinker and PEO-b-PS (polyethylene oxide-block-polystyrene) or PPO-b-PS (polypropylene oxide-block-
polystyrene) copolymers as surfactants (Scheme 2). 

Scheme 2: The preparation of nano-sized PS beads functionalized with polyethylene oxide (PEO)

For immobilizing the metallocene catalyst on the nano-sized 
PS beads functionalized with PEO (Scheme 3), the PS beads 
were first mixed with a solution of methylalumoxane (MAO) 
in toluene to remove traces of water. Independently, the 
Me2Si(2MeBenzInd)2ZrCl2 metallocene catalyst and MAO 
were mixed in toluene and stirred until completely dissolved. 
From this preformed metallocene/MAO complex, the calculated 
amount needed for the support immobilization was added to the 
suspension of the nano-sized PS beads and MAO in toluene. Ad-
ditional stirring for half an hour was needed for complete bind-
ing of the catalyst to the support. Stirring the mixture for 1 hour 
it was washed with dry toluene/hexane (50/50 vol %) mixture, 
the extra, i.e. non-supported metallocene/MAO solution was re-
moved from the supported catalyst via a cannula. The supported 
catalyst was washed two more times and then the remaining 
solid was dried in vacuum. Scheme 3: Preparation of catalyst supported on the nano-sized 

PS beads functionalized with PEO

As the PEO shell of the nano-sized particles consists of very 
nucleophilic ether groups, the immobilization via a non-covalent 
bonding of the MAO/metallocene 
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complexes can be achieved and the aggregation of the nano-sized PS beads takes place. SEM pictures presented in Figure 5 show 
the morphology of the supported catalyst on the nano-sized PS beads.

                        a      b    c
Figure 5: SEM images of the supported catalyst on the nanosized PS beads functionalized with PEO: scale bar – 200 µm (a), 1 µm 
(b), 200 nm (c)
The obtained supported catalyst particles are normally spherical 
and their size is about 50-100 micrometre (is about 1000 times 
larger than that of the nanosized PS beads) due to the aggregation 
of the PS beads induced by the interaction between PEO chains 
on PS beads and the active metal sites. The SEM image of the 
supported catalyst particle in Fig.3 (b) and (c) show exactly 
the formation of the conglomerates of the nanosized PS beads 
(primary particles) through the interaction between PEO chains 
of the nanosized PS beads and MAO/zirconocene complexes 
in Scheme 2. By using these nanosized PS beads, different 
supported catalysts were prepared, and ethylene polymerizations 
were carried out at 70oC polymerization temperature and 40 
bar ethylene pressure in 400 ml iso-butane as solvent. In this 
heterogeneous ethylene polymerization 40 µmol/g metallocene 
activation and 350 MAO/Zr mol ratio were used. This catalyst 
exhibits an activity of about 1000-3460 kg PE/mol Zr∙hour∙bar. 
The PE molecular weights (Mw) are about 1150000-1310000 
and the MDW is about 2.3-2.6 [48,49].

Propylene Polymerization
 In 1985 Kaminski et al. obtained highly isotactic polypropylene 
(PP) by using a chiral zirconocene (rac-(C2H5)(Ind)2ZrCl2) 
catalyst combined with methylaluminoxane (MAO) as cocatalyst 
[50]. Metallocene-based catalytic systems are dramatically 
different from Ziegler–Natta type catalysts, because they 
have much higher activity and lower polydispersity [51]. To 
solve the problems (such as the difficulty in controlling the 
polymer morphology, the very large amount of MAO needed, 
and the reactor-fouling problem) observed with the soluble 
homogeneous catalysts, heterogenization of the metallocene 
is crucial for industrial application [7,52-58]. Development of 
supported metallocene catalysts enables their use in gas- and 
slurry-phase processes and prevents reactor-fouling problems. It 
also enables the controlling of the polymer morphology with the 
formation of uniform particles with narrow size distribution and 
high bulk density. Supported systems need a much smaller [Al]/
[Zr] ratio than homogeneous systems. To obtain the maximum 
activity, [Al]/[Zr] ratio was decreased from 3000-100000 for 
the homogeneous catalysts to 100-500 for the heterogeneous 
catalysts, probably because MAO had the lower deactivation 
rate when one side is blocked by the support [58].

Nanosized silica particles were used as the support for 
metallocene/MAO catalyst and was found that the nanosized 
catalytic system exhibited significantly better propylene 
polymerization activity than the microsized system under 
identical reaction conditions and received polymer`s particles 
has good morphological features. To immobilize metallocene 
catalyst on silica there are three methods were commonly 

used [8, 58-61]: (a) adsorption of metallocene onto a MAO-
pre-treated silica support; (b) reacting silica with a mixture of 
metallocene with MAO; (c) reacting with MAO after supporting 
the metallocene [8]. The most used industrial method is firstly 
treating the support with MAO and then adsorb the metallocene 
on it (i.e., method a).

Authors of the work investigated nanosized silica supported 
(C2H5)(Ind)2ZrCl2/MAO catalyst, containing 1.09 wt% Zr and 
with [Al]/[Zr]=17, which has been prepared by impregnation 
of metallocene on an MAO-modified silica support [62]. At 
the optimum temperature of 50oC and with [Al]/[Zr]=570, the 
nanosized catalyst had polymerization productivity of 3824 kg 
PP/mol Zr∙h, which was 1.64 times more than obtained with 
the microsized catalyst (polymerization productivity was 2325 
kg PP/mol Zr∙h) [62]. However, the molecular weight and 
isotacticity of PP produced by the nanosized silica supported 
(C2H5)(Ind)2ZrCl2/MAO catalyst were not high enough, 
probably because of the smaller rigidity of the ethylidene bridge 
in (C2H5)(Ind)2ZrCl2/MAO [63].

Nanosized silica supported [(CH3)2Si(Ind)2ZrCl2 catalyst (Figure 
6, a) also has better activity (polymer yield of 80%) at the 
temperature of 55oC, which allow producing a polypropylene 
with a higher melting point, a greater molecular weight, a 
narrower MWD, iso-tacticity, and melting point in comparison 
to that produced with the nanosized silica supported (C2H5)
(Ind)2ZrCl2/MAO catalyst and microsized analogy [64].

      a   b
Figure 6: TEM micrograph of the nanosized silica supported 
Me2Si(Ind)2ZrCl2 catalyst (a) and SEM micrograph of PP 
particles produced with the nanosized catalyst (polymerization 
time = 2 h)

The nanosized catalyst’s activity was attributed to its larger 
surface area and to the higher monomer concentration at its 
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external active sites (which were free from internal diffusion 
resistance). On the contrary, the microsized catalyst’s internal 
active centres had strong internal diffusion resistance, which 
resulted in the lower monomer concentration and inferior 
performances. Each nanosized catalyst particle had uniform 
polymerization activity and produced polymer particles of 
similar sizes and shapes, which is obviously from electron 
microscopy results [64].

The MAO-treated rice husk ash (RHA) contained 120 nm 
spherical silica particles, was used to support Me2Si(Ind)2ZrCl2 
and C2H4(Ind)2ZrCl2 catalysts [65]. In contrast to commercial 
microsized silica supported catalyst this nanocatalyst exhibited 
higher polymerization activity and allow receiving polypropylene 
particles with uniform size and shape. Polypropylene with much 
greater molecular weight (and longer chain length) but with 
much smaller number (than in the case of C2H4(Ind)2ZrCl2) 
produced in the presence of Me2Si(Ind)2ZrCl2, which resulted 
in the difference in the size and shape of polymer assembly. The 
increase of reaction temperature decreased polymer molecular 
weight and stereoregularity, which resulted in the change of the 
shape or the decrease of the size of polymer assembly (Scheme 
4) [65].

Scheme 4: The reaction of MAO-modified silica (species I) with 
metallocene and formation of species II.

Formation of nanoscale structures during the interaction of 
components of the catalytic systems Ni(acac)2/PPh3/AlR2Cl, 
Ni(acac)2/AlR2Cl (R= Et, i-Bu) and Ni(acac)2/AlEt3 was shown 
using TEM, EPR and UV spectroscopy. The publication also 
presents the results to justify the participation of nanoparticles 
Ni-coll. in stabilizing the catalytically active nickel centres in 
the oligomerization of propylene [66].

Nanocatalysis in Dienes Polymerization Processes
Butadiene Polymerization
Mesoporous silica nanoparticles (MSNs) are suitable for 
studying the effects of the catalyst carriers, especially the size 
effect of the carrier, because MSNs are chemically and thermally 
stable, and have high surface area, well-defined, and controllable 
particle size, morphology, and porosity [67]. Compared with the 
mesoporous silica bulky materials, such as MCM-41 and SBA-
15, the MSNs have shorter channels. So, the reactant molecules 
could avoid a long journey through the channels and possible 
obstruction, which can improve molecule transport in the 
channels.

Authors of work [67] have synthesized a series of nano 
catalysts with different sizes (50–200 nm) by immobilizing 
salicylaldimine cobalt complexes on the mesoporous silica nano 
particles (MSNs) for polymerization of 1,3-butadiene (Scheme 
5).

Scheme 5: The synthesis of the MSN-supported salicylaldimine 
cobalt complex

The SEM images (Figure 7, A) of MSNs show that they all 
consist of spherical nanoparticles. After immobilization with 
the organic groups and an complexation, the shape of the carrier 
is retained. On the morphology of all the MSNs the nature of 
the complex does not significant impact and nanoparticles are 
highly monodisperse. The TEM images (Figure 7, B) show that 
all of these nanocatalysts are mesoporous materials. From the 
adsorption branches of N2 adsorption-desorption isotherms, 
based on the BJH model, the pore size distributions were 
calculated.

 

    a

   b
Figure 7: SEM (A) and TEM (B) micrographs of a nanocatalysts, 
heterogenized on mesoporous silica gel: Co-MSN-50 (a), Co-
MSN-100 (b), Co-MSN-150 (c) and Co-MSN-200.

The results also show that MSN (150 nm) has the BET surface 
area of 738 m2/g and a pore volume (Vp) of 0.29 (cm3/g). The 
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average pore diameter is calculated to be 27.1 Å. The TG curve 
of the nanocatalysts shows a major weight loss of 23 % (wt) in 
the temperature range of 200-600oC, which can be corresponded 
to the loss of the organics. The nanocatalysts in combination with 
methylalumoxane (MAO) show excellent catalytic efficiency in 
the polymerization of 1,3-butadiene to 1.4-cis-polybutadiene 
(the content of 1.4-cis-units 86-95%). As it seems from the 
results these nanocatalysts also show higher activity than the 
same catalyst on bulky mesoporous silica supporting materials 
and the homogeneous analogue of cobalt complex. The received 
yield of 60-100% and the molecular weight of 130000-490000 
with the MDW of 1.75-2.65 of polybutadiene depend on the 
particle size of the catalyst nano support [67].

A heterogeneous cobalt-nickel (oxide) bimetallic catalyst for 
the polymerization of butadiene was subjected to calcination at 
different temperatures, which results in the formation of different 
phases with multiple oxidation states [68,69]. SEM micrographs 
of the fresh samples, calcined at different temperatures, are 
presented in Figure 8 (a, c, e). No open pore structures can be 

seen on fresh samples calcined at 673K and 873K, but calcined 
at 1173K sample has irregular pore structure. The packing order 
seen on these samples could be due to geometrically well-
defined channels of the oxide formed and such structures are 
fairly stable. The SEM analysis performed on the spent catalysts 
(Figures 8, b, d, f) supports authors argument that the particle 
size, characteristics, and the nature of the catalytic active 
sites changes appreciably. The polymerization process takes 
different interaction routes on different types of active sites, 
due to different oxidation states. The best activity was achieved 
on the catalyst sample calcined at 1173 K and the received 
product contains polybutadiene, terminated by OH group, and 
aliphatic and aromatic carbonyl compounds. The GPC and 
LLS studies indicate that the polydispersity of high molecular 
weight products is in the narrow range. In products selectivity 
are mainly responsible the catalytic reaction conditions, the 
calcinations temperatures, which control the oxidation state, 
phase and stability of the catalyst. No effect of pressure and 
temperature were observed on the product distribution [68,69].

  a     b     c   
 

  d     e     f

A new family of titanium–magnesium nanocatalysts (TMNCs), which are suitable for the trans-polymerization of conjugated dienes 
(butadiene, isoprene), were developed in the works [70, 71]. In the presence of TMNCs combined with tri-iso-butyl aluminum 
the suspension polymerization of butadiene was studied, which have demonstrated that they are active catalysts and enable the 
production of trans-polybutadiene with content of trans1,4-units up to 98.5%. The kinetic parameters of the process and the properties 
of received trans-1,4-polybutadiene were investigated (Table 1). With respect to the monomer and catalyst the reaction is of the first 
order. Variation in concentrations of Ti and monomer has no effect on the microstructure of trans-polybutadiene. Increasing in Al:Ti 
and the temperature of the process, decrease the content of trans-1,4-units. A hypothesis that the size of TMNC particles affects the 
nascent packing of trans-polybutadiene macromolecules in the crystal lattice was made [70].

Nano-sized neodymium chloride (NdCl3) was prepared through the dissolution of anhydrous NdCl3 in THF (ca. 1.5 THF molecules 
were coordinated), after which the THF was slowly replaced with the addition of a cyclohexane and pale blue nuclei, nanosized 
below 200 nm, was formed [71]. The structural studies for NdCl3∙xTHF using X-ray powder diffraction (XRD) and SEM microscope 
indicate that highly ordered crystallinity is decreased with reduced particle size from trigonal prismatic to porous sphere structure 
(Fig. 9). Nano NdCl3, obtained as colloidal state in cyclohexane, was activated with Al(i-Bu)3 and Al(i-Bu)2H at room temperature 
and employed for 1,3-butadiene solution polymerization. Comparable to the ternary neodymium catalyst Nd(neodecanoate)3/
AlEt2Cl/Al(i-Bu)3 the nanosized Nd catalysts showed 15 times high activity (1.0~1.3∙105 g/Nd mol∙h), and received polybutadiene 
has microstructures: cis-, trans-, and vinyl-contents, about 96.0, 3.5, and 0.5%, respectively [71].

A new highly activity and stereo selectivity heterogenized bifunctional cobalt-containing catalytic dithiosystems for butadiene 
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gas phase polymerization has been developed at work [72]. 
Based on organic dithiocompounds of cobalt (Co-DTC) (O,O-
dithiophosphates, N,N-dithiocarbamates) in combination with 
aluminum organic compounds (AOC) (DEAC, TEA, MAO) 
bifunctional cobalt-containing catalytic dithiosystems has been 
heterogenized on silica gel (commonly used and nanosized) by 
the methods of “direct deposition” or “covalent binding with pre-

alumination”. The received data demonstrate that the “covalent 
binding with pre-alumination” method of immobilization of 
bifunctional cobalt-containing catalytic dithiosystems shows 
an extremely high activity in a gas phase polymerization of 
butadiene (Scheme 6).

Experi-ments CTi∙103, mol/l Al:Ti, mol/mol Cm, mol/l Т,°С W0,
mol/l∙min

Microstructure, %
trans-1,4 cis-1,4 1,2-

1 1.0 2 1.0 30 8.0∙10–5 - - -
2 1.0 5 1.0 30 1.0∙10–4 - - -
3 1.0 10 1.0 30 0.02 98.5 0.5 1.0
4 1.0 20 1.0 30 0.67 98.5 0.5 1.0
5 1.0 30 1.0 30 0.15 96.0 3.0 1.0
6 1.0 40 1.0 30 0.09 92.5 5.5 2.0
7 1.0 50 1.0 30 0.09 86.0 12.0 2.0
8 1.0 20 1.0 30 0.81 98.5 0.5 1.0
9 1.0 20 1.0 40 0.81 94.5 4.5 1.0
10 1.0 20 1.0 50 0.81 84.0 13.0 3.0
11 1.0 20 1.0 60 0.81 63.0 33.0 4.0
12 1.0 20 1.0 30 0.67 98.5 0.5 1.0
13 0.5 20 1.0 30 0.26 98.5 0.5 1.0
14 0.25 20 1.0 30 0.15 98.0 1.0 1.0
15 0.1 20 1.0 30 0.06 98.5 0.5 1.0
16 0.25 20 0.5 30 0.075 98.0 1.0 1.0
17 0.25 20 1.0 30 0.15 99.0 1.0 0
18 0.25 20 1.5 30 0.27 98.0 0.5 1.5
19 0.25 20 2.0 30 0.31 98.0 0.5 1.5

Table 1: The effect of conditions of butadiene polymerization catalyzed by TMNCs on the initial rate of the process and the mi-
crostructure of trans-polybutadiene.

             a        b      

 c    d  
Figure 9: The SEM micrographs of NdCl3 particles: 1720 nm 
(a), 197 nm (b), 92 nm (c) and bulk image of 92 nm (d)

Scheme 6: Heterogenization of a homogeneous metal-complex 
catalyst by “covalent binding with pre-alumination” (Me-
Cobalt, MAO – methylaluminoxane, A – aluminumorganic 
compound molecule)

The heterogenized catalyst has prepared as follows: to the nano-
sized silica gel, dehydrated at 650oC, was added the toluene so-
lution of MAO at 25oC and stirred for 2 hours, the slurry filtered, 
the solid product sometimes washed with toluene and in inert 
atmosphere dried under vacuum. The toluene solution of cata-
lytic complex Co-DTC+AOC+BD added to the pre-aluminated 
nano silica gel and stirred for 60 min. The slurry filtered, the re-
maining solid product sometimes washed with toluene and dried 
under vacuum in an inert atmosphere. These catalysts provide 
the preparation of high molecular mass 1.4-cis- (91.0-97.0%) 
or 1.4-cis+1.2-(1.4-cis- 62.0-65.0% and 1.2- 32.0-35.0%) po-
lybutadienes with productivity - 500.0-2500.0 kg PBD/g Co∙h. 
The received results are significantly higher than the yield in 
the solution process (by using the same homogeneous catalysts 
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- 57.0 kg PBD/g Co∙h.) and the known gas-phase process (by 
using the heterogenized neodymium-catalysts - 500.0 kg PBD/
mole Nd∙h.). The results obtained open up new opportunities 
for the development of principally new ecologically favorable 
and economically benefited technology of butadiene gas phase 
polymerization process by using heterogenized bifunctional co-
balt-containing catalytic dithiosystems [72].

Dithiophosphorylated nano halloysite (NHS-DTPh) was syn-
thesized by the direct phosphorosuphurization reaction of active 
OH-groups on a nano support surface with P2S5 (DTPh - dithi-
ophosphate group) and on their basis the Ni, Co, and Nd-con-
taining complexes (NHS-DTPh-Me) have been prepared [73, 
74]. The assumed route of reactions in a simplified version is 
presented in Scheme 7.

 
  

                                      or                                  

Scheme 7: Synthesis of heterogeneous dithiophosphorylated 
component of nanocatalyst (where, M= Ni, Co, or Nd). 

The preliminarily dried NHS was placed into a glass reactor 
equipped with a mixer, reflux condenser, gas outlet line and a 
neutralizer of H2S. To the NHS emulsion in m-xylene was added 
by drop wise the crushed P2S5 and stirred, which is accompanied 
by the intensive isolation of H2S. After entering all quantities of 
P2S5 the temperature was raised to 135-140oC and the process 
was carried out to complete isolation of H2S, which was caught 
by aqueous CdCl2. On the quantity of formed precipitate CdS a 
quantity of isolated H2S was calculated. For complete removal 
of H2S the process was carried out under small vacuum and on 
finished of reaction the reaction mixture was blown by nitrogen 
for 2 hours, then washed 2-3 times by warm ethanol and dried 
under vacuum at 80oC. As a result, has been prepared NHS-DT-
Ph with content of 3.65% phosphor and 1.69% sulfur.

For preparation of metal containing compounds the NHS-DTPh, 
as suspension in ethanol, was placed in the above-mentioned re-
actor and at T=80-90oC the alcohol solution of the corresponding 
metal chloride (or nitrate, sulfate, etc.) added in stirring for 4-5 
hours. After cooling, the reaction product was filtered, washed 
hot ethanol, and dried under vacuum at 70oC. Initial NHS, syn-
thesized NHS-DTPh and NHS-DTPh-Me were identificated by 
the methods of SEM, IR and DTA.

The heterogenized catalysts have been used as a component of 
catalysts in the butadiene polymerization process in gas phase 
and liquid phase in suspension of catalyst. These NHS-DTPh-
Me+DEAC catalysts under comparable conditions on pro-
ductivity in solution (110-500 kg PBD/g Me∙h) and gas phase 
(800-2500 kg PBD/g Me∙h.) considerably exceed both their ho-
mogeneous (27-70 kg PBD/g Me∙h.) and heterogeneous (500 kg 
PBD/mole Me∙h.) analogues, respectively [73,74].

Isoprene Polymerization
The polymerization of isoprene on titanium-magnesium nano-
catalysts (TMNCs) modified with electron donor (ED) com-
pounds based on organic phosphine and sulphide have been 
studied [75, 76]. The isoprene polymerization on TMC com-

bined with TIBA was carried out at 30-50°C, the titanium con-
centration in the reaction zone ranged from 10–4 to 10–3 mol/L 
and molar ratio Al:Ti = (20-100):1; the concentration of isoprene 
in the reaction medium was 1-2 mol/L. It was shown that the 
variation in polymerization parameters over a wide range had no 
effect on the relative amount of trans-1,4 units in polyisoprene, 
thus indicating the stability of trans-controlling active centres in 
TMC (Table 2). 

Table 2: Polymerization of isoprene on TMC in the presence of 
TIBA (reaction time is 1 h, T = 30°C)
Isoprene
concen-
tration, 
mol/l

[Ti]∙103, 
mol/l

Al:Ti, 
mol/mol

Isoprene 
conver-
sion, %

microstructure, %
trans-1,4 3,4-

1 1.0 30 95 97-98 2-3
1.0 100 98 97 3
0.5 30 74 96 4

2 0.5 20 70 98 2

In the case of a catalyst, modified with tri-butyl-phosphine, the 
effects of the P:Ti ratio on the polymerization kinetics, on the 
microstructure of 1,4-trans-polyisoprene, and on the molecular 
mass of the polymer has been estimated. Figure 10 shows X-ray 
patterns of nascent trans-polyisoprene which indicate that the 
polymer has the α-monoclinic crystal modification.

Figure 11 shows the DSC thermo grams of trans-polyisoprene. 
During the first heating, the melting temperature of the sample 
is close to 70°C, a result that is also indicative of the presence 
of the α-monoclinic crystal modification of the nascent polymer. 
Melting and the subsequent crystallization results in the forma-
tion of the β-crystalline modification (second heating) with a 
melting temperature of about 50°C [76].

Figure 10: X-ray pattern of gutta-percha synthesized on TMC

Figure 11: DSC curves for trans-polyisoprene: (1) the first heat-
ing (Tm = 68°C, α-monoclinic form), (2) cooling, and (3) the 
second heating (Tm = 52°C, β-form).
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The study of isoprene polymerization on TMNCs/Bu3P showed 
that the presence of the electron donor leads to a reduced initial 
rate of polymerization, which becomes more pronounced with 
an increase in the content of the modifier in the TMNCs relative 
to the content of Ti (up to 50 mol/mol). At Bu3P:Ti=0.5-10 
mol/mol, the catalyst activity does not diminish, the content 
of 1,4-trans-units increases from 83 to 97%, and Mw changes 
from 43000 up to 330000 with a simultaneous decrease in the 
polydispersity coefficient [77,78].

Conclusions
Due to their extraordinary properties, nanomaterials can provide 
excellent advantages in polymerization catalytic systems, such 
as, increase the catalytic activity, boost the reaction selectivity, 
and change the produced polymer’s properties. One question that 
must come to our mind is: how the nanomaterials affect reaction 
activity? We must remember that the catalytic activity of the 
homogeneous systems influences the electronic density, and the 
bulkiness around the metal centre provided by the ligand. 

It is obvious from publications dealing with nano catalysis, that 
to display high activity the homogeneous catalysts well dispersed 
on the nanomaterial are necessary. Nanomaterial supported 
catalysts display higher catalytic activity due to smaller particle 
sizes, more finely dispersed to optimize yields, decrease in 
reaction times, and are possible to run gas-slurry processes.

The size-dependence of catalysts can be attributed to 
geometrical and electronic effects because, with the decreasing 
particle size, the coordination environment of the surface atoms 
changes dramatically. Changing the particle size of a catalyst 
will also lead to the variation of its local electronic structure. 
Detailed studies evidenced a strong correlation between the 
polymerization activity of supported catalysts, and both the 
nature of the supporting material and the size, diameter, and 
distribution of the pores.

Perspectives
The homogeneous catalysts covalently or non-covalently 
supported on various nanomaterials (CNTs, nano oxides, nano 
clays, nano zeolites, etc.) show good, or excellent activities 
in olefin polymerization. Interestingly, the presence of the 
nanomaterials has a great influence on catalyst activities and 
properties of the resulting polymers. An important extension of 
this work would be to use these homogeneous and supported 
catalysts to synthesize other polymers or copolymers. Therefore, 
one of the further works could investigate the polymerization 
behavior of nanomaterial supported catalysts in those kinds of 
polymerization and copolymerization.

The selection of the best nano support is also a promising issue. 
According to the results of the works described here, the nature 
of the nanomaterials has a significant effect on catalytic activity 
and polymer properties can be controlled by the chemical 
composition of supported catalysts. Therefore, it is suggested 
that various nanomaterials with different sizes and diameters 
are used to support homogeneous catalysts and investigated in 
polymerization processes.

Concerning the polydienes part, polymerization conditions 
should be further investigated to improve the selectivity between 
cis-1,4-, trans-1,4- and 1,2-polydienes. For those immobilized 
catalysts, data concerning the number of metals (Ni, Co, Nd, 
Ti, etc.) complexes that were effectively immobilized on the 
nano supports and their butadiene and isoprene gas phase 

polymerization activity should be investigated.

The resulting polymer morphology and the properties of the 
resulting polymer (mechanical, thermal conductivity, flexibility, 
etc.) are worth to be comprehensively studied. 
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