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Abstract. This work is focused on high aspect ratio nanometric fillers for rubber compounds. Their ability 
to establish stable interaction with the rubber matrix is discussed. An sp2 carbon allotrope such as a high 
surface area graphite and a clay, such as sepiolite, are then in particular considered. It is shown how their 
chemical functionalization can promote the interaction with the polymer chains and positively affect the 
compounds’ properties.  

Introduction 
Reinforcing fillers are essential components of rubber composites, as they allow to achieve the 
mechanical properties required by the composites’ applications [1-2]. 
Many sp2 carbon allotropes are efficient reinforcing fillers for rubber materials. Carbon black has 
been used since the beginning of the last century [1-2]. After the discovery of fullerenes [3], many 
other carbon allotropes have become available: single [4-5] and multi-walled [6-7] carbon 
nanotubes (CNT), graphene (G) [8-11] or graphitic nanofillers made by few layers of graphene 
[12-15]. Many scientific papers have been published, focused on rubber composites based on 
carbon nanotubes [16-22] and graphitic materials [20, 22-33]. Studies are available on hybrid 
carbon filler systems [34-40]. 
Silica in the precipitated form, combined with a sulphurated coupling agent [41-42], is 
acknowledged as the best filler for composites with low dissipation of energy and fuel 
consumption [1-2, 43-45]. Other efficient fillers for rubber composites are also inorganic oxides 
and hydroxides, such as clays [20, 46-52]. Studies on hybrid filler systems between silica and clays 
have been reported [53-54]. Hybrid filler systems between carbon allotropes, inorganic oxides 
and hydroxides have been studied [55-58]. 
Carbon allotropes and inorganic oxides and hydroxides, used as fillers for rubber composites, are 
classified as nanometric or nanostructured fillers [1-2]. A material is defined as a nanomaterial 
when it has an external dimension in the nanoscale or it has internal structures or surface 
structures in the nanoscale, ranging approximately between 1 nm and 100 nm [59]. Carbon black 
and silica are nanostructured fillers: their primary particles have at least one dimension below 
one hundred nanometers and are joined together to form aggregates with a length of at least 200 
nm. Clays, carbon nanotubes, graphene and related materials are nanometric fillers: they are 
made by nanosized primary particles which can be separated and individually dispersed in the 
rubber matrix.  
Nanometric fillers (CNT, GRM, clays) have high aspect ratio, that means high ratio between the 
largest and the lowest dimension. The nanosize and the high aspect ratio lead to a very large 
surface area. Nanometric fillers can thus establish a large interfacial area with the polymer matrix. 
Indeed, the interfacial area i.a. is defined by Equation 1 as follows: 
 
i.a. = s.a. * ρ * φ                                                                                                                                                                       [1] 
 
where s.a. is the surface area, ρ is the filler density and φ is the filler volume fraction. 
 



The high interest and the large amount of research dedicated to nanometric fillers is thus clear. 
However, is the interaction between the high aspect ratio nanometric filler and the rubber matrix 
stable? The polymer chains occluded in the voids of nanostructured carbon black and silica are 
responsible for the stable rubber-filler interaction and for the high mechanical reinforcement at 
large deformation. Nanometric fillers are not considered as structured fillers, that means having 
voids able to accommodate polymer chains. 
A way to have a stable interaction between filler and rubber chains would be to establish chemical 
bond. As mentioned above, chemical bonds are formed between silica and unsaturated polymer 
chains thanks to the use of sulphur based silanes. However, nanometric fillers such as clays (e.g.: 
bentonites and sepiolite) have low reactivity with silanes. sp2 carbon allotropes do not have 
functional groups able to establish chemical bonds with the rubber chains or with coupling agents 
either. Such lack of reactivity transforms the opportunity of having a large interfacial area 
(presented by the nanometric high aspect ratio fillers) available for the polymer chains into a 
problem of dissipative supramolecular interactions.  
This contribution is focused on high aspect ratio nanometric fillers: multiwalled carbon nanotubes 
(CNT), high surface area nanosized graphite (HSAG), organically modified montmorillonite (OC) 
and sepiolite (S). Their interaction with the rubber matrix is in particular discussed. A brief 
overview of data available in the scientific literature is reported. Chemical modification is 
proposed as a successful tool to promote a chemical bond with the rubber chains and, hence, 
stable interactions. 
 

1.  Mechanical reinforcement of rubber composites with high aspect ratio nanofillers 
Rubber nanocomposites based on high aspect ratio nanometric fillers are characterized by high 
values of elastic modulus at low strain. Some of the authors prepared nanocomposites based on 
synthetic poly(1,4-cis-isoprene) (IR) and different amounts of CNT [34, 36], HSAG [35, 36] and OC 
[56], as well as on carbon black (CB) (CB N326) [36]. Some features of the sp2 carbon allotropes 
are reported in Table 1. 
 
Table 1. Main features of sp2 carbon allotropes used for the preparation of rubber 
nanocomposites.  

aCNT: 1 - Baytubes® C150 P from Bayer Material Science,   2 – Nanocyl 7000 from Nanocyl 
 
The used filler volume fraction was up to about 10% and vulcanization was performed with a 
traditional sulphur based system (sulphur, sulphenamide). In Figure 1, the elastic modulus E, 
normalized with respect to the matrix modulus Em, is reported as a function of the vol% of the 
filler. 
 

Carbon  
filler 

BET  
surface area 
(m2/g) 

DBP  
absorption number 
(ml/100g) 

Number of 
stacked layers pH 

CB N326 77 85 5 5.7 – 9.7 

CNT – 1a 200 316 10 n.d. 

CNT - 2 a 300 n.d. 8 n.d. 

HSAG 330 162 35 4.6 



 
Figure 1. E/Em vs vol% of filler for composites with CNT, OC, HSAG and CB as the fillers (for refs, 
see text) 
 
It is thus evident that high aspect ratio nanofillers give rise to a larger elastic modulus than carbon 
black. Such behaviour was rationalized thanks to a correlation between the elastic modulus and 
the specific interfacial area [38]. This correlation is shown in Figure 2 for CB and CNT as sp2 
carbon allotropes.  
 

Figure 2. (G’/G’m)γmin (a) and (ΔG’/ΔG’m) (b) vs specific interfacial area for composites of ref. 38, 
with exponential fitting curves  
 
Experimental points were fitted with a common line, a sort of master curve, up to about 30.2 and 
9.8 mass % as CB and CNT content, respectively. The lower modulus values obtained with HSAG 
were attributed to the actual HSAG surface area, much lower than the nominal one, measured by 
means of nitrogen absorption. 
The key role played by the interfacial area in affecting values of elastic modulus is thus evident.  
However, such extended filler-matrix interaction is based on supramolecular forces and faints 
with the extent of the strain. Figure 3 shows the values of shear G’ modulus vs strain amplitude 
for the same composites [34-36, 56].  
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Figure 3. G’ storage modulus vs strain % for composites with different fillers (refs: 34-36, 56)  
 
Graphs in Figure 3 show that, at the same filler content, composites with high aspect ratio 
nanofillers have large non linearity of the shear G’ modulus, that means larger Payne effect [60]. 
This is due to the larger surface area of nanofillers. In fact, reporting the values of ΔG’ of the filled 
composites normalized with respect to ΔG’ of the matrix (ΔG’/ΔG’m) vs the interfacuial area, as in 
the graph in Figure 2b, points can be fitted with the same exponential curve, for composites based 
on CNT and CB. 
 
To properly understand the behaviour of OC based composites, it is worth examining the results 
reported in the following. IR based composites were prepared, with the following recipe (parts 
per hundred rubber, phr): IR 100, filler 12, dicumyl peroxide 2.0. In Figure 4(a) are shown curves 
of shear G’ modulus vs strain % for uncured composites and in Figure 4(b) are shown stress strain 
curves for the cured composites. 
The same relative effect on mechanical reinforcement can be observed for the sp2 carbon 
allotropes, whereas OC does not give rise to any appreciable reinforcement and appears to act as 
a plastifier. 
Results reported so far show that the increase of surface area for sp2 carbon allotropes is not 
translated in mechanical reinforcement at large deformation, in the absence of chemical bonds 
between the filler and the rubber matrix and of a structure in the filler, that means if the filler is 
not able to occlude the rubber chains. Moreover they confirm that pristine clays [61] and OC are 
not able to intercalate and thus to occlude polymer chains [48-50] and that a large part of the 
mechanical reinforcement arises from the effect of the ammonium cation on vulcanization and 
then on the crosslinking network. 
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Figure 4. G’ vs strain % for uncured composites (a) and stress strain curves for peroxide cured 
(b) IR based composites with 12 phr of filler  
 
2. Chemical modification of high aspect ratio nanofillers 
The most promising way to promote a stable interaction between a high aspect ratio filler and the 
rubber matrix appears to be the chemical modification of the filler, with the aim of establishing a 
chemical bond with the rubber chains.  
 

2.1 The strategy 
A strategy was defined. Aim was to prepare chemically reactive high aspect ratio nanofiller, 
moving from a “white” and a “black” building block. Sepiolite and high surface area nanosized 
graphite (HSAG) were selected as the building block, an inorganic oxide-hydroxide and an sp2 
carbon allotrope. Part of the strategy was to develop innovative strategies for the chemical 
modification. Main objective was also to develop sustainable functionalization methods.  
 

2.2 Chemical modification of high aspect ratio oxide-hydroxide 
Sepiolite was selected as the high aspect ratio oxide-hydroxide. Sepiolite was treated with HCl, 
with the aim to remove an amount of magnesium suitable to promote the chemical reactivity of 
the clay with silane coupling agent, preserving the high aspect ratio of the clay. Details have been 
already reported elsewhere [62-63]. 
Here are shown data of a composite based on 1,4-cis isoprene and butadiene rubbers and the 
silica/sepiolite hybrid filler system. Acid treated sepiolite had 80% of residual magnesium and 
maintained its fibrillary structure, after the acid treatment. The recipe of the reference composite 
(phr) was: BR 60 IR 40 ZnO 4, silica 30, silane TESPT 5, stearic acid  1,  6-PPD  1.5,  TMQ 1, Sulphur  
2.3,  TBBS 80 4. In the composite with the hybrid filler system, 7 phr of sepiolite were used in place 
of 10 phr of silica. Data from dynamic mechanical measurements in the axial mode and from stress 
strain tests are in Table 2.  
Data in Table 2 show that the composite with the acid treated sepiolite achieves the best 
compromise between dynamic rigidity, low hysteresis and tensile properties. In particular, it is 
worth underlining that acide treated sepiolite allows to improve the mechanical reinforcement 
reducing the hysteresis of the composite. 
 
  



Table 2. Data from dynamic-mechanical and quasi static measurements on composites based on 
silica and silica/sepiolite (see text)a 

Property Filler in the composite 
  Silica Silica + Sepiolite Silica + Sepiolite/HCl 

(Mg 80%) 
σ50   (MPa) 100 106 111 
σ100  (MPa) 100 112 115 
σB  (MPa) 100 127 104 
εB (%) 100 122 109 
    
E’ (23°C)  100 Hz 100 103 113 
E’ (70°C)  100 Hz 100 102 113 
Tan delta (23°C) 100 Hz 100 107 87 
Tan delta (70°C) 100 Hz 100 106 85 

a Relative index is reported: 100 for reference composite. For sepiolite based composites: the 
higher the better, except for Tan delta 
 

2.3 Chemical modification of high aspect ratio nanosized graphite. 
The high surface area graphite HSAG, whose main features are in Table 1, was functionalized with 
2-(2,5-dimethyl-1H-pyrrol-1-yl)-1,3-propanediol (Serinol Pyrrole, SP), whose chemical structure 
is in Figure 5.  
 

 
Figure 5. 2-(2,5-dimethyl-1H-pyrrol-1-yl)-1,3-propanediol (Serinol Pyrrole, SP) 

 
 
Details about the functionalization of HSAG with SP have been reported elsewhere [64, 65]. 
Nanocomposites were prepared, based on natural rubber (NR) and high surface area graphite 
(HSAG), either pristine or functionalized with SP (HSAG-SP). The functionalization allowed to 
prepare the nanocomposite via latex blending, whereas melt blending was used for HSAG based 
compounds. Functionalization of HSAG with SP allowed to obtain a better filler dispersion, to 
reduce the composite’s viscosity and to obtain a comparable vulcanization kinetics and a lower 
Payne effect from shear strain sweep tests, giving better tensile ultimate properties and an 
improved fracture behavior. 
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