
 

Paper B13 
 
 
 
 
 
 

The manifold interactions of ZnO and stearic acid 
in a modern silica-filled tire tread compound 

 
 
 

A. Blume1*, G. Butuc1, 2, F. van Elburg1, A. Risthaus3, F. 
Grunert1, A. Talma1, 4 

1 University of Twente, Enschede, the Netherlands 

2 Nouryon, USA 
3 BOGE Elastmetall GmbH, Damme, Germany 

4 Nouryon, Deventer, The Netherlands 

  

 
 
 

Presented at the Fall 200th Technical 
Meeting of Rubber Division, ACS 

Pittsburgh, PA 

October 4 - 7 
2021 

 
 
 
 

* Speaker



 

The manifold interactions of ZnO and stearic acid in a modern silica-filled tire tread compound 
 

Abstract 

Zink oxide and stearic acid are commonly used in typical sulfur-cured rubber compounds. Their role 
as activators is well recognized. But how manifold the interactions in a silica-filled rubber application 
are, will be discussed in this paper. A special emphasis is put on the “ideal” ratio between ZnO and 
stearic acid in a rubber compound. It is concluded that the formation of the active Zn-complex takes 
place only at the surface of the ZnO crystal, most of the ZnO remains unreacted in the rubber matrix. 

 

Introduction 

Zink oxide and stearic acid support the curing reaction of sulfur-cured rubber compounds as 
activators. Bateman [1] proposed already in 1963 a mechanism for the vulcanization including Zn as 
central atom to form an active complex (Figure. 1). ZnO can build up different Zinc complexes via 
sulphur bridges. A. Chapman and T. Johnson as well as J. Noordermeer et al. discussed the role of 
ZnO in the vulcanization process of SBR rubber in more detail, all on the basis of a Zinc complex  .[2, 
3]. It is assumed in this proposal that all ZnO is dissolved in the rubber matrix. 

 

 

Fig. 1 – Scheme of the vulcanization mechanism [1]  

 

Nowadays, silica / silane is used as the filler system in modern passenger car tire tread compounds. A 
mechanism for the coupling of the silane-modified silica towards the polymer is presented in Fig. 2 
[4]. The role and impact of ZnO and stearic acid is not considered in this scheme.  

 



 

 

Fig. 2 – Scheme of the coupling mechanism of silane-modified silica toward a polymer chain [4]  

 

The focus of the current paper is the understanding of the complex interaction possibilities between 
the main rubber ingredients: the polymer, silica, silane, ZnO and stearic acid in combination with the 
accelerators and sulfur. For this, the first and the last mixing stage including the curing stage are 
taken into consideration.  

 

Complex interaction possibilities between main rubber ingredients 

Tab. 1 shows a typical green tire tread formulation. It is assumed that an unfunctionalized SSBR/BR 
blend is used as a polymer, silica / silane as a filler system and ZnO and stearic acid as activators.  

 

Tab. 1: Typical green tire tread compound 

 

 



 

Such a green tire tread formulation is mixed in three stages. The first mixing stage reaches normally 
temperatures up to 150 °C.  

How do the ingredients interact in the 1st mixing stage with each other? Fig. 3 shows the complexity 
of the different interaction possibilities.  

 

Fig. 3 – Complex interaction possibilities of the main rubber ingredients  

 

ZnO can interact with stearic acid to form Zinc(Zn)-stearate salt. It is also possible that directly a Zn-
stearate complex is formed, with silane as ligands. ZnO can also interact with silica, gets physically 
adsorbed at the silanol groups, blocking in this way the active places for the reaction with silane (Fig. 
4) [5]. 

 

Fig. 4 – Interaction of ZnO with the silica surface [5]  

 

Stearic acid has also manifold possibilities beside the participation in the Zn-complex or in the 
formation of the Zn-stearate salt: It can be physically adsorbed at the silica surface (Fig. 5) as well as 
interact with a silane molecule. As a consequence of this, the silane itself is subjected to some 
competing reactions. The aim of adding silane is to create a chemical coupling to the silica during the 
first mixing stage but there are some other side reactions which hinders this coupling. The silane 
itself can cause as well some disturbance of the coupling: The released ethanol can be adsorbed at 
the silanol groups of the silica surface and hinders the further coupling between silica and silane.  



 

 

Fig. 5 – Interaction of stearic acid with the silica surface  

 

When the accelerators and the sulfur are added in the final mixing stage, the interaction possibilities 
are even broader (Fig. 6). The Zn-stearate salt can be transformed into an  intricate active complex by 
the interaction with accelerators and sulfur. It seems to be very likely that this Zn-stearate complex 
can also interact with silane. Sulfur can be added additionally to this complex, which results -with or 
without sulfur addition – in a coupling towards the polymer chain.  

 

 

 

Fig. 6 – Complex interaction possibilities in the final mixing stage 

 

The assumed mechanism for sulfur curing is shown in Fig. 7 and 8 [1, 7-12]. A typical curing 

temperature for BR/SBR compounds is 160 °C. As mentioned before, it has been suggested that the Zn 

ions in the ZnO form a complex chemical which involves the stearate ions from the stearic acid, sulfur 

and/or sulfur accelerators. A more detailed explanation and step by step reaction was proposed by 

Morrison et al., which involves N-cyclohexyl-2- benzothiazole sulfenamide (CBS), ZnO and stearic acid 

[13].  

 



 

 

Fig. 7 – Overview of the curing mechanism [7-12] 

 

  

Fig. 8 – Detailed steps of the curing process [13] 



 

 

The steps of the proposed sequence of the reactions are involving the activators (ZnO and stearic acid) 

and the sulfur accelerator (CBS) forming a complex. The following step is involving additional 

accelerator and/or sulfur increasing the sulfur chain length inside the complex structure. The third step 

in the process involves a polymer chain attaching to the sulfur chain by splitting the complex structure.  

In the fourth step an additional polymer chain is replacing the second accelerator in the previously 

formed complex and extending the sulfur bridge between the two polymeric chains.  In the final step, 

the sulfur bridge is getting shorter. It is important to consider that only a small amount of sulfur is 

actively involved in the crosslinking reaction, the rest of the sulfur remains unreacted in the rubber 

compound. Meltzer came to the conclusion that 20% of sulfur is actively participating in the 

crosslinking reaction in an SBR compound but only 7% in an NR compound [22]. 

In recent years, Ikeda et al. focused on a suggested ligand structure.  The ligand is formed by inclusion 

of ZnO, stearic acid, rubber fragments and/or water molecules (X and Y) fragments [14-16] A proposed 

structure shown in Fig. 9 on the right hand side is attributed with the role of accelerating the 

crosslinking reaction of rubber with sulfur, due to the high Lewis activity of the Zn2+. The complex was 

studied using K-edge X-ray absorption fine structure and infrared spectroscopy in-situ. The question 

which remains open is how this active complex is formed from the initially formed Zn-stearate salt in 

the first mixing stage. Additionally, the type of anions is also not addressed.  

 

Fig. 9 – Proposed structure for a dinuclear bidentate zinc stearate complex [picture on the right side: 15] 

 

With this dinuclear bidentate zinc stearate complex, Ikeda has proposed a ratio of ZnO and stearic acid 

of 2 : 2. [17]. This is in contrast to the typically assumed ratio inside a Zn-stearate of a ZnO to stearic 

acid ratio of 1:2.  

What does this mean for the practical application? In sulfur crosslinking, ZnO and Stearic Acid at various 

phr ratios such as from 2:1 to 5:1 play an important role in accelerating the crosslinking reaction. Is 

this range of ratios between ZnO to stearic acid correctly chosen in the example according to the latest 



 

findings? In the formulation the unit is „phr“ = parts per hundred rubber. This means 3.5 g ZnO and 1.0 

g stearic acid are added to 100 g of rubber.  In order to put the same molecular ratio of ZnO to stearic 

acid inside the formulation, the molecular weights have to be considered (Tab. 2). 

 

Tab. 2 Calculated amount in g for ZnO and stearic acid to have a molecular 1:1 ratio in the rubber 
compound 

  
ZnO Stearic acid 

Molecular weight mol / g 81.4 284.5 

Equal amount in g 1 3.5 

 

This means that ZnO and stearic acid should be added in a ratio of 1 : 3.5 to have the “ideal” amount 
for the formation of an active complex.  

 

Experimental proof of “ideal” ZnO : stearic acid content” 

In order to proof this concept, ZnO and stearic acid was added in a ratio of 3 : 1.5 and 1 : 3.5 into a 
silica / silane NR compound, sulfur cured.  

 

Fig. 10 –Silica / silane NR compound, sulfur cured, with ZnO and stearic acid added in a ratio of 3 : 1.5 and 1 : 3.5 

 

The surprising outcome is that the curve with the “ideal” ratio for the complete formation of the 
active complex leads to a lower overall crosslinking density and to a strong reversion (Fig. 10). This is 
a clear indication that indeed higher amounts of ZnO are required. ZnO is either consumed in other 
reactions or remains unreacted in the rubber matrix.. A possible side reaction was discussed before, 
the interaction of ZnO with the silanol groups of the silica surface (Fig. 4). But stearic acid can be 
adsorbed as well at the silica surface, as indicated in Fig. 5.  



 

 

There are two possible explanations for this: It might be that a significant amount of ZnO is not 
participating at all in the reaction. The other possibility is that a high amount of ZnO is consumed as 
ZnS directly without first forming an active complex.  

 

The most common structure for the crystal of ZnO is the wurtzite structure, as indicated in Fig. 11. 
Wurtzite is a hexagonal crystal system and in the case of ZnO it does not have an inversion symmetry 
[18]. The atomic distance between various components in the crystal and the unit size are indicated 
by the x, y, z and q distances.  

 

Fig. 11 – ZnO wurtzite crystalline structure 

 

Where: 

Zn = grey atoms and O = red atoms.  

Unit cell are as follows: 

a=3.250Å, ɑ 90˚; b=3.250Å, β 90˚; c=5.207Å, γ 120˚. 

Other interatoms distances are as follows: 

Zn-O (x) = 1.99Å; O-O (y) = 3.25Å; Zn-Zn (z) = 3.25Å; Zn-Zn-Zn (q) = 5.21Å 

 

Following the first theory, it can be considered that the ZnO crystal forms a “template” on its surface 
for the sulfur initiation reaction. The “template” or surface-active site is created by the reaction 
between ZnO and stearic acid where one or more ions of Zn2+ are removed  from the crystal of ZnO in 
the form of Zn stearate. The place vacated by the Zn ions from the crystalline ZnO structures 
becomes the active reactive site. A part of the chain of the non-polar elastomers and sulfur and / or 
accelerators are then attached to this “activated” ZnO surface. With this assumption, a high amount 
of ZnO would remain in the rubber compound, only the available Zn ions at the surface of the 
wurtzite structure would participate in the formation of the active complex.  



 

 

Such consideration was in a first approach already done by Heideman [7]: He claimed that “ZnO is 
distributed in the form of crystal particles in rubber mixes”. Furthermore, he added that “molecules 
of accelerators, sulfur and fatty acids diffuse through the rubber matrix and are adsorbed on the ZnO 
with the formation of intermediate complexes”. Additionally, Nieuwenhuizen proposed a mechanism 
in which “the ZnO surface functions both as a reactant and as a catalytic reaction template, activating 
and bringing together reactants” [19]. Both study results fit very well to the conclusion that a 
sufficient amount of ZnO remains unreacted in the rubber compound, that the formation of the 
active complex is a surface phenomenon, taking place at the crystal surface structure of ZnO. 

 

The other theory includes the formation of a substantial amount of ZnS during the curing reaction. 
Chapman already proposed this formation [2]. He came to the conclusion that approximately 1 
molecule of ZnS per crosslink is formed. He considered that the addition of 1 phr ZnO leads to the 
formation of 0.6 phr ZnS, 0.2 phr of Zn-stearate, less than 0.1 phr of active complex (Scheme 1). 
Following his idea, 0.1 phr of ZnO remains unreacted in the rubber compound.  

 

Scheme 1 – Proposed reaction products from ZnO  

What was not considered in his approach: How much ZnO forms first an active complex and then 
reacts further to ZnS (Fig. 7)? And how much ZnO might directly react with ZnO to form ZnS? The 
assumed final formation of ZnS was confirmed by own findings by investigating an unfilled sulfur 
cured EPDM compound with added ZnO and stearic acid in the phr ratio of 1 : 1 (Fig. 7 and 12). All 
analyses were carried out by using a Thermo Scientific Talos F200X S/TEM Transmission Electron 
Microscope. This microscope is equipped with a high brightness Extreme Field Emission Gun (X-FEG) 
electron source and Super-X energy dispersive Silicon Drift Detectors (SDD’s). The instrument was 
mainly operated in STEM mode at an accelerating voltage of 200 keV with a beam current of 500 pA. 
Imaging was commonly done using a High Angle Annular Dark Field (HAADF) detector. EDX Spectrum 
Images (SI) were acquired and processed in the Thermo Scientific Velox Software. Typical acquisition 
conditions were image sizes of 1024x1024 pixels at a dwell time of 25 μs/pixel. 

 

Fig. 12 shows the contribution of the S, Zn, C and O-content in a Zn-based particle inside the cured 
compound.  

 



 

 

Fig. 12.  ZnO, Zn-stearate and ZnS formation in sulfur-cured EPDM  

Fig. 12 shows that a ZnO particle is surrounded by ZnS. A significant amount of carbon, indicating a 
high amount of Zn-stearate, is not visible. A more closer analysis of the interface between EPDM and 
the ZnO / ZnS interface gives more insight: In addition to ZnO and ZnS, there is a third type of Zn 
“species”, which appear as a “featherlike” structure (Fig. 13). This “featherlike” structure was first 
identified as regular Zn-stearate in oil paintings as a painting additive. [20]. The Zn-stearate appears 
(indicated in Fig. 13 with yellow arrows) to have a great affinity to the organic polymer, the EPDM. It 
“dissipates” into the rubber compound and away from the interface of ZnO and polymer in the 
rubber compound. This behavior supports the claim that Zn-stearate is less efficient as an activator of 
sulfur cure than ZnO. ZnS is indicated in Fig. 13 with red arrows. 

 
Fig. 13.  Silica filled rubber compound containing the featherlike structure of Zn-stearate, and  ZnS (Zn-stearate 

is indicated with yellow arrows and ZnS is indicated with red arrows) 



 

 

Additionally, unreacted ZnO crystals could be found in the uncured compound (Fig. 14). This both 
indicates that a substantial amount of ZnO remains unreacted in the compound. 

 

Fig. 14.  ZnO particles in uncured unfilled EDPM compound 

 

In summary, this leads to the conclusion that the first theory can explain  the best way the above 
mentioned findings: A significant amount of ZnO is not participating at all in a reaction. The 
formation of the active complex is a surface phenomenon.  

 

The remaining challenge is how to find the final best ratio of ZnO to stearic acid. The right ratio is 
very difficult to evaluate. Assuming the new proposal, a much higher amount of ZnO is required in 
the compound beside the ideal amount for the formation of the active complex. Typically used phr 
ranges between ZnO : stearic acid are between 1:1 to 5:1, based on the experience to get the desired 
in-rubber properties.  

 

The discussion above explains very well why a higher amount of ZnO is needed than the “ideal” 
amount resulting from the dinuclear bidentate zinc stearate complex. It explains as well why the 
crosslink density shown in Fig. 9 for the compound with a lower amount of ZnO shows a lower 
maximum value. But it does not yet explain why the cure curve show such a strong reversion. A 
reversion is typically caused by the presence of polysulfidic bonds which are destroyed with an 
ongoing exposure to the cure temperature. How is this correlated to the Zn-content? In Fig. 7 it is 
shown that the step 2 includes the opening of the active Zinc complex and the formation of ZnS. Step 
2 contains the inclusion of sulfur into the active complex before the coupling towards the polymer 
chain occurs. It seems to be that more sulfur is included in this active complex when a lower amount 
of Zn is present in the system, resulting in more preferable polysulfidic bridges. This observation 
might be explained by the fact that a certain amount of free sulfur reacts directly with ZnO at the 
surface of the ZnO crystal to form ZnS. The sulfur can be included directly in the ZnO complex as 
already proposed from Banerjee [21] (Fig. 15).  

 



 

 

Fig. 15.  Inclusion of sulfur into ZnO [21] 

 

The more ZnO is available in the system, the higher is the amount on available surface area, the less 
sulfur is available for the participation in the active complex. As a consequence, the shorter is the 
incorporated sulfur chain length in the active complex, resulting in shorter and more stable 
crosslinking bridges in the final polymer-network. Another possible explanation is that a high amount 
of free stearic acid supports the cleavage of the polysulfidic bridges. Further studies are required to 
proof both hypotheses.  

 

 

Summary 

The role of the interaction possibilities of ZnO, stearic acid, accelerators, sulfur, silica and 
unfunctionalized polymer was investigated in detail. Here is a summary of the different roles of each 
ingredient: 

ZnO  

• Reacts only at the surface and remains as crystals in the final rubber mixture 

• Forms with stearic acid a Zn-stearate salt in the first mixing stage, a dinuclear bidentate zinc 
stearate complex in the final mixing stage where accelerators and / or sulfur and / or silane 
can be included  

• Forms finally the feather-like structure of Zn-stearate 

• Participate in the formation of ineffective side groups at the polymer chain 

• Is included in the formation of ZnS. 

• Is adsorbed at the silica surface via hydrogen bonds to the silanol groups 

 

Stearic Acid is 

• a ligand in the active complex 

• reacting with ZnO to form Zinc stearate 

• adsorbed at the silica surface 

 



 

Sulfur is consumed for 

• crosslinking the polymer chains 

•  ineffective side groups at the polymer chain 

• the formation of ZnS 

• the silane-polymer coupling. 

 

Accelerators are consumed for 

• crosslinking the polymer chains 

•  ineffective side groups at the polymer chain 

• adsorption at the silica surface 

• the silane-polymer coupling 

 

ZnO has to be added in a higher amount than expected from the “ideal” ratio according to the 
dinuclear bridging bidentate Znstearate complex. ZnO reacts mainly at its surface to form this active 
complex, a high amount of ZnO remains unreacted in the rubber compound. A solution to reduce the 
amount of ZnO can be the use of smaller ZnO particles [3, 23] or “nano-ZnO” [24] which would offer 
a higher available surface area to the system. This leads to the final conclusion that not only the 
better dispersibility of these ZnO particles, as proposed in the literature, points to the reduction 
possibility of the amount of ZnO in a rubber matrix, but indeed their higher available surface area. 
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