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Abstract 

The paper investigates issues related to the dressing of clinoptilolite 

nanoparticles with aminopropyltriethoxysilane. The task of the study was to 

consider the effect of nano-sized particles of clinoptilolite on ultimate tensile 

stress, elongation at break, modulus of flexure and melt flow index of 

polypropylene-based nanocomposites. It has been established that the 

introduction of a coupling agent onto the surface of nano-sized clinoptilolite 

particles leads to a noticeable improvement in the above mentioned 

physicomechanical properties. It has been shown that organosilanes chemically 

react with hydroxyl groups of nanoparticles forming covalent bonds. This 

circumstance contributes to the formation of a stable monolayer of сuring agent 

on the surface of nanoparticles 
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Introduction 
If we analyze the processes associated with the production, research and use of polymer-

composite materials in a chronological sequence, it can be seen that the overwhelming number of 

papers devoted to this problem basically have data on the study of the dependence of properties 

on the concentration of the filler. In some cases, the use of fillers in polar polymers, to some 

extent, improves the quality of composite materials. The latter circumstance is explained, as a ru-

le, by the existence of compatibility between the polar components of the mixture. But, however, 

such a notion is not always correct for a full interpretation of the pattern of changes in the struc-

ture and properties of polymer composites from the type and concentration of the filler [1,2].  

Apparently, the situation is long overdue, when polymeric composites should be divided 

into materials with physically or chemically bound components of the mixture. One can also 

allow a mixed version, where simultaneous physical and chemical processes are possible in 

particular in the boundary areas of the interphase region. Of no less importance is the type and 

polarity of the polymer backbone. Polyolefins are among the most multi-tonnage nonpolar 

polymers that have found their practical implementation in many areas of industry. The 

introduction of various fillers in the composition of polyolefins further expanded the geography 

of the use of polymer composites in various fields of engineering and technology. But, despite 

this, one of the significant problems of filled polyolefins is weak compatibility with mineral 
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fillers.In order to improve the miscibility and uniform dispersion of the filler particles, various 

methods are being undertaken in the polymer volume, allowing for varying degrees of 

compatibility of the reacting components of the mixture. Such common methods include the use 

of modifying interphase additives, structuring agents, compatibilizers, coupling agents, which to 

some extent contribute to improving the miscibility and "technological compatibility" of the 

components of the mixture [3-5].  

In our opinion, the very classical concept of "thermodynamic compatibility" today does not 

have a certain semantic load with respect to experiments conducted in real conditions of mixing 

incompatible polymers. This is explained by the fact that it is not possible to carry out a 

comparative analysis of the compatibility of polymer mixtures in a dilute solution and in a real 

melt mixing regime. Therefore, in this case it will be correct to assert about the "technological" 

compatibility of the components of the mixture. So, for example, it became already the rule to 

assess the compatibility of polymer mixtures according to the measurement of the glass 

transition temperature of composite materials by the DSC analysis, dilatometry. The 

convergence of the glass transition temperature of the polymer components of the mixture makes 

it possible to assert about the improvement of their mutual compatibility.   

Experimental Part 
As a polymer matrix was used polypropylene (PP), which melting point of 160°C, Vicat 

heat resistance of 148°C, flexural modulus of 1400 MPa, breaking stress of 32.0 MPa, elongation 

of 90%, melt flow index (MFI) of 6.71 g/10 min in 190 °C and load of 5 kg. As mineral filler 

was used clinoptilolite (CTL) of the Aydag deposit of Azerbaijan, the typical oxide formula of 

which (Na2K2)OАl2O3∙10SiO2∙8H2O.X-ray phase analysis of clinoptilolite was showed that its 

composition mainly includes: CTL - 70-75%, kaolinite - 12%, potassium sulfate 3-5%, and other 

impurities.  

Nanoparticles of CTL were obtained on an analytical mill A-11 with a maximum rotor speed 

of 28.000 rpm. 

The size of the nanoparticles of CTL was determined on the device of STA PT1600 Linseiz 

Germany model and was 10-105 nm. Finely dispersed particles have sizes in the following 

intervals of 10-105 nm, 150-670 nm, 600-1500 nm. 

As coupling agent of CTL nanoparticles was used aminopropyltriethoxysilane trade mark 

AGM-9, which is widely used in the glass fiber and paint industry; it has been used to improve 

the adhesion of various polar polymers and coatings to inorganic substrates. 

IR spectral analysis was carried out using Fourier spectrometer ALPHA from Bruker-

Germany, ZnSe crystal and range of 600-4000 cm
-1

. 

Polymer composites based on PP and CTL were obtained during mixing on rollers at a 

temperature of 200°C. 

The breaking stress and elongation were determined in accordance with GOST 11262-1980. 

The elastic modulus at bending was determined in accordance with GOST 4648-71. 

The melt flow index (MFI) of PP composites was determined on the IIRT instrument at 

temperature of 190°C and load of 5.0 kg. 
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Preparation of the polymer composite: 0.5-2.0% aqueous solution of coupling agent, 

acidified with acetic acid to pH=3.5, was vigorously mixed with dispersed kaolin particles at 

temperature of 25°C for 60 minutes. By varying the concentration of the filler and coupling 

agent particles in the aqueous solution, it was possible to vary its concentration on the surface of 

the filler particles from 0.5 to 3.0wt% in rather wide range of the mass of taken kaolin. After 

that, the solution was filtered off and the filler impregnated by coupling agent was vacuum dried 

at temperature of 75-80°C.The dressed nanoparticles were introduced into the PP melt on the 

rollers at temperature of 190°C for 3-5 minutes. 

To study the physico-mechanical properties of polymer composites, they were pressed at a 

temperature of 190-200°C.From the pressed plates, samples were cut to determine the breaking 

stress, elongation, bending strength of the filled composites. 

Results and Discussion 

Modification of polymers by introducing various types of mineral fillers with the use of 

modifiers, binders and additives contributes to a significant improvement in the performance of 

composites. 

In addition, under conditions of great competition, research aimed at reducing the cost of 

polymer material, which is achieved as a result of the use of cheap fillers and secondary 

processing products, is becoming increasingly important.To address these issues, research aimed 

at developing highly efficient methods of modification using new scientific approaches for 

interpreting the patterns of "structure-property" and "concentration-property" changes becomes 

paramount.It is quite obvious that the most promising direction is the development of 

methodological approaches based on strengthening the modifying effects that promote the 

formation of strong bonds in the interphase region between the polymer matrix and the surface of 

the particles of the mineral filler. At the same time, an indispensable condition is the creation of 

conditions for uniform dispersion of the components of the mixture in the polymer matrix [6-8].  

Relatively strong bonds at the phase boundary are formed under the following conditions: 

 the polymer and the modifier have a thermodynamic affinity. Compatible polymer 

mixtures satisfy this condition; 

 filler and polymer have functional groups that form strong bonds at the interface. In this 

case, as a rule, a bond is formed at the interface "filler-coupling agent-polymer matrix"; 

 modifiers and binding agents with grafted reactive compounds having active functional 

groups.  

In the case of assessing the compatibility of the filled polymer systems, things are much 

more complicated.This is explained by the fact that for polymer systems filled with finely 

dispersed particles, the efficiency of their use is estimated by the results of a change in the 

complex of their most important physico-chemical and physico-mechanical characteristics.In this 

case, if the introduction of the filler is accompanied by an improvement in the strength or other 

performance characteristics of the polymer composite material, this circumstance clearly allows 

one to assert that it is an amplifier of the strength of the polymer matrix.  In this regard, the 

fillers should be divided into 2 main groups, taking into account their functional capabilities in 

the polymer matrix:  
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 fillers in the form of fine particles, predetermining the general complex of properties of 

a composite material; 

 fillers that provide a selective orientation in order to improve the strength characteristics 

of the composite material, i.e. performing a reinforcing influence on its structure. 

Among the basic requirements for disperse fillers is the ability to combine, evenly disperse 

and not show a tendency to agglomerate in the polymer matrix. A polymer matrix can like kind 

of "trap" to capture filler particles, clipping them with a monolayer of commensurable 

macrochains.As inorganic constituents, silicon and aluminum oxides, clays, layered silicates, 

clinoptilolite, zeolite, vesuviane, phosphates, graphite, molybdenum, etc. can be used. 

The boundary of the "polymer-nanoparticle" section is often considered as the most 

important and at the same time weak place in polymer-organic-hybrid composites, since it is at 

this point in the process of the action of loads and other external factors that the matrix 

destruction process begins [9]. 

To improve the wettability and chemical interaction of the polymer matrix with the 

inorganic component, the latter is subjected to dressing by applying a thin layer of silane 

(coupling agent) onto its surface. Silanes enhance adhesion and facilitate the connection of 

various microphases present in the polymer composite material. These phases, as a rule, are the 

organic component, for example polyolefins, and inorganic mineral fillers, in particular, 

clinoptilolite, quartz, talc, zeolite, vesuviane, bentonite, fiberglass, etc. In other words, silanes 

form a kind of "molecular bridges" that enhance chemical bonds at the interface of 

phases.Therefore, the interphase layer in its composition and structure is heterogeneous and 

differs from the composition and structure of the polymer matrix, since in addition to the 

material of the matrix itself, it includes some of the products that make up the reinforcing filler 

[9]. 

In work [10] we considered the basic physico-mechanical characteristics of polymer 

composites based on polypropylene and dressed mineral filler. The talc was used as filler. The 

dependence of strength properties of polymer composites on concentration and size of talc 

particles was established. Optimal concentrations of filler and coupling agent were determined, 

at which the best performance is achieved for physicomechanical and physicochemical 

properties. Aminopropyltriethoxysilane was used as the coupling agent. It was shown that the 

maximum value of the ultimate tensile stress was achieved in nanocomposites with 10wt% of 

talc and 1.0wt% coupling agent. The increase in the heat resistance of nanocomposites with 

increasing content of the dressed talc is interpreted by the existence of possible covalent bond of 

silanes with tertiary carbon atoms or double bonds present in the structure of polypropylene. 

In this case, the effect of coupling agent - aminopropyltriethoxysilane on the main 

parameters of composites based on polypropylene (PP) and clinoptilolite (CTL) is considered. In 

order to study the properties of composites, it seemed interesting to consider the effect of the size 

of the CTL particles on the properties of the dressed nanocomposites.  In this connection, the 

results of the study of the effect of coupling agent and nanoscale CTL particles on the physico-

mechanical properties of nanocomposites are presented in Table 1. From the comparative 

analysis of the data presented in Table 1, it can be established that the introduction of an 
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coupling agent on the surface of nanoscale CTL particles leads to a significant change in the 

physico-mechanical characteristics of nanocomposites based on PP + CTL + coupling agent.  

The introduction of coupling agent into the composition of unfilled PP leads to a certain decrease 

in the strength properties. 

Table 1. The influence of the concentration of coupling agent and size of particles of CTL with 

size of 10-105 nm on the main physical and mechanical properties of polymer 

composites based on PP 

№ Composition formulation 

PP+CTL +coupling agent, %wt.  

Ultimate 

tensile stress, 

MPa 

Elongation, 

% 

Flexural 

modulus, 

MPa 

MFI, 

 g/10min 

1 

2 

3 

4 

5  

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

PP+0.5ca 

PP+5CTL+0.5ca 

PP +10CTL+0.5ca 

PP +15CTL+0.5ca 

PP +20CTL+0.5ca 

PP+1ca 

 PP +5CTL+1ca 

PP +10CTL+1ca 

PP +15CTL+1ca 

PP +20CTL+1ca 

PP +2.0ca 

PP +5CTL+2.0ca 

PP +10CTL+2.0ca 

PP +15CTL+2.0ca 

PP +20CTL+2.0ca 

32.0 

37.9 

38.9 

38.2 

36.7 

31.3 

 37.8 

43.9 

42.7 

39.8 

30.2 

34.7 

39.6 

40.8 

37.9 

98 

87 

36 

22 

12 

109 

95 

52 

33 

21 

118 

100 

55 

41 

28 

1390 

1580 

1610 

1665 

1685 

1380 

 1595 

1645 

1715 

1820 

1365 

1525 

1630 

1740 

1835 

6.89 

 8.15 

8.92 

8.03 

7.76 

7.22 

7.94 

8.10 

7.78 

7.34 

7.57 

8.13 

8.06 

7.62 

7.11 

For convenience, the coupling agent in the table will be written as ca. 

This is explained by the fact that in the mixture of (PP + coupling agent) coupling agent plays 

peculiar role of a plasticizer, which reduces the strength characteristics. However, in the 

presence of CTL coupling agent, on the contrary, enhances the strength properties of 

nanocomposites. In this case, the concentration dependence of the strength passes through a 

maximum. So, for example, nanocomposites with 10wt% content of CTL and 1.0wt% coupling 

agent are characterized by the highest strength properties (ultimate tensile stress - 43.9 MPa). At 

2.0wt% the maximum value of the ultimate tensile stress, equal to 40.8 MPa, shifts to the region 

of comparatively high concentrations of CTL (15wt %). Apparently, this fact can be interpreted 

by the fact that for the chemical binding of large amounts of filler to the polymer matrix, 

respectively, a higher concentration of coupling agent is required. At the same time, in all cases, 

an increase in the concentration of CTL contributes to the constant and regular growth of the 

flexural modulus. 

The plasticizing effect of the coupling agent is also manifested when evaluating the relative 

elongation of nanocomposites. As can be seen from Table 1, as the concentration of the coupling 

agent increases from 0.5 to 2.0wt% an increase in the relative elongation of the unfilled material 
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from 90 to 118% is observed. The latter circumstance is typical for ordinary low-molecular 

plasticizers, which have the ability to concentrate in amorphous regions of semicrystalline 

polyolefins, in particular PP. Along with this, it is established that, at any ratio of the polymer-

mineral component, dressed nanocomposites are characterized by high strength properties. 

 There is reason to believe that nanoparticles, even in the melt of the polymer matrix, can 

influence the formation of heterogeneous nucleation centers, which in the process of cooling or 

crystallization form fine spherilitic supramolecular formations that are known to directly 

contribute to the production of nanocomposites with improved strength properties [11,12]. 

 The properties of silanes and the effectiveness of their action in the interphase region are 

determined by the features of the molecular structure. Silicon is bound to the organofunctional 

group (X) and silicon functional alkoxy groups (OR). The organofunctional group (X) binds to 

the polymer through chemical reactions: addition or substitution, grafting, and also in the course 

of physico-chemical reactions, including hydrogen bonding, acid-base interaction, meshing, or 

electrostatic attraction The silicon functional groups OR - is usually an alkoxy group, which in 

the first step can be hydrolyzed in the presence of water. Reaction with water or moisture leads 

to the replacement of RO groups by hydroxyls to form silanols. 

 
After dissolution of organofunctional silanols in an aqueous or hydroalcoholic solution, they 

are applied to the surface of the filler. It is characteristic that the -Si-OH functional groups are 

highly reactive and form a covalent bond between the filler particles containing OH-Me and 

silanol. Thus, it can be argued that monomeric silantriols are responsible for the activity of 

silanes, which, in aqueous solutions, show stability from a few hours to several days.  From the 

standpoint of creating a stable water-soluble silane system, the silanol form of silane is most 

preferable. This is explained by the fact that silanols have greater solubility and reactivity than 

their alkoxysilane precursors. 

Thus, on the surface of the particles of the mineral filler simultaneously hydrolysis and 

condensation of silanes occur, which leads to the formation of oligomeric silane structures. 

As noted above, the first reaction of alkoxysilanes begins with hydrolysis, the rate of which 

largely depends on the pH of the medium and the type of organo- and silicic functional groups. 

In this case, the silicon functional group affects the rate of hydrolysis. Water as a reagent is used 

in a large excess, as a result of which the hydrolysis of alkoxysilanes proceeds via a first-order 

reaction. 

Another important point that must always be kept under control is the effect of the pH of the 

medium on the rate of the reaction of the silane hydrolysis. This is due to the fact that at high and 

low pH values of the medium the rate of the hydrolysis reaction is many times higher than at 

neutral pH. This is interpreted by the fact that the silane at the neutral pH of the medium is the 

most stable. This effect is most clearly manifested in the transition from neutral (pH = 4) to 

acidic conditions (pH = 3), as a result of which the rate of the hydrolysis process increases to 50 
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times. The high sensitivity of the hydrolysis reaction versus pH can be understood if one takes 

into account the nucleophilic mechanism of substitution in the hydrolysis of alkoxysilane in an 

acidic medium, since H
-
 ions directly affect the reaction rate [13]. 

Organosilanes react with surface hydroxyl groups to form stable covalent bonds. The latter 

circumstance facilitates the production of a stable monolayer of coupling agent on the surface of 

the filler particles. Consequently, the more hydroxyl groups on the surface of the filler, the 

greater the efficiency of forming on them a stable layer of coupling agent. It is clear that the 

process of forming a bond at the phase boundary must be preceded by a certain stage of approach 

of the components of the mixture to a distance at which physical or physical-chemical processes 

become possible. As a result of this approach and depending on the type and composition of the 

polymer matrix, it is possible to form the Van-der-Waals, hydrogen, coordination, and covalent 

bonds. 

The first step for the silanol fixation process on the filler surface is performed under the 

influence of the hydrogen bond with the surface groups OH. If the water molecule is not 

removed from the reaction zone, this reaction will be reversible. In addition, as long as there is a 

hydrogen bond, the silane can migrate to the surface of the filler. The covalent bond "silane-

filler" (Si-O-Me) actually fixes the silane on the surface of the filler. For example, the propensity 

of trialkoxysilane to self-condensation promotes the formation of a crosslinked oligomeric type 

structure even before reaction with surface filler groups. 

The silanol monolayer fixed on the surface of the filler has a rather complex structure, which 

is largely determined by the condition for its application, the surface relief of the particle and the 

chemical composition of the reactive functional groups. The thickness of  the interphase layer  

for 

 
various materials varies considerably: from 0.01 to 5 μm. Its role in the formation of properties 

of the polymer composition is large, and therefore the study and control processes of forming the 

interphase layer are important. 

It is quite obvious that the silanol layers formed on the surface of the filler consist of a 

mixture of chemically and physically bonded sorbed material. To remove the physically bound 

silane, it is sufficient to rinse the dressed filler with solvent, while chemisorbed silane cannot be 

removed. 

Conclusions 
Thus, on the basis of the foregoing, it can be stated that the addition of an equivalent in the 

composition of nanocomposites favorably affects the improvement of their main 
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physicomechanical characteristics. It becomes obvious that polymer composites with nano-sized 

filler particles possess the best physico-mechanical properties.   At the same time, it has been 

established that the coupling agents contribute to the improvement of the strength characteristics 

of nanocomposites while maintaining their rheological features of the melt flow at sufficiently 

satisfactory level. The results of the conducted studies allow us to consider that the trimmed 

nanocomposites are hybrid polymer-inorganic materials that are of some practical interest for the 

production on their basis of high-quality special-purpose construction products. 
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