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Abstract
The main aspect of the research was developing new systems for activating sulfur vulcanization of ethylene-propylene-

diene elastomer (EPDM) with greater activity than the micrometer zinc oxide that is traditionally used. Differential

scanning calorimetry (DSC) was applied to study the temperature and enthalpy of EPDM vulcanization. The range of

vulcanization temperatures and the enthalpy of this process were determined. Thermogravimetric analysis was performed

to characterize the effect of ILs on the thermal stability of vulcanizates. Dynamic mechanical analysis with tension

deformation was used to study the influence of ILs on the loss factor (tan d) of EPDM determined as a function of

temperature, which is a measure of the ability of the material to dampen vibration. DSC results indicated that ILs

significantly reduced the onset temperature and enthalpy of EPDM vulcanization. The most active were alkylimidazolium

chlorides, which eliminated the post-curing process. Owing to lower decomposition temperature compared to EPDM, ILs

decreased the thermal stability of vulcanizates. On the other hand, ILs had no significant influence on damping properties

of EPDM in the rubbery elastic region. Vulcanizates containing ILs exhibited stable dynamic properties at the temperatures

of use.
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Introduction

Vulcanization is one of the most important processes in the

rubber industry. During this process, rubber compounds

change into highly elastic products—vulcanizates—by

parallel subsequent physical and mainly chemical reac-

tions. The main goal of curing is to form chemical cross-

links between rubber macromolecules, which leads to a

three-dimensional network in the rubber matrix [1]. Many

systems have been developed to vulcanize rubber com-

pounds, containing sulfur, peroxides, metal oxides, phe-

nolic resins, quinones, etc. All vulcanization systems

provide certain benefits to the cross-linked rubber com-

posites but also some disadvantages. The choice of the

cross-linking system depends on the chemical nature of

rubber and the presence of suitable functional groups in the

elastomer matrix. The most popular and frequently used

curatives are sulfur for unsaturated rubbers and peroxides

for saturated rubbers [2].

Sulfur vulcanization is the oldest and one of the most

widely used methods for the cross-linking of unsaturated

rubbers [3–5]. Currently, the sulfur cross-linking system

contains additional vulcanization accelerators and activa-

tors. Their presence causes the effective and rapid cross-

linking of rubber with sulfur [6–8]. Activators and accel-

erators affect the parameters of vulcanization, such as

temperature and time, as well as the safety of elastomer

composite processing and the amount of sulfur needed to

achieve the cross-linked structure of the vulcanizate [9].

The type of accelerator, its amount and the ratio of the

accelerator to sulfur content have crucial impacts on the

final properties of the rubber products, especially thermal
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and thermo-oxidative stability, and some mechanical and

dynamic properties [10, 11]. The most commonly used

activator for vulcanization is metal oxide, such as zinc

oxide with fatty acids (stearic, lauric, palmitic, oleic and

naphthenic acid). Fatty acids solubilize the zinc and create

the actual catalyst for cross-linking reactions [12, 13].

Activators are important processing additives that not only

activate curing but also improve the efficiency of sulfur

vulcanization systems. Almost all organic accelerators

require the addition of an organic activator to achieve the

desired cure rate and functional properties of composites

[9]. Zinc oxide can also act as a white colorant in rubber or

filler, whereas fatty acids enhance filler incorporation and

its dispersion into the rubber matrix. Moreover, zinc oxide

reduces the vulcanization time and improves its efficiency,

as well as thermal and physical properties of the rubber

compounds.

Cross-linking reactions of elastomers take place in the

interface system, because sulfur particles and accelerators

diffuse into the elastomer matrix and adsorb on the surface

of zinc oxide, thereby activating vulcanization. From this

point of view, ensuring the best contact between the

curatives and the surface of the zinc oxide is crucial to

achieve a high efficiency of vulcanization. This contact

depends mainly on the degree of dispersion of zinc oxide

and curative particles in the elastomer matrix [11].

During manufacture, use and recycling or disposal of

rubber products, zinc is released. Consequently, in recent

years, human activities have resulted in significantly

increased amounts of zinc in the environment. According

to the Environmental EU legislation, the reduction of the

use of zinc oxide and zinc-containing compounds in rubber

technology is required. The most crucial is European

Commission Directive 2003/105/EC, in which rubber

products containing more than 2.5% Zn are considered

highly toxic to aquatic ecosystems [14].

There are many possibilities for reducing the content of

ZnO, for example, introducing zinc in the form of reactive

complexes with a higher chemical activity than ZnO [15].

Maciejewska and Zaborski applied new activating systems

consisting of nanosized zinc oxide and ionic liquids (ILs)

to reduce the content of ZnO and to improve the vulcan-

ization, mechanical properties, thermal stability and resis-

tance to thermo-oxidative aging of SBR rubber. ILs

decrease vulcanization time and temperature and increase

the cross-link density of rubber compounds. Moreover,

using ILs allows the achievement of vulcanizates with a

homogeneous distribution of zinc oxide and filler

nanoparticles in the elastomer. The improvement of ZnO

dispersion has contributed to increased vulcanization effi-

ciency and better mechanical properties of vulcanizates

[16, 17]. ILs have increasingly been used to improve the

dispersion of nanoparticles in polymers, especially in

elastomers [18, 19]. ILs are defined as salts with melting

point below 100 �C [20, 21]. ILs have been known for a

long time, but in recent years, their applications have

increased in polymer technology; these applications

include solvents in polymerization, reagents for biomass

processing [22], solvents in electrochemical devices

[23, 24], absorption media for gas separations and sepa-

rating agents in extractive distillation [25]. ILs can be used

as solvents in different types of polymerizations, e.g., free

radical polymerization [26], atom transfer radical poly-

merization [27] or ionic polymerization [28]. Their appli-

cation in the formation of elastomer composites has

become more popular, especially as vulcanization activa-

tors or accelerators, cross-linkers, dispersing agents of fil-

lers and conductive additives [29]. Furthermore, some ILs

could dissolve metal oxides. These ILs, so-called task-

specific ionic liquids (TSILs), bear a suitable functional

group covalently tethered to the cationic or anionic part of

IL. The functional group can coordinate to the metal ion.

The concept of solubilizing metal oxides in TSILs is

mainly based on the presence of acidic functional groups in

the ionic liquid. Nockemann et al. [30] described a proto-

nated betainium bis(trifluoromethylsulfonyl)imide bearing

a carboxyl group, which has a selective ability to dissolve

large quantities of metal oxides, e.g., ranium(VI) oxide,

zinc(II) oxide, cadmium(II) oxide, mercury(II) oxide or

nickel(II) oxide. The solubilizing ability for metal oxides

was also observed for structural derivatives of this IL,

which contain a carboxylic group attached to a positively

charged nitrogen atom of imidazolium, pyridinium,

pyrrolidinium, piperidinium and morpholinium cations

[31]. The dissolution of metal oxides in an acid-saturated

IL, followed by selective stripping of the dissolved metal

ions to an aqueous phase, was also reported by

Wallens et al. [32]. The hydrophobic trihexyl(tetrade-

cyl)phosphonium chloride saturated with a concentrated

aqueous hydrochloric acid solution was used to dissolve

CaO, NiO, MnO, CoO, CuO, ZnO and Fe3O4. The action

of ILs as catalysts of the phase transfer reactions is also

known [33, 34]. Moreover, ILs should contribute to

improving the solubility and/or dispersion of ZnO and

carbon black in the elastomer, which affects the course of

cross-linking and mechanical properties of elastomers.

Subramaniam et al. [35] reported that thermal stability of

nanocomposites also depends on the filler dispersion in the

rubber matrix. Better dispersion of filler allows the

achievement of higher thermal stability of the composites.

In this work, we applied different techniques of thermal

analysis to study the effect of new activating systems on

the temperature and enthalpy of EPDM vulcanization,

thermal stability and viscoelastic properties of vulcan-

izates. ZnO was introduced into the elastomeric matrix as a

mixture with a specific IL. Imidazolium ILs such as
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chlorides, tetrafluoroborates and hexafluorophosphates

with the cation consisting of different length alkyl chains

(from C2 to C8) were used. The influence of IL structure on

the vulcanization and thermal behavior of EPDM was also

examined.

Experimental

Materials

EPDM (Keltan 4450S) rubber containing 4.3% ethylidene

norbornene (ENB) and 52% ethylene was obtained from

Brenntag Polska (Kedzierzyn-Kozle, Poland). Its Mooney

viscosity was ML1 ? 4 (125 �C): 42. EPDM rubber was

cured using a conventional curing system containing sulfur

(Siarkopol, Tarnobrzeg, Poland) in the presence of

2-mercaptobenzothiazole (MBT), tetramethylthiuram

monosulfide (TMTM) and zinc dibutyldithiocarbamate

(ZDBC) as accelerators (Sigma–Aldrich, Schelldorf, Ger-

many). Microsized zinc oxide (ZnO) with a specific surface

area of 10 m2 g-1 (Huta Bedzin, Poland) and ILs were

applied as activators in sulfur vulcanization. The ILs pre-

sented in Table 1 were provided by Ionic Liquids Tech-

nologies GmbH (Heilbronn, Germany) and Sigma Aldrich

(Saint Louis, USA). Carbon black SPHERON SOA pro-

vided by Cabot Corporation (Boston, USA) was used as a

filler.

Preparation and characterization of EPDM rubber
compounds

EPDM compounds with compositions given in Table 2

were prepared with a laboratory two-roll mill using a two-

step procedure. First, a master batch was prepared con-

taining the filler, sulfur and vulcanization accelerators.

Next, the master batch was divided into 13 equal pieces,

and the mixture of ZnO with a proper IL was added to each

of these pieces, with the exception of the reference sample,

where only ZnO was introduced. The rubber compounds

were cured at 160 �C using optimal vulcanization time

(t95%) determined according to the standard PN-ISO

3417:1994 with D-RPA 3000 rheometer (MonTech,

Buchen, Germany).

A DSC1 analyzer (Mettler Toledo, Greifensee,

Switzerland) was employed to determine the range of

EPDM vulcanization temperatures and the enthalpy.

Measurements were performed in the temperature range of

- 100 to 250 �C, with a heating rate 10 �C min-1. Nitro-

gen was used as the protective gas at the flow rate of

80 mL min-1. Prior to the measurements, the DSC ana-

lyzer was calibrated using indium and n-octane as stan-

dards. The DSC exothermic curves were used to evaluate

the enthalpy of vulcanization (DH), which is directly pro-

portional to the area under the DSC curve and was calcu-

lated by area integration software STARe (Mettler Toledo),

based on the exothermic peaks of vulcanization in the

temperature range of 80–180 �C. The area integrated was

between the DSC curve and a baseline. The DSC curve is a

graphical display of the heat flow / (or dH/dt) that flows to

Table 1 ILs used in this study and their molar content in the rubber compounds

ILs Molar mass/g mol-1 Molar content/mmole

Chlorides

1-ethyl-3-methylimidazolium chloride (EmiCl) 146.6 20.5

1-butyl-3-methylimidazolium chloride (BmiCl) 174.7 17.2

1-hexyl-3-methylimidazolium chloride (HmiCl) 202.7 14.8

1-methyl-3-octylimidazolium chloride (OmiCl) 230.8 13.0

Tetrafluoroborates

1-ethyl-3-methylimidazolium tetrafluoroborate (EmiBF4) 198.0 15.2

1-butyl-3-methylimidazolium tetrafluoroborate (BmiBF4) 226.0 13.3

1-hexyl-3-methylimidazolium tetrafluoroborate (HmiBF4) 254.1 11.8

1-methyl-3-octylimidazolium tetrafluoroborate (OmiBF4) 282.1 10.6

Hexafluorophosphates

1-ethyl-3-methylimidazolium hexafluorophosphate (EmiPF6) 256.1 11.7

1-butyl-3-methylimidazolium hexafluorophosphate (BmiPF6) 284.2 10.6

1-hexyl-3-methylimidazolium hexafluorophosphate (HmiPF6) 312.2 9.6

1-methyl-3-octylimidazolium hexafluorophosphate (OmiPF6) 340.3 8.8
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the sample. Enthalpy of the vulcanization (DH) corre-

sponds to the integral of the exothermic peaks of vulcan-

ization with respect to the time [Eq. (1)] [36].

DH ¼
Z 2

1

dH

dt
dt ð1Þ

Thermogravimetric analysis (TG) was performed using

a TGA/DSC1 analyzer (Mettler Toledo, Greifensee,

Switzerland), calibrated with standards (indium, zinc).

Measurements were carried out in an argon atmosphere

(flow rate 60 mL min-1), in the temperature range of

25–600 �C, with a heating rate of 10 �C min-1. Next, gas

was changed into air (60 mL min-1.), and samples were

heated to 900 �C with the same heating rate.

Dynamic mechanical measurements were performed in

tension mode using a Dynamic Mechanical Analysis

(DMA)/SDTA861e (Mettler Toledo, Greifensee, Switzer-

land) analyzer. Measurements of the dynamic module

(storage modulus E0 and loss modulus E00) were performed

in the temperature range of - 150 to 80 �C with a heating

rate of 3 �C min-1, a frequency of 1 Hz and a strain

amplitude of 10 lm. The temperature of the elastomer

glass transition was determined from the maximum of tan

d = f(T), where tan d is the loss factor and T is the mea-

surement temperature.

Results and discussion

Temperature and enthalpy of EPDM
vulcanization

Using DSC analysis, we studied the effect of ILs and their

structure on the temperature and enthalpy of EPDM vul-

canization. This method is commonly applied to study the

curing of polymers [37–39]. The results are presented in

Table 3 and Figs. 1–3.

Vulcanization of the reference rubber compound

(without IL) is a two-step exothermic process. The first step

occurs in a temperature range of 106–185 �C, with an

enthalpy of 14.9 J g-1 (Fig. 1). This cross-linking process

leads to the formation of sulfur bridges (C–Sx–C) between

macromolecules and cyclic combination of sulfur [39]. At

the second step, cross-linking is accompanied by some

post-curing reactions such as cross-polymerization of diene

units in the EPDM macromolecules and cyclization or the

fragmentation of elastomer chains in the temperature range

from 203 to 247 �C [40]. ILs significantly reduced the

onset temperature and enthalpy of EPDM vulcanization.

Alkylimidazolium chlorides were the most active, which

eliminated the post-curing process. It resulted probably

from the highest molar content of these ILs in the rubber

compounds (Table 1). The onset vulcanization temperature

of ILs-containing EPDM was approximately 12–32 �C
lower than the onset vulcanization temperature of the ref-

erence rubber compound. The structure of ILs, especially

the length of the alkyl chain in the cation, seems to affect

their activity in the vulcanization. It should be noted that

with increasing the length of alkyl chain, the molar content

of IL introduced to rubber compound decreases. The onset

vulcanization temperature was increased by increasing the

length of the alkyl chain in the IL cation, whereas for

vulcanization enthalpy, the inverse relationship was

observed. Therefore, it was concluded that the activity of

ILs in the vulcanization process increases with decreasing

the molar mass, so with increasing their molar content in

the rubber compound. The anion of ILs did not signifi-

cantly influence the onset vulcanization temperature, while

the enthalpy of this process was the highest for rubber

compounds with hexafluorophosphates (Fig. 3). DSC

analysis of rubber compounds proved that ILs can increase

the efficiency of vulcanization, making it possible to

reduce the temperature of this process, which is important

from the economic point of view. The results obtained also

confirmed that physical properties of ILs and consequently

their activity in different processes can be tailored for

potential application by varying the structure of the cation.

Thermal stability of EPDM vulcanizates

The structure of ILs is commonly known to affect their

thermal properties such as melting and freezing points or

decomposition temperature [41]. On the other hand, ther-

mal stability of additives can influence the thermal

behavior of elastomeric composites. Thermal stability is

very important for the technological application of rubber

products. From this point of view, ILs, which are used to

improve the dispersion of other ingredients in the elastomer

matrix, should not significantly affect this property.

Therefore, TG analysis was performed to characterize the

Table 2 General composition of EPDM compounds/phr

Components Reference sample Rubber compounds with ILs

EPDM 100.0 100.0

MBT 1.0 1.0

TMTM 1.0 1.0

ZDBC 1.5 1.5

Sulfur 2.5 2.5

Carbon black 30.0 30.0

ZnO 5.0 5.0

IL – 3.0
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effect of ILs on the thermal stability of EPDM vulcan-

izates. The temperature of 5% mass loss of sample (T5%)

was taken as the beginning of decomposition. Additionally,

T50% was determined as the temperature at which mainly

pyrolysis of elastomer occurs. The results are given in

Table 4 and Figs. 4–6. TG was also applied to check the

thermal stability of pure ILs (Table 5).

Thermal decomposition of EPDM involves two steps.

The first step is pyrolysis of the elastomer in an argon

atmosphere accompanied by thermal decomposition of

– 100E
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Fig. 1 DSC curves of vulcanization for EPDM containing alkylimidazolium chlorides

Table 3 Temperature and

enthalpy of EPDM

vulcanization measured by DSC

EPDM compounds Vulcanization temperatures/�C Vulcanization enthalpy/J g-1

ZnO 106–185 14.9

Chlorides

EmiCl 74–181 10.5

BmiCl 86–182 9.2

HmiCl 87–179 4.5

OmiCl 94–181 4.7

Tetrafluoroborates

EmiBF4 84–177 9.6

BmiBF4 88–180 7.0

HmiBF4 88–180 7.0

OmiBF4 93–176 4.7

Hexafluorophosphates

EmiPF6 85–178 12.0

BmiPF6 89–180 8.2

HmiPF6 88–182 8.5

OmiPF6 92–176 6.4
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organic compounds such as vulcanization accelerators and

ILs. Therefore, the mass losses obtained in the temperature

range of 25–600 �C correspond to the content of EPDM

and organic ingredients in rubber compounds and are

higher for vulcanizates containing ILs. After changing the

gas to air, burning of residue after elastomer pyrolysis and

CB used as a filler occurred at a temperature above 600 �C.
Thus, the mass losses in the temperature range of

600–900 �C correspond to the content of CB and are quite

comparable for all vulcanizates due to the same content of

the filler. TG and DTG curves presented in Figs. 4–6

almost overlapped for studied vulcanizates. However,

regarding T5% temperature, the effect of ILs and their

structure on the thermal stability of EPDM is clearly

noticeable. T5% determined for the reference vulcanizate

without IL was approximately 431 �C. ILs reduced the

onset decomposition temperature of EPDM. The anion of

the IL seems to influence the thermal stability of vulcan-

izates considerably. The largest reduction of T5% temper-

ature (by more than 60 �C) was achieved for EPDM

containing alkylimidazolium chlorides, whereas the

smallest reduction of T5% temperature was achieved for

hexafluorophosphates (by 20–30 �C). T5% determined for

vulcanizates with alkylimidazolium tetrafluoroborates was

approximately 40 �C lower compared to the reference

sample. ILs did not affect the T50% or the temperature of

elastomer pyrolysis. Therefore, it was concluded that the

decrease in T5% temperature of vulcanizates was due to

lower stability of ILs, the decomposition of which preceded

the pyrolysis of the elastomer. To confirm this conclusion,

thermal stability of selected pure ILs with different anions

and 1-ethyl-3-methylimidazolium or 1-hexyl-3-methylim-

idazolium cation was studied. The results obtained corre-

spond to the effect of ILs on T5% temperature of

vulcanizates. The lowest thermal stability was exhibited by

the chlorides, which started decomposition at temperatures

above 200 �C (Table 5). These ILs caused the greatest

reduction of T5% temperature for vulcanizates. Moreover,

in addition to the lowest thermal stability of alkylimida-

zolium chlorides, their molar contents in the rubber com-

pounds were the highest, which contributed to the

reduction in the T5% temperature of vulcanizates.

Tetrafluoroborates and hexafluorophosphates showed con-

siderably higher thermal stability than chlorides, but T5%
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Fig. 2 DSC curves of vulcanization for EPDM containing alkylimidazolium tetrafluoroborates
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temperatures determined for these ILs were also lower than

T5% of the reference EPDM vulcanizate without IL (above

380 �C for ILs with Emi-cation and above 400 �C for ILs

with Hmi-cation). Onset decomposition temperature of

pure ILs increased with the length of the alkyl chain in the

imidazolium cation, whereas for T50%, we observed an
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Fig. 3 DSC curves of vulcanization for EPDM containing alkylimidazolium hexafluorophosphates

Fig. 4 TG and DTG curves for

EPDM vulcanizates containing

alkylimidazolium chlorides
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inverse relationship, independent of the IL anion. Similar

behavior was reported by Ngo and coworkers for other

alkylimidazolium ILs with different anions [41]. Consid-

ering the working temperatures of EPDM-based products,

the reduction of the T5% temperature by 20–40 �C should

not affect the potential applications of this type of material.

Mechanical properties of vulcanizates
under dynamic conditions

Dynamic mechanical properties are very important for

technological applications of EPDM compounds. Rubber

products often work under the conditions of variable stress

and strain. However, regardless of the working conditions,

their mechanical properties should be stable during use. No

less important is the ability of rubber composites to

Fig. 6 TG and DTG curves for

EPDM vulcanizates containing

alkylimidazolium

hexafluorophosphates

Fig. 5 TG and DTG curves for

EPDM vulcanizates containing

alkylimidazolium

tetrafluoroborates
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dampen vibrations. Therefore, DMA analysis was

employed to determine the influence of ILs on the vis-

coelastic properties of EPDM composites, based on the

storage modulus E0 and mechanical loss factor (tan d),
which is a measure of the ability of the material to dampen

vibration. The storage modulus is proportional to the

energy retained during deformation; moreover, the storage

modulus characterizes the elastic properties of the material

[42]. DMA measurements were performed as a function of

temperature to study the influence of ILs on the glass

transition of EPDM and its properties in the rubbery elastic

region. The results are presented in Figs. 7–9 and Table 6.

The storage modulus of EPDM composites decreases

with increasing the temperature (Figs. 7–9). The main loss

of the storage modulus was observed in the temperature

range from - 80 to - 30 �C due to the glass transition of

the elastomer. After transition to the rubbery elastic region,

the storage modulus of vulcanizates was almost constant in

the measured temperature range, which indicates very

stable dynamic properties of this material. ILs influenced

the storage modulus of EPDM in a glassy state, but in the

rubbery elastic region, their effect was much less pro-

nounced. Regarding the structure of ILs, the more impor-

tant influence seems to be the type of anion. Vulcanizates

containing alkylimidazolium chlorides showed, in the

glassy state, a storage modulus slightly lower or compa-

rable to the reference sample. On the other hand, vulcan-

izates containing ILs with BF4 and PF6 anions exhibited

approximately 100–300 MPa higher storage modulus than

the reference vulcanizate in the glassy state. The variant

influence of ILs with different structures on the EPDM

storage modulus may result from their different reactivities

to the filler or elastomer matrix and from their different

molar contents in the rubber compounds. High reactivity of

ILs to the filler results from their strong interactions and

may prevent the particles of the filler from agglomeration,

resulting in the improvement of the dispersion of the filler

in the elastomer matrix. ILs may behave like a coupling

agent between rubber and CB filler. This phenomenon

affects the mechanical properties of vulcanizates under

both static and dynamic conditions. The effect of IL

structure on the interaction with the filler and, as a con-

sequence, on the dispersion of the filler in the elastomer

and the dynamic properties of elastomeric composites was

confirmed for multiwalled carbon nanotubes [43], so the

same influence could be expected for the carbon black used

in this study. According to Das et al., ILs interacted with

the p-electrons of the CNTs due to delocalization of the p-
electrons in the imidazolium cation of ionic liquid. CB with

the surface of graphitic structures, which, as with CNTs,

possess delocalized p-electrons that can interact with ILs in

a manner similar to CNTs. The attractive interactions

between the cation of the IL and the p-electrons on the CB

surface were also postulated to improve the compatibility

between the silicon rubber and the CB and, consequently,

the extent of the dispersion of the CB particles in the

elastomer [44].

Only one phase transition occurred in the tan d curves of

all vulcanizates in the measured temperature range. This

phase transition was the glass transition of EPDM with Tg
corresponding to the temperature of the maximum tan d
peak. ILs did not significantly affect the Tg of EPDM,

which was - 59 �C for the reference vulcanizate and in the

range from - 59 to - 62 �C for vulcanizates with ILs

(Table 6). On the other hand, the influence of ILs on the

values of tan d at Tg depends on their structures, mainly on

Table 4 Decomposition

temperatures at 5%/T5%, 50%/

T50% and total mass loss during

decomposition of EPDM

vulcanizates

EPDM vulcanizates T5%/�C T50%/�C Dm (25–600 �C)/% Dm (600–900 �C)/%

ZnO 431 499 67.9 27.5

Chlorides

EmiCl 369 498 70.9 27.2

BmiCl 370 498 70.4 26.9

HmiCl 364 498 71.5 27.0

OmiCl 370 498 70.3 27.1

Tetrafluoroborates

EmiBF4 390 498 70.0 26.9

BmiBF4 393 498 70.4 27.2

HmiBF4 388 498 70.2 27.0

OmiBF4 393 498 70.0 27.1

Hexafluorophosphates

EmiPF6 402 499 69.0 26.5

BmiPF6 413 499 69.0 27.0

HmiPF6 401 499 68.5 26.6

OmiPF6 404 500 68.4 26.7
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the type of anion. Alkylimidazolium chlorides did not

influence the loss factor at Tg compared to the reference

vulcanizate. The only exception was BmiCl, which slightly

increased this parameter. The highest loss factor at Tg
exhibited vulcanizates containing hexafluorophosphates

and long-chain tetrafluoroborates. The loss factor deter-

mined for these vulcanizates was close to 1. ILs did not

significantly affect the loss factor, so damping properties of

EPDM in the rubbery elastic region. In addition, the vul-

canizates exhibited stable dynamic properties at the
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temperatures of use, since the loss factor did not change

considerably in the temperature range of 25–80 �C
(Table 6, Figs. 7–9).

Conclusions

New activating systems consisting of ZnO and ILs, such as

alkylimidazolium chlorides, tetrafluoroborates and hex-

afluorophosphates, were used to activate sulfur vulcaniza-

tion of EPDM filled with CB. The effect of ILs structure,

thus the length of alkyl chain bonded to the imidazolium

cation and the type of anion, on the vulcanization param-

eters, thermal stability and dynamic mechanical properties

of elastomeric composites was studied using different

techniques of thermal analysis.

ILs significantly reduced the onset temperature and

enthalpy of EPDM vulcanization. The most active were

alkylimidazolium chlorides, which eliminated the post-

curing process. The activity of ILs in the vulcanization

process decreased with increasing length of the alkyl chain

bonded to the imidazolium ring of the IL cation, so with

reducing the molar content of IL in the rubber compound.

As a result, higher onset vulcanization temperatures and

lower enthalpies of vulcanization were achieved for rubber

compounds with long-chain ILs.

The structure of ILs, especially the anion, significantly

affected the thermal stability of EPDM. ILs decreased the

onset decomposition temperature of vulcanizates. The lar-

gest reduction of T5% temperature was achieved for EPDM

containing alkylimidazolium chlorides, whereas the

smallest was achieved for hexafluorophosphates due to the

lower stability of ILs, the decomposition of which preceded

the pyrolysis of elastomer. The lower the thermal stability

of pure IL was, the greater the reduction in onset decom-

position temperature of EPDM vulcanizates was. No less

important was the molar content of IL in the rubber com-

pounds. The lowest T5% temperatures were achieved for

vulcanizates with the highest molar content of IL. Onset

decomposition temperature of pure ILs increased with the

length of the alkyl chain in the imidazolium cation and was

the lowest for ILs with the chloride anion.

Regarding the mechanical properties of EPDM under

dynamic conditions, the more important influence seemed

to be the type of IL anion. ILs influenced the storage

modulus in a glassy state, but in the rubbery elastic region,

their effect was much less pronounced. Vulcanizates with

alkylimidazolium chlorides showed a storage modulus
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Fig. 9 Loss factor tan d and log

of storage modulus E0 versus
temperature for EPDM

vulcanizates containing

alkylimidazolium

hexafluorophosphates

Table 5 Decomposition

temperatures at 5%/T5% and

50%/T50% mass loss of pure ILs

ILs T5%/�C T50%/�C

EmiCl 204 305

HmiCl 252 301

EmiBF4 381 498

HmiBF4 421 478

EmiPF6 389 504

HmiPF6 402 488
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slightly lower or comparable to that of EPDM without

ionic liquid in the glassy state, whereas vulcanizates con-

taining ILs with BF4 and PF6 anions exhibited approxi-

mately 100–300 MPa higher storage modulus than the

reference vulcanizate. ILs did not significantly affect the Tg
of EPDM. The highest loss factor at Tg exhibited vulcan-

izates containing hexafluorophosphates and long-chain

tetrafluoroborates, so with the lowest molar content of IL.

On the other hand, ILs had no significant influence on the

loss factor or damping properties of EPDM in the rubbery

elastic region. Vulcanizates containing ILs exhibited

stable dynamic properties at the temperatures of use. The

storage modulus and mechanical loss factor did not change

considerably in the temperature range of 25–60 �C.
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20. Galiński M, Lewandowski A, Stępniak I. Ionic liquids as elec-

trolytes. Electrochim Acta. 2006;51:5567–80.

21. Kubisa P. Perspectives of ionic liquids’ applications in polymer

chemistry. Polimery. 2006;7:485–90.

22. Ning W, Xingxiang Z, Haihui L, Benqiao H. 1-Allyl-3-

methylimidazolium chloride plasticized-corn starch as solid

biopolymer electrolytes. Carbohyd Polym. 2009;76:482–4.

23. Wang P, Zakeeruddin SM, Moser JE, Gratzel M. New ionic

liquid electrolyte enhances the conversion efficiency of dye-

sensitized solar cells. J Phys Chem B. 2003;107:13280–5.

24. Kawano R, Matsui H, Matsuyama Ch, Sato A, Susan MABH,

Tanabe N, Watanabe M. High performance dye-sensitized solar

cells using ionic liquids as their electrolytes. J Photochem Pho-

tobiol A. 2004;164:87–92.

25. Parvulescu VI, Hardacre C. Catalysis in ionic liquids. Chem Rev.

2007;107:2615–65.

26. Harrison S, MacKenzie SR, Haddleton DM. Unprecedented sol-

vent-induced acceleration of free-radical propagation of methyl

methacrylate in ionic liquids. Chem Commun. 2002;1:2850–1.

27. Shen Y, Tang H, Ding S. Catalyst separation in atom transfer

radical polymerization. Prog Polym Sci. 2004;29:1053–78.

28. Wang YY, Li W, Dai Y. Cationic ring-opening polymerization of

3,3- bis(chloromethyl)oxacyclobutane in ionic liquids. Chin

Chem Lett. 2007;18(1187):90.

29. Yang Y, Tsai YT. Inhibition ability of ionic liquid [Bmim][NO3],

[Bmim][BF4], and [Emim][BF4] on spontaneous coal combus-

tion. J Therm Anal Calorim. 2018;132:1943–51.

30. Nockemann P, Thijs B, Pittois S, Thoen J, Glorieux C, van Hecke

K, van Meervelt L, Kirchner B, Binnemans K. Task-specific ionic

liquid for solubilizing metal oxides. J Phys Chem B. 2006;110:

20978–92.

31. Nockemann P, Thijs B, Parac-Vogt TN, van Hecke K, van

Meervelt L, Tinant B, Hartenbach I, Schleid T, Ngan VT, Nguyen

MT. Carboxyl-functionalized task-specific ionic liquids for sol-

ubilizing metal oxides. Inorg Chem. 2008;47:9987–99.

32. Wellens S, Vander Hoogerstraete T, Möller C, Thijs B, Luyten J,
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