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Use of carbon and aluminosilicate nanofi llers in XNBR composites 
designed for protective materials against oils 
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The objective of the work was to investigate the possibility of application of carbon and bentonite nanoparticles 
in carboxylated acrylonitrile-butadiene rubber (XNBR) and the related effects of the nanofi llers on the structure, 
as well as mechanical and barrier properties, of the resulting composites. The composites were designed for use 
in protective clothing and gloves. XNBR compounds were modifi ed with 2 phr of graphene fl akes, graphene 
oxide, or modifi ed bentonite, and crosslinked with sulfur-accelerator system. Rubber compounds were prepared 
using a conventional method with a laboratory rolling mill. The composites were studied in terms of structure 
(WAXS), surface morphology (AFM), the presence of functional groups (ATR-FTIR) barrier properties against 
chemical substances (mineral oil) and swelling properties, as well as mechanical properties (abrasion resistance 
and tensile strength). The composites were characterized by very high resistance to oil permeation (breakthrough 
time >480 min). The type of nanofi ller added to the XNBR blend in the amount of 2 phr did not signifi cantly 
affect mechanical parameters. 
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INTRODUCTION

         Over the years, increasing attention has been given to 
polymeric materials containing various nanoparticles, such 
as aluminosilicate nanofi llers1 (including montmorillonite 
and bentonite) and, more recently, carbon nanofi llers, 
especially graphene and graphene oxide. Those nano-
particles have been added to polymeric compounds to 
improve their properties2, 3. The reinforcing ability of 
nanofi llers depends on the particle size, structure, sur-
face characteristics, and degree of dispersion4. Polymer 
nanocomposites are attractive because of substantially 
improved mechanical, electrical properties, fl ame and 
heat resistance and barrier properties2, 3, 4. Polymer-
-clay nanocomposites containing layered silicates are 
the most promising. The platelet structure of layered 
silicates plays a crucial role in increasing the barrier 
properties of polymeric materials due to the tortuous 
path model4. The small particle size (1–100 nm), high 
specifi c surface area, and high surface area-to-volume 
ratio of nanofi llers change the reactivity and physical 
properties of the elastomers without affecting their 
bulk properties, such as density5. Based on the number 
of dimensions in the nanometer scale, nanofi llers are 
classifi ed into three groups5:

– one-dimensional, e.g., plates, laminas, layered sili-
cates;

– two-dimensional, e.g., nanotubes, nanofi bers;
– three-dimensional, e.g., nanogranules, nanocrystals, 

nanosilica.
Among nanofi llers, layered silicates are the most widely 

used in commercial applications. Numerous studies have 
explored the incorporation of nanoclays into natural 
rubber, styrene-butadiene rubber, ethylene-propylene-
-diene rubber, epoxidized natural rubber, and, to a lesser 
extent, other rubbers5. In addition, graphene sheets can 
also provide effective reinforcement to elastomers. In 
graphene, the sp2-hybridized carbons are arranged in 

a honeycomb structure offering a large surface area. 
Graphenes have the unique capacity of enhancing 
thermal, electrical, and barrier properties5, 6. Graphite 
and graphene oxide (GO) have emerged as new layered 
carbon particles with nano size effects and unique fe-
atures7. Graphene oxide is a material that can replace 
other rubber-improving fi llers. Mao7 emphasized that 
for successful application of GO in the rubber industries 
commodity rubbers should be selected as matrixes and the 
fabrication method should be environmentally friendly. 
The latest studies are focused on the electric, thermal, 
mechanical, and some other functional properties of 
rubber composites with GO.

The content of nanofi llers in the compounds amounts 
to 3–12 phr for layered aluminosilicates and 1–3 phr 
for graphene and graphene oxide8–10, which constitutes 
a signifi cant difference as compared to the conventio-
nal fi llers, such as carbon black, silica and others, with 
a content of 20–25 phr. This also represents a major 
improvement due to the fact that high fi ller concen-
trations are technologically unfavorable and increase 
product weight.

Polymeric composites with graphene particles are used 
increasingly often as a result of their superior mechanical, 
thermal, electrical, and barrier properties11. In order to 
reduce costs, extensive research efforts are under way 
to obtain hybrid composites containing graphene in 
conjunction with other kinds of particles. These include 
layered aluminosilicates, so-called nanoclays, or other 
types of carbon nanofi llers (nanotubes). Graphene and 
aluminosilicates improve tensile strength and resistance to 
permeation by chemical substances. Hence, it is expected 
that in hybrid composites those properties will be even 
more pronounced than in the rubber compounds conta-
ining only aluminosilicate particles manufactured to date. 
This prediction is associated with the similarity of the 
layered structures of graphene and aluminosilicates, with 
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the former consisting of much smaller sheets, enhancing 
their dispersion in the polymeric matrix.

Nanofi llers in composites are also used to enhance 
barrier properties, both against gases and liquids. In 
terms of personal protective equipment (PPE) the pro-
tective characteristics of materials are determined in the 
laboratory on the basis of breakthrough time by a given 
chemical. Breakthrough time is defi ned as the time elap-
sed from the moment the tested material sample makes 
contact with a given chemical substance to the moment 
a set amount of that substance emerges on the other 
side of the sample. Since permeation resistance testing 
of polymeric composites is time-consuming and costly, 
efforts are under way to develop theoretical models and 
tools facilitating its preliminary estimation.

One of the methods allowing qualitative assessment of 
the solubility of chemicals in polymer-chemical systems 
utilizes the solubility parameters δ of the polymer and 
the chemical substance, which refl ects their thermodyna-
mic affi nity under equilibrium conditions. The solubility 
parameter is defi ned as the square root of molar cohe-
sion energy, which is the energy necessary to overcome 
intermolecular interaction forces, per unit of volume12.

According to Hildebrand’s theory of regular solu-
tions13, two substances characterized by similar solubility 
parameters should be soluble in each other, which is 
consistent with the general principle that the chemical 
and structural similarity of substances favors their so-
lubility. It is assumed that if the absolute difference of 
the solubility parameters of the polymer and the solvent 
is low (|< 1.0 MPa0.5) the former dissolves well in the 
latter. As this difference increases, solubility gradually 
declines to the gradient threshold value (> 2.4 MPa0.5), 
at which solubility becomes negligible. 

The objective of the work was to investigate the possi-
bility of application of carbon and bentonite nanoparticles 
in carboxylated acrylonitrile-butadiene rubber (XNBR). 
This study is focused on identifying the effects of dif-
ferent types of nanofi llers on the structure, mechanical 
and barrier properties of composites designed for use in 
personal protective equipment, including safety clothing 
and gloves. Characterization of nanocomposites was 
carried out by WAXS, AFM, and IR analysis.

EXPERIMENTAL 

Material
The studied material was crosslinked carboxylated 

acrylonitrile-butadiene rubber (XNBR) either without 
a nanofi ller (XNBR No Filler) or containing 2.0 phr of:

– graphene fl akes (XNBR Graphene) or 

– graphene oxide (XNBR-GO) or
– layered aluminosilicate (bentonite, XNBR Bentonite).
XNBR No Filler is the reference sample.
The samples were made using Krynac X 750 rubber 

(27% bound acrylonitrile, 7% bound carboxylic acid, 
density 0.99 g/cm3, Mooney viscosity [ML (1 + 4) 100oC] 
47 ±5) manufactured by Lanxess GmbH (Germany). 
Among the various possible methods of XNBR crosslin-
king, involving sulfur14, microsized zinc oxide of different 
shapes (whiskers, snowfl akes, spherical particles)15 and 
a crosslinking system composed of both zinc oxide and 
sulfur16, sulfur alone for the present study. In this study, 
XNBR was crosslinked only with sulfur (article number 
527795704, content: 99.85%, bulk density 400–500 kg/m3) 
from Chempur (Poland) in the presence of accelerator 
and stearic acid.

Dispersant: stearic acid (trade name Tefacid RG, 
acid value 194–210, iodine value ≤8, carbon chain C18: 
50–70%) manufactured by AarhusKarlshamn (Sweden).

Accelerator: zinc diethyldithiocarbamate (trade name 
LUVOMAXX ZDEC, density: 1.480 g/cm3 at 20oC, bulk 
density: 330–370 kg/m3, practically insoluble in water) 
manufactured by Lehmann & Voss & Co.KG (Germany).

Antioxidant: 2,2’-methylene-bis[(6-(1-methylcyclo-
hexyl)]-p-cresol (trade name LOWINOX WSP, water 
solubility: <0.01 g/dm3) purchased from Enkev Polska 
Sp. z o.o (produced by BASF, Germany).

Nanofi ller: bentonite, a layered aluminosilicate mo-
difi ed with quaternary ammonium salts (R1R2R3R4N(+)

Cl(–)), where R1 = 3-chloro-2-hydroxypropyl substituent, 
R2, R3, and R4 = methyl substituents, manufactured by 
and obtained from ZGM Zębiec S.A., Poland.

Nanofi ller: graphene fl akes prepared from expan-
dable natural graphite (large fl akes, 95% >180 μm 
[+180 mesh], including 60% >300 μm [+50 mesh]) 
was manufactured by and obtained from the Institute 
of Electronic Materials Technology, Poland.

Nanofiller: graphene oxide (GO) prepared from 
expandable natural graphite (large fl akes, 95% >180 
μm [+180 mesh], including 60% >300 μm [+50 mesh]) 
was manufactured by and obtained from the Institute 
of Electronic Materials Technology, Poland. Graphene 
oxide was prepared using the modifi ed Hummer method 
developed by the same Institute.

All the chemical reagents used were of analytical grade. 
The formulations of rubber composites are presented 

in Table 1.

Preparation of samples
Rubber compounds were prepared by the conventional 

method using a laboratory two roll mill with 100x200 mm 
rolls, at a rolls temperature of 20–25oC and friction of 

Table 1. Formulations of XNBR composites (phr a))
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1:1.1. Mixing was conducted for up to 10–11 min, until 
all the components were thoroughly mixed. The compo-
unds were stored at ambient temperature. The mixing 
procedure was as follows: step 1 – preparation of the 
premix solution (XNBR + dispersant + accelerator + 
antioxidant), 6 min and division of the premix solution 
into several parts (sulfur was added to one part imme-
diately – reference composite); step 2 – introduction of 
fi llers, 3 min; step 3 – introduction of sulfur, 1 min; step 
4 – homogenization of the mixture, 1 min.

In order to ensure optimum crosslinking conditions 
(time and temperature) vulcametric measurements were 
conducted according to the standard PN-ISO 3417:1994, 
using a WG-02 oscillating disc vulcameter with a disc 
amplitude of ±3o and oscillation frequency of 1.7 ±0.1 
Hz. Rheological properties of XNBR composites are 
given in Table 2.

Infrared spectroscopy ATR-FTIR
The XNBR vulcanizates were characterized by At-

tenuated Total Refl ectance Fourier Transform Infrared 
spectroscopy (ATR-FTIR). The spectra were recorded 
within the wavelength range between 3500 and 600 cm−1 
using FTIR 175 C (Bio Rad). 

Testing of mechanical properties
The selected mechanical properties of the composites, 

that is, tensile strength at break and abrasion resistance 
were investigated in accordance with the Standard EN 
388:2003. 

Tensile tests were conducted on a universal testing 
machine (type 1435, Zwick GmbH & Co. KG, Germa-
ny) with a crosshead speed of 500 mm/min according 
to BS ISO 37:2005. The results are expressed as means 
for 5 samples. 

Abrasion resistance was measured on 4 samples using 
a standard tester (Nu-Martindale, James H. Heal Ltd., 
Great Britain). The pressure exerted on the samples 
during abrasion was 9 ±0.2 kPa. Prior to the tests, the 
samples were conditioned in air at 21 ±3oC and a relative 
humidity of 50 ±5%.

Testing of barrier properties
The testing of barrier properties (resistance of the 

studied materials to permeation by the selected mine-
ral oil) was conducted pursuant to the standard EN 
374-3:2003 “Protective gloves against chemicals and 
micro-organisms. Part 3: Determination of resistance to 
permeation by chemicals”. According to the standard, 
permeation resistance is expressed as breakthrough time, 
or the time elapsed from the moment the material makes 
contact with a given chemical substance to the moment 
the permeation rate of the substance has reached 1 μg/
cm2×min. This testing method was presented by the 
Authors in a prior publication17.

According this test, a sample of the examined material 
was fi xed between the two chambers of a permeation 
cell. The external surface of the material contacted 
with mineral oil, while the internal surface made con-
tact with a solid absorbent medium, that is, GF/A and 
GF/C Whatman glass microfi ber fi lters. Subsequently, 10 
mL of mineral oil was poured into the upper chamber 
of the permeation cell and timing was started. Interval 
measurements were conducted, which means that at 
certain points in time (10, 30, 60, 120, 240 and 480 min 
since the start) the fi lters were taken for analysis. These 
intervals corresponded to the protection levels given in 
the standard EN 374-1:2003. Quantitative analysis was 
made using gas chromatography with a fl ame-ionization 
detector18. A Trace GC gas chromatograph (Unicam) 
equipped with a fl ame-ionization detector (FID) and 
a capillary chromatographic column (Rtx-5, length 30 m, 
internal diameter 0.25 mm) were used. Oil determination 
was conducted in accordance with the standard EN ISO 
9377-2:2000 “Water quality. Determination of hydrocar-
bon oil index: Part 2. Method using solvent extraction 
and gas chromatography”. The test lasted 480 min. 

Resistance to swelling
The swelling test was conducted by immersing for 72 h 

the material samples into solvent: hexane. The samples 

Table 2. Rheometric properties of XNBR composites

Composite samples were produced in steel molds 
with a diameter of 80 or 150 mm. The molds conta-
ining crude XNBR compounds were placed between 
electrically heated (140°C) platens of a hydraulic press, 
between two Tefl on sheets; the heating time was 30 min. 
Subsequently, the samples were allowed to stand for 24 
h and then removed from the dies. The width variation 
of the samples was 0.43–0.60 mm.

Test method

Wide-angle X-ray scattering (WAXS) 
WAXS was used to study the nature of nanofi ller di-

spersion in composites. WAXS was done with an URD 63 
(Seifert, Germany) diffractometer using CuKα radiation 
and the following settings: accelerating voltage – 40 kV, 
anodic current – 30 mA. Radiation was monochromatized 
with a nickel fi lter and impulse height discriminator. 
A scintillation counter was used as a detector. X-ray 
diffractograms of the composite materials were made 
by the stepwise method within a diffraction angle range 
of 3–60o, with a step of 0.1o. The impulse counting time 
was 15 s in all cases.

Atomic force microscopy (AFM) 
AFM studies were made with the Bruker Dimension 

Icon Atomic Force Microscope (Santa Barbara, CA 
USA). AFM images were taken in the tapping mode 
using a silicon probe (model TESPA-V2, Bruker) with 
a rectangular cantilever with a nominal spring constant 
of 37 N×m–1 and a nominal resonance frequency of 
320 kHz. Scanning was carried out at two randomly 
chosen places for each sample, simultaneously recording 
height (topography), phase, and amplitude images. The 
scan area was 1 μm × 1 μm. Before the measurement, 
samples of composites were rinsed with 95% analytical 
grade ethanol (POCh SA, Gliwice, Poland) and dried 
with argon (5 N, Linde Gaz, Lodz, Poland).
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were weighed before immersion and after immersion. 
Next, the samples were dried at 40oC for 24 h and then 
weighed. The procedure was analogous to that used in 
our previous work19.

For one type of composite – XNBR material without 
the fi ller, the Mooney–Rivlin elasticity constants were 
determined using the standard technique, according to 
the protocol applied in our previous studies20, 21.

Statistical Analysis
The test results for mechanical parameters were stati-

stically analyzed using STATISTICA software.
Normality of distribution was analyzed using the Sza-

piro–Wilk test, and homogeneity of variances for the 
studied sample types was analyzed with the Levene test.

In the case of normal distribution (tensile strength 
at break), statistical signifi cance analysis involved one-
-way ANOVA and the post-hoc Tukey test for pairwise 
comparisons.

In the case of a non-normal distribution (abrasion re-
sistance results), statistical signifi cance was analyzed with 
the non-parametric Kruskal–Wallis test with correction 
for tied ranks and the post-hoc Dunn–Bonferroni test.

Statistical signifi cance was adopted at p < 0.05.

RESULTS AND DISCUSSION

Examination of nanomaterial structure
The results of WAXS studies of XNBR composites are 

given in Table 3. As can be seen, the use of the same 
amount of different nanofi llers produced different effects. 
Only in the case of one composite, XNBR Bentonite, 
the WAXS curve showed one peak at 1.38 nm. It is in-
teresting to note that the interlayer distance was below 
the initial value of bentonite at 1.8 nm (2θ = 4.93o). 
The observed decrease in interlayer distance resulted in 

larger or smaller agglomerations rather than individual 
bentonite layers in the studied composite samples, which 
was deemed an adverse phenomenon, leading to reduced 
strength parameters.

Table 3. XRD results   

Figure 1. WAXS curve for XNBR composite without nanofi ller,  with 2 phr of graphene (XNBR Graphene), graphene oxide 
(XNBR Graphene oxide) or bentonite (XNBR Bentonite)

In the case of the XNBR composite with graphene 
(XNBR Graphene), the WAXS revealed a peak of 
2q ≈ 26o (Fig. 1), which is consistent with literature 
data as WAXS curves for graphene (graphite) are cha-
racterized by a strong single maximum at an angle of 
2q ≈ 26o 16, 17. In the XNBR Graphene sample, there 
were larger or smaller agglomerates rather than indivi-
dual graphene layers.

In contrast, the WAXS curves for XNBR GO samples 
did not show a peak at characteristic wavelengths (Fig. 1), 
so it was impossible to determine the distance between 
nanofi ller layers. Thus, it may be assumed that graphene 
oxide layers underwent exfoliation, which is consistent 
with the absence of WAXS peaks (and in particular the 
one at 2q ≈ 10.6o)22, 23. Such a structure may affect the 
properties of the resulting nanocomposites, as confi rmed 
by, e.g., Aina and Azura24, who reported that nanofi ller 
type (silica, mica, carbon black, calcium carbonate) and 
quantity (10–20 phr) applied in XNBR latex exerts an 
effect on the morphology and mechanical properties of 
the resulting composites. However, at that degree of fi lling 
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graphene and graphene oxide, which are introduced to 
polymer composites in lower amounts.

Surface morphology studies of composites
Figure 2a–d presents AFM images of the surface of the 

investigated samples (XNBR No fi ller, XNBR Graphene, 
XNBR GO and XNBR Bentonite). The AFM image of 
XNBR No fi ller (Fig. 2a) demonstrates a homogeneous 
surface structure without the addition of any fi llers. In 
the case of XNBR Graphene, the image (Fig. 2b) clearly 
shows structures corresponding to graphene fl akes. This 
indicates that graphene fl akes are arranged in parallel to 
each other, one on top of another, in the outer layers 
of this composite. In XNBR GO (Fig. 2c), the surface 
structure contains irregularly shaped elements that are 
most probably associated with graphene oxide fl akes. 
The AFM image shows that graphene oxide fl akes in 
XNBR GO are distributed irregularly. The AFM ima-
ge of XNBR Bentonite (Fig. 2d) clearly indicates that 
bentonite particles are agglomerated in larger structures. 

In addition, the root mean square average of height 
deviations from the mean image data plane (Rq), the 
arithmetic average of the absolute values of surface 
height deviations measured from the mean plane (Ra) 

it was diffi cult to obtain appropriate fi ller dispersion in 
the latex and XNBR matrix.

The objective of the present study, involving the ap-
plication of one amount of nanofi llers only, prevents 
elucidation of the effects of nanofi ller concentration on 
interlayer distance. Research in this area, concerning 
organoclays and natural rubber (NR), was conducted 
by George et al.25, who used 1, 3, 5, 10 and 15 phr of 
the Closite aluminosilicate nanofi ller, which has similar 
properties to the bentonite nanofi ller used in this study. 
In the work of Thomas, interlayer distance generally in-
creased with clay content. At lower clay concentrations, 
such as 1 and 3 phr, there was no signifi cant change in 
the X-ray diffraction spectrum. The concentration of 5 
phr of clay was optimum for improvement of composite 
properties and intercalation. The interlayer distance for 
this clay amount was 2.60 nm, which was higher than 
the initial value for clay (2.32 nm). Therefore, it may be 
assumed that the application of bentonite at amounts 
lower than 5 phr in this work led to insuffi cient dispersion. 
On the other hand, the composite with bentonite was 
used as a reference sample for composites containing 

Figure 2. AFM images of XNBR No fi ller (a), XNBR Graphene (b), XNBR GO (c) and XNBR Bentonite (d)
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and surface area difference (SAD) were determined 
using the Bruker Nanoscope Analysis software (version 
1.4). The surface parameter values from roughness 
analysis are presented in Table 4. As can be seen, the 
addition of nanofi llers to XNBR caused an increase in 
those parameters. The highest values were obtained for 
XNBR Bentonite.

Figure 3. ATR spectra of XNBR composite without and with different nanofi llers

Figure 5. Tensile strength at break for XNBR composites

Figure 4. Abrasion resistance for XNBR composites

Table 4. The surface parameters values from the roughness 
analysis

The WAXS and AFM results correlated with each 
other for graphene oxide and bentonite. In the case of 
graphene oxide, WAXS showed exfoliation of graphene 
oxide after its introduction into the matrix, while AFM 
confi rmed the existence of individual fl akes. In the 
case of bentonite, WAXS indicated a reduction in the 
distance between bentonite as powder and bentonite 
in composites, as well as increased agglomeration, as 
confi rmed by AFM imaging.

Figure 3 show the ATR spectra of the XNBR compo-
site without nanofi ller and with nanofi ller. Each spectra 
shows the existence of two main absorption peaks for 
the XNBR compounds at about 2920 cm–1 and 2848 
cm–1 due to the presence of the –CH2 groups26. Another 
absorption peak at 2237 cm–1 is due to the CN- group 
in the acrylonitrile component. The important region of 
spectrum is the range from 1697 to 808 cm–1. In this region 
peaks result from the >C=O group of the carboxylic 
component in XNBR. The peak for –COOH appears 
at wavelength of 1697 cm–1. Introduction of nanofi llers 
did not change the ATR spectra in any signifi cant way.

Rheometric studies
The torque increment DL (Table 2) decreased sligh-

tly for XNBR composites with nanofi llers. It is known 
from the literature that an increase in torque increment 
refl ects crosslinking density, which in turn infl uences 

the mechanical properties of composites26. An increased 
torque increment is necessary to improve tensile strength 
at break and stress at elongation. The observed reduc-
tion in the torque increment of XNBR composites with 
graphene oxide and bentonite may have translated into 
not very good mechanical properties (Fig. 4–5).

The eff ect of nanofi ller type on the mechanical properties 
of materials

The test results for the investigated mechanical pro-
perties of XNBR materials are presented in Figs. 4–6. 
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Contrary to expectations, the addition to the XNBR of 
a carbon nanofi ller (graphene fl akes or graphene oxide) 
or an aluminosilicate nanofi ller (modifi ed bentonite), did 
not signifi cantly improve the mechanical properties of the 
vulcanizates. Irrespective of the type of nanofi ller added 
in the quantity of 2 phr, abrasion resistance expressed 
as the number of cycles to failure decreased (Fig. 4). 
The reference sample (XNBR No Filler) exhibited high 
abrasion resistance (8000 cycles, corresponding to the 
highest, 4th protection class) as compared to nanofi l-
ler-containing XNBR composites. Indeed, the abrasion 
resistance of XNBR GO was 500 cycles (2nd protection 
class), that of XNBR Graphene was 2000 cycles (3rd 
class), and that of XNBR Bentonite was 5000 cycles 
(3rd class). Statistical analysis showed that the addition 
of nanofi llers (irrespective of their type) signifi cantly 
deteriorated the parameter in question (p = 0.05 or 
p = 0.01, depending on the variant).

In turn, nanofi llers did not affect tensile strength at 
break (Fig. 5), which was 5.46 MPa for the reference 
sample (XNBR No Filler) and 4.6–6.4 MPa for the nano-
fi ller-containing composites. Although the highest tensile 
strength at break was observed for XNBR Bentonite 
(6.35 MPa), statistical analysis revealed that the type of 
nanofi ller added to the XNBR blend in the amount of 
2 phr did not signifi cantly affect this parameter (with p 
ranging from 0.233 to 0.979). Furthermore, the stress 
of the composite increased for increasing modulus at 
100%, 200% and 300% elongation. However, the stress 
determined at 100, 200, and 300% elongation did not 
differ signifi cantly (p > 0.05) between the various com-
posites (Fig. 6).

In light of the literature data10, it was observed that the 
mechanical properties of XNBR crosslinked with sulfur 
in this study were not as good as for XNBR crosslinked 
with zinc oxide particles of different shapes (whiskers, 
snowfl akes, spheres) and different specifi c surface areas. 
For XNBR crosslinked with sulfur, the obtained tensile 
strength was approx. 6.5 MPa. In other studies with zinc 
oxide crosslinking at 3 to 8 phr, the vulcanizates were 
characterized by excellent mechanical properties (tensile 
strength up to 38.2 MPa for snowfl akes). Good results 
were also obtained for XNBR blends crosslinked with 
both zinc oxide and sulfur at 5.0 phr and 2.5 phr, re-
spectively16. The fi ller of the blend was keratin from the 
process of cattle hide unhairing. The above vulcanizates 
were characterized by increased tensile strength (14.4 

MPa). Other studies used not only graphene, but also 
conventional fi llers, such as carbon black, for comparison. 
The experimental results obtained by Mao demonstrated 
that the tensile strength of a composite fi lled with 2.0% 
vol. of GO was twice as high as that of rubber composite 
fi lled with 20.0% vol. of carbon black7. 

According to Ponnamma, the mechanical behavior of 
elastomer nanocomposites depends on several factors, 
such as fi ller dispersion, the degree of interfacial adhe-
sion between elastomers and fi ller, and the crosslinking 
density of the composite5. The observed absence of 
strength improvement (tensile strength, stress at 100, 
200, and 300% elongation) of XNBR composites with 
layered aluminosilicates may be explained by structural 
studies. The WAXS results for XNBR Bentonite did not 
reveal an increased interlayer distance (when bentonite in 
bulk was compared with bentonite in composite), which 
suggests poor dispersion and an insuffi cient amount of 
bentonite added (2 phr), as indicated before. In the 
case of XNBR graphene oxide, despite the WAXS curve 
showing exfoliation of graphene oxide layers (the absence 
of WAXS peaks), tensile strength was not improved in 
comparison with the reference sample of XNBR without 
nanofi llers. This situation might be elucidated by XRD 
studies, as according to literature data X-ray diffracto-
grams of composites with graphene and silicone rubber 
with graphene reveal a peak shift from 2 q ≈ 25° for 
graphene to 2 q ≈ 12° for silicone rubber with graphene5. 
The peak shift confi rms nanofi ller exfoliation and proves 
the usefulness of the method.

Thus, the observed low tensile strength levels result 
from XNBR crosslinking with sulfur alone as well as from 
inadequate nanofi ller dispersion in the rubber matrix.

The eff ect of nanofi ller type on the barrier properties 
of materials

The addition of carbon nanofi llers (graphene fl akes or 
graphene oxide) or an aluminosilicate nanofi ller (modi-
fi ed bentonite) to the XNBR did not affect the barrier 
properties of the cured compounds. The breakthrough 
time for XNBR composites without nanofi ller and con-
taining 2 phr of nanofi ller was very long and similar to 
the reference sample (480 min). This indicates very good 
barrier properties of XNBR composites against mineral 
oil, which corresponds to the highest performance level 
of protection – class 6. 

Furthermore, it was determined whether the ther-
modynamic affinity of the studied rubber-chemical 
substance systems affected the barrier properties of 
the polymer materials. Literature data concerning the 
solubility parameters for XNBR and mineral oil (and 
thus the difference between them |drubber-dsolvent|) were 
compared with experimentally obtained breakthough 
times.. The difference between those parameters for 
XNBR (δ =19.70 MPa 0.5)27 and mineral oil (δ = 15.55 
MPa 0.5)28 amounted to 4.15 MPa0.5, which, according to 
Hildebrand’s theory of regular solutions13 was about twice 
as high as 2.4 MPa0.5, suggesting negligible solubility. 
In the studied system, as expected, the high differences 
in solubility parameters led to very long breakthrough 
times (more than 480 min, the maximum investigated 
time) irrespective of the nanofi ller added.

Figure 6. Tensile stress at 100, 200, and 300% elongation for 
XNBR composites
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Also Lara29 applied a generalized solubility parameter, 
as well as its constituent components (dispersion compo-
nent, polar component, and hydrogen bond component) 
for predicting the resistance of elastomeric materials 
to permeation by chemicals (mostly solvents). Similarly 
to Hansen, Lara proposed the application of the RED 
number for evaluating barrier properties. The solubility of 
a polymer-solvent system may be presented in a diagram 
as a spherical characteristic with the polymer solubility 
parameter located at the center of the sphere. The radius 
of the sphere indicates the maximum difference in the 
solubility parameters of the components of the system 
in which dissolution is to take place. Good solvents are 
found inside the sphere, with poor solvents outside it.

The eff ect of nanofi ller type on the swelling properties 
of materials 

The XNBR composite without a fi ller (XNBR No 
fi ller) is characterized by minimally higher swelling in 
hexane (0.21 mL/mL) than XNBR composites with na-
nofi llers (0.16–0.17 mL/mL) (Table 5). This means that 
the reference sample is slightly less densely crosslinked 
than the nanofi ller-containing composites. Given that 
lower crosslinking density leads to greater deformability 
of chains in the rubber matrix17, the “XNBR No fi ller” 
composite should exhibit different mechanical parame-
ters. However, this prediction was confi rmed only for 
tensile strength at break (Fig. 3), while in the case of 
abrasion resistance all composites with nanofi llers per-
formed worse than “XNBR No fi ller.”

Swelling is an important parameter infl uencing rubber 
properties30. It should be noted that crosslinking den-
sity increases with decreased swelling, leading to better 
mechanical properties of composites. This trend is in 
harmony with tensile strength and torque increment, 
which is further evidence that the nanofi llers used herein 
may play a role not only as reinforcing fi llers but also 
as curative agents for functionalized elastomers, such as 
XNBR26. In the presented case, swelling levels did not 
change suffi ciently to enhance mechanical properties.

materials used in personal protective equipment. The 
novel solution is the subject matter of further study and 
a patent application. Given the obtained results, XNBR 
crosslinking was modifi ed using a hybrid sulfur and metal 
oxide system in the presence of an ultra-accelerator31. 
Studies of the new system will the subject matter of an 
upcoming publication.

CONCLUSIONS

Carbon nanofi llers (graphene fl akes or graphene oxide) 
added in the amount of 2 phr to XNBR crosslinked with 
sulfur in the presence of accelerator did not change the 
barrier properties of the composites. Results indicated 
very good barrier properties of composites against mineral 
oil, corresponding to the highest protection performance 
level (> 480 min). Similar results were obtained for 
XNBR composites containing aluminosilicate (bentonite).

Wide-angle X-ray scattering (WAXS) examination of 
the composites showed a smaller interlayer distance for 
materials containing graphene and bentonite, indicating 
agglomeration of nanofi ller particles, which was deemed 
an adverse phenomenon, leading to reduced strength 
parameters. AFM images revealed that graphene oxide 
fl akes in XNBR GO are distributed irregularly and that 
bentonite particles in XNBR Bentonite are agglomerated, 
forming larger structures. Problems with dispersion may 
explain why the mechanical parameters of the materials 
were not improved. The ATR spectra of the XNBR 
composite shows the existence of main absorption peaks 
for the XNBR compounds. 

The addition of a carbon nanofi ller (graphene fl akes or 
graphene oxide) or an aluminosilicate nanofi ller to the 
XNBR blend did not improve the mechanical properties 
of the vulcanizates. The highest tensile strength at break 
was observed for XNBR Bentonite (6.35 MPa). The type 
of nanofi ller added to the XNBR blend in the amount 
of 2 phr did not signifi cantly affect this parameter. In 
contrast, the abrasion resistance of composites was gre-
atly reduced, irrespective of nanofi ller type, from 8000 
cycles for composite XNBR no fi ller to 500 cycles for 
composite XNBR GO.

It was observed that the process of graphene addition 
to XNBR blend presents certain diffi culties warranting 
further research in this area. Therefore, we developed 
a novel method of XNBR crosslinking with the addition 
of carbon and aluminosilicate nanofi llers for materials 
with protective mechanical and barrier properties, which 
is the subject of a pending patent application.
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Table 5. Swelling properties of XNBR materials

This is important in that the sulfur cross-links arising 
in the XNBR matrix were too few to impart favorable 
mechanical properties. While the addition of nanofi llers 
to the XNBR blend increased the number of cross-links 
(crosslinking density), that effect was slight, possibly due 
to the weak interactions between the fi ller particles, the 
rubber matrix, and the crosslinking substance.

Therefore, the method of XNBR crosslinking was 
changed and a new method was developed involving 
carbon and aluminosilicate fi llers to obtain composites 
with barrier and mechanical properties suitable for 
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