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Abstract. This paper reports the development of nitrile butadiene rubber (NBR) nanocomposite toughened by the combination of polyvinyl chloride (PVC) and CuFe2 O4 nanoparticles (NPs). CuFe2 O4 NPs synthesized by sol–gel auto-combustion
route. Response surface methodology was applied for optimization and modelling of the tensile strength and elongation of NBR/PVC/CuFe2 O4 nanocomposite. By using XRD, SEM, EDX and VSM, we characterized CuFe2 O4 NPs and
the optimized NBR/PVC/CuFe2 O4 nanocomposite, and investigated the mechanical properties of NBR/PVC/CuFe2 O4
nanocomposite. Results showed that the surface cracking of NBR decreased as the PVC and CuFe2 O4 content increased,
which leads to better mechanical properties of NBR.
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1. Introduction
Nowadays, Scientists have procured new polymer materials obtained from the mixture of two or more polymers [1].
The major benefit of such process is that some properties
are better than what the single components offer [2]. A wide
range of commercial polymer blends have multiphase morphology and in most cases, have reasonable physical and
mechanical properties [3]. In addition, we can reach some
reforms in terms of processing characteristics, sustainability
and expenses through polymer blending [4]. Blends have been
expanded to achieve several industrial requirements, such as
the need for easier processing and improvement, either by
changing the type, relative amounts or morphology of each
component. These materials can be mixed with some goals
in mind, first one is to gain high mechanical strength and
the second one is to gain dimensional stability and thermal
resistance [5].
Nitrile butadiene rubber (NBR) is one of the most important polymers, which has diverse applications in shoes,
sealants, hoses, belts, brake linings, rolls, etc.; but the mechanical properties of pure NBR comprising tensile strength
and tear resistance in most cases cannot meet the requirements of applications [6–8]. Therefore, fillers, such as
polymers, nanomaterial, etc., are often used to modify
the mechanical properties of NBR. Some examples were
0123456789().: V,-vol

Fe2 O3 /ZnO [9], polystyrene [10], polyimide [11], Ag and
carbon nanotube [12], carbon nanoparticle/linear low-density
polyethylene [13], carbon black/styrene-butadiene rubber
[14], clay [15], organo-montmorillonite/polyvinyl chloride
(PVC) [16], PVC/graphite [17], single-wall carbon nanotube/nanoclay/PVC [18], ZnS [19], iron oxide nanoparticles
(NPs) [20], Ni and Fe NPs [21], Silica [22], etc.
NBR/PVC blend is actually a common mixture of polymers, in which PVC improves the ozone resistance of NBR,
and NBR can act as a permanent plasticizer for PVC in utilizations, such as electrical wires, cable coating, wrapping film in
food industry, conveyor belts and domestic applications [16].
Copper ferrite (CuFe2 O4 ) spinels are of attention because of
their applications in anodes, sensors, semiconductors, magnetic materials and catalysts [23].
The aim of this study was to improve the dynamic–
mechanical properties of NBR blends by reinforcing it with
PVC and CuFe2 O4 . For this purpose, PVC along with
CuFe2 O4 NPs synthesized by the sol–gel auto-combustion
route was added to the NBR in different weight percentages, obtained using response surface methodology (RSM)
combined with central composite design (CCD) for the modelling and optimization processes. CuFe2 O4 and nanocomposite were characterized by Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron microscope (SEM), energy-dispersive X-ray (EDX),
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vibrating-sample magnetometer (VSM) and UV–Vis diffuse
reflectance spectroscopy (UV–Vis DRS) and also the mechanical properties of nanocomposites were investigated.

2. Experimental
2.1 Materials and methods
NBR and PVC resins were supplied by LG company. Copper
nitrate [Cu(NO3 )2·3H2 O], ferric nitrate [Fe(NO3 )3·9H2 O] and
citric acid (C6 H8 O7 ) were purchased from Merck company
and polyvinylpyrrolidone (PVP) from Daejung chemical and
metals company.
2.2 Preparation of CuFe2 O4 NPs and NBR/PVC/CuFe2 O4
nanocomposite
The CuFe2 O4 NPs were prepared using the sol–gel autocombustion route. Initially, [Cu(NO3 )2 · 3H2 O] (0.1 mol),
[Fe(NO3 )3 · 9H2 O] (0.2 mol) and citric acid (0.1 mol) were
dissolved in a minimum volume of de-ionized water. Then, a
small amount of PVP was added to the solution. The closing
solution was magnetically stirred for 4 h at room temperature
and then, water removed with a vacuum rotary evaporator at
80◦ C, until a gel was obtained. The obtained gel was dried in
a hot air oven at 120◦ C for about 10 h. Eventually, CuFe2 O4
powder was calcined at 600◦ C for 2 h.
The two-roll mill was used to prepare mixtures of NBR
/PVC/CuFe2 O4 with different percentages of PVC and
CuFe2 O4 NPs obtained from RSM (five specimens of each
sample). Mixing was done at room temperature. The samples
of almost 2.5 mm thickness were vulcanized in plate vulcanization machine at 120◦ C and 20 MPa pressure for 10 min.
The dimensions of tensile test specimen were according to
ASTM D412 Standard. The vulcanized sheets were laid out
aside at room temperature for 24 h, and then used to calculate
their performances.

Figure 1. (a) FTIR spectrum and (b) XRD pattern of CuFe2 O4
NPs.

2.3 Characterization of CuFe2 O4 NPs
Figure 1a shows the FTIR spectrum of CuFe2 O4 NPs. The
main adsorption band at about 580 cm−1 was ascribed to the
stretching vibration of tetrahedral sites (Fe3+ −O2− ) and the
band at about 420 cm−1 to the octahedral sites (Cu2+ −O2− )
in spinel complexes. The extensive absorption band at about
3400 cm−1 relates to hydroxyl groups (OH− ) stretching vibrations, while the band at about 1630 cm−1 owing to bending of
H2 O adsorbed at the surface of CuFe2 O4 [24]. XRD patterns
were recorded by a Philips, X-ray diffractometer using Nifiltered CuKα radiation. The XRD pattern of CuFe2 O4 NPs
is presented in figure 1b and it demonstrated a pure tetragonal
phase with space group: 141/amd, which was a good match
with the standard XRD pattern (JCPDS no. 34-0425). The
average particle size was estimated to be 28 nm by Scherrer
equation [25].

Figure 2. Hysteresis loops of CuFe2 O4 NPs.

The magnetic hysteresis loop was measured at room temperature for the CuFe2 O4 NPs is given in figure 2. CuFe2 O4
NPs exhibited ferromagnetic behaviour at room temperature
with coercive force (Hc ) value of 1296.92 Oe and saturation
magnetization (Ms ) value of 18.33 emu g−1 .
The band gap energy of the CuFe2 O4 NPs was studied
by UV–Vis DRS spectrum. The band gap of CuFe2 O4 NPs
was calculated via the transformation basis existent in the
Kubelka–Munk function (equation 1) as shown in figure 3
[26,27]:


(1)
(αhν)2 = A hν − E g
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Table 1. Experimental range and level of the respective
changeable variables in RSM method.
Level code
Variable
PVC content (%)
CuFe2 O4 content (%)

−α

−1

0

+1

+α

0
0

7.32
0.73

25
2.5

42.68
4.27

50
5

of light and A the proportional constant. The band gap of
CuFe2 O4 NPs was found to be 1.7 eV.
The SEM image and EDX spectra of the CuFe2 O4 NPs are
apparent in figure 4. Figure 1a shows that the CuFe2 O4 NPs
exhibit a spherical structure with agglomeration in nature. The
EDX spectrum approves the attendance of Cu, Fe and O in
this sample.

2.4 RSM

Figure 3. (a) UV–Vis DRS spectra and (b) Kubelka–Munk plot of
CuFe2 O4 NPs.

where α is the absorbance of matter, E g the band gap energy,
h the Planck’s constant (4.135 × 10−15 eV), ν the frequency

RSM was a common mathematical way used to design and
analyse the problems in which a response or yield of interest under the impression of several variable parameters and
the purpose was to optimize this response [28,29]. Based on
the developed model of the response, a near optimum opinion can then be inferred. RSM was a practical method in the
optimization of processes [30,31].
The Design Expert software, Ver. 10, based on RSM combination with CCD was used to achieve the numerical analysis
and to make the regression model. The variables in this study
comprise of two factors of PVC (A) and CuFe2 O4 NPs (B)
loading.
Table 1 shows the domain of the related variables and experimental design levels, which were used in this study. Based on
initial studies, these two variables were selected together with
their relative domains. The experimental design and mean

Figure 4. (a) SEM image and (b) EDX spectra of CuFe2 O4 NPs.
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Response

PVC content (%)

CuFe2 O4 content (%)

Tensile strength (MPa)

Elongation (%)

0
25
7.32
25
42.68
50
25
7.32
25
25
25
42.68
25

2.5
2.5
0.73
2.5
4.27
2.5
2.5
4.27
2.5
5
0
2.5
2.5

13.1
16.8
14.3
18.3
15.7
18.2
16.9
16.7
16.5
17.9
17.4
19.4
16.6

205.9
200.9
194.7
188
118
83
160
220
179
193
161
150
151

1
2
3
4
5
6
7
8
9
10
11
12
13

Table 3. ANOVA for the tensile strength of NBR/PVC/CuFe2 O4 nanocomposite
by RSM method.
Source

Sum of squares

df

Model
29.41
5
A–PVC
16.00
1
B–Cu%
0.044
1
AB
9.30
1
2.31
1
A2
B2
1.25
1
R 2 = 0.9400, Adj R 2 = 0.8971

Mean square

F value

P value Prob. > F

5.88
16.00
0.044
9.30
2.31
1.25

21.93
59.63
0.16
34.68
8.61
4.66

0.0004
0.0001
0.6978
0.0006
0.0219
0.0678

actual response of the experiments used in this study are summarized in table 2.
The mathematical models for the desired responses were
developed as a function of the selected variables by applying
the multiple regression analysis on the experimental data (tensile strength and elongation). The overall quadratic equation
model was stated as follows:
Y = β0 +

k


βi xi +

i=1

+

k


k


βii x i2

i=1

βi j xi x j + ε,

(2)

i< j

where Y is the response (tensile strength and elongation), β0
the constant coefficient, βi , βii and βi j are the linear, quadratic
and interaction effect coefficients, respectively. xi and x j are
factors (independent variables) and ε the standard error.
The quality of the developed model was used by the coefficients of determination (R 2 ), while the analysis of variance
(ANOVA) was used to assess the statistical importance of the
model by the values of regression and mean square of the
residual error. The final goal of this optimization was to find

the maximum response that concurrently contented all the
variable properties [32].

3. Results and discussion
The experimental information in table 2 was analysed. A suitable quadratic model was acquired with the experimental data.
The competence of the model was established by ANOVA.
Through the estimation of all regression coefficients, the
experimental response could be modelled as a polynomial
equation that shows the effect of experimental factors on
the tensile strength and elongation. The quadratic function
models in terms of coded variables are given as equations
(3 and 4), respectively:

Y tensile strength = 16.74 + 1.41A − 0.074B − 1.52A ∗ B
Y elongation

− 0.58A2 + 0.42B2 ,
(3)
= 171.20 − 40.06A + 4.82B − 14.33A ∗ B
−10.89A2 + 5.39B2 ,

(4)
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Table 4. ANOVA for the elongation of NBR/PVC/CuFe2 O4 nanocomposite by
RSM method.
Source

Sum of squares

df

Model
14999.79
5
A–PVC
12840.58
1
B–Cu%
185.81
1
AB
820.82
1
824.61
1
A2
201.91
1
B2
R 2 = 0.95356, Adj R 2 = 0.9204

Mean square

F value

P value Prob. > F

2999.96
12840.58
185.81
820.82
824.61
201.91

28.76
123.12
1.78
7.87
7.91
1.94

0.0002
< 0.0001
0.2237
0.0263
0.0261
0.2067

Figure 5. Comparison between the predicted and actual experiment values for the (a) tensile strength and (b) elongation and 3D plot
interaction of the PVC and CuFe2 O4 loading on (c) tensile strength and (d) elongation.
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Table 5. Optimum combinations of optimization on tensile strength and elongation of NBR/PVC/CuFe2 O4
nanocomposite.
Properties
Tensile strength
Elongation

PVC (wt%)

CuFe2 O4 (wt%)

Predicted

Experimental

Desirability

Error (%)

42.00
9.10

0.74
4.27

19.5202
221.5

19.50
215

1
1

0.1
2.9

where Y is the impact strength of the quaternary
nanocomposite and ‘A’ and ‘B’ are PVC and CuFe2 O4 NPs
contents, respectively.
ANOVA was usually used to determine the significance
of model and model terms in factorial design technique. The
significance of each term was determined by the examination
of F and P values listed in tables 3 and 4. A larger F value and
a smaller P value suggest a more significant term. To be more
specific, a P value <0.05 was an indication of a significant
model term.
The comparison among the actual response values as
obtained from the experimental runs and predicted response
values based on the quadratic model equation of the tensile strength and elongation are demonstrated in figure 5. It
demonstrates that the model was an accurate explanation of
the experimental data. Thus, indicating that it was successful in comparing the correlation between the two variables.
Besides, there were adequate correlations with the linear
regression fit with the R-squared value of 0.9400 and 0.9536
for tensile strength and elongation, respectively.

3.1 Effects of PVC and CuFe2 O4 loadings on the responses
The response surface plots of tensile strength and elongation are given in figure 5. Figure 5c illustrated the 3D plot
of the effect of PVC and CuFe2 O4 wt% loading on tensile strength. In low percentages of PVC, tensile strength of
NBR/PVC/CuFe2 O4 nanocomposites was an ascending function of CuFe2 O4 wt% from 0.73 to 4.27. Similarly, at low percentages of CuFe2 O4 , tensile strength of NBR/PVC/CuFe2 O4
nanocomposites was an ascending function per PVC wt%
from 7.32 to 42.68. This figure illustrated the maximum tensile strength of NBR/PVC/CuFe2 O4 nanocomposites can be
achieved at 25 and 2.5 wt% of PVC and CuFe2 O4 loading,
respectively.
Figure 5d depicted the 3D plot of the elongation vs. PVC
and CuFe2 O4 wt%. In low percentages of PVC, elongation of
NBR/PVC/CuFe2 O4 nanocomposites increases as CuFe2 O4
wt% increases in the range of 0.73 to 4.27, but at low
percentages of CuFe2 O4 , elongation of NBR/PVC/CuFe2 O4
nanocomposites was a descending function of PVC wt% from
7.32 to 42.68. This figure showed the maximum elongation
of NBR/PVC/CuFe2 O4 nanocomposites to happen at 25 and
2.5 wt% of PVC and CuFe2 O4 loading, respectively.

Figure 6. (a) XRD pattern and (b) hysteresis loops of
NBR/PVC/CuFe2 O4 nanocomposite.

The predicted and experimental values for each of the
response under optimal conditions are presented in table 5.
Under optimal conditions, the maximum tensile strength and
elongation were obtained as 19.50 MPa and 215%, respectively.
3.2 Characterization of optimized nanocomposites
Figure 6a showed the XRD pattern of the optimized
NBR/PVC/CuFe2 O4 nanocomposite, which was in good
agreement with the XRD pattern of CuFe2 O4 NPs (JCPDS
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Figure 7. Surface SEM micrographs of (a) pure NBR, (b) NBR/PVC and (c) NBR/PVC/CuFe2 O4 .

Figure 8. Cross-section SEM micrographs of (a and d) pure NBR, (b and e) NBR/PVC and (c and f) NBR/PVC/CuFe2 O4 .

no. 34-0425) that confirmed the presence of CuFe2 O4 NPs
within the nanocomposite. The magnetic hysteresis loop was
measured at room temperature for the NBR/PVC/CuFe2 O4

and can be observed in figure 6b. NBR/PVC/CuFe2 O4 has a
coercive force (Hc ) value of 918.2 Oe and saturation magnetization (Ms ) value of 0.62 emu g−1 , which shows weak
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ferromagnetic behaviour at room temperature compared to
CuFe2 O4 NPs. Magnetization decreases as polymer content increases. Since, the NBR and PVC powders are not
magnetic, the magnetic properties of the NBR/PVC/CuFe2 O4
nanocomposite were attributed to the ferromagnetic properties of CuFe2 O4 NPs.
Surface SEM images of pure NBR, NBR/PVC and
NBR/PVC/CuFe2 O4 are summarized in figure 7. Pure NBR
has surface crackings that was reduced by adding 50% of
PVC. The addition of nanoparticles decreases surface cracks,
which were clearly observed in SEM cross-section images
(figure 8). It can be seen that cracks and empty areas of the
entire pure NBR tissue were reduced by adding PVC and
CuFe2 O4 nanoparticles, which causes improvements in the
mechanical properties of the NBR/PVC/CuFe2 O4 nanocomposite compared to the pure NBR polymer. It seems that
in the NBR/PVC composite, the interaction and the formed
chemical bonds between NBR and PVC reduce the tissue cracks relative to the pure NBR. Also, nanoparticles
with high surface area have good interaction with composite by surface hydroxyl groups that fill the pores within
the sample tissue, thereby reducing the cracks seen in the
images.
4. Conclusion
In this study, Design Expert software was used for the
optimization process of tensile strength and elongation of
NBR/PVC/CuFe2 O4 nanocomposites. In low percentages of
PVC, tensile strength and elongation of NBR/PVC/CuFe2 O4
nanocomposites were an ascending function of CuFe2 O4
wt%. Also, at low percentages of CuFe2 O4 , tensile strength
and elongation of NBR/PVC/CuFe2 O4 nanocomposites were
the ascending and descending functions per PVC wt%,
respectively. Since, the NBR and PVC powders are not magnetic, the magnetic properties of the NBR/PVC/CuFe2 O4
nanocomposite were attributed to the ferromagnetic properties of the CuFe2 O4 NPs and magnetization decreases as
polymer content increases. The addition of nanoparticles
decreases surface cracks, which cause improvements in the
mechanical properties of the NBR/PVC/CuFe2 O4 nanocomposite compared to the pure NBR polymer.
Finally, according to the response surface optimization, the
25 wt% of PVC and 2.5 wt% of CuFe2 O4 points achieve
the maximum tensile strength and elongation, which were
19.50 MPa and 215%, respectively.
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