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Abstract: The incorporation of iron-based oxygen scavengers into packaging materials is one of the 

ways that has been used for oxygen-sensitive foods to prolong their shelf life. A well-designed package 

with oxygen scavenging capability, appropriate gas barrier, and mechanical properties is required. A 

mixture experimental design was used to develop POE-based nanocomposite films in different 

proportions of iron-based oxygen scavenger, graphene, and silica nanoparticles. The results pointed out 

that nanosilica had a reinforcing effect and strengthened the mechanical properties of films. The oxygen 

scavenging capability and oxygen transmission rate increased at a higher proportion of iron 

nanoparticles, while graphene and silica had negative effects. According to DSC analysis results, 

incorporating components into POE resulted in lower melting points and higher crystallization 

temperatures than neat POE. Nanofiller dispersion was studied by field emission-scanning electron 

microscopy (FESEM) and X-ray diffraction (XRD). It has been proved that nanocomposite with a 

mixture of 0.4 wt% iron, 0.3 wt% graphenes, and 0.3 wt% silica showed a uniform dispersion of 

nanofillers, while with the increase of graphene, aggregation occurred. The optimized formulation 

obtained was 0.33 wt% iron, 0.21 wt% graphene, and 0.46 wt% silica. 
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1. Introduction 

Consumer demand has shifted to healthy food products with a longer shelf life leading 

to emerging trends in food packaging technologies. Oxygen deteriorates food quality 

characteristics by causing many reactions such as fat oxidation, microbial growth, enzymatic 

browning, and nutrient loss [1]. In order to extend foods' shelf life and customer acceptability, 

the exclusion of oxygen from packaging is necessary [2]. Modified atmosphere packaging has 

been developed to maintain the desired quality by modifying the gaseous atmosphere within 

packages [3, 4]. However, the oxygen remaining inside the package and the oxygen permeating 

through the package materials, especially materials with an insufficient gas barrier, lead to food 
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deterioration [5]. Another technique for the removal of oxygen is vacuum packaging. It was 

also found that the vacuum method cannot eliminate the oxygen entering the packaging [6]. 

Incorporating oxygen scavengers into food packaging structure is one of the most recently used 

approaches for reducing oxygen or preventing the permeation of it through the packaging 

material [7, 8]. Integrating nano-sized iron-based oxygen scavenger directly into the packaging 

film structure or introducing it into various layers of multi-layer packaging film has been 

commonly used [8]. The multi-layer oxygen scavenging film protected the sausage against 

oxygen deterioration leading to better quality preservation [9].  

A significant feature that determines the product's expected shelf life is the gas 

permeability of polymeric materials in food packaging [10, 11]. The reinforcement of polymer 

matrices by nanofillers removes some of their drawbacks associated with a poor gas barrier, 

and thermal and mechanical properties [12, 13]. The nanoscale fillers provide a large interfacial 

area, improving various properties of nanocomposites [12]. They lend some properties to 

polymer matrices, such as enhancing their mechanical strength, thermal stability, and many 

other properties [14]. For instance, the addition of nanoclay to the PP matrix revealed some 

noticeable improvements in tensile strength, thermal properties, and oxygen permeability [15, 

16].  

Polyolefin elastomer (POE) is a relatively new type of copolymer consisting of a larger 

segment of ethylene and a lower segment of alpha-olefin such as octene, butene, and hexene 

[17], making it a good option for flexible packaging and other diverse applications [18]. 

However, POEs' high gas permeability restricts their applications in the packaging industry 

[19]. Therefore, the incorporation of inorganic fillers into the POE has been developed to 

improve its performance capabilities [20].  

Silica nanoparticles (NPs) have gained much attention for their large surface-to-volume 

ratio and low toxicity, considering them in the preparation of nanocomposites. Homogeneous 

dispersion of silica NPs in the polymer matrices significantly affects the performance of the 

polymer [14]. They improve the polymer's strength, heat resistance, and optical properties [21]. 

Silica incorporated into PE and PP matrices showed higher tensile strength, modulus, and 

elongation than PE and PP without nanofiller [22]. The integration of silica NPs into polymers 

by various approaches offered enhanced mechanical properties [23] and thermal stability of 

nanocomposite [24].  

Graphene, with a high surface area, has been considered a potential material for 

packaging applications due to its excellent mechanical properties, thermal conductivity, and 

optical transmittance [25-28]. Graphene and its derivatives significantly impact the polymer's 

mechanical properties [11, 29, 30]. They make a strong interfacial interaction with the polymer, 

which influences the thermal characteristics [31]. They can also enhance the oxygen barrier 

properties of nanocomposites. Adding 0.4 wt% of GO and GNP to the PLA matrix resulted in 

a threefold reduction in oxygen permeability [32]. 

It is imperative to use an appropriate way to determine the optimal formulation of an 

active film. Among all the experimental design methods, the D-Optimal mixture design is the 

best technique to investigate the optimal formulation of composite materials [33]. Moreover, 

compared to other methods, it has fewer runs and is more time and cost-effective [34]. 

The present study aimed to investigate the effects of iron-based oxygen scavenger, 

silica and graphene nanoparticles on oxygen scavenging capability, oxygen transmission rate, 

and mechanical properties of active films and to find an optimized formulation using a mixture 

design method. 
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2. Materials and Methods 

2.1. Materials. 

Polyolefin elastomer (POE) (LUCENE LC565) with a density of 0.865 g/cm3 and 

melting flow index (MFI) of 5 g/10min (at 190°C) was supplied from LG chem (Seoul, South 

Korea), POE-g-MAH (CMG5805) (Density 0.87-0.9 g/ml, MFI 0.5-2 g/10 min (190 °C, 5 kg)) 

was obtained from Fine Blend Compatilizer Jiangsu Co., Ltd (China), Fe nanoparticles (Iron, 

99.5%, 25 nm, partially passivated) was provided by US Research Nanomaterials, Inc 

(Houston, USA), nanosilica (> 99.8% SiO2 content) was obtained from Wacker Chemie AG., 

(Munich, Germany) and graphene (1µ, 1-2 nm, > 98% pure) was purchased from United 

Nanotech Innovations Pvt. Ltd (Bangalore, India). 

2.2. Methods. 

2.2.1. Experimental design. 

A mixture design, with constraints on the proportions of the components, was used for 

film preparation. In this study, the effects of variables concentrations, including iron (0.1-1 

wt%), silica (0-1 wt%), and graphene (0-1 wt%) in a mixture of POE + POE-g-MAH (99 wt%) 

with a fixed proportion of 97:3 (POE: POE-g-MAH) on elongation at break (EB), Young's 

modulus (YM), tensile strength (TS), oxygen transmission rate (OTR) and oxygen scavenging 

capability (OSC) were examined. Preliminary tests were used to determine each component's 

low and high constraints. Table 1 presents the experimental runs in five repetitions given by 

mixture design. The concentrations of each variable in real and pseudo-component values in 

different blends are also reported.  

Table 1. Real and Pseudo-component values of the independent variables by mixture design. 
Sample Components Pseudo-componentsa 

 Nano-iron Nano-silica Nano-graphene 𝑥1 𝑥2 𝑥3 

1 0.848 0.000 0.152 0.831 0 0.169 

2 1.000 0.000 0.000 1 0 0 

3 1.000 0.000 0.000 1 0 0 

4 0.100 0.900 0.000 0 1 0 

5 0.100 0.443 0.457 0 0.492 0.508 

6 0.550 0.450 0.000 0.5 0.5 0 

7 0.243 0.600 0.157 0.159 0.667 0.175 

8 0.398 0.301 0.302 0.331 0.334 0.335 

9 0.100 0.000 0.900 0 0 1 

10 0.253 0.147 0.600 0.170 0.164 0.666 

11 0.100 0.443 0.457 0 0.492 0.508 

12 0.100 0.900 0.000 0 1 0 

13 0.550 0.450 0.000 0.5 0.5 0 

14 0.698 0.153 0.149 0.665 0.17 0.166 

15 0.100 0.000 0.900 0 0 1 

16 0.550 0.000 0.450 0.5 0 0.5 

xi shows the pseudo-components values of component: x1= iron, x2=graphene, and x3=silica 

2.2.2. Nanocomposite preparation. 

POE and POE-g-MAH compatibilizers with different proportions of iron, silica, and 

graphene nanoparticles were melt-blended using a laboratory twin-screw extruder (model ZSK 
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25, Werner & Pfleiderer, Germany). The screw diameter (D) and L/D ratio of the extruder were 

25 mm of 40/1, respectively. A temperature profile of 130/150/170/170/170 °C was applied, 

and the rotation speed of the screw was set to 150 rpm. The extruded pellets were placed 

between two plates of hot-pressed (Mini Test Press Toyo Seiki) at 170 °C and 20 MPa to 

produce the films. Then the mold was held into a water-cooled hydraulic press to cool it down 

to room temperature. 

2.3 Mechanical properties. 

Mechanical properties of POE nanocomposites, including the tensile strength (TS), 

elongation at break (EB), and Young's modulus (YM), was determined using a Santam STM-

50 universal testing machine at a cross-head speed of 500 mm/min at room temperature, 

according to ASTM D882. Each sample was tested 5 times for tensile properties. 

2.4. Oxygen transmission rate. 

The oxygen transmission rate (OTR) of the films in cc/ (m2 day atm) was measured by 

an Oxtran 100 equipment (Mocon, MN, USA), based on ISO 15105-1/ ASTM standard method 

D 3985. The OTR test was carried out at 23 ± 2 °C and 80% relative humidity (RH). The 

thickness of the films was determined by a micrometer (Mitutoyo, Japan). The films were 

purged by nitrogen and then exposed to oxygen flow. The oxygen gas purity was > 99.5%. The 

test was performed in triplicate, and the average values were reported.  

2.5. Oxygen scavenging capability. 

The oxygen absorption capacity of samples was measured by a gas analyzer 

(Oxybaby®6.0, HTK, Hamburg, Germany). 1 g of the nanocomposite was placed inside a 

septum-capped vial with a volume of 40 ml at room temperature (24 °C). The relative humidity 

in vials was kept at 100% and prepared with 1 ml water. The gas analyzer' needle was inserted 

through the gas-tight septum to measure the headspace oxygen content (%O2) as a function of 

time. Gas analyzer calibration was performed in ambient air for each measurement. Each 

sample was tested three times after 15 days, and the average value was reported as O2 

absorbed/g composite (mL/g).  

2.6. DSC. 

Differential scanning calorimetry (DSC) test was performed on PerkinElmer DSC- 2C 

in which the samples were heated first from 0 to 150 °C, maintained for 5 min at 150 °C and 

then cooled to 0 at a rate of 10 °C/min under the nitrogen purge flow. The degree of crystallinity 

was obtained from the melting enthalpy of 100% crystalline polyethylene (PE) using the 

following equation: 

𝑋𝑐 =
∆𝐻𝑚

∆𝐻𝑚
0 (1 − 𝜑𝑛) 

 × 100 

where, ∆𝐻𝑚 represents the melting enthalpy from DSC measurements, ∆𝐻𝑚
0  indicates the 

melting enthalpy of 100% crystalline PE (290 Jg-1) and 𝜑𝑛 is a weight content of nanofiller. 

2.7. FESEM. 
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Field emission scanning electron microscopy (FESEM) was carried out using a KYKY-

EM8000F (China) scanning electron microscope. The surfaces of POE-nanocomposites were 

coated with gold before being scanned at 20 kV accelerating energy. 

2.8. XRD. 

X-ray diffraction (XRD) was carried out by Philips X-Pert Pro Diffractometer using Cu 

K irradiation at a voltage of 45 kV and a current of 40 mA. The data were obtained in the range 

of 10° to 80° with a step size of 0.02. 

2.9. Statistical analysis. 

The mechanical properties, oxygen transmission rate, and oxygen scavenging 

capability of the films were analyzed with Stat-Ease Design Expert 7, Stat-Ease, Inc.). All 

responses were fitted to quadratic models to explain the relationship between the responses and 

the factors followed by Eq. 1: 

𝑦 =  𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽3𝑥3 + 𝛽12𝑥1𝑥2 + 𝛽13𝑥1𝑥3 + 𝛽23𝑥2𝑥3  

where 𝑦 is the dependent variable, 𝛽 is the regression coefficient for each component and 𝑥1, 

𝑥2 and 𝑥3 represent the levels of iron, graphene, and silica, respectively. Analysis of variance 

(ANOVA) determined the significance of the fitted model (P-value <0.05 and LOF > 0.05). 

In order to study the relation between mixture variables and measured responses, the triangular 

contour plots of the polynomial equation were analyzed. The contour plot helps to visualize 

changes in a response along with changes in experimental factors. In a contour plot, the contour 

lines represent the constant responses in a two-dimensional plot [35]. 

3. Results and Discussion 

The mechanical characteristics, OTR, and OSC results of the films are presented in 

Table 2. The quadratic models were selected as appropriate regression models to predict the 

effect of each variable on measured responses. Table 3 summarizes the statistical results of 

ANOVA for TS, EB, YM, OTR, and OSC. It can be seen that the fitted models are highly 

significant (p ≤ 0.05), and an insignificant lack of fit is shown for all the studied responses (p 

≤ 0.05). The adjusted regression coefficient (R2 adj) ranged between 0.94 and 0.99, suggesting 

that the models predicted the responses adequately.  

3.1. Tensile strength. 

The tensile strength values of films were between 1.52 and 1.87 Mpa. As seen in Table 

3, according to the modeling coefficients, silica had a more coefficient (β 1.84) on TS than the 

other components. In other words, increasing the amount of silica resulted in strengthened 

films. The contour plot of TS as a function of the three mixture components (Figure 1a) shows 

that the inclusion of high values of graphene into POE decreased the TS values. This was owing 

to the weak interfacial bonding at the interfaces of graphene nanosheet and polymer as well as 

the agglomeration of graphene [36, 37]. The agglomerates acted as stress concentrators and 

reduced the TS [11]. As seen from the graph, the addition of nanosilica strengthened the TS in 

the final nanocomposites (indicated by the red contour), which was attributed to the formation 

of hydrogen bonds between the anhydride group of POE-g-MAH, as a compatibilizer, and the 

hydroxyl groups of the silica NPs leading to good interfacial bonding between the filler and 

polymer [38]. However, the increase in iron and graphene content had a decreasing effect on 
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TS values (demonstrated by the blue area). The maximum TS was at 0.25 wt% iron, 0.15 wt% 

graphene, and 0.6 wt% silica. The obtained plot confirms the interaction effects of the 

nanoparticles in tensile strength.  

Table 2. The results of mechanical, OTR and OSC properties of the films. 
Run  Mechanical Propertiesa  OTR (cc/ (m2 day atm))a  OSC (ml)a 

 TS (Mpa) EB (%) YM (Mpa)   

1 1.66 ± 0.07 1922.58 ± 15.7 2.03 ± 0.05 1760.19 ± 14.37 8.7 ± 0.07 

2 1.55 ± 0.13 1294.13 ± 10.57 1.94 ± 0.02 1948.2 ± 15.91 9.38 ± 0.15 

3 1.52 ± 0.04 1218.06 ± 9.95 1.89 ± 0.08 1876.7 ± 15.32 9.29 ± 0.08 

4 1.54 ± 0.06 867.46 ± 7.08 1.96 ± 0.06 1228.87 ± 10.03 2.34 ± 0.04 

5 1.71 ± 0.1 1733.7 ± 14.16 2.19 ± 0.13 908.93 ± 7.42 2.88 ± 0.02 

6 1.66 ± 0.09 1265 ± 10.33 2.14 ± 0.09 1324.09 ± 10.81 3.57 ± 0.06 

7 1.71 ± 0.14 1416.27 ± 11.56 2.09 ± 0.07 1057.92 ± 8.64 2.98 ± 0.05 

8 1.81 ± 0.15 1816.23 ± 14.83 2.21 ± 0.05 1125.94 ± 9.19 4.32 ± 0.07 

9 1.84 ± 0.05 1937.08 ± 15.82 2.3 ± 0.02 1644.88 ± 13.43 3.21 ± 0.03 

10 1.87 ± 0.08 2023.02 ± 16.52 2.23 ± 0.16 1392.24 ± 11.37 4.24 ± 0.07 

11 1.78 ± 0.13 1637.33 ± 13.37 2.18 ± 0.09 946.93 ± 7.73 2.4 ± 0.04 

12 1.59 ± 0.04 879.76 ± 7.18 1.96 ± 0.11 1289.37 ± 10.53 2.52 ± 0.02 

13 1.66 ± 0.12 1112.4 ± 9.08 2.07 ± 0.15 1374.59 ± 11.22 3.43 ± 0.03 

14 1.7 ± 0.07 1668.66 ± 13.62 2.08 ± 0.07 1498.02 ± 12.23 6.44 ± 0.11 

15 1.84 ± 0.11 1855.72 ± 15.15 2.27 ± 0.06 1651.88 ± 13.49 3 ± 0.05 

16 1.79 ± 0.04 2100.42 ± 17.14 2.15 ± 0.12 1624.74 ± 13.27 7.03 ± 0.06 
a Each value is the mean of three measures ± SD. 

Table 3. Best adjusted model and goodness of fit obtained for the mechanical, OTR and OS properties. 
Response F-value p-value Lack of fit (p) R2 Adj R2 Model 

TS 50.25 < 0.0001 0.6076 0.9617 0.9426 + 1.53A + 1.56B + 1.84C + 0.49AB + 

0.52AC + 0.22BC 

EB 65.05 < 0.0001 0.2044 0.9702 0.9553 + 1303.04A + 879.07B + 1882.08C + 

422.56AB + 2427.92AC + 1219.16BC 

YM 71.44 < 0.0001 0.7681 0.9728 0.9592 + 1.92A + 1.96B + 2.28C + 0.66AB + 

0.24AC + 0.24BC 

OTR 155.30 < 0.0001 0.2289 0.9873 0.9809 + 1905.94A + 1258.26B + 1663.33C - 

983.99AB -650.65AC - 2131.11BC 

OSC 746.06 < 0.0001 0.7297 0.9973 0.9960 + 9.30A + 2.45B + 3.10C - 9.25AB + 

3.52AC - 0.24BC 

A (iron), B (graphene), C (silica) expressed as pseudocomponents. TS: tensile strength; EB: elongation at break; YM: Young 

modulus; OTR: oxygen transmission rate; OS: oxygen scavenging. 

3.2. Young's modulus. 

Young's modulus is related to the rigidity of the packaging material. The YM values of 

the nanocomposites varied between 1.89 and 2.3 Mpa. The stiffness of the polymer matrix 

increased with the reinforcing effect of silica NPs [39], which could be the reason for the 

greatest coefficient observed for silica (β 2.28) (Table 3). The contour plot of the YM at 

different levels of nanoparticles is shown in Figure 1b. As seen, the maximum YM was 

obtained at the lowest levels of graphene (0 wt%) and iron (0.1wt%), while silica was in its 

highest level (0.9 wt%). It is evident that the presence of silica had an obvious effect on YM; 

therefore, with increasing the content of which, the red areas indicating the highest YM values 

went up. It seems that the uneven dispersion and lower interfacial adhesion of graphene 

nanoplatelets/polymer matrix have led to a decrease in YM [40-42]. 
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Figure 1. Surface contour plot for (a) tensile strength; (b) Young's modulus; (c) elongation at break; (d) oxygen 

transmission rate; (e) oxygen scavenging capability. 

3.3. Elongation at the break. 

Considering the regression coefficients of graphene (β 879.07) and silica (β 1882.08), 

the introduction of graphene into the composite restricted the movement of the polymer chains; 

thus, they could not dissipate the applied mechanical energy [43]. With the growing 

incorporation of graphene, the ductility of the polymer phase decreased, and poor interfacial 

adhesion of graphene/POE resulted in a reduction in elongation at break (Table 2) [44, 45]. 

This is in contrast with the findings of Krystyjan, Khachatryan [46]. However, when silica 

nanoparticles were added, the surface bonding between the polymer molecules increased. This 

is why the elongation at break values of the nanocomposite increased [47]. Figure 1c shows 

the interaction effect of mixture constituents on the elongation at break. It is clear that with 

increasing amounts of graphene in the mixture, EB shifted to lower values demonstrated by the 

increased blue areas in the plot. This could be explained by improper distribution, and 

agglomeration of this component reduced the EB of the nanocomposites. 

(a) (b) 

(c) (d) 

(e) 
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3.4. OTR. 

In order to test the OTR of the films, their passive function in inactive mode was 

evaluated. The oxygen scavenger nanocomposites were inactivated by placing them in ambient 

conditions until no oxygen absorption occurred. According to the results (Table 3), nano iron 

presented the highest coefficient (β 1905.94) with the most pronounced influence on OTR. This 

can be ascribed to forming small pores in the polymer matrix by iron NPs [48]. The free volume 

created in the composite structure led to an increase in oxygen permeability [49]. The binary 

interaction coefficient of BC was the highest, giving more evidence of the barrier effects of 

graphene and silica. As seen in Table 2, the treatment with 0.1 wt% iron, 0.45 wt% graphene, 

and 0.45 wt% silica showed the lowest OTR (1817 cc/ (m2 day atm). Adding graphene to POE 

nanocomposites decreased OTR values since graphene platelets created a tortuous permeation 

path that acted as a gas barrier [50]. This agrees with the findings from [7, 51, 52]. Khalaj, 

Ahmadi [53]. They found that clay platelets, as a physical barrier, slowed down the permeation 

of oxygen through the polymeric film and increased the distance of oxygen passing across the 

polymeric matrix. The contour plot of OTR for POE-based nanocomposites at various 

combinations of components is shown in Figure 1d. The plot depicted that OTR decreased with 

an increase in graphene and silica contents showing their barrier effects on oxygen permeation 

[54]. 

3.5. Oxygen scavenging capability. 

The adjusted model showed that nano iron with the highest linear coefficient greatly 

impacted the oxygen absorption results (Table 3). The negative interaction coefficient term of 

AB stated that iron, in combination with graphene, exerted an antagonist effect on the response. 

The oxygen scavenging capability of POE nanocomposites at 24 °C and 100% RH are reported 

in Table 2. High humidity acted as an activator that stimulated the oxygen absorption of films. 

After 15 days, the highest oxygen absorption (2.38 ml/g composite) was observed for sample 

with high proportions of iron (1 wt%), whereas the composite with 0.1 wt% iron and 0.9 wt% 

graphene showed the lowest oxygen absorption (2.34 ml/g composite). This is consistent with 

the conclusions reported by Gibis and Rieblinger [9]. The integration of an iron-based oxygen 

scavenger into packaging material (EVA polymer) led to significant improvements in the 

oxygen consumption of sausage when exposed to light [9]. The Iron kaolinite incorporated into 

LLDPE and HDPE matrices absorbed 4.3 ml and 2.4 ml oxygen/g composite, respectively, 

after 60 days (at 24 °C and 100% RH) [7]. Galdi, Nicolais [55] studied the performance of the 

5% Amosorb as an oxygen scavenger added to PET. They reported that all active films 

scavenged 0.81 to 0.86 ml of oxygen per gram of composites, however after 26 hours, the 

Amosorb activity reached a plateau level. The OSC of iron-based oxygen scavenger added to 

fish gelatin film was evaluated [56]. The active film had an oxygen scavenging capacity of 

1969.08 ml O2/m
2/mil in the presence of moisture after 50 days. It has been reported [7] that 

the ability of oxygen to bind to iron centers in the nanocomposite structure determines the 

oxygen-scavenging capability of the composite. As a result, the film with 1 wt% nano iron 

showed the highest permeability to oxygen and moisture and scavenged the oxygen effectively. 

Figure 1e indicates that graphene and silica reduced the oxygen scavenging value of composites 

to a lower extent, which was mainly related to the barrier effects of nanofillers. 
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3.6. DSC. 

DSC measurements were carried out to determine any changes in melting and 

crystallization temperatures (Tm and Tc), melting and crystallization enthalpies (ΔHm and 

ΔHc), and crystallinity degree (Xc%) in the nanocomposites (Figure 2). The melting 

temperature of pure POE (control) was 49.08 °C (Table 4). The addition of nano iron to POE 

decreased the melting temperature to 47.27 °C (T2). Graphene and/or silica NPs have also 

caused a drop in melting temperature to 45.93 °C (T3), 46.76 °C (T7), and 45.75 °C (T8). The 

crystallization behavior of samples showed that incorporating nanocompounds into POE 

increased crystallization temperatures except for T8 (Figure 2b). The treatment containing 0.9 

wt% graphene (T3) showed maximum Tc since the additional graphene incorporation formed 

aggregates that acted as nucleating agents. Results are consistent with those of other studies 

[57, 58]. Tesarikova and Merinska [59] suggested that the increase in Tc of EOC/ Cloisite 93 

was due to the lower mobility of polymer chains after the addition of nanofillers. However, this 

differs from the reported data by Gaska and Xu [60], in which case, a Tc decrease of 

LDPE/graphene composite was owing to good dispersion of nanofiller that prevented the 

growth of LDPE crystallites. It can be seen from Table 4 that the introduction of 0.9 wt% 

nanosilica (T8) decreased the crystallization temperature to 18.91 °C, which affirmed the anti-

nucleation behavior. As the properties of the nanocomposites are widely dependent on 

polymer/filler interactions [61], adding silica in the presence of POE g-MAH led to more finely 

dispersed nanocomposites due to the improved polymer/nanofiller interactions. The degree of 

crystallinity of nanocomposites decreased, starting from 7.17 % for pure POE to a minimum 

of 4.1 % for T3. The observed reduction was attributed to the fact that the nanofillers reduced 

the continuity of the polymer matrix, especially plate-like nanofillers incorporation decreased 

the level of crystallinity in thermoplastic nanocomposites [62]. This is consistent with the 

conclusions from Tarani and Papageorgiou [62] for LDPE/GNP nanocomposites.  

 

 Figure 2. DSC thermograms of POE-based nanocomposites during (a) heating and (b) cooling.  

Table 4. Differential scanning calorimetry results of selected POE-based nanocomposites. 
Sample Tm (° C) Tc (° C) Xc (%) ∆Hm (J.g-1) ∆Hc (J.g-1) 

Control 49.08 19.25 7.17 20.8 17.08 

T2 47.27 22.73 4.69 13.62 12.5 

T3 45.93 28.41 4.1 11.9 14.9 

T7 46.76 20.90 4.84 14.04 17.08 

T8 45.75 18.91 4.51 13.08 13.62 
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3.7. FESEM. 

The dispersion of nanofillers in a polymer matrix has been assessed through 

microscopic investigations. The surface morphology of nanocomposites of T3, T4, T7, and T8 

is shown in Fig. 3. A comparison of the graphene distribution in a matrix of POE can be seen 

in Figs. 3a-e. Fig. 3e confirms the uniformity of graphene nanosheet distribution as well as an 

appropriate silica/polymer interfacial interaction. In this treatment, any agglomerated 

structures of graphene have not been observed, suggesting the polymer chains intercalated into 

graphene interlayers. It comes from Figs. 3a-d that T3 and T4 morphology consisted of 

randomly aggregated sheets of graphene associated closely with each other. This reveals that 

higher graphene concentrations (0.44 wt% and 0.9 wt%) gave a comparatively rough surface 

to nanocomposites which are attributed to the nanofillers agglomeration (Fig. 3a-3d). This is 

in agreement with the conclusions from the XRD analysis. It can be seen from Fig. 3f that silica 

NPs were dispersed uniformly in the POE matrix. The compatibility of the POE with silica was 

due to the incorporation of POE-g MAH into the polymer chains. The compatibilizer reduced 

the interfacial tension between the non-polar POE and polar nanosilica, making a much finer 

morphology. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Fe-Sem images of POE nanocomposites. (a) and (b) T3; (c) and (d) T4; (e) T7 and (f) T8. 
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3.8. XRD 

XRD analysis was carried out to investigate the presence of graphene in 

nanocomposites. XRD patterns of pure POE, graphene, and their nanocomposite (T3) have 

been compared (Fig. 4). The diffraction peak of graphene appeared at 26.5° corresponding to 

the d spacing value of 3.37 nm, and the spectrum of pure POE showed a peak at 19.2 ° (Table 

5). Fig. 4 confirmed the difference between the curves of POE/graphene composite and pure 

POE. A remarkable peak at 2θ ~ 26.4° representing the distance between the graphene layers 

was observed in POE/graphene composite. As seen in Figure 4, a small shift in the diffraction 

peak of graphene occurred towards lower angles from 26.5° to 26.4°. This can be concluded 

that the distance between the graphene plates did not change significantly, which can be 

interpreted as an agglomeration of graphene nanoplatelets at 9 wt%. In addition, graphene 

inclusion decreased the diffraction peak's intensity, causing a decrease in the crystallinity of 

the nanocomposite. However, Sabet and Soleimani [54] reported that the peak intensity arose 

with the additional graphene in LDPE. 

Table 5. XRD parameters of nanocomposite films. 
Treatment Peak angle, 2θ (°) Interlayer distance (nm) 

Pure POE 19.198 4.61 

Graphene 26.475 3.37 

T3 26.395 3.38 

 
Figure 4. XRD graphs of pure POE, graphene, and T3. 

3.9. Optimization of the variables 

To optimize multiple responses, the constraints of iron, silica, and graphene values were 

set within the range, the EB, YM, TS, and OSC were set to maximum, and OTR was defined 

as the minimum. The propagation of error (POE) values were set to a minimum to provide a 

more robust design. The final optimized formulation was found to be 0.33 wt% iron, 0.21 wt% 

graphene, and 0.46 wt% silica, with a maximum desirability of 0.762. In order to validate the 

adequacy of the model equations, verification experiments were carried out in triplicate. The 

predicted and experimental results for the optimal formulation are reported in Table 6. As seen, 

the data predicted by models were in good agreement with the experimental results (p > 0.05). 

Table 6. Predicted and experimental values of responses for optimal combination. 
Responses Predicted value Experimental value P (T ≤ t) two-tail 

TS 1.81 ± 0.01 1.85 ± 0.04 0.15 
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Responses Predicted value Experimental value P (T ≤ t) two-tail 

YM 2.2 ± 0.01 2.22 ± 0.02 0.07 

EAB 1951.56 ± 38.15 1967.25 ± 53 0.21 

OTR 1199.24 ± 19.78 1221.41 ± 32.28 0.09 

OS 4.26 ± 0.07 4.3 ± 0.04 0.27 

4. Conclusions 

POE/POE-g-MAH nanocomposites incorporated with different contents of iron, silica, 

and graphene nanoparticles were produced by the melt blending process. The mixture 

experimental design effectively determined the effects of different variables on nanocomposite 

properties and proposed an optimized formulation. Nanosilica proved as a good reinforcing 

filler even at high concentrations and enhanced the mechanical properties of the films. 

Graphene and silica nanofillers contributed to the improvement of oxygen barrier properties, 

while these components had a negative effect on oxygen scavenging capacity. The optimum 

conditions were found to be 0.33 wt% for iron, 0.21 wt% for graphene, and 0.46 wt% for silica. 

It can be concluded that the produced oxygen scavenging film with improved physical 

properties gives the best performance in food packaging applications. 
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