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A B S T R A C T

Rigid polypropylene is mechanically recycled but flexible polypropylene is mostly used in energetic valorization 
because of the poor properties of the recycled polymer. A recycled polypropylene-based composite with 
outstanding properties for flexible food packaging was developed. For the first time, the influence of maleated 
polypropylene copolymer addition and the fumed silica/copolymer ratio on the packaging properties of recycled 
flexible polypropylene under the effects of silica hydrophilicity was investigated. The structural, morphological, 
thermal, mechanical, melt flow, overall migration, water vapor barrier and sealing properties of the developed 
nanocomposites were analyzed. Prominently, the addition of 1:1 maleated polypropylene and hydrophobic 
nanosilica improved the global performance of all tested methods. The recycled polypropylene had an overall 
migration to olive oil of 17 mg dm− 2, exceeding the limit allowed for food packaging, but the developed added- 
value composite reduced it to the tolerance limit according EU legislation. The seal strength was drastically 
increased by 50 % with adhesive peeling, high thermal stability, and well-dispersed particles without affecting 
the ductility.

1. Introduction

Flexible packaging “business-to-consumer” (B2C) comprises any 
flexible packaging used and discarded by an individual within a home or 
on the go. According to the Ellen MacArthur Foundation, flexible 
packaging is growing faster than other plastic packaging categories (5 % 
annual growth globally from 2019 to 2020). It encompasses the market 
with more challenges to address toward sustainability. These materials 

are primarily single-use and have very low recycling rates [1]. 
Currently, very few flexible plastics B2C are recycled anywhere globally, 
with recycling rates lower than 8 % in Europe and nearly 0 % worldwide 
[2].

The recycling of flexible plastics involves losses of quantity and 
quality deterioration; therefore, virgin raw polymer input is needed. 
Thus, only a fraction of the flexible packaging is recirculated into high- 
quality products. In addition, virgin polymer input requirements for 
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food packaging are greater because of the challenge of developing ma
terials from recycled packaging that can be used in food contact [3].

One of the plastics widely used in flexible packaging is poly
propylene (PP), an expensive thermoplastic polymer with exceptional 
characteristics, such as thermal resistance, humidity barrier, light
weight, recyclability, and processability with the typical industrial 
equipment for plastic conversion [4]. The PP packaging film market has 
experienced a growing demand for bendy and lightweight sustainable 
packaging solutions, and manufacturers are focused on developing 
high-performance recyclable PP films. The global PP packaging film 
marketplace is estimated to exhibit a CAGR of 6.78 % from 2023 to 2030 
[5]. Consequently, increasing PP film recycling rates is needed to 
diminish PP film accumulation in ecosystems and achieve more circular 
production.

Mechanical recycling is a waste recovery strategy for reducing plastic 
waste because it is easily implementable and does not require expensive 
or complex modification of the manufacturing equipment. Nonetheless, 
mechanical recycling of polymers causes polymer degradation reactions 
and property loss [6,7]. Thermal-mechanical reprocessing of PP results 
in reactions such as chain scission and hydroperoxide formation, which 
deteriorate the properties of the polymer [8,9]. This degradation phe
nomenon is worsened through cross-contamination during recycling, 
and the tensile strength, thermal stability, impact strength, barrier 
ability, and seal strength, among other properties, are modified [8,10]. 
In the case of food packaging applications, even more critical is that the 
migration of substances from recycled PP waste to food could increase 
because of by-side products, oligomers, pollutants incorporated during 
recollection and other substances of low molar mass produced during 
thermal-mechanical reprocessing [11].

On the other hand, polymer nanocomposite development has been 
increasing to tune polymer performance for several applications 
[12–14]. Nanotechnology has been used to improve the properties of PP, 
mainly by testing virgin resin and several nanofillers, such as nanoclays, 
carbon nanotubes, and graphene nanoplatelets [14,15]. In contrast, 
fumed silica has rarely been investigated in plastic packaging waste. 
Fumed nanosilica (NS) is an amorphous synthetic silica thermally syn
thesized as a white powder without odor, non-toxic, inexpensive, 
commercially available, and authorized as a food additive [16,17]. This 
silica has a high specific surface area and can be hydrophobized by 
chemical modification to tune interactions with neighboring compo
nents. Nonetheless, the use of NS in recycled flexible polypropylene 
from plastic waste streams needs to be studied in order to address several 
challenges associated with plastic’s properties for food packaging ap
plications. For example, overall migration to food simulants requires 
investigation because overall migration values have been reported to 
overcome the established limit in some recycled plastics [11,18–20] and 
because of the quality of the seal strength of the film for flexible pack
aging. Besides, the suitability of the properties of nanocomposites for 
food packaging depends on the type of polymer, type and concentration 
of the nanofiller, additives and compatibilizers; and must be studied case 
by case according to the European Food Safety Authority [21]. PP graft 
copolymers have been used as coupling agents between polyolefins and 
natural fillers. In this context, acid-modified polyolefins such as PP and 
polyethylene graft copolymers with maleic anhydride with segments 
that interact with the hydrophobic polymer and with natural fillers have 
been studied [22–24]. They have mostly been studied to enhance me
chanical properties, but fumed silica/MAPP as simultaneous modifiers 
of seal ability and overall migration behavior have not been reported.

These factors encourage the development and testing of polymer 
composite systems based on recycled flexible polypropylene for more 
sustainable production and the circular transformation of plastic man
agement [25] and contribute to the sustainable development goals of the 
United Nations, which are associated with prevention, reduction, recy
cling, and reuse strategies to reduce waste generation by 2030 (UN, 
Responsible Consumption and Production, Sustainable Development 
Goals, Goal 12.5).

This research developed an added-value nanocomposite with 
outstanding properties based on recycled flexible PP and NS by incor
porating maleated polypropylene (MAPP), a copolymer that acted as a 
compatibilizer. The recycled flexible polypropylene emulated post- 
consumer conditions by a post-industrially controlled collection of dis
carded food packaging. For the first time, the influence of the NS/MAPP 
mass ratio on PCPP properties was revealed under the effects of NS type. 
Two types of fumed silica, hydrophilic and dimethyldichlorosilane- 
treated, were used at different mass ratios of the maleated poly
propylene compatibilizer and the fumed silica. The performance of the 
developed packaging polymer materials was tested by analyzing their 
structural (ATR-FTIR), morphological (SEM‒EDS), thermal (DSC/TGA), 
and tensile properties, melt flow rate, seal strength, water vapor 
permeability and overall migration to olive oil for food packaging 
applications.

2. Materials and methods

2.1. Polymers and nanofillers

Virgin polypropylene homopolymer in pellets (VPP) (MFR = 3 g 10 
min− 1) was obtained from Petroquim S.A., Chile. Recycled poly
propylene (MFR = 6.8 g 10 min− 1) in pellets (PCPP) from flexible 
packaging was purchased from Inproplas S.A. (Chile). The recycled 
flexible polypropylene emulates post-consumer recycled plastic because 
it was obtained from discarded flexible packaging that was in contact 
with food but collected by a post-industrial-controlled process without 
going to the market or being disposed of at waste collection points where 
there is a critical contamination risk. Polypropylene-g-maleic anhydride, 
maleated polypropylene (MAPP) pellets (Mw = 9100 and Mn = 3900 Da, 
MFR non-measurable because of high flowability) contained between 8 
and 10 wt% maleic anhydride (Sigma‒Aldrich). Two commercial fumed 
silicas (hydrophilic and hydrophobized) were purchased from Hao
chuang Material (native particle size: 5 nm–40 nm): hydrophilic nano
silica (NS1), specific surface area = 200 m2 g− 1, and the chemically 
treated with dimethyldichlorosilane nanosilica (NS2).

2.2. Obtention of the nanocomposites

Nanocomposites were prepared in a Labtech Scientific LTE-20–40 
twin-screw extruder (Samutprakarn, Thailand). After homogenization, a 
blend of PCPP and MAPP in pellets and NS in powder was fed to the 
hoppers. The recycled polymer and nanofiller were previously dried at 
100 ◦C for 24 h. The extrusion profile was between 180 ◦C (feeding zone) 
and 195 ◦C (flat die). Nanocomposites with NS1 and NS2 were devel
oped in pellets and film formats to study different MAPP interactions. 
First, for pellet production, threads were obtained at a 35 rpm screw 
speed (torque: 43 %) using a round nozzle die. Then, the threads were 
immersed in a water bath (Scientific Model LW-100, Bangkok, Thailand) 
and cut at 10 m min− 1 in a pelletizer (Scientific, LZ-120, Bangkok, 
Thailand). For film production at the same screw speed, the torque was 
between 42 % and 57 %, and the chilling roller velocities were between 
1.7 and 1.4 m min− 1. The mass concentrations in the nanocomposite 
were 1 wt% NS and 1 and 3 wt% MAPP. The nanocomposite films were 
named PCPP-XNSY-MAPPZ, where Y is the type of fumed silica (1: hy
drophilic and 2: hydrophobized) and X and Z are the weight fractions of 
NS and MAPP, respectively. Besides, PCPP and VPP controls in pellets 
and film formats were produced under the same extrusion conditions 
(Table 1). VPP is an isotactic PP used to manufacture bio-oriented films 
by extrusion or coextrusion and is a commercial reference polymer for 
related applications. The films had thicknesses between 150 and 230 
μm.
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2.3. Characterization of the nanocomposites

The effects of MAPP addition and the NS:MAPP ratio on PCPP film 
performance were evaluated via the following testing.

2.3.1. Scanning electron microscopy and energy dispersive spectroscopy 
(SEM‒EDS)

The film surface and NS dispersion were analyzed via ESEM (FEI 
Quanta-200, FEI, Hillsboro, OR) equipment with an EDS analyzer (Ox
ford Instruments). The samples were coated with graphite. SEM images 
and EDS elemental mapping were obtained. ImageJ open-source soft
ware was used to measure the particle sizes and lengths from the images 
(https://imagej.nih.gov/ij/).

2.3.2. Thermal analysis
The films were analyzed via differential scanning calorimetry (DSC) 

in a Mettler DSC-822e analyzer (Schwarzenbach, Switzerland). Samples 
(5 mg) in aluminum capsules were subjected to a unique heating pro
gram from 0 ◦C to 250 ◦C at 10 ◦C min− 1 under a N2 atmosphere. Melting 
temperatures (Tm) and melting enthalpies (ΔHm) were recorded. 
Furthermore, crystalline fraction (Xc) was determined as the melting 
enthalpy of the specimen (ΔHm) divided by the product of the melting 
enthalpy of 100 % crystalline polypropylene (ΔH100 = 207 J g− 1) [26] 
and the mass fraction of the polymer in the nanocomposite (XPP). The 
XPP was estimated by subtracting the masses of the NS and MAPP from 
the mass of the sample, neglecting pollutants in the recycled polymer.

The decomposition initiation (Tonset at 2.5 % mass loss) and 
maximum degradation rate (Td) temperatures were determined through 
thermogravimetric analysis (TGA) using a TGA/DSC 1 analyzer 
(Schwarzenbach, Switzerland). Each film (5 mg) was collocated in 
alumina capsules. The heating program ranged from 30 ◦C to 700 ◦C at 
10 ◦C min− 1 and 50 mL min− 1 N2 flow.

2.3.3. Melt flow rate (MFR) and zero-shear rate viscosity
The MFR was measured using a Zwick-Roell Mflow plastometer 

(Ulm, Germany) according to the ASTM D1238-20 standard. The pellets 
(6 g) were subjected to 230 ◦C and a piston (2.16 kg). The samples were 
preheated at the setting temperature for 7 min. Six MFI replicates were 
obtained for each sample.

The zero-shear rate viscosity of the samples was obtained from 
complex viscosity curves by rheological analysis in a parallel plate 
rheometer Anton Paar MCR301. Polymeric plates from the pellet sam
ples were injection molded following the procedure reported in previous 
work [27]. The complex viscosity versus frequency curves were ob
tained at 190 ◦C under a nitrogen atmosphere in dynamic mode. The 
frequency was between 0.1 and 500 rad s− 1 and corresponded to the 
linear viscoelastic range according to previous amplitude sweep tests for 
polypropylene.

2.3.4. Tensile properties
Young’s modulus (E), tensile strength (σB), and elongation at break 

(εB) were measured according to the ASTM D882 normative in a uni
versal machine Zwick Roell Proline BDO-FB 0.5 TH (Ulm, Germany) 
with a load cell of 500 N. Ten specimens of each sample (16 cm × 2.5 
cm) were cut and conditioned at 23 ◦C and 50 % relative humidity (RH) 
for 48 h according to the ASTM standard D618 for thin sheeting. 
Initially, the clamps were separated by 50 mm, and the test was carried 
out at 500 mm min− 1.

2.3.5. Seal strength (SS)
Films (16 cm × 2.5 cm) were sealed using a Labthink HST-H3 sealing 

machine (Medford, OR, USA) according to the ASTM F2029 standard. 
The sealing temperature, time and pressure were 153 ◦C, 2.5 s and 350 
kPa, respectively, based on the optimum sealing conditions reported for 
this type of post-consumer polypropylene [18]. The sealed films were 
conditioned at 50 % RH for 48 h. Subsequently, the SS of the nano
composites was determined with the universal machine described in the 
above section according to the non-supported seal technique of the 
ASTM F88/F88 M − 21 normative. The distance between clamps was 25 
mm, and the crosshead speed was 250 mm min− 1. Six measurements for 
each sample were averaged to report SS. For each replicate, the SS was 
calculated as the average of the values plotted within 80 % of the central 
range of the sealing curve using TestXpert III software.

2.3.6. Overall migration (OM)
OM assays were carried out according to EU Regulation N◦ October 

2011 [20]. Olive oil (maximum acidity of 0.3 %) was selected in order to 
promote maximum OM from the plastic because of the hydrophobic 
nature of PP, which has an expected greater affinity for a fatty simulant. 
The film was maintained in contact by immersion in olive oil for 10 days 
at 40 ◦C. Finished this time, the sample was withdrawn and cleaned to 
remove the excess oil. Subsequently, Soxhlet extraction extracted the 
olive oil possibly absorbed by the sample, and the results were quanti
fied by gas chromatography using calibration curves prepared from 
methylated extra virgin olive oil solutions. The procedure has been 
described previously [18]. The OM content was calculated by gravim
etry, knowing the initial weight and the weight at the end of the contact 
time of the films, considering the correction by subtraction of the olive 
oil determined by Soxhlet extraction in the final sample. OM was 
determined by averaging two measurements.

2.3.7. Water vapor permeability (WVP)
WVP was reported as the average of two measurements. The water 

vapor transmission rate (WTR) of the films with a contact area of 5.5 cm2 

was determined at 37.8 ◦C and 90 % RH with an analyzer Permatran 
Mocon W 3/34 (Minneapolis, USA) according to the F1249-20 standard 
normative. Films were put into permeability cells, and the WVTR values 
were plotted until they obtained a constant value. The thicknesses of the 
tested films were between 150 μm and 230 μm. The WVP was calculated 
as the product of the WVTR and the thickness of the film (L) and divided 
by the gradient of the water vapor partial pressure (Pw).Where WVTR is 
the water vapor transmission rate (g m− 2 s− 1), L is the thickness of the 
films (mm), and PW is the gradient of partial pressure of water vapor 
(Pa).

2.3.8. Statistical analysis
The Xc, MFR, SS, OM, WVP and tensile properties were statistically 

analyzed using Statgraphics Plus 5.1. Significant differences between 
the samples with a confidence level of 95 % (p < 0.05) were found by 
analysis of variance (ANOVA) and Fisher’s least significant difference 
multiple range test. A random experimental design was used. Statisti
cally significant differences among samples were denoted with different 
superscript letters in the discussion section’s reported results.

Table 1 
Composition of the samples.

Film Mass Percentage (%)

VPP PCPP NS1 NS2 MAPP

PCPP-1NS1-1MAPP 0 98 1 0 1
PCPP-1NS1-3MAPP 0 96 1 0 3
PCPP-1NS2-1MAPP 0 98 0 1 1
PCPP-1NS2-3MAPP 0 96 0 1 3
VPP 100 0 0 0 0
PCPP 0 100 0 0 0
PCPP-1MAPP 0 99 0 0 1
PCPP-3MAPP 0 97 0 0 3
PCPP-1NS1 0 99 1 0 0
PCPP-1NS2 0 99 0 1 0
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3. Results and discussions

3.1. Morphological analysis

SEM micrographs of the films at the studied NS:MAPP ratios are 
shown in Fig. 1. A non-porous and crack-free surface is observed. 
Topography variations are associated with polymer agglomeration or 
particles detected even in the control PCPP (Supplemental Information, 
Fig. S1), which negates the possibility that these observations are related 
to NS agglomerations. Furthermore, EDS spectra were recorded to 
confirm the absence of such agglomerations and the relative percentage 
and homogeneity of the fumed silica particle distribution (Fig. 2). Ac
cording to EDS elemental mapping, all the nanocomposite films had the 
same Si amount. Moreover, compared with the nanocomposite, the 
PCPP films contained a minimum amount of Si due to cross- 
contamination with this ubiquitous element in the recycled plastic 
(Supplemental Information, Figs. S2 and S3).

On the other hand, a lower number and smaller size of brighter spots, 
accounting for zones with a higher density of NS particles, are obtained 
at an NS:MAPP ratio of 1:3, as shown in Fig. 2. This indicated that the 
graft copolymer better dispersed the NS into the PCPP. In this regard, the 
role of MAPP was more significant for nanocomposites with hydrophilic 
NS1. At the same NS:MAPP ratio, smaller particles and better dispersion 
are obtained for hydrophobic NS2 because of its increased miscibility 
with the PCPP matrix. Nonetheless, the addition of 1 wt% MAPP did not 
reduce the agglomeration observed in EDS images for NS1.

3.2. Thermal analysis

3.2.1. Differential scanning calorimetry
The DSC parameters and the crystallinities of the films are reported 

in Table 2. PCPP exhibited three melting points at 124 ◦C, 158 ◦C and 
163 ◦C. The first melting is attributed to the presence of LDPE, LLDPE, 
copolymer-grade PP or blends of these materials detected by ATR-FTIR 

analysis (Supplemental Information, Section S2, Fig. S4) because of 
cross-contamination with PE or multilayers during the recycling of 
flexible packaging, considering that the materials have similar specific 
gravities, in concordance with the findings for recycled polyolefins [28,
29]. The double melting of PCPP is associated with two crystalline 
structures that melt at 158 ◦C and 163 ◦C around the melting point of 
VPP (162 ◦C).

Conversely, the lower crystallinity of PCPP than VPP could be related 
to a combination of several factors: the presence of PE traces impeded 
the ordering of the PP chains during processing; the shorter polymeric 
chains caused by recycling produced fewer ordered zones or shorter 
crystals that required less energy to melt, as could be verified through 
the enthalpies (Table 2); and the fact that PCPP was not exclusively 
composed of isotactic type PP like VPP.

The melting temperature of PCPP did not change with the addition of 
NS or MAPP. However, two shoulders at close temperature values in the 
melting transition of the PP were detected as related to two crystal re
gions with different ordering in some samples with MAPP (Table 2).

The incorporation of NS and MAPP resulted in nanocomposites with 
a thermal behavior similar to that of PCPP, and only a slight increase in 
crystallinity was statistically significant at an NS2:MAPP ratio of 1:3 due 
to the greater nucleation effect of NS2 during the preparation of the film. 
Conversely, the addition of only MAPP tended to increase the crystal
linity of the polymer due to the nucleating role of its lower molar mass 
chains in the PCPP matrix. The high crystallinity of MAPP is related to its 
ability to crystallize due to the branching of its maleic anhydride chain 
[30].

3.2.2. Thermogravimetric analysis
PCPP was thermally more stable than VPP was, as evidenced by the 

higher Tonset and Td values (Table 3) associated with the PE fraction, as 
verified by DSC analysis (Fig. S4a), considering that LDPE has been re
ported to have greater thermal stability than PP [31].

On the other hand, the combined incorporation of NS and MAPP 

Fig. 1. SEM micrographs of the PCPP-NS-MAPP nanocomposites.
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increased the thermal stability of PCPP, and the addition of both com
ponents increased the thermal stability of the polymer, as evidenced by 
the greater Tonset and Td concerning control PCPP (Table 3). This is 
possibly due to i) the high thermal resistance of NS, NS1 not decom
posing, and NS2 initiating its loss of mass at 450 ◦C (Fig. 3) [18] and ii) 
the interactions between MAPP and PCPP. These interactions that cause 
a delay in the thermal degradation of PCPP at higher temperatures are 
evidenced by the greater thermal stability of PCPP-MAPP1 and 
PCPP-MAPP3 than of control PCPP.

However, at the highest concentration of MAPP, the PCPP-1NS2- 

3MAPP and PCPP-3MAPP samples produced minor increases in the 
Tonset and Td of PCPP, correspondingly, because of the early degradation 
of MAPP. MAPP is a low molar mass copolymer that loses mass at 
approximately 216 ◦C due to the degradation of the maleic anhydride 
group, and a second mass loss at 450 ◦C is associated with polymer 
degradation; thus, MAPP is less thermal stable than PP [32,33]. The 
highest concentration of MAPP did not affect the thermal stability of 
PCPP-1NS1-3MAPP because NS1 has such high thermal resistance that it 
did not degrade within the temperature range studied.

3.3. Melt flow rate and zero-shear rate viscosity

The MFR of the VPP was lower than that of the PCPP. This finding is 
associated with the lower molar mass of the polymer chains in PCPP 
resulting from the degradation reactions during shelf life and mechan
ical recycling and, therefore, the decreased chain entanglement and 

Fig. 2. EDS mapping images of the nanocomposites. Bright spots correspond to fumed silica within the polymer matrix.

Table 2 
DSC of the developed films.

Film Tm1 

(◦C)
ΔHm1 

(J/g)
Tm2 

(◦C)
Tm3 

(◦C)
ΔHm2-3 

(J/g)
Xc (%)

VPP – – – 162 100.7 ±
1.2

48.7 ±
0.6d

PCPP 124 4.7 ±
0.2

158 163 75.2 ±
0.7

36.5 ±
0.1b

MAPP – – – 154 98.0 ±
3.2

52.6 ±
1.7e

PCPP- 
1MAPP

124 4.0 ±
0.1

– 163 77.3 ±
0.9

37.7 ±
0.5bc

PCPP- 
3MAPP

3.9 ±
0.1

162 164 76.8 ±
0.2

38.3 ±
0.1bc

PCPP-1NS1 4.4 ±
0.1

– 162 78.1 ±
1.9

38.1 ±
0.9bc

PCPP-1NS2 3.7 ±
0.1

– 162 69.7 ±
4.2

34.0 ±
2.0a

PCPP-1NS1- 
1MAPP

4.1 ±
0.1

– 162 75.6 ±
2.9

37.3 ±
1.4bc

PCPP-1NS1- 
3MAPP

3.9 ±
0.1

160 163 75.1 ±
0.6

37.8 ±
0.3bc

PCPP-1NS2- 
1MAPP

4.5 ±
0.1

162 163 75.8 ±
0.3

37.4 ±
0.1bc

PCPP-1NS2- 
3MAPP

4.2 ±
0.1

– 162 78.1 ±
1.2

39.3 ±
0.6c

Significant differences in crystallinity among the samples according to ANOVA 
and LSD Fischer’s test (p < 0.05) are indicated by different superscript letters.

Table 3 
TGA parameters, MFR, and viscosity of the samples.

Sample Tonset 

(◦C)
Td 

(◦C)
Zero-shear rate 
viscosity (Pa s)

MFR (g 10 
min− 1)

VPP 341 433 8646 3.4 ± 0.1a

PCPP 368 454 4420 6.8 ± 0.2cd

PCPP-1NS1- 
1MAPP

385 464 5444 6.6 ± 0.2b

PCPP-1NS1- 
3MAPP

383 464 5387 8.6 ± 0.2e

PCPP-1NS2- 
1MAPP

384 463 4965 6.8 ± 0.2d

PCPP-1NS2- 
3MAPP

377 463 4670 8.5 ± 0.3e

PCPP-1NS1 385 464 5140 6.6 ± 0.1bc

PCPP-1NS2 387 462 5067 6.7 ± 0.1bcd

PCPP-1MAPP 382 463 – 6.9 ± 0.2d

PCPP-3MAPP 383 459 – 8.4 ± 0.3e

MAPP 216 458 – –

Significant differences in MFR among the samples according to ANOVA and 
Fisher’s LSD test (p < 0.05) are indicated by different superscript letters.
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viscosity of the recycled polymer [27] (Table 3).
Samples with NS and MAPP had higher zero-shear rate viscosities 

than pure PCPP. Nanocomposites with NS1 and MAPP were more 
viscous than those equivalent to NS2 because the silanol groups of NS1 
strongly formed hydrogen-bond interactions with MAPP. Meanwhile, 
increasing the MAPP concentration tended to reduce the zero-shear rate 
viscosity when samples with the same type of NS were compared. This 
could be related to a lowering of the average molar mass of the PP 
composite with MAPP incorporation, which is in agreement with the 
trends in complex viscosity at lower shear rates reported for highly filled 
wood composites based on PP (MFR = 12 g 10 min− 1) with and without 
maleated PP [34]. In concordance, MFR was only increased when 3 wt% 
MAPP was added, considering this addition implied that a greater 
fraction of lower molar mass chains composed the sample.

3.4. Tensile properties

The E and σM of PCPP were drastically lower than those of com
mercial VPP-based films (E = 1216 ± 146 MPa, σM = 41,1 ± 4,4 MPa), 
which could be associated with PCPP containing PE, as was verified by 
DSC and polymer chains of lower molar mass generated during 
reprocessing, also considering that PCPC was not composed only of 
recycled VPP used as a reference (Fig. 4). PE is more flexible and is 
immiscible with PP; thus, stress points are formed between the inter
phase PP/PE and trigger a lower resistance [19]. Also, a lower PCPP 
crystallinity than VPP, and shorter polymeric chains in the recycled 
plastic forming shorter crystalline networks, reduced the stiffness of 
PCPP [35]. Regarding εB, the lower ductility of the PCPP (18.7 ± 6.9 %) 

compared to VPP (24,6 ± 6,3 %) could be attributed to surface imper
fection points partially associated with the difference in compatibility 
between the PP and pollutants, which caused an earlier break.

Fig. 4 shows that the tensile properties of the nanocomposite films 
with NS and MAPP tended to be lower than those with PCPP. NS and 
MAPP, separately added, reduced εB with respect to the control PCPP, 
which was clearly observed at 3 wt% MAPP. The negative effect of the 
addition of MAPP on the ductility of the PCPP-MAPP samples is asso
ciated with an average molar mass reduction caused by this low molar 
mass copolymer. These shorter chains produced lower chain entangle
ments. A comparison of the εB values of samples with the same type of 
NS but different NS:MAPP ratios revealed significant differences be
tween the films with NS2 (Fig. 4). Besides, similarly to PCPP-MAPP 
samples, the addition of 3 wt% MAPP reduced the elongation ability 
in the nanocomposites with NS2.

Conversely, when the effect of the NS type on the 1NS:1MAPP ratio 
was compared, PCPP-1NS2-1MAPP presented the highest elongation but 
a tendency to reduce E and σM. The same phenomenon but with a greater 
impact on the stiffness and tensile strength was observed for the samples 
with a 1NS:3MAPP ratio. This could be attributed to MAPP being in 
excess when 3 wt% was used, which was not needed to make NS2 
compatible with MAPP because the nanosilica was already hydro
phobized; thus, a plasticizing effect was promoted in accordance with 
the lowest viscosity for PCPP-1NS2-3MAPP (Table 3). Furthermore, the 
lower number of agglomerates on the films with NS2 and MAPP, as 
verified by EDS, reduced the possibility of an earlier break (Fig. 2). The 
highest deviations in the εB values of the PCPP and PCPP-NS2-MAPP 
films could be attributed to a greater surface and compositional het
erogeneity along the film regarding imperfections or tension points that 
promote the rupture associated with immiscibility among the compo
nents and the pollutants in these samples. The magnitude of the standard 
deviations among samples depended on the typical compositional het
erogeneity of recycled plastics used among different extrusion batches.

The absence of the expected improvement in E and σM by NS2 
addition without MAPP due to NS2 being hydrophobic and conferring 
miscibility with the polymer matrix could be associated with issues 
during extrusion processing, as was evidenced through the lowest 
crystallinity for this sample according to DSC analysis (Table 2) and 
superficial and compositional heterogeneities in the recycled material 
load.

Fig. 3. (a) TGA and (b) DTG curves of the films.

Fig. 4. Tensile properties of the films. Different letters (a, b, c, d, e) indicate 
significant differences among the samples according to ANOVA and Fisher’s 
LSD test (p < 0.05).
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3.5. Seal strength (SS)

All the films exhibited adhesive peeling failures, and a minimum 
number of the specimens underwent material breakage (Table 4). PCPP 
had an average SS of 183 N m− 1.

Incorporating MAPP or NS separately diminished the SS. Increasing 
the MAPP concentration significantly reduced the SS because of i) a 
lower molar mass reduction with a greater proportion of carbonyl 
groups meanly from MAPP in the polymer blend, which reduced the 
sealability, and ii) a lower polymer density (higher MFI) because of the 
maleic anhydride of the MAPP, which is a bulky group located between 
PP chains, thus preventing PCPP chain interactions and entanglements 
during seal formation.

A significant reduction in the SS of PCPP-NS1 was obtained because a 
greater number of weak adhesion sites in the interphase polymer-NS1 
were formed after thermosealing due to the hydrophilic nature of NS1, 
which triggered seal failure. The SS of NS1-based nanocomposites could 
not be improved through MAPP addition. Meanwhile, the greater 
miscibility of hydrophobic NS2 with the PP matrix caused better heat 
transfer and maintained interactions between the components during 
thermosealing.

Prominently, the simultaneous incorporation of NS2 and MAPP at a 
1:1 ratio increased SS of the PCPP by 50 %, indicating that 1:1 was the 
NS2:MAPP ratio for obtaining a good balance between component in
teractions and chain mobility, crosslinking chains and strengthening the 
seal. The NS2 could interconnect polymer chains between methyl groups 
on its modified surface. In addition, the oxygen groups of maleic an
hydride could also interact with polymeric hydroperoxide radicals in 
recycled plastic. It is essential to mention that standard deviations are 
typical of this test and could be associated with differences in the frac
tion and dispersion of the components in the seal area.

3.6. Overall migration

As expected, VPP complied with the limit of OM of 10 mg dm− 2, 

which corresponds to 60 mg kg− 1 of food that occupies a volume of a 
cubic package with 6 dm2 of total area, as established by the EU 
Normative N◦ October 2011 (Fig. 5). This result agreed with the overall 
migration reported for virgin PP in olive oil of 7 mg dm− 2, which was 
higher than in ethanol 10 % (0.29 mg dm− 2) and 3 % acetic acid (0.30 
mg dm− 2) associated with the hydrophobic nature of the PP [22]. On the 
contrary, PCPP and PCPP-NS nanocomposites overcame that limit, 
although the addition of only NS caused a slight barrier effect to 
migration. Overall, the migration of these materials corresponded to 
oligomers and substances with lower molar masses contained in the 
recycled material as pollutants or generated during thermal-mechanical 
reprocessing.

The simultaneous incorporation of NS and MAPP at 1 and 3 wt% 
significantly reduced the OM of PCPP. This effect had a greater impact 

on the PCPP-1NS2-1MAPP nanocomposite when the OM concentration 
was adjusted (10.8 mg dm− 2) to the allowed limit, considering a toler
ance level of 3 mg dm− 2 in fatty simulants. In this case, the better affinity 
of NS2 for the polymer and the interactions of MAPP with NS2 and PP 
favored the formation of more tortuous paths that hindered the migra
tion of substances through the plastic film. Besides, oxygen groups in the 
anhydride maleic in MAPP would be interacting with hydroperoxide 
radicals or oxidized substances in the recycled PP, inhibiting their 
migration to the food simulant, as suggested by the decrease in OM with 
increasing MAPP fraction in the films without NS (Fig. 5).

According to the EU regulation October 2011 [20], simulant D1 shall 
be chosen as the simulant for testing migration from materials and ar
ticles for a certain food category included in the list “Food category 
specific assignment of food simulants”, such as pastry, biscuits, cakes, 
bread, and other baker’s wares, dry (with fatty substances on the sur
face), chocolate and chocolate-coated products, confectionery products 
(in solid and paste form, with fatty substances on the surface), processed 
fruit (fruit preserved in a liquid medium, in an oily medium), dried foods 
(with fatty substances on the surface), among others.

3.7. Water vapor permeability

The WVP of VPP and PCPP were statistically similar but the incor
poration of MAPP or NS significantly increased the WVP (Table 5). This 
result would be associated with higher hydrophilicity conferred to PP for 
MAPP and NS, which are molecules containing oxygen functional groups 
in their chemical structures with higher affinity for water vapor and the 

Table 4 
Seal strength of the films.

Sample Seal strength (N m− 1) Type of failure

PCPP 183 ± 60d AP
PCPP-1MAPP 102 ± 68bc AP
PCPP-3MAPP 28 ± 17a AP
PCPP-1NS1 43 ± 16ab AP
PCPP-1NS2 157 ± 108cd AP (4/6), MB (2/6)
PCPP-1NS1-1MAPP 30 ± 28a AP (5/6), MB (1/6)
PCPP-1NS1-3MAPP 76 ± 45ab AP (5/6), MB (1/6)
PCPP-1NS2-1MAPP 278 ± 59e AP (4/6), MB (2/6)
PCPP-1NS2-3MAPP 164 ± 62cd AP

Different superscript letters indicate significant differences among the samples 
according to ANOVA and Fisher’s LSD test (p < 0.05). Film thicknesses: 
150–200 μm. AP: adhesive peel. MB: material break. Total measurements: six for 
each sample.

Fig. 5. Overall migration of nanocomposite films to olive oil. Different letters 
indicate significant differences among the samples according to ANOVA and 
Fisher’s LSD test (p < 0.05).

Table 5 
Water vapor permeability coefficient of the films.

Film WVP x1010 (g mm m− 2 s− 1 Pa− 1)

VPP 0.24 ± 0.06a

PCPP 0.19 ± 0.04a

PCPP-1MAPP 6.28 ± 0.35b

PCPP-3MAPP 6.09 ± 0.16b

PCPP-1NS1 7.75 ± 0.36cd

PCPP-1NS2 8.06 ± 0.30de

PCPP-1NS1-1MAPP 7.34 ± 0.43c

PCPP-1NS1-3MAPP 7.45 ± 0.21cd

PCPP-1NS2-1MAPP 9.73 ± 0.46f

PCPP-1NS2-3MAPP 8.65 ± 0.26h

Different superscript letters indicate significant differences among the samples 
according to ANOVA and Fisher’s LSD test (p < 0.05).
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formation of voids around NS agglomerations through which water 
permeates. Besides, MAPP in samples PCPP-MAPP could cause a plas
ticizing effect by generating free volume between polymer chains 
because of the maleic anhydride groups, favoring water vapor perme
ation. Gomez et al. (2015) also evidenced an increase in WVP values of 
isotactic polypropylene with the increase of loading of spherical silica 
nanoparticles produced by a sol-gel method, considering the interaction 
between hydroxyl functional groups of the nanospheres and water vapor 
phase. The researchers also related the worsening of the water barrier to 
the generation of voids and permeation channels between adjacent 
particles due to the agglomerations of nanoparticles [36].

On the other hand, the addition of MAPP within PCPP-NS1 com
posites did not increase WVP attributed to a partial interaction of the 
hydroxyl groups of NS1 with the oxygen functional groups of MAPP. 
Therefore, fewer hydroxyl groups of NS1 would be available to interact 
with the water vapor. However, a slight increase of the WVP for PCPP- 
NS2 with the incorporation of MAPP without a clear tendency with 
MAPP percentage is observed because NS2 is previously hydrophobized 
and more oxygen functional groups of MAPP are available to interact 
with water molecules and also plasticize the polymer.

4. Conclusions

The polypropylene-g-maleic anhydride copolymer as a compatibil
izer and the silica/copolymer ratio had a prominent effect on increasing 
the seal strength and reducing the overall migration of the recycled 
flexible polypropylene to the fatty food simulant. The recycled poly
propylene exceeded the overall migration limit established by EU 
legislation for food packaging. Nevertheless, the overall migration was 
reduced to values near the limit when hydrophobic nanosilica was 
added with maleated polypropylene or only maleated polypropylene at 
the highest concentration was incorporated into the film. Surprisingly, 
the seal strength of the films drastically increased by 52 % when the 
hydrophobic nanosilica and the compatibilizing copolymer were added 
at a 1:1 mass ratio. These findings are interesting due to the current need 
to improve the sealability of polypropylene. In contrast, the seal strength 
was significantly decreased by the addition of hydrophilic nanosilica 
due to the weak adhesion sites that formed in the interphase polymer 
nanosilica. Although the increase of compatibilizing copolymer con
centration had an essential role as a dispersion improver of the hydro
philic nanosilica in the polymer matrix, the seal strength was not 
improved.

On the other hand, the thermal and tensile properties were not 
significantly affected by the addition of maleated polypropylene 
copolymer and/or nanosilica, except for the stiffness reduction observed 
at a mass ratio of 1:3 hydrophobic nanosilica:copolymer, considering 
that 3 % of the copolymer caused an increase of the melt flow rate. 
Interestingly, elongation remained invariable when hydrophobic nano
silica and the compatibilizer were simultaneously added at 1:1 the mass 
ratio, in contrast with the typical reduction in elongation ability, re
ported when nanofillers are incorporated into polymer matrices. These 
findings revealed an added-value flexible polypropylene composite that 
potentially would allow the incorporation and increase of the recycled 
flexible PP concentration used for new packaging materials. The de
viations in the property values of the recycled plastics according to the 
source which are obtained, their compositional heterogeneity, and the 
presence of pollutants are challenges to address. Nonetheless, we 
considered the importance of working with a realistic waste stream to 
look for the improvement of recycled plastic packaging.
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