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Abstract
In this study, the changes in the properties of polypropylene (PP) after loading of modified pro-oxidant were studied. Dif-
ferent proportions of modified-cobalt stearate (CoSt) pro-oxidant were filled in PP, and composites were prepared in a twin-
screw extruder through compounding technique. Five films of these composites were prepared using hot press moulding. 
The modified pro-oxidant loaded PP films were characterized for chemical, physical, thermal, and morphological properties 
(before and after the biodegradation test). The biodegradability of the modified pro-oxidant loaded PP films was measured 
according to ASTM D 5338, and the biodegradation intermediate products were evaluated for their eco-toxicological effect. 
The changes (with respect to PP) in FTIR spectra of modified pro-oxidant loaded PP were noticed before and after acceler-
ated ageing. The tensile properties and thermal stability of modified pro-oxidant loaded PP films decreased as confirmed by 
universal testing machine (UTM) and thermogravimetric analysis (TGA). Using differential scanning calorimetry (DSC) 
and XRD analysis, it was found that the percentage crystallinity of modified pro-oxidant loaded PP films has decreased 
and this led to increased degradability of PP. After the biodegradability test, SEM results of modified pro-oxidant loaded 
PP films revealed rougher morphology than before the biodegradability test. The highest biodegradability (28.87%) was 
obtained in PP100T30 film containing 30 phr of modified pro-oxidant. All the eco-toxicity tests of the degraded product 
materials demonstrated that the degraded products were nontoxic. Hence, the prepared composites can be effectively used 
as biodegradable flexible packaging materials.
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Introduction

Plastics have become an essential aspect of our daily lives. 
Globally, the production of plastic crosses 150 MT per year 
[1]. Polyolefin like polypropylene (PP) is one of the most 
inexpensive synthetic polymeric material and broadly uti-
lized for packaging applications [2]. It is widely used in 
packaging films due to its properties, like flexibility, light-
weight, chemical resistance, low cost, hydrophobic nature, 
mechanical integrity, transparency, ease of processing, and 
durability [2–4]. The overall utilization of packaging appli-
cations is anticipated to rise from 27.4 million tons in 2017 
to 33.5 million tons in 2022 [5]. But, PP is not eco-friendly 
because of its high molecular weight, increased shelf-life, 
hydrophobic nature, absence of functional groups, resistance 
to microbial attack, and lack of degradability. Therefore, 
their discarding and management at the end of their life span 
is a reason for significant worldwide anxiety. The deposition 
of PP in various land areas, sea, rivers leads to economical 
and environmental-related, as well as plastic solid waste dis-
posal issues [6–8]. Current developments and research have 
been mostly focused on the development of degradable as 
well as compostable polymeric materials to oppose these 
problems impacting our atmosphere. Therefore, the new 
material formulations that can increase the PP degradabil-
ity through various methods have been very demanding for 
environmental issues.

Biodegradable polymeric materials can be made using 
pro-oxidants. They can be transition metal ions and remark-
ably stearate. Cobalt (CoSt), copper (CuSt), manganese 
(MnSt), silver (AgSt), magnesium (MgSt), and calcium 
(CaSt) are used in the polymeric materials to develop degra-
dable polymer. They accelerate the degradability of poly-
meric materials. After the addition of pro-oxidants, surface 
nature changes from hydrophobic to hydrophilic, reduces 
molecular weight, and then the breakdown of a long chain of 
carbon polymeric materials by the microbial attack [9]. Also, 
they assist to increase abiotic and biotic degradation [9]. 
Pro-oxidants like cobalt stearate  (Co2+), magnesium stearate 
 (Mn2+), as well as iron stearate  (Fe3+) are mostly added in 
the polymers to start the thermoxidation plus photo-oxida-
tion [4].

In the degradation, hydroperoxides are formed, that can 
photolyse/thermolyse and resulting chain scission as well 
as making of low molecular weight hydrocarbons and oxi-
dized products (for example carboxylic acid, alcohols, plus 
ketones) [10], after that, they are degraded biotically using 
the microorganisms aerobically [11–13] and anaerobically 
[14]. In aerobic conditions, microbes form  CO2, biomass, 
and water as products [8, 15]. In anaerobic conditions, in 

methanogenic conditions, microorganisms from  CO2, water, 
biomass, and methane; otherwise, in sulfidogenic conditions 
products like  H2S, carbon  dioxide, plus  H2O are produced 
[16, 17].

Currently, various research findings show the improve-
ment of PP degradation through different methods [18–21]. 
In the earlier two decades, investigators have focused more 
on biopolymers and blending of PP with natural poly-
meric materials namely starch [22–25], cellulose [26], and 
poly(lactic acid) [17, 27], and utilizing isolated microbes 
[28]. In a patent filed in 2010, transition metal ions as pro-
oxidant are utilized in polymeric material [29]. The inno-
vation gives a technique of making a degradable polymer 
through preparing an intercalated double hydroxide. The 
intercalated double hydroxide is mixed with polymeric sub-
strate and, alternatively, minimum one additional compo-
nent selected from anti-oxidants as well as decomposition 
vulnerable polymeric materials to generate a combination 
which is compounded to make the degradable polymers. It 
is also stated that the metal complexes were activated via 
light/heat to increase decomposition. Contat–Rodrigo [14] 
showed the oxo-degradable PP films with various concen-
trations (0–10% w/w) of pro-oxidant. All the films were 
exposed to an accelerating photo-oxidation at 55 °C with 
radiation of 478 W/m2 for 300 h. The obtained results sug-
gested an increased degree of oxidation of film samples with 
the addition of pro-oxidants in comparison to the neat PP 
and confirmed the effect of pro-oxidant. Finally, they con-
cluded that the oxidation level is increased with pro-oxidant 
concentration. Bensaad, Belhaneche-Bensemra [30] revealed 
that the tensile properties of PP have reduced because of the 
pro-oxidant (calcium stearate) in PP.

Subramanian et al. [9] reported the influence of metal 
stearates (cobalt and iron) on PP with concentration range 
of 0.1–0.9% w/w. They found that the tensile strength 
decreased with increase in metal stearate concentration. 
Cobalt stearate increased the degradability of PP to a greater 
extent as compared to ferrous stearate. The degradation rate 
depended on the amount of pro-oxidant and its type. Fechine 
et al. [31] reported the influence of UV exposure on the oxo-
degradation of PP having 0–3% w/w of pro-oxidant. The 
samples were subjected to UV radiation by the circulating of 
air at 50 °C and then evaluated various properties after 120, 
288, 384, and 480 h. The pro-oxidant containing samples 
showed higher degradability than those without pro-oxidant, 
due to formation of carbonyl groups, and decreased molecu-
lar weight. In previous research, the authors concluded that 
cobalt stearate is better than calcium stearate for biodegra-
dability of PP/PLA/nanoclay blends and composites [27]. 
In this study, we have used modified-CoSt pro-oxidant, as 



723Journal of Polymers and the Environment (2021) 29:721–733 

1 3

on addition of this pro-oxidant double peroxide groups are 
formed and also increase in the dispersion of pro-oxidant 
particles in the PP matrix. The details of preparation of 
modified pro-oxidant are given in Sect. 2.2.

Present work aimed to investigate the impact of filling 
modified pro-oxidant at different concentrations on mechani-
cal and chemical properties of the films made from modi-
fied pro-oxidant loaded PP. Biodegradability of the prepared 
films were also determined. Furthermore, the influence of 
the biodegraded intermediate products on the environment 
has also been tested through various eco-toxicity tests.

Experimental Methodology

Materials

Commercial PP pellets having MFI = 11 g/10 min (Grade: 
1030FG), melting temperature 165 °C, and a density of 
0.9 g/cm3, were purchased from Indian Oil Corporation 
Ltd, India. Hydrochloric acid (35% conc.) and nutrient agar 
were procured from Hi-Media Laboratories Pvt. Ltd., India. 
Microcrystalline cellulose (MCE) of ≤ 20 µm particle size 
and barium hydroxide with molecular weight = 315.47 were 
obtained from S. D. Fine Chemicals Ltd. (Mumbai, India). 
The seeds of Mung bean and wheat for the eco-toxicity test 
were procured from a local market, Patiala, India, and earth-
worms were collected from a local farmer, Patiala, India.

The mature compost prepared by Green-Tech Fuel Pro-
cessing Plant at Chandigarh; India was utilized as a micro-
bial source. The other impurities present in the compost 
were removed through < 4 mm mesh sieve. The physical, as 
well as chemical properties of the compost were determined 
as per ASTM D5338. The bulk density and C/N ratio was 
0.79 g/cm3, 18.96, respectively. The pH was 6.70. The com-
post included total organic carbon 31.11%, potash 0.51%, 
phosphate 0.70%, and total nitrogen 1.64%.

Preparation of Modified Pro‑oxidant

Masterbatch containing 10 phr of cobalt stearate in PP 
(PP100CoSt10) was made in a co-rotating twin-screw 
extruder (M/s Labtech Engineering Co., Ltd. Thailand) at a 
speed of 150 rpm in a nitrogen blanket and pelletized. This 
masterbatch was aged at 110 °C for 48 h. After that, it was 
crushed in to powder, sieved, and used as a modified pro-
oxidant (T).

Preparation of Modified Pro‑oxidant Loaded 
Polypropylene Composites

The proportions of modified pro-oxidant in PP compos-
ites are presented in Table 1. Firstly, the constituents were 

combined manually with varying amounts, and then mixture 
was fed into an extruder. The compounds of modified pro-
oxidant in PP were made in co-rotating twin-screw extruder 
(M/s Labtech Engineering Co., Ltd. Thailand) at 150 rpm 
speed in a nitrogen blanket. The temperature in the feed zone 
to die zone varied from170 to 230 °C and it was used for 
extrusion. After extrusion, the continuous compounds were 
cut into small pellets. After that, the prepared composites 
were dried in a vacuum oven at 70 °C for 2 h for the removal 
of moisture.

Preparation of Films

After processing of composites, the films of PP and modi-
fied pro-oxidant loaded PP were casted through hot press 
moulding for 2 min. The temperature of 185 °C and pressure 
of 400 kN/m2 were used. The pellets of material were sand-
wiched between two aluminum sheets to avoid the sticking 
of melt with plates. Tap water was utilized to cool the plates. 
The thickness of the films was 80–85 μm.

Analytical Methods

Mechanical Properties

The mechanical properties (tensile strength and elongation 
at break) of the prepared film samples were monitored by 
UTM (Z010, Zwick-Roell, Germany). The distance between 
the clamps and the cross-head speed were 100 mm and 
12.5 mm/min, respectively and it was selected as per ASTM 
D 882-91. The specimens were made in the rectangular-
shape through the strip-sample cutter for mechanical proper-
ties. Five specimens of every sample were tested for (tensile 
strength and elongation at break) and the average results of 
all the samples were recorded.

Fourier Transform Infrared (FTIR) Spectral Analysis

The structural and chemical changes that take place in the PP 
were investigated by FTIR spectroscopy (Agilent Pro Cary 
660). The FTIR analysis was done at a resolution of 4 cm−1 

Table 1  Composition of PP and modified pro-oxidant filled PP films

Where T = Modified pro-oxidant

Sr. No Polymer samples Composition

PP (phr) T (phr)

1 PP 100 0
2 PP100T5 100 5
3 PP100T10 100 10
4 PP100T20 100 20
5 PP100T30 100 30
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in the spectra scan range of 500–4000 cm−1. The obtained 
spectra were analyzed through Spectrum 100 software.

Thermogravimetric Analysis

TGA/DTG measurements of the modified pro-oxidant con-
taining PP samples were performed with a thermogravimet-
ric analyzer (TA Instruments TGA Q-500 series, USA) to 
determine the thermal stability. The films (5–10 mg) were 
heated from 30 to 700 °C at a rate of 20 °C/min under a 
 N2 condition at a constant flow rate of 50 mL/min and the 
thermal profiles of films were reported. The initial decom-
position temperature (Ti) of the films was considered at a 
5% weight loss in the polymeric material films. The final 
degradation temperature (Tf) of the films was corresponding 
to 5% residual left in the polymer films.

Differential Scanning Calorimetry

The thermal properties of PP and modified composite films 
were analyzed using a DSC instrument (Setaram DSC 
131evo DSC, France). In every analysis, approximately 
5–10 mg of films were used through 120 μL sealed alu-
minum pan. The films were heated in the temperature range 
of 30–200 °C in an  N2 condition with a heating rate of 
10 °C/min. Subsequently, samples were cooled from 200 to 
30 °C to know the thermal behavior. The melting tempera-
ture (Tm), crystallization temperature (Tc), as well as melt 
enthalpy ( ΔHm ) of modified pro-oxidant containing PP film 
samples were determined from the area under the peaks. The 
enthalpy of melting for 100% crystalline PP is assumed to 
be 163 J/ g [17]. Through the DSC results, the percentage 
crystallinity of the modified film samples was calculated 
using Eq. (1) [32]:

where ΔH100 denotes the melting enthalpy of PP (100% crys-
talline) and ΔHm denotes the melting enthalpy of modified 
PP composite film samples.

X‑Ray Diffraction

Philips Xpert X-ray diffractometer (Almelo, Netherlands) 
was utilized to characterize the modified PP films. During 
analysis, automatic recording and processing of the experi-
mental data were done in this equipment. The film samples 
were scanned from the diffraction angle range of 5° to 60° 
at the rate of 5°/min. The influence of modified pro-oxidant 
on the crystallographic structure of PP film was evaluated. 
The XRD was operated at 20 mA and 40 kV by monochro-
matic Cu-Kα radiation of 1.54 A° of wavelength (λ). The 

(1)Crystallinity (%) =
ΔHm

ΔH100

× 100

percentage crystallinity was measured from the ratio of the 
area of the crystalline zone (2θ = 12°–24°) to a total area 
of the XRD pattern (the sum of the area of the amorphous 
region plus the crystalline zone at 2θ = 12°–30°) according 
to Eq. (2) [33].

where Aamorphous and Acrystalline designate the area of the 
amorphous region and crystalline zone, respectively.

Scanning Electron Microscopy

Surface topography of modified pro-oxidant containing PP 
film samples before and after biodegradability studies were 
obtained by scanning with a JEOL scanning electron micro-
scope instrument (JSM 6510-LV, Tokyo, Japan). Before 
SEM analysis, to avoid the charging, the films were put on 
aluminium stumps with coating of 15 nm gold through an 
electron beam in a high vacuum automatic sputter coater 
(model JFC-1600, Japan). The SEM was utilized to under-
stand all the modifications on the surfaces of the films before 
and after the biodegradability test.

Biodegradability Test

In this test, the biodegradability of pristine PP, CEL, and 
modified pro-oxidant loaded PP samples was determined 
through controlled aerobic composting as per ASTM D 
53338, based on the measurement of  CO2 emission by 
microbial respiration [34]. The films were subjected to 
inoculum derived from the matured compost of municipal 
solid waste (MSW) and are utilized for microbes as a nutri-
ent source. All the modified films were incubated for 45 days 
in 1 L reactors at 58 ± 2 °C and the experiments were done 
in three replicates. Their average results were reported. 
During the experiment, humidity, temperature, and proper 
aerobic condition were monitored continually and closely 
maintained according to ASTM D 5338. Before beginning 
the process, the moisture was made to 50–55% in the bio-
reactor adding distilled water. At an interval of each 7 days, 
moisture content was measured and maintained constant by 
adding distilled water throughout the biodegradability test. 
The bioreactors were shaken sometimes to verify that zero 
air and moisture were distributed uniformly inside the bio-
reactors. The zero-air flow rate was 70–80 mL per minute 
to maintain the  O2 level inside the bioreactor. During the 
test, sufficient porosity of inoculum was also maintained. 
The inoculum containing bioreactor was used as a blank 
control. The inoculum containing pristine PP was utilized 
as a negative control and inoculum plus MCE was utilized 

(2)Crystallinity (%) =
Acrystalline

Acrystalline + Aamorphous

× 100
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as a positive control. The theoretical mass of  CO2  (CO2th) 
was estimated by Eq. (3)

where Wsample represents total dry solids in grams, in the 
films added to the bioreactors at the start of the test (g); 
Csample is the proportion of total organic carbon (TOC) in 
the films (g/g); 44 and 12 are the molecular weight of  CO2 
and atomic weight of carbon, respectively.

During biodegradability testing, the amount of  CO2 pro-
duced was captured in 0.024 N barium hydroxide containing 
conical flasks and precipitated as  BaCO3. The remaining 
Ba(OH)2 was titrated with 0.05 N HCl solution to the phe-
nolphthalein endpoint. The cumulative carbon dioxide emis-
sion measurement was made through titration of acid–base 
at each two–three-day interval. The theoretical weight of 
 CO2  (CO2th(g)) was measured from TOC analyzer [35]. 
TOC-VCPH (solid module) from Shimadzu, Japan was uti-
lized with 900 °C heat. A non-dispersive infrared (NDIR) 
gas analyzer was used to identify carbon dioxide. The NDIR 
output, an analog detection signal, forms a peak; the peak 
area was determined through TOC-Control V software.

The percentage biodegradability of the sample was com-
puted with the help of Eq. (4)

where  CO2(t) is the cumulative amount of carbon dioxide 
emitted from each test film containing bioreactor (g) and 
 CO2(b) is the mean cumulative amount of carbon dioxide 
emitted from the blank bioreactor (g).

Evaluation of the Eco‑toxicological Effect 
of Biodegraded Intermediates

Three replicate bioreactors after 45 days were removed and 
the contents of each bioreactor were carefully combined. 
Before the biodegradability test, a polymeric material can 
be safe but may turn toxic after biodegradation. Therefore, 
the impact of biodegraded intermediate products on inocu-
lum quality was measured through the following eco-toxicity 
tests.

Microbial Toxicity Test

After biodegradability studies, 1 g of degraded compost was 
taken and 10 mL disinfected deionized water was added as 
well as vortexed for 1 min. After that kept it untouched for 
30 min. The supernatant of compost was serially diluted 
to a factor  (10−3) with 100 µL of each diluted factors  10−1, 
 10−2, and  10−3 was utilized for inoculating the nutrient agar 

(3)CO2th = Wsample × Csample ×
44

12

(4)(% ) Biodegradation =
CO2(t) − CO2(b)

CO2(th)
× 100

plates. All the inoculated plates were put in an incubator. 
The NSW-152 incubator model of Narang Scientific Works 
Pvt. Ltd., India was used and maintained at 37 °C for 24 h. 
The bacterial colony forming units (CFU) on each nutrient 
agar plate were counted to estimate the number of colonies 
per mL [36]. The CFU per mL of suspension was estimated 
by using Eq. (5)

Plant Growth Test

This test was completed as per the guidelines of organiza-
tion of the economic co-operation and development (OECD 
208) [37]. In this test, a mixture of biodegraded compost, 
perlite and soil was utilized in the ratio of 1:1:2. Two plants 
of Mung bean (Phaseolus aureus) and wheat (Tritleum aes-
tivum) were utilized for plant growth tests. All the experi-
ments were completed in triplicates for each test material 
and control. During the experiments, the conditions main-
tained are temperature 22 ± 10 °C, and humidity 70 ± 25%. 
The test was continued for 3 weeks in 8 h dark/ 16 h light 
cycle for the growth of plants. After 3 weeks, the grown 
emerged seedlings were counted. After drying at 75 °C, the 
dry weight of both the plants was calculated until the con-
stant weight was achieved.

Earthworm Acute‑Toxicity Test

In the earthworm test, the biodegraded compost product was 
used according to the guidelines of OECD 207 [38]. Three 
adult earthworms were taken and kept in every 250 mL pot. 
To enhance the moisture content up to 35%, the tap water 
was sprayed on the compost. For each test, the compost sam-
ple of 75 g on wet wt. basis was used. For every test compost 
material and control, tests were performed in triplicates. The 
pots were incubated in the control condition of 25 ± 2 °C, 
and continued illumination for 14 days. After two weeks, 
the worms were collected from each pot, and the mortality 
of worms was reported. The earthworms were pronounced 
dead when they failed react on gentle mechanical stimulus.

Accelerated Ageing

The pristine PP as well as modified pro-oxidant loaded PP 
samples were subjected to accelerated ageing as per the 
standard ASTM D 4329 to simulate the outdoor atmospheric 
conditions including UV (part of the sun light) exposure 
[39]. The accelerated ageing test was conducted in the con-
trolled weather equipment (QV model of Q-lab Corporation, 
USA).

(5)CFU

mL
=
Number of colonies per mL plated

Total dilution factor
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Results and Discussion

Characterization

Mechanical Properties

The mechanical properties (tensile strength as well as elon-
gation at break) of the modified pro-oxidant containing PP 
and pristine PP film samples are shown in Fig. 1. Compared 
with film 1, which is only pristine PP, adding the modified 
pro-oxidant could decrease the tensile strength significantly 

from 35 to 14 MPa. However, elongation at break (%) was 
decreased significantly from 3.5 to 1.1%. When the content 
of modified pro-oxidant was enhanced from 5 to 30 phr, 
a considerable decrease in tensile strength and elongation 
at break was found from 28.4 to 14 MPa and 2.7 to 1%, 
respectively. The film of PP100T30 was observed to have 
the lowest value of tensile strength with elongation at break 
as compared to all other film samples as presented in Fig. 1. 
At 5 phr concentration, maximum tensile strength and elon-
gation at break were 28.4 MPa and 2.7%, respectively. This 
drop in the values might have occurred due to modifications 
in the PP matrix on the loading of modified pro-oxidant to 
the PP matrix. The decrease in tensile characteristics could 
be due to the oxidation of PP by modified-CoSt pro-oxidant 
[40]. Mandal et al. [17] have also reported that the addi-
tion of cobalt stearate 0.2 phr in PP reduced elongation at 
break and tensile strength 3.6 to 3.4% and 39 to 35 MPa, 
respectively.

Fourier Transform Infrared (FTIR) Spectral Analysis

Figure 2 presents the FTIR spectra of the PP, PP100T5, 
PP100T10, PP100T20, and PP100T30 films before and after 
accelerated ageing. Excluding PP100T20 and PP100T30 
films, almost similar spectra were found for all other sam-
ples in case of fresh samples (without giving any treat-
ment). Peaks between 2949–2866 cm−1 are assigned to C-H 
stretching, peak at 1375 cm−1 shows C-H bending, and peak 
at 1454 cm−1 shows  CH3 bending in the FTIR spectra of 
pristine PP. A peak observed at 1715 cm−1 is recognized 
to be due to modified pro-oxidant, that can be attributed 

Fig. 1  Effect of modified pro-oxidant concentration on mechanical 
properties of PP films

Fig. 2  FTIR of neat PP and modified-CoSt filled PP samples before and after accelerated aging
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as asymmetric vibration stretching of the carbonyl groups 
attached to the metal ion [40]. This confirmed that the modi-
fied pro-oxidant is present in the PP films. The carbonyl 
groups are present as a peak at 1800–1700 cm−1 [10, 41]. 
However, after ageing, the peak intensity at 1735 cm−1 of 
PP100T20 and PP100T30 films increased and which con-
firmed that due to UV exposure new carbonyl groups have 
been formed on the PP films. Increase in peak intensity and 
a band broadening has also been observed, which indicates 
the formation of some oxidized products on the increasing 
content of modified pro-oxidant. The carbonyl band can 
be assigned to C=O stretching vibrations inside aldehydes 
and/or esters (1734 cm−1), γ lactones (1781 cm−1), and car-
boxylic acid groups (1700 cm−1). Small modifications have 
been observed inside the carbonyl peak (C=O). The extent 
of modification depended on the amount of modified pro-
oxidant added [30, 33, 42].

Thermogravimetric Analysis

Figure 3a and b presents the thermogravimetric (TG) and 
differential thermogravimetric (DTG) trends for pristine 
PP and modified PP composite films. Table 2 summarizes 
the values of Ti and Tf. The values of Ti of the modified 
pro-oxidant containing PP film samples are lower in con-
trast to that of the pristine PP. It illustrates the progressive 
enhancement of thermal degradation in modified pro-oxidant 
filled PP samples because of the increased metal ion concen-
tration [9, 43]. The thermal stability of different films PP, 
PP100T5, PP100T10, PP100T20, and PP100T30 is up to 
375.50, 275.63, 268.47, 257.19, and 237.47 °C, respectively.

Differential Scanning Calorimetry

To monitor the influence of the modified pro-oxidant on the 
degradation of the pristine PP films, their percentage crystal-
linity was calculated from DSC analysis dada. During DSC 
analysis, cooling and heating cycles of modified pro-oxidant 
loaded PP film samples were found in the temperature range 
of 30–200 °C. The results are presented in Fig. 4. The values 
of melting enthalpy (ΔHm), melting temperature (Tm), and 
crystallization temperature (Tc), were estimated from the 
curves and noted in Table 3. The percentage crystallinity 
of all the films was determined from Eq. (1) and given in 
Table 3. The Tm values of the modified pro-oxidant loaded 
PP samples are lower than those of neat PP because of the 
presence of functional groups [17, 44]. The obtained results 
indicate that modified pro-oxidant enhanced the sensitivity 
to thermal degradation [45]. Also, the percentage crystal-
linity of the modified pro-oxidant loaded PP samples was 
found to be lower than that of the pure PP. The results clearly 
show that the film PP100T30 had the lowest percentage of 
crystallinity. This confirmed that the presence of modified 

pro-oxidant could decrease the crystallinity [9, 46]. Conse-
quently, it made the modified pro-oxidant loaded PP samples 
more prone to microbial attacks [17, 28, 45] as the rate of 
degradability is influenced by the crystallinity of the films.

X‑Ray Diffraction

In Fig. S1 of supplementary material, the XRD patterns 
of the pristine PP, with modified pro-oxidant contain-
ing PP samples are presented. The peaks of the pristine 

Fig. 3  TG and DTG curves of PP and modified pro-oxidant filled PP 
films

Table 2  TGA data of PP and modified pro-oxidant filled PP samples

Film sample Ti (°C) Tf (°C) Weight loss (%)

PP 375.50 466.0 100
PP100T5 275.63 464.14 100
PP100T10 268.47 460.35 100
PP100T20 257.19 447.05 100
PP100T30 237.47 454.07 100
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PP correspond to the α-monoclinic form as presented at 
2θ = 14.1°, 16.8°, 18.6°, 21.1°, and 21.8° [17, 28, 47]. The 
addition of modified pro-oxidant in the PP reduced the 
peaks intensity indicating decreased crystallinity. Similar 
observations were also reported by Mandal et al. [17]. The 
presence of the modified pro-oxidant did not change the dif-
fraction angles [35]. The crystallinity (%) of all the modi-
fied PP films was calculated using Eq. (2) and presented in 
Table S1 of Supplementary material. The crystallinity (%) 
of pristine PP is 76.6%. The value of the crystallinity of 
the other samples reduced from 76.6 to 40.50% due to the 
modified pro-oxidant.

Scanning Electron Microscopy

Before and after biodegradability studies, changes in 
the surface morphology of the PP, PP100T5, PP100T10, 
PP100T20, and PP100T30 composite films were investigated 

using a scanning electron microscopy and reported in 
Figs. S2 and S3 of Supplementary material. Fig. S2(a) of 
supplementary material displays the surface morphology of 
pristine PP before biodegradation. The surface of pristine 
PP was smooth and uniform. The surface morphology of 
modified pro-oxidant containing PP films before biodegrada-
tion is shown in Fig. S2(b-g) of Supplementary material. It 
was seen that loading of modified pro-oxidant did not sig-
nificantly affect the surface morphology of pristine PP [17, 
32, 45]. However, the surface roughness of modified pro-
oxidant containing films was increased and it depended on 
pro-oxidant concentration, which was helpful for the growth 
of microbes [9].

The morphological changes were detected after 45 days 
of the composting process and depicted in Fig. S3(a) of Sup-
plementary material. After 45 days, the surface morphology 
of the PP film did not change its morphology. It revealed 
that microbes did not consume the PP during composting 
processes. Fig. S3(b-g) of Supplementary material reveals 
the surface morphology of modified pro-oxidant containing 
PP films. After biodegradation (45 days), distinct changes 
were observed on modified pro-oxidant containing PP films, 
with roughness, disintegration, and cavitation on the surface, 
which is confirmed by the biodegradability results [25]. The 
surface morphology of the modified pro-oxidant containing 
PP films was altered, showing that it was consumed via the 
microorganisms during biodegradation. More pronounced 
peeling, exfoliation, as well as several small holes in the 
plate structure were detected in contrast to pristine PP. It 

Fig. 4  DSC thermograms of PP and modified pro-oxidant filled PP films

Table 3  DSC analysis of PP and modified pro-oxidant filled PP sam-
ples films

Film sample Tm (°C) Tc (°C) ΔHm  (Jg−1) Crystallinity (%)

PP 166.4 119.1 104 63.80
PP100T5 165.67 115.78 103.8 63.68
PP100T10 164.65 115.46 88.46 54.26
PP100T20 164.23 114.52 84.65 51.93
PP100T30 163.59 114.20 78.4 48.09
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revealed a greater degree of surface decay of modified pro-
oxidant loaded PP films. This is due to modified pro-oxidant 
containing films becoming most fragile on degradation.

Biodegradability Test

To evaluate the biodegradability, the composite films were sub-
jected to a respirometry test using bioreactors. Determining the 
amount of  CO2 emitted through microbial respiration after uti-
lization of the nutrient source of carbon and energy in the poly-
mer films, makes it a possible to estimate % biodegradability. 
The percentage biodegradability of PP, PP100T5, PP100T10, 
PP100T20, and PP100T30 was estimated based on ASTM D 
5388-15 standard protocol. Using Eq. (4), the biodegradabil-
ity was estimated in terms of C–CO2 release. The microbes 
present in the inoculum should mineralize the degradable sub-
strate and convert 90% carbon content of the individual films 
into  CO2,  H2O, and biomass [3, 19, 21]. Figure 5 shows the 
biodegradation of all the modified pro-oxidant containing PP 
film samples. The percentage biodegradation of all the films 
in enhancing order are: PP 0%, PP100T5 15.51%, PP100T10 
18.88%, PP100T20 23.92%, PP100T30 28.87% and cellulose 
(reference) 77.22%. The biodegradability has been enhanced 
by modified pro-oxidant loaded PP composites because of the 
weak linkages, amorphous nature, chain cleavage, and different 
functional groups [28, 48]. The modified pro-oxidant made the 
PP prone to microbial attack due to its amorphous nature [9, 28, 
45]. Microbes have consumed it as a nutrient source of energy 
and emitted  CO2, biomass, and water [2, 17].

During controlled aerobic composting, the degradation 
of the polymer has two stages. The first stage is the abiotic 
hydrolysis of solid and the next stage is carbon mineraliza-
tion [21, 25]. The biodegradation mechanism can be sum-
marized. The PP reacted with  O2 and produced free radicals. 

These produced radicals are then broken down into hydrop-
eroxides which are further decomposed to more radicals by 
the metal salts through chain reaction mechanism [32, 49]. 
This way, the original polymeric material chain gets broken-
down by microbial activity.

Eco‑toxicity Tests

Microbial Toxicity Test

The numbers of colony-forming bacteria in the composted 
film material are presented in Table 4. It can be observed 
that the sample of blank gave CFU count of 0.3 × 104, and 
CEL gave the maximum CFU count (bacterial lawn). In 
all the modified pro-oxidant loaded PP films, the value of 
CFU count was more than the blank sample, which shows 
an enhanced bacterial growth in the composted samples. 
Therefore, the degraded intermediate products from the film 
samples are considered as non-toxic.

Plant Growth Toxicity Test

For the plant growth test, a middle range of pH was utilized 
to confirm the aptness of composted PP films. The suggested 
optimal range of pH is 5.5 [50] for the growth of plants. In 
the growth medium, a pH value very low or high will influ-
ence the solubility plus the availability of nutrients. As per 
suggestions, in this case, the pH was kept at 5.8–6.0, which 
is close to the optimal range of pH.

Mung bean and wheat plants are utilized to identify the 
toxic impacts of biodegraded intermediate products of mod-
ified pro-oxidant loaded PP samples [37]. After 3 weeks, 
the visual assessment of both the seedlings was done in the 
growth medium and it revealed that the average number 
of plant growth was 100%. In Figs. 6 and 7, no variations 
were seen in test sample films plus control in case of both 
the plants. Both plants were cut, dried, and weighed after 
3 weeks of growth. The dry weight of the plants of the Mung 
was nearly similar within 2% in each composted sample. The 
same was the case for the plants of the wheat. 

Fig. 5  Biodegradability of PP and modified pro-oxidant filled PP 
films

Table 4  The number of bacterial colonies (CFUs) from water extract 
of compost containing different samples

Sample CFU/mL count ×  104

Control 0.3
Cellulose Bacterial lawn
PP 0.3
PP100T5 1.4
PP100T10 1.6
PP100T20 1.9
PP100T30 2.4
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Fig. 6  Growth of Mung bean in compost (after 45 days biodegradation) of a control, b cellulose, c PP, d PP100T5, e PP100T10, f PP100T20, 
and g PP100T30

Fig. 7  Growth of wheat in compost (after 45 days biodegradation) of a control, b cellulose, c PP, d PP100T5, e PP100T10, f PP100T20, and g 
PP100T30
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Earthworm Acute‑Toxicity

In the post biodegradation compost, the value of mean per-
centage mortality of earthworms for the PP, CEL, blank 
(control), PP100T5, PP100T10, PP100T20, and PP100T30 
was nil after the 14 days test. This revealed that the biodeg-
radation products of different film samples were nontoxic.

Conclusions

In this study, the effect of modified pro-oxidant concentra-
tion on the degradability of PP was studied. For this aim, 
modified pro-oxidant was used as organic additives in PP 
films. The effects of modified pro-oxidant on the charac-
teristics (physical, chemical, thermal, and morphological) 
of the PP films were studied. The biodegradability of these 
films was also evaluated. The mechanical properties (ten-
sile strength and elongation at break) changed significantly, 
which can be still suitable for the packaging applications. 
The FTIR study confirmed the incorporation of modified 
pro-oxidant by a peak at 1715 cm−1 in PP. TGA results 
showed that the thermal stability of PP reduced with the 
loading of modified pro-oxidant. The XRD and DSC analy-
sis revealed that modified pro-oxidant reduces the crystal-
linity of the PP and made it more susceptive to degradation.

SEM results revealed that modified pro-oxidant changed 
the morphology of the PP before and after the biodegra-
dability test. After biodegradation, the surface of modified 
pro-oxidant containing PP films changed significantly and 
showing that it was consumed by the microbes, and more 
pronounced peeling, exfoliation, and several small holes 
in the films as compared to neat PP. Finally, we concluded 
that the degradation rate strongly depends on pro-oxidant 
concentration. The highest biodegradability (28.87%) could 
be obtained in case of PP100T30 film. All the eco-toxicity 
tests (plant growth, earthworm acute-toxicity, and microbial 
growth tests) confirmed that biodegradation intermediate 
materials were nontoxic. Hence, the prepared composites 
can be effectively applied for flexible packaging materials.
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