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Abstract
In the intention of reducing the environmental impacts resulting from the accumulation of waste synthetic polymers, especially those products with short shelf life, such as disposable diapers and sanitary napkins, this study aims to evaluate the degradation of samples of polypropylene (PP) modified with organic additive free of transition metal. The samples were prepared using a single screw extruder, then grounded with liquid nitrogen, and were processed by thermal compression molding (TCM), in the plates form. Then they were submitted to degradation in respirometric test, at 58ºC during 120 days. The samples were characterized by physical, thermal and morphological properties. Results showed that the modified PP showed evidence of degradation by increasing the generation of CO2 with increasing the time of incubation of the samples, weight loss, increased in the degree of crystallinity and modifying the morphological analysis which showed surface deterioration.
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1. Introduction

Over the years, the volume of polymeric waste produced by modern society has grown exponentially, leading to serious environmental problems. The availability of landfill space has decreased rapidly and the cost of landfilling plastic wastes has increased enormously 
,
. To alleviate these problems, plastic recycling is becoming a priority in most waste management programmer, but many products are not viable to recycle, thus development of biodegradable polymers is a newly emerging field for this products short shelf life 
,
.
The biodegradation have various definitions that depend on the field of application of the polymer (biomedical area or natural environmental) 
. The biodegradation in environmental factors, that occurs for this type of materials (polymeric waste), is defined as the deterioration of its physical and chemical properties and a decrease of its molecular mass down to the formation of CO2, H2O, CH4 and other low molecular-weight products under influence of microorganisms in both aerobic and anaerobic conditions aided by abiotic chemical reactions like photodegradation, oxidation and hydrolysis 
,
. 
The growing worldwide consumption of polyolefins and the worrying pollution caused by their accumulation in the environmental, the purpose of this study was to evaluate and compare the degradation of the samples (without prior degradation) of neat PP and modified PP with organic pro-degradant additive free of transition metal submitted at 58 ºC during 120 days in respirometric test. The changes in physical, terminal and morphological properties of the samples were monitored by the cumulative CO2, weight loss, degree of crystallinity, melt temperature and morphological surface.
2. Experimental

2.1. Materials

Polypropylene homopolymer with melt flow index of 38g/10min (Grade: H125) with a density of 0.905 g/cm3. The neat PP samples were kindly donated by Braskem. Benzoin (Sigma-Aldrich, purity > 98%), containing at least one 1,2-oxo-hydroxy group free of transition metals, and potassium salt were used as a catalyst and a co-catalyst, respectively, and together comprised the pro-degradant additive.

2.2. Polypropylene with additive

Samples were extruded with the pro-degradant additive in a single-screw extruder brand Ciola (L/D=22) at 200ºC at 45 rpm, and then pelletized. The PP in pellets form with additive was ground in liquid nitrogen and oven dried at 40ºC for 24 h. The PP samples with and without the additive, in plate form with 5 cm diameter and 2 mm thickness, were obtained using a molding press at 220°C under 2 tons for 5 min. Samples of neat PP were submitted to the same treatment and used as a reference. 

2.3. Biodegradation: using a respirometric test
The methodology used for the biodegradation tests of polymers was based on some parameters of Chiellini. [
], and using a biometer flask adapted according to ASTM D 5338-98 [
] and D6003 [
] that the biodegradation was estimated by the mineralization of the polymer carbon atoms evolving to CO2 and trapped by NaOH solutions 
. 

In the biodegradation tests were carried out with a cylindrical glass sealed air-tight (biometer flask with 500 ml capacity) with a multilayer substrate mixture of soil (70 g), approximately 0.200 – 0.800 g polymer to be biodegraded (neat PP, modified PP or cellulose) and were sandwiched between two layers of 10 g perlite wetted with 30 ml distilled water. For to evaluation of biodegrading capacity, by quantification of the CO2 produced during biodegradation, this biometer was connected by a glass tube with a hose silicone a Erlenmeyer containing 300 ml of 0.35 mol dm-3 NaOH (Synth) solution, which was substituted every 4-7 days and titrated with a 0.25 mol dm-3 HCl (Vetec) solution. 
The respirometric apparatus were kept at 58 ± 2 ºC opened every 3 days for aeration and titration on the NaOH solution. Prior to the titration, 3 ml of 35 m/v (%) BaCl2 (Synth) solution was added to the 30 ml of NaOH, used for the titration. The carbon dioxide produced within the incubation time, was determined as the percent of the theoretical quantity of CO2 produced in the blanks (soil mixtures without any further carbon source) during the incubation time. 
2.4. Methods for analysis



The physical, thermal and morphological changes which took place due to biodegradation tests of the samples were monitored through the determination of the determination of CO2, weight loss, degree of crystallinity (Xc), and morphology by scanning electron microscopy (SEM).
2.4.1. Determination the cumulative CO2 in respirometric test


The cumulative of CO2 produced from the metabolism of living species present in the medium, was calculated according to the method described in ISO 17556/2003 
. The CO2 when it contacted the basic solution (NaOH), reacts to form Na2CO3, which is precipitated with an aqueous solution of BaCl2 forming BaCO3, according to reactions 1 and 2.



CO2 + 2NaOH → Na2CO3 + H2O 



     (1)

Na2CO3 + BaCl2 → BaCO3 + 2NaCl 



(2)

Thus the amount of NaOH that did not react with the product gas is reacted with the same amount of HCl titration of the acid solution as the equation 3 9. 
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2.4.2. Differential Scanning Calorimetry (DSC)



The polymer crystallinity was determined using a DSC-Q20 calorimeter (TA Instruments). Approximately 5 - 6 mg of the each sample was heating and cooling rate of 10°C min-1 in nitrogen atmosphere, 50 ml min-1 gas flow. To remove the thermal history, samples were first heated from 25 – 250°C, then cooled to 25°C and again heated to 250°C. The results were obtained from the first heating run, and the crystallinity was calculated using Equation (4), where ∆H is the melting enthalpy and ∆H100 for PP was 209 Jg-1 
:



Xc = ∆H/∆H100 X 100




(4)

2.4.3. Weight loss

A simple and quick way to measure the biodegradation of polymers is by determining the weight loss, that is proportional, whereas a loss of polymer integrity leads to weight loss, which is proportional to the surface area since biodegradation usually, is initiated at the surface of the polymer 2.  Percent weight loss determined as a function of number of days was calculated as the equation:

% Wt. loss = W0 – W  x 100




(5)




            W0
where W0 is the initial weight in the beginning, W is the weight after 120 days in the biodegradation test.
3.4.4. Scanning Electron Microscopy (SEM)

The morphology of the PP samples before and after submitted in the respirometric test during 120 days were examined with a JEOL, JSM-6060 scanning electron microscope operating at 10 kV. The samples were sputter-coated with gold.

3. Results and discussion
Figure 1 shows the cumulative CO2 emissions detected from the test flasks during 120 days. The biodegradation test appeared to be satisfactory, because it is a suitable process, in other words the microorganisms are in an environment conducive to their development and nutrition, and in a short time, it can be confirmed by the much higher amount of CO2 liberated as a metabolized product of the filter paper (positive control), making the reliable assay 
.
There is a generation of CO2 between the different samples of neat PP and modified PP as a function of incubation time. This may be related to the fraction of the polymer chain of the modified sample was metabolized by microorganisms present in the medium. It was possible to observe the high production of CO2 from 20º days of treatment with standard biodegradable as carbon source, indicating the good condition of the inoculum.
It is noted that the curve on the degradation of modified PP sample shows no tendency to stabilize. This fact implies that the biotic degradation of this material will continue for longer periods of incubation; however it is not expected 100% conversion of carbon to CO2, because as a fraction of the polymer chain carbon is transformed by the microorganism biomass, organic substances and other gases 5, 
.
In the sample of neat PP, it is observed that the values ​​of CO2 released were similar over the period of 120 days of incubation. Comparing the samples of PP with and without modification, there is the influence of the organic additive present in the samples by continuous increase of CO2 production, suggesting a greater rate of degradation in samples containing the organic pro-degradant additive. The CO2 values ​​obtained from the modified sample can be considered good by comparison with the results of neat PP and also with cellulose, which presents a curve of higher CO2 production; knowing that the samples did not undergo previous oxidation. From that point of view, the use of organic pro-degradant additive is efficient in reducing the time of degradation of the PP samples after undergoing the respirometric test.
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Figure 1. Cumulative CO2 emissions of filter paper, neat PP and PP modified during 120 days in the accelerated biodegradation test.

Weight loss is one of the main parameters which determine the degradation of the polymer 
. The percentage of weight loss for the filter paper, neat PP and modified PP samples before and after 120 days à 58 ºC in respirometric test is displayed in Table 1. 

Table 1 – Weight loss of the cellulose and PP samples after biodegradation test.

	Samples
	W0 (g)*
	W (g)**
	Weight loss (%)

	Filter paper
	0.2026
	0
	           0

	Neat PP
	0.4628
	0.4624
	         0.09

	Modified PP
	0.3296
	0.2966
	         10.0


*Initial weight in the beginning; 

**Final weight after de biodegradation test.
Analyzing the results, the samples of filter paper presented a weight loss of total mass (100%), because is a biodegradable material and the conditions presented in the respirometric test, facilitated the complete degradation of this material, confirming the efficiency of biodegradation in respirometric test.
It is observed that there was a weight loss for both samples, but in the samples of modified PP exposed during 120 days in biodegradation test showed more weight loss when compared to sample of neat PP that showed 0.09. The samples of modified PP showed 10.0 % of weight loss during 120 days respectively, and after this period the samples with the pro-degradant additive (modified PP) showed weak and milky appearance. 
These results, note that the value of weight loss could have been increased. But as in the respirometric was humidity, in this way could have occurred to the diffusion of water into the polymer. This absorption of water by the samples is the initial step in the degradation to occur, and then the weight loss of the samples would have been higher 
. The period of 120 days used in this experiment is another factor that may have affected the weight loss of samples, it would require a much longer time for microorganisms to adapt to the new substrate, or need for previous degradation of the polymer molecules so as to provide less susceptible to microbial attack.

Figure 2(a-b) shows the degree of crystallinity and melt temperature of the neat PP and modified PP before and after 120 days submitted in biodegradation test. Analyzing the results of the samples not exposed to degradation (neat PP and modified PP), observed a small decrease in crystallinity values (being within the margin of error) of the samples modified with unmodified samples. This may be due to the presence of the organic pro-degradant additive in the modified samples, which influence the increased free volume, reducing the crystallinity 
. 
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Figure 2. Values for the neat PP and modified PP before and after 120 days in biodegradation test: (a) Degree of crystallinity, (b) Melt temperature. 

The neat PP sample after the biodegradation process showed no significant changes in Xc, where the values ​​within the margin of error. Regarding the sample of modified PP after exposure to biodegradation test showed a significant increase in Xc of approximately 18%, in relation the sample in initial time. This increase is due to polymer degradation occurred primarily in the amorphous phase (more sensitive), probably due to the presence of oxygen in the composition of the organic pro-degradant additive, and subsequently in the crystalline phase, which has not yet occurred in the study period. According to a study by Rabello and White 
, the semi-crystalline structure of the PP, can result from non-uniform degradation due to the different permeability of oxygen through the amorphous and crystalline regions. Thus in the amorphous regions is generated free radicals that can migrate to the crystalline regions, thereby extending the degradation in the entire volume of the material 
.
Figure 2-b shown Tm values ​​of the samples after the biodegradation test, that are similar to samples without exposure, ie, there is no significant change is observed only a slight reduction of temperature in both samples, this is a reflection of the fission process chains suffered by samples when exposed to conditions in the respirometric test.
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The SEM micrographs to the PP samples before and after they have been exposed to biodegradation in respirometric test are shown in the Figure 3. Small changes in the surface of the control samples (neat PP) were observed after 120 days in incubation, which showed uniform surface deterioration with a little cracks and pitting in the surface. These changes could indicate that neat polypropylene biodegradation processes had occurred slowly 
. 
Figure 3. SEM microphotographs of surface of neat PP and modified PP before and after 120 days in biodegradation test.


In case of modified PP after 120 days in the respirometric test, showed distinct changes in both micrographs that are clear evidences of degradation, which present a roughening, cavities and disintegration surface 13. After this period, exfoliation, peeling and holes in the plates structure were observed, but were more pronounced in the samples of modified PP that showed more deterioration surface in comparing the neat PP. This fact is due because the presence of the organic pro-degradant additive and the incubation at 58ºC during 120 days, they made this sample become more fragile, which favored the largest changes with fractures and undulations in the surface are seen in the modified PP. Mumtaz et al. 
 reported the evaluate the degradation commercially available Low Density Polyethylene (LDPE) carrier bags in natural soil for up to 2 years. SEM images reveal signs of degradation such as exfoliation and formation of cracks on film leading to disintegration.  
4. Conclusions
The PP modified in accelerated biodegradation test showed a high level in the production of CO2 and the weight loss of the PP modified compared with the neat PP, confirm that the organic additive are efficient in biodegrading polypropylene, present a reduction of 10% in weight loss, a increasing in the Xc and a small increase in the Tm. In the morphology was possible to observe the change in morphology with deterioration in the surface of the modified PP after biodegradation test.
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