
ABSTRACT 

Keene, Brandi Nechelle. Biodegradation of Polypropylene Nonwovens. (Under the 
direction of Dr. Richard Kotek). 
 

 
The primary aim of the current research is to document the biodegradation of 

 
polypropylene nonwovens and filament under composting environments. To accelerate the 

biodegradation, pre-treatments and additives were incorporated into polypropylene 

filaments and nonwovens. 

The init ial phase (Chapter 2) of the project studied the biodegradation of untreated 

 
polypropylene with/without pro-oxidants in two types of composting systems. Normal 

composting, which involved incubation of samples in food waste, had litt le effect on the 

mechanical properties of additive-free spunbond nonwovens in to comparison pro-

oxidant containing spunbond nonwovens which were affected significantly. Modified 

composting which includes the burial of samples with food and compressed air, the 

polypropylene spunbond nonwovens with/without pro-oxidants displayed an extreme 

loss in mechanical properties and cracking on the surface cracking. 

Because the untreated spunbond nonwovens did not completely decompose, the next 

phase of the project examined the pre-treatment of  ɔ-irradiation or thermal aging prior to 

composting. After exposure to ɔ- irradiation and thermal aging, polypropylene is subjected 

to oxidative degradation in the presence of air and during storage after irradiation. Similar to 

photo-oxidation, the mechanism of gamma radiation and thermal oxidative degradation is 

fundamentally free radical in nature. 

In Chapter 3, the compostability of thermal aged spunbond polypropylene nonwovens 

with/without  pro-oxidant additives. The FTIR spectrum confirmed oxidation of the 

 



polypropylene nonwovens with/without additives. Cracking on both the pro-oxidant and 

control spunbond nonwovens was showed by SEM imaging. 

 
Spunbond polypropylene nonwovens with/without pro-oxidants were also pre- 

irradiated by gamma rays followed by composting. Nonwovens with/without pro -oxidants 

were severely degraded by ɔ-irradiation after up to 20 kGy exposure as explained in Chapter 

4. Furthermore (Chapter 5), ɔ-irradiated polypropylene nonwovens with pro-oxidants were 

invisible to the naked eye after 30 days of composting suggesting microbial attack was 

achieved. 

The final phase of the project encompasses the extrusion of bicomponent fibers. 

 
Because microorganisms desire to feed on hydrophilic molecules, commercially available 

starch -based polymers were spun with polypropylene resins in a sheath/core configuration. 

Similar to the previously discussed nonwovens studies, the bicomponent filaments were pre- 

treated with heat (Chapter 6) and ɔ-rays (Chapter 7) before evaluating the biodegradability 

under composting studies. The results from these chapters were reviewed to determine if 

bicomponent nonwovens under the same conditions could be manufactured. 
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CHAPTER 1 Literature Review 

1.1  Background  

The purpose of this chapter is to present a brief overview of the current state of the 

body of knowledge concerning the biodegradation of polypropylene textile materials. 

Initially, a brief description of chemical and structural properties of polypropylene will be 

explained.  In addition, an attempt has been made to cover the various degradation 

mechanisms of polypropylene, methods of analytical characterization to evaluate 

biodegradation, and potential biodegradable polymer alternatives.  

1.2  Overview of Polypropylene  

1.2.1 Discovery of Polypropylene  

Between 1951 and 1953, three patent applications were filed for the discovery of 

polypropylene. Paul Hogan and Robert Banks, scientists at Philipôs Petroleum Company 

synthesized crystalline polypropylene by packing a pipe with propylene and nickel oxide 

catalyst modified with small amounts of chromium oxide.
6
  A. Zletz of Standard Oil 

produced polypropylene molybdenum oxide catalyst.  Ziegler used transition metal 

halogenides and aluminum organic compounds and the work of Italian scientist, Giulio Natta 

in applying the catalyst system lead to the synthesis of stereoregular polypropylene. 

Remarkably, the catalytic polymerization of propylene at low pressure to produce 

polypropylene (with three different catalytic systems) was discovered within a brief period 

by researchers in three separate laboratories, none knowing that the others were even 

pursuing the problem.  
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Polypropylene (PP), a thermoplastic polymer, consists mainly of two elements, 

carbon and hydrogen. Hence, polypropylene is very similar in structure to its polyolefin 

counterpart polyethylene, with the exception of every other carbon atom in the backbone 

chain bonded to a methyl group.   Generally, polypropylene is prepared from the monomer 

propylene by (Figure 1) Ziegler -Natta polymerization or metallocene catalysis 

polymerization.   

 

Figure 1 Synthesis of Polypropylene
7
 

 

1.2.2 Stereo Arrangement of Polypropylene 

Polypropyleneós properties are affected by stereoregularity. The factors which 

determine the stereo arrangement of polypropylene are (1) the degree of branching (linear or 

branched),  (2) regiospecificity (head-to-tail, or head-to-head or tail-to-tail), and (3) 

stereospecificity (right or left hand). 
8
 Hence, polypropylene can be produced with different  

isotactic, syndiotactic, and atactic tacticities. The majority of polypropylene used in fiber 

production (Table 1) is isotactic though syndiotactic has been employed in fiber formation.  

The different tacticities in PP are shown in Figure 2.  
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Figure 2 Tacticities of Polypropylene
8
 

 

In isotactic polypropylene, the pendent methyl groups are present on the same side of the 

backbone; they are alternating in syndiotactic polypropylene, and random in atactic 

polypropylene. Isotactic polypropylene is one of the most widely used forms of PP and is 

prepared with various modifications of Ziegler-Natta coordination catalysts, producing 

polymers with various degrees of stereoregular order. The final isotacticity can be up to 

98%.
9
 

1.2.3 Properties of Polypropylene 

In general, there are many factors which have attributed to the success and rapid growth of 

polypropylene. Polypropylene has excellent chemical resistance and high purity. It has better 

mechanical properties than other polyolefin materials.  In fact, polypropylene is the lightest 

of all commercial plastics with a good balance of properties. When employed in applications, 

polypropylene operates safely at temperatures up to 85ęC.
10 

 It has high surface 
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hardness and superior abrasion resistance. Compared to traditional materials, 

polypropylene has a low density. Particularly in the automotive industry, polypropylene 

contributes to the fuel efficiency, reduced material cost, and passenger comfort. Commercial 

polypropylene homopolymers are usually in the isotactic form, high in molecular weight, and 

semi-crystalline solid with a melting point range of 160-165ęC.
3
 Polypropylene 

homopolymers have moderate impact strength, excellent stiffness, great mechanical 

properties, and low electrical conductivity.  Low molecular weight polypropylene resins are 

used to make melt-spun and melt blown fibers. The addition of stabilizers during processing 

protects polypropylene from oxygen, thermal degradation, and ultraviolet light. Other 

additives are also added to improve resin clarity, flame retardancy, and radiation resistance. 

Since its introduction into the textile industry in the 1950s, the list of successful 

products and markets for polypropylene fiber has increased exponentially.  Of the 

polypropylene used in the U.S., more than one-third goes into fiber and fiber-related 

products.   

Processability of a polymer is greatly dependent on its rheological properties, which 

are closely related to molecular weight, molecular weight distribution, and processing 

temperature and shear rate. Polypropylene resins are generally categorized according to their 

melt flow rates (MFR), which is the amount of material that passes through a standard die 

hole for ten minutes. Polymers with higher molecular weight have lower MFR and higher 

viscosity (under a given temperature).  In textile an application, the typical MFR range is 

between 15-2 5 g/min for medium rate molecular weights. For more technical applications, 
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the range is 3- 5 g/min due to high molecular weight.   The polydispersity (PDI) ranges from 

2-12 or greater. A PDI of 3 is considered ideal for high speed spinning. 
10 
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Table 1 Properties of Textile Grade Polypropylene
13

 

Tensile Strength   (gf den-1) 3.5-5.5 

Elongation at break (%) 40-100 

Abrasion Resistance Good 

Moisture Absorption (%) 0-0.05 

Elastic Recovery (after 30 s at 

2% elongation) 

Immediate (%) 

Delayed (%) 

 

 

91 

9 

Glass Transition Temperature 

(
o
C) 

-15 to ï20 

Softening Point (
o
C) 140 

Melting Point (
o
C) 165 

Chemical Resistance Generally 

excellent 

Relative Density 0.91 

Thermal Conductivity 6.0 (with air as 

1.0) 

Pyrolytic Stability (
o
C) 350 

Electrical Insulation Excellent 

Resistance to Mildew, Moth Excellent 
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1.3 Manufacture of Polypropylene Fibers  

1.3.1 Introduction to Melt Spinning Process 

The melting spinning process originated in 1940 with the commercial production of 

Nylon 6.
11

 Melt spinning is the preferred method of manufacture for polymeric fibers, due to 

its efficiency in producing high quantity and quality fibers, thereby making it a very cost 

effective process. 

A typical melt spinning process  consists  ( Figure 4)  of an extruder, a positive 

displacement  pump, a spin head, a spinneret or die, a quench tower, a feed roll, draw rolls, 

and a winder. The functions of the extruder are:  (1) heat and mix the polymer to produce a 

homogeneous melt, and (2) to pump it through the spinneret at a constant rate. The extruder 

contains a motor driven screw of a specific length/diameter ratio inside the barrel, which 

helps in mixing and pumping of the melt.  Generally, there are three zones in an extruder 

which correspond to the geometry of the screw: the feed zone, the compression zone, and the 

metering zone.
3
 Each of these zones is heated to different temperatures based on the polymer 

being extruded. 

Initially, polypropylene granules  (MFI= 10-40 g/min) are fed through the hopper into 

the extruder feed zone to start melt spinning. Depending on the polymer being extruded, the 

chips may be dried or used without prior drying.  To prevent the polymer from oxidizing, a 

slow nitrogen purge is frequently employed. As the polymer is pushed along the extruder 

barrel by either a single or twin screw, it is heated by a combination of conducted heat and 

mechanical shear heat,   derived   from the mixing and kneading action of the screw.  After 
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the polymer melt exits the metering zone, the positive displacement pump delivers the molten 

polymer at a set flow rate to the spin head.
11 

 

 

Figure 3 Schematic of Melt Spinning 
11

 

        

 The spin head consists of filters and channels that supply molten polymer to the 

spinneret, through which the molten polymer is extruded.  The filter, composed of a number 

screens (or some other special porous materials) , removes degraded polymer gels, foreign 

bodies, and gaseous bubbles.  After the polymer melt exits the spinneret, a quench tower 

controls the cooling or quenching of the molten filaments. The quenched fibers are then 
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pulled down to a smaller cross-sectional area by a feed roll, which is set to a desired velocity. 

A set of draw rolls is used before or after the spinning process depending on the final 

property requirements of the fiber. Drawing of fibers orients the molecular chains in the 

fibers to a high degree in the machine direction. Spun fibers are placed on a bobbin attached 

to the winder.  

 A typical melt spinning process for polypropylene, begins with polypropylene pellets 

or granules (MFI= 10-40 g/min) are fed through the hopper to extruder. To melt 

polypropylene pellets, the polymer is extruded in the range of 230ęC to 280ęC in several 

heating zones.
10

  The molten polypropylene is then melted and pumped to the spin pack. The 

spin pack consists of a  filter which removes impurities and uniform melt flow of spinneret 

containing small orfices with a diameter of 0.3-0.8 mm. Industrially, a large extruder is used 

with a capacity of 500-1000 kg/h to distribute molten polypropylene to 8-20 spinnerets 

equipped with separate gear pump and spin pack. The number of spinneret holes for 

producing staple fibers is typically 10,000-50,000.
15

  The molten fiber exits the spinneret and 

enters the cooling zone which cools and solidifies the fibers. The shape of the spinneret holes 

are round, annular, rectangular, or other various shapes. The shapes of the holes affect the 

distribution of quench air flow, appearance of PP fabric, and physical properties of fibers. 

The final properties of the fiber, such as percent crystallinity, molecular orientation, 

diameter, etc., depend on various processing parameters. The key processing parameters for 

melt spinning are the polymer extrusion temperature, the cooling conditions along the 

spinline, mass throughput per spinneret hole, length of the spinline, take-up speed, and size 
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and the shape of spinneret holes. Of all these parameters, two important parameters are 

typically recognized by researchers are throughput rate and take-up speed. 

1.3.2 Polyolefin Application in Nonwovens  

In the past decade, the use of polyolefines, especially polypropylene, has dominated 

the production of meltblown and spunbond nonwovens. 
1
 Polyolefin resins are generally 

considered the polymer of choice in the nonwoven market because of the relatively attractive 

cost combines with the good value and ease of use in comparison to conventional resins, such 

as polyesters and polyamides. 

In order to qualify for consideration in nonwoven applications, all polyolefines must 

possess extrusion and melt-spinning characteristics. It is well known that polypropylene is 

more difficult to extrude than polyethylene. 
3
 However, both polypropylene and polyethylene 

filaments are easy to spin into fine denier filaments provided that resins have narrow 

molecular weight distributions and MFI. 

Polypropylene is the most widely used resin in the polymer laid nonwovens. Though 

polypropylene nonwovens first gain recognition in the disposable surgical and sanitary 

sector, new products are being introduced daily in diverse applications.  As shown in Figure 

4, nonwovens are used in a variety markets. 

Polyolefin polymers are considered material of choice in the absorbent and medical 

sector. Of the absorbent product applications, the baby diaper area is the largest volume user; 

however, applications in adult incontinence currently show the highest growth in recent 

years. In the medical applications, polypropylene is used in the manufacture of gowns, shoe 
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covers, face masks, and sterilizable packaging. Compared to traditional polymers used in 

medical  

 

 

Figure 4 Expected Growth of Nonwovens in Specific Applications
1
 

 

applications, polypropylene exhibits exceptional characteristics such as breathability, 

resistance to fluid penetration, lint-free structure, sterilizability, and impermeable bacteria.  

Filtration is a major market for polypropylene nonwovens.  In fact, most household 

filters are produced from polypropylene nonwovens. In addition to air filtration, 

polypropylene nonwovens are used in cigarette filters and numerous technical applications 

such as petrochemical, pharmaceutical, and coatings.
3
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In packaging applications where paper products and plastic films are not sufficient, 

polypropylene nonwovens are used. These applications are food containers, envelopes, 

stationary products, and medical sterile packaging.
3
 

Geotextiles, an industry which is highly connected to civil engineering is another 

common discipline which polypropylene nonwovens are used. Erosion control, railroad bed 

stabilization, canal and reservoir lining protection, highway and airfield black top cracking 

prevention, and roofing are unique geotextiles which are composed of polyolefin nonwovens.  

The geotextiles are unique and highly controllable structures which are engineered for 

specific properties.
3
 

Lastly, polypropylene nonwovens are employed in many areas of the automobile. 

One of the major uses of nonwoven webs is the backings of tufted automobile floor carpets.  

The nonwovens are also used for trim parts, trunk liners, interior door panels, and seat 

covers. 

1.3.3 Melt Blown Process for Producing Nonwovens  

The melt blowing process is one of the newest and least developed nonwoven 

processes. In comparison to other nonwoven processes, the melt blown process is distinctive 

because it is used almost exclusively to produce fine fibers rather than fibers the size of 

normal textile fibers. The concept of melt blowing to produce fine fibers was first developed 

under U.S. government sponsorship in 1954. Van A. Wente, scientist at the Naval Research 

Laboratory,  first began this work to produce micro-filters for the collection of radioactive 

particles in the upper atmosphere to monitor worldwide testing of nuclear weapons. In 

Wenteôs process, an extruder forced a molten polymer through a row of fine orifices directly 
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into two converging high velocity streams of heated air or other gas.
15

 It was claimed that 

fibers as small as 0.1 ï 1 micron can be formed by this method .
16, 17

 In the 1960ôs, an Exxon 

affiliate and a development program recognized the significance of this work. Five years 

later, a patented prototype model successfully confirmed the production of fine microfibers 

and providing the name for a new process: ñMeltblowingò.  Thus, Exxon became the first to 

demonstrate, patent, publicize, and license the use of the Wenteôs concept as a practical one-

step process to manufacture unique forms of nonwoven webs.  Early successful licensees 

included Kimberly-Clark, Johnson & Johnson, James River, Web Dynamics and Ergon 

Nonwovens, followed by many other companies, including 3M.   Currently, Exxon has 

created the majority of the licenses and/or options to produce microfiber nonwoven and melt 

blown equipment. 

Meltblowing is an extrusion technology that produces fiber webs directly from a polymer. 

The schematic of the process is shown in Figure 5: 

 

                                                  

Figure 5 Melt Blown Process Technology
15
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Initially, polymer granules or pellets are extruded through a linear die containing 

closely arranged small orifices. The filaments are attenuated by two convergent streams of 

high-velocity hot air to form fine fibers. After the extruded polymer threads are attenuated by 

hot air, this air and resulting fibers are expanded into the ambient air. As a result of the 

combination of high speed hot air and fibers with room temperature air, the fiber bundle 

starts its movement forward and backward (Figure 6). While flying through the ambient air, 

the filaments are stretched and on their way down to the belt the fibers are stretched again 

due to so-called ñform dragò. This form drag emerges with every change in fiber direction. 

 Hence, melt blown fibers usually do not have a constant fiber diameter. In general, 

fiber attenuation is achieved by three different forces: aerodynamic drag near the die, 

aerodynamic drags near the collector, and the fiber elongation due to fiber entanglements 

along the spinline; however, most of the attenuation occurs near the die.
18

 The other function 

of hot air streams is also to transport the fibers to a collector where they self-bond at the 

contact points.
18,19 
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Figure 6 Schematic of Fiber Attenuation in the Meltblowing Process
15

 

 

In most cases,  filaments produced by the meltblowing process have generally low or 

no molecular orientation .
18

 Some of the processing conditions which influence the final 

properties of the meltblown fibers and webs are melt temperature, polymer mass flow rate 

(throughput), die geometry, airflow rate and air temperature, die-to-collector-distance 

(DCD), and collector speed.
19,20

  Variation in any of these input parameters will alter final 

properties of fibers, such as cross-sectional shape, diameter, morphology, and web structure 

can also be changed. 

Melt blowing process has three distinct regimes. The most common regime has a very 

high air flow rate that allows production of fibers in the range from 2 to 5 microns. This 

regime is currently used commercially. Another regime, the ultra high flow rate regime 

allows production of ultrafine fibers with the diameter less than 1 micron. Although fibers as 

small as 0.1 ɛm can be produced by the ultra high flow rate regime, it is still under 

development . 
21

 A low air flow rate regime produces 1 denier (approximately 10 ɛm) and 
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larger fibers.
22

 The effort to produce sub-micron fibers by using splittable cross-sectional 

fiber morphology in the meltblowing process was attempted however the smallest achieved 

fiber diameter was generally in the range of 1 ï 2 microns.
23, 24

 

Meltblown webs usually have a wide range of product characteristics. The main 

characteristics and properties of melt-blown webs are as follows:
 25

 

1. Random fiber orientation. 

2. Lower to moderate web strength, deriving strength from mechanical entanglement 

and frictional forces. 

3. Generally high opacity (having a high cover factor). 

4. Fiber diameter ranges from 0.5 to 30 µm, but typically from 2-8 µm. 

5. Basis weight ranges from 8-350 g/m
2
, but typically 20-200 g/m

2
. 

6. Microfibers provide a high surface area for good insulation and filtration 

characteristics. 

7. Fibers have a smooth surface texture and are circular in cross-section. 

8. Most melt-blown webs are layered or shingled in structure, the number of layers 

increases with basis weight. 

Nonetheless, there are few drawbacks to the meltblowing technology. One drawback is, 

only low viscosity materials can be spun into meltblown webs to avoid excessive polymer 

swelling upon exit from the spinneret. As a result, it is estimated that over 90% of all 

meltblown nonwovens are made of polypropylene having melt flow rate (MFR) ranging from 

1000 to 1500 g/10 min.
27

   Due to the lack of ability to employ different polymers in 

meltblowing, many potential applications of the meltblown web are limited. Another 

disadvantage of meltblowing is weak fibers.
28

   Like electrospun nanofibers, meltblown 
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fibers typically need a supporting structure and are generally engaged in a composite 

structure.
29

  This allows for the meltblown web to optimize their filtration properties; 

however this adds the complexity to the manufacturing process. The brittleness of meltblown 

webs causes difficulties with their downstream processing also. In general, meltblown fabrics 

are difficult to dye and incorporate into other nonwoven filter media structures, such as 

carded, airlaid, needlepunched, or wetlaid composites. As a final point, meltblown webs 

typically exhibit broad fiber diameter distributions that can be inappropriate for some 

applications.
30 

                                                                                                                       

1.3.4 Spunbond Process for Producing Nonwovens 

The spunbonding process is a manufacturing system involving direct conversion of a 

polymer into continuous filaments, integrated with the conversion of filaments into a 

random-laid, bonded nonwoven. 
26

 A spunbonded nonwoven is defined as a fabric formed by 

filaments that have been extruded, drawn, laid on a belt, and bonded thermally, chemically or 

mechanically.  Historically, the spunbonding process can be viewed as either an evolution of 

the existing staple fiber nonwoven production concept or the logical extension of the 

synthetic filament spinning processes commercialized during 1940s and 1950s.
27

 The 

spunbonding process is considered to have originated in 1940, when the processes similar to 

that of spunbonding were patented by Slather and Thomas of Corning Company for the 

production of glass wool.
28 

Similar processes for the manufacture of the mineral wool from 

molten silica were patented by Callender in 1945.
29

  Commercially, manufactured 

spunbonded nonwovens made of synthetic polymers are commonly based on the technology 

patented by Freudenberg (Germany) and DuPont (USA) in 1950s and 1960s. In 1965,  
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DuPont commercialized a product made of polyester called Reemay®. This was followed by 

Typar® made of polypropylene and Tyvek® made of high-density polyethylene produced by 

flash-spinning method.
31

  During the same time period, Freudenberg introduced the 

spunbonding process called Lutravil® for the manufacture of mixed polyamides. A few years 

later a process called Docan® was introduced by Lurgi Kohle & Mineral öltechnik GmbH 

(Germany). In 1984,  the spunbonding process called Reicofil® for producing webs from 

polypropylene was introduced by Refenhauser GmbH (Germany).
31

 Within the1990s other 

equipment suppliers, such as Kobelco, Nordson, STPI, ISBT (now Rieter), Hills, Inventa-

Fisher and many others offered complete spunbond lines, and hygiene and medical suppliers 

switched to spunbond (meltblown) processes. In 2000ôs,  Reifenhauser became the main 

turnkey supplier of spunbonds polypropylene. Also, in 2000ôs Reifenhauser and Nordson 

offered bicomponent spunbond and meltblown using Hills bicomponent technology. Hills 

offered Hills open system spunbond with Hills biotechnology. 

A primary factor in the spunbonding process is the control of five operations: 

filament extrusion, drawing, quenching, lay down, and bonding. The typical spunbonding 

process consists of the following elements: a polymer feed, an extruder, filament spinning, 

drawing and deposition system, quenching, laydown, and bonding.
32

  The schematic diagram 

of spunbond process with a laydown table is depicted in Figure 7. 
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Figure 7 Spunbond Process
1
 

 

In spunbonded fibers, also called air attenuated fibers, the polymer is fed to the 

extruder in the form of a powder or pellet. In addition to the polymer, stabilizers, additives, 

color master batch, resin modifiers etc. may also be fed through the extruder.  As the polymer 

moves through the extruder, it is exposed to heating, friction of viscous flow, and mechanical 

action resulting in melting. Periodically, vented twin-screw extruders are used to dry the 

polymer as it melts. Under pressure, the molten polymer is then transported to a filter. The 

purpose of the filter is to remove foreign particles, such as metals, solid polymer particles, 

etc. from the molten polymers.  After filtering, the polymer melt goes to a metering pump. 

The metering pump is a positive displacement constant volume device that controls a precise 

volumetric flow rate of the molten polymer. The melt pumps provide high pressure for the 

spin pack. From the gear pump the polymer melt goes to a spin beam, which includes the 

feed distribution system. The feed distribution system provides uniform flow of polymers to 
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a die block assembly (spin pack), one of the most important elements of the spunbonding 

process. The die assembly, consists of a polymer feed distribution plate and a spinneret. The 

feed distribution in the die assembly is very vital because it balances the polymer flow and 

the residence time across the width of the die. It provides a uniform polymer distribution to 

each capillary and a uniform temperature of the polymer flow. From the feed distributor, the 

polymer melt goes into the spinneret. The spinneret is a single block of metal having several 

thousand orifices, which can have different shapes, but usually circular or rectangular in 

shape. Commercially, several grouping of spinnerets (blocks) are used to increase the 

coverage of fibers. As the filaments surface through the spinneret holes, they are forced 

downward into quench zone or quench chimneys. As the filaments travel through the quench 

zone, cool air is directed across the filament bundle to cool the molten filaments and cause 

solidification. Because insufficient solidification results in the fiber roping and inability of 

the fibers to form the web, efficient quenching of the filaments is very important. After 

quenching, the filaments are led downward into a tapered medium by the air stream. A 

second stream of the high-velocity air is directed parallel to the direction of the filaments, 

causing acceleration and accompanying attenuation of the individual filaments.
26

 However, it 

has been shown that filament attenuation starts right below the spinneret exit.
27,33-36

 

After attenuation and quenching, the filaments are deposited on a moving belt. 

Vacuum under the belt assists in the formation of the filament web on the forming belt and in 

removal of air used in the extrusion/drawing operation. To achieve maximum uniformity and 

cover in the web, individual filaments are separated prior to placement on the belt. In some 

instances, an electrostatic charge is placed on the filament bundle to ensure spreading and 
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separation of the individual filaments. In other cases, deflector plates are used to lay down 

the filament sheet on the forming belt. The collecting belt surface is usually perforated to 

prevent the air stream from deflecting and carrying the fibers in an uncontrolled manner.  

Finally, the continuous filament web is delivered to a bonding section. At the bonding 

section, one of several methods could be applied to bond loose filaments into strong, 

integrated fabric, such as calendering, hydroentangling, needlepunching, ultrasonic bonding, 

through air thermal bonding, stitch bonding, or chemical bonding. In commercial production 

lines, bonded fabric encounters finishing (topical treatments, dying, embossing, laminating, 

stretching, splitting and so on) and slitting sections. Following slitting, the fabric is wound 

onto a large roll, either a full width roll or series of narrow slit rolls. At this point, the fabrics 

are ready for wrapping and shipping.
26

 

The spinning speeds during spunbonding can range from 1,000 to 8,000 m/min, 

depending on the processing polymer characteristics, desired properties of resulting fiber, 

and process productivity.
26

 Some polymers show a higher degree of molecular orientation 

and crystallinity due to stress induced crystallization at higher spinning speeds. However, 

polypropylene does not show significant improvement in the molecular orientation with an 

increase in the spinning speed due to its high crystallizing ability.
36

  Thus, polypropylene 

usually spins at about 2000 m/min. Properties of polypropylene spunbonds include high 

strength, low weight, hydrophobicity, good skin tolerance, chemical and rot resistance, and 

low thermal conductivity.   
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1.3.5 Need for Biodegradable Nonwovens 

According to the United States Environmental Protection Agency, Americans 

produced about 243 million tons of  municipal solid waste (MSW), or about 4.3 pounds of 

waste per person per day in 2009. The graph below illustrates the material breakdown of the 

waste generated. As depicted below (Figure 8), approximately 8.3% of leather, rubber, and 

textiles were disposed.  Hence, nonwovens are categorized as textiles. 

 

 

 

Figure 8 Material Breakdown of Waste Generated by Americans in 2009
37

 

 

Since the initial production of nonwovens more than 2 decades ago, the nonwoven 

industry remains to be the fastest growing sectors of textile materials in the world.   The 
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success of the nonwoven market is attributed to the small labor requirement, high spinning 

speed, and low cost. Globally, the nonwovens market (Figure 9) has continued to expand 

year after year with the exception of 2008 due to economic downturn.
38 

 

 

Figure 9 Amount of Nonwovens Produced Globally
38

 

 

Over half of the production of nonwovens is populated in North America (mainly the 

United States) and Europe as shown in Figure 10. However, as the cost of shipping increase, 

developing countries such as China and Latin America are expected to increase in 

production. 
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Figure 10 Percentage of Nonwovens Produced Globally 
1
 

 

 Synthetic fibers have dominated the nonwovens industry for decades. Since the 

1980ôs, polypropylene has become the polymer of choice to manufacture nonwovens.  In 

particular, polypropylene is employed in home filters, hygiene products (diapers, feminine 

pads) and medical filters.  In these applications, the product is typically used once and then 

disposed in the designated waste stream. Consequently, 64% of nonwovens in 2001 have a 

shelf-life of less than one month. With the consumption of nonwovens increasing annually, 

alternative methods must be explored for waste disposal. 
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Figure 11 Polymers Used in Nonwovens Since 1981
38

 

 

In the 21
st
 century, nonwoven producers have expressed concern about the 

sustainability of nonwovens. In general, biodegradability jumps to the forefront as an 

environment concern when the tremendous growth in nonwoven production and consumption 

is not likely to slow down in the next decade. Rising standards of living and increased 

disposable income allocated to health and hygiene are leading to a significant increase in the 

demand for nonwoven products. 
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Figure 12 Lifetime of Nonwovens
39

 

 

Thus, discovering a method to locate renewable, biodegradable products has 

been a challenge facing the disposable side of the nonwovens industry from Day 1. 

Diapers, feminine hygiene products, wipes and other disposable items have long been 

criticized for their contribution to landfills despite studies deeming it insignificant, 

and the whole "disposing of disposables" debate has been a hot one among 

nonwovens stakeholders. However, a few companies have begun addressing the 

urgency to create nonwovens which naturally degrade when disposed in the landfill. 

 In recent years, Ingeo Fibers has been making considerable strides in the area 

of sustainable, renewable products involving nonwovens and other textiles. The 

company's biopolymer NatureWorks PLA is the world's first greenhouse-gas neutral 

polymer and forms the basis for Ingeo fibers, which has replaced polypropylene-

based on oil, a limited resource-in some disposable applications.  Because 

NatureWorks PLA resins and Ingeo fiber are derived from 100% sustainable 

agricultural resources, they are bio-degradable and fully compostable at the end of 
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use. Ingeo has uniquely positioned the products to replace existing oil-based polymers 

and fit perfectly with both the consumer and legislative demand for a sustainable 

approach to handling disposable products. 

 Among the nonwoven products currently being manufactured with the Ingeo 

Fibers are W.I.P.'s (Wellness Innovation Project) biodegradable Love 'N feminine 

hygiene products and Eco Baby wipes developed by Healthquest. Other potential 

applications of  Ingeo Fibers include furniture and mattress waddings, short life 

industrial applications, diapers and many more nonwoven products. Because these 

applications contribute to significant waste management issues, Ingeo fiber is an easy 

drop-in alternative that offers a competitive choice from all perspectives-

performance, economics and not least, ethics.  

 Ingeo fiber and NatureWorks PLA resin is produced in a comprehensive range 

of resin and fiber types designed to fit with standard nonwovens technologies ranging 

from spunbonding and spunlacing to thermal, chemical or resin bonding, calendering, 

needlepunch and wetlaid processes.  

 Cellulosic fiber supplier Lenzing also recognizes the need for sustainability in 

the nonwovens industry. Lenzing fibers are fully biodegradable and become part of 

the natural cycle. Cellulose fibers are made from pulp, which is made from wood, a 

renewable and climate-friendly resource.  Nonwovens made Lenzing fibers are fully 

biodegradable and become part of the natural cycle. Under the trademarks Viscose
®
 

and TENCEL
®
, Lenzing nonwovens are certified and registered as biodegradable by 
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DIN CERTCO, which issues certificates only for products fully made from 

compostable raw materials. 

Though several studies have explored biopolymers as alternatives to synthetic 

polymers to construct nonwovens, polypropylene still remains a strong candidate in 

nonwoven fabrication.  Despite the fact that polypropylene breakdown after a 100 

years in the landfill, biopolymers have several drawbacks when used in nonwoven 

applications. A few of the limitations to biopolymers are: 

1. The shelf-life is very short. 

2. Production cost and bioresins are expensive. 

3. Insufficient mechanical and thermal properties.  

4. Industrial composting facilities are not readily available to handle 

tremendous waste from biopolymers.  

Thus, the objective of this research is to study waste disposal alternatives to alleviate 

polypropylene nonwovens at the end of service life. Instead of disposing polypropylene 

nonwovens in the landfill, the current research examines the feasibility of composting virgin 

and chemically modified polypropylene at specific conditions.  

1.4  Degradation Mechanisms of Polypropylene 

Degradation of polymers is defined as any change in polymer properties due to 

change in chemical, physical, or biological reactions resulting in bond scission or subsequent 

chemical transformations .
40

  Degradation is often categorized as changes in material 

properties such as mechanical, optical, thermal, or physical properties in the form of 

discoloration, crack formation, loss of strength, weight reduction, or cracking. The changes 
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result in chain scission, chemical transformation, or attachment of new functional groups.  

Depending on the nature of the polymer, degradation (Figure 13) may occur by photo-

oxidative degradation, thermal degradation, ozone-induced degradation, catalytic 

degradation, or biodegradation.  Many studies have documented the degradation of 

polypropylene by photo-oxidative degradation, thermal degradation, oxo-biodegradable 

degradation, and biodegradable. 

 

 

Figure 13 Various Polymer Degradation Routes
40

 

1.4.1 Photo-oxidative Degradation of Polypropylene 

Photo-oxidative degradation is the process of decomposition of a material by the 

action of light, which is considered as one of the primary sources of damage exerted upon 

polymeric substrates at ambient conditions.
41

  Most synthetic polymers are susceptible to 

degradation initiated by ultra-violet (UV) radiation and visible light. The electromagnetic 
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spectrum (Figure 14) shows the location of UV and visible light.  In the UV region, the UV-

B terrestrial radiation (~295ï315nm) and UV-A radiation (~315ï400nm) are responsible for 

the direct photo-degradation (photolysis, initiated photo-oxidation) of synthetic polymers. In 

the visible portion, sunlight (400-760nm) accelerates polymeric degradation by heating.  

 

 

Figure 14 Electromagnetic Spectrum  

 

Polymer degradation occurs mainly in the ether groups, where photo-irradiation 

generates ester, aldehyde, formate, and propyl end groups . 
42

 UV radiations have sufficient 

energy to cleave C-C bond .
43

   The most damaging UV wavelength for a speciýc plastic 

depends on the bonds present and the maximum degradation, around 320 nm for 

polypropylene. During photo-oxidation, the polymers physical, mechanical, and optical 

properties change. Visually, the polymer may appear yellow in color or fading maybe 

observed.  Thus, mechanical integrity is diminished and molecular weight is decreased as a 

result of extensive chain scission during photo-degradation.
41

 

1.4.2 Mechanisms of Photo-oxidative Degradation of Polypropylene                                  

 Photo-oxidative degradation of polypropylene occurs through a complex pathway of 



 

31 

chain reactions involving free radicals as described by the Bolland-Gee autooxidation 

mechanism.
44

 Thus, photo-oxidative degradation of polypropylene involves initiation, 

propagation, and initiation. 

 The photo-oxidative degradation of polypropylene is initiated by abstraction of 

hydrogen atoms from the aliphatic chains by singlet oxygen molecules.
3   

In general, the 

hydrogen atoms attached to tertiary carbon atom are the most readily abstracted. Hence, 

without the tertiary carbon atom, photo-oxidative degradation of PP would not transpire 

because polyolefin polymers do not absorb UV-radiation in the solar spectrum at the earth 

surface.
45

  For that reason, once initiated the chemical degradation takes place through an 

autocatalytic process that is diffusion controlled. As the initiation reaction occurs, 

hydroperoxides form from the decomposition of impurities. 

After initiation, a series of propagation reactions occur from which further hydroperoxides 

are formed.  Hydroperoxide species generated during the propagating step lead to backbone  
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Figure 15 Decomposition of Carbonyl Compounds through Norrish I Reaction

44
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Figure  16 Formation of Carbonyl Groups During Photo-oxidative Degradation of 

Polypropylene
44
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Figure 17 Decomposition of Carbonyl Groups through Norrish II Reactions
44
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degradation through cleavage of hydroperoxide O-O bond followed by ɓ-scission.  However, 

hydroperoxides are rather unstable. Consequently, they usually decompose and form 

carbonyl compounds, which accumulate as the oxidation process continues. The cleavage of 

the polypropylene backbone arise through Norrish Type I and Norrish II reactions of 

carbonyl groups following ɓ-scission.  Degradation of polymers with carbonyl functionality 

in the backbone of the polymer results in chain cleavage by both mechanisms, but when 

carbonyl groups  are in the polymer side chain, only Norrish Type II degradation produces 

main chain scission as shown in Figure 17. 

Following propagation, chain termination occurs in the photo-oxidation of 

polypropylene. During chain termination, free radicals are ñmopped upò to produce inert 

products.  This may happen by combining free radicals or forced by the addition of 

stabilizers to the polymer. Macroalkyl radicals may join to give a cross-linked, branched or 

disproportionated product.  Peroxyl radicals finally terminate by reaction with other radicals 

to give dialkyl peroxide, carbonyl species or alcohols.      

1.4.3  Natural Weathering Method 

 The exposure of polymeric materials to the effect of the ordinary conditions of the 

outdoor environment is referred to as the natural weathering method.  In general, the natural 

weathering method depends on (a) the absorption of specific wavelengths and the amount of 

solar radiation by the material, (b) the strength of their chemical bonds in relation to the 

photon energy of the solar radiation absorbed, and (c) the reaction processes promoted by 

heat, moisture and other factors of weather followed by bond breakage.
44
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The spectral energy distribution and intensity of the radiation are depended upon 

geographic location, altitude, time of day, season and other atmospheric conditions. 

However, the altitude of the sun and thus the total solar irradiance is the highest at solar noon 

without dependence on latitude. Due to the change in the angle of incidence of the sun during 

different seasons, the shorter wave length cut-on and of direct normal solar radiation, shifts 

from below 300 nm in the summer to about 310 nm in the winter. In general, the degradation 

rate of plastics depends on the weathering conditions including sunlight, temperature, rain, 

humidity, pollutants, thermal cycles and oxygen content.
46

 All these parameters may vary 

from region to region and have shown significant seasonal variations. Thus, the degree of 

damage depends on the nature, the way and the extension of the interaction of the material 

with surrounding atmosphere. Complex interaction of the combination of weather factors 

with polymer results in irreversible changes both in the physical properties and chemical 

structures which are exemplified in the poor appearance, the lack of mechanical properties, 

and reduction of the useful life of the material. 

 From a review of the published literature, the conclusion can be drawn that there are a 

limited amount of studies available which investigates the natural weathering of 

polypropylene. Generally, natural weathering (outdoor exposure) is performed on samples 

mounted on testing racks, oriented under standard conditions to expose the material to the 

full  radiation spectrum.
44,47-52   

 Uzomah and Unuoha conducted early natural weathering 

studies which investigated the draw ratio, tensile stress, breaking ratio, breaking factor, work 

draw, and work for rupture of polypropylene films over a 280 day period in Nigeria during 

the rainy season.
50

 The results (Table 2) indicated with an increase of outdoor exposure time, 
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the draw ratio, tensile stress, breaking ratio, breaking factor, work draw, and work for rupture  

increased, attaining a maximum at about 240-h exposure time, before decreasing with further 

increases in exposure time. Uzomah et al. attributed the increase in draw stress, tensile stress, 

and breaking factor to restructuring arising from enhanced chemi-crystallization and 

recombination of radicals, while the decrease was due to PP chain cleavage, resulting from 

the outdoor exposure. However, the increase in draw ratio and breaking ratio were due to 

plasticization, which at longer exposure time diminished due to the presence of shorter PP 

chain segments. Thus, a longer outdoor exposure time is needed to reduce the mechanical 

properties below the control. 

Table 2 Properties of  Polypropylene Films After Outdoor Weathering in Nigeria
50

 

  

  

 Bedia et. al. expanded the research on polypropylene films which was previously 

conducted by Uzomah.
47 

Polypropylene plates, resembling films were exposed to natural 

weathering conditions over a 15 month period in the Philippines.  Though FTIR, DSC, GPC, 

optical microscopy, SEM, and tensile properties were used to study the effect of outdoor 

Exposure 

Time  

AC  Draw 

Stress  

Draw 

Ratio  

BF  Tensile 

Stress  

Breaking 

Ratio  

(h) (%) (MPa) Ld (kNm01) (MPa) lb 

0 

(unexposed) 0 19.8 2.45 4.91 28.9 4.58 

48 13.7 19.4 3.75 5.19 20.5 6.78 

98 7.0 19.8 4.00 6.56 38.6 7.78 

144 -17.6 19.8 3.61 4.57 26.9 5.67 

240 -33.3 27.7 4.25 9.69 57.0 9.20 

504 -60.0 28.8 3.10 8.71 51.2 6.74 
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weathering, the most interesting observation from the study was the schematic (Figure 18) 

describing the degradation mechanism of the polypropylene plates in a tropical climate.  

During the first month of outdoor exposure, holes developed on the surface of the 

polypropylene plates lead to the formation of small cracks after two months. After four 

months, the degradation may progress faster in the amorphous part of the PP plate and a 

spherulitic texture may show up on the surface after prolonged exposure.  

 

  

Figure 18 Schematic of degradation mechanism of polypropylene plates
47 

 
 

 

Although the research investigating the natural weathering of polypropylene is 

limited, the available studies documenting the outdoor degradation of polypropylene fibers is 

extremely scarce.  In examining the long-term weathering performances of polypropylene, 

nonwoven geo-textiles, Thomas et al. conducted experiments by exposing samples in both 
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xenon arc test apparatus and outdoors at South Florida.
51

  By comparison the strength 

retention of samples from both of the exposure tests, suggested  results obtained from 

accelerated weathering test with xenon-arc could be used to estimate outdoor performance of 

the material at South Florida once UV radiant level was compatible under the two exposure 

conditions.  Natural weathering studies on polypropylene filaments in Shanghai illustrated 

the correlation of tensile strength and intrinsic viscosity (Figure 9).
48

 The tensile strength and 

intrinsic viscosity of the filaments after one year of outdoor exposure decreased to 55% and 

57% of the original values, thus concluding the reduction of molecular weight is the major 

cause of performance loss. Therefore, tensile strength and intrinsic viscosity are common 

indicators of environmental degradation in natural weathering studies.  

 

 

Figure 19 (Left) Residual Strength of Polypropylene Filaments after One Year Exposure and 

(Right) Correlation between Residual Strength and Intrinsic Viscosity 
48
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A recent study hypothesized antioxidants, common additives used in the manufacture 

of polypropylene resins as the explanation why polyolefin polymers do not degrade easily 

under natural weathering conditions. After 48 days of outdoor exposure, polypropylene films 

(Figure 20) containing no antioxidants show a reduction of 10 times of the original molar 

mass than the sample with the additive. This finding indicates chain rupture occurs in both 

crystalline and non-crystalline phases. Accordingly, the DSC thermographs showed a 

decrease in crystallinity after 300 days.   Rabello and White proposed two phenomena to 

explain these trends: a) an increase in crystallinity as a result of the decreasing molecular size 

(and thus increasing chain mobility) dominating in the blend; and b) a decrease of 

crystallinity as a result of the increasing concentration of chemical impurities dominating in 

PP.
53 

 

 

  

Figure 20 (Left) Molar Mass (g mol-1) of Polypropylene films after 48 day exposure with 

(A) 0 mg kg-1 (B) 100 mg kg-1 (C) 300 mg kg-1of anti-oxidant and (D) control. (Right) 

Crystallinity of polypropylene with no antioxidant up to 300 days
53 
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1.4.4 Accelerated Weathering Testing 

Unlike natural weathering, accelerated weathering is performed under controlled 

parameters in a laboratory setting using environmental chambers and artificial lights (xenon 

arc, fluorescent metal halide lamps, and carbon arc) sources to simulate outdoor exposure.  

As indicated by the name, the accelerated weathering test provides reliable data in a shorter 

period of time than outdoor weathering .
62

  Consequently, a significant amount of published 

research is available pertaining to the stabilization of polypropylene by accelerated 

weathering testing.
54-61

  Yang and Martin employed the Fourier transform infrared 

photoacoustic spectroscopy (FT-IR/PAS ) was to investigating the accelerated weathering 

photodegradation of a melt-blown nonwoven polypropylene fabric.
59

  Melt blown 

nonwovens exposed to UV radiation at 254 nm, resulted in formation of photo-oxidation 

products (alcohol, peroxide, ketone, aldehyde, carboxylic acid, and anhydride) on the fabric. 

However, samples exposed to 350 nm radiation lacked formation of either carbonyl or 

hydroxyl groups.  Furthermore, the portion of the nonwoven (Figure 21) closest to the light 

source exemplified higher carbonyl and hydroxyl concentrations. 
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Figure 21 The carbonyl (left) and hydroxyl (right) band intensity of the polypropylene fabric 

exposed to UV radiation at 254 nm for different times.
59

 

  

 Staining, a cheap and easy test was also used for the detection of photo-degradation 

during accelerated weathering test.  Aslanzadeh et. al. observed a color change from pink to 

blue on polypropylene stained fibers after 100 hours of accelerated weather studies.
61 

 Further 

studies revealed there was no difference in the cross-section of fiber degradation as exposure 

time increased. 
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Figure 22 Cross-section of stained polypropylene fiber after 50, 115, and 165 hr of 

accelerated weathering testing 
61 

  

 Several studies have indicated the formation of cracks on fiber, films, and injected 

mould materials. Cracks were observed on the surface of polypropylene fibers (Figure 23) 

after 215 hours of exposure to UV light.
61   

Crack formation is hypothesized to originate from 

the restructuring of the surface amorphous content and the increase of the crystalline 

fractions leading to the shrinkage of surface layer. Thus, the presence of surface cracks can 

increase the extent of degradation by providing a pathway for oxygen to penetrate deeper into 

the sample.  
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Figure 23 SEM of polypropylene fibers after 285 hours of accelerated weathering test 
61

 

  

 Photo-oxidation of polypropylene fibers and nonwovens lead to chemi-crystallization. 

During this process, the crystalline fraction increases as a result of accelerated weathering 

exposure.  Previous studies have documented chemi-crystallization by wide angle X-ray 

diffraction and FTIR spectroscopy in polypropylene fibers and thermal bonded 

nonwovens
60,61  

Because chemi-crystallization happen in short-range ordered regions, X-ray 

diffraction is not sensitive to small changes during accelerated weathering test. Thus, the 

crystalline content of polypropylene nonwovens (Table 3) remains relatively unchanged. 

However, helical measurement of polypropylene fibers (Figure 24) increases after 
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accelerated weathering testing  suggesting short-range (disorderly) regions. As a 

consequence, wide angle X-ray diffraction measures the long-range order or intermolecular 

order because of chain packing, while IR spectroscopy measures the condition of the 

crystalline isomer, which is a short-range order or intramolecular phenomenon.
61

 

 

Table 3 Crystalline content and crystalline size of polypropylene fiber
61

 

 

 

 

Figure 24 Changes of density and helical content of polypropylene nonwovens at various 

degradation times 
60 
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1.5 Thermal Degradation 

Thermal aging has been used to document the service life of polymers which may be 

exposed to heat.  To study thermal aging, the material is placed in an oven at an elevated 

temperature for a specific amount of time.  Similar to photodegradation progress, 

polypropylene is reported to undergo oxidation by producing radicals that further propagate 

to form peroxides.
41 

However, oxidation of polypropylene at high temperatures is considered 

auto-oxidation due to the difference in the sequence of initiation reactions.
63

   Rather than the 

surface of the polymer, thermal degradation occurs though the bulk of the polymer. 

Furthermore, thermal degradation of polypropylene above 200ęC, led to chain scission 

largely due to the generation of impurities during manufacture. 
64-65

 

As previously mentioned, the oxidation of polypropylene in the presence of oxygen 

occurs more rapidly than its polyolefin counterpart, polyethylene. During oxidation, 

polyethylene becomes fragile, while after a brief heating of polypropylene film at 100 °C 

leads to its complete degradation.
66

 Thus, the presence of weak carbonï carbon bonds at the 

tertiary and quaternary carbon atoms promotes oxidation of polypropylene to yield 

hydroperoxide groups:
67 

 

 

Ḑ CH2īCH(CH3) Ḑ       Ḑ CH2 ī C(CH3 ) Ḑ        (Equation 2.1) 

 

as well as the oxidative decomposition by Equations 2.1-2.10.  A trimolecular reaction of 

polypropylene with oxygen leading to primary initiation of the kinetic chains of oxidation 

was proposed.
67

 The influence of oxygen is shown not only on the decomposition process but 

OOH 

O2 
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also on the cross-linking of the polypropylene macromolecules. The oxidation of 

polypropylene is described by a radical chain scheme as follows:  

Initiation occurs with the formation of radicals R· or RO2 ·: 

R-R       R· + R· (Equation 2.2) 

R· + O2       RO2·  (Equation 2.3) 

However, in the case of the auto-oxidation process, initiation occurs owing to the 

decomposition of hydroperoxides with the formation of radicals by monomolecular or 

bimolecular reactions: 

ROOH      RO· + ·OH  (Equation 2.4) 

2ROOH       RO· + RO2· + H2O  (Equation 2.5) 

The radicals formed attack the Cï H groups of polyalkenes to produce hydroperoxides:            

RO2· + RH      ROOH + R· (Equation 2.6) 

which, on decomposing, initiates new kinetic oxidation chains. Hydroperoxides, being 

thermally unstable primary products of the chain oxidation of polyalkenes, in addition to 

decomposing into radicals, may also decompose by a molecular mechanism to form the 

stable oxygen containing polymer and low molecular mass compounds. The termination of 

the kinetic chain of oxidative degradation of polyalkenes is attributed to the following 

reactions: 

2R·         R- R (Equation 2.7) 

R· + RO2·         ROOR (Equation 2.8) 

2 RO2·         ROOR + O2 (Equation 2.9) 
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For ideal PE molecules (e.g., polymethylene) the susceptibility to attack by oxygen is the 

same for all methylene groups, while double bonds are particularly vulnerable to oxygen. 

However, the predominant oxidation of methylene groups in the ɓ-position to double bonds 

may occur:
68

 

 

CH = CHCH2 Ḑ + O2       Ḑ CH = CH ī CH Ḑ + HO2· (Equation 2.10) 

Thus a bi-radical product forms resulting in the formation of activated or deactivated species. 

 Numerous studies have reported on the thermal aging of isotactic polypropylene films 

and fibers.
59,69-71

 Fayolle et al. studied the embrittlement of polypropylene geotextiles at 110ę 

C in air under atmospheric pressure and 80ęC under pure oxygen at 5 MPa. Embrittlement is 

often monitored by a decrease in toughness (evident from the stress-strain curve) or 

microcrack formation on the surface of the polymer (SEM analysis). As a result of neither 

observation, Fayolle and colleagues hypothesized that the decrease in molar mass and 

crystallinity (Figure 25) are indicators of embrittlement. 

. 
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Figure 25 Degree of crystallinity as a function of molar mass to determine embrittlement 
behavior

70
 

 

Another study, characterized the thermal aging of isotactic polypropylene matrix in a 

composite in air at 90 and 140ęC,respectively, for 12 days.
69 

 The effects of thermal aging 

were monitored by two methodologies: (1) the ýlm samples were aged in air in an oven and 

then analyzed using WAXS to compare the crystallinity changes before and after aging and 

(2) a technique consisting of progressive FTIR scanning of the fi lm aged in air in a heating 

sample holder. Interestingly, the films as cooled (FC) and as quenched (FQ) showed a 

dramatic increase in crystallinity after aging at 140ęC. Thus, increased chain scission 

facilitated chain mobility resulting in higher crystallinity. 
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Table 4 Crystallinity of cooled (FC) and quenched (FQ) polypropylene films
69

 

 

A more recent paper, mimicked the thermo-oxidative degradation of injected molded 

polypropylene during service life and recycling.
71

 Melt flow rate measurements were done 

from recycled polypropylene films (films which were reprocessed) and virgin, aged 

polypropylene films. The expected behavior is that the melt viscosity of polypropylene 

decreases with increasing the heat aging time. Compared to the virgin polypropylene (blue), 

the recycled polypropylene films MFR doubled. This extreme increase in MFR of recycled 

samples might be due to the reaction of alkyl radical R generated due to thermal degradation 

and their reaction with oxygen and/or cleavage leads to the decrease in molecular weight as 

reflected by the increase in MFR. 
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Figure 26 Melt flow rate of recycled polypropylene (red) and virgin polypropylene (blue) 

films
71

 

 

1.6  ɔ-Irradiation  

Gamma radiation is the most widely used form of ionizing radiation sterilization. In 

fact, gamma has become the industry standard for high-energy sterilization especially in 

medical textiles due to the convenience, low cost, and sterilization results. Gamma rays are 

photons of electromagnetic radiation emitted from the nucleus during radioactive decay and 

occasionally accompanying the emission of an alpha or beta particle.
72

 The rays are identical 

in nature to other electromagnetic radiations such as light or microwaves. However, they are 

much higher in energy. The most common gamma emitters are listed below (Table 4). 

Like all forms of electromagnetic radiation, gamma rays have no mass or charge and 

interact less severely with matter than ionizing particles.
72

  Because gamma radiation loses 
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energy slowly, gamma rays are able to travel significant distances. Depending upon their 

initial energy, gamma rays can travel tens or hundreds of meters in air. Thus, a wide range of 

packaging materials including those composed of multiple resins and pre-packaged articles 

such as cellophane, polyethylene, polypropylene, and nylon can be penetrated by gamma-

sterilization. 

Table 4 Common gamma emitters
72

 

RADIOISOTOPE  HALF - LIFE  

Sodium -24  14.97 hours  

Aluminum -28  2.25 minutes  

Titani um -52  1.7 minutes  

Manganese -54  312.2 days  

Cobalt -60  5.27 years  

Zinc -65  243.8 days  

 

Compared to electron beam radiation, gamma is considered to have five times the 

penetration. Gamma radiation sterilization usually employs 
60

Co as the radioisotope source 

with a dosage of generally 2.5 mega rads, although higher levels are sometimes used, and 

maximum temperatures usually are in the range of 30°Cï40°C.
72
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Figure 27 Comparison of penetration distances of alpha, beta, and gamma rays
72

 

 

Irradiation has become popular method of altering the molecular structure of 

polymers particularly polypropylene, to increase the degradability due to recent 

environmental concern. After exposure to gamma irradiation, polypropylene is subjected to 

oxidative degradation in the presence of air and during storage after irradiation. Similar to 

photo-oxidation and thermal oxidative degradation, the mechanism of gamma radiation is 

fundamentally free radical in nature. The action of 
60

Co radiation on polypropylene in the 

presence of air gives rise to a series of processes of characterized by the auto-oxidation 

scheme:
75 
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Figure 28 Oxidation of polypropylene during ɔ-radiation
75

 

 

In this scheme R represents the polypropylene chain and R·  is the primary alkyl 

radical formed during irradiation. It is important to note in this scheme that oxygen is 

consumed by the primary R·   in equation (2) resulting in the auto-oxidative process of 

equations (3)-(5).  The primary radical R· is regenerated in equation (3) implying that each 

radical formed will consume numerous molecule of oxygen unless the oxidative reactions are 

prevented. 

 Radicals (Figure 29) are formed in both crystalline and amorphous regions after 

irradiation exposure. In the amorphous region, the chains are mobile which allows radical 

termination by main chain motion.  It is proposed here that enhancing the termination rate of 

the primary radical R·, as in equation (6), will reduce the R· concentration and somewhat 

inhibit the auto-oxidative process.  The mechanism proposed for termination to occur more 
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readily is to increase main chain mobility. The kinetics of the initiation and termination of 

radicals during and following irradiation  illustrate  the  importance  of main  chain mobility  

to  the  reduction  of  the  auto-oxidative process. 

 

 

Figure 29 Schematic of radicals induced by ɔ-radiation on isotactic polypropylene
75

 

 

Radiation degradation and stabilization due to gamma rays of polypropylene were 

extensively investigated because of an application of radiation treatment for the sterilization 

of disposable biomedical supplies.
75-82   

It has been reported that as an effect of gamma 

irradiation, polypropylene physical properties deteriorate leading to embrittlement, 

discoloration, stiffening, softening, odor generation, and loss of molecular weight leading 

suggesting chain scission and/or cross-linking may have happened. However, solïgel 

analysis showed, despite the fact that doses of irradiation are relatively high, no gel was 

formed and cross-linking was therefore ineǟective. The reason is that the cross-linking of 
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polypropylene is complicated by a sizable portion of macro-radicals decaying by beta 

scission and disproportionate in the absence of an eǟective cross-linking co-agent.
76  

Thus, 

polypropylene is degraded by chain scission. 

Following exposure to gamma rays (Figure 30), polypropylene films show a 

significant reduction in intrinsic viscosity, elongation at break, and toughness.
80 

These 

changes in viscosity and tensile properties are attributed to a decrease in the average 

molecular length by the cleavage of macromolecular chains. Similar observations were noted 

in the gamma irradiation of polypropylene yarns.
79 

 

 

Figure 30 Influence of ɔ-irradiation on the viscosity-average molecular weight, viscosity, 

elongation at break, and toughness of polypropylene films
80 

(left) and yarns
79

 (right) 

 

Alariqi and colleagues
83

 studied the effect of gamma dose on polypropylene films. 

Surprisingly, surface crack of the samples (Figure 31) increased with decreasing ɔ-dose rate 

which indicates that the degradation is more severe at lower dose rates. The cracked 
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(amorphous) surface accelerated the degradation further because the oxidative degradation is 

initiated at surface. However, a drawback to this work is the lack of surface characterization 

of polypropylene films before ɔ-sterilization. 

 Additional analytical techniques were used to characterize the effect of gamma 

irradiation on polypropylene films. Wide angle x-ray diffraction (WAXD) and differential 

scanning calorimetry (DSC) confirm significant changes in the crystallinity of polypropylene 

films leading to chemi-crystallization in shorter chains.
 
Fourier Transform Infrared (FTIR) 

Spectroscopy verified formation of oxygen containing groups such as esters, ketones, and 

hydroxyl groups as a function of gamma exposure.
80

 

 

 

Figure 31 SEM of ɔ-sterilized polypropylene films at (left) 780 Gy/hr and 600 Gy/hr
83

 

 

1.7 Biodegradation of Polypropylene 

Biodegradation is the only degradation mechanism capable of completely removing a 

polymer or its degradation products from the environment.
84

 Also known as biotic 
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degradation, biodegradation is a chemical degradation of polymers provoked by the action of 

microorganisms such as bacteria, fungi and algae. The most common definition of a 

biodegradable polymer is ña degradable polymer wherein the primary degradation 

mechanism is through the action of metabolism by microorganisms.ò
85

 Thus, biodegradation 

is the only form of degradation involving biological activity.    

In general, biodegradation of polymers takes place in two stages (Fig. 32): 

depolymerization and mineralization.
84

 During the first stage of biodegradation, the 

macromolecules depolymerize into shorter chains. Because of the size and the insoluble 

nature of polymers, this step normally occurs outside the organism.  In the primary 

degradation, the polymeric chain cleavage leads to the formation of low molecular weight 

fragments such as monomers and dimers. Thus, extra cellular enzymes secreted by the 

organisms are responsible  

 

 

Figure 32 Biodegradation Mechanism of Polymers
84 
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for the polymeric chain cleavage. During this phase, microorganisms feed on the newly 

formed fragments as a source of carbon and energy.
85 

The final step of biodegradation, mineralization leads to ultimate degradation.  After 

small low molecular weight oligomer fragments are reformed, they are transported into cells 

where they are bioassimilated by the microorganisms and finally mineralized.
84

 

Biodegradation may take place by aerobic biodegradation or anaerobic biodegradation 

(Figure 33).    

 

Figure 33 Schemes of Aerobic and Anaerobic Biodegradation
85

 

 

If oxygen is present, aerobic biodegradation occurs and carbon dioxide is produced. If 

there is no oxygen, an anaerobic degradation occurs and methane is produced instead of 

carbon dioxide. 
84

 Hence, mineralization occurs as a result of biodegradable materials or 

biomass to gases (like carbon dioxide, methane, and nitrogen compounds), water, salts, 

minerals and residual biomass. Ultimately, the environmental conditions decide the group of 

microorganisms and the specific pathway involved.  Complete biodegradation or 

mineralization occurs when no residue remains, i.e., when the original product is completely 

converted into gaseous products and salts.  
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In synthetic polymers such as polypropylene, mineralization may take as long as 100 

years to happen. Due to the presence of additives, anti-oxidants, and other stabilizers added 

to commercial polymers during the manufacturing process, microorganisms are unable to 

digest some of the toxic components, thus slowing down the degradation process.
85  

Biodegradation of a polymer material is usually associated with changes in the 

physical, chemical, and mechanical properties of the material.  Nonetheless, numerous 

methodologies in experimental assessment of polymer degradability have been reported in 

scientific literature.  Because of the different interpretations of the term óbiodegradability,ô 

the different approaches are therefore not equivalent in respect to the information they 

provide.   Since the typical exposure environment involves the incubation of the polymer 

substrate with microorganisms or enzymes, only a limit number of measurements are 

possible: those pertaining to the polymer substrates, to the microorganisms, and to the 

reaction products.  The following strategies are commonly used to characterize 

biodegradability:
 

1. Accumulation of biomass (determine the growth rate of microorganisms with the 

polymer as the main carbon source) 

2. Oxygen uptake rate 

3. Carbon dioxide evolution tests 

4. Products of reactions using chemical analysis 

5. Surface deterioration 

6. Weight loss 
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From the information presented thus far, one may infer that several conditions must 

be met to consider a polymer ñbiodegradableò.   The conditions in polymers include: (1) 

Availability of functional groups which increase hydrophilicity, (2) Size, molecular weight, 

and density of the polymer, (3) Amount of crystalline and amorphous regions, (4) Structural 

complexity such as linearity or presence of branching, (5) Presence of easily breakable bonds 

such as ester or amide bonds in a hydrocarbon backbone, (6) Molecular composition 

(blends), and   (7) Nature and physical form of the polymer such as whether itôs a film, 

pellets, powder, or film. 

In general, polyolefin polymers are not susceptible to biodegradation or microbial 

degradation because:  (1) hydrophobic backbone that consists of long carbon chains that give 

resistivity to hydrolysis, (2) addition of anti-oxidants and stabilizers during manufacture 

which prevents polyolefin from atmospheric oxidation,  (3) high molecular weight (10,000-

40,000), and (4) high packing density. 

Compared to polyethylene (a polyolefin similar in structure), polypropylene contains 

a methyl in the place of hydrogen in the ɓ position. Though polypropylene and polyethylene 

are both susceptible to oxidative degradation, it is well known that polypropylene degrades 

much more rapidly than polyethylene.   Pandey and Singh have recently validated this 

conclusion by determining the mass loss under compost conditions. Upon removing the 

antioxidants from the polymers by solvent extraction, it was reported (Figure 33) that 

polypropylene lost over 60% mass after 6 months of composting whereas low density 

polyethylene (LDPE) lost about 10% in the same time and conditions.
86 

  Obviously, 
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polypropylene is more susceptible to microbial attack, however much of the research 

regarding the biodegradability of polyolefin polymers is limited to polyethylene. 

 

 

Figure 33 Weight losses of polypropylene and polyethylene after composting
86

 

 

From a survey of the current literature (Table 5 and 6), it is evident of the scarcity of 

research focusing of the biodegradation of polypropylene polymers. A limitation to the body 

of knowledge concerning the biodegradation of polypropylene is the lack of research 

involving textile fibers. In addition, many studies have accelerated the biodegradation of 

polypropylene by pretreatment or blending with natural polymers. 
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Table 5  List of Published Literature Documenting Biodegradation of Polypropylene/Blends  

 

 

Title of Paper 
Polyolefin 

Polymer Studied 

Films, Fibers, 

Powder, or 

Pellets? 

Biodegradation 

Environment 

Year of 

Publication 

Biodegradation of ɔ-Sterilized 
Biomedical Polyolefins Under 

Composting and Fungal Culture 
Environments 

 Polypropylene, 
ethylene-propylene 

co-polymers 
Films 

Composting and 

cultural environment 
2005 

A Study of the Oxidative 
Degradation of Polyolefins 

Polypropylene Films Compost  1993 

Degradation of unpretreated and 
thermally pretreated 

polypropylene by soil consortia 
Polypropylene  Films 

Soil cultural 

environments 
2009 

Calorimetric and 
thermogravimetric studies of 

UV-irradiated 
polypropylene/starch-based 

materials aged in soil  

Polypropylene/Starch Films Soil Burial  2006 

Effect of short wavelength UV-

irradiation on ageing of 
polypropylene/cellulose 

compositions 

Polypropylene Films 
Composted Garden 

soil 
2005 

Effect of UV radiation and pro-
oxidant on PP biodegradability 

Polypropylene/ Pro-
oxidant 

Films Soil Compost 2009 

Thermal degradation of 
polypropylene/starch-based 

materials with enhanced 
biodegradability 

Polypropylene/Starch Films Soil Burial  2004 

Biofouling and biodegradation 
of polyolefins in ocean waters 

Polypropylene Films Aqueous Medium  2007 

Study on properties of polymer 

blends from polypropylene with 
polycaprolactone and their 

biodegradability 

Polypropylene Films Enzymatic condition 2007 

Biodegradation of the Films of 
PP, PHBV and Its Blend in Soil 

Polypropylene Films Soil Burial  2009 

UV-Irradiated Biodegradability 
of EthyleneīPropylene 

Copolymers, LDPE, and I-PP in 
Composting and Culture 

Environments 

Ethylene-Propylene Films Compost 2001 
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burial, the breaking strength of spunbond and meltblown polypropylene (Table 7) 

remained the same.  

Table 7 Mean Breaking Strength of Various Polypropylene Nonwovens
111

 

 

Many studies documented the biodegradation of pretreated polypropylene materials 

by UV irradiation 
86

, thermal treatment
88
, or ɔ-sterilization

83,87
.  Overall, the pretreatments 

decrease hydrophobicity thereby making it easier for the microorganism to digest by 

introduction or carbonyl or alcohol-containing groups into the polypropylene backbone 

which are more prone to degradation.  Untreated and thermally pre-treated polypropylene 

films were studied in a soil consortia which included an inoculum obtain from a local plastic 

dumping site. After 12 months of incubation, the ester carbonyl index of the untreated sample 

decreased while the pre-treated polypropylene film increased for 9 months suggesting 

oxidative degradation. Surface energy measurements validated increased hydrophilic 

character of the polymer. Furthermore, a BacLight test (Figure 34) confirmed the presence of 
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a microorganism which was isolated and identified as Bacillus þexus; the red dots represent 

dead cells while the green are living cells.
88

 

 

Figure 34 BacLight staining image of thermal pretreated polypropylene after 12 months of 

soil burial 
88

 

Similarly, fungal attack by A. niger occurred on ultraviolet pretreated polypropylene 

films.
86

 Table 8 represents the visual growth test (ASTM G12)  data on treated and untreated 

polymer films surface after 6 weeks of culture incubation. After 10-15 days, initiation fungal 

growth was observed microscopically on  ultra-violet pretreated polypropylene films. During 

the six week study, polypropylene films exposed to 100 hours of  ultraviolet showed 

increased (~60%) fungal attack compared to other polymers due to the ease of consumption                                        
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chain cleavage during photo-oxidation. Interestingly, fungal growth was also detected on 

untreated polypropylene films after 4 weeks. 

 

Table 8 Visual Growth of A.niger on Various Polymer Films
86

 

 

Additionally, it was also observed that ɔ-sterilized polypropylene films were 

colonized by A. niger fungus after six weeks of incubation.
83 

Ironically, fungus growth was 

also observed on untreated polypropylene films after 4 weeks.  It was interesting to observe 

that among all incubated sterilized polymers, the fungal colonization was relatively higher on 

the surface of ɔ-sterilized with 600Gyh
-1
 than ɔ-sterilized with 780Gyh

-1
. Other evidence of 

the presence of micro-organisms on the surface of polypropylene films include 75% weight 

loss, visible surface cracking, and increased carbonyl index after 5 months of composting. 

Thus, pretreatment of polypropylene films with UV-irradiation, ɔ-sterilization, or heat led to 

decrease hydrophobicity which result in consumption of the polymers by microorganism 

more rapidly. 
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Table 9 Visual Growth Test Results of Polymers As a Function of ɔ-sterilization
83

 

    

1.7.1 Accelerated Biodegradability of Polypropylene/Starch Blend                                    

 Most synthetic polymers such as polypropylene are hydrophobic and hence do not 

absorb moisture, which is necessary for the survival of most bacteria during biodegradation. 

To make polypropylene biodegradable, fillers such as starch, cellulose, lignin, polylactide 

acid (PLA) etc., are added to the polymer.  For instance, starch is added to the polymers 

because some microorganisms utilize the filler as a nutrient source and secrete enzymes to 

break it down for consumption.  Theoretically, these enzymes can then act on the resulting 

blend, provided the polymer can be broken down by them.                                                       

 In general, the biodegradation of a polymer and the incorporated starch (Figure 35) 

will take place in two steps or phases. The initial phase results in a deteriorated polymer 

(plastic), by virtue of biodegradation of one of the components of the plastic through the 

action of environmental stresses such as hydrolysis, oxidation, or UV light. The deteriorated 

polymer can then be biodegraded only if there is sufficient decrease in molecular weight at 

which the microorganisms are capable of transporting and metabolizing the polymer 
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fragments. The second phase or series of events results in actual biodegradation or 

decomposition of the material. 

 

 

Figure 35 Phases of Biodegradation in Polymer Blends
88

 

   

 Natural polymers as alternative to synthetic polymers have advantages like 

renewable, environmental friendly, low cost, light-weight, and high specific performance. 

Over the past decade, several studies involving the blend of polypropylene and natural 

polymers were published in the pursuit to create biodegradable polypropylene materials.
89-94

  

Ramis and colleagues incorporated a starch-based masterbatch into the polypropylene matrix 

and evaluated the thermal stability of the mixture.
89 

Following soil burial, the starch-based  
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polypropylene films presented a synergic effect with respect to the pure components that 

does not obey any blending rules and which may be due to chemical and/or physical effects.  

The thermogravimetric analysis (TGA) of the polypropylene, starch, and blend prior/after 

soil burial (Figure 36) validate this conclusion. On the contrary, the thermal stability of the 

starch increases considerably until the fourth month, after which it stays constant or increases 

slightly. Thus, the starch component degrades while leaving the polypropylene polymer 

behind.  

 

Figure 36  TGA and DTG curves at 10ęC min
-1  

for polypropylene, starch, and blend prior to 

soil burial (left) and blend after 12 months of soil burial (right).
89 

Similar conclusions were confirmed with polypropylene composites containing 

natural fibers from banana, pineapple leaves, and bamboo.
92

 Composites containing 10, 15, 

and 50% of banana, pineapple leaf, and bamboos were produced and buried in a soil  
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environment. Using cellulose as a reference, polypropylene composites of banana, pineapple 

leaves, and bamboo (Figure 37) showed 15% degree of degradation.  The 15% of degradation 

is attributed to the natural matrix of the composite. As expected, the more natural polymer 

added to the composite, the more extensive the degradation. In Figure 38, the morphological 

properties of composites containing 10% (pineapple leaves), 15% (banana), and 50% 

(bamboo) are shown. The bamboo  appears to have the most degraded surface because of its 

high composition of natural polymers. Though the polypropylene failed to biodegrade with 

the addition of natural fibers, the authors emphasize the importance of the reduction of 

polypropylene required to developed the fiber thus eliminating excessive waste in the 

environment. 

 

  Figure 37 Biodegradation curves for polypropylene composites containing natural fibers
92 
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Figure 38 SEM micrograph of partially degraded polypropylene composites of pineapple 

leaves (top, left), banana (top, right) and bamboo (bottom, center)
92

 

 

Poly(lactic) acid (PLA) is a thermoplastic polyester derived from renewable resources 

such as corn starch or sugarcane. Over the last decade, PLA has become of great interest due 

to its biodegradability. Since polypropylene and PLA have similar processing temperature 

(200-230ǓC), many reports have emerged which evaluate the biodegradability of the blend of 

the two polymers. Recently, the biodegradability of polypropylene/PLA blends was 

investigated.  It was concluded that PLA alones degraded by 70% after 45 days compared to 

the 50:50 polypropylene/PLA blend which degraded by 36%. Hence, adding polypropylene 
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to PLA reduces the degradability of the blend and PLA.
91

  Similar research using a linear 

polyester, poly (hydroxybutyrate-co-hydroxyvalerate) (PHV) showed comparable results to 

polypropylene/PLA blends. Biodegradation of polypropylene/PHV films evaluated by 

Fourier Transform Infrared (FTIR), DSC, and scanning electron microscopy (SEM) led to the 

conclusion that PHV was more susceptible to microbial attack than polypropylene/PHV 

blends. Again, the polypropylene hindered the degradation of PHV blends.
93

 Like starch 

blended polypropylene, polyester incorporated into polypropylene led to the microbial attack 

of the biodegradable component while leaving the polypropylene behind.                              

 To date, limited published literature is available regarding the addition of natural 

polymers to nonwoven materials which are mostly polypropylene-based. To compare rates of 

biodeterioration for natural and synthetic fibers, Goynes et al. examined changes in the 

structure and strength of nonwoven fabrics containing cotton (hydroentangled (HE) and latex 

chemically bound (CB))  and polypropylene, after controlled exposure of fabrics to fungi 

(Aspergillus niger  ATCC  9642, Penicillium funiculosum ATCC 11797, Chaetomium 

globosum ATCC 6205,  Gliocladium vireus ATCC 9645, and Aureobasidium pullulans 

ATCC 9348) normally found in soil.
94

 After 98 days of fungi incubation, all 

nonwovens(Table 10) containing at least 70% cotton promoted tremendous fungal growth. 

These findings differ from previous discussed literature which indicated polypropylene was 

susceptible to fungal growth by A. Nigers.
86 
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Table 10  Breaking Strength Loss and Fungal Growth Rate (shown in parenthesis).
94

 

 

 

1.7.2 Oxo-biodegradation of Polypropylene                                                                                    

 In general, polypropylene is resistant to biological attack due to its hydrophobicity, 

inertness, high molecular weight and its deficiency of functional groups that can be attacked 

by enzymatic systems present in microorganisms. Polypropyleneôs resistance to oxidation 

and biodegradation is attributed to the presence of anti-oxidants and stabilizers added during 

manufacture.  Due to the lack of biodegradability of previously documented 

starch/polypropylene blends, some researchers have studied synthetic additive blends 

composed of pro-oxidant additives.
95-105

 Pro-oxidants additives are advantageous due to:
106
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(1) Controlled lifetime ï Unlike starch-based additives, pro-oxidants/polyolefins have 

a shelf-life ranging from a few months till 5 years.  

(2) The proccessability is similar to traditional polyolefin conditions. 

(3) The same excellent physical and mechanical properties remain after addition of 

the pro-oxidant. 

(4) Cost is only slightly higher than polyolefin resins. 

(5) Pro-oxidant products degrade, disintegrate and biodegrade. 

Pro-oxidant also known as pro-degradant, degrades polypropylene in two stages by 

the oxo-biodegradation process. In the first stage, the long polymer molecules are reduced to 

shorter lengths and undergo oxidation. The oxidation process is triggered by heat, ultra-violet 

light, and mechanical stress (e.g. wind or compaction in a landfill). Hence, pro-oxidant 

additives act as initiators for the oxidation of polypropylene leading to a decrease of 

molecular weight and formation of hydrophilic groups setting the stage for biodegradation to 

begin. 

During the second stage, biodegradation occurs in the presence of moisture and 

micro-organisms typically found in the environment. The plastic material is completely 

broken down into the residual products of the biodegradation process. As microorganisms 

consume the degraded plastic, carbon dioxide, water, and biomass are produced and returned 

to nature. 

Pro- oxidants consists of additives such as polyunsaturated compounds and transition 

metal ions, typically added in form of stearates or other organic ligand complexes, most often 
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stearates of Fe
3+

, Mn
2+

, or Co
2+

.
105 

While Fe
3+ 

complex acts as a source of radicals for 

reaction initiation in the photo-oxidation process,  Mn
2+

 or Co
2+

 are necessary for oxidation 

without the influence of light; when  they catalyze the decomposition of peroxides associated 

with chain cleavage.  Fechine et. al. proposed a scheme (Figure 39) to explain the mechanism 

the oxo-biodegradation process of polypropylene containing pro-oxidants.
102

 The first part of 

Scheme 1 shows the photo-degradation process for the polypropylene with pro-oxidants and 

without pro-oxidants. As mentioned previously, polypropylene does not absorb ultraviolet 

radiation near 365 nm because it only contains C-H bonds in its structure. Hence, the 

initiation step of polypropylene photo-degradation is due to light absorption that produces 

radicals in the presence of air (oxygen). The radicals produce hydroperoxides, and the 

decomposition of these hydroperoxides yields alkoxy radicals responsible for chain scission 

and formation of a variety of carbonyl products. In the case of samples containing pro-

oxidants, other chemical reactions accelerate the photo-oxidation process. For instance, in a 

pro-oxidant consisting of calcium stearate (CaSt2) and Co3O4 (3, 8%), cobalt is a catalyst for 

the decomposition of hydroperoxides reactions. Another chemical reaction is due to carbonyl 

groups present in the CaSt2 structure. The carbonyl groups generated by the photo-oxidation 

absorb light and produce excited states. The most reactive state is the triplet state (T*) in 

which carbonyl groups exist as a bi-radical. The bi-radicals could abstract hydrogen from a 

polymer molecule (RH) and formation of a ketyl radical (R
.
). These two new routes for  

 

 

 



 

76 

polypropylene photo-oxidation lead to acceleration of the degradation of the samples. Thus, 

the quantity of chain scission (n), carbonyl (carb), and hydroxyl (hyd) groups are higher for 

polypropylene containing pro-oxidants. 

 

 

Figure 39 Scheme of photodegradation and biodegradation of polypropylene with and 

without pro-oxidant additive
102 
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During abiotic degradation of polyolefin with pro-oxidant, photo- and thermo-

oxidation processes are controlled by light intensity and temperature and result in a dramatic 

shift of the whole molecular weight distribution and a decrease of the weight-average 

molecular weight from several hundreds of thousands to several thousands. Chain cleavage 

results in the formation of carbonyl containing groups but other functionalities like esters, 

ketones, alcohols and double bonds can also be found. Hence, a broad spectrum of low 

molecular weight compounds is formed as well as mainly, again, various carboxylic acids 

which can diffuse to the environment and eventually be extracted to aqueous media.   

Since the pro-oxidants and molecular oxygen are present exclusively in amorphous 

regions of the polymer, oxidation takes place in that region predominantly whereas the 

crystalline zones remain intact.
105 

                                                                                         

 Several studies have documented the biodegradability of pro-oxidants mainly in 

polyethylene films.
95-106

  These studies examine the effectiveness of pro-oxidants containing 

iron, calcium, cobalt, manganese, and commercially available pro-degradants.                       

 Koutny et. al. documented the biodegradability  of high density polyethylene ýlm 

(HDPE) and low density polyethylene ýlm (LDPE) both containing a balance of antioxidants 

and pro-oxidants (iron containing) by incubation with microbial strains of  Rhodococcus 

rhodochrous and Nocardia asteroides in mineral medium.
98

 After an abiotic pre-treatment 

consisting of photo-oxidation and thermo-oxidation corresponding to about 3 years of 

outdoor weathering the and microbial incubation up to 200 days, HDPE and LDPE suggest 

different susceptibility to microbial attack. Bioýlm on the surface of the oxidized LDPE ýlm  
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(Figure 40) was more dense and compact whereas on the oxidized HDPE ýlm rather only 

islands of cells could be found indicating that probably important part of the population 

persists in the suspension form in the medium. This study was one of the only studies which 

exposed pro-oxidant polyethylene films directly to fungi. 

 

Figure 40 SEM images of the tested pro-oxidant containing materials after approximately 

100 days of incubation (a) Oxidized HDPE abiotic; (b) oxidized HDPE   R. rhodochrous; (c) 

oxidized LDPE M. alpina; (d) oxidized LDPE N. asteroides; (e) oxidized LDPE R. 

rhodochrous; (f) oxidized LDPE abiotic.
98 

                                                                             

  



 

79 

 Numerous biodegradability studies of polyolefin composites blended with pro-

oxidants containing calcium fillers were documented in an oxo-biodegradation test after 

photo-degradation and thermal treatment. Fechine et. al. studied the effect of ultraviolet 

exposure on the biodegradation of  ribbons of polypropylene with and without 0.3 (wt/wt) 

(PPOx) pro-oxidant additives, produced by extrusion.
102

 Images of the polypropylene and 

PPOx samples after 56 days in soil compost are displayed blow (Figure 41). It was observed 

that 480 hour of previous ultraviolet exposure are necessary for polypropylene sample to 

become bio-fragmentable while only 288 hour of previous ultraviolet exposure are necessary 

for PPOx. 

                

Figure 41 Pictures of the PP and PPOx samples after 56 days in soil compost.
102 

 



 

80 

Similarly, two low density polyethylene films, which contained pro-oxidant additives, 

were investigated, one of them containing micro-milled calcium carbonate filler in addition 

to commercial Addiflex HE (5% w/w) pro-oxidant additives based, according to the 

producer, on manganese ions (LPa) and the other consisting of pro-oxidant additives based 

on Mn and Fe stearates (LPb).
97

 The films were pre-treated at 70°C in an oven and removed 

at various times before subject to soil burial test. In soil (Fig. 42), during the first few days, 

significant production of carbon dioxide was observed mainly for LPa40, LPa80, marking 

rapid consumption of easily degradable small molecular weight compounds which are easily 

released. Then all samples entered into a period of slower CO2 production, with LPa40 

possessing a slightly higher slope with respect to LPa80, which could be attributed to greater 

abundance of biodegradable material in the longer thermally-oxidized sample. From around 

day 300, LPa40, LPa80 curves progressed approximately in parallel, and their slopes 

remained significantly positive till the end of the observation period, thus witnessing 

continuous biodegradation in both samples. After more than 460 days, the final values of 

carbon mineralized as CO2 were about 13% in the case of LPa40 and about 16% for LPa80. 



 

81 

 

Figure 42 Carbon mineralization of low density polyethylene films (a and b) referenced to 

cellulose in soil burial
97 

                                                                                                    

 Commercially available pro-oxidant additives have become increasingly popular over 

the last few years as the interest in biodegradable plastics have skyrocketed. Total 

Degradable Plastic Additive (TDPA
TM

) manufactured by EPI Environmental Products Inc. and 

ECM Biofilms have been developed to accelerate the degradability of conventional polyethylene, 

polypropylene and polystyrene resins by the oxo-biodegradation mechanism.                               

 Chiellini et al. demonstrated the biodegradability of thermally oxidized, fragmented 

low density polyethylenes films containing TDPA
TM

 pro-oxidant additives in soil and mature 

compost incubation media.
107 

Mineralization levels of low density polyethylene (Figure 43) 

containing TDPA
TM   

(Q1 and Q2) reached the highest extent of biodegradation (63.0%) after 

85 weeks of incubation, whereas a lower value (49.0%) was reached by the Q1 replicate. 

Though the mineralization process was long, this result was among the highest published in 

literature.
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Figure 43 Mineralization proýles of thermally fragmented low density polyethylene 

containing TDPA
TM

 (Q-LDPE) samples and ýlter paper in soil burial test
107

 

Mohee et al. also studied the biodegradability of TDPA and Mater-bi (starch-based) 

containing plastic films under aerobic and anaerobic conditions.
108 

It was observed that 

TDPA containing samples did not show a weight loss under aerobic conditions of 

biodegradability whereas the biodegradability tests under anaerobic conditions indicated that 

the samples biodegraded at rates significantly different from each other. Thus, it can be 

concluded that naturally based plastic made of starch would degrade completely in a time 

frame of 60 days, whereas plastics with biodegradable additive would require a longer time.   

 Viswanath investigated the biodegradability of polypropylene filaments and 

nonwovens under soil and vermicomposting environments of commercially available pro-
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oxidant additives: Total Biodegradable Product (TDPA
TM 

)
 
 and ECM MasterBatch 

Pellets
TM

.
104

  Though the biodegradability test indicated little decrease in weight or 

mechanical properties, the carbonyl index increased dramatically. As mentioned previously, 

pro-oxidant additives required energy activation by photolysis or thermolysis. Because the 

nonwovens were not pretreated prior to burial or composting, the additives were unable to 

attract microorganisms. However, this work is one the few which actually studied the 

biodegradation of textile fabrics. 

 

Figure 44 Carbonyl index of control polypropylene nonwovens and blends of TDPA and 

ECM additives after 12 weeks of soil burial
104

 

1.8 Composting                                                                                                                   

 Typically, after being used, petroleum-based materials such as plastics used in 

packaging and nonwovens made for hygiene and home filters are disposed by one of three  
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options: (1) recycled, (2) incinerated, or (3) disposed in the landfill. Because petroleum-

based products are typically soiled with contaminants, the opportunity to be recycled is 

reduced.  Thus, petroleum based products end up in the landfill where oxygen and moisture 

are limited or perhaps, absent. In the landfill, even if these materials are biodegradable, they 

are not readily decomposed.  As a result, more landfill space is needed to accommodate the 

amount waste generated. In contrast, at the proper conditions, petroleum based materials 

even with contamination, can be converted by microbes into carbon dioxide, water, and 

humus in a matter of months in compost operation. Hence, composting can be explored as an 

alternative method of alleviating wastes.                                                                            

 Composting is often described as natureôs way of recycling. Considered as a 

predominately aerobic process, the American Society for Testing and Materials (ASTM) 

defines composting as a process where biodegradable materials, such as manure and leaves, 

are decomposed and transformed into soil-like product known as humus.
115   

Typically, 

microorganisms such as bacteria and fungi break down organic materials in the composting 

process. For the process to work effectively, it is necessary that the microorganisms have a 

continuous supply of food (organic materials), water, and oxygen. Additionally, the 

temperature also plays a role in making the process work:                                               

Organic Matter + microorganisms+ O2 (air) ŸH2O + CO2 + compost + heat                      

 The degradation of the waste in compost proceeds in three phases: (1) mesophilic 

phase, (2) thermophilic phase, and (3) cooling and maturation phase. According to ASTM 

standards, the mesophilic phase is the phase of composting that occurs between 20° and  
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45°C, while the thermophilic phase in the composting process takes place between 45° and 

75°C. Each phase is necessary for the process to perform at its best.112                              

 During the first phase of composting, mesophilic bacteria and fungi degrade soluble 

and easily degradable compounds of organic matter, such as starch and cellulose.  This 

degradation by bacteria produces organic compounds, dropping the pH to 5-5.5. As a result 

of heat being released from the exothermic reactions, the temperature rises spontaneously. 

Thus, the degradation of proteins generates ammonia and rapidly, increases pH to 8-9. The 

duration of mesophilic phase can last from a few hours to a few days.112                              

 When the temperature of the compost reaches 40°C, the thermophilic phase has 

begun. At this point, thermophilic bacteria and fungi take over, accelerating the degradation 

rate of waste. Itôs imperative the temperature of the compost remain below 60ÁC; exceeding 

60°C drastically decreases microbial activity and diversity.112 After maximum heating, the 

pH stabilizes to a neutral level. This phase prolongs from a few days to several months.    

 Following the consumption of the easily degradable carbon sources, the compost 

starts to cool. After cooling, the compost stabilizes. Mesophilic bacteria and fungi reemerge, 

initiating the maturation phase. However, most the bacteria and fungi are different from the 

previous mesophilic phase.112 The biological activity is slow, but the compost is further 

humified and becomes mature. Compared to the previous phases, the duration of the 

maturation phase is determined by oxygen consumption.                                                       

1.8.1 Methods of Composting Waste                                                                                 

 There are many methods of composting organic materials and wastes including the  
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in-vessel method, aerated static pile method, and windrow method.  The ñaerated static pile 

methodò involves combining compostable materials into piles, which are aerated by blowing 

air through the bottom of the pile or forcing air out through the top. This pile is normally not 

turned.
116

 Though the pile method is simple and inexpensive, there are some disadvantages: 

the pile can overheat and spontaneously combust; it can become anaerobic and release odors; 

it sits there for years, taking up valuable space; and aesthetically unpleasing. 

 

 

Figure 45 Aerated Static Pile Composting Method
116

 

 

Another basic method of composting is windrow composting. Windrow composting 

consists of combining organic waste or materials into elongated piles, known as windrows, 

which are turned regularly.  Most commonly used for rapid composting of yard wastes, 

windrows are typically 3 to 12 feet high, 10 to 12 feet wide, and hundreds of feet long.
116 

Compared to aerated stock pile, windrow composting is more labor intensive due to some 

activity such as turning is performed on the site almost daily.  For instance, to produce 
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compost within three weeks, windrows must be turned once or twice each day for the first 

week and every three to five days subsequently.                                                                      

 In-vessel composting systems are a group of enclosed structures which confine the 

composting process within a container, building, or vessel used to contain the material 

undergoing biological processing.  Using a combination of forced aeration and mechanical 

turning to speed up the composting, in-vessel composting can be divided into two categories: 

vertical bioreactors and horizontal bioreactors. A vertical reactor is a cylindrical structure or 

container, composed of concrete or steel with a volume of few hundred to more than 2000 

m
3
.
116 

Aeration is provided to the reactor by forcing air from the bottom of the reactor with a 

blower. Recently, vertical reactors have been replaced exclusively by horizontal reactors. In 

horizontal reactors, the biomass is maintained at appropriate conditions by means of forced 

aeration combined with mechanical turning.
112

                                                                         

 In closing, windrow and static pile methods are comparable in cost, labor, 

management, and speed of process. However, in-vessel composting is faster, but the rapid 

process comes with a high capital costs.                                                                                 

1.8.2 Industrial Composting vs. Home Composting                                                                 

 Compost can be produced in a commercial facility often called industrial composting 

and also on a small scale, referred to as home composting. In general, the industrial method 

produces compost more rapidly than home composting. 
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Figure 46 Industrial Composting Process
115

 

 

Industrial composting is defined as the controlled biological decomposition of organic 

waste under managed conditions that are predominantly aerobic and that allow the 

development of thermophilic conditions as a result of biologically produced heat.
115

 The 

industrial compost process (Figure 46) consists of active composting and curing. The active 

composting phase can lasts for a minimum of 21 days.  Initially, the waste is grinded and 

shredded to a uniform, small size. The grinded waste is then mixed in a controlled way to 

guarantee desired properties of the composting mixture (C/N-ratio, moisture content, etc.).   
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Next, the composting mixture is heated in drums under controlled aeration. During 

composting, organic waste is amassed in piles and, as a consequence, the total production of 

heat can be high. When the temperature of the composting pile increases, the microbial 

populations shifts; microbes adapted to ambient temperature (mesophiles) stop activity or 

even die and are replaced by microbes adapted to live at high temperature (thermophiles). In 

industrial composting facilities temperatures in the composting heaps range between 50°C 

and 60°C. For hygienization purposes, temperatures need to remain above 60°C for at least 

one week, in order to eliminate pathogenic microorganisms. During the curing phase the rate 

of decomposition declines to a slow and steady pace, and the compost matures at 

temperatures in the lower mesophilic range (< 40°C) with synthesis of humus substances.
118

               

 Important process parameters, which are controlled in industrial composting, are 

material size, moisture content, aeration, temperature, pH, carbon/nitrogen ratio. Final 

compost is subject to quality control analysis to verify if it meets the compost specifications. 

 In contrast, home composting is carried out on a small scale in small piles, 

composting bins, or composting tumblers. Turning is usually done manually unless the 

device is equipped with a rotating drum. Compared to industrial composting, home 

composting involves lower temperatures at the mesophilic (10-40ęC) and thermophilic  

(above 40ęC) phase.
117

 Taking up to six months for the entire process, appropriate 

proportions of food and yard waste are used during home composting.                               

 Because of the low temperatures of small piles in home composting particularly 

during the winter months, alternatives such as vermincomposting have gained tremendous  

 



 

90 

interest. Vermicomposting is a process that relies on mainly earthworms and microorganisms 

to help stabilize active organic materials and convert them to a valuable soil amendment and 

source of plant nutrients. The process is often completely mainly in an warm (55-77°F)  

environment using materials often available in the home such as a bin, bedding (consisting of 

newspaper, straw, wood, peat moss, or grass clippings), food waste, and worms.
116

          

1.8.3 Requirements of Composting                                                                                              

 The important elements of the composting process include temperature, pH, nutrient 

ratio, oxygen content, surface area, and retention. The optimal conditions for rapid, aerobic 

composting is listed in Table 11. 

Table 11 Desired Characteristic for Effective Composting
116

 

 

 Carbon and nitrogen are the two more important nutrients necessary for 

microorganisms during the composting process. Carbon serves primarily as an energy source 

for microorganisms. Nitrogen is essential for microbial population growth, as it is a 

constituent of protein which forms over 50% of dry bacterial cell mass. If nitrogen is 

restrictive, microbial population will not grow, thus taking a longer time to decompose  
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carbon. Excessive nitrogen, often lost from the system as ammonia gas or other mobile 

nitrogen, leads to odor or other environmental problems. In general, about 25 times more 

carbon than nitrogen is needed by biological organisms, however, this amount may need to 

be altered to compensate for varying degrees of biological activity.
112

 

 Moisture is required by microorganisms to support metabolic activity and movement 

during the composting process.  A moisture content of 50-60 % is preferred from most 

materials. Excessive moisture will fill many of the pores between particles with water, 

leading to anaerobic conditions, odor, and slower decomposition.
112

 Often, the heat and air 

generated during active composting, dry the material out. Thus, water must be added to 

maintain adequate moisture.                                                                                             

 Temperature is an excellent parameter to monitor during the composting process. 

Microorganisms release heat when they are present in a composting pile. Thus, within the 

first few hours of forming a pile or windrow, a noticeable temperature increase is observed. 

The preferred temperature of composting is 120-140 F and is normally maintained for several 

weeks depending of the size and composition of the compost. Temperature is typically 

managed by the aeration system.
116

                                                                                             

 The composting process consumes large amounts of oxygen. The ideal oxygen 

content is 16-18.5%. Insufficient oxygen content leads to inadequate growth of anaerobic 

microorganisms, generating odorous compounds. Like the temperature, oxygen is controlled 

by aeration and turning.                                                                                                           
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 Surface area is also important during the composting area. The smaller the particles of 

raw materials, the more surface area which will be available, therefore more nutrients and 

energy are available to microorganisms. However, particles which are too small can reduce 

the air space within the compost mass, 1/8 to 2 inches is the desirable particle size. 

 Ultimately, the amount time required for the composting process in an industrial or 

home setting is based up the various parameters described above. Hence, the shortest 

composting period entails proper moisture content, adequate C:N ratio, frequent aeration. As 

a consequence insufficient moisture, low temperatures, a high C:N ratio, large particles, a 

high percentage of woody materials that are resistant to decomposition, and inadequate 

aeration, the composting process is hindered.  Therefore, active composting takes two weeks 

to nine months, depending on the method and materials; curing generally requires an 

additional one to four months.
116

                                                                                              

1.8.4 Microorganisms                                                                                                                 

 During the various stages of compost, different communities of microorganisms exist. 

Fungi, actinomycetes, and unicellular bacteria are the majority of compost microorganisms. 

Larvae, viruses, protozoa, and macroorganisms make up the minority of microorganisms 

during the composting process. In addition to the presence of heterotrophic bacteria, 

denitrifying and nitrogen-fixing bacteria, hydrogen-oxidizing bacteria, and sulphur-oxidizing 

bacteria are also present. Fungi grow in the compost during all phases but tend to disappear 

during heating periods. Actinomycetes grow during the cooling and maturation phase. A 

small amount of anaerobic bacteria have been found in composting environments during the  
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thermophilic phase. Lastly, a wide array of protists and macroorganisms, including mites, 

springtails, ants, millipedes, centipedes, spiders, beetles, and worms in the maturation 

phase.
112 

                                                                                                                                      

 A limited amount of research has been conducted which studies the composting of 

polypropylene. Much of the published literature is limited to outdoor composting piles. 

Pandey et. al. evaluated the compostability of polypropylene over a 5 month period in normal 

composting (temperature at ~42 ęC) and accelerated composting (temperature at 65 Ñ 5ęC).
113

 

Microbial susceptibility of pre-ultraviolet treated films characterized several parameters 

including weight loss (Figure 47). It is clearly evident that compostability (weight loss) 

increases as the irradiation time and compost temperature are raised.  
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Figure 47 Weight loss under normal composting conditions (a,b,c for 0, 30, 90 hours, 

respectively) and accelerated composting (d,e,f for 0, 30, 90, respectively)
113

 

 Theoretically, not only should the configuration and the conformation of the plastics 

such as molecular weight, chemical structure, crystallinity, and orientation affect 

biodegradation activity, but also surface area and surface morphology. Yang and colleagues 

examined the effect of shape of polypropylene samples on the aeration behavior  in a 

laboratory-scale compost.
114  

The amount of CO2 produced from the compost containing  
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polypropylene specimens was almost the same as that from the neat compost. Thus, the net 

production of CO2 was almost zero. As a result, the aspiration activity of the microbes in the 

neat compost were not any diǟerent from that of the microbes in the compost containing the 

polypropylene specimens, even though air flow channels in the compost could be distorted 

due to the various shaped polypropylene specimens up to 5 weight (%) on dry basis. 

       

Figure  48: Amount of CO2 generated from blank samples in neat mature compost (left) and 

amount of CO2 generated from polypropylene samples of various shapes in mature compost 

(right)
114 

 Alariqi et. al. demonstrated the compostability of pre-sterilized samples following 4 

months on incubation in a mixture of cow dung, shredded leave, food waste, newspaper, and 

urea.
87

  After 4 months of composting, chain scission was evident on pre-sterilized films  
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(Figure 48 ) in the form of cracks. In fact, after 5 months, the sterilized polypropylene 

samples were not recoverable from the compost suggesting fragmentation in the compost. 

The drawback to this article is the lack of a SEM micrograph of an untreated polypropylene 

film after composting and without composting. 

   

Figure 49 SEM micrographs of sterilized (25 kGy) polypropylene film (left) and sterilized 

(25 kGy) polypropylene film after 4 months of composting
87  

 To date only a limited amount of published literature is available concerning the 

composting of nonwovens.  Viswanath et. al. documented the biodegradation of 

polypropylene nonwovens containing proxidant additives (TDPA and ECM) under 

vermicomposting conditions.
104 

It was observed after 4 weeks of vermincomposting, 

polypropylene nonwovens showed a slight decrease in tensile strength. This decrease in 

strength was attributed to the ability of worms to consume organic matter very rapidly and 

fragment them into tiny particles. However, pre-treating the pro-oxidant containing  
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nonwovens could have potentially accelerated the composting process. 

  

Figure 50 Tensile Strength of polypropylene containing pro-oxidant after 4 weeks of vermin-

composting
104

 

 

1.9 Conclusion 

From a review of the literature, one may notice drawbacks pertaining to the shelf life, 

biodegradation mechanism, and cost of producing environmentally-friendly polypropylene. 

The advantages and shortcomings of the various biodegradable polypropylene technologies 

previously discussed can be summarized as follows in Table 12.   
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Table 12 Summary of Previously Discussed Polypropylene Degradation Technologies 

 

Several characterization methods are used throughout many of these publications, 

each with their own set of issues.  The methods most commonly used include: 

1. Fourier Transform Infrared Spectroscopy was used by several authors to study the 

chemical changes of polypropylene after degradation. Previous studies, 

documented changes in carbonyl (~1760 cm
-1
) and hydroxyl (~3000 cm

-1
) to 

calculate carbonyl and hydroxyl indices. 

Technology Shelf-life Performance Cost Landfill 

Biodegradation 

Compost 

Biodegradation 

Pretreatment 2-4 

months 

Weaker 

mechanical 

properties 

Costly Never 3 months to  5 

years 

Natural 

Polymers 

1-6 

months 

Weaker than 

conventional 
plastic materials. 

Processing is 

often difficult  

 

Low; 

However 
need 

additional 

additives to 

assist with 

processing. 

Never  or 

Fragmentation 
only 

3 months to  5 

years 

Polyesters ~2 years Satisfactory; 

processing 

problems when 

using low 

melting point  

Costly Never 3-6 months 

Vinyl Decades Humidity 

dependent. 

Processing is 
difficult.  

 

Higher than 

commodity 

plastics  
 

Never Generally slow. 

Pro-oxidant 

Additives  

2 ï 6 

months 

 

Excellent ï as 

good as 

conventional 

plastics  

 

Similar to 

commodity 

plastics 

Never  or 

Fragmentation 

only 

3 months to  5 

years 

Metals       2 ï 6 

months 

 

Excellent Costly Never  or 

Fragmentation 

only 

3 months to  5 

years 
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2. Mechanical properties were used to measure breaking strength and elongation at 

break as an initial method of documenting degradation.  

3. Thermal properties of polypropylene materials were evaluated by differential 

scanning calorimetry (DSC).  The temperature of melting and crystallization were 

often used by several authors to study the crystalline behavior of degraded 

samples. 

4. Wide angle x-ray scattering was used in a few studies to examine the changes in 

the crystalline regions after exposure to degradability test. 

5. Scanning electron microscopy is used extensively study the morphology of 

polypropylene materials after degradability test. 

As landfill space continues to decrease, alternative methods must be explored to 

dispose of polypropylene waste. It is expected that scientist will continue to study sustainable 

alternatives mainly the incorporation of bio-based polymers as a method to  reducing the 

amount of waste disposed in the landfill.  

Motivation 

The nonwoven industry remains to be the fastest growing sectors of textile materials 

in the world.   Historically, the development and success of the nonwovens industry was 

largely based on disposable products. When nonwovens initially appeared on the markets, 

they were mostly produced to be disposable. Today, nonwovens for medical, hygiene, and 

home air filtration products are still considered ñdisposablesò because after a single use, the 

products are generally discarded in the landfill. However, in the last few years, 
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environmental sustainability and reduced raw material consumption have become key 

concepts in cutting-edge nonwovens production. 

Polypropylene accounts for 70% of the spunlaid resins used to manufacture 

nonwovens in North America.
1,2

 During the manufacture of polypropylene nonwovens, 

significant waste is generated from the startup of the process; from trimmings left when the 

nonwoven web is slit to customerôs specification or rolls which are considered damaged or 

otherwise out of specifications.  Ironically, the waste is normally disposed of in the landfill, 

not recycled. The degradation process takes up to 100 years to initiate in polypropylene 

nonwovens. 

Recall, polyolefin polymers are not susceptible to biodegradation or microbial 

degradation because:  (1) hydrophobic backbone that consists of long carbon chains that give 

resistivity to hydrolysis, (2) addition of anti-oxidants and stabilizers during manufacture 

which prevents polyolefin from atmospheric oxidation,  (3) high molecular weight (10,000-

40,000), and (4) high packing density. Thus, hydrophobic nature prevents the growth of 

microorganisms on polypropylene-based materials thereby inhibiting the enzymatic action of 

microorganisms. As a result, alternatives must be explored to increase the biodegradability of 

polypropylene.  

From a review of the published literature, the focus concerning the biodegradability 

of polypropylene has been mainly studied in films. Thus, the primary objective of the current 

work is to study the biodegradability of polypropylene fibers and nonwovens. 

The initial phase of the project will involve modifying the chemical structure of 

polypropylene nonwovens by ɔ-irradiation or thermal aging. After exposure to ɔ- irradiation 
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and thermal aging, polypropylene is subjected to oxidative degradation in the presence of air 

and during storage after irradiation. Similar to photo-oxidation, the mechanism of gamma 

radiation and thermal oxidative degradation is fundamentally free radical in nature.  It is 

known that the oxidation of polyolefins yields low molecular weight oligomers which are 

model environments for the growth of microorganisms due to their hydrophilicity.  

Hence, following ɔ-irradiation and thermal aging, the susceptibility of 

microorganisms to sterilized polypropylene nonwovens will be documented in alternative 

disposal methods. Landfills, which are lined with clay and plastic, layered with soil, and 

capped, are not extremely hospitable when it comes to microbial degradation. Surprisingly, 

the three necessary components for decomposition (sunlight, moisture, oxygen) are hard to 

come by in a landfill; items are more likely to mummify than to break down. Thus, the 

disposal methods which will be used in this study are soil burial, vermicomposting, and 

general composting. 

The final phase of the project encompasses the extrusion of bicomponent fibers.  

Because microorganisms like to feed on hydrophilic molecules, commercially available 

starch  based polymers will be spun with polypropylene resins in a sheath/core configuration. 

 

 

 

 

 



 

102 

CHAPTER 2 Characterization  of the Compostability of Untreated Spunbond 

Polypropylene and Pro-oxidant Additive Containing Nonwovens 

2.1 Introduction  

In the past decade, the use of polyolefin, especially polypropylene, has dominated the 

production of meltblown and spunbond nonwovens. 
1
 Polyolefin resins are generally 

considered the polymer of choice in the nonwoven market because of the relatively attractive 

cost combines with the good value and ease of use in comparison to conventional resins, such 

as polyesters and polyamides. Generally, polypropylene nonwovens are used in the 

manufacture of single-use products such as medical gowns, filters, and diapers which can 

easily be disposed in the landfill upon the end of their shelf-life. Because polypropylene 

nonwovens do not began to degrade when disposed in the landfill, there is an urgency to 

understand the biodegradable mechanism of the polymer to accelerate the decomposition 

process. 

Biodegradation is the only degradation mechanism capable of completely removing a 

polymer or its degradation products from the environment. Also known as biotic degradation, 

biodegradation is a chemical degradation of polymers provoked by the action of 

microorganisms such as bacteria, fungi and algae.
 84   

In general, biodegradation of polymers takes place in two stages:  depolymerization 

and mineralization.
84

 During the first stage of biodegradation, the macromolecules 

depolymerize into shorter chains. Because of the size and the insoluble nature of polymers, 

this step normally occurs outside the organism.  In the primary degradation, the polymeric 
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chain cleavage leads to the formation of low molecular weight fragments such as monomers 

and dimers.  

The final step of biodegradation, (mineralization) leads to ultimate degradation.  After 

small low molecular weight oligomer fragments are reformed, they are transported into cells 

where they are bioassimilated by the microorganisms and finally mineralized. 

In synthetic polymers such as polypropylene, mineralization may take as long as 100 

years to happen. As a result, polyolefin polymers are not susceptible to biodegradation or 

microbial degradation because:  (1) hydrophobic backbone that consists of long carbon 

chains that give resistivity to hydrolysis, (2) addition of anti-oxidants and stabilizers during 

manufacture which prevents polyolefin from atmospheric oxidation,  (3) high molecular 

weight (10,000-40,000), and (4) high packing density.  

Though polyolefin polymers are not susceptible to biodegradation,  petroleum-based 

hydrocarbons can be degraded by microorganisms such as bacteria, fungi, yeast and 

microalgae.  The driving force for petroleum biodegradation by microorganisms is to utilize 

hydrocarbons to satisfy their cell growth and energy needs. A few studies have analyzed 

microbial attack on untreated polypropylene films. Sudhakar et al. was the first to document 

biodegradation and biofouling of polypropylene, HDPE, and LDPE coupons in ocean water, 

Bay of Bengal near Chennai Port (Port) and Fisheries Survey of India (FSI) for a period of 6 

months.
109

 Maximum weight loss was seen in LDPE, followed by that in HDPE, and finally 

in polypropylene samples deployed at Port in the six month time period. Microbial analysis 

confirmed the presence of Pseudomonas sp., anaerobic, heterotrophic and iron-reducing 

bacteria on all the studied polymer surfaces with polypropylene being the most susceptible to 
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attack.  Cacciari and colleagues evaluated the biodegradation of isotactic polypropylene 

without any pretreatment in one of the communities designated as 2S of four microbial 

communities (designated as 1S, 2S, 2S, and 6S) adapted to grow on starch containing 

polyethylene acquired from enrichment culture.
110 

  TLC, GC-MS, FTIR, and NMR analysis 

confirmed the mixture of hydrocarbons with different degrees of functionalism along with 

aromatic esters which are added to polypropylene as plasticizers.  Sodium lactate and glucose 

had a co-metabolic effect. It is concluded that starch attributed to the adhesion of 

microorganisms and also act as co-metabolite. Warnock et. al. showed the biodegradability 

of untreated, additive-free polypropylene nonwovens in clay and Calloway silt loam soil 

burials. Following 64 weeks of burial, the breaking strength of spunbond and meltblown 

polypropylene remained the same. 

Another method to inhibit microbial degradation of polypropylene nonwovens is by 

the incorporation of pro-oxidant additives. Pro-oxidant also known as pro-degradant, consists 

of additives such as polyunsaturated compounds and transition metal ions, typically added in 

form of stearates or other organic ligand complexes. These additives decompose 

polypropylene in two stages by the oxo-biodegradation process. In the first stage, the long 

polymer molecules are reduced to shorter lengths and undergo oxidation. The oxidation 

process is triggered by heat, ultra-violet light, and mechanical stress (e.g. wind or compaction 

in a landfill). Hence, pro-oxidant additives act as initiators for the oxidation of polypropylene 

leading to a decrease of molecular weight and formation of hydrophilic groups setting the 

stage for biodegradation to begin. 
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 Beyond the studies to understand the biodegradation mechanism of polypropylene 

nonwovens, alternative methods of waste disposal must be considered. Typically, after being 

used, petroleum-based materials such as plastics used in packaging and nonwovens made for 

hygiene and home filters are disposed by one of three options: (1) recycled, (2) incinerated, 

or (3) disposed in the landfill. Because petroleum-based products are typically soiled with 

contaminants, the opportunity to be recycled is reduced.  Thus, petroleum based products end 

up in the landfill where oxygen and moisture are limited or perhaps, absent. Recall, oxygen 

and moisture are a few of the components necessary for microorganisms to thrive. In disposal 

methods such as composting, it is necessary that microorganisms have a continuous supply of 

food (organic materials), water, and oxygen to thrive during the process. Additionally, the 

temperature also plays a role in making the process work. 

 A limited amount of research has been conducted which studies the composting of 

polypropylene. Much of the published literature is limited to outdoor composting piles. 

Pandey et. al. documented the weight loss of polypropylene over a 5 month period in normal 

composting (temperature at ~42 ęC) and accelerated composting (temperature at 65 Ñ 5ęC).
112 

Yang and colleagues examined the effect of shape of polypropylene samples on the aeration 

behavior  in a laboratory-scale compost.
114  

Alariqi et. al. demonstrated the compostability of 

pre-sterilized samples following 4 months on incubation in a mixture of cow dung, shredded 

leave, food waste, newspaper, and urea.
87

  Viswanath et. al. showed  biodegradation of 

polypropylene nonwovens containing proxidant additives (TDPA and ECM) under 

vermicomposting conditions by Norrish type mechanism.
104 
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 A tremendous amount of literature has been published on the biodegradation of 

mainly polypropylene films, in soil, landfill, and ocean environments. The primary objective 

of the current research is to evaluate the biodegradation of untreated polypropylene 

nonwoven with and without pro-oxidants after composting. 

2.2 Experimental 

2.2.1 Materials 

 Polypropylene (PP2155) pellets with a melt flow rate of 26 (g/10 min) were supplied 

by Exxon Mobil. Total Degradable Plastic Additive (TDPA
©
) in pellet form supplied by EPI, 

Inc. 

2.2.2 Preparation of Spunbond Polypropylene Nonwovens 

Spunbond nonwovens with and without TDPA
©
 containing a basis weight of 26 GSM 

were produced in the Nonwoven Cooperative Research Center (NCRC) Pilot facilities 

located in the College of Textiles at North Carolina State University. The spinning 

parameters of the spunbond polypropylene nonwovens are listed in Table 2.1. 
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Table 2.1 Melt Spinning Parameters of Spunbond Polypropylene Nonwovens 

Spin Pack 1162 hole 

Samples 100 % PP Control 

PP with 2 % TDPA additives  

 

Throughput 0.6 ghm (grams/hole/minute) 

Spin Head Temperature 466 
o
F 

Type Sheath/ Core 

Calender Pressure 750 psi 

GSM (grams / sq. meter) 20 

 

2.2.3 Mechanical Properties of Spunbond Polypropylene Nonwovens 

An Atlas MTS Q-Test/5 Universal Tensile Machine was used to measure the mechanical 

properties of spunbond polypropylene nonwovens with and without additives by by 

evaluating the strength and elongation at break. The samples (1 X 6ò) were conditioned at 70 

ęF and 65% RH prior to testing. The mechanical properties were evaluated according to the 

ASTM D5024 - 09 ñStandard Test Method for Breaking Strength and Elongation of Textile 

Fabrics (Grab Test)ò. A gauge length of 1 inch and a cross head speed of 12 in/min was used 

for this method.  Masking tape was applied to the jaws of the nonwovens to prevent slippage. 

Each sample had ten replicates to obtain a reliable and accurate standard deviation.  

  2.2.4 Fourier Transform Infrared Spectrocopy 

        FTIR spectra were collected to study the chemical changes post. Attenuated total  
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reflectance (ATR) spectra were collected on a Nicolet 560 FTIR spectrometer, with a  

germanium crystal, equipped with an Advantage microscope, using liquid nitrogen cooled 

Mercury Cadmium Telluride (MCT) detector. At least 22 scans were obtained to achieve an 

adequate signal to noise ratio. The spectral resolution was 8 cm
-1
. Changes in carbonyl 

(~1760 cm
-1
) and hydroxyl (~2200 cm

-1
) groups were evaluated and used to calculate 

carbonyl and hydroxyl indices to monitor oxidation as a function of biodegradation. As noted 

below, the carbonyl index and hydroxyl indices were calculated as a ratio of absorbance at 

wavenumbers of ~1760 cm
-1
 and  ~2200 cm

-1
 to the absorbance of the methylene group at 

absorbance of 2920 cm
-1 

respectively. 

Carbonyl index = A1740/A2920 

Hydroxyl Index = A3200/A2920 

2.2.5 Scanning Electron Microscopy (SEM) 

 The morphological properties of previously composted nonwovens were documented 

on a Nikon scanning electron microscope. Nonwovens were coated with a gold layer prior to 

microscopic examination. Micrographs were collected up to a magnification of 2000X. 

2.2.6 Biodegradation Testing of Spunbond Polypropylene Nonwovens   

The biodegradation test was conducted in a Pro XE Compost bin manufactured by 

Nature Mill (Figure 2.1). The compost consisted of food waste (~75% of mostly green, leafy 

vegetables), wood chips (~22%) , and baking soda (~2%). To provide adequate aeration, the 

composter was programmed to turn the mixture every 4 hours. Because heat is often 

generated during composting, the temperature was monitored during the incubation. The 

nonwovens were exposed to the biodegradability test at a size of 2 x 2 inches. Nonwovens 
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were extracted from the compost bin bi-weekly over a 20 day period. The samples were 

cleaned with warm water and soap following removal from the compost.  

 

 

Figure 2.1 Diagram of Nature Mill Pro XE Composter (www.naturemill.com) 

 

 After visiting a local industrial facility a modifications were created to a second 

Nature Mill Pro XE Composter to resemble the industrial process. Industrial composting not 

only consists of frequent turning for aeration but blowing of air through tubing. Thus, the 

Nature Mill Pro XE Composting system was redesigned to include tubing to periodically 

deliver compressed air during the compost process (Figure 2.2). The compressed air was 

regulated at 60 PSI and delivered at a rate 2.5 csm approximately 6-7 hours daily. The 

temperature range (Figure 2.4) was similar to the normal process discussed previously.  

 

http://www.naturemill.com/
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Figure 2.2 Diagram of Redesigned Nature Mill Pro XE Compost Bin 

 

Compost food waste and nonwoven size were the same as the normal composting process. 

2.3 Results and Discussion 

2.3.1 Evaluation of Compost Temperature 

 Temperature is an excellent parameter to monitor during the composting process. 

Microorganisms release heat when they are present in a composting pile. Thus, within the  
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first few hours of forming a pile or windrow, a noticeable temperature increase is observed. 

The preferred temperature of composting is 50-70 C and is normally maintained for several 

weeks depending of the size and composition of the compost. As shown in Figure 2.2 and 

2.4, the temperature of the composter bins used in normal and modified composting ranged 

from 60°C to 82°C. Hence, the temperature range was sufficient to promote oxidation, which 

is necessary for the survival of microorganisms. 

 

Figure 2.3 Normal Composting Temperature Profile 
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 Figure 2.4  Modified Composting Temperature Profile 

 

2.3.2 Mechanical Properties of Spunbond Polypropylene Nonwovens 

Mechanical properties are often the initial, simplest indicator of degradation in textile 

fibers and films. The tensile strength (peak load) and percent of elongation at peak load 

results of spunbond polypropylene nonwovens and TDPA
© 

containing spunbond 

polypropylene nonwovens subjected to different composting environments (normal 
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composter and modified composter) after washing in distilled water and dried in the vacuum 

oven are highlighted in Figures 2.5-2.10. 

After 20 days of normal composting (composter bin consisting of food waste 

primarily), the tensile strength of untreated spunbond polypropylene nonwovens vary 

minimally (6.25%). However, the tensile strength of spunbond polypropylene nonwovens 

containing TDPA
©
, decrease by 59%. Similar elongation at peak load results were 

documented for spunbond polypropylene nonwovens and spunbond polypropylene 

nonwovens containing TDPA
©
, 9% and 68% respectively. Thus, additive containing 

spunbond polypropylene nonwovens are affected tremendously under normal composting 

environments. 

Modified composting drastically alters the mechanical properties of both spunbond 

polypropylene nonwovens and spunbond polypropylene nonwovens containing TDPA
©
,. 

Recall, the modified composting process includes the addition of compressed air and food 

waste. Following modified composting, untreated spunbond polypropylene nonwovens show 

a 45% reduction in tensile strength and 40 % decrease in elongation at peak load. The 

spunbond polypropylene nonwovens containing TDPA
©
 demonstrates an extreme decline in 

mechanical properties with a peak load difference of 89% and elongation at peak load of 

90%  after modified composting. Again, spunbond polypropylene containing pro-oxidants 

exhibit a significant drop in mechanical properties after modified composting. 

Surprisingly, untreated polypropylene spunbond nonwovens show a noteworthy loss 

of mechanical properties. Overall, spunbond polypropylene nonwovens with pro-oxidants  
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reveal a considerable reduction in mechanical properties after incubation in both composting 

environments. This dramatic loss of mechanical properties for spunbond polypropylene 

nonwovens post modified composting and spunbond polypropylene nonwovens with TDPA
© 

 

after normal and modified composting is attributed to the reduction of average molecular 

length as a result of chain scission. Hence, the decrease in elongation at break suggests 

reduction in molecular weights of spunbond polypropylene nonwovens with TDPA
©
. 

Figure 2.5 Tensile Strength of Spunbond Polypropylene and TDPA Containing 
Polypropylene After Normal Composting  
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Figure 2.6 Elongation at Peak Load of Spunbond Polypropylene and TDPA Containing 

Polypropylene After Normal Composting 



 

116 

Figure 2.7 Tensile Strength of Spunbond Polypropylene and TDPA Containing 

Polypropylene After Modified Composting 
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Figure 2.8 Elongation at Peak Load of Spunbond Polypropylene and TDPA Containing 

Polypropylene After Modified Composting 
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Figure 2.9 Peak Load of Spunbond Polypropylene and TDPA Containing Polypropylene 

After Normal and Modified Composting 
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Figure 2.10 Elongation at Peak Load of Spunbond Polypropylene and TDPA Containing 

Polypropylene After Normal and Modified Composting 

 

2.3.2 Fourier Transform Infrared Spectroscopy 

 Attenuated FTIR is essential to documenting the formation of new functional groups 

or disappearance of groups in polymers after biodegradation studies. In general, the initial 

step of microbial oxidation of n-alkanes is hydroxylation. Hydroxylation leads to the 

formation of corresponding primary or secondary alcohols, which can be further oxidized to 

aldehydes or ketones followed by development of the corresponding acid. In polyolefins, 
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oxidation is the initial step of biodegradation and the attachment (attack) of microorganisms 

is a secondary process.  The FTIR spectra (Figures 2.10-2.14) of polypropylene nonwovens 

suggest chemical transitions typical of oxidation reactions following normal and modified 

composting. 

 Subsequent to 20 days of normal composting, the absorbance of the carbonyl region 

(1710 to 1760 cm-1)   of untreated control spunbond polypropylene nonwovens increases 

slightly as shown in Figure 2.10. However, the absorbance of the carbonyl region (1710 to 

1760 cm-1)   of untreated control spunbond polypropylene nonwovens after 20 days of 

modified composting increases dramatically. In fact, the carbonyl indices (Figures 2.15 and 

2.16) of spunbond polypropylene nonwovens following composting doubles in value (0.6-

0.12). Typically in biodegradation environments, the carbonyl increases and then decreases. 

Because the carbonyl index increased continuously between 15 and 20 after modified 

composting, the oxidation is based on abiotic factors such as high temperature. These finding 

are in accordance with Arkatkar in the untreated polypropylene films in soil consortia.
88 

 

Polypropylene spunbond nonwovens containing TDPA
©  

also were affected chemically upon 

composting. As shown in Figure 2.10, nonwovens containing pro-oxidants display an 

increase in carbonyl after 15 hours of normal composting. However, following 20 days of 

normal composting the absorbance of the carbonyl band at 1740 cm-1 remains larger than the 

control but smaller than the intensity at 15 days. This result is in agreement with previous 

findings of Albertsonn
120

 and Sudhakar
109

 documenting similar carbonyl intensity pattern in 

biodegradation studies. Prolonged incubation of spunbond polypropylene nonwovens 

containing additives lead to decrease carbonyl suggesting biodegradation by Norrish Type 
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mechanism or through formation of esters. In comparison, nonwovens containing pro-

oxidants after modified composting (Figure 2.11), demonstrate a continuous increase in 

carbonyl index following modified composting. This increase is due to abiotic factors which 

cause oxidation.   

 

 

Figure 2.10 FTIR (carbonyl region) spectrum of spunbond polypropylene nonwoven and 

spunbond polypropylene with  TDPA
©
 pro-oxidant after 20 days of normal composting. 
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Figure 2.12 FTIR  (carbonyl region) spectrum of spunbond polypropylene nonwoven and 

spunbond polypropylene with TDPA
©
 pro-oxidant after 20 days of modified composting. 
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Figure 2.12 FTIR (hydroxyl region) spectrum of spunbond polypropylene nonwoven and 

spunbond polypropylene with  TDPA
©
 pro-oxidant after 20 days of normal composting. 
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Figure 2.14 FTIR (hydroxyl region) spectrum of spunbond polypropylene nonwoven and 

spunbond polypropylene with  TDPA
©
 pro-oxidant after 20 days of modified composting. 
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Figure 2.15 Carbonyl index and hydroxyl index of spunbond polypropylene nonwoven and 

spunbond polypropylene with TDPA
©
 pro-oxidant after normal composting. 
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Figure 2.16 Carbonyl index and hydroxyl index of spunbond polypropylene nonwoven and 

spunbond polypropylene with TDPA
©
 pro-oxidant after modified composting. 

2.3.4 Scanning Electron Microscopy (SEM) of Untreated Proplypropylene Nonwovens 

Following Composting 

 Scanning electron microscopy (SEM) was used to document the surface morphology 

of spunbond polypropylene nonwovens with/without pro-oxidant additives subjected to 

normal and modified composting environments. Figures 2.17-2.22 illustrate the SEM 

micrographs of spunbond polypropylene nonwovens and spunbond polypropylene 
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nonwovens containing TDPA
© 

pro-oxidants before and after normal and modified 

composting. Prior to composting the control spunbond nonwoven (Figure 2.17) and control 

spunbond polypropylene nonwovens containing TDPA
© 

pro-oxidants (Figure 2.19) are 

relatively free from deformities with the exception of a few dust flakes. It is evident from 

Figures 2.18 and 2.19 that spunbond polypropylene nonwovens are instable after exposure to 

microbial action. After 30 days of normal and modified composting, untreated spunbond 

polypropylene nonwovens reveal extensive cracking on the surface. Cracking and 

fragmented fibers also are observe after normal composting of pro-oxidant containing 

nonwovens. Crack formation is hypothesized to originate from the restructuring of the 

surface amorphous content and the increase of the crystalline fractions leading to the 

shrinkage of surface layer.
61 

Thus, the presence of surface cracks can increase the extent of 

degradation by providing a pathway for oxygen to penetrate deeper into the sample. 

 

Figure 2.17: SEM micrograph (2000X) of control spunbond polypropylene nonwoven  
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Figure 2.18  SEM micrograph (2000X) of spunbond polypropylene nonwoven after 30 days 

of normal composting. 
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Figure 2.19  SEM micrograph (2000X) of spunbond polypropylene nonwoven after 30 days 

of modified composting. 
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Figure 2.20  SEM micrograph (2000X) of control spunbond polypropylene nonwoven with 

TDPA
© 

pro-oxidants. 
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Figure 2.21  SEM micrograph (650X) of control spunbond polypropylene nonwoven with 

TDPA
© 

pro-oxidants after 30 days normal composting. 
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Figure 2.22  SEM micrograph (2540X) of control spunbond polypropylene nonwoven with 

TDPA
© 

pro-oxidants after 30 days normal composting. 
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Figure 2.23  SEM micrograph (1200X) of control spunbond polypropylene nonwoven with 

TDPA
© 

pro-oxidants after 30 days modified composting. 

2.4 Conclusion 

 In the present study, we demonstrated that untreated spunbond polypropylene 

nonwovens with and without additives undergo changes in mechanical, chemical, and 

morphological properties after biodegradation studies. Biodegradation incubation in the 

modified composting conditions seems to be the most detrimental to spunbond 

polypropylene nonwovens with and without additives. During modified composting, the 
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nonwovens decrease significantly in tensile strength, transform into more hydrophilic 

polymer, and develop cracks on the surface.  
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CHAPTER 3 Biodegradation of Untreated and Thermally Pre-treated Spunbond 

Polypropylene Nonwovens in Composting Environments 

3.1 Introduction  

In the past decade, the use of polyolefines, especially polypropylene, has dominated 

the production of meltblown and spunbond nonwovens. 
1
 Polyolefin resins particularly 

polypropylene are generally considered the polymer of choice in the nonwoven market 

because of the relatively attractive cost combines with the good value and ease of use in 

comparison to conventional resins, such as polyesters and polyamides. 

Polyolefins are considered polymers of choice in the absorbent, medical, and 

filtration sectors. Of the absorbent product applications, the baby diaper area is the largest 

consumption area; however, applications in adult incontinence currently show the highest 

growth in recent years. In medical applications, polypropylene is used in the manufacture of 

gowns, shoe covers, face masks, and sterilizable packaging. Filtration is another major 

market for polypropylene nonwovens.  In fact, most household filters are produced from 

polypropylene nonwovens. In addition to air filtration, polypropylene nonwovens are used in 

cigarette filters and numerous technical applications such as petrochemical, pharmaceutical, 

and coatings.
3  

Thus, polypropylene is considered the 3
rd
 most important plastic/polymer material in 

the world. However, many of the applications of polypropylene previously discussed are only 

used once and disposed in municipal waste. Polypropyleneôs structure consists of repetitive 

methylene chains which makes resistant to degradation. Thus, the hydrophobicity, high 

molecular weight, lack of functional groups, and inert nature of polypropylene hinders the 
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attachment of microorganism on its surface. As a consequence, biodegradation starts after 

100 years of disposal. Because of the high consumption of the polymer and predicted growth 

of nonwoven, methodologies to increase the degradability are necessary.                                  

 To facilitate biodegradation, pro-oxidant additives may be incorporated into the 

backbone of polypropylene to integrate carbonyl functional groups directly into the polymer. 

Commercially available pro-oxidant additives have become increasingly popular over the last 

few years as the interest in biodegradable plastics have skyrocketed. Pro-oxidant additives 

such Total Degradable Plastic Additive (TDPA
TM

) manufactured by EPI Environmental 

Products Inc. and ECM Biofilms have been developed to accelerate the degradability of 

conventional polyethylene, polypropylene and polystyrene resins by a 2 step process known as 

oxo-biodegradation mechanism. During the oxo-biodegradation mechanism, pro-oxidant 

additives act as initiators for the oxidation of polypropylene leading to a decrease of 

molecular weight and formation of hydrophilic groups, eventually leading to the 

biodegradation in the presence of moisture and micro-organisms typically found in the 

environment. Ultraviolet radiation, wind stress, and heat are often used as methods to trigger 

oxidation in polypropylene materials containing pro-oxidant additives.                                  

 Numerous biodegradability studies of polyolefin composites blended with pro-

oxidants were documented in an oxo-biodegradation test after photo-degradation and thermal 

treatment.  Fechine et. al. observed that 480 hours of previous ultraviolet exposure is 

necessary for polypropylene samples to become bio-fragmentable, while only 288 hour of 

previous ultraviolet exposure are necessary for polypropylene containing pro-oxidants.
102

  

Chiellini et al. demonstrated the biodegradability of thermally oxidized, fragmented low 
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density polyethylenes films containing TDPA
TM

 pro-oxidant additives in soil and mature 

compost incubation media.
107  

Viswanath investigated the biodegradability of polypropylene 

filaments and nonwovens under soil and vermicomposting environments of commercially 

available pro-oxidant additives: Total Biodegradable Product (TDPA
TM 

)
 
 and ECM 

MasterBatch Pellets
TM

.
104

  Though the biodegradability test indicated little decrease in weight 

or mechanical properties, the carbonyl index increased dramatically.  This work is one the 

few which actually studied the biodegradation of textile fabrics. The current work will 

expand the research on the biodegradation of polypropylene fabrics. 

The purpose of the current work is to characterize the biodegradability of thermally 

pre-treated spunbond polypropylene with and without  Total Biodegradable Product 

(TDPA
TM 

)
 
 pro-oxidants in a composting environment. Mechanical properties, chemical 

structure, and surface morphology will be used as markers for degradation. 

3.2 Materials and Methods                                                                                                        

3.2.1 Materials 

 Polypropylene (PP3155) pellets with a melt flow rate of 36 (g/10 min) were supplied 

by Exxon Mobil. Total Degradable Plastic Additive (TDPA
©
) in pellet form supplied by EPI, 

Inc.                                                                                                                                        

3.2.2 Preparation of Spunbond Polypropylene Nonwovens 

Spunbond polypropylene nonwovens with and without TDPA
©
 containing a basis 

weight of 30 GSM were produced in the Nonwoven Cooperative Research Center (NCRC) 

Pilot facilities located in the College of Textiles at North Carolina State University. The 

spinning parameters of the spunbond polypropylene nonwovens are listed in Table 3.1. 
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Table 3.1 Melt Spinning Parameters of Spunbond Polypropylene Nonwovens 

Spin Pack 1162 hole 

Samples 100 % PP Control 

PP with 2 % TDPA additives  

 

Throughput 0.6 ghm (grams/hole/minute) 

Spin Head Temperature 466 
o
F 

Type Sheath/ Core 

Calender Pressure 750 psi 

GSM (grams / sq. meter) 30 

  

3.2.3 Thermal Pre-treatment of Spunbond Polypropylene Nonwovens With/Without TDPA
©
 

Pro-oxidants 

 Spunbond nonwovens were treated in a heated oven for intervals of 15 and 30 days at  

a temperature of 70°C. The indicated temperature was selected to mimic the thermophilic 

phase of a composting process which leads to growth of bacteria and fungi, accelerating the 

degradation rate of waste.                                                                                                     

3.2.4 Mechanical Properties of Spunbond Polypropylene Nonwovens 

 An Atlas MTS Q-Test/5 Universal Tensile Machine was used to measure the 

mechanical properties of spunbond polypropylene nonwovens with and without additives 

before and after oven aging by evaluating the strength and elongation at break. The samples 

(1 X 6ò) were conditioned at 70 ęF and 65% RH prior to testing. The mechanical properties 
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were evaluated according to the ASTM D5034 - 09 ñStandard Test Method for Breaking 

Strength and Elongation of Textile Fabrics (Grab Test)ò. A gauge length of 1 inch and a 

cross head speed of 12 in/min was used for this method.  Masking tape was applied to the 

jaws of the nonwovens to prevent slippage. Each sample had ten replicates to obtain a 

reliable and accurate standard deviation.                                                                                                         

3.2.5 Fourier Transform Infrared Spectrocopy 

FTIR spectra were collected to study the chemical changes post. Attenuated total 

reflectance (ATR) spectra were collected on a Nicolet 560 FTIR spectrometer, with a 

germanium crystal, equipped with an Advantage microscope, using liquid nitrogen cooled 

Mercury Cadmium Telluride (MCT) detector. At least 32 scans were obtained to achieve an 

adequate signal to noise ratio. The spectral resolution was 8 cm
-1
. Changes in carbonyl 

(~1760 cm
-1
) and hydroxyl (~3300 cm

-1
) groups were evaluated and used to calculate 

carbonyl and hydroxyl indices to monitor oxidation as a function of biodegradation. As noted 

below, the carbonyl index and hydroxyl indices were calculated as a ratio of absorbance at 

wavenumbers of ~1760 cm
-1
 and  ~3300 cm

-1
 to the absorbance of the methylene group at 

absorbance of 2920 cm
-1 

respectively. 

Carbonyl index = A1740/A2920 

Hydroxyl Index = A3300/A2920                                                                                    

3.2.6 Scanning Electron Microscopy (SEM)                                                                             

 The morphological properties of previously composted nonwovens were documented 

on a Nikon scanning electron microscope. Nonwovens were coated with a gold layer prior to 

microscopic examination. Micrographs were collected up to a magnification of 3000X.            
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3.2.7 Biodegradation Testing of Spunbond Polypropylene Nonwovens                                

 The biodegradation test was conducted in a Pro XE Compost bin manufactured by 

Nature Mill (Figure 4.1). The compost consisted of food waste (~75% of mostly green, leafy 

vegetables), wood chips (~23%) , and baking soda (~2%). To provide adequate aeration, the 

composter was programmed to turn the mixture every 4 hours. Because heat is often 

generated during composting, the temperature was monitored during the incubation. The 

nonwovens were exposed to the biodegradability test at a size of 2 x 2 inches. Nonwovens 

were extracted from the compost bin bi-weekly over a 30 day period. The samples were 

cleaned with warm water and soap following removal from the compost.  

 

 

Figure 3.1 Diagram of Nature Mill Pro XE Composter (www.naturemill.com) 

 

http://www.naturemill.com/
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After visiting a local industrial facility a modifications were created to a second Nature Mill 

Pro XE Composter to resemble the industrial process. Industrial composting not only consists 

of frequent turning for aeration but blowing of air through tubing. Thus, the Nature Mill Pro 

XE Composting system was redesigned to include tubing to periodically deliver compressed 

air during the compost process (Figure 3.2). The compressed air was regulated at 60 PSI and 

delivered at a rate 2.5 csm approximately 6-7 hours daily.  

 

                

 

Figure 3.2 Diagram of Redesigned Nature Mill Pro XE Compost Bin 
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3.3 Results and Discussion                                                                                                   

3.3.1 Monitoring of Compost Temperature 

 Temperature is an excellent parameter to monitor during the composting process. 

Microorganisms release heat when they are present in a composting pile. Thus, within the 

first few hours of forming a pile or windrow, a noticeable temperature increase is observed. 

The preferred temperature of composting is 50-70 C and is normally maintained for several 

weeks depending of the size and composition of the compost. As shown in Figure 3.3 and 

3.4, the temperature of the composter bins used in normal and modified composting ranged 

from 60°C to 83°C. Hence, the temperature range was sufficient to promote oxidation, which 

is necessary for the survival of microorganisms. 
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Figure 3.3 Normal Composting Temperature Profile 
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 Figure 3.4  Modified Composting Temperature Profile 

 

3.3.2 Mechanical Properties of Thermally Pre-treated Spunbond Polypropylene Nonwovens 

with and without TDPA
© 

After Composting 

After composting studies, mechanical properties are the initial indicator of 

degradation in pre-treated spunbond polypropylene nonwovens with and without additives. 

Typically when degradation happens, there is a decrease in tensile strength (peak load) and 

elongation.  
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Initially, a study was conducted to document the influence of exposure to heat on 

polypropylene nonwovens with and without pro-oxidants. It can be seen in Figures 3.5-3.10, 

that as the additive-free polypropylene nonwoven is exposed to temperatures of 70°C after 14 

and 30 day intervals, the tensile strength and elongation at break remain relatively 

unchanged.  

Following normal composting, 100% polypropylene spunbond nonwovens thermally 

pre-treated for 15 days show a slight decrease (40%) in peak load after 15 days of 

composting. After 30 days of normal composting, the 15 day thermally pre-treated 

polypropylene nonwoven results in a 50% reduction in tensile strength. Likewise, 30 days of 

thermal pre-treatment of polypropylene spunbond nonwovens display a 45% decrease 

corresponding to 15 and 30 days normal composting. This reduction can be attributed to the 

chain cleavage that occurs due to exposure to thermal treatment followed by composting. 

Thermal treatment causes the oxidation of polypropylene which results in hydroperoxide 

formation.  During the composting process, the macromolecules depolymerize into shorter 

chains following oxidation. In the primary degradation step of biodegradation, the polymeric 

chain cleavage leads to the formation of low molecular weight fragments such as monomers 

and dimers. Thus, extra cellular enzymes secreted by the organisms are responsible for the 

polymeric chain cleavage. During this phase, microorganisms feed on the newly formed 

fragments as a source of carbon and energy.
85 

During the pre-treatment of spunbond polypropylene nonwovens containing pro-

oxidant additives, the tensile strength is decreased by 50%.  These results are not surprising 
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because pro-oxidant additives act as initiators for the oxidation of polypropylene. 

Consequently, oxidation process is triggered by heat.    

Following normal composting of 15 and 30 days, the tensile strength of pre-treated  

spunbond polypropylene nonwovens containing pro-oxidant additives remains unchanged. 

As mention previously, pro-oxidant additives degrade polypropylene in two stages by the 

oxo-biodegradation process. During the initial step, oxidation is triggered by heat exposure, 

leading to a decrease of molecular weight and formation of hydrophilic groups setting the 

stage for biodegradation to begin. However, it is inferred that there is not sufficient weight 

reduction in the additive containing nonwoven samples for the biodegradation step to occur 

following heat exposure.   

Elongation at peak load of unexposed and thermally pre-treated spunbond 

polypropylene nonwovens with and without TDPA
©  

after normal composting is documented 

in Figure 3.7. It is observed that 30 days of thermal pretreatment and normal composting of 

up till 30 days  show higher degradation (33%) of additive free spunbond polypropylene 

nonwovens. However, spunbond polypropylene nonwovens with TDPA
©  

deteriorate during 

thermal aging and normal composting but show slightly higher elongation at peak load 

values than the untreated  spunbond polypropylene nonwovens with TDPA
©
. Hence, 

oxidation was initialized by heat, however there was not significant weight reduction for 

microorganisms to consume the polymer. 

 Modified composting of thermally treated spunbond polypropylene nonwovens with 

and without TDPA
©  

display similar results to normal composting. In Figure 3.6, following 

15 days of pre-treatment and 30 days incubation, no change in mechanical properties are 
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observed. Yet, 30 days of pre-treatment and 30 days incubation, lead to a 50% decrease in 

mechanical properties. Again, this reduction in tensile properties occurs due to polymeric 

chain cleavage which leads to the formation of low molecular weight fragments such as 

monomers and dimers. 

 Despite a reduction in peak load after thermal pre-treatment, Figure 3.6 shows the 

significant decrease in tensile strength of thermally treated spunbond polypropylene 

nonwovens with  TDPA
©  

subsequent to modified composting. However, similar values are 

obtained after 15 and 30 days of modified composting. Thus, it can be concluded that 

compressed air pumped into the bin during composting sets the stage for oxidation.  

 Elongation at peak load results of nonwovens after modified composting is 

comparable to the normal composting results. The thermally treated additive-free spunbond 

polypropylene nonwoven show a slight decrease in tensile strength following 30 days of heat 

treatment and 30 days of composting. Similarly, spunbond polypropylene nonwovens with 

TDPA
©
 suggest little deterioration after heat pre-treatment. 

 A comparison of untreated and pre-treated spunbond polypropylene nonwovens with 

and without TDPA
©
 is shown in Figures 3.9 and 3.10.  Overall, thermal pre-treatment induce 

biotic degradation.  Spunbond polypropylene nonwovens with and without additives showed 

a decrease in peakload and elongation particularly after a combination of thermal pre-

treatment and modified composting. Perhaps, a mixture of heat and compressed air in 

modified composting promote addition oxidation mechanisms beyond pre-treatment.   
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Figure 3.5 Tensile strength of thermal treated (TT) spunbond polypropylene nonwovens with 

and without TDPA
©
 pro-oxidant after 30 days of normal composting 
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Figure 3.6 Tensile strength of thermal treated (TT) spunbond polypropylene nonwovens with 

and without TDPA
©
 pro-oxidant after 30 days of modified composting 
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Figure 3.7 Elongation of thermal treated (TT) spunbond polypropylene nonwovens with and 

without TDPA
©
 pro-oxidant after 30 days of normal composting 
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Figure 3.8 Elongation of thermal treated (TT) spunbond polypropylene nonwovens with and 

without TDPA
©
 pro-oxidant after 30 days of modified composting 
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Figure 3.9 Comparison of tensile strength of thermal treated (TT) spunbond polypropylene 

nonwovens with and without TDPA
©
 pro-oxidant after 30 days of normal and modified 

composting 
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Figure 3.10 Comparison of elongation of thermal treated (TT) spunbond polypropylene 

nonwovens with and without TDPA
©
 pro-oxidant after 30 days of normal and modified 

composting 

3.3.3 Chemical Properties of Thermal Pre-treated Spunbond Polypropylene Nonwovens 

 Thermal pre-treatment of polypropylene is reported to promote oxidation in the bulk 

of the polymer. Oxidation produces hydroperoxide groups (mainly ketones and esters) as the 

major product, together with lesser amounts of alcohol, carbonyl, and peroxide groups. In 
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FTIR spectra, ketones and esters are located at wavenumbers of 1680-1750 cm
-1
 and 1730-

1750 cm
-1
 respectively. FTIR spectra of untreated and pre-treated polypropylene nonwovens 

with and without pro-oxidants are displayed in Figures 3.11-3.14. 

 

 

Figure 3.11 Effect of thermal treatment and normal composting on the carbonyl functional 

groups of spunbond polypropylene nonwovens with and without TDPA
©
 pro-oxidant 

  

 Following normal composting, Figure 3.11 illustrates the carbonyl region of untreated 

and pre-treated polypropylene nonwovens with and without pro-oxidants. As expected, the 

absorbance of the carbonyl pre-treated polypropylene increases slightly before incubation. 

This is normal of abiotic degradation.  Interestingly, the carbonyl intensity reaches maximum 

intensity after 15 days pre-treatment and 30 days composting. These results are confirmed by 
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calculation of the carbonyl index in Figure 3.15. These intensities are attributed to a mixture 

of ketones and esters. 

Upon modified composting, the intensities of the carbonyl peaks increase as 

illustrated in Figure 3.13. Unlike the polypropylene nonwovens in the normal composting 

process, the maximum intensity is reached after 30 days of pre-treatment and 15 days of 

modified composting. Because the modified system has air blowing through the system, it is 

expected that there would be less energy required for oxidation to happen.  The carbonyl 

indices shown in Figure 3.17 validate the FTIR results. 

  

 

Figure 3.12 Effect of thermal treatment and normal composting on the hydroxyl functional 

groups of spunbond polypropylene nonwovens with and without TDPA
©
 pro-oxidant 
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Figure 3.13 Effect of thermal treatment and modified composting on the carbonyl functional 

groups of spunbond polypropylene nonwovens with and without TDPA
©
 pro-oxidant 

  

 Recall,  pro-oxidant additives act as initiators for the oxidation of the polymers 

leading to a decrease of molecular weight and formation of hydrophilic functional groups. 

Figures 3.11-3.14 show the FTIR spectra of spunbond polypropylene nonwovens with 

TDPA
©
 before and after thermal pre-treatment. After thermal pre-treatment, the carbonyl 

pre-treatment absorbance increases slightly. Following 15 days of normal and modified 

composting, the increase in the intensity is more pronounced and at its peak.  At 30 days of 

normal and modified composting, the intensity drops significantly.  
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Figure 3.14 Effect of thermal treatment and modified composting on the hydroxyl functional 

groups of spunbond polypropylene nonwovens with and without TDPA
©
 pro-oxidant 
































































































































































































































































































































