ABSTRACT

Keene Brandi NechelleBiodegradation of Polypropylene Nonwove(isnder the
diredion of Dr. Richard Kotek).

The primary aim of the current reseach is todocument the biodegradation of
polypropylene nonwovens and filament under composting environments. To acalerate the
biodegradation, pre-treatments and additives were incorporated into polypropylene
filaments and nonwovens.

The initial phase (Chapter 2) of the projed studied the biodegradation of untreaed
polypropylene with/without pro-oxidants in two types of composting systems. Normal
composting, which involved incubation of samples in food waste, had little effect onthe
mechanical properties of additive-free spunbond nonwovensin 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 spurbond nonwovenswith/without pro-oxidants dsplayed an extreme
loss in mechanica properties and cradking on the surface craking.

Because the untreated spurbond nonwovensdid not completely decmpose, the next
phase of the projed examined the pre-treatment of o-irradiation or thermal aging prior to
composting. After exposure to o- irradiation and thermal aging, polypropylene is subjeaed
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 radica in nature.

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

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



polypropylene nonwovens with/without additives. Crading 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 gammarays followed by composting. Nonwovens with/without pro-oxidants
were severely degraded by o-irradiation after upto 20 kGy exposure as explained in Chapter
4. Furthermore (Chapter 5), o-irradiated polypropylene nonwovens with pro-oxidants were
invisible to the naked eye after 30 days of composting suggesting microbial attadk was
adieved.

The final phase of the projed encompasses the extrusion of bicomponent fibers.
Because microorganisms cesire to feed on hydrophilic molecules, commercially available
starch -based polymers were spunwith polypropylene resinsin a sheah/core configuration.
Similar to the previously discussed nonwovens studies, the bicomponent filaments were pre-
treated with hea (Chapter 6) and o-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 currenvtthe
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 thasvddgradation
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, thrneatent applications were filed for the discovery of
polypropyl ene. Paul Hogan and Robert Banks,
synthesized crystalline polypropylene by packing a pipe with propylene and nickel oxide
catalyst modified with smallraounts of chromium oxid®.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 systelead 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 seqi@ laboratories, none knowing that the others were even

pursuing the problem.



Polypropylene (PP), a thermoplastic polymer, consists mainly of two elements,
carbon and hydrogen. Hence, polypropylene is very similar in structure to its polyolefin
counterprt 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) ZiegleNatta polymerization or metallocene catalysis

polymeriztion.
% ; polymerization | |
Ce=C e e
n
H"" \CH or metallocene | |
3 catalysis H CH;
propylene polypropylene

Figure 1 Synthesis of Polypropyléne

1.2.2 Stereo Arrangement of Polypropylene

Polypropyleneds properties are affected
determine the stereo arrangement of polypropylene are (1) the degree of branokéamg(lin
branched), (2) regiospecificity (he&attail, or heaeto-head or taito-tail), and (3)
stereospecificity (right or left hand)Hence, polypropylene can be produced with different
isotactic, syndiotactic, and atactic tacticities. The majoffifyadypropylene 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 Polypropylehe

In isotactic polypropylene, the p@ent 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 modifations of ZiegleiNatta coordination catalysts, producing

polymers with various degrees of stereoregular order. The final isotacticity can be up to
98%?

1.2.3 Properties of Polypropylene

In general, there are many factors which have attributed to thessuand 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 bate of properties. When eragéd in applications,

polypropylene operates <ldthashighswmfacet emper at ur e



hardness and superior abrasion resistance. Compared to traditional materials,
polypropylene has a low density. Particularly in the automotive indusilypmpylene
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
semicrystalline solid with a melting point range of 166 5 & Rolypropylene
homopolymers have moderate impact strength, excellent stiffness, great mechanical
properties, and low electrical conductivity. Low molecular weight polypropylene resins are
used to make mepun and melt blown fiber§he addition oftabilizers during processing
protects polypropylene from oxygen, thermal degradation, and ultravioletQgier
additives are also added to improve resin clarity, flame retardancy, and radiation resistance.

Since its introduction into the textile inslny 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-thied goes into fiber and fibeelated
products.

Processability of a polymer is gidy dependent on its rheological properties, which
arecloselyrelated tanolecular weight, molecular weight distribution, gmdcessing
temperature and shear rate. Pabypylene 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 (undem given temperature). In teletian application, the typical MFR range is

between 18 5 g/min formediumrate molecular weights. For more technical applications,



the range i8- 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 spintiing.



Table 1 Properties of Textile Grade Polypropyféne

Tensile Strength (gf deh) 3.55.5
Elongation at break (%) 40-100
Abrasion Resistance Good
Moisture Absorption (%) 0-0.05
Elastic Recovery (after 30 s at
2% elongation)
Immediate (%) 91
Delayed (%) 9
Glass Transition Temperature -15 to1 20
(*C)
Softening PointC) 140
Melting Point {C) 165
Chemical Resistance Generally
excellent
Relative Density 0.91

Thermal Conductivity

6.0 (with air as

1.0)
Pyrolytic Stability C) 350
Electical Insulation Excellent
Resistance to Mildew, Moth Excellent




1.3Manufacture 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. Melt spinnng is the preferred method ofaimufacture for polymeric fibersiue 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 audegtr gpositive
displacementpump, a spin head, a spinneret or die, a quench tovesdaoll, draw rolls,
and a winder. The functions of the extruder are:h€Bt and mix the polymer to procke a
homogeneous melt, and (2)gamp it through the spinneretatonstant rate. The extruder
contains anotor driven screw ad specific length/diameter ratio inside the barrel, which
helps in mixing and pumpg of the melt. Generallyhére are three zones in an extruder
which correspondb the geometry of thecrev: the feed zone, the compression zone, and the
meteing zone® Each of these zonés heated to different temperaturbased on the polymer
being extruded.

Initially,, polypropylene granule$MFI= 10-40 g/min)are fed through the hopper into
the extrudefeedzone to start melt spinning. Depending on the polyioeéng extruded, the
chips may be dried or used without prior drying. To prexthe polymer from oxidizing, a
slow nitrogen purge is frequently employéd the polymer is pushedaalg the extrude
barrelby eithera single or twirscrew, it is heated by a combination of conducted heat and

mechanical shear heat, derived from the mixing and kngadiion of the screw. After



the polymer melt exits themetering zone, the gaive displacementymp delivers the molten

polymer at a sdftow rate to the spin head.

- - Melt pump motor

+—— Hopper ‘

Barrel

¥
L L 7> +— Spinhead
t I l—Screw < Gpinneret or die
LG Heatityz bhand ‘ /|

Chaench towrer -

+—— Bpinline

Winder —»

Feedroll

Figure 3 Schematic of Melt Spinnif{

The spin head consists of filters and channelsgbipply molten polymer to the
spinneret, through which the molten polymer is eddiadi The filter, composed afnumber
screens (or some other special porous materiasdshoves degraded polymer gels, foreign
bodies, and gaseous bubbles. After the polymer mett the spinneret, a quench tower

controls the cooling or quenching df¢ molten filaments. Thguenched fibers athen



pulled down to a smallarosssectional area by a feed roll, which is set to a desirextirgl
A set of draw rolls isised before or after the spinning process depending omé#te f
property requirementofthe fiber. Drawing of fibers orients the molecular chainden t
fibers to a high degree the macime direction. Spun fibers are placed a bobbin attached
to the winder.

A typical melt spinning process for polypropylene, begins with polypropyteilets
or granules (MFI= 110 g/min) are fed through the hopper to extruder. To melt
polypropylene pellets, the polymer is extrud
heating zone¥ The molten polypropylene is then melted and pumped to ihepapk. The
spin pack consists of a filter which removes impurities and uniform melt flow of spinneret
containing small orfices with a diameter of @38 mm. Industrially, a large extruder is used
with a capacity of 50@000 kg/h to distribute molten [ypropylene to &0 spinnerets
equipped with separate gear pump and spin pack. The number of spinneret holes for
producing staple fibers is typically 10,080,000 The molten fiber exits the spinneret and
enters the cooling zone which cools and saédithe 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 propertiesf 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, nass throughput per spinneret hole, length of the spinline;uplspeed, and size



and the shape of spinneret holes. Of all these parametensppedantparameters are
typically recognized by researchers #neoughput rate and take speed
1.3.2 Polwlefin Application in Nonwovens

In the past decade, the use of polyolefines, especially polypropylene, has dominated
the production of meltblown and spunbond nonwovéRalyolefin resins are generally
considered the polymer of choice in the nonwoverketarecause 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
posses extrusion and mekpinning characteristics. It is well known that polypropylene is
more difficult to extrude than polyethylerfeHowever, both polypropylene and polyethylene
filaments are easy to spin into fine denier filaments provided that resiasnbaow
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 introdd 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 areal@ghst 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. Cadgartraditional polymers used in

medical
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Figure 4 Expected Growth of Nonwovens in Specific Applications

applications, polypropylene exhibits exceptional characteristics such as breathability,

resistance to fluid penetration, lifree structure, stilizability, 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 cigaretteriland numerous technical applications

such as petrochemical, pharmaceutical, and coatings.
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In packaging applications where paper products and plastic films are not sufficient,
polypropylene nonwovens are used. These applications are food contamelspes)
stationary products, and medical sterile packaging.

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 ahreservoir 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
specifc properties’

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, interiorpdoels, and seat
covers.

1.3.3 Melt Blown Process for Producing Nonwovens

The melt blowingprocess is one of the newest and least developed nonwoven
processes. In comparison to other nonwoven processes, the melt blown process is distinctive
because it used almost exclusively to produce fine fibers rather than fibers the size of
normal textile fibersThe conceptof melt blowing to produce fine fibers was first developed
under U.S. government sponsorship in 195dn A. Wente, scientist at the Navalgearch
Laboratory, first began this work to produce miéitiers for the collection of radioactive
particles in the upper atmosphéoemonitor worldwide testing of nuclear weapohs

Went ebs process, an extruder fineaorificesdireetly mol t en
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into two converging high velocity streams of heated air or othel’dawias claimed that
fibers as small as 0111 micron can be formed by this methddl n t he 19606s, a
affiliate and a development program recogdiiee significance of this work. Five years

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

andpr oviding the name f or Thus, Exxon bgrcame thefsssto fi Me |
demonstrate, patent, publicize and | i cense the use of -t he Wen
step process to manufacture unique forms of nonwoven webs. Early successful licensees
included KimberlyClark, Johnson & Johnson, James River, Web Dynamics and Ergon
Nonwovens, followed by nmy 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:

Hopper

P
Gear Pump Malt blown die

Extruder

Bonding

1 Winder
Caollector

Figure 5 Melt Blown Process Technoldgy
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Initially, polymer granules or pellets are extruded through a linear die containing
closely arranged small orifss. 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
combhnation 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 tuleestragain
duetosec al |l ed Aform drago. This form drag emerg

Hence, melt blown fibers usually do not have a constant fiber diameter. In general,
fiber attenuation is achieved by three different forces: aerodyrdnagcnear 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 tHfeTtlie other function
of hot air streams is also to transport the filiera collector where they sdi#bnd at the

contact pointg®*?
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Figure 6 Schematic of Fiber Attenuation in the Meltblowing Prdéess

In most cases, filaments produced by the meltblowing process have generalty low o
no molecular orientatiort® 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 temperaturepeiellecior-distance
(DCD), and collector spe€d® Variation in any of these input parameters will alter final
properties of fibers, such as cressctional shape, diameter, morphology, and web structure
can also be changed.

Melt blowing process has three dmsti 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 ultrafinéibers with the diameter less than 1 micron. Although fibers as
small as 0.1 em can be produced by the ultra

development*A | ow air flow rate regime produces 1
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larger fibers’? The effort to produce suimicron fibers by using splittable cressctional
fiber morphology in the meltblowing process was attempted however the smallest achieved

fiber diameter was generally in the range &f2 microns> 24

Meltblown webs usually haven wide range of product characteristics. The main

characteristics and properties of mglbwn webs are as follows

1. Random fiber orientation.

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

3. Generaly high opacity (having a high cover factor).
4. Fiber diameter ranges from 0.5 to 30 um, but typically freém.
5. Basis weight ranges from&50 g/nf, but typically 26200 g/nf.

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

7. Fibers have a smooth surface texture and are circular insecssn.

8. Most meltblown webs are layered or shingled in structure, the number of layers
increases with basis weight.

Nonethelesghere ardew drawbackso themeltblowingtechndogy. 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 fioeV rate (MFR) rangindrom
1000 to 1500 g/10 miff Due to the lack of ability to employ different polymers in
meltblowing, many potential applications of the meltblown web are limited. Another

disadvantage aheltblowing is weak fiber&® Like electrospun nanofibers, meltblown
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fibers typically need a supporting structure and are generallyyedga a composite
structure’® This allows for the meltblown web to optimize their filtration properties;
however this adds the complexity to the manufaectuprocess. 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, needlepunchemt wetlaid composites. As a final point, meltblown webs
typically exhibit broad fiber diameter distributions that can be inapi@pfor some
applications®
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
randomlaid, banded nonwoverf° 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 ewadlution
the existing staple fiber nonwoven production concept or the logical extension of the
synthetic filament spinning processes commercialized during 1940s and*195@s.
spunbonding process is considered to have originated in 1940, when the prooakse® si
that of spunbonding were patented by Slather and Thomas of Corning Company for the
production of glass wodF Similar processes for the manufacture of the mineral wool from
molten silica were patented by Callender in 184&ommercially, manufetured
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 Reeffiaig was followedy

Typare made of polypropylene and Tywvekade of higkhdensity polyethylene produced by
flash-spinning method* During the same time period, Freudenberg introduced the

spunbonding process called Lutravibr the manufacture of mixed polyamides. A fggars

later a process called Doeanas introduced by Lurgi Kohle & Mineréltechnik GmbH

(Germany). In 1984, the spunbonding process called Reitmfiproducing webs from
polypropylene was introduced by Refenhauser GmbH (Gerniamyithin the1990s ther

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

Fisher and many others offered complete spunbond lines, and hygiene and medical suppliers
switched to spunbond (meltbl own)th@mancesses.
turnkey supplier of spunbonds polypropyl ene.
offered bicomponent spunbond and meltblown using Hills bicomponent technology. Hills
offered Hills open system spunbond with Hills biotechnology.

A primary facdor 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 anddeposition system, quenching, laydown, and bontfirghe schematic diagram

of spunbond process with a laydown table is depictédguare?.
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Figure 7 Spunbond Procéss

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, fricfisiscous flow, and mechanical
action resulting in melting. Periodically, vented tveicrew 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 foraeigarticles, 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 rae 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 bock assembly (spin pack), one of the most important elements of the spunbonding
process. The die assembly, consists of a polymer feed distrilpléirand a spinneret. The
feed distribution in the die assembly is very vital because it balances theepdllyw 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 gesinto the spinneret. The spinneret isiagle 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 sadahrough 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 sufficient solidification results in the fiber roping and inability of
the fibers to form the web, efficient quenching of the filaments is very important. After
guenching, the filaments are led downward into a tapered medium by the air stream. A
second sram of the higtvelocity air is directed parallel to the direction of the filaments,
causingacceleration and accompanying attenuatibthe individual filament$® However, it
has been shown that filament attenuation starts biglow the spinneret exit>*3°

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 maximiformity 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 caskedlector 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 filamenteb 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 baling, 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 isdwoun
onto a large roll, either a full width roll or series of narrow slit rolls. At this point, the fabrics
are readyor wrapping and shippin®
The spinning speeds during spunbonding can range from 1,000 to 8,000 m/min,
depending on the processing polyrobaracteristics, desired properties of resulting fiber,
and process productivity.Some polymers show a higher degree of molecular orientation
and crystallinity due to stress induced crystallization at higher spinning speeds. However,
polypropylene doesat show significant improvement in the molecular orientation with an
increase in the spinning speed due to its high crystallizing af§ilifhus, polypropylene
usually spins at about 2000 m/miProperties of polypropylene spunbonds include high
strength low weight, hydrophobicity, good skin tolerance, chemical and rot resistance, and

low thermal conductivity.
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1.35 Need for Biodegradable Nonwovens

According to the United States Environmental Protection Ageheericans
produced about 243 millionns of municipal solid wasteMSW), or about 4.3 pounds of
waste per person per day2009 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 posed. Hence, nonwovens are categorized as textiles.

Yard trimmings Food scraps
13.7% 14.1%

Wood
6.5%

Rubber, leather

and textiles
8.3%

Plastics
12.3%

Metals Glass
8.6% 4.8%

Figure 8 Material Breakdown of Waste Generated by Americans irf 2009

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

industry remains to be the fastest growingtges of textile materials in the world. The

22



success of the nonwoven market is attributed to the small labor requirement, high spinning
speed, and low cost. Globally, the nonwovens mafkgure9) has continued to expand

year after year with the excégn of 2008 due to economic downtuth.
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Figure 9 Amount of Nonwovens Produced Glob&lly

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

production.
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N. America
26%
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Asia
Pacific
10%
Middle
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Figure 10 Percentage of Nonwovens Produced Globally

Synthetic fibers have dominated the nonwovens industry for decades. Since the
19866s, polypropylene has become the polymer o
particular, polypropylene is employed in home filters, hygiene products (diapers, feminine
pads) and medical filters. In these applications, the product is typically use@mhthen
disposed in the designated waste stream. Consequently, 64% of nonwovens in 2001 have a
sheltlife of less than one month. With the consumption of nonwovens increasing annually,

alternative methods must be explored for waste disposal.
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In the 2% century, nonwoven producers have expressed concern about the

Figure 11Polymers Used in Nonwovens Since 1§81

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

environment concern when the tremendous growth in ngew production and consumption

is not likely to slow down in the next decadsing standards of living and increased

disposable income allocated to health and hygiene are leading to ecaignificrease in the

demand for nonwoven products.
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Figure 12Lifetime of Nonwoven®

Thus, discoveng amethodto locate renewable, biodegradable products has
been a challenge facing the disposable side of thevawens industry from Day. 1
Diapers, feminine hygiene products, wipes and other disposable itemiehglmen
criticizedfor their contribution to landfills despite studies deeming it insignificant,
and the whole "disposing of disposables” debate has been a larhong
nonwovens stakeholders. However, a few companies have begun addressing the
urgencyto create nonwovens which naturally degrade when disposed in the landfill.

In recent yeardngeo kbershas been making considerable strides in the area
of sustainable, renewable products involving nonwovedso#émer textilesThe
company's biopolymer &tureWorks PLA is the world's first greenhowses neutral
polymer and forms the basis for Ingeo fibers, which has replaced polypropylene
based on oil, a limited resouragesome disposable applicationBecause
NatureWorks PLA resins and Ingeo fiber dexived from 100% sustainable

agricultural resources, they are flegradable and fully comptable at the end of
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use Ingeo has uniquely positioned the products to replace existibgegld polymers
and fit perfectly with both the consumer and legisltiemand for a sustainable
approach to handling disposable products.

Among the nonwoven prodwcturrently being manufactured with the Ingeo
Fibersare W.I.P.'"{Wellness Innovation ®ject) biodegradable Love 'féminine
hygiene products and Ec@By wipes developed by Healthquest. Otpetential
applications oflngeoFibersincludefurniture and mattress waddings, short life
industrial applications, diapers and many more nonwoven ptediecause these
applicationscontribute tosignificant waste maiggement issuesngeo fiber is an easy
drop-in alternative that offers a competgichoice from all perspectives
performance, ecamics and not least, ethics.

Ingeo fiber and NatureWorks PLA resin is produced in a comprehensive range
of resin and fiberypes designed to fit with standard nonwovens technologies ranging
from spunbonding and spunlacing to thermal, chemical or resin bonding, calendering,
needlepunch and wetthprocesses.

Cellulosic fiber supplier Lenzing also recognizes the need for sabibiy in
the nonwovens industrizenzing fibers are fully biodegradable and become part of
the natural cycleCellulosefibers are made from pulhichis made from wood, a
renewableand climatefriendly resource.Nonwovens madeenzing fbers are fuy
biodegradable and become part of the natural cyrider the trademarRgiscos€

and TENCEL®, Lenzing nonwovenare certifed and registered as biodegradable by
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DIN CERTCO, which issues ceiigates only for products fully made from
compostable raw matials.

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
yearsin the landfill, biopolymers have several drawbacks when used in nonwoven
applications. A few of the limitations to biopolymers are:

1. The shelflife 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. Insbéaisposing 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 tefined as any change in polymer properties due to

change in chemical, physical, or biological reactions resulting in bond scission or subsequent
chemical transformation&”. Degradation is often categorized as changes in material
properties such as mectieal, 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.
Dependig on the nature of the polymer, degradatiigure 13)may occur by photo
oxidative degradation, thermal degradation, oziodeiced degradation, catalytic
degradation, or biodegradation. Many studies have documented the degradation of
polypropylene by pbto-oxidative degradation, thermal degradation,-tixadegradable

degradation, and biodegradable.

Various polymer degradation routes

Factors Photo-degradation Thermo- Biodegradation
(requirement, oxidative
activity) degradation
Active agent UV-light or Heat and oxygen Microbial
high-energy agents
radiation
Requirement Not required Higher than Not required
of heat ambient
temperature
required
Rate of Initiation is slow. Fast Moderate
degradation  But propagation is fast
Other Environment friendly ~ Environmentally Environment
consideration  if high-energy not acceptable friendly
radiation is not used
Overall Acceptable Not acceptable  Cheap and very
acceptance but costly much acceptable

Figure13 Various Polymer Degradation Rouffes

1.4.1 Photeoxidative Degradation of Polypropylene

Photeoxidativedegradations the procesf decompositin of a materialby the
actionof light, which is consideredisoneof the primary sourcesof damageexertedupon
polymericsulstratesat ambientconditions* Most syntheticpolymersaresusceptibleo

degradationnitiated by ultra-violet (UV) radiationandvisible light. The electromagnetic
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spectrum (Figure 14) shows the location of UV and visible light. In the UV regiobl\Mhe
B terrestrialradiation(~295 315nm)andUV-A radiation(~315 400nm)areresponsibldor
thedirectphotodegradatior{photolsis, initiated photo-oxidation) of synthetic polymerdn

the visible portion, sunlight (40&/60nm)acceleratepolymericdegradatiorby heating.

FEEREREREEEREERE T
10 10? 10* 120° 10° 10% 10% 10%*
KHz MHz GHz

non-lonizing radiation

Figure 14 Electromagnetic Spectrum

Polymerdegradatioroccursmainly in the ethergroups wherephotoirradiation
generategster aldehydeformate andpropylend groups *? UV radiationshavesufficient
energyto cleaveC-C bond.** ThemostdamagingJV wavelengttfor as p e glasficc
depend®nthebondspreseniandthe maximumdegralation, around 20 nm for
polypropylene. During photoxidation, 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 wegntrisased as a
result of extensive chain scission during phoegradatiort’

1.4.2 Mechanisms of Photaxidative Degradation of Polypropylene

Photcoxidative degradation of polypropylene occurs through a complex pathway o
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chain reactions involving free radicals as described by the Bella®dautooxidation
mechanisnt? Thus, photeoxidative degradation of polypropylene involves initiation,
propagation, and initiation.

The photeoxidative degradation of polypropylene istiated by abstraction of
hydrogen atoms from the aliphatic chains by singlet oxygen moletutegeneral, the
hydrogen atoms attached to tertiary carbon atom are the most readily abstracted. Hence,
without the tertiary carbon atom, phetaidative dgradation of PP would not transpire
because polyolefin polymers do radisorb UVfradiation in the solar spectrum at the earth
surface™ For that reasorgnce initiated the chemical degradation takes place through an
autocatalytic process that is diffusigontrolled 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 duringridpagating step lead to backbone
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degradation through cleavage of hydroperoxid®O b o n d f o-kdission.elavevid,y b
hydroperoxides are rather unstablenSequentlytheyusuallydecomposandform
carbonylcompoundswhich accumulatesthe oxidationprocessontinues The cleavagef
the polypropylene backbone arise through Norrish Type | and Norrish Il reactions of
carbonyl gr oscipsen Degtadatowof poymebs with carbonyl functionality
in the backbone of the polymer results in chain cleavage by both mechamismwéen
carbonyl groups are in the polymer side chain, only Norrish Type Il degradation produces
main chain scission as shown in Figure 17.

Following propagation, chain termination occurs in the plmddation of
polypropylene. During chain termination,r ee r adi cal s are fAmopped
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 dioksd, branched or
disproportionated product. Pesd 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 enviroment is referred to as the natural weathering method. In general, the natural
weathering method depends @) the absorption of specific wavelengths and the amount of
solar radiation by the material, (b) the strength of their chemical bonds in redatiom
photon energy of the solar radiation absorbed, and (c) the reaction processes promoted by

heat, moisture and other factors of weather followed by bond bre&kage
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The spectral energy distribution and intensity of the radiatierdepended upon
geogaphic location, altitude, time of day, season atietr atmospheric conditions.
However the altitude of the sun and thus the total solar irradiance is the highest at solar noon
without dependence datitude. Due to the change in the angle of incideri¢dbeosun during
different seasons, the shorter wave lengthocuand 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 conditimisding sunlight, temperature, rain,
humidity, pollutants, thermal cycles and oxygen cont®ail these parameters may vary
from region to region and have shown significant seasonal variations.tfédsgreeof
damage depends on the nature, the avad/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 arexenplified in the poor appearandige lack of mechanical properties
and reduction othe 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 inveatigs the natural weathering of
polypropylene. Generally, natural weatheringtffmor exposunes performed on samples
mounted on testing racks, oriented unstandard conditions to expose the material to the
full radiation pectrum?*#™>? Uzomah andUnuohaconducted early natural weathering
studies which investigated tlkeaw rato, tensile stres breaking ratio, breaking factor, work
draw, and work for rupturef polypropylene films over a 280 day period in Nigeria during

the rainy seasotf. The results(Table 2) indicated with an increase of outdoor exposure time,
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the draw ratio, tensile stress, breakingaabreaking factqgrwork drav, and work for rupture
increasegdattaining a maximum at about 24@xposure time, before decreasing with farth
increases in exposure timdzomabh et al. attributed thecreasan drawstresstensilestress
andbreaking factor t@estructuring arising from enhanced cherystallization and
recombination of radicals, while the decrease was due to PP chaiagdeaesulting from

the outdoor exposurelowever, thancrease in drawatio and breakingatio were due to
plasticizationwhich at longer exposure time diminished due to the presence of shorter PP
chain segmentsThus, a longer outdoor exposure timeeeded to reduce the mechanical

properties below the control.

Table 2 Properties of Polypropylene Films After Outdoor Weathering in Nigeria

Exposure AC Draw Draw BF Tensile Breaking

Time Stress Ratio Stress Ratio
(h) (%) (MPa) Ld (kNmO1) (MPa) Ib
0

(unexposed) 0 19.8 2.45 4.91 28.9 4.58
48 13.7 194 3.75 5.19 20.5 6.78
o8 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

Bediaet. al. expanded the esrch on polypropylene films which was previously
conducted by UzomaH 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, andrtsile properties were used to study the effect of outdoor
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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 math 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, thelegradatiormay progresdasterin theamorphougartof the PPplateanda

spherulitictexture may showup onthe surfaceafter prolongedexposure
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Figure 18 Schematic of degradation mechanism of polypropylene*plates
Although the research investigating the natural weathering of polypropylene is
limited, the available studies documentthg outdoor degradation of polypropylene fibers is

extremely scarceln examining the longerm weathering performances of polypropylene,

nonwoven gedextiles,Thomas et alkconducted experiments by exposing samples in both
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xenonarctest apparatus aralitdoors at South Floridd. By comparison the strength

retention of samples from both thfe exposure tests, suggestesultsobtainedirom

accelerated weathering test with xeraro could be used ®stimate outdoor performance of
the material at SobtFlorida once UV radiant level was compatible under theewmosure
conditions. Natural weathering studies on polypropylene filaments in Shanghai illustrated
the correlation of tensile strength and intrinsic viscosity (Figuf& Bie tensile strengtand
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 intris=isity are common

indicators of environmental degradation in natural weathering studies.
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Figure 19 (Left) Residual Strength of Polypropylene Filaments after One Year Exposure and

(Right) Correlation between Residual Strength and Intrinsic Visc8sit
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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,qoHgme 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 norystalline phases. Accordingly, the D8@&@rmographs showed a
decrease in crystallinity after 300 days. Rabello and V@indposedwo phenomento
explain these trends: a) an increaserystallinity as a result dhe decreasing molecular size
(and thus increasing chain mobilitypminatirg in the blend; and B decrease of

crystallinity asa result of the increasing concentration of chemicgalintiesdominating in
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Figure 20 (Left) Molar Mass (g mdl) of Polypropylene films after 48 day exposure with
(A) 0 mg kg1 (B) 100 mgkg-1 (C) 300 mg kelof anttoxidant and (D) control. (Right)

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

Unlike natural weathering, accelerated weathering is performed under controlled
parametes 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 relialteadst@rter
period of time than outdoor weatherifi§ Consequently, a significant amount of published
research is available pertaining to the stabilization of polypropylene by accelerated
weathering testing™®* Yang and Martin employed thurier tansform infrared
photoacoustic spectroscopy @R/PAS )was to investigating the accelerated weathering
photadegradation of a mehlown ronwovenpolypropylene fabri¢? Melt blown
nonwovens exposed tdV radiation at 254m, resulted in formation of plo-oxidation
products &élcolol, peroxide, ketone, aldehyde, carboxylic acid, and anhydride) on the fabric.
However, samplesxposed to 350 nm radiatideckedformation of eitheicarbonyl or
hydroxyl groups Furthermore, the portion of the nonwoven (Fg@1l) closest to the light

source exemplified higher carbonyl and hydroxyl concentrations.
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Figure 21 Thecarbonyl (left) andhydroxyl(right) band intensity of the polyppylene fabric

exposed tdJV radiation at 254 nm for dirent times?

Staning, a cheap and easy test was also used for the detection oflelyosalation
during accelerated weathering tesislanzadetet. al. observed a color change from pink to
blue on polypropylene stained fibers after 100 hours of accelerated weathes Stédigher
studies revealed there was no difference in the @esson of fiber degradation as exposure

time increased.
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50 h 115h 165 h

Figure 22 Crossection of stained polypropylene fiber after 50, 115, and 165 hr of

accelerated weathering testitlg

Seveal 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 lighit Crack formation isiypothesized to origiria from
the restructuring of the surface amorphous content anddrease othe crystalline
fractions leadindo the shrinkage furface &yer. Thusthe presence of surface cracks
increase the extent of degradation by providimgdoway for oxyge to penetrate deeper into

the sample
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Figure 23 SEM of polypropylene fibers after 285 hours of accelerated weatheritiy test

Photooxidation of polypropylene fibers and nonwovens lead to clueysitallization.
During this process, the crystallimaétion increases as a result of accelerated weathering
exposure. Previous studies have documented etmwstiallization by wide angle -xay
diffraction and FTIR spectroscopy in polypropylene fibers and thermal bonded
nonwoven®®! Because chentrystalization happen in shorange ordered regionX-ray
diffractionis not sensitive to small changes during accelerated weathering test. Thus, the
crystalline content of polypropylene nonwovens (Table 3) remains relatively unchanged.

However, helical measement of polypropylene fibers (Figure 24) increases after
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accelerated weathering testing suggesting glande (disorderly) regions. As a
consequence, wide anglerdy diffractionmeasures the loaginge order or intermolecular
order because of chain gaeg, while IR spectroscopyeasures the condition of the

crystalline isomer, which is shortrange order or intramolecular phenomefibn.

Table 3 Crystalline content and crystalline size of polypropylene®iber

Degradation time (h) 0 40 258
Relative crystalline fraction (%) 45 43 42

Crystallite size (A), for20 = 14.0°, (110) 148.7 143.5 147.5
Crystallite size (A), for20=16.9°(040) 149.2 144.0 148.0
Crystallite size (A), for20=18.7°,(130) 149.6 144.3 148.3

' -=-Density -*- Helical content ]
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Figure 24 Changes of density and bealicontent of polypropylene nonwovens at various

degradation time®
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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 eveelexated
temperature for a specific amount of time. Similar to photodegradation progress,
polypropyleneis reported taundergooxidationby producingradicalsthat further propagate
to form peroxides' However, oxidation of polypropylene at high temrgieres is considered
auto-oxidation due to the difference in the sequence of initiation readflof&ather than the
surface of the polymer, thermal degradation occurs though the bulk of the polymer.
Furthermore, thermal degradation of polypropylenevabo 2 0 0 ¢ C, l ed to chai.
largely due to the generation of impurities during manufacttife.

As previously mentioned, the oxidation of polypropyléméhe presence of oxygen
ocaurs more rapidly than its polyolefin counterpart, polyethylene.iguokidation,
polyethylene becomes fragile, while after a brief heating of polypropyikemat 100 °C
leads to its complete degradatiiiThus, he presence of weak carliozarbon bonds at the
tertiary and quaternary carbon atoms promotes oxidatipaolgbropyleneto yield
hydroperoxide group¥ OOH

02
DCHi CH(CH;) D —CH,1 C)DH (Equation 2.1

as well as the oxidative decomposition by Equatiofs221Q A trimolecular reaction of
polypropylenewith oxygen leading to primary initiation of the kinetic chairi®xidation

was proposed’ Theinfluence of oxygen is shown not only on the decomposition process but
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also on the croskinking of the polypropylenenacromolecules. The oxidation of
polypropylenes described by eadical chain scheme as follows:
Initiation occuss with theformation of radicals R- or RO:
R-R— R- + R: (Equation 2.2)
R-+ O, —RO0,- (Equation 2.3
However, in the case of the atd@idation process, initiation occurs owing to the
decomposition of hydroperoxides with the formation of radicals by motexmiar or
bimolecular reactions
ROOH— RO- + -OH (Equation 2.4)
2ROOH— RO +RO,- + H,0 (Equation 2.5)
The radicals formed attack thé €& groups of polyalkenes to produce hydroperoxides:
RO,: + RH +»ROOH+ R: (Equation 2.6)
which, on decomposing, initiag@ew kinetic oxidation chains. Hydroperoxides, being
thermally unstable primary products of the chain oxidation of polyalkenes, in addition to
decomposing into radicals, may also decomynysg molecular mechanism to form the
stable oygen containing polymer and low molecutaass compounds. The termination of
the kinetic chain of oxidative degradation of polyalkenes is atgdtotthefollowing
reactions:
2R- —R- R (Equation 2.y
R- + RO,» — ROOR (Equation 2)8

2RO, — ROOR + Q (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 particuldrgralble to oxygen.
However, the predominant oxidath o f met hy | e-positogto doubfe bondsn t he

may occur®

CH=CHCHD+0O, —®»CH=CHI @+ HO, (Equation 2.10)

Thus a biradical product forms resulting in the formation of activated or deactivated species.

Numerous studies haveported on the thermal aging of isotactic polypropylene films
and fibers®°®*"* Fayolle et al. studied the embrittlement ofypropyleneg e ot ext i | es a't
C in air underatmospheripressureand8 0Ceinderpureoxygenat5 MPa.Embrittlement is
oftenmonitored by a decrease in toughness (evident from the-stragscurve) 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 functioFg of molar mass to determine embrittlement
behavio

Another study, characterized the thergingof isotacticpolypropylenematrix in a
compositein air at 90 and 140eC, respectivelyfor 12days® The effects of thermal aging
were monitored by two methodologies: {hgy | samplesvereagedin air in anovenand
thenanalyzedusingWAXS to comparethe crystallinty changedeforeandafteragingand
(2) atechniqueconsistingof progressive-TIR scanningof the film agedin air in a heating
sampleholder.Interestingly, the films as cooled (FC) and as quenched (FQ) showed a
dramatic increase in crystalllhamscissonaft er agi

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

Unaged (%) 90°C Aged (%) 140°C Aged (%)
FC 48 = 1 47 + 1 58 26
FQ 45 = 1 505 59 = 10

A more recent paper, mimickede thermcoxidativedegradatiorof injected molded
polypropylere during servicelife andrecycling”™ Melt flow rate measurements were done
from recycled polypropylene films (films which were reprocessed) and virgin, aged
polypropylene films. The expected behaviothiatthe melt viscosityof polypropylene
decreasewith increasinghe heataging time. Compared to the virgin polypropylene (blue),
the recycled polypropylene films MFR doubled. This extrémesasen MFR of recycled
samplesmight be dueto thereactionof alkyl radicalR generatediueto themal degradation
andtheir reactionwith oxygenand/orcleavagdeadsto the decreasén molecularweightas

reflectedby theincreasan MFR.
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Figure 26 Melt flow rate of recycled polypropylene (red) and virgin polypropylene (blue)

films’?

1.6 o-Irradiation

Gamma raihtion is the most widely used foraf ionizing radiation sterilization.nl
fact, gamma hakecome the industryandard for higkenergy sterilization especially in
medical textileglue to the convenience, low cost, and sterilization resedtsimarays ae
photonsof electromagnetic radiation emitted from the nucleus during radioactive decay and
occasionally accompanying the emissionmiépha or beta particté. Therays are identical
in nature to other electromagnetic radiations such as light or mases\However, they are
much higheiin 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 lesseverelywith matter than ionizing particlé$. Becaise 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 metersTinag, awide range of
packaging meerials including those composetimultiple resins andne-packaged articles
suchas cellophane, pgéthylene, polypropylene, and nylon can begieatedoy gamma

sterilization

Table 4 Common gamma emittérs

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 radiatioanmgna is considered to have five times the
penetrationGamma radiation sterilization usually empl§§&o as the radioisotapsoure
with a dosage of gerglty 2.5 megaads,although higher levels are sometimes used, and

maximum temperaturassually aren the range of 30°G10°C."2
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Figure 27 Comparison of penetration distances of alpha, beta, and gamfha rays

Irradiation has becoenpopular method of altering the molecular structure of
polymers particularly polypropylene, to increase the degradability due to recent
environmental concern. After exposure to ganradiation polypropyleneis subjectedo
oxidativedegrad#on in the presencef air andduring storageafterirradiation.Similar to
photo-oxidation and thermal oxidative degradation, the mechanism of gamma radiation is
fundamentally free radical in nature. The actiofi’8 radiation on polypropylene in the
presence ofiagives rise to a series of processes of characterized by thexddation

schemée?
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(1) R~ 2R
) R +0,-R0;

(3) RO;+RH~ROOH +R-
@) RO;+R-->ROOR

(3) RO;+R0O;—>ROOR +0,
(6) R-+R->R—R

Figure 28 Oxidati on-radidtodpol ypropyl ene

In this scheme R represents the polypropylene chain and tReprimary alkyl
radical formed during irradiation. It is important to notehis scheme that oxygen is
consumed by thprimaryR- in equation (2) resulting in theuto-oxidative procesof
equations (3)5). The primaryadicd R- is regenerated in equation (3) implying that each
radical formed will consumeumeousmoleculeof oxygen unless the oxidative reactions are
prevented.

Radicalg(Figure 29) are formed in both crystalline and amorphous regions after
irradiation exposure. In tremorphousgegion, the chains are mobile whialowsradical
termination by main chain motion. Itfpsoposedere that enhancing the terminatia@e of
theprimary radical R as in equation (6), wileducethe R concentration and somewhat

inhibit theautcoxidativeprocess. The mechanispnoposedor termination to occur more
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readily is toincreasemain chain mobility. The kinetics of the timtion and termination of
radicals during anébllowing irradiation illustrate the importance of main chain mobility

to the redation of the aut@xidativeprocess.

. Crystalline
R Reaion

k
R +R — R-R

Figure 29 Schemat i eradiation on sodactic polymsopyleled uced by

Radiationdegradatiorandstabilizationdue to gamma raysf polypropylene were
extensivelyinvestigatecbecaus®f anapplicationof radiationtreatmentor the sterilization
of disposable biomedical suppli€¥? 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 molegalght leading
suggesting chain scission and/or crlisking may have happened. Howevesligel
analysisshowed despitethe fact that dose=f irradiationarerelatively high, no gelwas

formedandcrosslinking wasthereforeineaective. Thereasoris thatthe crosslinking of
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polypropylenas complicatedoy a sizableportionof macroradicalsdecayingby beta
scisionanddisproportionatén the absencef anededive crosslinking co-agent’® Thus,
polypropylene is degraded bhain scission.

Following exposure to gamma rays (Figure 30), polypropylene films show a
significantreductionin intrinsic viscosity,elongationat break andtoughnes&® These
changes in viscosity and tensile properties attributed to a dezase inhe average
molecularlength by thecleavage of macromoleculaehains Similar observations were noted

in the gamma irradiation of polypropylene yaffs.
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Fi gur e 30 -iIrradiationortheviscosiyfiveragemolecularweight,viscosity,

elongationat break andtoughnessf polypropylene film&’ (left) and yarn& (right)

Alarigi and colleagué’ studied the effect of gamma dose on polypropyleinesfi
Surprisingly,surfacecrackof the samplegFigure 31) increasedithd e ¢ r e al@serateg

whichindicatesthatthe degradations moresevereat lower doserates. The cracked
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(amorphous}yurfaceacceleratd the degradatiorfurther becausehe oxidative degradations
initiated at surface However, a drawback to this work is the lack of surface characterization
of polypr opyl-sterieationi | ms before o

Additional analytical techniques were used to characterize the effect of gamma
irradiation onpolypropylene films. Wide angle-pay diffraction (WAXD) and differential
scanning calorimetry (DSC) confirm significant changes in the crystallinity of polypropylene
films leading to chemerystallization in shorter chainSourier Transform Infrared (HR)
Spectroscopy verified formation of oxygen containing groups such as esters, ketones, and

hydroxyl groups as a function of gamma expo$fire.

Fi gur e 3 iteriBzEdolypropylene films at (left) 780 Gy/hr and 600 G¥/hr

1.7 Biodegradation of Polypropylene
Biodegradations the only degradatiormechanism capable of completely removing

polymeror its degradatiorproductsfrom the environment®* Also known asiotic
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degradation, biodegradatiaa chemicatiegradation of polymensrovoked by tk action of
microorganisms sucés bacteria, fungi andgde. The most common definitioh a
biodegradable@| y mer i s fa dvaegen thelpamalyeegnadatioyy me r
mechanism is through treetion of metabolism bsni ¢ r o o r § ahus, lsiotegradation
is the only form of degradation involving biological activity.

In general, mdegradatiorof polymerstakesplacein two stages (Fig. 32
depolymerization and mineralizati6hDuring the firststageof biodegradatiorthe
macromoleculedepolymerizanto shorterchains Because of the size and the insoluble
nature of polymers, this step normally occurs outside the orgatisthe primay
degradation, the polymeric chain cleavage leads to the formation of low molecular weight
fragments such as monomers and dimers. Thus, edttdarenzymessecreted by the

organismsareresponsible

sAbiotic degradation

@ b) Extracellular \@
— LMW fragments

enzymes

Microbial degradstion

Figure 32 Biodegradation Mechanism of Polyriiers
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for the polymericchaincleavageDuring this phase microorganisms feed on the newly
formed fragments as a source of carbon and efférgy.

The final step of biodegradation, mineralization leads to ultimate degradatitam
small low molecular weight oligoer fragmentsare reformed theyaretransportednto cells
wheretheyarebioassimilatedy the microorganismsind finallymineralized®*
Biodegradation may take place agrobicbiodegadationor anaerobidiodegradation

(Figure 33)

Aerobic biodegradation:
Polymer + O, -> CO, + H,O + biomass + residue(s) (1)

Anaerobic biodegradation:
Polymer -> CO, + CH, + H,O + biomass+ residue(s)  (2)

Figure 33Schenes of Aerobic and Anaerobic Biodegradafibn

If oxygen is present, agbic biodegradation occurs andrbon dioxide is producet.
there is no oxygen, an anabic degradation occurs and methane is produced instead of
carbon dioxide®* Hence, mineraliion occurs as a result of biodegaéte materials or
biomass to gases (like carbon dioxidethane, and nitrogen compounds), water, salts,
mineralsand residual biomasblitimately, the environmental conditions decide the group of
microorganisms and trepecific pathway involved. Compleltéodegradatioror
mineralizationoccurswhenno residueremains,.e., whenthe original productis completely

convertednto gaseouproductsandsalts
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In synthetic polymers such as polypropylene, mineralizationtateyas long as 100
years to happemue to the presence of additives, amtidants, and other stabilizers added
to commercial polymers during the manufacturing process, microorganisms are unable to
digest some of the toxic components, thus slowing dbwmlegradation proce®s.

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 degraglalbiie been reported in
scientific |iterature. Because of the diffe
the different approaches are therefore not equivalent in respect to the information they
provide. Since the typical exposure envir@mminvolves 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 strategj@re 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 usingemical 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 fAbiodegradabl eo
Availability of functiond 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
swch as ester or amide bonds in a hydrocarbon backbone, (6) Molecular composition
(bl ends), and (7) Nature and physical forn
pellets, powder, or film.

In general, polyolefin polymers are not susceptible to bicbgion or microbial
degradation because: (1) hydrophobic backbone that consists of long carbon chains that give
resistivity to hydrolysis, (2) addition of argkidants and stabilizers during manufacture
which prevents polyolefin from atmospheric oxidat (3) high molecular weight (10,000
40,000), and (4) high packing density.

Compared to polyethylene (a polyolefin similar in stuwe), polypropyleneontains
a met hyl in the place of hydrogen in the b p
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 conditipns. removinghe
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 condifio@bviously,
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polypropylene is more susceptible to microbial attack, howewmsh of the research

regarding the biodegradability of polyolefin polymers is limited to polyethylene.

c Weight loss of 100 h irradiated films
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Figure 33 Weight losses of polypropylene and polyethylene after comg8sting

From a suvey 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

Films, Fibers,

Ti Polyolefin Biodegradation Year of
itle of Paper . Powder, or . o
Polymer Studied Environment Publication
Pellets?
Bi odegr adérilized Polypropylene
Biomedical Polyolefins Under yprop X . Composting and
. ethylenepropylene Films . 2005
Composting and Fungal Cultur co-polvmers cultural environment
Environments poly
A Study of the Oxidative .
Degradation of Polyolefins Polypropylene Films Compost 1993
Degradation of unpretreated ar .
thermally pretreated Polypropylene Films SOl. cultural 2009
i . environments
polypropylene by soil consortig
Calorimetric and
thermogravimetric studies of
UV-irradiated PolypropylenéStarch Films Soil Burial 2006
polypropylene/starchased
materials aged in soil
Effect of short wavelength UV
irradiation on ageing of Polypropylene Films Compostgd Garden 2005
polypropylenécellulose soil
compositions
Effect of UV radiation and pro | PolypropylenéPro . .
oxidant on PP biodegradability oxidant Films Soil Compost 2009
Thermal degradation of
polypropylene/starchased . . .
materials with enhared PolypropylenéStarch Films Soil Burial 2004
biodegradability
Biofouling and_ biodegradation Polypropylene Films Aqueous Medium 2007
of polyolefins in ocean waters
Study on properties of polyme
blends from polypropylene with . . -
polycaprolactone and tire Polypropylene Films Enzymatic condition 2007
biodegradability
Biodegradation of the Films of| . . .
PP, PHBV and Its Blend in Soi Polypropylene Films Soil Burial 2009
UV-Irradiated Biodegradability
of Ethyl enel
Copolymers, LDPE, andPP in | EthylenePropylene Films Compost 2001

Composting and Culture
Environments




burial, the breaking strength of spunbond and meltblown polypropylene (Table 7)

remained the same.

Table 7 Mean Breaking Strength of Various Polypropylene NonwdVens

Table lll. Mean Breaking Strength Values (Ibs) of
Selected Nonwovens Buried in Acidic and Nonacidic Soils

Weeks of Burial

Soil Type Fabric Type® 0 2 4 8 16 32 64
Red Clay 42/58 C/PP 271 26.7 26.3 25.6 25.0 24.9 26.0
60/40 C/PP 25.8 25.4 25.3 25.4 25.3 24.7 247
PET/MB1 249 25.0 248 247 251 251 247
PET/MB2 27.5 27.3 27.5 276 27.6 27.5 271
PPMB 26.2 25.7 26.1 25.8 26.0 26.1 25.5
PPSB 346 34.0 33.7 34.6 35.9 34.4 34.6
Calloway 42/58 C/PP 271 26.8 26.3 25.5 26.5 26.6 25.6
Silt Loam 60/40 C/PP 25.8 25.5 25.3 254 25.3 25.1 247
PET/MB1 249 24.8 25.1 248 25.1 249 24.4
PET/MB2 27.5 27.4 27.6 28.1 27.9 27.7 271
PPMB 26.2 286.2 26.2 261 26.2 25.7 25.1
LSD=0.94 PPSB 34.6 34.9 35.2 34.2 35.3 33.9 34.0

See codes used in Table II.

Many studies dcumented the biodegradation of pretreated polypropylene materials
by UV irradiation®®, thermal treatmefft,  esterilizatio#*®”. Overall, the pretreatments
decrease hydrophobicity thereby making it easier for the microorganism tolagest
introducion or carbonyl or alcohedontaininggroups intahe polypropylene backbone
which are more prone to degradation. Untreated and thermaltygated polypropylene
films were studied in a soil consortia which included an inoculum obtain from a locat plast
dumping site. After 12 months of incubation, the ester carbonyl index of the untreated sample
decreased while the pteeated polypropylene film increased for 9 months suggesting
oxidative degradatiorSurface energy measuremewddidatedincreased hyaphilic

character of the polymeFurthermore, a BacLight te@Eigure 34)confirmed the presence of
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a microorganism which was isolated and identifie@asillusp e x thesred dots represent

dead cells while the green are living céfls.

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

soil burial®

Similarly, fungal attack byA. nigeroccurred on ultraviolet pretreated polypropylene
films.?® Table 8 epresentshevisualgrowth test (ASTM G12) datantreatedand untreated
polymerfilms surfaceafter 6 weeksof cultureincubation After 10-15 days, initiatiorfungal
growthwas observed microscopically on ultrimlet pretreated polypropylene films. During
the six week study, polypropylene films exposed to A@ars of ultraviolet showed

increased (~60%) fungal attack compared to other polyche® the ease otonsumption
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chain cleavage during phetxidation. Interestingly, fungal growth was also detected on

untreategpolypropylene films after 4 weeks.

Table 8 Visual Growth of.nigeron Various Polymer Filn?§

LDPE -PP EPF EPQ
weeks 0 50 100 O 50 100 O 50 100 0O 50 100
1 0 0 o 0 0 g 0 0 o 0 0 0
2 0 0 o 0 0 a 0 0 a 0 0 0
3 g 0 o 0 1 1 o 1 1 0 0 1
4 0 0 1 1 2 2 0 1 2 0 1 2
9 0 1 2 2 2 3 1 2 2 0 1 2
B o 1 2 2 3 4 1 2 4 0 2 3

Additionally, it was also observed thassterilizedpolypropylene films were
colonized byA. nigerfungus after six weeks of incubatidtironically, fungus growth was
also observed on untreated polypropylene films after 4 wdekgsinterestingto observe
thatamongall incubatedsterilizedpolymers,thefungalcolonizationwasrelatively higheron
the surfaceof o-sterilizedwith 600Gyh' t h asterilizedwith 780Gyh'. Other evidence of
the presence of microrganisms on the surface pdlypropylene filmsnclude75% weight
loss, visilde surface crackingand increased carbonyl indafter 5 months of composting.
Thus, pretreatment of polypropylene films with titvadiation -sterilization, or heat letb
decreaséydrophobicitywhich result in consumptioof the polymers by microorgaam

more rapidly
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Table 9 Visual Growth Test Rdizatiof’s of

Weeks  HDPE i-pp EP

Neat  780Gyh™"  600Gyh™  Nea  T0GyhT' 600 Gyh™'  Near  780Gyh™' 600Gy h'
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1.7.1 Accelerated Biodegradability of Polypropylene/Starch Blend

Most syntheticpolymerssuch as polypropylergrehydrophobicandhencedo not
absorbmoisture which is necessaryor the survivalof mostbacteriaduringbiodegradation
To makepolypropylenebiodegradabilefjllers suchasstarch,cellulose lignin, polylactide
acid (PLA)etc.,areaddedo the polymer. Forinstancestarchis addecdto the polymers
becaussomemicroorganismaitilize thefiller asa nutrient sourceandsecreteenzymeso
breakit downfor consumption.Theoretically, heseenzymesanthenactontheresulting
blend providedthe polyme canbe brokendownby them.

In general, the biodegradation of a polymer and the incorporated starch (Figure 35)
will take place in two steps or phasegeTnitial phaseresultsin a deteriorategolymer
(plastig, by virtue of biodegradatiorf oneof thecomponent®f the plasticthroughthe
actionof environmentastressesuchashydrolysis,oxidation,or UV light. The deteriorated
polymercanthenbebiodegradeanly if there issufficientdecreaein molecularweightat

whichthe microorganismsrecapableof transportingand metabolizingthe polymer
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fragmentsThe secondphaseor seriesof eventsresultsin actualbiodegradatioror

decompositiorof the material.

Biodegradable plastics

Primary Microbial enzymes
degradation oxidation

Photodegradation

Hydrolysis

Deteriorated plastics

Secondary Microorganisms
degradation

‘ Decomposition I

Figure 35 Phases of Biodegréda in Polymer Blend$

Naturalpolymersasalternativeto synthetic polymerfaveadvantageske
renewableenvironmentafriendly, low cost,light-weight,andhigh specificperformance.
Over the past decade, several studies involving the bleralygfrppylene and natural
polymers were published in the pursuit to create biodegradable polypropylene mététials.
Ramisand colleaguemcorporated a stardbasedmasterbatcimto the polypropylene matrix

and evaluated the thermal stability of the tmir ®® Following soil burial, the starehased
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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 angais (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.
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Figure 36 TGA and *Bpfp8lypopyleneestrchaand blefdepi@r toni n

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

Similar conclusions were confirmed with polypropylene composites containing
natural fibers fron banana, pineapple leaves, and banfB@nmposites 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, ad 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, thelogaraho
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 t@dpiade 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.
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Figure 37 Biodegradation curves for polypropylenmposites containing natural fib&fs
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Figure 38 SEM micrograph of partially degraded polypropylene composites of pineapple

leaves (top, left), banana (top, right) andnbao (bottom, centetj

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 Piave similar processing temperature
(200-230LC),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 alodegraded by 70%fter 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 BL&imilar research using a linear
polyesterpoly (hydroxybutyrateco-hydroxyvalerateYPHV) 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 sustkje to microbial attack than polypropylene/PHV

blends. Again, the polypropylene hindered the degradation of PHV bféhitte starch

blended polypropylene, polyester incorporated into polypropylene led to the microbial attack
of the biodegradable compemt while leaving the polypropylene behind.

To date, limited published literature is available regarding the addition of natural
polymers to nonwoven materials which are mostly polypropytexrsed. To compare rates of
biodeteroration for naural and synthetic fibers, Goynes etealamined changes in the
structure and strength nbnwoven fabrics containing cott¢mydroentangled (HE) and latex
chemically bound (CB))and polypropylenegfter controlled exposure of fabricsftongi
(Aspergillus nigerATCC 9642 Penicillium funiculosunATCC 11797 Chaetomium
globosumATCC 6205, Gliocladium vireusATCC 9645, andAureobasidium pullulans
ATCC 9348 normallyfoundin soil.** After 98 days of fungi incubation, all
nonwovens(Tabl&0) 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 Nigers®
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Table 10 Breaking Strength Loss and Fungaiv@h Rate (shown in parenthes’$).

2 4 7 11
Sample Days Days Days Days
1009% Cotton, HE 25 (O Bl (2) 94 (4) 100 (4)
100% Cotton, CB 2 (0) 21 (1) 88 (3) 95 (2)
80/20 C/PP 14 (0) 26 (2) 44 (4) 47 (4)
14 28 56 98
Sample Days Days Days Dayvs
100% Cotton, HE 100 (4) 100 {(4) 1040 (4) 100 (4)
100% Cotton, CB 95 (2) - (4) - (4) - (4)
80/20 C/PP 46 (4) 40 (4) 42 (4) 48 (4)
70/30 C/PP 7 (4) 7 (4) 9 (4) 17 (4)
50/50 C/PP 0(3) 5 (4) 0 (4) 2 (4)
25775 C/PP 3(2 03 4 (3) 0(3)
100% PP 0 (0) O () O (0) 0 (0)

1.7.2 Oxebiodegradation 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 microorganigts | y p r o nesystarente axidation

and biodegradation is attributed to the presence obaitants and statilers added during

manufacture. Due to the lack of biodegradability of previously documented

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

composed of proxidant additiveS™*°® Pro-oxidants additives are advantage due td%°
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(1) Controlled lifetimei Unlike starchbased additives, proxidants/polyolefins have
a shelflife ranging from a few months till 5 years.

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

(3) The same excellent physical anéchanical properties remain after addition of
the preoxidant.

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

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

Pro-oxidant also known as prdegradant, degrades polypropylene in two stages by
the oxebiodegradation process. In the first stage, the long polymer molecules are reduced to
shorter lengths and undergo oxidation. The oxidation process is triggered by he&ioldtra
light, and mechanical stress (e.g. wind or compaction in a [§néfénce, preoxidant
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 accouthe 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 processc®rganisms
consume the degraded plastic, carbon dioxidgew 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 B& Mn**, or Cd*.}®®While F€* complex acts as a source of radicals for
reaction initiation in the photoxidation process, Miior C&" are necessary for oxidation
without the influence of light; when they catalyire decomposition of peroxides associated
with chain cleavageFechine et. abroposed a schenfEigure 39)to explain the mechanism
the oxebiodegradation process of polypropylene containinggxidants™® The first part of
Scheme 1 shows thghoto-degradation pragss for the polypropylene thipro-oxidants and
without preoxidants As mentioned previously, polypropyledees not absorbltraviolet
radiation near 365 nimecausat only contains GH bonds in its structurédence the

initiation step ofpolypropylenephoto-degradation is due t@ht absorptiorthat produces
radicals in the presence of air (oxygefe radicad produce hydroperoxides, and the
decompositiorof these hydroperoxides yields alkoxy radicals responfblehain scission
and formation of a variety afarbonyl produd. In the case of samples containing-pro
oxidans, other chemical reactions acceleratehetooxidation procesd-or instance, in a
pro-oxidant cansistingof calciumstearate (Cagtand CgO;, (3, 8%), cobalt is a catalykir
the decomposition diydroperoxides reactions. Another chemical reactsodue tocarbonyl
groups present in the CaStructure. The carbongroups generated by the phatweidation
absorblight and produce excited states. The most reactiveisttie triplet state (T*) in
which carbonyl groups exist asbiradical. The biradicals could abstract hydrogen from a

polymer molecule (RH) and formation of a ketyl radif&). These two new routes for
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polypropylenegphotooxidationlead to acceleration of the degradation of tesles.Thus,
the quantity of chain scission (arbonyl (carb), and hydroxyl (hyd) grougese higher for

polypropylene containing proxidants

‘wl _I__ '_- '_ . » o ad @i
+
b, T
e e /T
R Dy = RO

rH 2 q
R+ Oy - R RO o+ R —e RO0H + R
ROOH e RO - OH

RSO + R'H —* ROOH + R* RO = W= —= RO+ M=t + DR
FICHOH = Ban= —= FRS ¢ MR s B

ROOH e ROT + TOH

e I N
:c’—cf - FH — :_t:‘—n—| - =

Cham scissicn osrnd carborry] e
Fredreeyd Do ps

5
AR

A
[chain scission] = ni charm scission] = n2
[cartzomd groupe] = carh T ooyt growps] = cark2
[hiytece soy] caranaisea| = byt - ezt riocpl Grosugra] = s
e
Comiitis == ok
hyd s == Frypd 1

Soil comipast

| l l l

M drog e tnabion T T L (=]
fmgmentaiion [exmomed t0 LN for 480 hmd [ peoemand o LN fior 40 ks ) Iragmeniason
iz oo g rad alkor HHodegradalcn ]

(oL TS B Piracpesencd b I For @0 hrsd e rpacsesd o LA For 480 e} [ =0 Pt T

Figure 39Scheme of potodegradatioandbiodegradatiomf polypropylenewith and

without pro-oxidantaddtive®?

76



During abiotic degradation of polyolefin with poxidant,photo- and therme
oxidation processes are controlledligit intensity and temperatuend result in a dramatic
shift of the wholemolecular weightistribution and a decrease of the gleiaverage
molecular weighfrom 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 félerate,abroad spectrum of low
molecular weightompounds 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 prapxidants and molecular oxygen are presentusieely in amorphous
regions of the polymer, oxidation takes place in that region predominantly whereas the
crystalline zones remain intatt:

Several studies hawwdcumented the biodegradability of psgidants mainly in
polyethylene films>'°® These studies examine the effectiveness ofpidants containing
iron, calcium, cobalt, manganese, and commercially availabledggoadants.

Koutny et. al. documented the biodegraitigbof high densitypolyethyleney | m
(HDPE)andlow densitypolyethyleney | ({nDPE) bothcontaininga balanceof antioxidants
and pro-oxidants(iron containing) by incubation withnicrobial strainsof Rhodococcus
rhodochrousandNocardia asteroides mineralmedium® After anabiotic pre-treatment
consistingof photo-oxidationandthermaoxidationcorrespondingo about3 yearsof
outdoorweatheringheand microbial incubationpto 200days HDPE and LDPE suggest

different susceptibility to microbial attacR.i o yohtine surfaceof theoxidizedLDPEyY | m
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(Figure 40) vasmoredenseandcompactwhereaontheoxidizedHDPEY | matheronly
islandsof cellscould be foundindicatingthat probablyimportantpartof the population
persistan the supensionform in the medium.This study vas one of the only studies which

exposed prapxidant polyethylene films directly to fungi.

Figure 40SEM imagesof thetestedpro-oxidant containingnaterialsafterapproximately
100daysof incubation(a) OxidizedHDPE abiotic; (b) oxidizedHDPE R. rhodochrous(c)
oxidizedLDPE M. alpina; (d) oxidizedLDPE N. asteroides(e) oxidizedLDPE R.

rhodochrous(f) oxidizedLDPE abiotic?®
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Numerous biodegradability studies of ymlefin composites blended with pro
oxidants containing calcium fillers were documented in arli&degradation test after
photo-degradation and thermal treatment. Fechine et. al. studiedféiot of ultraviolet
exposure on the biodegtaion of ribbors of polypropylene witland witrout 0.3 (wt/wt)
(PPQ) pro-oxidant additives, produced by extrusi§? Imagesof the polypropyleneand
PPQ samplesafter 56 days in soil compoate displayed blow (Figure 41j was observed
that 480 lour of previousultravioletexposure are necessary flypropylenesample to
become bigfragmentablavhile only 288 tour of previousultravioletexposure are necessary

for PPQ.

PP non-exposed PPOx non-exposed

PP 288 hours PPOx 288 hours

PP 384 hours PPOx 384 hours

PP 480 hours PPOx 480 hours

Figure 41 Pictures of the PP and PPOx samples after 56 days in soil cdfhpost
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Similarly, two low density polyethylene films, which damed preoxidant additives,
were investigated, on& them containing micranilled calcium carbonate fillan addition
to commercial Addiflex HE (5% w/w) proxidantadditives based, according the
producer, on manganesms(LPa) and the other consistingmb-oxidant additivedased
on Mn and Fe stearates (LPB)he films were prereated at 70°C in an oven and removed
at various times before subject to soil burial tessoil (Fig. 42, during the first few days,
significant production otarbon dioxide was observed mainly for LPa40, LPa80, marking
rapid consumption of easily degradable small molecular wemhpounds which are easily
releasedThen allsamples entered into a periodstdwer CQ production, with LPa40
possessing a slightly higher slope with respect to LPa80, wbickl be attributed to greater
abundance of biodegradable mateinahe longer thermalbpxidized sample. From around
day 300,LPa40, LPa80 curves progresgsapproximately in parallel, and thelopes
remained significantly positive till the end of the observaperiod, thus witnessing
continuous biodegradation in bashmples. After more than 460 days, the final values of

carbonmineralized as COwere dout 13% in the case of LPa40 and abthfte for LPa80.
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Figure 42 Carbon mineralization of low density polyethylene films (a and b) referenced to

cellulose in soil buridl

Commercially available proxidant additives have become increasingly popular over
the last few years as the interest in biodegradable plastics have skyrocketed. Total
Degradable Plastic Additive (TDPA) manufactured b§P! EnvironmentaProducts Incand
ECM Biofilms have been developed to accelerate the degradability of conventional polyethylene,
polypropylene and polystyrene resins by the-biaxlegradation mechanism.

Chiellini et al. demonstrated theobiegradability of thermally oxidized, fragmted
low density polyethylenes films containing TDPApro-oxidant additives in soil and mature
compost incubation medfd’ Mineralization levels of low density polyethylene (Figure 43)
containing TDPAY (Q1 and Q2) eachedhe highestextentof biodegradatiorf63.0%)after
85 weeksof incubation,whereasa lower value(49.0%)wasreachedyy the Q1 replicate
Though the mineralization process was long, this result was among the highest published in

literature.
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Figure 43 Mineraliationp r o Yofithersnallyfragmentedow density polyethylene

containing TDPAM (Q-LDPE) samplesandy | tpaperin soil burial test®’

Mohee et al. also studied the biodegradability of TDPA and Matgstarchbased)
containing plastic films under aerobic ameaerobic condition®21t 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 ratesisicantly 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 investigted 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 (TD®Aand ECM MasterBatch

Pellets™.*** Though the biodegradaity 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 prefted 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.
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Figure 44 Carbonyl index of control polypropylene nonwovens andiblehTDPA and

ECM additives after 12 weeks of soil butl

1.8 Composting

Typically, after being used, petroledmased materials such dagtics 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, tpertymity 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 resutire 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 @@mpost operation. Hence, composting can be explored as an
alternative method of alleviating wastes.

Composting is often described as natureos
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-kieél product known as humd$® 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. Addity, the
temperature also plays a role in making the process work:

Organic Matter + microorganisms+Q a i r )0 + €®+ compost + heat

The degradation of the waste in compost proceettsee 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 contpasprocess 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 compuls of organic matter, such as starch and cellulose. This
degradation by bacteria produces organic compounds, dropping the gH30AS a result
of heat being released from the exothermic reactions, the temperature rises spontaneously.
Thus, the degradion of proteins generates ammonia and rapidly, increases pHl. {ohe
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. Il tés i mperative the temperatu
60°C drastically decreases microbial activity and diversity.112 Afteirmaxr 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. Mesopbélateria 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 tqtbeious 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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innvessel met hod, aerated static pile method,
met hodo involves combining composhyhbldving mat er
air through the bottom of the pile or forcing air out through the top. This pile is normally not
turned**® Though the pile method is simple and inexpensive, there are some disadvantages:

the pile can overheat and spontaneously combust; lhe@amme anaerobic and release odors;

it sits there for years, taking up valuable space; and aesthetically unpleasing.

Positive pressure

Negative praessure
(suction)

Cover layer of
finished compost

Well-mixed
raw material

Ceondensate trap  Odour Tilter pile of
screened compost

Figure 45 Aerated Static Pile Composting Methdd

Another basic method of composting is windrow composting. Windrow composting
consiss of combining organic waste or materials into elongated piles, known as windrows,
which are turned regularly. Most commoniged for rapiccomposting of yard wastes,
windrows are typically 3 to 12 fekigh, 10 to 12 feet wide, artindreds of feet long®
Compared to aerated stock pile, windrow composting is taba intensivedue tosome

activity such as turnings performed on the sit@most daily. For instance,a produce
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compost within three weeks, windrows must be turned once or twice eatdr diag first
week and every three to five days subsequently.

In-vessel compostingystems are a group of enclosed structures wduafinethe
composting process within a container,lthmig, or vesselised to contain the material
undergoing biological processingising acombination of forced aeration and mechanical
turning to speed up theomposting, invessel composting can be divided into two categories:
vertical bioreactors and haontal 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>.*®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 turnirig.

In closing, windrow and static pile methoale comparable in codabor,
management, and speed of procekswever, n-vessel composting is fastéytthe 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 tinalusomposting

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 Procgss

Industrial @mpostingis defined ashe contrdled biological decomposition of organic
waste under managed conditions that are predominantly aerobic and that allow the
development of thermophilic conditions as a restitiologically produced hedt® The
industrial compost process (Figure 46) caissid active composting and curing. The active
composting phase can lasts for a minimum of 21 days. Initialywiaste is grinded dn
shredded to a uniform, small size. The grinded wadtesis mixed in a controlled way to

guarantee desired propertigsthe composting mixture (CAsatio, moisture content, etc.)
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Next, the composting mixtures heatedn drums under controlled aermai During
composting, organie/asteis amassed in piles and, as a consequence, the total production of
heatcan be highWhen the temperature of the composting pile increésesnicrobial
populations shi&; mcrobes 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°CFor hygieniation purposes, temperatures need to remain above 60°C for at least
one week, in order to eliminate pathogenic microorgani®usng the curing pase 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 subSfances.

Important process parameters, which@etrolled in indistrial composting, are
materal size moisure content, aeratipmemperature, pH, carbon/nitrogen ratio. Final
compost is subject to quality control analysis to verify if it meets the composticpBaiis.

In contrast, home composting is carried omtaosmall 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 mesopti@(0 e C) and t her mophi
(above 4 6%Takng up toaismonths for the entire process, appropriate
proportions of food and yard waste are used during home composting.

Because of the low temperatures of small gilelsome composting particularly

during the winter months, alternatives such as vermincomposting have gained tremendous
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interest.Vermicomposting is a process that reliesnaainly earthworms and microorganisms
to help stabilize active organic materiafglaconvert them to a valuable soil amendment and
source of plant nutrient3he process is often completely mainly in an wab& {7°H
environment using materials often available in the home such as a bin, bedding (consisting of
newspaper, straw, woode@t moss, or grass clippings), food waste, and wbfns.
1.8.3 Requirements of Composting
The important elements of the composting process include tataperpH, 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 Compostthg

Characteristic Reasonable range Preferred range
Carbon-to-nitrogen 20:1 - 40:1 25:1 - 30:1

(C:M) ratio
Moisture content 40 - 65% 50 - 60%
Oxygen content =6% ~16 - 18.5%
pH 55-9.0 6.5-8.5
Bulk density =40 |bs per cubic foot —
Temperature 110 - 140° F 130 - 140° F
Particle size 1/8 - 2 inches diameter Varies™
*Depends on raw materials. pile size., andfor weather conditions.

Carbon and nitrogen are the two more impdrtaririents 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 dryteaial 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 environmentalyems.In general, about 25 ties more
carbon than nitrogen r®eeded by biological organisnigwever, this amount may need to

be altered to compensate for varying degrees of biological acti@ity.

Moisture is required by microorganisms to supportaibelic activity and movement
during the composting process. A moisture content €86 is preferred from most
materials. Excessive moisture will fill many of the pores between particles with water,
leading to anaerobic conditions, odor, and slower mposition'*? Often, the heat and air
generated during active composting, dry the material out. Thus, water must be added to
maintain adequate moisture.

Temperatue 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.
Thepreferred temperature of composting is 12 F and is normally maintained for several
weeks depending of the size and composition of the compost. Temperature is typically
managed by the aeration systeth.

The compostingrocess consumes largmounts of oxygen. The ideal oxygen
content is 1618.5%. Insufficient oxygen content leads to inadequate growth of anaerobic
microorganisms, generating odorous compoundee the temperature, oxygen is controlled

by aeration and turning.
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Surface area is also important during the composting areanidikethe particles of
raw materialsthemore surfacareawhich will be available, therefore more nutrients and
energy aravailable to microorganissn However particleswhich are too smattan reduce
the air space within the compasaiss,1/8 to 2 inches is the desiralparticle size.

Ultimately, the amount time required for the composting process in an industrial or
home setting is based up the various parameters described above. kisbertest
composting perio@ntails proper moisture content, adequate C:N,riBguent aeration. As
a consequendesufficient moistire, low temperatures, a high C:N ratio, large particles, a
high percentagef woody materials that are resistant to decomposition, and inadequate
aeration, the composting process is hinderBEaerebre, ative composting takes two weeks
to nine months, depending the method and materialajring generally requires an
additionalone to fourmonths'*®
1.8.4 Microorganisms

During the various stages of compost, different communities of microorganisms exist.
Fungi, actinomycetes, and unicellular baietare 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 nitrogetiixing bactria, hydrogeroxidizing bacteria, and sulphaxidizing
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 anaebic 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:?

A limited amount of research has been conducted which studies the composting of
polypropylene. Much of the publisheitetature 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 eC) and accel
Microbial susceptibity 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 losander normal composting conditions (a,b,c for 0, 30, 90 hours,

respectively) and accelerated composting (d,e,f for 0, 30, 90, respeétitely)

Theoretically, nobnly shouldthe configurationandthe conformationof the plastics

suchasmolecularweight, chemicalstrudure, crystallinity, and orientation affect
biodegradation activity, butlsosurfaceareaandsurfacemorphology.Yang and colleagues
examined the effect of shape of polypropylene samples on the aeration behavior in a

laboratoryscale compst!** Theamountof CO, producedrom the compostcontaining
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polypropylenespecimensvasalmostthe sameasthatfrom the neatcompost. Thughenet
productionof CO, was dmostzera As a result, thaspirationactivity of the microbesin the
neatconmpostwere not anyliaerentfrom thatof the microbesin the compostcontainingthe
polypropylenespecimenseventhoughair flow channelsn the compostcould be distorted

dueto thevariousshapedolypropylenespecimensip to 5 weight (%)ondry basis.
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Figure 48: Amount of C@generated from blank samples in neat mature compost (left) and
amount of CQ generated from polypropylene samples of various shapes in mature compost

(right)***

Alarigi et. al. demonstrated the compostability of-pieriized samples following 4
months on incubation in a mixture of cow dung, shredded leave, food waste, newspaper, and

urea®’ After 4 months of composting, chain scission was evident osteréized films
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(Figure 48 ) in the form of cracks. In fact, affemonths, 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 cquasting.

N 4

Figure 49 SEM micrographs of sterilized (25 kGy) polypropylene film (left) and sterilized

(25 kGy) polypropylene film after 4 months of composting

To date only a limited amount of published literature is available concerning the
compostilg of nonwovens. Viswanath et. al. documented the biodegradation of
polypropylene nonwovens containing proxidant additives (TDPA and ECM) under
vermicomposting condition$”It was observed after 4 weeks of vermincomposting,
polypropylene nonwovens showadlight 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, freating the praxidant containing
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nonwovens could haveopentially accelerated the composting process.

M Control Untreated

B Week 1

Peak Load ( Lbf)

m Week 2
o Week 3
m Week 4

100 % PP PP+2% PP+2%ECMPP+2%ECMPP+2%ECM
TDPA 0702 0404 0204

Nonwoven type

Figure 50 Tensile Strength of polypropylene containinggdant after 4 weeks of vermin

composting®

1.9 Conclusion

From a review of the literature, one may notice drawbacks pertaining to the shelf lif
biodegradation mechanism, and cost of producing environmefftieihgdly polypropylene.
The advantages and shortcomings of the various biodegraddypeqpylenetechnologes

previously discussed can be summarized as follows in Table 12.

97



Table 12Summary of Previously Discussed Polypropylene Degradation Technologies

Technology Shelflife Performance Cost Landfill Compost
Biodegradation | Biodegradation
Pretreatment 2-4 Weaker Costly Never 3 monthsto 5
months mechanical years
properties
Natural 1-6 Weaker than Low; Never or 3 monthsto 5
Pdymers months conventional However Fragmentation | years
plastic materials,| need only
Processing is additional
often difficult additives to
assist with
processing.
Polyesters ~2 years | Satisfactory; Costly Never 3-6 months
processing
problems when
using low
melting point
Vinyl Decades | Humidity Higher than | Never Generally slow.
dependent. commodity
Processing is plastics
difficult.
Pro-oxidant 216 Excellenti as Similar to Never or 3 monthsto 5
Additives months good as commodity | Fragmentation | years
conventional plastics only
plastics
Metals 271 6 Excellent Costly Never or 3 monthsto 5
months Fragmentation | years
only

Several characterization methods are used throughout many of thésatjuuls,

each with their own set of issues. The methods most commonly used include:

1. Fourier Transform Infraad Spectroscopy was used by several authastutly the

chemicalchanges of polypropylene after degradatiacevi®us studies,

documenteahangs in carbonyl (~1760 cit) and hydroxyl (~3000 ci) to

calculate carbonyl and hydroxyl indices




2. Mechanical propertiesere used to measure breaking strergith elongation at
break as an initial method of documenting degradation.

3. Thermal properties of pgpropylene 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 xray scattering was uséal a few studies to examine the changes in
the crystalline regions after exposure to degradability test.

5. Scanning electron microscopyused extensivelgtudy the morphologgf
polypropylene materialafter degradability test

As landfill space continugs 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 Hiased polymers as a method to reducing the
amount of wasteigposed in the landfill.
Motivation
The nonwoven industry remains to be the fastest growing sectors of textile materials
in the world. Hbtorically, the development and suceed the nonwovens industry was
largely based on disposable products. Whemwuawensinitially appeared on the markets,
they were mostly produced to be disposabtaday, nonwovens for medicdlygiene and
home air filtrationproducts aretill consideredidisposable 6 because after a

products are generally discaddm the landfill However, in the last few yegr
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environmentasustainability and reduced raw material consumption have become key
concepts in cuttingdge nonwovens production.

Polypropylene accounts for 70% of the spunlaid resins used to manufacture
nonwovens in North Americi? 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 customer 6sgedqgeci fi ca
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.

Recal| polyolefin polymers are not susceptible todegradation or microbial
degradation because: (1) hydrophobic backbone that consists of long carbon chains that give
resistivity to hydrolysis, (2) addition of argidants and stabilizers during manufacture
which prevents polyolefin from atmospherixidation, (3) high molecular weight (10,000
40,000), and (4) high packing densifjhus,hydrophobic nature prevents theowth of
microorganisms on polypropyletimsed materials theby inhibiting the enzymatic action of
microorganismsAs a result, altenatives 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

polypropyl enei noawwoatinenbgr ot her migddiatargi ng. A
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and thermal aging,glypropyleneis subjectedo oxidativedegrad#on in the preenceof air
andduringstorageafterirradiation.Similar to photeoxidation, the mechanism of gamma
radiation and thermal oxidative degradation is fundamentally free radical in nétisre.
known that the oxidation of polyolefins yields low moleculaigi oligomers which are
model environments fadhe growth of microorganisms due to their hydrophilicity.

Hence, f-ordadlatonvandtigermal aging, the susceptibility of
microorganisms to sterilized polypropylene nonwovens will be documented in alternative
disposal methodd.andfills, which are lined with clay and plastic, layered with soil, and
capped are not extremely hospitable when it comes to microbial degrad&tioprisingly,
the three necessacomponents for decomposition (sunlight, moisture, oxygeshard to
come by in a landfill; items are more likely to mummify than to break ddwas,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 molecateamercially available

starch based polymers will be spun with polypropylene resins in a sheath/core configuration.

101



CHAPTER 2 Characterization of the Compostability of Untreated Spunbond
Polypropylene and Preoxidant Additive Containing Nonwovens
2.1 Introduction

In the past decade, the use of polyolefin, especially polypropylene, has dominated the
production of meltblown and spunbond nonwoveérolyolefin resins are generally
considered the polymer of choice in the nonwoven market because efdtieety 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 singlese products such as medical gownterd, and diapers which can
easily be disposed in the landfill upon the end of their diielfBecause polypropylene
nonwovens do not began to degrade when disposed in the landfill, there is an urgency to
understand the biodegradable mechanism of thenmlto accelerate the decomposition
process.

Biodegradations the only degradatiormechanism capable of completely removing
polymeror its degradatiomproductsfrom theenvironmentAlso known asiotic degradation,
biodegradatioris a chemicatlegrad#ion of polymergrovoked by tk action of
microorganisms suchs bacteria, fungi andgde #*

In general, mdegradatiorof polymerstakesplacein two stages: depolymerization
and mineralizatiofi? During the firststageof biodegradatiorthe macronolecules
depolymerizanto shorterchains Because of the size and the insoluble nature of polymers,

this step normally occurs outside the organi$mthe primary degradation, the polymeric
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chain cleavage leads to the formation of low molecular weiglghients such as monomers
and dimers.

The final step of biodegradation, (mineralization) leads to ultimate degradatin
small low molecular weight oligomdragmentsare reformed theyaretransportednto cells
wheretheyarebioassimilatedy the microorganismsnd finallymineralized.

In synthetic polymers such as polypropylene, mineralization may take as long as 100
years to happems a resultpolyolefin polymers are not susceptible to biodegradation or
microbial degradation because: (1) hyahobic backbone that consists of long carbon
chains that give resistivity to hydrolysis, (2) addition of amtidants and stabilizers during
manufacture which prevents polyolefin from atmospheric oxidatiBnhigh molecular
weight (10,00040,000), and4) high packing density.

Thoughpolyolefin polymers are not susceptible to biodegradatmetiroleumbased
hydrocarbons can be degraded by microorganisms such asddotagi, yeast and
microalgae. The driving force for petroleum biodegradatimnmicroorganismss to utilize
hydrocarbons to satisfy their cell growth and energy needsw studies have analyzed
microbial attack on untreated polypropylene fillBsidhakaet al. was the first to document
biodegradation and biofouling of polypropylem)PE, and LDPE coupons in ocean water,
Bay of Bengal near Chennai Port (Port) &isheries Survey of India (FSI) for a period of 6
months'® Maximumweight loss was seen in LDPE, followed by that in HD&f finally
in polypropylenesamples deployed &ort in the six month time perioMicrobial analysis
confirmed the presence Bseudomonas smnaerobic, heterotrophic and iroeducing

bacteria orall the studiegolymer surface with polypropylene being the most susceptible to
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attack. Cacciariandcolleague®valuated the biodegradation of isotactic polypropylene
without any pretreatment in one of the communities designat28 asfour microbial
communities (designated as 1S, 2S, and 6S) adapted to grow on starch containing
polyethylene acquéd from enrichment culturé® TLC, GGMS, 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
hada cometabolic effect. It is concluded that starch attributed to the adhesion of
microorganisms and algxt as cemetabolite. Warnock et. al. showed the biodegradability
of untreated, additivéree polypropylene nonwovens in clay and Calloway silt loain so
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 pr@xidant additivesPro-oxidant also known as prdegradant, consists
of additives such as polyunsaturated compounds and transition metal ions, typically added in
form of stearates asther organic ligand complexes. These additives decompose
polypropylene in two stages by the eimdegradation process. In the first stage, the long
polymer molecules are reduced to shorter lengths and undergo oxidation. The oxidation
process is triggered by heat, utralet light, and mechanical stress (e.g. wind or compaction
in a landfill). Hencepro-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 biodegradatiohanesn of polypropylene
nonwovens, alternative methods of waste disposal must be consibgoexdlly, after being
used, petroleunbased materials such as plastics used in packaging and nonwovens made for
hygiene and home filters are disposed by onerektbptions: (1) recycled, (2) incinerated,
or (3) disposed in the landfill. Because petrolebased products are typically soiled with
contaminants, the opportunity to be recycled is reduced. Thus, petroleum based products end
up in the landfill where opgen and moisture are limited or perhaps, ab$etall, oxygen
and moisture are a few of the components necessary for microorganisms to thrive. In disposal
methods such as composting, inecessary 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 pubhed 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 eC) an#d accel
Yang and colleages examined the effect of shape of polypropylene samples on the aeration
behavior in a laboratorgcale compost:* Alarigi et. al. demonstrated the compostability of
pre-sterilized samples following 4 months on incubation in a mixture of cow dungidstte
leave, food waste, newspaper, and (fediswanath et. al. showed biodegradation of
polypropylene nonwovens containing proxidant additives (TDPA and ECM) under

vermicomposting conditions by Norrish type mechaniSh.
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A tremendous amount of litexae 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 proxidants 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 (TDBAn pellet form supplied by EPI,
Inc.

2.2.2 Preparatin of Spunbond Polypropylene Nonwovens

Spunlnd nonwovenswith and without TDPA containing a basis weight of 26 GSM
were producedn the Nonwoven Cooperative Research Center (NCRC) Pilot facilities
located in the College of Textilesat North Carolina Stat University. The spinning

parameters of the spunbond polypropylene nonwovens are listed in Table 2.1.

106



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 (gams/hole/minute)
Spin HeadTemperature 466°F

Type Sheath/ Core

Calende Pressure 750 psi

GSM (gams / sg. meter) 20

2.2.3 Mechanical Properties of Spunbond Polypropylene Nonwovens
An Atlas MTS QTest/5 Universal Tensile Maate was used to measure theamanical
propertiesof spunbond polypropylene nonwovens with and without additivdsyby
evaluaing the strengthand elongtion at breakThe sample¢ 1  Xwer@ oonditioned at 70
eF and 65% RH prior to testing. The mechanical properties were evaluatediagdo the
ASTM D5024- 0 9 Stamdard Test Method for Breaking Strength and Elongation of Textile
Fabr i cs ( Agaagblengtk af 1 ipch and a cross head speed of hhiwas 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 spetra 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 Advantage microscope, using liquid nitrogen cooled
Mercury Cadnium Telluride (MCT) detectorAt least 22 scans were obtained to achieve an
adequate signal to noise ratio. The spectral resolutioBwas. Changes in carbonyl

(~1760 cri) and hydroxyl (~2200 ci) groups were evaluated and used to calculate
carbonyland 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 ¢hand ~2200 cihto the absorbance of the methyleneugrat
absorbance of 2920 chnespectively.

Carbonyl index = Ay4dA2920

Hydroxyl Index = Axo/A2920
2.2.5 Scanning Electron Microscop$EM)

The morphological properties of previously composted nonwovens were documented
on a Nikon scanning electron migcope. 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 PEoCOmpost 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 mixterery 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 binviekly over a 20 day period. The samples were

cleaned with warm water and soap following removal from the compost.

Mixing
chamber

Mix bar
Pump

Motor
Control —
panel

Filter

Flapper —] S Divider

Cure —
door Cure

tray

Power
cord

Figure 2.1 Diagram of Nature Mill Pro XE Composteriv.naturemill.com

After visiting a local indstrial 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 ProXE Composting system was redesigned to inctudbéng 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@mapproximately 67/ hours daily. The

temperaturgange (Figure 2.4) was similar to the normal process discussed previously.
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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 Resuts 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 forminga pile or windrow, a noticeable temperature increase is observed.
The preferred temperature of composting is7B0C 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, thetemperature of the composter bins used in normal and modified composting ranged
from 60°C to 82°CHence, the temperature range was sufficient to promote oxidation, which

is necessary for the survival of microorganisms.
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Figure 2.3 Normal Composting TempenaiProfile
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Figure 2.4 Modified Composting Temperature Profile

2.3.2Mechanical Properties of Spunbond Polypropylene Nonwovens

Mechanical properties are often the initial, simplest indicator of degradation in textile

fibers and films. The tensile strgth (peak load) and percent of elongation at peak load

results of spunbond polypropylene nonwovens and TDR®ntaining spunbond

polypropylene nonwovens subjected to different composting environments (normal
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composter and modified composter) after waslindistilled water and dried in the vacuum
oven are highlighted in Figures 22510.

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 TDPAR, 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 dnspunbond polypropylene nonwoveosntaining 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 tensilstrength and 40 % decrease in elongation at peak load. The
spunbond polypropylene nonwoversntaining TDPA demonstrates an extreme decline in
mechanical properties with a peak load difference of 89% and elongation at peak load of
90% after modified congsting. Again, spunbond polypropylene containing-gxaants
exhibit a significant drop in mechanical properties after modified composting.

Surprisingly, untreated polypropylene spunbond nonwovens show a noteworthy loss

of mechanical properties. Overapunbond polypropylene nonwovens withqaadants
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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 modifiecbmposting 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 moleslar weights of spunbond polypropylene nonwovens with TBPA

AN 0 days
BE= 15days
i 30 days

10 +

Peak Load (Ibf)

Spunbond PP Spunbond PP w/TDPA
Nonwoven Description

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
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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 AfteModified 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 andlodified Composting

2.3.2 Fourier Transform Infrared Spectrosgop

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 rmalkanes is hydroxylation. Hydroxylation leads to the
formation ofcorresponding primary or secondary alcohalsich can be further oxidized to

aldehydes or ketondsllowed by development of the corresponding abrigpolyolefins,
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oxidation is the initial step of biodegradation and the attachment (attack) of microorganisms
is a secondary process. The FTIR spectra (Figures221¥) of polypropylene nonwovens
suggest chemical transitions typical of oxidation reactions following noamélmodified
composting.

Subsequent to 20 days of normal composting, the absorbance of the carbonyl region
(1710 to 1760 cril) of untreated control spunbond polypropylene nonwovens increases
slightly as shown in Figure 2.10. However, the absorband¢keotarbonyl region (1710 to
1760 cml) 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 followaggnposting 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 abiagictdérs such as high temperature. These finding
are in accordance withrkatkarin the untreated polypropylene films in soil consotfia.
Polypropylene spunbond nonwovens containing TBRMso were affected chemically upon
composting. As shown in Figure.1®, nonwovens containing poxidants 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 1740emains larger than the
control but smaller than ¢hintensity at 15 days. This result is in agreement with previous
findings of Albertsonff® and Sudhakal® documenting similar carbonyl intensity pattern in
biodegradation studies. Prolonged incubation of spunbond polypropylene nonwovens

containing addities 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 indexollowing modified composting. This increase is due to abiotic factors which

cause oxidation.

*PP with TDPA after 30 days NC
0.010: . .
* Control PP with Pro-oxidants
*PP after 15 days of NC

*PP after 30 days of NC
0.008:

0.006"

Absorbance

0.004-

0.002"
—s

1760 1740 1720
Wavenumbers (cm-1)

Figure 2.10 FTIR (carbonyl region) spectrum of spunbond polypropylene nonwoven and

spunbond polypropylene with TDBAro-oxidant after 20 days of normal cposting.
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0.012+* Control PP with Pro-oxidants

:*PP after 15 days of MC
0.010: PP after 30 days of MC

*PP with TDPA after 15 (}Ays MC
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0.006 \%“““\\\\\_—J
: L N
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1760 1740 1720 1700
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Figure 2.12 FTIR (carbonyl region) spectrum of spunbond polypropylene nonwoven and

spunbond polypropylene with TDE4ro-oxidant after 20 days of modified composting.
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0.014 *PP with TDPA after 30 days NC

0.012+* Control PP with Pro-oxidants
*PP after 15 days of NC

*PP after 30 days of NC
0.010:

Absorbance

3600 3400
Wavenumbers (cm-1)

Figure 2.12 FTIR (hydroxyl region) spectrum of spunbond polypropylene evamand

spunbond polypropylene with TDPAro-oxidant after 20 days of normal composting.
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0.07:* Control PP with Pro-oxidants
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Figure 2.14 FTIR (hydroxyl region) spectrum of spunbond polypropylene nonwoven and

spunbond polypropylene with TDBAro-oxidant after 20 days of modified compios.
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Figure 2.15 Carbonyl index and hydroxyl index of spunbond polypropylene nonwoven and

spunbond polypropylene with TDE4pro-oxidant after normal composting.
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Figure 2.16 Carbonyl index and hydroxyl index of spunbond polypropylene nonwoven and

spunbamd 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 spunlmnd polypropylene nonwovens with/without prgidant additives subjected to
normal and modified composting environments. Figures -2.22 illustrate the SEM

micrographs of spunbond polypropylene nonwovens and spunbond polypropylene
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nonwovens containing TBA® 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 TOR%oc-oxidants (Figure 2.19) are
relatively free from deformitiesvith 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 nonweens reveal extensive cracking on the surface. Cracking and
fragmented fibers also are observe after normal composting ebxmant containing
nonwovens. Crack formation ieypothesized to originate frorthe restructuring of the
surface amorphous conteand theincrease ofthe crystalline fractions leadingp the
shrinkage ofurface ayer® Thus,the presence of surface cradan increase the extent of

degradation by providing pathway for oxygen to penetrate deeper into the sample

Figure 2.17: SE 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 @ftry3

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 daysonmal composting.

131



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 biodegatidn 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

133



nonwovens decrease significantly in tensilergith, transform into more hydrophilic

polymer, and develop cracks on the surface.
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CHAPTER 3 Biodegradation of Untreated and Thermally Pretreated Spunbond
Polypropylene Nonwovens in Composting Environments
3.1 Introduction

In the pastlecade, the use of polyolefines, especially polypropylene, has dominated
the production of meltblown and spunbond nonwovémlyolefin resins particularly
polypropylene are generally considered the polymer of choice in the nonwoven market
because of theelatively 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 sectorsOf the absorent product applications, the baby diaper area is the largest
consumption areanowever, applications in adult incontinence currently show the highest
growth in recent yearsn medical applications, polypropylene is used in the manufacture of
gowns, shoeovers, 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.

Thus, polypropylene is considered tH&rBost important plastic/polymer material in
the world. However, many of the applications of polypropylemeipusly discussed are only
used once and disposed in municipal waste.
methylene chains which makes resistant to degradation. Heusydrghobicity, high

molecular weight, lack of functional groups, andrt nature of polypropylene hinders the
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attachment of microorganism on its surfaée.a consequence, biodegradation starts after
100 years of disposal. Because of the high consumption of the polymer and predicted growth
of nonwoven, methodologies to mease the degradability are necessary.

To facilitate biodegradation, praxidant additives may be incorporated into the
backbone of polypropylene to integrate carbonyl functional groups directly into the polymer.
Commercidly available preoxidant additives have become increasingly popular over the last
few years as the interest in biodegradable plastics have skyrocketedkid@mot additives
such Total Degradable Plastic Additive (TDPA manufactured b§P! Environmental
Products IncandECM Biofilms have been developed to accelerate the degradability of
conventional polyethylene, polypropylene and polystyrene resins by a 2 step process known as
oxo-biodegradation mechanismuring the oxebiodegradation mechanisipro-oxidant
additives act as initiators for the oxidation of polypropylene leading to a decrease of
molecular weight and formation of hydrophilic groupsentually leading to the
biodegradatiorin the presence of moisture and mionganisms typically found ithe
environment Ultraviolet radiation, wind stress, and heat are often used as methods to trigger
oxidation in polypropylene materials containing faxidant additives.

Numerous biodegradability studies of polyolefin qarsites blended with pro
oxidants were documented in an ebiodegradation test after phetiegradation and thermal
treatment. Fechine et. al. observkdt 480 loursof previousultravioletexposuréds
necessary fopolypropylenesample to become biefragmentablewhile only 288 lour of
102

previousultravioletexposure are necessary fmlypropylene containing proxidants

Chiellini et al. demonstrated the biodegradability of thermally oxidized, fratgddow
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density polyethylenes films containing PB™ pro-oxidant additives in soil and mature
compost incubation medid’ Viswanath investigated the biodegradability of polypropylene
filaments and nonwovens under soil and vermicomposting environments of commercially
available preoxidant additives: Tl Biodegradable Product (TDPA) and ECM
MasterBatch Pellet¥.*** Though the biodegradability test indicated little decrease in weight
or mechanical properties, the carbonyl index increased dramatidddly.work is one the
few which actually stu@id 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
pretreated spunbond polypropylene withd without Total Biodegradable Product
(TDPA™) 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 (TDBAN pellet form supplig by EPI,
Inc.
3.2.2 Preparation of Spunbond Polypropylene Nonwovens

Spuntond polypropylenenonwovenswith and without TIPA® containing a basis
weight of 30 GSMwere producedn the Nonwoven Cooperative Research Center (NCRC)
Pilot facilities locatedin the College of Textilemt North Carolina State Universitihe

spinning parameters of the spunbond polypropylene nonwarersted 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 (gams/hole/minute)
Spin HeadTemperature 466°F

Type SheathCore

Calende Pressure 750 psi

GSM (gams / sg. meter) 30

3.2.3Thermal Pretreatment 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 temperatre of 70°C. The indicated temperature watectedo mimicthe 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 QTest/5 Universal Tensile Machine was used to measure the
mechanical propertiesf spunbond polypropylene nonwovens with and withouttadsi
before and after oven aging byaluaing the strengthand elongtion at breakThe samples

(1 Xwere oonditioned at 7¢F and 65% RH prior to testing. The mechanical properties
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were evaluated acoing to the ASTM D5034 0 9 Staimdard Test Method for Breaking
Strength and El ongati onAgabtigelErgthofilinchanBa br i cs (
cross head speed of 12rmh was used for this method. Masking tape was applied to the
jaws of the nonwovens to prevent slippagach sample had ten replicates to obtain a
reliable and accurate standard deviation.
3.2.5Fourier 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
germanum crystal, equipped with aAdvantage microscope, using liquid nitrogen cooled
Mercury Cadmium Telluride (MCT) detectoht least 32 scans were obtained to achieve an
adequate signal to noise ratio. The spectral resolution8vesi®. Changes in carbonyl
(~1760 crit) and hydroxyl (~3300 cif) 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 ratioavbabse at
wavenumbers of ~1760 ¢hand ~3300 cfhto the absorbance of the methylene group at
absorbance of 2920 ¢hmespectively.

Carbonyl index = Ay4dA2920

Hydroxyl Index = AzodA2920
3.2.6Scanning Electron Microscog$EM)

The morphological properties of previously composted nonwovens were documented
on a Nikon scanning electron microscop@nwovens were coated with a gold layer prior to

microscopic examination. Micrographs were collected up to a magnification of 3000X.
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3.2.7Biodegradation Testing of Spunbond Polypropylene Nonwovens

The biodegradtion 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
compostemwas 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 extacted from the compost bin-veekly over a 30 day period. The samples were

cleaned with warm water and soap following removal from the compost.

Mixing
chamber

Mix bar
Pump

Mator

Control —

panel Filter

Flapper —| S Divider

Cure —
door

Cure
tray

Power
cord

Figure 3.1 Diagram of Nature Mill Pro XE Composterv.naturemillcom)
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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 throughing. Thus, the Nature Mill Pro

XE Composting system was redesigned to inchuibéng 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 2dsmapproximately6-7 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 CompostTemperature

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 temperatunease is observed.

The preferred temperature of composting is7B0C 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, thetemperature of the composter bins used in normdlraodified composting ranged

from 60°C to 83°CHence, 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 Compostingemperature Profile

3.3.2Mechanical Properties of Thermally Rreated Spunbond Polypropylene Nonwovens

with and without TDPA After Composting

After composting studies, mechanical properties are the initial indicator of

degradation in préreated spuntind 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
polypropylenenonwovens with and without praxidants. It can be seen in Figures-3.%0,
that as the additivéee 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
pretreated 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 thermaltyqated
polypropylene nonwoven results in a 50% reduction in tensile strength. Likewise, 30 days of
thermal pretreatment of polypropylene spunbond nonwovens display a 45% decrease
corresponding to 15 and 30 days normal composlihg reduction can be attributedttee
chain cleavage that occurs due to exposutkdonal treatment followed by composting
Thermal treatmentauses the oxidation of polypropylene which results in hydroperoxide
formation. During the composting procesbe macromoleculegepolymerizento shorter
chainsfollowing oxidation.In the primary degradatiostep of biodegradationhe polymeric
chain cleavage leads to the formation of low molecular weight fragments such as monomers
and dimersThus, extracellularenzymessecreted by the orgemsareresponsibldor the
polymericchaincleavageDuring this phase microorganisms feed on the newly formed
fragments as a source of carbon and en&rgy.

During the prereatment of spunbond polypropylene nonwovens containing pro

oxidant additives, e tensile strength is decreased by 50Phese results are not surprising
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because m-oxidant additives act as initiators for the oxidation of polypropylene
Consequently, oxidation process is triggered by heat.

Following normal composting of 15 and 8ays, the tensile strength of greated
spunbond polypropylene nonwovens containing-gxiolant additives remains unchanged.
As mention previously, proxidant additivesdegrade polypropylene in two stages by the
oxo-biodegradation procesBuring theinitial 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 begidowever, it is inferred that there is not sufficient weight
reduction in theadditive containing nonwoven samples for the biodegradation step to occur
following heat exposure.

Elongation at peak load of unexposed and thermally-tneated spunbond
polypropylene nonwovens with and without TOPAfter normal composting is docunted
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 fDiRaerioate during
thermal aging and normal composting but show slightly higher elongation at peak load
values than the untreated spunbond polypropylene nonwovens with °TDifénce,
oxidation was initialized by heat, however there was not significant weight tieolfor
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 prdreatment and 30 daysdubation, no change in mechanical properties are
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observed. Yet, 30 days of pieeatment and 30 days incubation, lead to a 50% decrease in
mechanical properties. Again, this reduction in tensile properties occurs pokgrceric

chain cleavag®hich leads to the formation of low molecular weight fragments such as
monomers and dimers.

Despite a reduction in peak load after thermaltpeatment, Figure 3.6 shows the
significant decrease in tensile strength of thermally treated spunbond polypropylene
nonwovens with TDPAR 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 addigvgunbond
polypropylene nonwoven show a slight decrease in tensile strength following 30 days of heat
treament and 30 days of composting. Similarly, spunbond polypropylene nonwovens with
TDPA® suggest little deterioration after heat freatment.

A comparison of untreated and greated spunbond polypropylene nonwovens with
and without TDPA is shown in Figres 3.9 and 3.10. Overall, thermal-preatment 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 modifiedoenposting. Perhaps, a mixture of heat and compressed air in

modified composting promote addition oxidation mechanisms beyoruiganent.
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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) spurbpalypropylene 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 TDPApro-oxidant after 30 days of normal and modified

composting
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Figure 3.10 Comparison of elongation of theftneated (TT) spunbond polypropylene
nonwovens with and without TDPApro-oxidant after 30 days of normal and modified

composting

3.3.3 Chemical Properties of Thermal Rreated Spunbond Polypropylene Nonwovens

Thermal pretreatment opolypropylene iseported tgoromoteoxidation in the bulk
of the polymer. Qidationproduces hydroperoxide groups (mainly ketones and estethi

major product, together with lesser amounts of alcohol, carbonyl, and peroxide dgnoups.
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FTIR spectra, ketones and estars located at wavenumbers of 16850 cni and 1730
1750 cn respectively. FTIR spectra of untreated andtpeated polypropylene nonwovens

with and without preoxidants are displayed in Figures 3.3.14.

*PP W/TDPA after 30 days NC

0.010:
'Control PP with TDPA
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Absorbance

0.004-

1750 ' ' 1700

Wavenumbers (cm-1)

Figure 3.11 Effect of thermal treatment aratmal composting on the carbonyl functional

groups of spunbond polypropylene nonwovens with and without TOfPéoxidant

Following normal composting, Figure 3.11 illustrates the carbonyl region of untreated
and pretreated polypropylene nonwovens kvand without preoxidants. As expected, the
absorbance of the carbonyl greated polypropylene increases slightly before incubation.

This is normal of abiotic degradation. Interestingly, the carbonyl intensity reaches maximum

intensity after 15 days pitreatment 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 sesesa

illustrated in Figure 3.13. Unlike the polypropylene nonwovens in the normal composting

process, the maximum intensity is reached after 30 days-tfgatenent and 15 days of

modified composting. Because the modified system has air blowing throaiglystem, 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.
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Figure 3.12 Effect of thermal treatment and normal composting on the hydroxyl functional

groups of spunbond polypropylene nonwovens with and without TORé-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 TOfPéoxidant

Recdl, pro-oxidant additives ads initiators for the oxidatioof the polymers
leading to a decrease of molecular weigihtl formation of hydrophilifunctionalgroups.
Figures 3.113.14 show the FTIR spectra of spunbond polypropylene nonwovens with
TDPA® before and after thermal pteeatment. After thermal prgeatment, the carbonyl
pretreatment absorbance increases slightly. Following 15 days of normal and modified
composting, the increase in the intensity is more pronounced and at its peak. As¢ 80 day

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 TOfPéoxidant
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