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ABSTRACT

AN EXPLORATION INTO THE USE OF STEPWISE REGRESSION ANALYSIS TO
DETERMINE POST-CONSUMER RECYCLED PET CONTENT IN PET SHEET

By

DONGHO KANG
The aim of this research was to explore the use of a stepwise regression analysis to
determine the post-consumer recycled polyethylene terephthalate (PET) content in PET
sheets. Six kinds of PET sheets with varying percent of virgin (V) and recycled (R) PET
contents were produced at Peninsula Packaging Company (Exeter, CA, USA). The
optical, thermal, barrier and thermo-mechanical properties of the PET sheets were
evaluated as function of RPET contents. There was a statistically significantly difference
between the UV and visible light absorption in the region between 200 and 350 nm and
670 and 700 nm, respectively. Color measurement indicates that more RPET contents in
PET sheets lead to greyer, greener and more yellow color. DSC indicates that the melting
(Twm) and cold crystallization temperatures follow a semi-linear trend with the amount of
RPET in the blends. Intrinsic viscosities were statistically significantly different between
100%V and 100%R PET sheets. The results of "H NMR indicates that protons of end
groups in 60V40R, 40V60R and 20V80R PET were higher than 100V PET (¢=0.03). A
tentative stepwise regression model emerged with an adjusted R? of 0.9740 for predicting
the amount of RPET, with intrinsic viscosity, UV, color, Ty, and oxygen permeability
values as predictor variables. This model was developed for a specific mechanical RPET
stream provided by the ECO2 company (Modesto, CA. USA). At this stage. it is not

applicable for other recycled PET streams and products without new studies.
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1. INTRODUCTION

Poly (ethylene terephthalate) (PET) is one of the most widely used thermoplastic
polyesters in the U.S. and around the world. In 2007, 5.7 billion pounds of PET bottle
resin were used by the U.S. bottle manufacturers utilizing recycled sources; excluding
post industrial regrind, and including exported bottles and pre-forms as well as bottles
less than eight ounces in sizes [1]. Since PET has good chemical, physical and
mechanical properties, and provides good oxygen and carbon dioxide barrier properties.
it is successfully being used in applications such as beverage bottles, fibers, moldings and
sheets. The most widely used application of PET in the U.S. is the manufacture of bottles
[2]. PET beverage bottles sales in the U.S. have grown approximately 9% annually, from
1995 to 2007 [1].

As the demand for non-renewable PET is increasing, recovering of post-consumer
PET (RPET) is also increasing. Recovering of PET is being managed by collection,
separation, cleaning and reprocessing it as new products. Total recycled bottle grade PET
production by the U.S. reclaimers was recorded at 1,079 million pounds in 2007
compared to 588 million pounds in 1995, representing an increase of 83% [1]. The main
application of recycled PET is the manufacture of fiber (383 million pounds), beverage
bottles (136 million pounds), and sheet & film (128 million pounds) non-food bottles (60
million pounds) [1].

RPET from bottles can be recycled via mechanical and chemical recycling.
During mechanical recycling, PET is melt processed into other parts [3]. Chemical
recycling, on the other hand, by glycolysis, methanolysis, hydrolysis, amninolysis and

ammonolysis can recover the PET monomers (i.e., terephthalic acid and ethylene glycol)



[4]. According to David Cornell, technical director of the Association of Postconsumer
Plastic Recyclers (APR), at least 95% of PCR-PET was mechanically recycled in 2007.
On the other hand, the amount of PCR-PET chemically recycled was very small due to
higher processing cost than mechanical recycling. Cost efficiency of chemical recycling
can be achieved in quantities of 50,000 tons/year, whereas mechanical recycling is more
cost efficient with plant capacities within a range of 5,000 to 20,000 tons/year [5].

Generally, R.PET recycling is performed by collecting scraps from homogencous
deposits like carbonated and non-carbonated bottled drinks, and from heterogeneous
deposits contaminated by polyvinyl chloride (PVC) nylon and various additives. Among
the problems met in the reprocessing of PET bottle scraps, the degradation caused by the
simultaneous presence of retained moisture and the contaminants is a main drawback for
obtaining high quality RPET [6]. The retained moisture and contaminants generate
problems during processing, such as chain cleavage, an increase in carboxylic end groups.
a reduction in molecular weight and a decrease in intrinsic viscosity [6-7]. Thus. the final
quality of the RPET resin is lower than virgin PET indicating that RPET products
obtained from mechanical recycling have reduced physical, mechanical and chemical
properties.

Several approaches have been established to replace products containing virgin
PET with post-consumer recycled PET due to environmental responsibility. The
incentive to have a lower environmental footprint motivates producers to make claims of
higher recycled PET content in the final package. Hence, there is a need to know the

amount of RPET in the final product. However, to the best of authors’ knowledge, there



is not a current technique or model able to determine the post-consumer recycled content
of PET film, sheet and containers.

Thus, the aim of this study was to explore the use of stepwise regression analysis
to determine the amount of recycled PET content, which was previously recycled by
mechanical recycling, in PET/RPET sheets. The model includes the optical,
physicomechanical, thermal and barrier properties of PET sheets with varying percent of
recycled (R) and virgin (V) PET. The model was developed only considering a single
recycled PET stream obtained from the bottle deposited program and provided by the
ECO2 company (Modesto, CA, USA). Therefore, at this stage it is not applicable for

other recycled PET streams and products without new studies.



2. LITERATURE REVIEW

2.1 Introduction

Plastic materials are currently used for various applications, such as food
containers, beverage bottles, and electronic products. Due to their diverse usage and large
fraction by volume, plastic materials are treated as one of the important municipal solid
waste categories. In 2007, plastic materials composed over 12% of total MSW generation
[8]. The predominant method of waste disposal in U.S. has been and remains landfill,
representing 54% of total MSW generation [8-9]. However, discarding plastic waste to
landfill is undesirable due to legislation pressures, rising costs and the lack of
biodegradability of commonly used polymers [9]. As an alternative to landfill, recycling
of plastic waste has been proposed as a way to reduce the ahmunt of plastic that ends in
the landfill. There are several methods for recycling of plastic waste, such as primary
recycling (e.g., plastic bottle to plastic bottle), mechanical recycling, chemical recycling
and energy recovery. Among those recycling techniques, mechanical recycling is
dominantly used in the U.S. for PET, poly (ethylene terephthalate).

PET is one of the most popular plastics, and it is widely used in various
applications, such as soft drink bottles and food containers. Although PET has the highest
recovery rate (18.1%) compared to other plastics, such as HDPE, LDPE, PP, and PS,
recycling of PET is still developing to satisfy economic benefit and environmental
responsibility. The main obstacle for the effective recycling of PET is contaminants, such
as a variety of additives, aluminum, polypropylene (PP) closures, and PVC. Therefore. in

mechanical recycling systems, the developments have been focused on effective



management of the different waste streams, such as selective sorting and automatic
separation [10].

The majority of current research focuses on comparison of various propertics
between recycled PET and virgin PET [7, 11-13], analysis and the improvement of the
quality of recycled PET [6, 14-18] and evaluation and improvement of the current PET

recycling system [9, 19].

2.2 Virgin PET

PET, polyester, was developed by a small English company in 1941 as laboratory
samples. In the 1950s, polyester research was based almost entirely on textiles —
DuPont’s Dacron™ and ICI’s Terylene™. In 1962, Goodyear introduced the first
polyester tire fabric, and it was in the late 1960s that polyesters were developed
specifically for packaging; film, sheet, coatings, and bottles [20]. Nowadays, PET is one
of the most important commodity plastics. Since PET has excellent tensile and impact
strength, chemical resistance, clarity, processability, and reasonable thermal stability, it is
widely used for many applications, especially drink bottles [21]. Commercial PET has a
wide range of intrinsic viscosity [n] that varies from 0.45 to 1.2 dl/g with a polydispersity
index generally equal to 2. Above the glass transition temperature (Tg), the PET chains
are stiff, unlike many other polymers. The low flexibility of the PET chain is a result of
the nature of the short ethylene group and the presence of the p-phenylene group [22].

Some of the trade names of commercialized PET are shown in Table 2-1 [22].



Table 2-1. Trade names of PET and their manufacturers [22]

Trade name Manufacturer

Amite DSM Engineering Plastics

Diolen ENKA-Glazstoff

Eastapac Eastman chemical company

Hostadur Farbwerke Hoechst AG

Mylar E. I. Du Pont de Nemours & Co., Inc.
Melinex Imperial Chemical Industries Ltd.

Rynite E. I. du Pont de Nemours and Company, Inc.

2.2.1 PET synthesis

PET is a condensation polymer, and it is produced from para-xylene and ethylene.
The para-xylene is converted into either dimethyl terephthalate (DMT) or terephthalic
acid (TPA), and the ethylene into ethylene glycol (EG) [2]. In an esterification reaction,
the TPA reacts with EG at a temperature between 240 and 260 °C and a pressure between
300 and 500 kPa, producing water as the byproduct molecule (Figure 2-1). In trans-
Esterification, DMT is reacted with EG between 150 and 220 °C and 100 kPa, producing
methanol as a byproduct molecule [23-25] (Figure 2-1). trans-Esterification is more
preferred than esterification due to easier purification. In both processes, bis
(hydroxyethy!) terephthalate (BHET) is produced. Next in the the pre-polymerization
step, BHET is polymerized to a degree of polymerization (DP) of up to 30 at 250-280 °C
and 2-3 kPa [24]. About the next step is the condensation polymerization where the DP is
further increased to 100 at 270-290 °C and 50-100 Pa. Up to this stage, PET is suitable
for fibers and sheets which do not require high molecular weight or intrinsic viscosity [n].

For the application of bottle grade PET which requires high molecular weight or [n] of



0.7-0.81 dl/g, solid state polymerization (SSP) is applied to increase the DP to 150.

Operating conditions for SSP are 200-240 °C at 100 kPa and 5-25 hr [25].
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Figure 2-1. PET synthesis reactions: (a) Esterification reaction and (b) trans-
Esterification reaction
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2.2.2 Morphology of PET

PET is a linear molecule that exists either in an amorphous or a semi-crystalline
state. In the semi-crystalline state, the molecules are highly organized and form
crystallites. The maximum crystallinity level of PET may be no more than 55%. The rate
of crystallinity of virgin PET depends on processing conditions, molecular weight, the
presence of nucleating agents, the degree of chain orientation and the nature of the
polymerization catalyst. Virgin PET is well known for having a very slow crystallization
rate. The highest crystallization rate can be achieved between 170 and 190 °C [23, 26].
Since PET can be produced with high crystallinity, processing conditions for PET
depends on its application. Cooling PET rapidly from the melting temperature to a
temperature below T, can produce an amorphous, transparent PET for films or bottles.
On the other hand, slow cooling of the molten resin can produce semi-crystalline, opaque
PET. Semi-crystalline PET deforms much less under stress, especially at elevated
temperatures, than amorphous PET [2]. Common properties of PET are shown in Table
2-2.

Table 2-2. Common properties of PET

Property Value (unit) Reference
Molecular weight (of repeating unit) 192 (g/mol) [27]

k=3.72 x 10* (dl/g), a = 0.73 at

0 [27]

Mark-Houwink parameters 30°C 4

k=7.44 x 107 (dl/g), a = 0.65 at 7]

25°C
Weight average molecular weight 30,000-80,000 (g/mol) [27-28]
Density 1.29-1.40 (g/cm®) [2]
Glass transition temperature (T,) 69-115 (°C) [24, 28]
Melting temperature (T,) 255-265 (°C) [23]
Heat of fusion 166 (J/g) [24]
Thermal expansion coefficient (o) 9.1 x 10° (K") [28]

8



336 (K) at 264 (psi)

Heat deflection temperature . [27,29]
344 (K) at 66 (psi)
Break strength 48.2-72.3 (MPa) [2]
. 2756-4135 (MPa) [2]
Tensile modulus (Young’s modulus)
1700 (MPa) [29]
Elongation at break 30-3000 (%) [2]
Yield strain 4 (%) [29]
Impact strength 90 (J/m) [29]
. 390-510 g pm/m” day at 37.8 °C
Water vapor transmission rate 90%RH (2]
O, permeability at 25 °C 1.2-2.4 x 10* cm® pmy/m*day atm ~ [2]
CO; permeability at 25 °C 5.9-9.8 x 10’ cm® pm/m’day atm  [2]
. 0.1-0.2 (%) at 0.32 cm thick 2]
Water absorption after 24h
0.5 (%) [29]

Table 2-2. (Continued)

2.2.3 PET applications and processing

PET is used broadly in products such as bottles, electrical and electronic

instruments, automobile products, housewares, lighting products, power tools, material

handling equipment, and sporting goods [24]. After PET was introduced into thc market

as fiber in 1962, it has been developed for packaging such as film, sheet, coating, and

bottles. Films are produced by biaxial orientation through heat and drawing. PET film

does not require the use of solid-stated resin. PET film is used in various applications

such as X-rays sheet, recording tapes and food packaging [20, 23]. PET is also used as an

electrical insulator due to the severe restriction of the dipole orientation at room

temperature which is well below the glass transition temperature [23]. Another important

application of PET is fibers where strength is achieved by applying tension to align the

chains through uniaxial stretching. Since PET can be used in various applications.
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different application requires different properties, especially intrinsic viscosity of PET.
Table 2-3 shows the required intrinsic viscosity for different PET applications. The main
PET processes are extrusion, injection molding and blow molding.

Table 2-3. Required intrinsic viscosity for different PET applications [20, 22]

Application [n] (dl/g)
Common PET film 0.6-0.65
Recording tape 0.6
Fibers 0.65
Carbonated soft drink bottles 0.71-0.84
Industrial tire cord 0.85

2.3 Municipal solid waste of virgin and recycled PET resin

Plastics are a rapidly growing segment of total MSW in the United States. In 2007,
30.7 million tons of plastic MSW was generated in U.S. compared to 29.48 million tons
in 2006, representing 4.2% increased (Figure (2-2)) [8]. Specifically, the containers and
packaging category in used the most plastics, representing 30.9% of total plastic MSW.
Among the total plastic MSW, 3.76 million tons of PET MSW were generated (Figure (2-
3)) [8]. A big amount of PET resin was used for soft drink bottles. Even though total
plastic MSW has rapidly increased, overall recovery of plastics for recycling is relatively
small, amounting to 2.1 million tons, or 6.8 % of plastics generation in 2007 [8]. PET
resin had the highest recovery rate (18.1 %), compared to HDPE, PP, LDPE/LLDPE and
other resins in 2007 (Figure (2-4)). PET soft drink bottles (including water bottles) were

recovered at a rate of 36.6 % in 2007 [8].
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Figure 2-2. Materials generated in MSW, 1960 to 2007 [8], Others includes electrolytes
in batteries and fluff pulp, feces, and urine in disposable diapers
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Figure 2-3. Total plastics in MSW, by resin, 1996 to 2007 [8], Others includes
electrolytes in batteries and fluff pulp, feces, and urine in disposable diapers.
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Figure 2-4. Recovery of plastics in MSW, by resin, 1996 to 2007 [8], others includes
electrolytes in batteries and fluff pulp, and plastic in disposable diapers.

In this situation, the market dynamics of both virgin and recycled PET (RPET) are

continually changing. The key factors impacting PET recycling are discussed below.

2.3.1 Continued high price for virgin PET

The price of virgin PET has remained high due to the high price of petroleum.
Both virgin PET and gasoline production compete for the same petroleum precursor,
paraxylene. Therefore, as long as gasoline prices remain high, virgin PET prices will
remain<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>