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This study develops an approach to incentivize both higher extents of waste
plastics reclamation and use of bio-based chemicals. In particular, reclaimed
plastics (polyethylene terephthalate) and chemicals derivable from renewable
resources are combined to create high-performance, long-lifetime composite
materials with properties that exceed those of standard petroleum-based
materials and that exhibit higher selling prices than reclaimed plastic. Analysis
predicts that this approach results in reductions in energy input and greenhouse
gas emissions relative to standard composites manufacturing today.
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SUMMARY

Polyethylene terephthalate (PET) is the largest produced polyester globally
with an annual production exceeding 26 million tons for use in carpet, clothing,
and single-use beverage bottles, among others. Today, only PET bottles are re-
claimed for recycling, albeit at a low reclamation rate, with most of the waste
PET accumulating in landfills or the environment. In this study, PET is upcycled
to higher-value, long-lifetime materials, namely two types of fiber-reinforced
plastics (FRPs), via combination with renewably sourceable monomers. By har-
nessing the embodied energy in reclaimed PET (rPET) and implementing renew-
ably sourceable monomers with distinct chemical functionality relative to petro-
leum building blocks, the resultant rPET-FRPs exhibit considerably improved
material properties and are predicted to save 57% in the total supply chain en-
ergy and reduce greenhouse gas emissions by 40% over standard petroleum-
based FRPs. Overall, this study enables a route to PET upcycling via bio-based
monomers that could incentivize both improved plastics reclamation and accel-
eration of the bioeconomy.

INTRODUCTION

Polyethylene terephthalate (PET) is the largest produced polyester and fourth
largest produced polymer in the world today." PET is used across many economic
sectors for many applications owing to its advantageous properties, namely low
permeability, low weight, and high stain resistance.” The current worldwide produc-
tion of PET exceeds 26 million tons per year, with 60% finding use as synthetic fibers
(e.g., carpet) and 30% employed in single-use beverage bottles.>> Despite robust
recycling programs in many countries, the predominance of single-use PET contrib-
utes substantially to the 6.3 billion tons of total plastic waste in landfills," a high
terrestrial prevalence of microplastics,”® and high rates of plastics accumulation
in the ocean.”’ Despite the ability of PET bottles to be recycled, no country in the
world reclaims more than 60% of their PET bottles for recycling, with most countries
averaging 30%.%"%"" Overall, less than 15% of PET bottles find a second life, typi-
cally being utilized at low loading in virgin materials or in fibers.”

Most industrialized recycling technologies today rely on mechanical methods for

1214 which leads to a 30% reduction in value owing to the reduction

PET recycling,
in properties of recycled PET relative to virgin PET.">™'® Alongside the contaminants
present in the recycling stream (such as other plastics, adhesives, and debris), me-
chanical recycling techniques result in molecular weight reduction and chemical in-
homogeneity.” Recycled polymers also often lose optical clarity. In certain cases, re-
cycled PET can be blended with virgin PET at loadings of less than 30%, and

sufficient properties for PET bottles can still be maintained. The loss of value
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Context & Scale

PET is a ubiquitous material
because of its robust properties.
Today, less than 30% of PET
bottles and few carpets are
recycled in the United States,
leading to the majority of PET
being landfilled. The low PET
reclamation rate is due to the fact
that PET bottle recycling today is
mechanical, resulting in a
devalued product. Here,
reclaimed PET (rPET) bottles are
converted to fiberglass-reinforced
plastics (FRPs), which sell for more
than twice that of rPET. When
monomers derivable from
biomass are incorporated, rPET-
FRPs with superior properties are
achieved. Supply chain energy
calculations reveal that this
strategy for plastics upcycling
could save significant total
manufacture energy, mainly from
savings in associated energy from
petroleum feedstocks, and could
also reduce greenhouse gas
emissions. Overall, this approach
provides an economic incentive
for plastics recycling and
renewable feedstock use through
the creation of long-lifetime,
performance-advantaged
materials.
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Table 1. Number Average Molecular Weight after Deconstruction of PET Using a
Transesterification Catalyst, Titanium Butoxide at 0.5 wt %, in Excess Ethylene Glycol or
Butanediol under Reflux (T = ~220°C) for 4 h

Mass Ratio (Diol:PET)  Ethylene Glycol Butanediol
Molecular Weight (g/mol) B Molecular Weight (g/mol) B

0 5.7 x 10* 112 57 x 10* 1.12
0.125 5.3 x 10* 1.15 5.6 x 10* 1.16
0.25 5.0 x 10* 115 53 x 10 1.15
0.5 4.7 x 10* 137 4.9 x 10 1.39
1.0 3.2 x 10* 1.41 3.1 x10* 1.42
2.0 1.5 x 10* 1.53 1.6 x 10* 1.57
4.0 7.2 % 10° 1.79 7.6 x 10° 1.81

associated with mechanical recycling thus leads to the underutilization of PET bot-
tles as a feedstock for recycling.

While mechanical recycling has found industrial use, there is an ongoing effort to
develop more effective ways to chemically recycle PET."”?° Chemical recycling, un-
like mechanical recycling, is typically focused on converting PET to versions of its
monomeric precursors such as terephthalic acid and ethylene glycol, dimethyl tere-
phthalate and ethylene glycol, or bis-hydroxy(2-ethyl) terephthalate (BHET). Similar
to mechanical recycling, contaminants from the used PET can affect the process,
requiring more energy-intensive, costly separations. Unlike mechanical recycling,
however, the monomers can be purified, ultimately leading to resynthesized PET
that exhibits properties identical to virgin plastic. A majority of catalytic methods
require expensive catalysts or extensive reactor times to deconstruct the polymer.”®
To date, ionic liquids with low catalyst loadings are able to achieve complete decon-
struction of PET in a short amount of time?" and are in the initial stages of implemen-
tation. Additionally, further developments in organocatalysis have demonstrated
promise to effectively produce BHET using volatile catalysts.””?> Further
details about the catalytic deconstruction of PET can be found in a series of

reviews.4,18—20,26,27

While there are some benefits to the complete deconstruction of PET, the partial
deconstruction of PET can also lead to its use in other applications owing to the
properties that make it favorable as a homopolymer, namely high strength and
near-ideal thermal properties. To date, partially depolymerized PET has found use
in epoxy resins,”?3° polyurethanes,28 and unsaturated polyesters (UPEs).>" 3 These
products are ideal for utilizing recycled plastics as feedstocks because they can com-
mand a higher selling price than virgin PET and their market sizes are continuously
growing.?® However, in all previous work, recycled PET has been highly decon-
structed (which requires a greater energy input) and combined with toxic monomers
such as epichlorohydrin, isocyanates, or styrene to produce the final product.

Owing to the high selling price and growing market sizes, fiber-reinforced plastics
(FRPs) are also ideal applications in which to use renewably sourced, bio-based
monomers.?’ Typically, FRPs are used for applications that require high strength (af-
forded by the combination of polymer properties and fiber reinforcement) and
exhibit light-weight and long lifetimes, such as wind turbines, automotive parts,
and high-performance sporting equipment. Meanwhile, bio-based monomers
derived from lignocellulosic biomass afford additional functionality or properties
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Scheme 1. Overview of This Work in which rPET, a Low-Value Material, Is Converted to Higher-Value FRPs through Two Routes

In both routes, rPET is initially glycolyzed with diols, which can be renewably sourced and subsequently converted into a UPE or vinyl esters with
renewably sourceable monomers. Subsequently, both polymer backbones are dissolved in a renewably sourceable reactive diluent and applied to a
fiberglass mat to produce an FRP.

owing to their high oxygen content and chemical characteristics not typically or
readily available in monomers derived from petroleum routes. Previous work on
synthesizing FRPs from biomass®® implemented the dimethyl isomers of muconic
acid into the backbone of poly(butylene succinate) (PBS). Once methods were
developed to ensure stoichiometric incorporation of the muconic acid isomers
into PBS,>? FRPs with the isomers of muconic acid, fumarate, and maleic anhydride
were synthesized. The final properties of the FRPs demonstrated that the function-
ality imparted by muconic two carbon-carbon double bonds in muconic acid results
in materials with superior properties to those derived from maleic anhydride, a
common petroleum-derived olefinic monomer with only one carbon-carbon double
bond.

In this work, reclaimed PET (rPET) and renewably sourceable monomers are com-
bined to produce high-value FRPs. To accomplish this, PET was first deconstructed
and glycolized with linear diols that can be obtained from renewable sources and
subsequently reacted with renewably sourceable monomers to produce a series of
UPEs or diacrylic polymers. These polymers were then dissolved in a reactive diluent
with a free radical initiator to form a resin, which is applied to a woven fiberglass mat
and reacted to produce a series of rPET-FRPs (Scheme 1). In all cases presented here,
rPET-FRPs produced with renewably sourceable monomers outperform the
standard petroleum-based styrene and maleic anhydride. Additionally, acrylic and
methacrylic acid, both derivable from bio-based sources, outperform styrene as
reactive diluents in nearly every case, as they ensure compatibility between the reac-
tive diluent and polymer. The molecular weight of the PET bottles may exceed
50,000 (5.0 x 10% g/mol (such as those used in this study), and whenever the PET
is deconstructed to near 30,000 g/mol, exceptional performance is obtained in
the final FRP. Ultimately, this approach could incentivize PET reclamation and lead
to reduced plastic pollution while advancing many global sustainability goals by
combining biomass with reclaimed plastics.*’
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RESULTS

PET Deconstruction via Glycolization

In this study, rPET from single-use, carbonated beverage bottles were the primary
source of PET. rPET was procured locally and cut up into fine strips after removing
the labels and cap. To be usedina UPE, the rPET was initially depolymerized to a lower
molecular weight via transesterification in the presence of a diol and a catalyst.
Ethylene glycol or 1,4-butanediol were used as the diol, and titanium butoxide was
used as the catalyst. Table 1 presents the molecular weight of the deconstructed
rPET as a function of reactor loading of ethylene glycol or butanediol. As the diol
loading increases, the rPET molecular weight is reduced, as expected. The use of
excess diol ensures that the rPET becomes hydroxyl-terminated, enabling all subse-
quent chemistries. When butanediol is used as the deconstruction solvent instead
of ethylene glycol, minimal differences are observed. Hydroxyl termination is associ-
ated with the use of titanium butoxide as a catalyst, which promotes transesterifica-
tion. However, as there is a lower molar quantity of butanediol (at the same mass
loading of ethylene glycol), the molecular weight of the deconstructed rPET is slightly
higher. These reaction conditions were selected because of literature precedence;”’ it
should be noted that glycolysis optimization is not the focus of this study. Unless other-
wise noted in the following sections, the rPET used in the backbone of the UPEs and
vinyl ester data is the deconstructed rPET from clear bottles using ethylene glycol
with a molecular weight of 1.5 x 10* g/mol (EG:PET mass ratio of 2:1).

FRPs from Unsaturated Polyesters

After the PET was deconstructed (and, effectively, all chain ends were modified to
alcohols), malate, fumarate, and the cis,cis and trans,trans isomers of dimethyl muc-
onate were incorporated via melt blending with the same transesterification catalyst
to synthesize UPEs (Scheme 2). NMR spectroscopy of the resultant rPET-UPE indi-
cates that all monomers were incorporated stoichiometrically into the polymer back-
bone without side reactions (Figures S1-S5), and gel permeation chromatography
(GPC) (Figure S6) indicates that homopolymers were formed. A series of rPET-
FRPs were synthesized by dissolving the UPE in a reactive diluent (i.e., styrene, meth-
acrylic acid, or acrylic acid) with a free radical initiator (azobisisobutyronitrile, AIBN)
to form a resin and then applying the resin to a fiberglass mat.

The storage and loss moduli of the FRPs depend on the olefinic diacid used, the
loading of the diacid, and the compatibility of the reactive diluent, as demonstrated
in Figure 1 for styrene as the reactive diluent. In general, higher storage moduli are
favored for higher material strengths, while lower loss moduli are favorable as they
indicate a better adhesion to the fiberglass mat. At lower loadings, there is compat-
ibility between the styrene and the UPE, which arises due to the olefinic block
randomly disrupting any crystalline domains. However, at higher loadings (where
larger regions of the olefinic block can occur), there is a large degree of incompat-
ibility between styrene and the UPE, leading to poor FRP performance as indicated
by lower storage moduli and higher loss moduli.

When a renewably sourceable, reactive diluent is used, specifically an acrylic carbox-
ylic acid (in this study methacrylic or acrylic acid), there is compatibility between the
UPE and the reactive diluent, resulting in consistent FRP properties, as demon-
strated in Figure 2. At lower olefinic acid loadings in the UPE backbone, the
styrene-based FRPs slightly outperform the acrylic-acid-based UPEs in terms of
the storage modulus. However, in terms of loss moduli, the methacrylic- and
acrylic-acid-based FRPs outperform the analogous styrene-based systems. Differ-
ences between methacrylic acid and acrylic acid are minimal in the case of FRPs
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Scheme 2. The PET Deconstruction, UPE Synthesis, and FRP Synthesis Scheme Employed in This
Work

PET is partially depolymerized with titanium butoxide in excess ethylene glycol, melt blended with
olefinic acids, and subsequently converted into an FRP. Scheme S1 provides the petroleum base
case used for comparison.

synthesized from UPEs. Additionally, when there is compatibility between the poly-
mer and reactive diluent, the extent of crosslinking is higher, which is observed in the
near-quantitative mass balance for the successful FRPs (Table S3). This series of FRPs
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Figure 1. Storage and Loss Moduli of FRPs with Styrene as a Reactive Diluent

(A) Storage moduli and (B) loss moduli at 35°C as a function of olefinic acid loading for the rPET-
FRPs with styrene as the reactive diluent. At low loadings of the olefinic acid, there is compatibility
with the styrene; however, there is no compatibility at higher loadings. In all cases, the muconic acid
isomers outperform fumaric acid (with trans,trans muconate outperforming the cis,cis isomer). In
turn, fumaric acid outperforms maleic anhydride. Data are represented as the mean + SD, and the
SD is less than the symbol size.
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Figure 2. Storage and Loss Moduli of FRPs Comparing Styrene and Methacrylic Acid as Reactive Diluents
(A and B) A comparison of (A) storage moduli and (B) loss moduli at 35°C as a function of olefinic acid loading for the rPET-based FRPs with styrene (solid
lines) and methacrylic acid (dotted lines) as the reactive diluent. The olefinic carboxylic acids demonstrate compatibility with the UPEs across the entire

property range, thus resulting in robust FRPs with muconic acid outperforming maleic anhydride.

(C) When compared to a petroleum formulation of isophthalic acid, 1,2-propanediol, and 25 mol % maleic anhydride, the rPET-FRPs that implement

methacrylic acid (or acrylic acid) outperform in both the storage and loss moduli. Reaction scheme for the petroleum base case is provided in

Scheme S1. Additionally, Figure S7 provides the frequency dependence graphs for the 50% loading cases demonstrating that as UPE and reactive

diluent compatibility decreases, frequency dependence behavior emerges.

For (A) and (B), data are represented as the mean + SD, and the SD is less than the symbol size. For (C), error bars are not presented because of the log

scale.

was also compared to a petroleum-based FRP. For the base case, the UPE was
synthesized from 1,2-propanediol, isophthalic acid, and maleic anhydride at a molar
ratio of 1:0.75:0.25 and comparable molecular weight."' Subsequently, the UPE was
dissolved in styrene, and the FRP was synthesized. When compared to the rPET-FRPs
in this study (Figure 2C), the petroleum base case outperforms the rPET-FRPs that
use maleic anhydride in their backbone. However, the FRP composed of renewably
sourceable muconic acid and rPET, specifically PET-co-25 mol %-trans,trans-muco-
nate (rPET-25-ttM), outperforms the petroleum base case.

The FRP performance as a function of starting rPET molecular weight was also inves-
tigated. Figure 3 provides the storage and loss moduli as a function of molecular
weight (a measure of the extent of PET deconstruction) for a representative PET-
co-50 mol %-trans,trans-muconate (rPET-50-ttM) FRP with methacrylic acid as the
reactive diluent. At lower levels of rPET deconstruction (and thus higher UPE molec-
ular weights), the moduli are strongly dependent on the UPE molecular weight due
to the poor solubility of the UPE in the reactive diluent. At higher degrees of decon-
struction (lower UPE molecular weight), there is little dependence because the UPE
is soluble in the reactive diluent and excellent material properties (storage and loss
moduli) are obtained. At lower molecular weights, the constant storage and loss
moduli are associated with the olefinic moieties being randomly distributed through
the backbone of the UPE, which results in a constant molecular weight between
crosslinks.

FRPs from Diacrylic Polymers

Diacrylic polymers were also prepared in place of the UPE as outlined in Scheme 3 in
which 60 wt % deconstructed rPET was added to a reactor with 40 wt % olefinic car-
boxylic acid, either methacrylic or acrylic acid. The benefit of this method is that, af-
ter polymerization, a free radical initiator can be added to the reaction mixture and
then directly aliquoted to the fiberglass mat for immediate FRP synthesis. To
compare the performance of the diacrylic polymers to that of a petroleum-derived
alternative, the olefinic monomer was removed via vacuum distillation and the dia-
crylic polymer subsequently dissolved in styrene.

Joule 3, 10061027, April 17, 2019 1011
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Figure 3. Storage and Loss Moduli at 35°C for the rPET-50-ttM FRPs with Methacrylic Acid as the
Reactive Diluent as a Function of rPET Molecular Weight

At higher molecular weights (lower mass ratio of EG to PET), the rPET-UPEs are not soluble in the
reactive diluent. However, at lower molecular weights, there is no dependence between molecular
weight and deconstruction. When using UPEs in the polymer backbone, differences between
methacrylic and acrylic acid are negligible. Data are represented as the mean + SD, and the SD is
less than the symbol size.

The FRPs from the diacrylic polymers exhibit the same exceptional performance as
UPEs derived from renewably sourceable resin (Figure 4). In all diacrylic polymer
cases, styrene possesses poor compatibility and poor performance (Figure S10). In
some cases, the FRPs from the diacrylic polymers exhibit higher moduli and lower
loss moduli than the UPEs. However, unlike the UPEs, the diacrylic polymers exhibit
a slight molecular weight dependence across the range used in this study. This
behavioris explained by the fact that the only reaction sites for the diacrylic polymers
are at their chain ends. As the molecular weight between the crosslinks scales
inversely with shear and storage moduli, changing the molecular weight of the start-
ing PET material has an effect on the moduli. The dotted lines parallel to the x axis
indicate a BHET control, taken to be the upper limit of the rPET-FRP properties.

Thermal Properties

All FRPs in this study maintained favorable thermal properties, specifically their glass
transition temperature, Tg, as long as the reactive diluent was compatible with the
polymer backbone. In the case of FRPs, the T4 is an indication of the maximum tem-
perature up to which it can be used and maintain consistent mechanical properties.
Figure 5 presents the Tg values for representative FRPs produced in this study. When
the styrene is compatible with the UPE, the FRPs exhibit exceptional T4 (~90°C);
however, when the styrene is incompatible with the UPE, the FRP exhibits a lower
mass balance (Table S3) and, effectively, a lower degree of crosslinking that leads
to the reduction in Ty because of a less-robust network. As all FRPs prepared with
the renewably sourceable reactive diluents exhibited compatibility with the olefinic
polymers, they all exhibit high T4 values.

Comparison to Virgin PET, Green rPET, and Butanediol-Deconstructed PET

To assess if contaminants (e.g., the residual bottle label) made it into the final FRP,
in-house synthesized or virgin PET at a comparable molecular weight to the rPET
(Table 1) was used to manufacture a series of control FRPs. This virgin PET sample
was used to synthesize a series of polymers, specifically a 50% loading trans,trans-
muconic acid UPE, a 50% loading maleic anhydride UPE, a methacrylic diacrylic

1012 Joule 3, 1006-1027, April 17, 2019
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Scheme 3. The PET Deconstruction, Diacrylic Synthesis, and FRP Synthesis Approach Employed in
This Work

PET is recycled with ethylene glycol, blended with olefinic mono-acids, and subsequently
converted into an FRP. In the diacrylic polymer-vinyl ester synthesis, there is no need for
separations following reaction with the acrylic acid. Scheme S1 provides the petroleum base case
used for comparison. Figures S8 and S9 provide the NMR for these polymers, while Table S2
provides the GPC results.

polymer, and an acrylic diacrylic polymer at a molecular weight of ~15,000 g/mol.
The UPEs and diacrylic polymers were subsequently reacted with the three different
reactive diluents with the fiberglass mat to produce FRPs. Figure 6 shows the storage
moduli for these FRPs. The differences between the virgin PET and the rPET are min-
imal. When styrene is used as the reactive diluent, the FRPs possess low storage
moduli owing to poor compatibility with the styrene. When either acrylic or metha-
crylic acid is used as the reactive diluent, the FRPs derived from virgin PET and rPET
exhibit comparable performance. At this molecular weight, the diacrylic polymers
slightly outperform the UPE. The same series of FRPs was also synthesized using
green-colored rPET bottles to assess the effect of the coloring on material properties
(Figure 6B). The green tinted bottles resulted in no adverse effects in the storage
moduli or loss moduli of the final product. Additionally, because of the glycolization
procedure used in this work, any color was washed away, and the final product ap-
peared white by eye (Figure S12). Finally, the same series of polymer backbones
were synthesized from the butanediol-deconstructed rPET at the same 2:1 diol-to-
PET loading, and negligible differences were observed here as well (Figure 6C).

Cradle-to-Gate Analysis of rPET-FRPs from UPE
To assess the energy savings potential of the proposed FRP production method from
rPET and bioderived monomers, the Materials Flows through Industry (MFI) supply

|42

chain analysis tool™* was used. MFI models the supply chain of a commodity as a

network of unit processes covering natural resource extraction through to the final
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Figure 4. Storage and Loss Moduli of the Diacrylic Polymers as a Function of Molecular Weight
Storage (solid symbols - left axis) and loss (open symbols — right axis) moduli for the rPET-diacrylic
FRPs as a function of molecular weight for both the acrylic (purple circles) and methacrylic (orange
squares) FRPs. Differences between the acrylic and methacrylic systems manifest in the loss
modulus. The black dashed line indicates the storage modulus for the acrylic and methacrylic
monomers synthesized with a BHET control. Data are represented as the mean + SD, and the SD is
less than the symbol size.

production step. The “supply chain energy” calculated by MFl is therefore the sum of
all energy inputs required by this set of unit processes and includes processing fuel,
electricity, transportation energy, and energy contained in fossil chemical feed-
stocks. Similarly, greenhouse gas (GHG) emissions are totaled for all combustion
processes within the supply chain, including process heating, electricity generation,
and transportation of inputs. The tool calculates direct displacement offsets for
production of coproducts and byproducts in these supply chains, presenting results
on a net basis. For electricity requirements, the 2016 US grid mix is assumed.*
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Figure 5. Glass Transition Temperature, T, for the Various FRPs Synthesized in This Study
When the rPET-polymers are incompatible with styrene, the overall FRP is plasticized and exhibits a
low Tg, which contributes to poor mechanical performance. When a compatible reactive diluent is
used, all rPET-FRPs exhibit high-non-plasticized (>85°C) T, values. Digital scanning calorimetry
(DSC) traces are provided in Figure S11. The SD in the data is + 3°C across the entire dataset.

1014 Joule 3, 1006-1027, April 17, 2019



Cell

A B Cc
T T — T T T T T T T T T T
10" F : {0k 10" i
o W w o
o = >
73 * L | 1
10°F 2 s w v H 10" F 10" 1
= 3 & g ! o g
° Py =) @ ! =) 5
< = = £ | w S =
] [=3 s N o 8 s} w
o = B & =5
2 ul o ol e & ® L
S .ol W ] -] ) g S > o §
S 10°F a 5 T 3 5 S 5 10° f 10 q
@ E} | K} S £
3 TS E(|2]]|2
iz | = pu 5 i
w | W w @ &
108 1 9‘ 1 1 nl‘ nf 1 1 105 L 1 1 10! 1 1 ')
Styrene Methacylic Acid Clear - Green  Clear - Green  Clear - Green EG - BDO EG - BDO EG - BDO
Reactive Diluent Reactive Diluent UPE VE - Methacylic  VE - Acrylic UPE VE - Methacylic VE - Acrylic

Figure 6. Comparison of FRPs between Different Sources of PET

Storage moduli for the case studies of (A) virgin PET, (B) green rPET, and (C) butanediol glycolyzed rPET. FRP property differences due to these changes

are minimal. Pictures of an FRP from a clear and a green bottle are provided in Figure S2. Error bars are not presented because of the log scale, and the

SD is within 5% of the mean value.

In cases where supply chain inputs are manufactured using multiple technologies
(i.e., production routes), the requisite unit processes are weighted to reflect
current US industry practices. All other assumptions of the MFI tool, such as sector
transportation assumptions, are discussed in more detail in work by Hanes and
Carpenter.*?

To compare the laboratory-scale methods presented in this work with industrial FRP
manufacturing, a scale-up method presented by Piccinno et al. was implemented.**
As the laboratory scale may not correspond to industrial practice, the Piccinno et al.
method provides a conservative comparison by overestimating the energy require-
ments, often including extra steps that may not be industrially relevant. One such
included step in the analysis and the bench scale was the vacuum drying of the
UPE prior to dissolution in the reactive diluent step between polymerization and
UPE manufacture. Additionally, the supply chain energy and GHG calculations for
the rPET-FRPs were calculated via two approaches, a waste valuation estimation
approach and a cutoff approach.*” The waste valuation estimation approach ac-
counts for the commercial value of the rPET material. An environmental burden
from the original bottle production (energy and GHGs in this analysis) is assigned
to the rPET determined by the ratio of the market price of rPET relative to the market
price of virgin PET. Conversely, the cutoff approach assumes that the rPET is a waste
product with no value and therefore is not assigned any of the environmental bur-
dens from virgin PET bottle production.

In total, five cases were studied and are listed in Table 2 and Figure S13. In the base
case, an FRP synthesized from styrene and a UPE with a composition of 37.5 mol %
isophthalic acid, 50 mol % propylene glycol, and 12.5 mol % maleic anhydride was
used. In the other four cases, a UPE composition of 37.5 mol % terephthalic acid,
50 mol % ethylene glycol, and 12.5 mol % muconic acid was used. These FRPs corre-
spond to the FRPs presented in Figure 3C. In the case of the waste-valuation
method, clear and green-colored recycled PET have different market prices, hence
the two different estimations. Additionally, estimates for the energetic demand of
muconic acid and acrylic acid were based on the use of lignocellulosic sugars from
second-generation corn-stover biomass (C.W. Johnson, D. Salvachida, N.A.R., B.A.
Black, D.R. Vardon, P. St. John, G.T.B., and M.J.B., unpublished data).*® In the
case of butanediol, the process implemented by Genomatica for the direct fermen-
tation of first-generation sugars and subsequent separation of butanediol was
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Table 2. MFI Case Study Description
Case Study Name Description

Petroleum base case base case in which the reactive diluent is styrene and the UPE is a
mixture of propanediol, isophthalic acid, and maleic anhydride

Economic waste a waste valuation estimation using bioderived muconic at a loading

valuation, clear bottle of 25% and acrylic acid combined with a clear PET bottle
deconstructed with petroleum-derived ethylene glycol at a mass
ratio of 2:1

Economic waste a waste valuation estimation using bioderived muconic at a loading

valuation, green bottle of 25% and acrylic acid combined with green-colored PET bottle
deconstructed with petroleum-derived ethylene glycol at a mass
ratio of 2:1

Cutoff rPET, petroleum cutoff rPET estimation using bioderived muconic at a loading of 25%

acrylic acid and petroleum-derived acrylic acid; the PET was deconstructed with
petroleum-derived ethylene glycol at a mass ratio of 2:1

Cutoff rPET, bioderived cutoff rPET estimation using bioderived muconic at a loading of 25%

acrylic acid and bioderived-derived acrylic acid; the PET was deconstructed with

petroleum-derived ethylene glycol at a mass ratio of 2:1

Molecular weight error is £0.2. The polymer produced at a mass ratio of 2.0 was the base polymer for
most subsequent experiments. In molar equivalents, the amount of ethylene glycol ranges from approx-
imately 0.5 to 8.

implemented,”” while the bioderived ethylene glycol models were based on the
conversion of bioderived ethylene as an illustrative example.

As presented in Figure 7A, the supply chain energy for the petroleum-derived FRP is
approximately 88 MJ/kg, and in all rPET cases, the supply chain energy is lower. The
waste valuation scenarios yield supply chain energies of 56 and 49 MJ/kg, for the
clear and green-colored rPET-based FRPs, while the zero-value PET results in supply
chain energies of 45 and 37 MJ/kg for the petroleum and bioderived acrylic acid
rPET-based FRPs. Overall, these represent 36%, 45%, 49%, and 57% potential sav-
ings in supply chain energy, respectively. The majority of the potential reduction in
supply chain energy requirements is due to the reduction in fossil feedstock energy
and, to a lesser extent, reductions in process fuel (e.g., natural gas for heating
applications). Figure 7B also provides an estimate of the energy content of fossil
feedstocks (coal, crude oil, and natural gas) consumed in the supply chain for non-
combustion applications (i.e., conversion to precursor chemicals). The base case re-
quires 39 MJ/kg of this feedstock energy (most of which is contained in crude oil),
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Figure 7. Supply Chain Energies for the Different Case Studies

Supply chain energy results from the MFI tool for (A) the total supply chain and (B) the fossil
chemical feedstock energy associated with the FRP process implementing UPEs. The numerical
breakdown is provided in Tables S4 and S5.
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Figure 8. GHG Emissions in kg CO5-.q/kgrrp for Each of the Five Cases

while the four rPET specifications require 16, 13, 16, and 8 MJ/kg of feedstock en-
ergy, respectively. These represent 59%, 67%, 59%, and 80% potential savings in
feedstock energy, respectively.

In addition to the supply chain energies, the MFI tool also calculates GHGs in
terms of kilograms of carbon dioxide equivalent per kilogram of product (kg-
CO2-cq/kgrrp). Supply chain GHG estimates are presented in Figure 8. The base
case FRP requires 3.23 kg-COy-cq/kgrrp, While the other four cases require 2.26,
2.13, 1.87, and 1.94 kg COz-cq/kgrrp and represent savings of 30%, 34%, 42%,
and 40%, respectively. Using petroleum-based acrylic acid leads to slightly lower
supply chain GHG emissions because of the slightly higher process fuel and elec-
tricity requirements in the modeled bio-based acrylic acid supply chain.

The Supplemental Information provides sensitivity analysis for excluding a drying step
(Table Sé), implementing different ethylene glycol loadings in the deconstruction of
PET (Tables S7 and S8), using a lower muconicacid loading level (Table S9), sourcing mu-
conic acid from first-generation commodity sugars instead of second-generation ligno-
cellulosic sugars (Table S10), implementing petroleum-derived butanediol (Table S11),
and implementing bioderived butanediol from commodity sugars (Table S12) and bio-
derived ethylene glycol from bioderived ethylene (which comes from the dehydration of
bioderived ethanol) (Table $13).*® Overall, two sensitivity cases stand out as the largest
potential source of supply chain energy and emissions variation: the amount of ethylene
glycol used in deconstruction or the use of butanediol (petroleum and biomass derived).
The use of second-generation feedstocks for muconic acid has a modest effect. Chang-
ing the loading of muconic acid and omitting the vacuum drying step both appear to
have a negligible effect on the calculated supply chain energy and GHG emissions.

DISCUSSION

This work aims to combine bio-based building blocks with rPET to produce high-
value composite materials that could serve to both incentivize the bioeconomy
and foster a greater plastics recycling or upcycling mentality. As of August 2018,
rPET is estimated to sell for approximately $0.51 USD/Ib for clear PET flake and
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0.31 $USD/Ib for green-colored PET flake, while virgin PET is estimated to sell for
$0.82 USD/Ib."” To provide an incentive for rPET reclamation, it is necessary to
find markets with higher-value products and demonstrate performance differentia-
tion from petroleum-based standard materials. One such application space that de-
mands a higher selling price is the UPE resins market, which sells at approximately
$2.60 USD/Ib.>° UPE resins are versatile materials used in many applications across
multiple economic sectors and possess a growing global market forecast that is ex-
pected to reach $10.48 billion USD in 2019.%*>" Additionally, UPE resins produced
from rPET and renewably sourced monomers may exhibit lower energy intensity and
GHG emissions on a cradle-to-gate, supply chain level than their petroleum-derived
counterparts.

FRPs are made of two components: a fiberglass mat and a resin. Typically, the resin is
composed primarily of a polymer backbone (e.g., a UPE), a reactive diluent, and
other small processing additives. As presented in this work, the effect of the reactive
diluent on the mechanical properties is significant. Styrene is the most widely em-
ployed reactive diluent owing to its cost, favorable reactivity, and the robust thermal
and mechanical properties when polymerized.’” Typical industrial practice is to
tailor the UPE to fit the need of the reactive diluent. Despite the widespread use
of styrene, it is a carcinogen with high vapor pressure.®® As a note, for this study, sty-
rene is not considered to be a renewably sourceable monomer; however, styrene
can be produced biologically and this is an active area of research.*>¢

In the present work, methacrylic acid and acrylic acid were used as reactive diluents
to enable the use of the rPET-polymer backbones in the FRPs and to improve mate-
rial properties. Methacrylic acid can be produced via decarboxylation of itaconic
acid,””"*® which can be obtained biologically in high yields.>”*" Acrylic acid, which
is prepared from propylene industrially, can be renewably sourced from a variety of
3-hydoxypropyl functionalized monomers (e.g., 3-hydroxypropionic acid [3-HP] and
3-hydroxypropionaldehyde, etc.) or lactic acid via dehydration.®** Methacrylic
acid and acrylic acid both possess lower volatility®® than styrene and can be modified
to further reduce volatility, impart higher strength, or promote adhesion.®*™%®
Beyond the present work, there is a wide slate of olefinic monomers that can be ob-
tained from lignin deconstruction.®” These monomers resemble substituted methyl-
styrenes and eugenols and might require further reaction development or modifica-
tion.”%? In all cases, as new pathways to styrenic monomers from biomass become
prevalent, the methodology in this work can be expanded to renewably sourceable
precursors that may possess lower volatility and toxicity. This methodology has
already been explored briefly in previous work in which cinnaminic acid was imple-

mented to increase the storage modulus in other FRP systems.*®

The use of alternative reactive diluents also enables a wider range of polymer backbones
(UPEs or the diacrylic polymers) to be implemented. The polymer backbone itself com-
prises ~60 wt % of the resin mixture, and in current industrial practice, the polymerback-
bone is typically a UPE synthesized from an olefinic diacid (typically maleic anhydride or
maleic acid), a diol (typically propanediol), and a rigid diacid (typically isophthalic acid).
In these formulations, the olefinic acid accounts for 10-30 wt % of the polymer back-
bone,?*®" while the diol and rigid diacid mixture comprise a majority of the remaining
weight. rPET is the ideal replacement for the remainder of the polymer backbone as it
is a rigid aromatic diacid (terephthalic acid) and a diol (ethylene glycol). It should be
noted that it is also possible to obtain ethylene glycol and terephthalic acid via renew-

82-85

able feedstocks. Ethylene glycol can be produced biologically, and terephthalic

acid can be produced via the catalytic upgrading of renewable para-xylene (a method
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similar to what is employed industrially)®*® or by the Diels-Alder reaction of trans,trans
muconic acid with ethylene followed by dehydrogenation.?’~"" However, the aim of
the present work is to enable further PET reclamation.

As demonstrated here and in other work,*?** PET cannot be used directly and
must undergo modifications prior to UPE synthesis and FRP implementation.
Accordingly, when styrene is used as a reactive diluent, the PET must be decon-
structed with non-linear diols to ensure compatibility with the styrene.®**°¢¢#0
The present strategy enables minimal deconstruction of the polymer to lower molec-
ular weights for use in FRPs, with the key component to rPET implementation being
the use of a compatible reactive diluent and substantial breakdown. The diols that
can be implemented with no adverse effect on properties are not limited to ethylene
glycol and could include renewably sourced diols, such as butanediol. The source of
the diols, like butanediol, can be directly from fermentation or from the catalytic up-
grading of diacids”>?* and sugars.”>?¢ Even though no stark differences were
observed with butanediol as the glycolysis agent, more rigid diols such as isosor-
bide”” may impart further property modifications. However, as the suite of diols is
changed, deconstruction conditions may also be altered. These studies will be pur-

sued in future investigations.

The final prominent component in the FRP formulation is the olefinic diacid in the
polymer backbone. In this work, the olefinic diacids that can be derived from
biomass are fumaric, cis,cis-muconic, and trans,trans-muconic acid. Fumaric acid
can be produced at high titers from both commodity first-generation sugars as
well as lignocellulosic sugars.”®7°° Cis,cis muconic acid can be obtained both via
the biological conversion of sugars and aromatic compounds directly or catalyti-
cally,’®"19? and trans,trans-muconic acid can be obtained from the isomerization
of cis,cis-muconic acid.?”"938%" |n the case of fumaric acid, its trans configuration
(relative to maleic acid’s and anhydride’s cis configuration) enables higher reactiv-

38,104 \vhile the two double

ities and thus better properties at the same cure time,
bonds in muconic acid enable additional rigidity and a higher degree of crosslinking.
Beyond the present work, olefinic diacids, such as itaconic acid, have already been
implemented in UPEs."%° The diverse functionality inherent to bioderived monomers
can enable future modifications that impart tunable properties (e.g., improved rigid-
ity from ketones, adhesive properties from side chain functionality, etc.). Even
though it is beyond the scope of the present study, the higher storage moduli and
adhesions to the fiberglass mats may enable longer lifetimes, warranting further
study of renewably sourceable monomers for FRP applications. In general, the life-
time of FRPs can vary widely depending on their final application and are typically
incinerated or landfilled at the end of life. Further research will investigate other
end-of-life applications for current FRPs and more sustainable chemistries for future
FRP formulations.

The benefit of this methodology is not limited to the utilization of biological or low-
value PET streams but also may lead to a lowering of the energy consumption and
GHG emissions associated with composites manufacturing. Numerous studies on
the energetic demands of PET recycling®®'%¢~""° have demonstrated that the use
of rPET via mechanical or chemical recycling methods may exhibit lower GHG emis-
sions and energy requirements compared to virgin PET manufacture. These esti-
mates vary widely depending on the study (by up to 100%), and there are no current
complete studies to our knowledge that investigate the recycling of PET using bio-
derived monomers. In this work, we show that the supply chain energy required to
produce FRPs from rPET and biomass-derived monomers is potentially lower than
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Figure 9. Supply Chain Energy Calculated Using the MFI Tool for the Manufacture of 1 kg of Resin

For traditional PET synthesis, values are per kilogram of PET produced, and for the composite synthesis, the results are per kilogram of final FRP.

Potential supply chain energy per dollar is calculated by comparing to prices as of August 2018.

that of both chemically recycling PET back to bottle-grade PET and the conventional
fossil-based FRP production process, as summarized in Figure 9.

The manufacture of virgin polymers from petroleum feedstocks is an energy-inten-
sive process, with most polymers requiring 90-200 MJ/kg. The MFI tool estimates
that the virgin PET production supply chain requires 124 MJ/kg. Meanwhile, the
MFI tool predicts that the current fossil-based FRP supply chain requires
89 MJ/kg. The lower associated energy of homopolymer manufacture (such as
PET) and FRP manufacture is the result of the reactive diluent lowering the
manufacturing intensity. If the glycolization procedure from this work is applied to
chemically recycle the PET in a bottle-to-bottle fashion (using ethylene glycol in a
4:1 mass ratio relative to the PET), the associated energy in the manufacture of a
“new” bottle is 72 MJ/kgper (Table S13). Meanwhile, the method presented herein
of producing FRPs from rPET and biomass-derived monomers exhibits substantially
lower supply chain energy requirements of 37-56 MJ/kg and potential supply chain
GHG emissions savings of 0.9-1.3 kgcoz-eq/kgrre. If this technology were used to
manufacture the roughly 740,000 metric tons of FRP produced in the US annually,""
GHG offsets could range from 0.7 MMT-CO3-¢q to 1.0 MMT-CO»-.q per year, which
is equivalent to emissions of between 150,000 and 200,000 cars, assuming a factor
of 4.67 metric tons COe/vehicle/year as calculated by the United States Environ-
mental Protection Agency (EPA). This production would use less than 10% of the to-
tal PET-single-use bottle stream and less than 50% of the recycled PET. Additionally,
FRPs have a higher selling price ($1.85 USD/Ib)*° than PET resin ($0.81 USD/Ib).*?
These differing prices are combined with the estimated per-kilogram supply chain
energy requirements for the two materials to determine an economic intensity
metric in energy-per-dollar units. Such a metric provides a useful comparison of
recycling-derived products with differing end uses and goes beyond the energy-
per-mass comparison. This study estimates that the rPET-derived FRPs require
10 MJ/$USD of energy compared to the 40 MJ/$USD for recycled bottle-grade
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PET resin and 22 MJ/$USD for the virgin FRP. The lower overall intensity in the former
is achieved via the use of bioderived resins.

A majority of the supply chain energy in this methodology is attributed to petroleum-
derived ethylene glycol. As revealed in the sensitivity analysis, every mass equivalent
of petroleum-derived ethylene glycol used in PET glycolization results in an addi-
tional supply chain energy of 8 MJ/kg of final FRP product. To demonstrate the effect
of a bio-based diol, the effects of bioderived ethylene glycol and butanediol were
modeled. For butanediol, the process currently used by Genomatica for the direct
fermentation of 1,4-butanediol was modeled. 1,4-butanediol exhibits a higher sup-
ply chain energy when compared to ethylene glycol because of the energy (specif-
ically steam) needed for separation and purification. Despite the higher supply chain
energy of both bio- and petroleum-based butanediol, the use of a biologically
derived source reduces the overall supply chain energy by 10 MJ/kgegp, mainly
owing to a reduction in feedstock energy. In the case of the current technology for
bioderived ethylene glycol from bioderived ethylene, a reduction of 3 MJ/kgere is
predicted. The lower reduction in supply chain energy associated with using bio-
derived ethylene glycol over bioderived butanediol (3 MJ/kgggrp versus 10 MJ/kggrp)
is associated with the lower atom efficiency of producing ethylene (a C2 carbon) over
other products. In this study, the diol used in PET deconstruction has a minimal effect
of the mechanical properties of the FRP, which further encourages investigation into

and implementation of diols that require the lowest supply chain energy.*’"#"13

The acrylic acid pathway used in this analysis is based on the dehydration of 3-HP ob-
tained from the low-pH fermentation of sugars from corn stover. Supply chain GHG
emissions are slightly higher than in the petroleum-derived acrylic acid case for the
scenario modeled with this method of producing acrylic acid, which has not yet
been optimized for commercial-scale production. Future improvements to the pro-
duction of acrylic acid, through either a 3-HP pathway or alternative routes such as
lactic acid, might reduce energy requirements and GHG emissions. Improvements
in this vein are present in the current work where the use of second-generation mu-
conic acid (derived from the lignocellulosic sugars instead of commodity sugars) in
place of first-generation muconic acid (from commodity sugars) results in a
5 MJ/kgerp reduction in supply chain energy and a 0.2 kgcoz-eq’kgrre reduction in
net GHG emissions. Furtherresearch in the field of fermentation and separation tech-
nologies may lead to reductions in both supply chain energy and GHG emissions.

Conclusions

This work demonstrates the ability of renewably sourceable monomers to enable
PET to be upcycled into composites, specifically FRPs. In total, this methodology
produces FRPs with better mechanical properties that can be produced using a frac-
tion of the energy (on either a monetary or mass basis) when considering the full
cradle-to-gate supply chain. The increase in value that PET can undergo when it is
upcycled to an FRP not only provides economic incentives for PET reclamation but
may enable a potential premium to be charged for the requisite renewably source-
able monomers. Overall, the bio-based monomer upcycling strategy presented in
this work may advance many global sustainability goals and could be applied to
other high-volume plastics-based materials to further enable the bioeconomy and
materials with properties that exceed the petroleum incumbent.

EXPERIMENTAL PROCEDURES

Unless otherwise noted, all materials were purchased from Sigma-Aldrich. Muconic
acid was obtained biologically via the fermentation of benzoic acid by P. putida
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KT2440; more details can be found in the study by Vardon et al."'* PET was either
synthesized from Sigma-Aldrich terephthalic acid and ethylene glycol or reclaimed
from local usage. Labels were removed by hand from the rPET bottles, and the bot-
tles were subsequently washed with soap, deionized (DI) water, and acetone to re-
move any traces of the original contents. Following washing, the PET bottles were
cut by hand for immediate use.

PET Deconstruction

PET was deconstructed with butanediol or ethylene glycol. Initially, PET was placed
into a round-bottom flask affixed with a condenser. Variable amounts of the diol
(Table 1) were loaded into the reactor with 0.5 wt % titanium butoxide, and the
reactor was heated up to 220°C. The transesterification reaction proceeded under
reflux for 4 h. Following the reaction, the slurry was removed from the reactor and
washed with an excess of water to remove unreacted diol and any ethylene glycol
that was removed via transesterification. The polymer-water mixture was subse-
quently filtered, and the solid polymer precipitate was vacuum dried for 24 h to re-
move excess moisture and diol.

Homopolymer Synthesis

Initially, poly(ethylene terephthalate-co-fumarate), poly(ethylene terephthalate-co-
malate), and poly(ethylene terephthalate-co-muconate) were synthesized via melt
transesterification with rPET bottles. Initially, the reactor (a three-necked round-bot-
tom flask attached with nitrogen, overhead mechanical stirring motor, and Dean-
Stark condenser setup) was loaded with a fixed molar ratio of deconstructed PET
relative to the diacid, diester, or anhydride and 0.5 wt % titanium butoxide as the
transesterification catalyst. The reaction vessel was heated to 180°C, and polymer-
ization was allowed to proceed for 6 h. This prevented the molecular weight growth
of the polymer chain while allowing the olefinic monomers to be incorporated into
the polymer backbone.

To synthesize the virgin-PET copolymers, the reactor was loaded with 1.1 molar
equivalents of diol to 1 molar equivalent of total diacid/diester/anhydride with
no transesterification catalyst. The reaction vessel was initially heated to 180°C,
and polymerization was allowed to proceed for 1 h. After 1 h, the temperature
was increased to 220°C, a vacuum was applied to the system, and the reaction
was allowed to proceed for 5 h. This resulted in a polymer with a molecular
weight on the order of 3 x 10% g/mol that was used in comparison to the decon-
structed PET.

Diacrylic Polymer Synthesis

The reactor was initially loaded with 40 wt % PET and 60 wt % olefinic acid (acrylic or
methacrylic acid) and was allowed to reflux for 6 h. Following reflux, AIBN (the free
radical initiator) was added to the reaction mixture, which was subsequently ali-
quoted for direct use in composite synthesis.

FRP Synthesis

Composites were prepared either by preparing a solution of 39.5 wt % olefinic poly-
mer and 59.5 wt % olefinic acid with 1.0 wt % AIBN as an initiator or by mixing the
final vinyl ester solution. The reaction mixture was applied to 2-ply Bondo fiberglass
mat, placed between two sheets, and allowed to react for 6 h at 80°C. Following the
reaction, the fiberglass was placed in a vacuum oven for at least 48 h to allow for any
excess monomer to evaporate. Samples were weighed after vacuum drying, and no
significant weight loss was observed.
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Structural Characterization

Polymer structure was ascertained via a Bruker Avance lIl HD 400 MHz NMR spec-
trometer with a 5 mm Broadband Observe (BBO) probe. Quantitative 'H spectra
were acquired with a 90° pulse of 14.5 ps and a 30 s recycle delay at room temper-
ature. Deuterated trifluoroacetic acid (99.9% Cambridge Isotope Lab) with 1% w/w
tetramethylsilane (TMS) was used as the solvent. Molecular weight was determined
via the use of a Wyatt GPC equipped with a Tosoh column, multiangle light scatter,
and refractive index (RI) detector. Hexafluoroisopropanol (HFIP) was used as the
elution solvent at a flow rate of 0.5 mL/min.

Physical Property Testing

After vacuum drying, the composites were cut into 60 X 12 X 2 mm pieces for
mechanical testing. Mechanical tests were performed on a TA Instruments Q800
Dynamic Mechanical Analyzer at 35°C across a range of frequencies from 0.01 to
10 Hz. Thermal characterization was completed by the use of a TA Instruments
Q1000 Digital Scanning Calorimeter and a Q500 Thermogravimetric Analyzer using
a ramp rate of 10°C/min.

MFI Methodology

A comparison of the energy requirements and GHG emissions for the reference
and rPET-based FRP product systems was conducted using the MFI supply chain
analysis tool developed at NREL.*” The MFI tool quantifies the material and energy
requirements of commodity supply chains on a cradle-to-gate basis (i.e., from raw
material extraction through the end product [e.g., FRP] production). GHG emis-
sions are estimated only for the combustion of fuel for processing, transportation,
and electricity generation; non-combustion GHG emissions are excluded. Unit
process data for the conventional 60 wt % UPE resin, 40 wt % fiberglass FRP pro-
duction system were adapted from composite manufacturing data in the US
Lifecycle Inventory (LCI).*" Laboratory scale unit process inventories for the
heating, stirring, filtering, and drying steps of the rPET-FRP production process
were estimated following Piccinno et al.** Inventories for producing bio-based mu-
conic acid and acrylic acid were taken from the literature.**"™> All other unit
processes for upstream inputs that comprise the MFI database are derived from
both publicly available literature sources as well as proprietary sources such as
the Ecoinvent database and IHS’s (Information Handling Service) Process Eco-
nomics Program.

In the present work, two approaches are used to model energy and emissions for
the rPET upcycling scenario. Since this system involves a recycling step, an allo-
cation scheme must be developed to determine how much of the impacts attrib-
uted to the first life (i.e., PET bottle production) should be counted toward the
second life and product of interest (FRP). Following Shen et al.,*® two allocation
schemes are used in this analysis: “zero-value” (similar to Shen's cutoff) and
"“waste valuation.” In the former, no impact from PET bottle production is attrib-
uted to FRP production. While this method appears most favorable from an
energy-savings perspective, it fails to account for any value attributed to post-
consumer PET, which has a commercial demand for other recycling applications.
To account for this, the “waste valuation” approach attributes a fraction of PET
bottle production impacts to the upcycled FRP. This fraction is equal to the ratio
of the prevailing bulk price of postconsumer PET to that of virgin bottle-grade
PET.”® Current prices (as of May 2018) for each of these products were obtained
from Plastics News"? and yield an average waste valuation fraction of 0.57 for
clear PET and 0.34 for green PET. Owing to the volatility of crude oil prices
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and the resulting volatility of plastics prices, the calculated allocation fraction will
change over time.
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