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ABSTRACT: Polyethylene terephthalate (PET) is a widely used Zero to Hero: Transforming PET waste into Kevilar®
plastic packaging material that is often discarded after use. Previous
studies have used recovered terephthalic acid derivatives to produce
poly(p-phenyleneterephthalamide) (PPTA), an expensive commodity
scale polymer widely known by the trade name Kevlar. Here, PPTA is
synthesized using carbon that is 100% recovered from waste PET. To
do so, the monomer p-phenylenediamine (PPD) is obtained through
two facile “one-pot” reactions: (1) ammonolysis of PET to yield

terephthalamide and (2) conversion of terephthalamide to PPD - AT i W T
through a Hofmann type of rearrangement. Following earlier works, Terephtn e
hydrolysis of PET followed by chlorination provides the monomer, = ¢ N .

terephthaloyl chloride (TCl). PPTA is synthesized by reacting the ~ T T
monomers in a solution of n-methyl pyrrolidone and calcium chloride. m— )

The pathway is demonstrated using zero-valued waste “clamshell” PET,

a material usually excluded from recycling streams. The material reuse results in a lifesaving polymer used by members of the
military, police, and other first-responders. It is concluded that this pathway provides an economic means of recovering and reusing
waste PET that can reduce dependence on nonrenewable resources and foster greater material circularity in the plastics industries.

= =

PPTA (Kevlar®)

KEYWORDS: polymer upcycling, polymer recycling, circular economy, sustainable polymers, thermoforms, poly(ethylene terephthalate),
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Bl INTRODUCTION treated as contaminants in bottle recycling streams; there is an
upper allowed limit, typically between S and 10% for
thermoforms in PET bales.”'” Due to these marketplace
constraints, recycling methods specifically targeting PET
thermoforms are needed.

Polymer upcycling uses chemistry to transform recovered
plastics into more valuable materials."'~'* Chemical recycling
refers to remaking the original source polymer. PET is
chemically recycled at large scales using methanolysis and
glycolysis." "> Significantly, the strategy proposed here for
chemical upcycling (creating a more valuable polymer) is
consistent with these commercial practices. because both
methanol and glycol are suitable solvents for conducting
ammonolysis. Furthermore, polyaramides, such as poly(p-
phenyleneterephthalamide (PPTA, commonly known by its
DuPont owned trademark Kevlar), are high value materi-
als.'*™*" Polyaramides sell for upward of $45 USD/kg (roughly

Plastics are produced on an enormous scale but are creating
adverse effects on the environment and for human health. Uses
for plastics span many applications such as fabrics, electronics,
and single-use packaging."” The historical demand for plastics
has increased at an estimated annual growth rate of 8.4%;
much of this increase is attributable to the rise of single-use
plastics.”” Plastics that are improperly disposed of undergo
weathering in the environment resulting in microplastic
particles; such microplastic pollutants are globally distributed
and found in human blood and organ systems.">* The
growing demand for plastics, their sometimes deleterious
environmental and health effects, and the drive for more
efficient resource utilization, motivates the search for more
sustainable practices at the very heart of Green Chemistry.”®

Improved end-of-life scenarios can be envisioned for widely
used polyethylene terephthalate (PET). The global use of PET
creates 20 megatons of waste per year."”’ Compared to other
plastics, PET has a relatively high recovery rate, but Received:  January 17, 2025

economically viable PET recycling is centered around the Revised:  April 8, 2025
Accepted: April 9, 2025

Published: April 24, 2025

recovery and reprocessing of bottles.”* However, PET is the
polyester used in other applications, such as clothing, carpet,”

and in single use thermoformed containers (“clamshell” boxes
and “blister” packaging).'” Containers made from PET are
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Scheme 1. Synthesis Route from Waste PET to Much More Valuable Upcycled PPTA
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20x more valuable than PET!). In 2021, PPTA had a global
market value of $449.2 which is projected to increase to $653.4
million by 2031.”7 In fiber form, PPTA is often woven into
fabrics; it is used in a wide variety of applications, including
sports equipment, body armor, and structural compo-
sites 17202223

In a notable and innovative previous work, PPTA was
synthesized from terephthalic acid (TPA) and terephthaloyl
chloride (TCI) derived from waste PET.”” By using recovered
TPA, the resulting PPD had a 55 wt % recycled content. On an
industrial scale, this would translate to approximately 0.8 tons
of PET diverted from a landfill per ton of PPTA produced. A
number of other rigid-rod type of polymers were synthesized
using other diamines and transamidization with diamines was
also pursued. However, all diamines used, including the p-
phenylenediamine (PPD), were purchased virgin materials
derived from newly extracted fossil resources.

In contrast, the PPD used here (Scheme 1) is also derived
from waste PET and this offers significant economic and
environmental advantages. The traditional route to PPD starts
with the extremely energy intensive process of petroleum
refining where crude oil is cracked, reformed, and separated to
give a BTX (benzene-toluene-xylene) stream of aro-
matics.”' ~* Additional energy intensive distillation is used to
separate out benzene, a well-known carcinogen. PPD is then
synthesized through a series of reactions starting with the
chlorination of benzene which gives mono-, di-, and
trisubstituted chlorobenzenes. An additional distillation is
needed to isolate the 1-chlorobenzene. Next the chlorobenzene
is preferentially nitrated (using strong acid) in the para-
position. This disubstituted aromatic reacts with ammonia,
evolving corrosive hydrochloric acid, and finally catalytically
reduced using hydrogen (which has a large embedded energy
content) to give the desired product. In the present alternative
approach, waste PET is added to a saturated solution of
ammonia in ethylene glycol and heated, the quantitative yield
of diamide is treated with a mixture of bleach and caustic. With
the addition of fresh caustic and bleach, the mixture can be
recycled until sodium chloride precipitates as the only
byproduct. Extraction is followed by a single distillation to
obtain PPD. Because of the reduced number of distillations,
energy can be saved. Also, the carcinogen benzene can be
avoided by using waste PET as the source for making the PPD
monomer. Furthermore, the recycled content increases from
55 wt % to 87% in the final polymer product. Figure 1 presents
a comparison of the tons of landfill waste avoided per ton of
PPD produced; additional quantification of the improved
sustainability metrics are the subject of ongoing work.
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Figure 1. Recycled content for three different methods of PPTA
production. There is no PET diverted in the standard, 0.81 tons PET/
ton PPTA when TPA is obtained from waste PET, and 1.82 tons
PET/ton PPTA when TPA and PPD are used.

B MATERIALS AND METHODS

PET waste was collected at the Michigan State University Recycling
Center (see Figure 2). The collected waste was hand washed with
dish soap and water. After washing, the material was rinsed, air-dried,
and cut into square flakes with an edge length of approximately 1 cm;
typical thickness was 0.40 mm.

Reagents were purchased from Sigma-Aldrich (St. Louis, MO) and
prepared as described. Kevlar 29 woven fabric was obtained from
Fiberglast (Brookville, OH) and prepared for testing following
identical methodologies as the synthesized PPTA.

p-Phenylenediamine (PPD) was prepared from waste PET via two
reactions. First, ammonolysis was performed on PET to produce
terephthalamide. Parr reactors (75 mL) were loaded with 6.0 g of
waste PET, 40 mL of 7N ammonia in methanol, and pressurized using
nitrogen to 40 bar. Reactors were vigorously stirred (800 rpm) at 125
°C for 48 h before being cooled and vented. The solid
terephthalamide (TPD) was separated by filtration and dried in a
vacuum oven overnight at S0 °C (yield 80 wt %). The second reaction
was the well-known Hofmann rearrangement;**™>° to begin this
reaction, 6.0 g of sodium hydroxide was added to S0 mL of water in a
125 mL three neck round-bottom flask placed in an ice bath. Using a
syringe, 1.5 mL of liquid bromine was added to the solution to form
sodium hypobromite. TPD (4.0 g) was added to the solution and
mixed for 1 h. The flask was moved to an oil bath and held at 80 °C
for 20 min to enable rearrangement to PPD. The mixture was filtered
and PPD was extracted from the water solution with 10 washes of
ethyl acetate (1:1 by volume) and concentrated by rotary evaporation.
The PPD was purified via sublimation to generate a monomer of high
purity (>99.5 mol %). Impure PPD was placed in a round-bottom
flask with a vacuum connection. Sublimation occurred under 60 Torr
and 40 °C. This process was performed until all the recovered PPD
was purified, resulting in an overall yield of 64 wt % of PPD from
waste PET.
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Figure 2. Material transformation. Waste PET thermoforms (top left)
were washed with soap and water, dried, and cut into approximately 1

X 1 cm® pieces before depolymerization (top right). Purified

monomers are synthesized from the depolymerization, PPD is
shown bottom left and TCI at bottom right.

Terephthalic acid (TPA) was obtained through base-catalyzed
hydrolysis of PET following the procedure of Oku et al.>”*® Briefly,
potassium hydroxide (2.25 kg), ethanol (9.56 kg), and waste PET
(2.90 kg) were mixed at 45 °C for 16 h using an overhead mixer in an
open stainless-steel vessel.' " The mixture formed a light tan colored
slurry to which 10 L of water was added. The resulting mixture was
filtered and TPA was precipitated by adding hydrochloric acid until
the pH was about 2. The resulting TPA was rinsed and then dried for
24 h in a convection oven at 100 °C and pulverized before use. The
yield of TPA was 98 wt %.

Terephthaloyl chloride (TCl) was obtained by chlorinating the
TPA obtained from hydrolysis of PET. In a heated round-bottom
flask, 20 g of TPA, 30 mL of thionyl chloride, and 5 mL of
dimethylformamide (DMF) were refluxed at 80 °C for S h*"** The
vessel was sealed and allowed to cool; excess thionyl chloride was

removed through a combination of decanting and subsequent
distillation. The resulting crude product was recrystallized from
anhydrous diethyl ether to high purity (>99.9 mol %). The overall
yield from waste PET after crystallization was 48 wt %.

To synthesize PPTA, 150 mL of dry NMP with 20 wt % dry
calcium chloride was placed in a flame-dried three neck flask with an
overhead mixer equipped with a glass rod and Teflon blade. The
mixture was rapidly stirred under argon for 20 min. The flask was then
placed in an ice bath and PPD was added at a concentration of 0.5 M.
Once the temperature equilibrated, an equimolar amount of TCl was
added to the flask and the reaction continued for 4 h, resulting in a
viscous, gel-like product. An excess amount of water was added, and
the resulting gel was mechanically broken up. The product was rinsed
with methanol and water before being dried under vacuum at 60 °C
to a constant weight.'”>%*>

Monomer purity was determined by measuring melting point
depression on a TA Q200 DSC (differential scanning calorim-
etry).**~*! About 7 mg of sample was added to a hermetic aluminum
pan, an empty pan served as reference. The sample was heated from
10 °C below to 5 °C above the literature value of the melting point*
at a rate of 0.5 °C/min. Purity was determined using the van’t Hoff
equation.

As is usually practiced, the PPTA product was analyzed using
viscometry to indicate molecular weight in accordance with the
literature.'®'*?%*~*5 The inherent viscosity was measured using a 1C
Cannon Ubbelohde Viscometer at a concentration of 0.5 g/dL
polymer dissolved in 98% sulfuric acid at 30 °C. The inherent
viscosity is defined by eq 1,

ln(L>
_ In nrelative _ to

Tinherent = (1)
where f is the solution drain time, £, the solvent drain time, and c is
concentration in g/dL.

Nuclear magnetic resonance (NMR) spectroscopy was conducted
using solution and in the solid state. Liquid solutions of TPA,TPD,
and PPD in deuterated dimethyl sulfoxide (DMSO) were created and
compared with standards of the compounds using 'H NMR.
Deuterated chloroform was used as the solvent for TCl. Samples
were ran on a Bruker 500 MHz with 2 s relaxation delay and 32 scans.
PPTA was analyzed using solid-state NMR using a Varian InfinityPlus
400 MHz spectrometer equipped with a 6 mm CPMAS probe. The
contact time was 4 ms, the acquisition time was 10.2 ms, and the
spectral width was 50.45 kHz. Carbon NMR scans were taken using a
frequency of 100.52 MHz. All NMR data were analyzed on Mnova
NMR software.
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Figure 3. DSC traces. Monomer purities were determined using DSC for PPD (left) and TCl (right) created from waste PET.
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Figure 4. Solid state NMR. PPTA synthesized from waste PET is shown on top and the commercial Kevlar29 fabric on the bottom. The same
peaks are observed in the standard and successfully synthesized PPTA.

Attenuated total reflection (ATR) spectra were taken of solid-state
samples using a Nicolet isSOR spectrometer equipped with a DTGS
detector using 32 scans. Samples were predried in a convection oven
at 100 °C to remove moisture.

Thermogravimetric analysis (TGA) was performed on a TA
Instruments QS00. The sample pan treated with a propane torch to
remove residues and tared; about 15 mg of sample was used. After
equilibration at 50 °C, the sample was heated at a rate of 10 °C/min
to 600 °C.

Optical microscopy was conducted on PPTA in sulfuric acid to
determine the onset of a liquid crystalline phase, which forms due to
the rigid-rod structure of PPTA.*™* A concentrated solution was
prepared by heating in sulfuric acid and then diluted to concentrations
between S and 30 wt %. Samples were smearing onto a microscope
slide and a coverslip added and imaged under both linear and cross-
polarization.

B RESULTS AND DISCUSSION

PPTA is commercially synthesized by step-growth polymer-
ization of PPD and TCL> and these monomers were
successfully obtained from waste PET thermoform containers.
PET was hydrolyzed and converted to high purity TCI (>99.9
mol % by melting point) with an overall yield of 48 wt %. The
ammonolysis of PET, subsequent Hofmann rearrangement,
recrystallization, and sublimation produced high purity PPD
(>99.5 mol % by melting point) with an overall yield of 64 wt
%. The starting material and monomer products are shown in
Figure 2 and the DSC traces used to determine purity are
shown in Figure 3 (see also the Supporting Information).

Solid state 13C NMR conclusively demonstrates PPTA was
successfully synthesized from the waste-derived monomers.
Figure 4 shows the spectrum for a synthesized sample along
with the spectrum for a commercial Kevlar 29 sample. The
same polymer backbone structure is observed in the two
spectra. There are five electronically unique carbons present in
the repeat unit of PPTA, one in the aramide linkages and four
in the aromatic rings. The peak at 165 ppm can be assigned to
the carbonyl carbon of the amide group.”” The remaining
unique carbons are attributed to the multiplet within the
aromatic region. Importantly, the same peaks are observed in
the PPTA obtained from waste PET and the sample of
commercial Kevlar 29.
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ATR is also used to compare the PPTA synthesized from
waste PET to the Kevlar 29 standard. Spectra are presented in
Figure 5. As with solid state NMR, no significant variations in
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Figure 5. ATR spectra. No significant variations in peaks are evident
between the two samples. The difference when the two peaks were
subtracted from each other is close to zero.

the peaks were observed between the synthesized PPTA and
the commercial Kevlar29. The matching spectra indicates
identical functional groups are present in each material.
Specifically, an amide peak, characterized by a broad
absorbance range, is present at 3310 cm™'. Samples show
evidence of acid end groups around 3000 cm™' and the
corresponding carbonyl group at 1680 cm™'. All the observed
peaks are consistent with the desired product. When the two
spectra were subtracted, the resulting graph remains close to
zero, further emphasizing the similarities of the two samples.

Another property of PPTA is its ability to form lyotropic
liquid crystalline phases. PPTA has very little rotational
freedom around backbone bonds due to its aromatic rings
and planar amide linkages; it has a “rigid-rod” structure. Above
a critical concentration, chains align to create a nematic liquid
crystal solution.****! Literature reports that at around 18 wt
% in 98% sulfuric acid at 30 °C is where typical PPTA creates a
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liquid crystalline phase.”>>> A liquid crystal phase is observed
with the synthesized PPTA at 20 wt % (see Supporting
Information). The polymer rich phase has a light tan color and
is extremely gel-like but exhibits hallmark birefringence when
observed under cross-polarization. The polymer-deficient
phase is dark brown and less viscous than the gel-like phase.
Viscometry is the most common method for measuring the
molecular weight of PPTA. The commercial Kevlar29 fabric
yielded an inherent viscosity of 5.2 dL/g while the inherent
viscosity achieved using upcycled PET was 4.8 dL/g.
Because heat resistance is an important property of
polyaramides, TGA was used to compare the waste-sourced
PPTA to the Kevlar29 standard. The results of these tests are
shown in Figure 6. The measured onset temperature for the
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Figure 6. Comparative thermal properties. The onset temperatures
for decomposition are very similar; 430.5 °C for the PPTA and 431.6
°C for Kevlar29.

synthesized PPTA is 430.5 °C which compares favorably with
the value of 431.6 °C measured for the standard. The matching
onset temperatures indicate essentially identical thermal
stability. The corresponding thermal behavior further confirms
that high-valued PPTA was obtained from zero-valued waste
PET.

B CONCLUSIONS

For the first time, high-value PPTA has been synthesized using
100% recycled carbon atoms derived from zero-valued PET
waste. This new and economically feasible upcycling route is
accomplished through the innovative and novel combination
of known reactions. PPD is obtained by ammonolysis of PET
followed by the Hofmann rearrangement. TPA is obtained
through hydrolysis of PET, and TCl is synthesized through
chlorination. The PPTA obtained is comparable to commercial
Kevlar29 when investigated using solid-state NMR, ATR, and
TGA. Additionally, the polymeric nature is confirmed through
viscometry and observation of a nematic liquid crystalline
phase. The presented set of reactions provides a new viable
means for deriving value-added monomers and polymers from
presently unused PET thermoform waste streams.

Given the 20-fold increase in value between reconstituted
PET and PPTA, the present approach represents a bona fide
exercise in polymer upcycling. Starting from effectively zero-
valued waste PET thermoforms, the embedded carbon was
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recovered and successfully upcycled into high-value PPTA,
best known by its trade name Kevlar. This lifesaving material is
widely used by members of the military, police, and other first
responders; the present study shows the application of the
principles of Green Chemistry to go from zero to hero! Future
work on this subject includes a complete TEA/LCA and an
ASPEN process flow model to establish the detailed economic
viability of producing the PPD monomer from waste PET.

B ASSOCIATED CONTENT

Data Availability Statement
The data supporting this article have been included as part of
the Supporting Information.

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsapm.5c00191.

Data and photographs relating to monomer syntheses
and purification; differential scanning calorimetry,
LCMS, and NMR spectra for monomer analysis; and
viscometry data and cross-polarized observation of the
PPTA liquid crystalline phase (PDF)

B AUTHOR INFORMATION

Corresponding Author
John R. Dorgan — Department of Chemical Engineering and
Materials Science, Michigan State University, East Lansing,
Michigan 48824, United States; ® orcid.org/0000-0001-
5277-4508; Email: jd@msu.edu

Authors

Elanna P. Neppel — Department of Chemical Engineering and
Materials Science, Michigan State University, East Lansing,
Michigan 48824, United States

Richard-Joseph L. Peterson — Department of Chemical
Engineering and Materials Science, Michigan State
University, East Lansing, Michigan 48824, United States

Lars Peereboom — Department of Chemical Engineering and
Materials Science, Michigan State University, East Lansing,
Michigan 48824, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsapm.5c00191

Author Contributions

J.RD. conceptualized the synthetic pathway, performed
background literature work, designed the experiments, and
supervised the research. R-J.L.P. executed the ammonolysis
and Hofmann reactions to obtain TPA and PPD; he also
developed sublimation procedures for monomer purification.
E.P.N. performed base catalyzed hydrolysis of PET, conducted
chlorination reactions to yield TCl, and performed all PPTA
polymerizations. L.P. provided guidance and assistance with
laboratory procedures. E.P.N. wrote the initial draft of the
paper with input from R-J.L.P.; J.R.D. reviewed and repeatedly
edited drafts until the final version was produced.

Funding

This work was supported under Grant No. 2029374 from the
National Science Foundation (NSF) program “Engineering the
Elimination of End-of-Life Plastics” (E3P), a program under
the Emerging Frontiers & Multidisciplinary Activities (EFMA).
Any opinions, findings, and conclusions or recommendations
expressed in this material are those of the author(s) and do not
necessarily reflect the views of the National Science

https://doi.org/10.1021/acsapm.5c00191
ACS Appl. Polym. Mater. 2025, 7, 5475—-5481


https://pubs.acs.org/doi/suppl/10.1021/acsapm.5c00191/suppl_file/ap5c00191_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.5c00191/suppl_file/ap5c00191_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.5c00191/suppl_file/ap5c00191_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c00191?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsapm.5c00191/suppl_file/ap5c00191_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+R.+Dorgan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5277-4508
https://orcid.org/0000-0001-5277-4508
mailto:jd@msu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elanna+P.+Neppel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard-Joseph+L.+Peterson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lars+Peereboom"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c00191?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c00191?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c00191?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c00191?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c00191?fig=fig6&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.5c00191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

Foundation. J.R.D. acknowledges additional financial support
in the form of the David and Denise Lamp Endowed
Professorship in Chemical Engineering and Materials Science.

Notes
The authors declare no competing financial interest.

B REFERENCES

(1) Geyer, R; Jambeck, J.; Lavender Law, K. Production, Use, and
Fate of All Plastics Ever Made. Sci. Adv. 2017, 3 (7), 5.

(2) PlasticsEurope, Plastics-the Facts 2020; Plastics Europe: 2020.

(3) Barnes, D. K; Galgani, F; Thompson, R. C.; Barlaz, M.
Accumulation and fragmentation of plastic debris in global environ-
ments. Philos. Trans R Soc. Lond B Biol. Sci. 2009, 364 (1526), 1985—
1998.

(4) Leslie, H.; van Velzen, M.; Brandsma, S.; Vethaak, A.; Garcia-
Vallejo, J.; Lamoree, M. Discovery and quantification of plastic
particle pollution in human blood. Environ. Int. 2022, 163,
No. 107199.

(5) Anastas, P.; Eghbali, N. Green chemistry: principles and practice.
Chem. Soc. Rev. 2010, 39 (1), 301-312.

(6) Allen, D. T.; Shonnard, D. R. Green Engineering. Prentice Hall
Inc.: Upper Saddle River, NJ, 2002.

(7) Welle, F. Twenty Years of PET Bottle to Bottle Recycling-An
Overview. Resources, Conservation, and Recycling 2011, 55 (11), 865—
87S.

(8) NAPCOR 2020 PET Thermoform Recycling: A Progress Report;
NAPCOR, 2021.

(9) Rorrer, N.; Nicholson, S.; Carpenter, A.; Biddy, M.; Grundl, N;
Beckham, G. Combining Reclaimed PET with Bio-based Monomers
Enables Plastics Upcycling. Joule 2019, 3 (4), 1006—1027.

(10) 2015—16 Centralized Study on Availability of Plastic Recycling;
Resource Recycling Systems, Moore Recycling Associates, Ann Arbor,
M. 1, 2017; p 46.

(11) Aguado, J; Serrano, D. Chemical Depolymerization. In
Feedstock Recycling of Plastic Wastes; Royal Society of Chemistry:
1999; pp 31-58.

(12) Toto, D. Eastman considers locations for second US
methanolysis site. Recycling Today 2022.

(13) Morris, J. Recycling versus Incineration: An Energy
Conservation Analysis. Journal of Hazardous Materials 1996, 47 (1—
3), 277-293.

(14) Rahimi, A.; Garcia, J. M. Chemical recycling of waste plastics
for new materials production. Nat. Rev. Chem. 2017, 1 (6), No. 0046.

(15) McNeeley, A; Liu, Y. A. Assessment of PET Depolymerization
Processes for Circular Economy. 1. Thermodynamics, Chemistry,
Purification, and Process Design. Ind. Eng. Chem. Res. 2024, 63 (8),
3355-3399.

(16) DuPont Aramid Fiber Technical Guide, DuPont, 2017.

(17) Garcia, J. M.; Garcia, F. C.; Serna, F.; de la Pena, J. L. High-
Performance Aromatic Polyamides. Prog. Polym. Sci. 2010, 3S (S),
623—686.

(18) Imai, Y.; Oishi, Y. Novel Synthetic Methods for Condensation
Polymers Using Silylated Nucleophilic Monomers. Prog. Polym. Sci.
1989, 14, 173—193.

(19) Preston, J; Kotek, R; Krigbaum, W. R. Poly(p-Phenyl-
enetherephtalamide) of High Molecular Weight by the Higashi
Phosphorylation Reaction. Macromol. Synth. 1985, 22, 4045—4047.

(20) Louise, K. S.; Winthrop, M. P.; Richard, S. W. Process of
making wholly aromatic polyamides, US3063966A 1962.

(21) Yushchenko, D.; Zhizhina, E.; Pai, Z. Methods for the Synthesis
of Phthalic Acid Dichlorides. Catalysis in Chemical and Petrochemical
Industry 2020, 12, 29-38.

(22) Ruiz, J; Trigo-Lopez, M.; Garcia, F.; Garcia, J. Functional
Aromatic Polyamides. Polymers 2017, 9 (9), 414.

(23) Singh, T.; Samanta, S. Characterization of Kevlar Fiber and Its
Composites: A Review. Mater. Today 2015, 2 (4—S5), 1381—1387.

5480

(24) 1dage, S. B, Idage, B. B.; Shinde, B. M;; Vernekar, S. P.
Polyamides Containing Arylene Sulfone Ether Linkages. J. Polym. Sci.
1989, 27 (2), 583—594.

(25) Greenwood, J. H; Rose, P. G. Compressive behavior of Kevlar
49 fibers and composites. J. Mater. Sci. 1974, 9, 1809—1814.

(26) Denchev, Z.; Dencheva, N. V., Manufacturing and Properties of
Aramid Reinforced Polymer Composites. In Synthetic Polymer-Polymer
Composites, Bhattacharyya, D.; Fakirov, S. Eds. Carl Hanser Verlag
GmbH & Co.: Munich, 2012; pp 465—530.

(27) Research and Markets Kevlar Fiber Market By Application:
Global Opportunity Analysis and Industry Forecast, 2021—2031; Allied
Market Research: 2022; p 200.

(28) Yamazaki, N.; Matsumoto, M.; Higashi, F. Studies on Reactions
of the N-Phosphonium Salts of Pyridines. XIV. Wholly Aromatic
Polyamides by the Direct Polycondensation Reaction by Using
Phosphites in the Presence of Metal Salts. Journal of Polymer Science:
Polymer Chemistry Edition 1975, 13, 1373—1380.

(29) Hernandez, G.; Ferrero, S.; Reinecke, H.; Bartolome, G.;
Martinez-Ilarduya, J.; Alvarez, C.; Lozano, A. New Insights in the
Synthesis of High-Molecular-Weight Aromatic Polyamides-Improved
Synthesis of Rod-like PPTA. International Journal of Molecular Sciences
2023, 24, 2734.

(30) Cosimbescu, L.; Malhotra, D.; Pallaka, M.; Swita, M. Kevlar-like
Aramid Polymers from Mixed PET Waste. ACS Omega 2022, 7,
32026—32037.

(31) Meyers, R. A. Handbook of petroleum refining processes.
McGraw-Hill 2004.

(32) Thiele, J.; Wheeler, L. H. Rearrangement of hydrozines in p-
diamines. Berichte der Deutschen Chemischen Gesellschaft 189S, 28,
1538—1539.

(33) Smiley, R. Pehnylene- and Touluenediamines. In Ullmann’s
Encyclopedia of Inudstrial Chemistry, 6 ed.; Wiley-VCH Verlag GmbH
& Co., 2000

(34) Wallis, E. S.; Lane, J. F. The Hofmann Reaction. Org. React.
1946, 3, 268—28S.

(35) Quick, A. The preparation of p-phenylenediamine and aniline
from their corresponding chlorobenzenes. J. Am. Chem. Soc. 1920, 42
(5), 1033—1042.

(36) Zengel, H.; Bergfeld, M. A new process for the production of p-
phenylenediamine alternatively from polyester waste, terephthalic
ester, or terephthalic acid. Ind. Eng. Chem. 1976, 1S5 (3), 186—189.

(37) Hu, L.-C; Oku, A, Yamada, E.; Tomari, K. Alkali-
Decomposition of poly(ethylene terephthalate) in mixed media of
nonaqueous alcohol and ether. Polym. J. 1997, 29, 708—712.

(38) Oku, A; Hu, L.-C; Yamada, E. Alkali decomposition of
poly(ethylene terephthalate) with sodium hydroxide in nonaqueous
ethylene glycol: A study on recycling of terephthalic acid and ethylene
glycol. J. Appl. Polym. Sci. 1997, 63 (S), 595—601.

(39) Joy, E.; Bonn, J.; Barnard, A. Differential Scanning Calorimetric
Assessment of High Purity. Thermochim. Acta 1971, 2 (1), S7—68.

(40) Marti, E. Purity determination by differential scanning
calorimetry. Thermochim. Acta 1972, § (2), 173—220.

(41) Mastrangelo, S.; Dornte, R. Solid Solutions Treatment of
Calorimetric Purtity Data. J. Am. Chem. Soc. 1955, 77 (23), 6200—
6201.

(42) NIST Databank, 2023.

(43) Arpin, M.; Strazielle, C. Characterization and conformation of
aromatic polyamides: poly(1,4- phenylene terephthalamide) and
poly(p-benzamide) in sulphuric acid. Polymer 1977, 18 (6), 591—598.

(44) Gladkov, A; Savchenko, L.; Malyshev, A; Gal'braikhk, L.
Estimation of the viscosity properties of solutions of aromatic
copolyamides. Fibre Chem. 2008, 37, 18—21.

(45) Kong, H.; Ding, X.; Qiao, M.; Yu, M. Molecular weight and
distribution of ultra-high molecular weight poly(p-phenyleneterepha-
lamide). In 2017 Global Conference on Polymer and Composite
Materials 2017, 213.

(46) Flory, P. J. Phase equilibria in solutions of rod-like particles.
Proc. R. Soc. London, Ser. A 1956, 234 (1196), 73—89.

https://doi.org/10.1021/acsapm.5c00191
ACS Appl. Polym. Mater. 2025, 7, 5475—-5481


https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1098/rstb.2008.0205
https://doi.org/10.1098/rstb.2008.0205
https://doi.org/10.1016/j.envint.2022.107199
https://doi.org/10.1016/j.envint.2022.107199
https://doi.org/10.1039/B918763B
https://doi.org/10.1016/j.resconrec.2011.04.009
https://doi.org/10.1016/j.resconrec.2011.04.009
https://doi.org/10.1016/j.joule.2019.01.018
https://doi.org/10.1016/j.joule.2019.01.018
https://doi.org/10.1016/0304-3894(95)00116-6
https://doi.org/10.1016/0304-3894(95)00116-6
https://doi.org/10.1038/s41570-017-0046
https://doi.org/10.1038/s41570-017-0046
https://doi.org/10.1021/acs.iecr.3c04000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.3c04000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.3c04000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.progpolymsci.2009.09.002
https://doi.org/10.1016/j.progpolymsci.2009.09.002
https://doi.org/10.1016/0079-6700(89)90001-4
https://doi.org/10.1016/0079-6700(89)90001-4
https://doi.org/10.1134/S2070050420010110
https://doi.org/10.1134/S2070050420010110
https://doi.org/10.3390/polym9090414
https://doi.org/10.3390/polym9090414
https://doi.org/10.1016/j.matpr.2015.07.057
https://doi.org/10.1016/j.matpr.2015.07.057
https://doi.org/10.1002/pola.1989.080270218
https://doi.org/10.1007/BF00541750
https://doi.org/10.1007/BF00541750
https://doi.org/10.1002/pol.1975.170130609
https://doi.org/10.1002/pol.1975.170130609
https://doi.org/10.1002/pol.1975.170130609
https://doi.org/10.1002/pol.1975.170130609
https://doi.org/10.3390/ijms24032734
https://doi.org/10.3390/ijms24032734
https://doi.org/10.3390/ijms24032734
https://doi.org/10.1021/acsomega.2c03059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c03059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cber.18950280270
https://doi.org/10.1002/cber.18950280270
https://doi.org/10.1021/ja01450a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01450a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/i360059a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/i360059a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/i360059a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1295/polymj.29.708
https://doi.org/10.1295/polymj.29.708
https://doi.org/10.1295/polymj.29.708
https://doi.org/10.1002/(SICI)1097-4628(19970131)63:5<595::AID-APP7>3.0.CO;2-P
https://doi.org/10.1002/(SICI)1097-4628(19970131)63:5<595::AID-APP7>3.0.CO;2-P
https://doi.org/10.1002/(SICI)1097-4628(19970131)63:5<595::AID-APP7>3.0.CO;2-P
https://doi.org/10.1002/(SICI)1097-4628(19970131)63:5<595::AID-APP7>3.0.CO;2-P
https://doi.org/10.1016/0040-6031(71)85024-4
https://doi.org/10.1016/0040-6031(71)85024-4
https://doi.org/10.1016/0040-6031(72)85022-6
https://doi.org/10.1016/0040-6031(72)85022-6
https://doi.org/10.1021/ja01628a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01628a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0032-3861(77)90061-1
https://doi.org/10.1016/0032-3861(77)90061-1
https://doi.org/10.1016/0032-3861(77)90061-1
https://doi.org/10.1007/s10692-005-0043-3
https://doi.org/10.1007/s10692-005-0043-3
https://doi.org/10.1088/1757-899X/213/1/012044
https://doi.org/10.1088/1757-899X/213/1/012044
https://doi.org/10.1088/1757-899X/213/1/012044
https://doi.org/10.1098/rspa.1956.0016
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.5c00191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

(47) Lin, J; Sherrington, D. C. Recent Developments in the
Synthesis, Thermostability, and Liquid Crystal Properties of Aromatic
Polyamides. Polym. Synth. 2008, 111, 178—216.

(48) Bair, T.; Morgan, P; Killian, F. Poly(1,4-phenylenetereph-
thalamides) Polymerization and Novel Liquid-Crystalline Solutions.
Macromolecules 1977, 10 (6), 1396—1400.

(49) Lambert, J.; Shurvell, H.; Lightner, D.; Cooks, R. G. Organic
Structural Spectroscopy. Printice-Hall Inc.: Upper Saddle River, NJ,
1998.

(50) Dorgan, J. R. Spinodal decomposition in mixtures containing
nematogens. Lig. Cryst. 1991, 10 (3), 347—35S.

(51) Dorgan, J. R. On the meaning of the spinodal in liquid
crystalline solutions. Fluid phase equilibria 1995, 109 (2), 157—169.

(52) Collyer, A. A. Lyotropic liquid crystal polymers for engineering
applications. Mater. Sci. Technol. 1990, 6 (10), 981—992.

(53) Chatzi, E. G.; Koenig, J. L. Morphology and Structure of Kevlar
Fibers: A Review. Polym.-Plast. Technol. Eng. 1987, 26 (3—4), 229—
270.

5481

https://doi.org/10.1021/acsapm.5c00191
ACS Appl. Polym. Mater. 2025, 7, 5475—-5481


https://doi.org/10.1007/BFb0024129
https://doi.org/10.1007/BFb0024129
https://doi.org/10.1007/BFb0024129
https://doi.org/10.1021/ma60060a042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma60060a042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/02678299108026281
https://doi.org/10.1080/02678299108026281
https://doi.org/10.1016/0378-3812(95)02735-W
https://doi.org/10.1016/0378-3812(95)02735-W
https://doi.org/10.1179/mst.1990.6.10.981
https://doi.org/10.1179/mst.1990.6.10.981
https://doi.org/10.1080/03602558708071938
https://doi.org/10.1080/03602558708071938
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.5c00191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

