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Environmental contamination with bisphenol A (BPA), produced via degradation of plastic waste, constitutes
a major hazard for human health due to the ability of BPA to bind to estrogen receptors and thereby induce
hormonal imbalances. Unfortunately, BPA cannot be degraded to a “safe” material without breaking C-C o-
bonds, and existing methods required to break these bonds employ petroleum-derived chemicals and
environmentally-harmful metal ions. Therefore, there is an urgent need to develop new “green” methods
to break BPA into monoaryl compounds without the use of such reagents and, ideally, convert those
monoaryls into valuable materials that can be productively utilized instead of being discarded as
chemical waste. Herein we report a new mechanism by which O,0’-dimethyl bisphenol A (DMBPA),
obtained from BPA-containing plastic via low-temperature recycling, undergoes C-C o-bond cleavage
via thiocracking, a reaction with elemental sulfur at temperatures lower than those used in many thermal
plastic recycling techniques (e.g., <325 °C). Mechanistic analyses and microstructural characterization of
the DMBPA-derived materials produced by thiocracking elucidated multiple subunits comprising
monoaryl species. Impressively, analyses of recoverable organics revealed that >95% of DMBPA had been
broken down into monoaryl components. Furthermore, the DMBPA-sulfur composite produced by
thiocracking (BC90) exhibited compressive strength (~20 MPa) greater than those of typical Portland
cements. Consequently, this new thiocracking method creates the ability to destroy the estrogen
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DOI: 10.1039/d25100138a receptor-binding components of BPA wastes using greener techniques and, simultaneously, to produce

rsc.li/rscsus a mechanically-robust composite material that represents a sustainable alternative to Portland cements.

Sustainability spotlight

Environmental contamination with bisphenol A (BPA), produced via degradation of plastic wastes, constitutes a major hazard for human health due to the
ability of BPA to bind to estrogen receptors and thereby induce hormonal imbalances. Unfortunately, BPA cannot be degraded to a “safe” material without
breaking C-C o-bonds, and existing methods required to break these bonds employ petroleum-derived chemicals and environmentally-harmful metal ions.
Therefore, there is an urgent need to develop new “green” methods to break BPA into monoaryl compounds without the use of toxic reagents and, ideally,
convert those monoaryls into valuable materials that can be productively utilized instead of being discarded as chemical waste. Herein we report a new
mechanism by which 0,0-dimethyl bisphenol A (DMBPA), obtained from BPA-containing plastic via low-temperature recycling, undergoes C-C o-bond cleavage
via thiocracking, a reaction with elemental sulfur at temperatures lower than those used in many thermal plastic recycling techniques. Impressively, analyses of
recoverable organics revealed that >95% of DMBPA had been broken down into monoaryl components. The DMBPA-sulfur composite produced by thiocracking
(BC90) exhibited compressive strength greater than those of typical Portland cements. Consequently, this new thiocracking method creates the ability to destroy
the estrogen receptor-binding components of BPA wastes using greener techniques and, simultaneously, to produce a mechanically-robust composite material
that represents a sustainable alternative to Portland cements. This work aligns most directly with UN sustainability goals Good Health and Wellbeing (SDG3),
Clean Water and Sanitation (SDG6), Sustainable Cities and Communities (SDG 11), and Responsible Consumption and Production (SDG12), with clear
downstream impact on safeguarding Life Below Water (SDG 14) and Life on Land (SDG 15).

Introduction

Environmental degradation of polycarbonate and other plastic
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*Department of Materials Science and Engineering, Clemson University, Clemson, organisms, thereby disrupting normal hormone signaling and
South Carolina, 29634, USA damaging reproductive systems. Entry of BPA into the maternal
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blood pool, for example, exposes developing embryos to BPA,
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delivery, and results in abnormally low birth weights." New
mechanisms to recycle BPA-containing wastes that also cleave
BPA subunits into monoaryl species are urgently needed to
eliminate the hazards to human and environmental health.
Despite some insightful work using nanoparticles to detoxify
BPA”™* the primary mechanisms for recycling BPA-containing
polymers preserve the 4,4-(propane-2,2-diyl)diphenol structure
that is responsible for the endocrine-disrupting effects of BPA.
We hypothesized that reaction of BPA-containing molecules
with elemental sulfur via thiocracking at 310-325 °C would
break apart the 4,4-(propane-2,2-diyl)diphenol core of BPA
through C-C o-bond cleavage and simultaneously produce high
sulfur-content materials (HSMs) that could be employed as
green alternatives to petroleum-derived plastics and CO,-
intensive Portland cement.
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Scheme 1 (A) Established thermal reactions of elemental sulfur to
form polymeric sulfur radicals. (B) Crosslinking of olefins with sulfur to
form HSMs. (C) Established thermal degradation routes for anisole (1)
and bisphenol A derivatives (3 and 4).
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Inverse vulcanization, pioneered by Pyun, is the principal
method used to prepare HSMs (Scheme 1A and B).*® Whereas
traditional vulcanization, developed by Goodyear,” employs
<5 wt% of elemental sulfur, Pyun's inverse vulcanization uses
sulfur as the majority component. Heating elemental sulfur to
temperatures above 159 °C disrupts the cyclo-Sg structure and
produces polysulfides with radical termini, ["S-S,-S’] (Scheme
1A). When the temperature is reduced below 159 °C, these
radical-terminated polysulfides slowly relax back to the cyclo-Sg
structure characteristic of orthorhombic sulfur.’®** In the
presence of olefins, however, the sulfur-centered radicals in
these polysulfides can add to the C-C w-bonds to produce
composites containing highly-crosslinked networks, which
comprise stabilized polymeric sulfur chains. Composites
produced in this manner can exhibit exceptional thermo-
mechanical properties, and can be thermally recycled under
relatively mild conditions, owing to the thermal reversibility of
S-S bond breakage and bond formation.**™** Fully-sustainable
sulfur composites can be prepared when petroleum-derived
olefins are replaced with biologically-produced monomers,
such as fatty acids,"**" triglycerides,*** terpenoids,***”-** amino
acid derivatives,® lignin derivatives,** cellulose deriva-
tives,***® and even raw lignocellulosic biomass.*”*® Reaction
temperatures for preparing or shaping HSMs can be lowered by
using catalysts,® mechanochemical methods,* ternary
mixtures,* pre-formation of more reactive sulfur species,”
using nucleophiles to fuse materials together through S-S
metathesis,* or by compression-molding of materials.** Prom-
ising photochemical routes to C-S bond formation towards
preparing or healing HSMs also hold potential for lowering the
energy requirements of these processes.”

Although 4,4-(propane-2,2-diyl)diphenol and its derivatives
do not contain olefinic subunits, species generated upon heat-
ing elemental sulfur can also react with thermal breakdown
products of organics to form HSMs comprising a variety of C-S
bonds. A process referred to as radical-induced aryl halide-
sulfur polymerization (RASP),*>*** for example, employs
a thermally-generated radical, which then reacts with elemental
sulfur to yield HSMs comprising aryl carbon-sulfur bonds. In
another example, our group recently reported GS80, a guaiacol-
sulfur composite, comprising C,-S bonds produced via the
reaction of thermally-generated guaiacol-derived aryl radicals
with elemental sulfur at 230 °C (Scheme 2A).** We therefore
hypothesized that similar thermal decomposition of other
anisole-containing compounds in the presence of elemental
sulfur would likewise yield HSMs through the formation of
Caryi=S bonds (Scheme 1C).*%

Thermal recycling of BPA-containing plastics yields the
anisole-containing compound 0,0-dimethyl bisphenol A
(DMBPA) via photo-induced catalytic C-C bond scission at only
35-40 °C.°* Because DMBPA contains anisole subunits, we
hypothesized that the reaction conditions developed by our
group for the conversion of guaiacol to GS80 would likewise
yield HSMs in which the DMBPA had been broken down into
monoaryl species. Herein we report the reaction of DMBPA with
elemental sulfur at 310-325 °C to afford the HSM BC90, which
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Scheme 2 (A) Microstructures in GSgq (formed by reaction of 80 wt%
sulfur with guaiacol). (B) Formation of and microstructures observed in
BC90. Substructures are inferred from nine structurally-distinct frag-
ments F1-F9 identified by mass spectrometric analysis of depoly-
merization products (Chart 1).

comprises monoaryl species derived from C-C o-bond cleavage
in DMBPA.*-%°

Results and discussion

The primary objective of the current study was to elucidate
a route to chemically disassemble the BPA core structure at
a lower temperature than those of current chemical recycling
approaches to plastic waste treatment such as carbonization,
pyrolysis, combustion, gasification and some applications of
hydrocracking.? The compound 0,0-dimethyl bisphenol A
(DMBPA) was selected as the substrate because it can be readily
obtained from BPA-containing plastic wastes via low-
temperature (35-40 °C) C-C bond scission.®* Thermal decom-
position studies of BPA and its derivatives**** have revealed that
Caryi=Caiyt o-bond scission becomes significant at 310 °C
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(Scheme 1C). We therefore combined DMBPA and elemental
sulfur in a 1:9 mass ratio in a Parr bomb reactor under
a nitrogen atmosphere, and then heated the mixture to 310-
325 °C for 4 h. Upon cooling to room temperature, the product
BC90 was isolated as a black, glassy solid that could be remelted
readily (Scheme 2). To determine the relative distribution of
aryl-terminated polysulfides vs. entrapped, unreacted cyclo-Sg,
all unbound cyclo-Sg was extracted from BC90 using carbon
disulfide (CS,). Mass-balance analysis of the CS,-soluble and
-insoluble fractions revealed that 17.2% of the initial mass of
BC90 was unbound cyclo-Sg. Elemental microanalysis provided
unambiguous evidence that the CS,-soluble fraction contained
only elemental sulfur.

One strategy to identify the subunits comprising HSM
microstructures is to depolymerize the material by cleaving the
labile S-S bonds to afford small organic molecules with
improved solubility and greater amenability towards molecular
characterization techniques. A sample of BC90 was therefore
depolymerized using AlBr;,*>*”%% which has been shown to
cleave S-S bonds, along with S-C bonds to 1° and 2° alkyl
carbons, without affecting S-C bonds to 3° alkyl or aryl carbons.
Following AlBr;-mediated depolymerization, these unreacted
C-S bonds will be terminated as thiols (i.e., as C-S-H moieties).
To quantify the amount of C-S-H moieties, the depolymeriza-
tion mixture was then treated with the disulfide Ellman's
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Scheme 3 (A) Mechanism by which Ellman's reagent reacts with thiols

to provide a colorimetric response and (B) UV-Vis spectrum resulting
from Ellman’s analysis of BC90 depolymerization products.
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Chart 1 Depolymerization products identified by GC-MS analysis
reveal information on the microstructure of BC90.

reagent, which undergoes S-S bond scission in the presence of
free thiols with a concomitant increase in absorbance at 412 nm
(Scheme 3).°%” Analysis of the depolymerization mixture using
this technique indicated a lower limit of 0.7 S atoms per aryl
ring in the starting material, but the exact amount could not be
determined unambiguously due to the presence of some
insoluble material.

The only unambiguous evidence that could be obtained from
"H NMR spectroscopic analysis of this mixture (Fig. S1 and S2 in
the ESIt) was quantitative methyl migration, as indicated by the
absence of any resonance between 3-3.5 ppm attributable to —
OCH; moieties.

Fortunately, the components of the mixture produced by
depolymerization of BC90 could be analyzed by GC-MS, which
revealed nine unique fragments (F1-F9, Chart 1 and ESI Fig. S3-
S23t). Consistent with '"H NMR spectrometry, none of the
fragments comprised -OCH; moieties. Impressively, fragments
F1-F6 do not contain any O-atoms, likely the result of BPA
decomposition pathways (iv) and (vi) (Scheme 1), providing
unambiguous evidence for the thermal degradation of the
bisanisole core of DMBPA. Although the observation of frag-
ment F7 suggested that some intact BPA-like units were present
in BC90, GC-MS analysis of the other species confirmed that
>95% of the DMBPA bisanisole core structures had fragmented
in a manner consistent with known thermal decomposition
pathway (ix) (Scheme 1), which proceeds through a tertiary
benzylic radical.®* The observation of fragments F8 and F9
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indicated that the quaternary carbon bridging anisole rings was
not inert under these reaction conditions. These S-C,,; bonds
can be formed by reaction of elemental sulfur with tertiary
radical 10 or with olefin 9 via traditional inverse vulcanization.

Fragments F1-F7 and F9 comprise S-C, bonds that can
form only if the anisole subunits of DMBPA react with elemental
sulfur in a fashion similar to the anisole derivative guaiacol.
Interestingly, fragment F5 contains a new C-C o-bond formed
via methyl group transfer to an aryl ring, which is consistent
with previous studies into the thermolysis of anisoles in the
absence of other compounds. In the current case, however, their
contribution is much lower than observed in thermolysis of
pure anisole derivatives due to dilution of the anisole units by
the sulfur (90 wt%) that serves as the solvent/comonomer. We
therefore concluded that BC90 possessed a highly-complex
microstructure, comprising a multitude of subunits corre-
sponding to fragments F1-F9, of which >95% of the aromatic
compounds are monoaryls that could only be formed via C-C o-
bond breakage.

Once some general microstructural characteristics had been
elucidated and the hypothesized C-S bond-formation was
confirmed, it was necessary to determine the extent to which the
network could stabilize polymeric sulfur as is possible in HSMs
produced by other routes. Differential scanning calorimetry
(DSC) confirmed the presence of polymeric sulfur chains in
BC90, as evidenced by a characteristic glass transition at —34 °
C, along with broad cold crystallization peaks at —5-20 °C and
46-57 °C. Unbound cyclo-Sg, in contrast, was identifiable by
a melting peak at 116 °C (Fig. S24 in the ESI}). Thermal
decomposition onset for BC90 occurred at 235 °C, as judged by
the loss of 5% of initial mass. These TGA and DSC features are
highly-conserved with the other HSMs. Overall, BC90 possesses
19.4% the crystallinity of elemental sulfur.?*3>4¢¢

Scanning electron microscopy (SEM) with
mapping by energy dispersive X-ray analysis (EDX) performed
on samples of BC90 revealed that carbon and sulfur were well-
dispersed throughout the material (Fig. S26 in the ESI{), with
a minor number of regions in which organic material had
agglomerated (Fig. S27 in the ESIY).

Many of the HSMs developed by our group exhibit excep-
tional thermomechanical properties, and some notable exam-
ples have compressive strength values superior to those of
traditional cement-like structural materials used in
construction.***%7° Compressive test cylinders of BC90 (photo
inset, Fig. 1) could be conveniently prepared by melting
a sample of BC90, pouring the liquid sample into a cylindrical
mold, and then allowing the material to cure for 5 days at room
temperature. Cylindrical samples of BC90 prepared in this
manner were subjected to compressional stresses and the strain
responses were recorded (Fig. 1). At 22.5 + 2.1 MPa, the
compressional strength of BC90 resides at the high end of
compressional strength values measured for other HSMs
comprising 90 wt% sulfur (Table 1). Impressively, the
compressive strength of BC90 surpasses by 32% the compres-
sive strength requirements for traditional Portland cements
employed in residential building foundations.

elemental

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Stress—strain curve for BC90 (solid line) and linear fit (dashed

line). A photo of a compressive test cylinder of BC90 is shown as an
inset.

Table 1 Compressive strength analysis for HSMs®

Compressive
Materials (90 wt% sulfur) strength/MPa
BC90 22.5
PSo® 21.3
APSq° 24.1
0SSg° 10.9
cits? 10.0
GerS*® 7.9
Fars® 28.9
CanS® 9.3
Suns® 17.8
LinS' 22.9
Portland cement 17

“ HSMs prepared by the reaction of elemental sulfur (90 wt%) with (a)
peanut shell flour, (b) allylated peanut shell flour, (c) octenyl
succinate-modified corn starch, (d) citronella oil, (e) geraniol, (f)
farnesol, (g) canola oil, (h) sunflower oil. (i) HSM from reaction of Sg
(95 wt%) (j) Ordinary Portland cement. ohe compressive strength of
OPC can vary, so a value of 17 MPa, the minimum required by ACI
330 for residential building, is used here for comparison.

Conclusions

The compound DMBPA, which is produced by low-temperature
recycling of BPA-derived plastics, reacts with elemental sulfur at
310-325 °C such that >95% of DMBPA is converted to monoaryl
species. Because the endocrine-disrupting function of a BPA-
derived bisphenolic arises from its ability to bind to estrogen
receptors, rupturing its bisaryl core into monoaryl species will
eliminate these physiologically-harmful effects. Impressively,
BC90, the composite material produced by this reaction of
DMBPA with elemental sulfur, possesses a compressive
strength that surpasses the requirements of traditional Port-
land cements used in the foundations of residential buildings.
Moreover, unlike traditional Portland cements, BC90 is fully
thermally-recyclable, with no loss in mechanical strength after
multiple cycles. Our findings constitute a mechanism by which
the harmful endocrine-disrupting effects of BPA can be

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

eliminated using green chemical methods. In addition, the
resulting HSM composites have significant value of their own as
sustainable, and recyclable, alternatives to traditional Portland
cements. Given the utility of HSMs®?*3%447"81 a5 components of
lithium-sulfur batteries,”®”>*®* infrared imaging devices,*
water  purification  adsorbents,**®° and  slow-release
fertilizers,”** our method will give BPA-derived plastic wastes
new life in a wide variety of sustainable endeavors.

Experimental
General considerations and instrumentation

All "TH NMR spectra were recorded on a Bruker Avance spec-
trometer operating at 300 MHz. TGA was recorded (Mettler
Toledo TGA 2 STARe System) over the range 20-800 °C with
heating. DSC was acquired (Mettler Toledo DSC 3 STARe
System) over the range —60 to 150 °C with a heating rate of 5 °©
C min~" under a flow of N, (200 mL min~"). Each DSC
measurement was carried out over three heat-cool cycles. Each
measurement was acquired in triplicate to ensure consistent
results were obtained. Compressional analysis was performed
on a Mark-10 ES30 test stand (Model G1061-1) equipped with
a M3-200 force gauge (1000 N maximum force with £1 N reso-
lution). Compression cylinders were cast from silicone resin
molds (Smooth-On Oomoo® 30 tin-cure) with diameters of
approximately 6 mm and heights of approximately 9 mm. The
data reported are the average of three runs. SEM and EDX were
acquired on a Schottky Field Emission Scanning Electron
Microscope SU5000 operating in variable pressure mode with
an accelerating voltage of 15 keV.

Carbon disulfide extractions were performed by suspending
0.5 g of finely ground material (measured to 0.001 g) in 20 mL of
CS,, allowing the solid to settle for 30 minutes, pipetting off the
supernatant into a separate vial, and adding another 20 mL of
CS,. This process was repeated an additional 3 times so that
a total of 5 washes was performed to leave a residue of constant
mass. The residual CS, was evaporated under a flow of N, and
each vial was weighed to determine the fraction that was
insoluble.

Materials

Elemental sulfur (99.5%, Alfa Aesar), carbon disulfide (Bean
Town Chemicals). Tris(hydroxymethyl)aminomethane hydro-
chloride and 5,5-dithio-bis-(2-nitrobenzoic acid) (VWR Analyt-
ical). Chemicals were all used as received.

Synthesis

CAUTION: Heating elemental sulfur with organics can result in
the formation of H,S gas. H,S is toxic, foul-smelling, and
corrosive. Although we did not observe any mass loss attribut-
able to gas generation, the temperature must be carefully
controlled to prevent thermal spikes, which contribute to the
potential for H,S evolution. Rapid stirring shortened heating
times, and very slow addition of reagents can help prevent
unforeseen temperature spikes.

RSC Sustainability, 2023, 1, 535-542 | 539
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Synthesis of BC90. A 2.0 g sample of DMBPA and 18.0 g of
elemental sulfur were weighed out and thoroughly mixed into
a stainless-steel reactor vessel of a Parr bomb reactor. The
reactor vessel was then sealed in a heating assembly (Parr model
2236HCEB) equipped with a temperature controller (Model
4843) and a mechanically-driven stainless-steel stir rod. The
temperature was maintained at 310-325 °C for 4 h under a N,
environment. After the reactor vessel cooled down to room
temperature, the hard, black, shiny solid was collected in
quantitative yield. The solid so collected was ground into a fine
powder and used for all the characterizations described herein.
To cast the cylinders for compressive strength analysis, the
powder was remelted at 180 °C and poured into silicone resin
molds. Elemental analysis and fractionation data are provided
in the ESL.}

Depolymerization with AlBr;. The BC90 sample (30 mg) was
crushed to a fine powder and then mixed with 60 mg of AlBr; in
a glovebox under a N, atmosphere. The solid mixture was sus-
pended in 6 mL of anhydrous toluene for 30 min with contin-
uous stirring. At the end of the reaction time, the solvent was
filtered and 5% (v/v) HCI : ethanol (5 mL) was added. Following
three consecutive washes, the organic layer in toluene was
separated and concentrated to give the solid for analysis.

The reaction of depolymerized products with Ellman's
reagent. The procedure was carried out according to a previ-
ously reported method with slight changes. The stock solution
of DTNB (5,5-dithio-bis-(2-nitrobenzoic acid)) was prepared by
dissolving 40 mg of DTNB in 10 mL of DMSO. The solution was
100-fold diluted into 0.1 mM DTNB solution using Tris HCI
(Tris (hydroxymethyl)aminomethane hydrochloride) buffer
solution at a pH of 7.4. A1 mL aliquot of the solution containing
depolymerized products and 19 mL of 0.1 mM DTNB were
mixed and then let it to sit at room temperature for 2 min. The
prepared samples were then analysed using a Cary 50 UV-VIS
spectrophotometer. The same procedure was carried out
without adding AlBr; to confirm thiol groups' absence in the
initial sample.
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