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ABSTRACT: Postconsumer polystyrene (PS) wastes are a major
contributor to microplastic contamination of the biosphere, which
could be reduced or eliminated by developing strategies to upcycle
these wastes into useful materials. Four postconsumer PS waste
streams from flatware (PSF), cups (PSC), lids (PSL), and
packaging materials (PSP), as well as a mixture of all four streams
(PSM), were reacted with elemental sulfur at 230 °C to afford the
corresponding high-sulfur-content materials (HSMs) PSF90,
PSC90, PSL90, PSP90, and PSM90, respectively. Glass transitions
in these HSMs were observed at temperatures ranging from −36 to
−39 °C, with these values being characteristic of oligo/polysulfide
chains. Compressional and flexural strength measurements
revealed that these HSMs were competitive with ordinary Portland
cement and C62 Brick. To gain insight into the microstructural features within these HSMs, cumene was reacted with sulfur at 230
°C and then depolymerized with LiAlH4, yielding small-molecule products amenable to GC-MS analysis. These reactivity studies
provided compelling evidence that PSF90, PSC90, PSL90, PSP90, and PSM90 contain the expected oligo/polysulfide cross-links
between PS chains at 3° benzylic and 2° aliphatic carbons in addition to the formation of benzothiophene moieties.
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■ INTRODUCTION
Global plastic production exceeds 450 Mt each year, with more
than 150 Mt of polypropylene, 60 Mt of polyethylene, 30 Mt
of poly(ethylene terephthalate), and 25 Mt of polystyrene, with
most of this mass found in single-use consumer products.1

Each of these polymers exhibits thermoplastic behavior, but
industrial-scale melt-recycling is practical for only polypropy-
lene, polyethylene, and poly(ethylene terephthalate) with
current technology. Recycling polystyrene (PS) is complicated
by the fact that it is commonly blended with other materials,
some of which are incompatible with melt-recycling processes.2

Because the largest application of PS is disposable packaging
and food service items, a significant proportion of postcon-
sumer PS is discarded in mixed-waste streams. Unfortunately,
postconsumer PS wastes are highly dispersible and thus
contribute significantly to microplastic contamination of both
terrestrial3 and marine4 environments.
Despite the obvious environmental harms of PS wastes, <1%

of nondurable PS-based products�such as plastic flatware,
single-use cups and lids, and packaging�are not recycled due
to the aforementioned challenges. To prevent postconsumer
PS wastes from entering the biosphere and causing grave
environmental damage, there is an urgent need to develop new
strategies to recycle postconsumer PS wastes or upcycle them

into useful materials via processes that can be economically
viable and technically feasible on industrial scales. Significant
progress has recently been made in upcycling by depolymeriz-
ing PS into (i) small-molecule aromatic building blocks for
chemical synthesis using photocatalytic oxidation,5−10 thermal
oxidation,11−15 and mechanochemical force,16 (ii) trans-
portation fuel-grade hydrocarbons using microwave,17,18 and
(iii) biocidal natural products using bioengineered enzymes,19

as well as by incorporating PS into versatile composites
suitable for use in applications ranging from catalysis20 to
electrophoretic imaging21 to CO2 sequestration.

22

Petroleum refining produces significant quantities of
elemental sulfur from hydrodesulfurization processes, but
because sulfur production outpaces productive applications,
large quantities of it enter the biosphere at open-air, outdoor
waste storage sites. Given the magnitude of annual sulfur waste
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production (82 Mt),23 the sulfur at these storage sites poses
hazards to waste-management personnel24 and can cause
acidification of the nearby soil and groundwater.25−27 As a
result, better sulfur utilization is an area actively explored to
support sustainability and environmental remediation goals,
ranging from optical sensors to thermosets.28−35 Inverse
vulcanization (InV)36,37 has emerged as a revolutionary
process to upcycle sulfur into valuable products, which will
reduce the amount of new sulfur waste entering the
environment and, eventually, begin to consume the vast
stockpiles of existing sulfur waste. The mechanism underlying
the InV reaction is the addition of oligo/polymeric sulfide
radicals, thermally generated via ring-opening of S8, to C�C
π-bonds, affording new C−S σ-bonds. InV reactions are often
performed with a mass of alkene substrate smaller than that of
S8;

38−50 thus, the products of InV reactions are often described
as high-sulfur-content materials (HSMs). A common feature of
HSMs is the presence of cross-linking oligo/polysulfide chains
between organic substrates that are anchored by C−S σ-bonds.
Pyun and co-workers have demonstrated that styrene

monomer can react with S8 to produce HSMs comprised of
oligo/polysulfide cross-links between the styrene monomers
(Scheme 1A−1B), concomitant with formation of poly/
oligostyrene chains.51,52 The predominant microstructural
features are linear chains comprised of alternating oligo/

polysulfide and styrene subunits, which are produced via
addition of sulfur-centered radicals to C�C π-bonds.
Alternatively, HSMs can also be generated upon reaction of
S8 with organic substrates that contain no olefinic groups. For
example, Lai and Liu demonstrated that 1,3,5-triisopropylben-
zene (TIPB) could react with S8 to afford an HSM product,
which interestingly contained cross-linking oligo/polysulfide
chains tethered to TIPB cores, consistent with the addition of
sulfur radicals to olefinic groups (Scheme 1C−1D).53 The
authors proposed that the reaction conditions caused H atom
abstraction followed by elimination, which generated olefinic
groups in situ. To reflect the distinction between the reaction
pathways initiated by olefin addition from those initiated by H
atom transfer (HAT), we will describe the former as “olefin-
addition-initiated S−C bond-forming reactions” (i.e., tradi-
tional InV) and the latter as “HAT-initiated S−C bond-
forming reactions.”
Because polystyrene contains tertiary benzylic sites similar to

those in TIPB, we hypothesized that PS itself would react with
S8 to form S−C bonds at the (i) 3° benzylic sites, via H atom
abstraction to form 3° benzylic radicals, as well as the (ii) 2°
aliphatic sites, via in situ generation of olefinic moieties from
3° benzylic radicals, to afford HSMs comprised of polymeric
carbon chains cross-linked by oligo/polysulfide branches. Four
postconsumer PS waste streams were selected as the organic

Scheme 1. HSM Formationa

aSulfur−carbon bond formation can be accomplished by inverse vulcanization of alkenes (A) and S−Cbenzylic bond formation (B). Even in the
absence of alkenes, S−Cbenzylic bond formation can support the formation of composites, as demonstrated by reactions of 1,3,5-triisopropylbenzene
with S8 at 180 °C (C). Alkenes can be formed from benzylic alkyl groups as shown in (D).
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inputs for reaction with S8 based on their prevalence: flatware,
foam cups, lids (those that fit the foam cups that were used),
and shipping packaging cubes. Herein we report the reactions
of S8 at 230 °C with each of these PS waste streams, as well as
with mixed samples containing all four PS wastes, to give
composites PSF90, PSC90, PSL90, PSP90, and PSM90,
respectively (using the abbreviation PSXyy, where PS refers
to polystyrene, X refers to the specific waste stream source, and
yy refers to the mass % of S8 in the HSM product). The results
from spectroscopic, thermomechanical, mass spectrometric,
and sustainability analyses of these HSMs are presented and
compared to representative construction materials.

■ RESULTS AND DISCUSSION
Preparation and Characterization of Postconsumer

Polystyrene Waste Samples. Four high-volume sources of
postconsumer polystyrene (PS) wastes were selected for
testing in the current study: (1) PS flatware (PSF) recovered
from office refuse, (2) PS foam cups (PSC) recovered from
fast food restaurant refuse, (3) the PS lids associated with
those cups (PSL), and (4) PS packaging cubes (PSP)
recovered from shipping boxes (Figure 1). Samples of PSF,

PSC, PSL, and PSP were ground in an industrial blender to
yield free-flowing particulate materials suitable for use in
thiocracking reactions. To reflect the heterogeneous nature of
postconsumer plastic wastes, mixed PS samples (PSM) were
prepared using input streams containing PSF, PSC, PSL, and
PSP. For this purpose, it was reasoned that the cup- and lid-
derived polystyrene would generally be disposed of as a unit
(3:1 ratio of PSC:PSL by mass). The polystyrene waste was
then mixed in a 1:1:1 ratio (PSP:PSC/PSL:PSF) to make up
the mixed PSM feedstock.
Infrared spectroscopic analysis of PSF, PSC, and PSP

samples revealed spectra that were highly conserved across the
series (Figures S1−S3) and in good agreement with IR spectra
for pure PS (Figure S4). Samples of PSL displayed additional
peaks in the 950−1000 cm−1 region attributable to
polybutadiene added to improve the toughness of PS to be

suitable for cup lids (Figure S5). Proton NMR spectra of PSF,
PSC, and PSP samples (Figures S6−S8) were likewise
consistent with the 1H NMR spectra of pure PS (Figure S9).
The 1H NMR spectrum of PSL was similar to those of PSF,
PSC, and PSP samples but also included signals unique to
PSL, most notably a resonance at 5.39 ppm, which indicated
the presence of alkene protons (Figure S10). The type of
polystyrene most commonly used in disposable drink container
lids is high-impact polystyrene (HIPS),54 which is a composite
of polystyrene blended with a polybutadiene additive to
enhance its toughness and flexibility. Because the polybuta-
diene content in HIPS typically ranges from 3 to 10 wt %,55,56

we therefore attributed the signal at 5.39 ppm in the 1H NMR
spectrum of PSL to the polybutadiene additive present in that
material.
Molecular-weight analyses of PSF, PSC, PSL, and PSP by

gel-permeation chromatography (GPC) yielded number-
averaged molecular weight (Mn) and dispersity (Đ) values
within the ranges of 70−95 kDa and 1.6−1.9, respectively
(Figures S11−S14 and Table S1). The GPC trace collected for
PSL contained an additional small peak with Mn = 1100 Da
that likely derives from the polybutadiene additive. Thermog-
ravimetric analysis (TGA) of PSF, PSC, PSL, and PSP
revealed decomposition temperatures (defined as the temper-
ature at which 5% mass loss was observed, abbreviated as
Td,5%) that were highly conserved across the series (371−388
°C) and similar to the values observed with pure PS (Figures
S15−S18). Broad glass transitions were observed in the
differential scanning calorimetry (DSC) thermograms of these
four PS waste stream samples, with their Tg,DSC values ranging
from 95 to 103 °C (Figures S19−S22), consistent with
previously reported values for pure polystyrene.

Preparation and Characterization of HSMs from
Postconsumer Polystyrene Wastes. Initial attempts at
inverse vulcanization of PSF, PSC, PSL, and PSP were
performed at 180 °C, given that H atom abstraction and S−
Cbenzylic bond formation occur at this temperature when the
substrate is 1,3,5-triisopropylbenzene (Scheme 1C). However,
using these conditions with PSF, PSC, PSL, and PSP afforded
highly heterogeneous materials in which macroscopic pieces of
unreacted PS were still present, even after 24 h. Increasing the
reaction temperature to 230 °C caused each of these PS
samples to soften and homogenize with the molten sulfur.
Reactions of PSF, PSC, PSL, PSP, and PSM with sulfur at 230
°C afforded the corresponding HSMs PSF90, PSC90, PSL90,
PSP90, and PSM90 as macroscopically homogenous black solids
with no apparent unreacted PS particulates. Negligible mass
loss due to H2S(g) release (<0.33 wt %, Table S1) was
observed during the syntheses of these HSMs. Scanning
electron microscopy with elemental mapping by energy
dispersive X-ray analysis (SEM−EDX) further demonstrated
that each HSM was microscopically homogenous containing
uniform elemental distributions of carbon and sulfur (Figure
S23).
Sulfur atoms in HSMs can exist in either (a) oligo/

polysulfide chains covalently tethered to organic species via
C−S bonds, (b) crystalline sulfur noncovalently incorporated
into the HSM network, or (c) amorphous oligo/polymeric
sulfur species containing no C−S bonds that are instead merely
physically entrapped in the HSM network. Whereas covalently
tethered oligo/polysulfide chains and crystalline sulfur can be
detected using DSC, amorphous oligo/polymeric sulfur species
cannot. These amorphous sulfur species also cannot be

Figure 1. Samples of postconsumer polystyrene used for this study
showing the items as-collected (left column), during grinding (middle
column), and after grinding (right column). Grey shapes have been
added to the as-collected images of the cup and lid to cover
trademarked images of the restaurant chain from which the refuse
samples were collected.
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detected by IR or NMR spectroscopy; thus, they are classified
as “dark sulfur” species, and, despite containing no covalent
bonds to the HSM network, they can significantly impact the
thermomechanical properties of the HSMs that contain
them.57,58 Fortunately, the dark sulfur content in an HSM
can be quantified using UV−visible spectroscopy, whereby the
dark sulfur present in an HSM is extracted out using an organic
solvent, and its concentration in the extract can be measured
using the absorbance at 275 nm.58 With known values for the
dark sulfur concentration and volume of the extract, the mass
of dark sulfur removed from each HSM could be calculated.
The relative wt % of dark sulfur in each HSM was obtained by
dividing the mass of dark sulfur removed by the initial mass of
the HSM. Performing these analyses on PSF90, PSC90, PSL90,
and PSP90 revealed relative dark sulfur contents ranging from
23 to 54 wt % (Table 1), values consistent with other HSMs

prepared by our group that incorporate postconsumer plastic
wastes as the organic tethers for oligo/polysulfide chains.59−61

Furthermore, other groups have reported dark sulfur content
values approaching 20 wt % in HSMs prepared from both
petroleum-derived and biosynthesized small-molecule ole-
fins.62−64 For the PS-derived HSMs reported in this work
(PSF90, PSC90, PSL90, and PSP90), no statistically significant
net increase or decrease in dark sulfur content was observed
over the course of 8 days (Figure S24).
Thermal and Mechanical Properties of Composites.

Thermogravimetric analyses of PSF90, PSC90, PSL90, and
PSP90 (Figures S25−S28) revealed a narrow distribution of
Td,5% values (217−226 °C) slightly below that of S8 (Td,5% =
229 °C, Table 1). The glass transition values from DSC
analysis (Tg,DSC) of these HSMs ranged from −36 to −39 °C
(Figures S29−S36) and were consistent with other HSMs
reported by our group.65,66 Glass transitions in this temper-
ature range are characteristic of oligo/polymeric sulfur chains
covalently anchored to nonsulfur atoms.67,68 A narrow
distribution of melting temperatures (Tm) for PSF90, PSC90,
PSL90, and PSP90 was also observed (Tm = 113−118 °C), the
values and peak shapes of which were comparable to those for
data from pure S8 (118 °C). The Td,5%, Tg,DSC, and Tm values
observed for PSF90, PSC90, PSL90, and PSP90 were highly
conserved with other previously reported HSMs.59,69,70 Less
than 0.1 wt % water absorption was measured for PSC90,
PSL90, and PSP90, consistent with the highly hydrophobic
nature of S8 and the majority of the HSM masses being sulfur.
Samples of PSF90, PSC90, PSL90, PSP90, and PSM90 suitable

for compressional, flexural, and tensile strength measurements
were prepared by remelting these HSMs and casting them into

the appropriate molds (Figure S37). All the average ± standard
deviation values presented in Table 2 were calculated based on

the measurements from four independently prepared samples
of each HSM. Comparisons of the compressive strength values
across this series of HSMs are complicated by the fact that
these values overlap when the standard deviations from
replicate experiments are included (Figure S38A and Table
2). For example, PSL90 exhibited the greatest compressive
strength value (12.8 ± 1.9 MPa) of the series, but the
difference between this value and that of the HSM with the
next-highest compressive strength, PSP90 (9.8 ± 1.2 MPa), was
not statistically significant. The differences between the values
for PSP90 vs PSM90, PSP90 vs PSC90, and PSC90 vs PSF90 were
likewise not statistically significant. Therefore, whereas the
greater compressive strength value of PSL90 compared to
PSC90 and PSF90 could reflect a higher cross-link density in
PSL90, which in turn could be attributed to the polybutadiene
additives present in the PSL samples, this argument is
weakened by the statistically equivalent compressive strength
of PSP90 vs PSL90, despite the fact that the PSP samples
contained no polybutadiene.
Flexural and tensile strength values measured for PSF90,

PSC90, PSL90, PSP90, and PSM90 all fell within relatively
narrow ranges (2.39−4.40 and 1.75−2.25 MPa, respectively,
Figures S38B and S38C). Stress−strain plots for each HSM are
provided in the Supporting Information (Figures S39−S53).
These findings suggest that the specific compositions of the
polystyrene waste streams do not meaningfully impact the
HSM properties. The compressional, flexural, and tensile
strengths of PSF90, PSC90, PSL90, PSP90, and PSM90 were
consistent with previously mreported HSMs, including those
derived from other plastic wastes.71−80 Ordinary Portland
Cement (OPC) exhibits a higher compressional strength (17

Table 1. Thermal and Morphological Properties of the
Polystyrene−Sulfur Composites PSF90, PSC90, PSL90, and
PSP90 and Compared to S8
materials Td

a (°C) Tm
b (°C) Tg,DSC

c (°C) dark sulfur (wt %)d

PSF90 217 113 −36 23
PSC90 226 118 −39 54
PSL90 217 117 −39 40
PSP90 220 118 −39 42
S8 229 118 NA NA

aThe temperature at which the 5% mass loss was observed. bThe
temperature at the peak maximum of the endothermic melting. cGlass
transition temperature. dPercent ethyl acetate-extractable sulfur
species.

Table 2. Mechanical Properties of Postconsumer
Polystyrene Waste-Derived HSMs (PSF90, PSC90, PSL90,
PSP90, and PSM90),

a Other Plastic-Derived HSMs, and
Conventional Building Materials

materials
compressional
strength (MPa)

flexural strength/
modulus (MPa)

ultimate tensile
strength at break

(MPa)

PSF90
b 7.8 ± 0.6 4.40 ± 0.54/

584±60.8
1.75 ± 0.12

PSC90 7.7 ± 0.9 2.95 ± 0.22/
380 ± 39.0

2.15 ± 0.27

PSL90 12.8 ± 1.9 3.19 ± 0.33/
459 ± 71.7

1.92 ± 0.29

PSP90 9.8 ± 1.2 2.39 ± 0.14/
341 ± 22.7

1.97 ± 0.19

PSM90 9.6 ± 0.3 3.87 ± 0.22/
467 ± 50.5

2.25 ± 0.61b

mPESb 26.9±0.6 7.7 ± 0.2/
320 ± 5.1

0.21 ± 0.04c

PGMA-Sd 17.5 ± 2.8 4.76 ± 0.7/642 3.88 ± 1.20d

SPC90 12.8 ± 1.6 3.12 ± 0.53 ND
C62 Brick 8.6 ND ND
Portland
Cement

17.0 3.7/580 ND

aAverage ± standard deviation values for PSF90, PSC90, PSL90, PSP90,
and PSM90 were each calculated from four independent experiments.
bComposite made from 90 wt % sulfur and 10 wt % esterified PET.
cComposite made from 90 wt % sulfur and 10 wt % olefin-derivatized
(Geraniol) PMMA. dComposite made from 90 wt % sulfur 10 wt %
poly(bisphenol A carbonate).
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MPa) than PSF90, PSC90, PSL90, PSP90, and PSM90, but the
flexural strength of OPC (3.7 MPa) falls within the range of
values observed for these HSMs. A commonly used building
material rated for structural masonry applications is C62 Brick,
which exhibits a compressional strength (8.6 MPa) that is
comparable to the values measured for PSF90, PSC90, PSL90,
PSP90, and PSM90. Impressively, these HSMs derived from
postconsumer polystyrene waste streams could serve as
sustainable alternatives to conventional building materials.
Preliminary Environmental Impact Estimates. The

preparation of PSF90, PSC90, PSL90, PSP90, and PSM90
employs only waste materials�postconsumer polystyrene
and elemental sulfur�as their precursors. The synthetic
procedure and recovery of useful product is also simple,
comprised of (1) grinding the polystyrene waste, (2) heating/
stirring the PS and sulfur together, and (3) pouring molten
material directly into molds to form the desired shapes.
Recovery of the product is quantitative with no mass loss,
amounting to a 100% atom economy and an E factor81 of zero.
These metrics reflect the excellent mass balance of the process
but do not account for energy expenditures required of the
process. A more complete estimate of such factors is provided
by the global-warming potential, an estimate of kilograms of
CO2 emitted per kilogram of useful material made (kg CO2e/
kg), constrained to a set of assumptions for the process. For
the calculation of the global-warming potential of the PS−
sulfur composites, we use the reported global-warming
potential of PS (∼3.0 kg CO2e/kg)

82 and estimate the amount
of energy needed to grind the PS to be 0.092 kg CO2e/kg
based on estimates of grinding energy for PET.83−88 To
estimate the amount of energy needed to heat the reaction
mixture from 20 to 230 °C and to hold it at that temperature
for 24 h, we use metrics for sulfur, which makes up 90 wt % of
the mixture. The energy needed was calculated to be 0.025 kg
CO2e/kg on the basis of the heat capacity and heat of fusion of
sulfur89 over the range of 20−230 °C and assuming a 90%
efficiency for heat retention during the 24 h holding period and
an average carbon intensity of 0.50 kg CO2e/kWh for the
electricity source. We also assume that if the polystyrene was
not used for this process, it would instead be incinerated
(producing 3.4 kg CO2e/kg PS incinerated). The calculation
based on these assumptions is summarized in Table 3. On the
basis of these assumptions, the overall process is slightly
carbon negative. It is important to note that these calculations
do not include transportation costs, but the global-warming
potential for the composites is considerably lower than that of
mineral cements, which generally have a global warming
potential of ∼1.0 kg CO2e/kg based on material and energy

costs similar to those used for the calculation for the
composites.90,91

Microstructural Insight from Model Studies. The
highly cross-linked natures and insolubilities of PSF90,
PSC90, PSP90, PSL90, and PSM90 precluded solution-phase
analytical methods, hindering efforts to elucidate their
microstructural features. Therefore, cumene was selected as a
small-molecule model compound for structural motifs present
in polystyrene (Chart 1). Adapting the methodology reported

by Pyun et al.,36 cumene was reacted with elemental sulfur in a
2:1 ratio at 230 °C with mechanical stirring for 24 h to afford
the corresponding HSM, followed by reduction with LiAlH4 to
cleave oligo/polysulfide chains and convert them into C−SH
moieties, and the resulting soluble, small-molecule species were
analyzed by GC-MS (Figures S54−S59 and Scheme 2).
This analysis revealed a mixture of compounds containing

S−C(1° aliphatic) and S−C(3° benzylic) bonds but, unexpectedly, also
compounds containing S−C(aryl) bonds in the form of
benzothiophene derivatives (Scheme 2). Compound 1 was
observed by GC-MS, but given that all reactions were
performed with a large excess of sulfur, it is unlikely that the
material contained any olefin groups. Instead, we propose that
H atom transfer from cumene generates a 3° benzylic radical
that reacted with sulfur to generate an oligo/polysulfide chain
attached via an S−C(3° benzylic) bond (motif A). Reaction with
LiAlH4 transformed this into a 3° benzylic thiol, but because
no identifiable peaks were present, we propose that this thiol
undergoes decomposition in the GC-MS experiment to
generate the compound 1 observed in the depolymerization
product mixture.
Indeed, when pure 2-phenyl-2-propanethiol from a

commercial supplier was subjected to the same GC-MS
experimental conditions as the depolymerized sample, no
peaks attributable to the parent, 3° benzylic thiol were
observed, and the GC-MS instead revealed two decomposition
products (Figure S60−S62). The major decomposition
product peak (4.8 min) and most abundant minor
decomposition product peak (6.6 min) exhibited mass-
fragmentation patterns consistent with α-methylstyrene and
2,3-dimethyl-2,3-diphenylbutane, respectively. All other peaks
integrated to less than 2%. Notably, the α-methylstyrene
decomposition product in the GC-MS of commercially
available 2-phenyl-2-propanethiol was observed at the same
retention time and presented the same mass-fragmentation
pattern as the peak for 1 and in the GC-MS of the
depolymerized cumene−sulfur product. This same depoly-
merized sample also revealed a minor peak at the same
retention time and with the same fragmentation pattern as 2,3-
dimethyl-2,3-diphenylbutane observed in the GC-MS of
commercially available 2-phenyl-2-propanethiol. Presumably,

Table 3. Metrics Used in the Calculation of the Global-
Warming Potential of Composites (PSF90, PSC90, PSL90,
PSP90, or PSM90)

process
cost (+) or
credit (−)?

value (kg
CO2e)

make PS (0.10 kg × 3.0 kg CO2e/kg) + 0.30
grinding (0.100 kg of PS × 0.092 kg
CO2e/kg)

+ 0.0092

heating (1.00 kg mixture × 0.025 kg
CO2e/kg)

+ 0.025

prevent incineration of PS (0.100 kg ×
3.4 kg CO2e/kg)

− 0.34

total −0.0058 kg
CO2e/kg

Chart 1. General Structure of a Chain Segment in
Polystyrene and Cumene, Used as a Small-Molecule Model
Compounds for Probing Reactions with Elemental Sulfur
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both α-methylstyrene and 2,3-dimethyl-2,3-diphenylbutane
derive from the same 3° benzylic radical produced by C−S
homolysis at that position, which readily occurs due to the
stability of the 3° benzylic radical.
Compound 1 could undergo addition by oligo/polymeric

sulfur radical species at the less substituted olefinic carbon to
afford an S−C(1° aliphatic) bond, and subsequent H atom
abstraction by the resulting 3° benzylic carbon radical would
yield motif B. Reduction with LiAlH4 would then convert this
into compound 2, which was observed by GC-MS. Similarly,
motif B itself could undergo H atom transfer to generate a 3°
benzylic radical, which could then undergo cyclization to form
a sulfur-containing heterocycle and cleave the oligo/polysulfide
chain. Subsequent H atom abstraction from this heterocycle
would provide a pathway to achieve aromaticity, ultimately
resulting in a benzothiophene moiety (motif C). Through
these steps, motif B transforms into motif C, and compound 1
transforms into compound 3. Compound 3 was observed by

GC-MS, providing evidence that motif C was indeed present in
the cumene-derived HSM.
Because the 1° carbon in motif C is benzylic instead of

aliphatic, H atom transfer could occur at this site to generate a
1° benzylic radical, which would then react with sulfur to
afford an oligo/polysulfide chain attached via an S−C(1° benzylic)
bond (motif D). Depolymerization with LiAlH4 would
transform motif D into compound 4, and the presence of
GC-MS peaks consistent with 4 supported the hypothesis that
the HSM precursor contained motif D microstructural
features. Generation of carbon-centered radicals in aromatic
small molecules containing thioether moieties has been
previously shown to result in rearrangement and formation
of fused sulfur-containing heterocycles via transformations
similar to those proposed for motif C and motif D.92

Alternatively, the 3° benzylic radical formed via H atom
transfer from motif B could react with sulfur to yield a second
oligo/polysulfide chain, one attached via an S−C(1° aliphatic)
bond and the other via an S−C(3° benzylic) bond, such that a

Scheme 2. Proposed Microstructure Motifs in the Cumene-Derived HSM and Corresponding Small-Molecule Species
Generated via HSM Depolymerization Using LiAlH4

a

aOne hydrogen on each of the two cumene methyl groups is explicitly represented in blue, to illustrate where the polystyrene backbone would be
found in analogous PS-derived HSMs.
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single cumene moiety would be comprised of two oligo/
polysulfide chains (motif E). Reduction of motif E with LiAlH4
would yield a cumene dithiol, which was not observed by GC-
MS. Because compound 1 was observed following the
depolymerization of motif A, but the 3° benzylic thiol was
not, we hypothesized that a cumene dithiol would undergo a
similar elimination reaction in the GC-MS experiment. In
support of this hypothesis, compound 5 was observed by GC-
MS, providing evidence for the presence of motif E in the
cumene-derived HSM.
We propose that each HSM derived from polystyrene waste

streams (PSF90, PSC90, PSL90, PSP90, and PSM90) is
comprised of all five of the motifs present in the cumene-
derived HSM. Oligo/polysulfide chains connected to benzylic
and aliphatic carbons (motif A and motif B, respectively) are
present in a wide variety of previously reported HSMs, as are
vicinal oligo/polysulfide chains (motif E).51−53 We propose
that benzothiophene moieties (motif C and motif D) form in
the syntheses of PSF90, PSC90, PSL90, PSP90, and PSM90 but
not the HSMs derived from styrene or triisopropylbenzene,
due to the higher reaction temperatures of the former (230 vs
180 °C, respectively). Previous studies by our group on the
reactions of lignin with sulfur have shown that the HSM
products prepared at 230 °C are comprised of S−C bond-
containing microstructural features that are absent in the
corresponding HSMs prepared at 180 °C, suggesting that some
bond-breaking and bond-forming transformations can occur at
230 °C but cannot at 180 °C.93

■ CONCLUSIONS
Four individual postconsumer polystyrene waste streams
(flatware, foam cups, cup lids, and packaging), and a mixed-
waste stream containing all four types, all underwent reaction
with sulfur to afford the corresponding high-sulfur-content
materials PSF90, PSC90, PSL90, PSP90, and PSM90, respec-
tively. Differential scanning calorimetry provided evidence that
oligo/polysulfide chains anchored via S−C σ-bonds were
present in each HSM, which is noteworthy because none of the
PS precursors (PSF, PSC, PSL, PSP, and PSM) contained
olefinic groups that could undergo direct addition of sulfur
radicals, with these HSMs instead being produced via H atom
abstraction from C(sp3) centers by sulfur radicals.
Impressively, the compressional strengths of PSF90, PSC90,

PSL90, PSP90, and PSM90 were competitive with those of C62
Brick, and their flexural strengths were competitive with those
of OPC. Remarkably, these mechanical properties can be
obtained from materials prepared through a process with
negligible global-warming potential (−0.0058 kg CO2 e/kg
material), in contrast to the significant carbon footprint of
brick and OPC production (+0.23 and +0.90 kg CO2 e/kg
material, respectively). Further environmental benefits of
switching to PSF90, PSC90, PSL90, PSP90, and PSM90 include
nearly 100% atom economy and zero freshwater consumption
(compared to 0.6 and 1.3 L/kg for brick and OPC,
respectively).
Insights into the chemical microstructures present in PSF90,

PSC90, PSL90, PSP90, and PSM90 were obtained from GC-MS
analyses of the products from the reaction of cumene with S8
followed by depolymerization with LiAlH4. These model
compound studies suggest that these HSMs contain single
oligo/polysulfide chains tethered to either a 3° benzylic or 2°
aliphatic carbon, as well as vicinal oligo/polysulfide chains
tethered to each carbon type, microstructural features that are

ubiquitous in previously reported HSMs. Surprisingly, two
distinct benzothiophene-containing compounds were also
observed in the model compound studies, which suggests
that PSF90, PSC90, PSL90, PSP90, and PSM90 contain similar
benzothiophene moieties. To the best of our knowledge, this is
the first evidence that the preparation of an HSM can also yield
benzothiophene moieties, rather than only oligo/polymeric
sulfur chains.
Collectively, these findings suggest that postconsumer waste

polymers containing aromatic groups can yield HSMs with
structural features otherwise inaccessible using other polymer
classes or small molecules. The ability to form benzothiophene
moieties represents an additional design parameter that could
be synthetically modulated to enable access to a range of
unique, new HSM properties. Furthermore, we anticipate that
PSF90, PSC90, PSL90, PSP90, and PSM90 will exhibit superior
durability and environmental resistance compared to C62
Brick and OPC, the results of which will be detailed in a
subsequent report.

■ EXPERIMENTAL SECTION
Materials. Sulfur (Dugas Diesel, USA), cumene (TCI), lithium

aluminum hydride (LiAlH4), tetrahydrofuran (THF), ethanol,
hydrochloric acid (HCl), and dichloromethane were used as received.
Polystyrene was obtained directly from postconsumer disposable
flatware (U.S. retailer), foam cups and lids (U.S. fast food chain), and
protective polystyrene foam packaging (global shipping company).
Names of commercial entities producing waste products are omitted
so as not to imply endorsement or bias.

Instrumentation. Proton NMR spectra were acquired on a
Bruker NEO-300 MHz at room temperature and data processed with
SpinWorks 4.2.11 software. All spectra reported were calibrated to the
residual solvent peak from deuterated chloroform.

Fourier transform infrared spectra were obtained using a Shimadzu
IR Affinity-1S instrument with an ATR attachment operating over
400−4000 cm−1 at ambient temperature.

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.

Thermogravimetric analysis (TGA) data were recorded on a TA
SDT Q600 instrument over the range 25−800 °C, with a heating rate
of 10 °C min−1 under a flow of N2 (20 mL min−1).

DSC data were acquired (Mettler Toledo DSC 3 STARe System)
over the range −60 to 140 °C with a heating rate of 10 °C·min−1

under a flow of N2 (200 mL·min−1). Each DSC measurement was
carried out over three heat−cool cycles.

Gel permeation chromatography (GPC) was carried out on a
Shimadzu GPC using a Phenogel 5u 10E4A gel column and RID 10A
detector and with tetrahydrofuran as an eluent at a flow rate of 1 mL
min−1. A set of polystyrene standards (obtained from Polymer Source,
Inc.) from 136 269 to 7 215 molecular weight was used to calibrate
the GPC instrument. Data acquisitions were carried out with the
Labsolutions GPC software.

The GC-MS was carried out on a Shimadzu QP2010SE system
with an auto-injector (AOC-20i) equipped with the mass selective
detector, having an interface temperature of 250 °C, a solvent cut
time of 3.50 min, threshold of 70 eV, and mass range of 45−900 m/z.
Compounds were separated using a SH-Rxi-5 MS capillary column
(Restek Company, Bellefonte, USA: cross-bond 5% diphenyl/95%
dimethyl polysiloxane) having dimensions 30 m (length) × 0.25 mm
(diameter) × 0.25 μm (film thickness). The temperature of the
injector was initialized to 280 °C. The temperature was programmed
to 40 °C for 1 min and then from 40 to 320 °C at a rate of 20 °C/min
and then held at 320 °C for 5 min.

UV−vis data were collected on an Agilent Technologies Cary 60
UV−vis using Simple Reads software over a range 200−800 nm with
the dark sulfur content being reported at 275 nm.
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Compressional and tensile analyses were performed on a Mark-10
ES30 test stand equipped with a M3-200 force gauge (1 kN maximum
force with ±1 N resolution) with an applied force rate of 3−4 N·s−1.
Compression cylinders were cast from silicone resin molds (Smooth-
On Oomoo® 25 tin-cure) with diameters of approximately 6 mm and
heights of approximately 10 mm. Samples were manually sanded to
ensure uniform dimensions and measured with a digital caliper with
±0.01 mm resolution. Compressional and tensile analyses were
performed in quadruplicate for each composite, and the results were
averaged.

Flexural strength analysis was performed using a Mettler Toledo
DMA 1 STARe System in single cantilever mode. The samples were
cast from silicone resin molds (Smooth-On Oomoo® 25 tin-cure).
The sample dimensions were approximately 1.5 × 10 × 18 mm.
Flexural analysis was performed in triplicate, and the results were
averaged. The clamping force was 1 cN·m.
Preparation of Polystyrene Flatware for Upcycling. The

postconsumer disposable flatware was placed in a blender (Blendtec)
and blended for several minutes, resulting in the formation of coarse
aggregate.
Preparation of Polystyrene Cups for Upcycling. The

postconsumer disposable flatware was placed in a blender (Blendtec)
and blended for several minutes, resulting in the formation of coarse
aggregate.
Preparation of Polystyrene Cup Lids for Upcycling. The

postconsumer disposable cup lids were placed in a blender (Blendtec)
separately and blended for several minutes, resulting in the formation
of coarse aggregate.
Preparation of Protective Polystyrene Foam Packaging for

Upcycling. The postconsumer disposable protective polystyrene
foam packaging was placed in a blender and blended for several
minutes, resulting in the formation of coarse aggregate.
General Procedure for Composite Synthesis. Elemental sulfur

was introduced into a heavy walled glass pressure flask sealed with a
Viton O-ring-equipped poly(tetrafluoroethylene) (PTFE) stopper
with a PTFE-coated magnetic stir bar. First, sulfur was melted in an
oil bath at 230 ± 2 °C. Then the indicated type of polystyrene was
added to the molten sulfur in the pressure flask while stirring. The
reaction mixture was stirred for an additional 24 h at 230 °C after
polystyrene addition. The reaction mixture became black over the
course of heating and was cooled to room temperature to isolate the
black solid in each case.
CAUTION. Heating elemental sulfur with organics can result in the

formation of H2S or other gases. Such gases can be toxic, foul-smelling,
and corrosive. Temperature must be carefully controlled to prevent
thermal spikes, contributing to the potential for H2S or other gas evolution.
Rapid stirring shortened heating times, and very slow addition of reagents
can help avoid unforeseen temperature spikes.
PSF90. Prepared according to the general procedure using 4.02 g

(38.6 mmol of repeat unit) of polystyrene flatware powder and 36.1 g
(1126 mmol) of elemental sulfur to give 40.1 g of the title compound
(100%). Elemental analysis calculated: C, 9.23; S, 90.00; H, 0.77%.
Found: C, 10.46; S, 89.14; H, 0.54% (Atlantic Microlab, Inc.).
PSC90. Prepared according to the general procedure using 4.01 g

(38.5 mmol of repeat unit) of polystyrene cup particulate and 36.0 g
(1123 mmol) of elemental sulfur to give 40.0 g of the title compound
(100%). Elemental analysis calculated: C, 9.23; S, 90.00; H, 0.77%.
Found: C, 10.45; S, 88.38; H, 0.60% (Atlantic Microlab, Inc.).
PSL90. Prepared according to the general procedure using 4.30 g

(41.3 mmol of repeat unit) of polystyrene lid particulate and 36.1 g
(1126 mmol) of elemental sulfur to give 40.4 g of the title compound
(100%). Elemental analysis calculated: C, 9.23; S, 90.00; H, 0.77%.
Found: C, 8.89; S, 90.41; H, 0.47% (Atlantic Microlab, Inc.).
PSP90. Prepared according to a modification of the general

procedure as follows. Elemental sulfur (36.1 g, 1130 mmol) was first
mixed with the polystyrene packaging material particulate (4.01 g,
38.5 mmol of repeat unit), and then the mixture was introduced into a
heavy walled glass pressure flask sealed with a Viton O-ring-equipped
PTFE stopper with a PTFE-coated magnetic stir bar. The sealed
pressure flask was then placed in an oil bath at 230 ± 2 °C. The

reaction mixture was then stirred for 24 h at 230 °C. After cooling to
room temperature, the title compound was isolated as a black solid
(40.1 g, 100%). Elemental analysis calculated: C, 9.23; S, 90.00; H,
0.77%. Found: C, 9.89; S, 89.03; H, 0.61% (Atlantic Microlab, Inc.).

Procedure for Reaction of Cumene. Elemental sulfur (1.34 g,
41.8 mmol) and cumene (0.670 g, 5.57 mmol) were introduced into a
heavy walled glass pressure tube sealed with a Viton O-ring-equipped
PTFE stopper with a PTFE-coated magnetic stir bar. The mixture was
heated in an oil bath at 230 ± 2 °C while stirring for 24 h. After
cooling to room temperature, a crude solid was recovered and used
directly in reaction with LiAlH4 as outlined below.

Procedure for Reaction of Cumene/Sulfur Products with
LiAlH4. The solid obtained from the reaction of cumene/elemental
sulfur (0.101 g) was introduced into a glass vial containing a magnetic
stir bar in a glovebox under an atmosphere of dry N2(g). After that
under an atmosphere of dry N2 in a glove box, 0.083 g of LiAlH4 was
added into the vial with the product. The solid mixture was suspended
in 10 mL of anhydrous THF, and the vial was sealed with a rubber
septum. Then, the reaction was stirred for 30 min at ambient
temperature under N2(g) in the glove box. Upon completing the
reaction time, the vial was taken out of the glove box and placed in an
ice bath under a constant flow of N2(g). The excess LiAlH4 was
quenched by very slow addition of a 10 mL sample of a mixture of
THF and ethanol (9:1 v/v). Then, the mixture was poured into 25
mL of 5% (v/v) HCl solution. The organic portion was extracted with
dichloromethane three times. Then volatiles were removed by rotary
evaporation under reduced pressure.
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