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ABSTRACT

High sulfur-content materials (HSMs) prepared via inverse vulcanization are attractive for a range of sustainable material ap-
plications, particularly when synthesized from waste-derived feedstocks such as brown grease (BG). Two BG-based compos-
ites, SunBG,, and aBG,,,
study explores the effect of reinforcing these sulfur-rich networks with low loadings (0.5-2wt. %) of high cis-1,4-content liquid

were prepared using elemental sulfur and either native or allylated brown grease, respectively. This

polybutadiene (PBD). Incorporation of PBD resulted in significant increases in storage modulus, with a near-linear relation-
ship between PBD content and stiffness enhancement for both material types. At —60°C, storage modulus increased more than
fivefold for aBG,, and more than tripled for SunBG,,. In contrast, flexural strength and flexural modulus exhibited non-linear
responses, with diminishing or reversed gains at higher PBD loadings, suggesting limits to rubber domain compatibility and
dispersion. Thermal analysis confirmed high decomposition temperatures (212°C-226°C) and stable glass transitions, indicating
thermal robustness of the reinforced networks. Compared with previous studies requiring higher PBD loadings, these results
demonstrate that BG-based HSMs can be effectively reinforced at low additive levels, offering mechanically robust, low-cost, and
renewable alternatives for structural applications.

1 | Introduction materials [24, 25]. Furthermore, the thermal reversibility of S-S

bond formation in HSM oligo- or polysulfur crosslinkers facil-

High sulfur-content materials (HSMs) prepared by inverse
vulcanization [1, 2] have emerged as promising materials for a
wide range of applications requiring specific optical [3], electro-
chemical [4-6], absorbent [7, 8], adhesive [9-12], or mechanical
properties [13-16]. Traditional vulcanization [17, 18] transforms
unsaturated polymers (e.g., natural rubber) into crosslinked ma-
terials using elemental sulfur; in contrast, inverse vulcanization
(Scheme 1A) uses elemental sulfur as both the major component
(>50wt. % sulfur) and the crosslinking agent [9, 19-22]. In doing
so, sulfur, a by-product of the petroleum refining industry that
is routinely stockpiled in landfills or discarded [23], becomes
a value-added feedstock, converted into high-performance

itates facile thermal processing and recycling of many HSMs
[13, 15, 26-44]. Over the past decade, diverse organic comono-
mers have been explored for inverse vulcanization, ranging
from small-molecule olefins such as dicyclopentadiene or divin-
ylbenzene to bio-derived resins from fats, plant oils, and ligno-
cellulosic sources [26, 45-48].

Brown grease (BG) has garnered attention as one such sus-
tainable comonomer for inverse vulcanization [47, 49-53].
Generated in large volumes during food production, BG typ-
ically contains high levels of free fatty acids and other lipids
and contaminants, making it inappropriate for human or
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SCHEME 1 | (a) General scheme for inverse vulcanization and (b) incorporation of PBD to reinforce aBG,, and SunBG,,. Here, one represen-

tative chain of a brown grease-derived fatty acid or glyceride chain is shown, and P represents PBD segments that contain cis-1,4-, trans-1,4-, and
1,2-vinyl linkages, which may also undergo crosslinking at the olefins or allylic sites.

animal consumption. The most well-studied BG-derived HSM
is SunBG,, (90wt. % elemental sulfur, 5wt. % brown grease,
and 5wt. % sunflower oil) [47]. The scalability of SunBG,,, to
multi-kilogram batches suitable for standardized testing has
been demonstrated [52]. The findings from multiple studies
underscore the viability of SunBG,, as a sustainable alterna-
tive to ordinary Portland Cement (OPC). Compared with OPC,
SunBG,, exhibits 84% lower water absorption, significantly
enhancing its resistance to freeze-thaw cycles and moisture-
induced degradation. SunBG,, has superior thermal insula-
tion properties as well, with 94% lower thermal conductivity
than that of OPC (ISO 8302 method). Mechanical strength
assessments reveal that SunBG,, has a compressive strength
(35.9MPa) more than double that required of OPC for residen-
tial building foundations (17 MPa). Appropriate additives have
also been identified to allow SunBG,, to meet high flame
retardance standards (94 V-2 classification, in UL-94V test)
[51]. Collectively, these findings position SunBG,, for sig-
nificant commercial potential, offering a high-performance,
carbon-sequestering alternative to conventional cementitious
materials.

Although SunBG,, exhibits significant desirable features, an
initial drawback of high free fatty acid feedstocks like BG is that
they are not very miscible with molten elemental sulfur, so metal
salts or plant oils had to be added as compatibilizers, detracting
from the greenness and affordability of the materials [54]. More
recent work showed that the high free fatty acids in BG can be
chemically modified to improve BG-sulfur miscibility without
relying on added metal ions or edible plant oils. A particularly
promising route in this vein is the esterification of BG fatty acids
with allyl alcohol to form allylated brown grease (aBG, a mix-
ture of allyl esters of BG triglycerides) [53]. In addition to being
fully miscible with molten sulfur without added compatibilizing
agents, the added allyl groups boost the density of reactive C=C
bonds for crosslinking. The additional crosslinking yields HSMs
that preserve the advantages of BG-derived polymers while im-
proving upcycled mass efficiency and structural homogeneity.

Despite these advances, many HSMs, including those based on
BG, often exhibit brittleness or low-impact resistance. Hasell
and co-workers recently demonstrated a strategy to enhance
toughness in inverse-vulcanized polymers by reinforcing them
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FIGURE 1 | Photos of (a) aBGy,-1.0wt. % PBD (b) aBG,,-2.0wt. % PBD, (c) SunBG,,-0.5wt. % PBD, (d) SunBG,,-1.0wt. % PBD and (¢)
aBG,,-3.0wt. % PBD in rectangular prism form. The brittle nature of non-remeltable aBG,,+3.0wt. % PBD is evident from the ease with which it is

shattered into powder upon applying moderate force.

with liquid polybutadiene (PBD) [36]. Analogous to high-impact
polystyrene, wherein a rubbery phase dissipates strain and pre-
vents catastrophic crack propagation, polybutadiene domains
confer improved ductility and resilience to HSMs.

We hypothesized that incorporating polybutadiene into brown
grease-based HSMs could provide similar mechanical benefits
to BG-sulfur composites (Scheme 1B). Herein, we describe the
synthesis, characterization, and thermomechanical property
evaluations of polybutadiene-reinforced BG HSMs and evaluate
the extent to which the amount of added PBD (0.5-2.0wt. %) in-
fluences the properties of SunBG,, (HSM made from 5wt. %
BG, 5wt. % sunflower oil, and 90wt. % sulfur) and aBG,, (HSM
made from 90wt. % sulfur and 10wt. % aBG). This work ex-
tended the scope of BG upcycling strategies and adds to efforts to
prepare more durable sulfur-rich composites for structural and
engineering applications.

2 | Results and Discussion

2.1 | Composite Preparation and Initial
Characterization

Hasell's group revealed that the relative proportion of cis-1,4,
trans-1,4, and 1,2-vinylic olefins in PBD had a significant impact
on the mechanical properties of the resultant PBD-reinforced
HSMs [36]. High cis-1,4-content PBD gave the most favorable
reinforcement properties and was thus selected for the current
study. The high cis-1,4 content of the commercial PBD used in
this study was confirmed by 'H NMR spectrometry (Figure S1in
the ESI). Samples of SunBG,, and aBG,, to be reinforced were
prepared according to literature procedures. PBD was added to
molten samples of SunBG,, or aBG,, followed by heating at
180°C for 2h to yield SunBG,,-x% PBD (x=0.5 or 1.0wt. %) and
aBG,-x% PBD (x=1.0, 2.0, or 3.0wt. %), respectively.

The resulting materials were black/brown solids, similar to the
starting composites SunBG,,, or aBG,,,. The SunBG,,-x% PBD
materials were remeltable solids up to 1% PBD loads; in con-
trast, aBG,,-x% PBD solids were remeltable up to 2% PBD loads.
At 3% material were brittle and easily shattered (Figure 1).
Infrared spectral analysis of the materials (Figure S2 in the
ESI) showed weak bands attributable to PBD alkene C—H bends
after reaction in spectra for all materials, indicating that not
all alkene pi bonds underwent crosslinking (spectra are pro-
vided in Figure S2); however, formation of S-Callylic bonds is

TABLE1 | Thermal properties of materials.

Char

T yield T, Tg DSC Tg _DMA
Materials °C) (%P (C) 9CCc) <=(°0)
aBG,, 223 5 118 NA  —42
aBGy,-1% PBD 212 6 118 -35 —-38
aBG,,-2%PBD 215 8 18 36 —45
SunBG,, 26 9 s -37 -4
SunBG,,-0.5% 220 3 19 -35  -36
PBD
SunBG 1% 204 7 120 36  -45
PBD

aTemperature at which the 5% mass loss was observed.
YAmount of material left over after being subjected to high-temperature

pyrolysis.

‘Temperature at the peak maximum of the endothermic melting.
dGlass transition temperature obtained from DSC third heating cycle.
¢Glass transition temperature obtained from DMA storage modulus.

an alternative mechanism for crosslinking noted by Hasell's
group that leaves pi bonds intact to form structures like InV-3
(Scheme 1A) [36].

2.2 | Thermal Properties

Analyses of the aBG,, and SunBG,,, materials by thermogravi-
metric analysis (TGA) with and without added PBD are summa-
rized in Table 1 (full traces provided in Figure S3). All samples
displayed thermal stability suitable for structural applications,
with decomposition temperatures (T,) ranging from 212°C to
226°C. The addition of PBD slightly decreased the decompo-
sition onset temperature in most cases, likely due to the lower
thermal stability of the polybutadiene domains compared with
the sulfur matrix. However, all materials retained thermal ro-
bustness well above the typical service temperature of cementi-
tious material used in general construction applications.

Glass transition temperatures (Tg), measured by differential
scanning calorimetry (DSC), were observed between —36°C
and —37°C for all samples, consistent with the presence of
flexible polysulfide domains (Table 1, full traces provided in
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Figures S4-S8) [55-57]. Notably, the Tg values did not shift dra-
matically with PBD incorporation, suggesting that the rubbery
PBD segments did not significantly plasticize the matrix but in-
stead acted to reinforce it structurally.

The melting temperature (T,) of crystalline sulfur re-
mained approximately constant (115°C-120°C). Char yields
ranged from 3% to 9%, with higher char retention observed
in SunBG,, and aBG,, samples containing greater PBD con-
tent, suggesting that the PBD contributes to increased residue
during pyrolysis.

2.3 | Mechanical Properties

Mechanical testing (Summarized in Table 2, SI Figures S9-
S20) revealed a dramatic improvement in performance upon
PBD addition to both aBG,, and SunBG,, matrices (Table 2).
To better capture the influence of crosslinking and rubber
domain reinforcement, storage modulus values were also
evaluated at 25°C, in the rubbery region well above the glass
transition. In this regime, network connectivity and long-
range molecular architecture play a dominant role in mechan-
ical behavior. For aBG,,, the storage modulus (E’) measured
by dynamic mechanical analysis (DMA) at 25°C increased
from 157MPa in the unmodified material to 455MPa with
1% PBD and 700 MPa with 2% PBD. This more than fivefold
improvement in stiffness confirms the reinforcing effect of
PBD domains. Flexural strength increased progressively from
3.9MPa (aBG,,) to 5.26 MPa (aBG,,-2% PBD), with concomi-
tant increases in flexural modulus (from 255 MPa to 331 MPa).

For SunBG,,, the mechanical response to PBD addition fol-
lowed a non-monotonic trend. The storage modulus at 25°C
initially decreased from 642MPa in the baseline SunBG,,
to 495MPa with 0.5% PBD, but then increased to 872MPa at
1% PBD. This trend may reflect changes in phase structure or
dispersion efficiency at low PBD loadings. Interestingly, while
stiffness increased significantly, flexural strength plateaued

TABLE 2 | Mechanical properties of materials.

Storage Flexural Flexural

modulus strength modulus
Materials (MPa)? (MPa)® (MPa)°©
aBG,, 157 3.9+0.2 255+18
aBG,-1% PBD 455 4.4+0.5 272+13
aBG,,-2% PBD 700 5.26+0.05 331+65
SunBG,,’ 642 77403 460
SunBG,,-0.5% 495 5.4%0.2 560+ 63
PBD
SunBG,,-1% 872 5.3+0.2 337+62
PBD

Maximum value, occurring at 25°C.

bMeasured in triplicate in single cantilever mode, with standard deviations.
“Measured in triplicate in single cantilever mode, calculated from the initial
linear regime, with standard deviations.

dValues reported previously.

around 5.3-5.4MPa, slightly lower than the previously re-
ported 7.7 MPa for SunBG,,. This may reflect a trade-off be-
tween stiffness and strain-to-failure, where increased rigidity
can reduce the material's ability to accommodate localized
stress without fracture. Flexural modulus also showed a non-
linear trend, peaking at 560 MPa for the 0.5% PBD sample be-
fore decreasing slightly at higher PBD content.

These observations reveal that SunBG,, requires less PBD to
achieve mechanical reinforcement than aBG,,. The greater
initial crosslink density and compositional complexity of
SunBG,,—due to its incorporation of both brown grease and
sunflower oil—may facilitate more effective PBD integration
at lower loadings. In contrast, aBG,,, which relies on a sin-
gle bio-derived esterified feedstock with a preponderance of
allyl olefins rather than the all-cis alkenes in SunBG,,-derived
materials, requires higher PBD content to reach comparable
performance.

The data show that PBD reinforcement leads to a near-linear
increase in storage modulus for both aBG,, and SunBG,,, sys-
tems, while the trends in flexural strength and flexural mod-
ulus are more complex and non-linear, particularly in the case
of SunBG,,. This contrast can be rationalized by considering
how different mechanical properties respond to molecular-
scale structure and phase behavior within these sulfur-rich
polymer networks.

The storage modulus primarily reflects the elastic stiffness of the
polymer network under small, oscillatory deformations, typically
in the glassy regime at low temperatures (—60°C). At these tem-
peratures, below the T, molecular motions are highly restricted,
and the material's response is dominated by network connectivity
and density of physical or chemical crosslinks [58-60].

The linear increase in E’ with increasing PBD content sug-
gests that PBD chains are progressively incorporated into the
crosslinked network by sulfur-alkene reactions that form new
crosslinks between PBD and the sulfur matrix. With each in-
cremental addition of PBD, more flexible rubbery segments
are included in the rigid sulfur-rich network, increasing seg-
mental interactions and limiting chain mobility. This uni-
formly enhances the stiffness measured by DMA, especially
at low temperatures where energy dissipation mechanisms are
minimized.

The nonlinear influence of PBD reinforcement on flexural strength
and flexural modulus reflects the material's ability to resist larger-
scale bending and deformation under load near room temperature
(above the Tg). These properties depend not only on network stiff-
ness but also on stress distribution, crack initiation, and energy
dissipation pathways, all of which are influenced by microphase
separation, local domain structure, and fracture mechanics. In
this regime, low PBD loadings (e.g., 0.5%-1%) are expected to im-
prove stress dissipation by introducing rubbery domains that act
as energy-absorbing zones, analogous to the role of rubber parti-
cles in toughened thermosets [58-60]. However, excessive PBD
content may lead to local heterogeneities, decreased interfacial ad-
hesion between phases, or microphase separation. These features
can act as stress concentrators that hinder further improvements
in flexural performance or even reduce it, as possibly observed in
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SunBG,, where the flexural modulus decreases from 560 MPa
(0.5% PBD) to 337MPa (1% PBD).

The data for PBD-reinforced composites delineated herein align
with and extend the reinforcement trends reported by Hasell
and coworkers. In Hasell's work, PBD was incorporated at rel-
atively high loadings (10-30wt. %) into sulfur-DIB composites
(DIB=1,3-bis(2-isopropenyl)benzene) to overcome the intrinsic
brittleness of these high-sulfur materials. They reported flex-
ural strengths increasing from ~4MPa (for S-DIB) to ~30 MPa
with 30wt. % PBD and impact resistance that more than dou-
bled. However, such high PBD loadings often reduced char yield
and introduced phase separation challenges, particularly with
high-vinyl-content PBDs.

In contrast, the current study shows that substantially lower
PBD loadings (0.5-3.0wt. %) are sufficient to effect significant
mechanical reinforcement in brown grease-derived sulfur poly-
mers, particularly when starting from a matrix like SunBG,,
that already exhibits high crosslink density and phase homo-
geneity. For example, 1wt. % PBD raised the storage modulus
of SunBG,, from ~460MPa to over 1500 MPa—comparable to
the reinforcement seen in Hasell's highest-loading materials
but achieved with far less PBD additive. Similarly, in aBG,,, the
storage modulus increased from 295MPa to 1533 MPa with just
2wt. % PBD, a more than fivefold increase.

2.4 | Reprocessability

To investigate the reprocessability of the material, which is a
key advantage of high sulfur-based composites, we selected
aBG,;-2% PBD formulation due to its superior mechanical
performance compared with other tested materials. Among
the aBG,, and SunBG,, series, aBG,,-2% PBD exhibited the
highest storage modulus (700 MPa) and a high flexural strength
(5.26 £0.05MPa), indicating a stiffer and more robust material
under both dynamic and static loading conditions. Its flexural
modulus (331 +65MPa) was also higher than that of unfilled
aBG,, and aBG,,-1% PBD. While SunBG,;-1% PBD showed a
higher storage modulus (872 MPa), with similar flexural strength
(5.3+£0.2MPa), it presented a larger variability in modulus.

The unprocessed material exhibited a storage modulus of
700 MPa. Interestingly, the first remelting resulted in an increase
in stiffness (828 MPa), likely due to post-curing or improved filler
dispersion. A general decline followed across subsequent cycles,
with values ranging from 580 to 635MPa between cycles 2 and
7, corresponding to 82.9%-90.6% retention of the original modu-
lus. After the eighth cycle, retention dropped to 54.7%; but a no-
table rebound was observed at the ninth cycle (92.4%, 647 MPa),
followed by 69.6% retention at the tenth (487 MPa), as shown in
Figure S22. Despite these fluctuations, the material consistently
preserved a substantial fraction of its stiffness across multiple
remelting events. This behavior is consistent with early findings
by Thiounn et al. [61], which likewise demonstrated that high
sulfur-content materials retained 80-100% of their original stor-
age modulus over seven reprocessing cycles, highlighting their
amenability to thermal recyclability. These results confirm that
the composite in this study is suitable for repeated thermal reuse,
reinforcing its promise for sustainable materials applications.

3 | Conclusions

This work demonstrates that low loadings (0.5-2wt. %) of high
cis-1,4 liquid polybutadiene (PBD) can significantly reinforce
brown grease-derived sulfur polymers, including both SunBG,,
and allylated brown grease-based aBG,,. Incorporation of PBD
resulted in substantial improvements in storage modulus, with
a near-linear increase observed as a function of PBD content.
In aBG,,, stiffness increased more than fivefold with only 2wt.
% PBD, while SunBG,, achieved similar reinforcement at just
1wt. %, reflecting the more crosslinked and structurally inte-
grated nature of the SunBG,, matrix.

Flexural properties, in contrast, displayed non-linear trends
with PBD loading, suggesting complex interplay between matrix
compatibility, microphase structure, and failure mechanisms.
These observations highlight the distinct molecular and mor-
phological factors that govern different mechanical responses in
high-sulfur materials.

Thermal analyses confirmed that PBD-modified composites re-
tained high thermal stability (T,>210°C) and consistent glass
transition behavior, supporting their suitability for structural ap-
plications under thermal stress. Compared with previous stud-
ies requiring higher PBD loadings, the low additive thresholds
reported here offer a more sustainable pathway to mechanically
robust, bio-derived sulfur polymers. These findings expand
the design space for durable, recyclable materials from waste-
derived inputs and suggest future opportunities in lightweight
construction, coatings, and thermal insulation applications.

Taken together, these findings suggest that bio-derived, sulfur-
rich composites like aBG,, and SunBG,, can be efficiently rein-
forced with PBD at low loadings, yielding materials with stiffness
and strength approaching those of high-impact engineering poly-
mers, while maintaining processability and low-cost, renewable
content. The reduced need for PBD also improves sustainability
by minimizing reliance on petrochemical inputs. This represents
a significant advance in the design of tough, recyclable sulfur ma-
terials suitable for demanding structural applications.

4 | Experimental Section
4.1 | Chemicals and Materials

Sulfur powder was purchased from Dugas Diesel. Allyl bromide
(99% stabilized with 300-1000 ppm propylene oxide) was pur-
chased from Alfa Aesar. Brown grease (supplied by the Animal
Coproducts Research and Education Center). Acetone was ob-
tained from Fisher. Sunflower oil was obtained from Maple
Holistics. Polybutadiene was purchased from Sigma-Aldrich.
The chemicals were used without further purification unless
otherwise specified. The composites aBG,, and SunBG,, were
prepared as previously reported [47, 53].

4.2 | Synthesis of Composites

CAUTION: Heating elemental sulfur with organics can conse-
quently result in H,S or other gas formation. Such gases can be

4744

Journal of Polymer Science, 2025

2SUSOI'T SUOWWO)) dANEa1) d]qeardde ay) Aq PaUIA0S d1e SI[OIIE Y aSh JO SN 10} AIRIqIT SUI[UQ) AS[IAN UO (SUOHIPUOI-PUB-SULIA) W0 K[ 1M ATeIqUauruoy/:sdyy) SuonIpuoy) pue swid ] oy 39S *[$707/1 1/82] uo Areiqry aurjuQ L[Ipm ‘16405202 10d/2001°01/10p/wod Ad[im Arexqijaur|uoy/:sdny woiy papeojumo( zZ ‘S70z ‘6914797



corrosive, foul-smelling, and toxic. Temperature must be cau-
tiously controlled in order to prevent thermal spikes, contribut-
ing 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.

4.21 | General Synthesis of PBD Reinforced aBG,,
and SunBG,,

The composite to be modified (aBG,, or SunBG,,) was weighed
and placed in a scintillation vial. Afterward, the vial containing
the composite and a stir bar was placed in an oil bath at 180°C.
Once melted, mechanical stirring was started, and the desired
amount of polybutadiene (0.5-3.0wt. %) was added to the melted
composite. The reaction was carried out for 2h. The brown/
black solid product was allowed to cool to ambient temperature.

4.3 | Instrumentation

Shimadzu IR Affinity-1S instrument with an ATR attachment
operating over 400-4000cm™" at ambient temperature was used
to obtain Fourier transform infrared spectra.

The proton NMR spectra were acquired using a Bruker NEO-
300 MHz spectrometer at room temperature. TopSpin 3.7.0 soft-
ware was used to process the data.

Thermogravimetric analysis (TGA) data were recorded (Mettler
Toledo TGA 2 STARe System, TA Instruments, New Castle, DE,
USA) across the temperature range 20°C-800°C at a heating
rate of 10°C-min~" under a flow of N, (100 mL-min™).

Differential scanning calorimetry (DSC) data were acquired
using a Mettler Toledo DSC 3 STARe System from —60°C to
140°C, with a heating rate of 10°C min~' under N, (50 mL min™).
Each DSC measurement was carried out over three heat-cool cy-
cles, and data were reported for the third cycle.

Flexural strength testing and Dynamic Mechanical Analysis
(DMA) were performed using a Mettler Toledo DMA 1 STARe
System in single cantilever mode. For flexural strength, the tem-
perature was fixed at 25°C. For DMA, the frequency and am-
plitude were set at 1Hz and 5um, respectively. DMA samples
were cast from silicone resin molds (Smooth-On Mold StarTM
30 platinum silicon rubber). The sample dimensions were
1.3%10.8 X 5.0mm. The clamping force was 1 cN m for both anal-
yses. For DMA, the temperature ranged from —60°C to 80°C. The
samples were tested in triplicates, and the results were averaged.
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