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mposites from low-value animal
coproducts and industrial waste sulfur†

Claudia V. Lopez, Ashlyn D. Smith and Rhett C. Smith *

Herein we report high strength composites prepared by reaction of sulfur, plant oils (either canola oil or

sunflower oil) and brown grease. Brown grease is a high-volume, low value animal fat rendering

coproduct that represents one of the most underutilized products of agricultural animal processing.

Chemically, brown grease is primarily comprised of triglycerides and fatty acids. The inverse

vulcanization of the unsaturated units in triglycerides/fatty acids upon their reaction with sulfur yields

CanBGx or SunBGx (x ¼ wt% sulfur, varied from 85–90%). These composites were characterized by

infrared spectroscopy, dynamic mechanical analysis (DMA), mechanical test stand analysis, elemental

analysis, and powder X-ray diffraction. CanBGx and SunBGx composites exhibit impressive compressive

strengths (28.7–35.9 MPa) when compared to other materials such as Portland cement, for which

a compressive strength of $17 MPa is required for residential building. Stress–strain analysis revealed

high flexural strengths of 6.5–8.5 MPa for CanBGx and SunBGx composites as well, again exceeding the

range of �2–5 MPa for ordinary Portland cements. The thermal properties of the composites were

assessed by thermogravimetric analysis, revealing decomposition temperatures ranging from 223–

226 �C, and by differential scanning calorimetry. These composites represent a promising new

application for low value animal coproducts having limited value to be used as organic crosslinkers in the

atom-efficient inverse vulcanization process to yield high sulfur-content materials that have impressive

mechanical properties.
Introduction

High sulfur-content materials (HSMs) are gaining notoriety for
their potential utility in several applications such as active
cathode materials in Li–S batteries and optical devices, water
purication, antimicrobial materials, heavy metal remediation,
and in structural materials.1–37 HSMs comprise oligomeric or
polymeric sulfur catenates stabilized within a crosslinked
network. Catenated forms of sulfur have been underexplored
largely because they are unstable with respect to the familiar
orthorhombic eight-membered ring allotrope (a-sulfur) and
thus the catenated forms must be conned in a network or
otherwise kinetically stabilized.38 Once sulfur catenates are
incorporated into a material providing such stabilization,
however, the resultant HSMs exhibit some enhanced properties
compared to traditional organic polymers. As a result of the
thermal reversibility of S–S bond formation, for example, HSMs
can oen be thermally processed, thermally healed and recycled
over many cycles without change to their mechanical proper-
ties. Sulfur is an attractive monomer not only by merit of the
ty, Clemson, South Carolina, 29634, USA.

(ESI) available: Proton NMR spectral
rves, DMA curves, powder XRD and
06264f
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thermal processability it endows to its composite materials, but
also because it is an underutilized by-product of fossil fuel
rening.

Most HSMs have been prepared by inverse vulcanization
(Scheme 1),1–6 although a few alternate methods for their
synthesis and processing involving alternate chemical pathways
have recently emerged as well.36,39–46 Inverse vulcanization relies
on the reaction of olens with thermally generated sulfur
radicals. A wide range of olens serve as viable comonomers in
Scheme 1 A general scheme for the crosslinking of unsaturated units
with thermally generated sulfur radicals.
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Fig. 1 Photographs of CanBG90 (A), CanBG85 (B), SunBG90 (C), and
SunBG85 (D).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 2
/7

/2
02

6 
4:

04
:4

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
inverse vulcanization, including numerous bio-derived exam-
ples such as limonene, modied cellulose or lignin, nely
ground peanut shells, and plant-derived terpenoid alcohols like
citronellol, geraniol and farnesol.22,39,47–61

Although most efforts to prepare HSMs from sustainably-
sourced olens have centred on plant-derived precursors,
there is a need to better utilize animal coproducts for value-
added purposes as well. Full utilization of animal coproducts
is especially critical from a sustainability standpoint given the
greater ecological capital expended to produce animal- versus
plant-derived agricultural goods. A recent application of animal-
derived material to HSMs is a report of insulative HSM pressed
mats including wool,62,63 in which the wool provides structural
and insulative properties but may not be itself chemically
integrated into the material via covalent bonds to the other
components. These wool-HSM composites provide a promising
route to repurpose used animal-derived wool bre and textile
goods through their combination with sulfur and canola oil. In
the current context, it was of interest to incorporate a high-
volume, low-value animal coproduct directly as the olen
comonomer for reaction with sulfur in an effort to obtain
durable HSMs. Brown grease was identied as an ideal candi-
date for this purpose. Brown grease is a term broadly referring
to the mixture of oils, fats, solids and detergents from food or
rendering industry wastes that are captured in grease traps and
it may contain partially rancidied animal fat.64–66 Because of
the chemical composition and potential contaminants in brown
grease, regulatory agencies do not allow brown grease to be used
for animal feed and there are limited permissible uses of brown
grease for ground application as a fertilizer. In the United States
alone, more than 1.7 million tons of brown grease are collected
every year, making brown grease, one of the most underutilize
products of agricultural animal processing. Brown grease is
largely comprised of naturally occurring animal fat triglycer-
ides, signicant free fatty acid content (>10% be mass) due to
triglyceride hydrolysis, and usually <1% of other impurities,
water and biosolids. The high concentration of free fatty acids
in brown grease also hampers its use in conventional biodiesel
production schemes. In previous HSM work with free fatty
acids, however, sulfur and oleic acid were successfully
combined to yield recyclable polymeric materials when ZnO was
added as a compatibilizing agent to facilitate miscibility of the
components. The resulting copolymers (ZOSx) exhibited
a storage modulus of up to 400 MPa, representing an eightfold
increase versus the storage modulus of sulfur.47 In another
study, pure and technical grade linoleic acid were employed for
polymerization with sulfur to yield ZPLSx and ZLSx, respectively.
These materials had modest exural strengths between 1.0–
2.0 MPa and exural moduli of 46–75 MPa.48 When fatty acid–
sulfur HSMs were used to form composites with Pozzolan
cements, the exural moduli of these materials varied from 40–
90 MPa and their compressive strengths rivaled or exceeded
that of ordinary Portland cement (OPC).67 In addition to the
fatty acid content of brown grease, the triglycerides present are
also expected to form crosslinks with sulfur via inverse vulca-
nization. In the context of structural materials, HSMs made
from sulfur and triglycerides have oen proven to be quite
1536 | RSC Adv., 2022, 12, 1535–1542
mechanically strong.54,68 For example, composites made by the
reaction of sulfur with canola oil (yielding CanS), sunower oil
(yielding SunS) or linseed oil (yielding LinS) had compressive
strengths of 9.3, 17.9, and 22.9 MPa, respectively.68 The
compressive strength of LinS represents 135% of the compres-
sive strength required of OPC for use in residential building
foundations and footers.

All of the aforementioned studies on the structural aspects of
fatty acid and triglyceride-derived sulfur composites and
cements suggest that analogous materials may be accessible by
the reaction of sulfur with brown grease. Herein we report the
use of inverse vulcanization to prepare composites CanBGx and
SunBGx (Fig. 1, where x ¼ wt% sulfur, varied from 85–90%),
using as organic monomer a mixture of brown grease with
either canola oil (yielding CanBGx) or sunower oil (yielding
SunBGx). The thermal, morphological and mechanical proper-
ties of these composites were characterized using differential
scanning calorimetry (DSC, Fig. S1 and S2, ESI†) mechanical
test stand analysis, thermogravimetric analysis (TGA, Fig. S3,
ESI†), dynamic mechanical analysis (DMA, Fig. S4, ESI†) and
mechanical test stand analysis, infrared spectroscopy (Fig. S5
and S6, ESI†), powder X-raw diffraction (XRD, Fig. S7 and S8,
ESI†). The extent to which sulfur was covalently incorporated by
reaction with the unsaturated units in the organic components
was assessed and quantied by a combination of DSC and
fractionation studies.
Results and discussion
Preparation and composite composition

The brown grease used for this study was comprised primarily
of triglycerides, with the balance comprised by 34.18% free fatty
acids, 0.57% moisture, and 0.81% of unidentied impurities
(from the supplier certicate of analysis). Further analysis by 1H
NMR spectrometry allowed quantication of the total unsatu-
ration content provided by the mixture of fatty acids and
triglycerides (Fig. S10 in the ESI†). This analysis showed that the
total olen content of the brown grease was 3.24 mmol g�1.

Initial efforts to directly react sulfur with brown grease in
several ratios led to visually heterogeneous, phase separated
© 2022 The Author(s). Published by the Royal Society of Chemistry
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samples due to ineffective mixing of the brown grease and the
sulfur at the reaction temperature (160–180 �C) despite high-
speed mechanical stirring. This observation is not entirely
surprising given the high free fatty acid content of the brown
grease and previous reports that fatty acids and sulfur have poor
miscibility.47 In previous work, the immiscibility of free fatty
acids and sulfur for inverse vulcanization was overcome by the
addition of ZnO. In those studies, it was hypothesized that Zn
compatibilized the sulfur and fatty acids by coordination of S8
and the fatty acid carboxylates to the Zn. Such a mechanism has
also been invoked in classic vulcanization of rubber in which
stearic acid and Zn were added as compatibilizing agents.69

Efforts to similarly improve the miscibility of brown grease
and sulfur by the addition of ZnO, however, was not fully
effective in the case of reaction mixtures of sulfur and brown
grease. Previous studies have demonstrated the compatibility of
sulfur and triglycerides. Triglycerides are also known to be
miscible with brown grease, so a blend of brown grease and
a triglyceride-based plant oil was targeted for reaction with
sulfur as a potentially more miscible comonomer blend. A
50 : 50 wt/wt blend of brown grease and plant oils proved to be
fully miscible with sulfur at a reaction temperature of 180 �C
when canola oil or sunower oil was used in the blend. The
resulting HSMs were composed of 90 wt% sulfur, 5 wt% brown
grease, and 5 wt% canola oil (giving CanBG90) or 5 wt%
sunower oil (giving SunBG90).

The analogous reactions of sulfur with a higher brown grease
to plant oil comonomer ratio was also performed. A blend of
brown grease and plant oils (85 : 15% wt/wt) was fully miscible
in sulfur at a reaction temperature of 180 �C yielding HSMs
composed of 85 wt% sulfur, 10 wt% brown grease, and 5 wt%
plant oils to yield CanBG85 and SunBG85 when canola oil or
sunower oil were used, respectively. All of the composites
solidied as homogeneous materials upon cooling to room
temperature to form black solids that could be readily remelted
and poured onto surfaces to form sheets or into moulds to form
shapes such as cylinders (Fig. 1).

Comparison of the infrared spectra of the plant-oils, brown
grease and the CanBGx and SunBGx composites (Fig. S5 and S6
in the ESI†) showed a reduction of the cis-alkene C–H bending
mode at around 720 cm�1 from the canola or sunower oil in
the composites, and a reduction in the C–H stretching vibration
between 2846–2916 cm�1 of symmetrical and asymmetrical CH2

groups which indicate the consumption of the olen units
during the reaction. The composites also exhibited stretches
between 1708–1728 cm�1 that can be attributed to C]O
stretching of aliphatic esters. Additionally, the emergence of
a peak at 794 cm�1 for the C–S stretch in the CanBGx and
SunBGx composites conrmed the bond formation attributable
to the inverse vulcanization process (Fig. S5 in the ESI†).

HSMs having a high sulfur content such as CanBGx and
SunBGx are generally best described as composites because
there is oen some percentage of sulfur that is not covalently
incorporated into the olen/sulfur-catenate network. It was thus
necessary to quantify the amount of sulfur entrapped as S8 rings
versus that covalently-incorporated as catenates. Whereas free
sulfur is quite soluble in CS2, sulfur that is covalently
© 2022 The Author(s). Published by the Royal Society of Chemistry
crosslinked into HSM networks is generally not soluble in CS2.
This difference in solubility oen allows fractionation of HSM
composites by CS2-extractions as a tool to quantify free and
covalently bound sulfur. In the current study, recursive CS2
extractions followed by elemental analysis of the resulting
fraction conrmed that the CS2-soluble fractions were
comprised of sulfur. The majority of sulfur in the brown grease-
containing composites was stabilized as covalently-attached
crosslinking catenates, with only 14–29 wt% extractable sulfur
(Table 1). The ratio of sulfur to the total olen units in the
mixture of brown grease and canola oil/sunower oil in the CS2-
insoluble fractions allowed the quantication of the sulfur
rank. The sulfur rank indicates the average length of sulfur
chains per olen unit. In the case of CanBGx and SunBGx, the
sulfur rank varied from 32 to 60 sulfur atoms per olen cross-
linker and increased expectedly with increasing wt% S in the
composites (Table 1).
Thermal/morphological properties of composites

The thermal and mechanical properties of HSMs are important
considerations for their potential applications. The thermal
stability of the composites was assessed by thermogravimetric
analysis (TGA). Thermogravimetric analysis of the composites
revealed the decomposition temperatures (Td, temperature at
which 5% mass loss is observed upon heating under a N2

atmosphere). The Td values for CanBG90, CanBG85, SunBG90,
SunBG85 were all between 223 and 226 �C (Table 1 and Fig. S3 in
the ESI†), respectively, the typical range for HSMs. The Td for all
the composites were similar to the Td of S8 (229 �C), which is not
surprising given that the materials comprise 85–90 wt% sulfur.
Other composites comprising similar wt% S, including the
aforementioned triglyceride-sulfur composites CanS, SunS and
LinS, showed similar Td values (226–227 �C). The char yield of
the composites increased with higher wt% of the organic
monomer incorporated in the materials. For instance, the char
yield for both, SunBG90 and CanBG90, was 9%. In the case of
SunBG85 and CanBG85, the char yields were 15 and 16%,
respectively.68

Differential scanning calorimetry (DSC) conrmed thermal
transitions associated with the presence of free and covalently
bound sulfur in the HSMs. All of the composites exhibited the
typical melting peak for sulfur between 114–116 �C (Fig. S1 in
the ESI†). CanBG90 and SunBG90 exhibited glass transitions (Tg)
at �37 �C, diagnostic for polymeric sulfur catenates. In the case
of CanBG85 and SunBG85, no apparent Tg was observed, but cold
crystallization peaks, oen observed in HSMs with intermediate
amounts of olen crosslinker, were observed at 14.3 �C and
�1.8 �C, respectively.

The percent crystallinity of the CanBGx and SunBGx

composites relative to crystalline orthorhombic sulfur was
calculated from the integration of the melting and cold crys-
tallization enthalpies observed in the DSC data. From the
integrations, it was concluded that composites with higher
organic comonomer incorporation such as CanBG85 and
SunBG85 had lower crystallinities (1% and 7%, respectively)
and, in the case of CanBG90 and SunBG90, the crystallinities
RSC Adv., 2022, 12, 1535–1542 | 1537

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra06264f


Table 1 Thermal and morphological properties of the plant oil–sulfur composites CanBG90, CanBG85, SunBG90, and SunBG85 with comparison
to elemental sulfur

Materials Td
a/�C Tm

b/�C Tg,DSC
c/�C

Cold crystallization
peaks/�C DHm/J g

�1 DHcc/J g
�1 Percent crystallinityd Sulfur ranke Percent insoluble fractionf

CanBG90 226 116.2 �36.7 NA �39.3 NA 12 60 86
CanBG85 223 116.9 NA 14.3 �28.7 15.8 1 37 71
SunBG90 226 114.9 �36.7 NA �35.2 NA 21 54 84
SunBG85 223 116.4 NA �1.8 �30.9 10.8 7 32 71
S8 229 118.5 NA NAb �44.8 NA 100 NA NA

a The temperature at which the 5%mass loss was observed. b The temperature at the peakmaximum of the endothermic melting. c Glass transition
temperature. d The reduction of percent crystallinity of each sample was calculated with respect to sulfur (normalized to 100%). e Sulfur atoms per
cross-link. f Percent of non-extractable sulfur in each sample aer CS2 extractions.
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were higher, 12% and 21%, consistent with previous
HSMs.39,57,68 Powder X-ray diffraction (PXRD) also corroborated
that the primary crystalline domains were attributable to free
sulfur present in CanBG90, CanBG85, SunBG90, and SunBG85

(Fig. S7 and S8 in the ESI†).
Mechanical properties of composites

Previous HSMs prepared from reaction sulfur with fatty acids
triglycerides have shown a wide range of mechanical strengths.
Although some HSMs have very low compressive strengths,
several have compressive strength exceeding that of ordinary
Portland cement. In the current study, one aim was to deter-
mine whether the crosslinking provided by the brown grease/
plant oil mixture could endow their resultant composites with
practically useful mechanical properties. Compressive test
cylinders of the composites were readily prepared by melting
the composites at 160 �C, pouring the liquid composite into
a silicon mould and allowing the material to solidify. The test
cylinders were cured for four days to allow for their direct
comparison to previous triglyceride–sulfur composites that had
also been cured for four days.68 The compressive strength of
each composite was measured in triplicates by use of
a mechanical test stand. The stress–strain curves resulting from
these tests are provided in the ESI (Fig. S9†), while the
compressive moduli and ultimate compressive strength at
break are provided in Table 2 and Fig. 2 for comparison to some
other fatty acid- and triglyceride-containing composite HSMs.
The compressive strength of CanBG90, CanBG85, SunBG90,
SunBG85 (32.0, 28.7, 35.9 and 33.2 MPa, respectively) proved to
Table 2 Physical properties of the plant oil–sulfur composites CanBG90

Materials
Compressive strength
(MPa)

Compressive mo
(MPa)

CanBG85 28.7 � 1.0 110
CanBG90 32.0 � 0.9 100
SunBG85 33.2 � 0.2 110
SunBG90 35.9 � 0.7 110
CanS (ref. 68) 9.3 � 1.0 74
SunS (ref. 68) 17.8 � 3.1 96
LinS (ref. 68) 22.9 � 3.5 110
Portland cement 17.0 —

1538 | RSC Adv., 2022, 12, 1535–1542
be higher than those of previously-reported fatty acid- or
triglyceride-containing HSMs and in a comparable range to
biomass-sulfur composites such as APS95, a composite made by
inverse vulcanization of allyl-derivatized peanut shells.59,61

These HSMs were also subjected to dynamic mechanical
analysis (DMA). Stress–strain testing of CanBG90, CanBG85,
SunBG90, SunBG85 composites revealed that they have relatively
high exural strength and moduli at room temperature
compared to other HSMs (Table 2 and Fig. S4 in the ESI†). In
previous efforts, some fatty acid–sulfur HSMs composites re-
ported exural moduli that varied from 40–75 MPa, and exural
strengths between 1.0–2.0 MPa. In the case of CanBGx and
SunBGx, these composites exhibited higher exural strength
and moduli. CanBG85 had the highest exural strength (8.5
MPa) and the highest exural modulus (700 MPa). The exural
strength of CanBG90 was 6.5 MPa and its exural modulus was
420 MPa. In the case of both, SunBG85 and SunBG90, their
exural moduli were 7.7 MPa, however, SunBG85 had a higher
exural modulus (560 MPa) compared to SunBG90 (460 MPa).
The exural strength of CanBG85 represents 230% of the ex-
ural strength of ordinary Portland cement (OPC). In fact, the
exural strengths, and moduli of CanBGx and SunBGx

composites signicantly exceed that of previously reported fatty
acid–sulfur composites and traditional building materials such
as Portland cement. The high exural strength and compressive
strength of brown grease-comprising composites is attributable
to a higher cross-link density in the brown grease-plant oil
composites afforded by the unsaturation number of the plant
oils and the free fatty acids present in brown grease, which
, SunBG90, CanBG85, and SunBG85

duli Flexural strength/modulus
(MPa)

Compressive strength
(% of OPC)

8.5/700 170
6.5/420 190
7.7/560 200
7.7/460 210
NA 55
NA 100
NA 140
3.7/580 100

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Compressive strengths for ordinary Portland cement (OPC)
compared to those of plant oil–sulfur cements.
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provide more potential sites for crosslinking in the CanBGx and
SunBGx composites.
Conclusions

In conclusion, CanBGx and SunBGx composites were prepared
from industrial by-product sulfur and amixture of brown grease
and plant oils (either canola or sunower oil) as the organic
monomer via the atom economical inverse vulcanization
process. The thermal and mechanical properties of the
composites were assessed. These composites exhibited
impressive mechanical properties without the need of any
aggregates. The compressive and exural strengths of CanBGx

and SunBGx composites were in comparable ranges to some
biomass-sulfur composites and exceed that of Portland cement.
These high sulfur content materials made from low-value
animal sources represent an alternative to better utilize
animal coproducts for value-added purposes. CanBGx and
SunBGx composites show promising properties to be consid-
ered as high-strength sustainable structural materials. These
rst investigations on the use of brown grease as a component
of structural materials reveals that this low value animal
coproduct may be a useful component of structural materials
for the replacement of traditional, less sustainable materials.

Follow up studies on evaluating the long-term stability of
these brown-grease sulfur composites are currently underway.
Experimental
General considerations

Fourier transform infrared spectra were obtained using an IR
instrument (Shimadzu IRAffinity-1S) with an ATR attachment.
Scans were collected over the range 400–4000 cm�1 at ambient
temperature with a resolution of 8 cm�1. TGA was recorded
(Mettler Toledo TGA 2 STARe System) over the range 20–800 �C
with a heating rate of 10 �C min�1 under a ow of N2 (100
mL min�1). Each measurement was acquired in duplicate and
presented results represent an average value. DSC was acquired
(Mettler Toledo DSC 3 STARe System) over the range �60 to
140 �C with a heating rate of 10 �Cmin�1 under a ow of N2 (200
mL min�1). Each DSC measurement was carried out over three
heat–cool cycles.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Carbon disulde extractions were performed by suspending
0.6 g of nely ground material in 20 mL of CS2, allowing the
solid to settle for 30 minutes, pipetting off the supernatant into
a separate vial, and adding another 20 mL of CS2. This process
was repeated an additional three times so that a total of ve
washes was performed. The residual CS2 was evaporated under
a ow of N2 and each vial was weighed to determine the fraction
that was soluble (collected as supernatant) or insoluble
(remained in the initial vial).

Compressional analysis was 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
moulds (Smooth-On Oomoo® 30 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 calliper with �0.01 mm resolution.
Compressional analysis was performed in triplicate and results
were averaged.

Dynamic Mechanical Analysis (DMA) was performed using
a Mettler Toledo DMA 1 STARe System in single cantilever
mode. DMA samples were cast from silicone resin moulds
(Smooth-On Oomoo® 30 tin-cure). The sample dimensions
were 1.2 � 10.4 � 5.0 mm. Clamping force was 1 cN m and the
temperature was 25 �C. The samples were tested in duplicates
and the results were averaged.

For percent crystallinity calculations, Tm, DHm and DHcc, the
data was taken from the rst heat/cool cycles. Melting
enthalpies and the cold crystallization enthalpies were calcu-
lated using DSC data. The reduction of the percent crystallinity
of the composites CanBGx and SunBGx with respect to sulfur
was calculated using the following equation.

Dcc ¼ 1�
�
DHmðCanBGxÞ � DHccðCanBGxÞ

DHmðSÞ � DHccðSÞ

�
� 100%

Dcc – change of percentage crystallinity with respect to
sulfur.

DHm(CanBGx) – melting enthalpy of composite materials
(CanBGx or SunBGx).

DHcc(CanBGx) – cold crystallization enthalpy of composite
materials.

DHm(S) – melting enthalpy of sulfur.
DHcc(S) – cold crystallization enthalpy of sulfur.
Materials and methods

Brown grease was supplied by industrial partners. All materials
were used as received: canola oil (Crisco), sunower oil (Maple
Holistics), and sulfur (Dugas Diesel) and used without further
purication. Plant-oil–sulfur composite materials were aged for
4 d prior to compressive and exural strength testing.
General synthesis of CanBGx and SunBGx

Caution: heating elemental sulfur with organics can result in
the formation of H2S gas. H2S is toxic, foul smelling, and
corrosive. Although we did not observe any mass loss
RSC Adv., 2022, 12, 1535–1542 | 1539
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attributable to gas generation, temperature must be carefully
controlled to prevent thermal spikes, which contribute to the
potential for H2S evolution. Rapid stirring shortened heating
times, and very slow addition of reagents can help prevent
unforeseen temperature spikes.

Syntheses proceeded by heating the given amounts of
reagents with rapid mechanical stirring to give the target
composite in essentially quantitative yield. A small amount
(�1–4%) of mass loss in each case occurs as a result of sulfur
sublimation during heating. Sublimed sulfur is visually
observed at the top of the reaction vessel and is removed by
scraping prior to collection of the bulk material.

Synthesis of CanBG90

Preparation of CanBG90 involved reaction of canola oil (2.5 g,
5 wt%), brown grease (2.5 g, 5 wt%) and sulfur (45.0 g, 0.17 mol,
90 wt%). Sulfur was rst melted in an oil bath at 160 �C with
rapid mechanical stirring. Then, the temperature was heated
further to 180 �C, where sulfur exists primarily as polymeric
diradicals. Once the temperature was stable, brown grease was
slowly added to the sulfur while stirring. Once the brown grease
was added, the canola oil was added dropwise to the brown
grease–sulfur mixture. The reaction mixture was stirred for 24 h
at 180 �C. Within 24 h of the reaction time, the desired product,
a homogeneous solution was produced. Upon cooling to room
temperature, the material solidied to a black solid composite.
Elemental analysis calculated: C 3.00, H 1.00, S 90.00; found: C
5.63, H 0.34, S 92.99.

Synthesis of CanBG85

Preparation of CanBG85 involved reaction of canola oil (2.5 g,
5 wt%), brown grease (5.0 g, 10 wt%) and sulfur (42.5 g,
0.16 mol, 90 wt%). Sulfur was rst melted in an oil bath at
160 �C with rapid mechanical stirring. Then, the temperature
was heated further to 180 �C, where sulfur exists primarily as
polymeric diradicals. Once the temperature was stable, brown
grease was slowly added to the sulfur while stirring. Once the
brown grease was added, the canola oil was added dropwise to
the brown grease–sulfur mixture. The reaction mixture was
stirred for 24 h at 180 �C. Within 24 h of the reaction time, the
desired product, a homogeneous solution was produced. Upon
cooling to room temperature, the material solidied to a black
solid composite. Elemental analysis calculated: C 3.00, H 1.00, S
85.00; found: C 11.14, H 0.81, S 87.73.

Synthesis of SunBG90

Preparation of SunBG90 involved reaction of sunower oil (2.5 g,
5 wt%), brown grease (2.5 g, 5 wt%) and sulfur (45.1 g, 0.17 mol,
90 wt%). Sulfur was rst melted in an oil bath at 160 �C with
rapid mechanical stirring. Then, the temperature was heated
further to 180 �C, where sulfur exists primarily as polymeric
diradicals. Once the temperature was stable, brown grease was
slowly added to the sulfur while stirring. Once the brown grease
was added, the canola oil was added dropwise to the brown
grease–sulfur mixture. The reaction mixture was stirred for 24 h
at 180 �C. Within 24 h of the reaction time, the desired product,
1540 | RSC Adv., 2022, 12, 1535–1542
a homogeneous solution was produced. Upon cooling to room
temperature, the material solidied to a black solid composite.
Elemental analysis calculated: C 3.85, H 1.00, S 90.00; found: C
5.17, H 0.40, S 92.33.
Synthesis of SunBG85

Preparation of SunBG85 involved reaction of sunower oil (2.5 g,
5 wt%), brown grease (5.0 g, 10 wt%) and sulfur (42.7 g,
0.16 mol, 90 wt%). Sulfur was rst melted in an oil bath at
160 �C with rapid mechanical stirring. Then, the temperature
was heated further to 180 �C, where sulfur exists primarily as
polymeric diradicals. Once the temperature was stable, brown
grease was slowly added to the sulfur while stirring. Once the
brown grease was added, the canola oil was added dropwise to
the brown grease–sulfur mixture. The reaction mixture was
stirred for 24 h at 180 �C. Within 24 h of the reaction time, the
desired product, a homogeneous solution was produced. Upon
cooling to room temperature, the material solidied to a black
solid composite. Elemental analysis calculated: C 3.00, H 1.00, S
85.00; found: C 14.59, H 1.03, S 81.35.
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