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Morphological and mechanical characterization of
high-strength sulfur composites prepared with
variably-sized lignocellulose particles¥

Moira K. Lauer,® Zoe E. Sanders,” Ashlyn D. Smith®® and Rhett C. Smith (2 *?

The extent to which lignocellulose biomass particle size influences the properties of biomass—sulfur
composites prepared from these particles was evaluated. For this purpose several materials were
prepared by the reaction of sulfur with peanut shell particles that had been fractionated into narrow size
ranges using ASTM certified sieves. Eight particle size fractions with an upper cutoff range of 710 microns
were thus used to prepare a series of eight composites PSS-1 to PSS-8. The use of biomass particles
having defined size ranges allowed for a 36-fold faster reaction rate relative to the analogous reactions
employing unfractionated biomass, while the resultant composites still maintained excellent strength
characteristics. Composites prepared with smaller biomass particles exhibited the most uniform
dispersion, yet similar ultimate strength characteristics were observed for most of the composites
irrespective of the biomass particle size. The strength characteristics of these materials could be
rationalized by the interplay of the dispersion of filler in the network versus the unfavorable interactions
between the hydrophilic biomass filler and hydrophobic sulfur network. This work highlights the
importance of quantifying filler effect for microscopically non-homogeneous composite materials and
provides insight on simple strategies for drastically impacting the time and energy expenditures for
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Introduction

Developing mechanically-improved and more environmentally
compatible structural materials is imperative to advance society
beyond the petrochemical era. Concrete, comprised largely of
ordinary portland cement (OPC), is the most widely-utilized
construction material worldwide, with current production
levels of over four and a half billion metric tons per year."
The production of concrete accounts for about 30% of global
materials utilization and is responsible for approximately 8% of
anthropogenic CO, production.” The production of CO, in the
manufacture of concrete is unavoidable as the formation of its
key intermediate, cement clinker, is made by heating mined
carbonate minerals to > 1400 °C to form their respective oxides,
a process that produces stoichiometric quantities of CO,.
Cement production has approximately doubled in the last two
decades and with an ever-increasing population and the rapid
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biomass composite synthesis and resultant properties.

modernization of less developed countries, global concrete
production is forecast to continue to increase.> A key
component of efforts to reduce CO, emissions must be to
decrease the amount of OPC used in structural applications
by adopting new formulations that use less environmentally-
deleterious components.>® Although significant progress has
been made towards this aim, many improved cement formula-
tions still produce large amounts of CO, while ultimately
generating a non-recyclable product with a limited operational
lifetime. Furthermore, many recent efforts have focused on
filler-type additives that, while lowering the amount of new
clinker that must be made, often do not impart attributes to
their composite concretes that would improve their eventual
recyclability, a property essential for a circular lifecycle.”™°
Our group has recently reported on various composite
materials that have strength properties on par with or better
than cement. These new composites are generally easily
recycled, acid-resistant, and hydrophobic—characteristics that
are possible due to the materials’ high sulfur contents.**™?
These high sulfur content materials (HSMs) are prepared using
waste sulfur that is produced in megaton quantities as a
byproduct of fossil fuel refining.>**> Mechanistically, such HSMs
are predominantly prepared by inverse vulcanization.**™*'
Inverse vulcanization is the crosslinking of olefin-containing
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Scheme 1 Thermal homologation of Sg and its subsequent reaction with
an olefin. When the wt% of sulfur is greater than that of the organic
species, the process is known as inverse vulcanization.

organic species in concert with thermally-induced homologation
of excess elemental sulfur (Scheme 1). Inverse vulcanization can
be up to 100% atom economical and proceeds at significantly
lower temperatures (~ 180 °C) than that required for the production
of cement clinker. The sulfur catenates in HSMs can homologate
when the material is reheated, allowing the material to flow for
facile remolding, pouring and paving. The HSMs can thus be
reprocessed over many cycles with negligible changes in
mechanical properties. Beyond structural applications, HSMs
also have utility in lithium-sulfur batteries,**>° as IR transparent
lenses,”*™” and as adsorbents in environmental remediation.”®*
As the potential application scope of this class of materials
continues to expand, important research on improved processing,
recycling and alternative synthetic avenues to HSMs have been
developed, even expanding the substrate scope to previously
inaccessible organic monomers.*>*7*

Ideally HSMs will be as sustainably-produced as possible.
To meet this goal the organic component to be reacted with
waste sulfur must be renewably-sourced and preferably carbon
negative to minimize or eliminate contributions to CO, emission.
Towards this end, researchers have demonstrated successful
HSM production by reacting sulfur with fatty acids,>>*"3*
terpenoids,'®**°77377% starch,'®** lignin,'>'7*%2° cellulose,
and lignocellulosic biomass derivatives.'®'” Some of those
biologically-derived materials do not possess the olefin function-
alities needed for inverse vulcanization and therefore require
derivatization or wuse of alternative reaction strategies.
Derivatization, however, can detract from the atom economy and
add to the economic/energetic cost of the process. Derivatizing
biopolymers is also fraught with challenges due to biopolymer
agglomeration or hornification during derivatization steps.”®°
Our previous work showed that if raw biomass is used as a
precursor for the preparation of HSMs, the organic material
must be mechanically milled to improve sulfur-organic surface
area of contact and thus improve homogeneous dispersion of
the material into resulting composites. Though lignocellulosic
biomass is an especially attractive starting material, biomass
faces a litany of well-known challenges to their commercial
applications in competition with established petrochemical-
and mineral-based materials. As a chemical feedstock, biomass
can suffer from compositional changes depending on the
source—even for the same species of origin—particle size/
shape effects, moisture content variation, and inhomogeneity
of samples in terms of the percent composition of various plant
components (stems, leaves, seed hulls, etc.) and thus variable
chemical composition. Our previous work with peanut
shell composites, for example, revealed that the composites’
properties were strongly dependent on the peanut oil content of
the peanut shell material employed in their preparation.'®"”
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The issues discussed above for biomass utilization necessitate
assessing (1) the extent to which lignocellulose composite
mechanical properties depend on particle size and (2) whether
the chemical composition of the lignocellulosic feedstock varies
on the basis of particle size due to the difference in grindability of
divergent botanical structures of which the biomass is comprised.
Chemical composition and particle morphology drastically impact
particle dispersion and mechanical properties of composites
prepared from cellulose nanocrystals, suggesting that these char-
acteristics would also be important in lignocellulose-sulfur
composites.”’ *° Towards this aim, we have selected a model
system of finely ground peanut shells as the biomass feedstock
for the current study. Peanuts hold a fascinating place in the
historical development of sustainable agriculture and chemistry
dating to George Washington Carver’s pioneering work on the
use of peanuts as a nutrient-restoring plant for use in crop
rotation-based land stewardship strategies.”' ™ Later, peanut
and soybean oil were some of the earliest feedstocks studied for
preparation of what would later be called plastics, even predating
the petrochemical plastics boom of the twentieth century. Peanut-
based food products for human consumption are made primarily
from the cotyledon (kernel) alone (Fig. 1), after it has been
separated from the seed coat and shell components. Animal
bedding and feed products can be made from some of the peanut
shell waste, but the amount of shell waste available outpaces
demand for these products, and smaller particle size fractions of
peanut shells are not suitable for use in these applications. As a
result, large quantities of bulk shell waste and small particle-size
waste remain to be valorised. Peanuts remain a high production
crop with annual production of about 44 Mt, of which over 11 Mt
is in the form of shells that are not nutritionally valuable for
human consumption.”® Peanut shells are primarily comprised of
cellulose (52%) and lignin (35%) with ~1 wt% being peanut oil.

In previous work, we demonstrated several strategies
for preparing composites from peanut shell and sulfur waste.
The properties of these composites are competitive with tradi-
tional structural materials like OPC, suggesting their possible
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Fig. 1 Botanical breakdown of a typical two-seed peanut legume with oil
content for peanut-oil-containing components. Artist's rendering based
on information accessed 4-24-21 at www.aboutpeanuts.com/peanut-
facts/97-the-parts-and-composition-of-the-peanut.
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commercial applicability. Those studies demonstrated that
high strength materials are possible due to the presence of a
small amount of olefin-containing peanut oil (~1% by weight)
in the peanut shells, but only one particle size was used.
The extent to which mechanical properties may also be
attributable to a filler effect that depends on particle size of
the lignocellulosic precursor thus remains unknown.’>'%?
Additionally, the material referred to as peanut shell waste
can be further subdivided as being comprised of several
botanical structures having different oil contents and therefore
different potentials for crosslinking by inverse vulcanization
(Fig. 1). It is conceivable that differences in the grindability of
these botanical structures might influence their distribution by
particle size in ground peanut shell materials. Herein, peanut
shells were fractionated into eight different size ranges with an
upper cutoff of 710 um (Fig. 1 and Table 1) and the oil (olefin)
content of each fraction was evaluated by 'H NMR spectro-
metric analysis. Each fraction was reacted with elemental sulfur
to produce eight HSMs (PSS1-8). The extent to which particle
size influences resultant composite mechanical properties were
assessed by mechanical strength analysis, while morphology
and thermal behavior were assessed by, differential scanning
calorimetry (DSC), scanning electron microscopy element
mapping by energy-dispersive X-ray analysis (SEM-EDX), and
thermogravimetric analysis (TGA).

Results and discussion
Characterization and fractionation of biomass feedstock

The initial peanut shell material used for the current study was
a finely-ground material (Fig. 2, unfractionated) from a facility
that produces animal feed products from peanut shells. Animal
feed production can only utilize a fraction of total peanut shells
production and after processed into animal feed, there is a
fraction remaining that is not usable for animal feed products
due to the small particle size. This small particle size is, however,
especially amenable to the target process of converting the shell
residue into homogeneous composites. The industrial peanut
shell product was therefore further fractionated using ASTM
standard sieves beginning by removing particles larger than
710 um, a portion that represented a negligible fraction of the
total mass. The fractionation process was continued by collecting
the material that would not pass through the 500 pum sieve to yield

Table 1 Peanut shell fractionation data

Maximum size cutoff
(um)/ASTM size

Minimum size

Fraction code cutoff (um)/ASTM size

PS-1 500/35 710/25
PS-2 300/50 500/35
PS-3 250/60 300/50
PS-4 212/70 250/60
PS-5 150/100 212/70
PS-6 125/120 150/100
PS-7 75/200 125/120
PS-8 NA“ 75/200

“ All particles passing the ASTM 200 sieve were retained in this sample.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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material with particles having dimensions of 500-710 pum
(fraction PS-1). Sequentially smaller size ASTM sieves were
employed according to the workflow provided in Table 1 to yield
seven additional fractions from PS-2 through the smallest particle
size fraction PS-8 (Fig. S1, ESIf). Optical micrographs of PS-X
fractions (Fig. 2) demonstrate the range of sizes resulting from the
fractionation process as well as revealing the irregular particle
shapes present in the materials.

Due to inhomogeneity and small sample sizes analysed in
DSC runs (~5 mg), the magnitude and position of T, values
varied slightly for duplicate analysis of each PS-X fraction.
The position of the T, attributable to cellulose varied, on
average, by 7 °C while the T, values attributable to the
lignin fraction of the peanut shell varied, on average, by 6 °C
(Fig. S2-S8, ESIt). Unsurprisingly, all fractions of peanut shells
had nearly indistinguishable infrared (IR) spectra (Fig. S9, ESIT)
but somewhat different TGA results. All peanut shell fractions
show an initial mass loss of ~9 wt% due to adsorbed moisture
in the range 25-120 °C (Fig. 3A). Due to increased surface area,
smaller peanut shell particles began to decompose at slightly
lower temperatures and much more rapidly than larger particle
sizes while also burning more completely to give a lower char
yield (i.e., less residue at 800 °C, Fig. 3B). Notable differences in
thermal stability are observed only at temperatures in excess of
300 °C, as obviated in the derivative TGA inset shown in Fig. 3C.
At the composite preparation temperature of 180 °C, there
should thus be no particle size-dependant thermal degradation
that could influence composite properties.

Composite synthesis and chemical characterization

Each PS-X fraction (10 wt%) was mixed with sulfur (90 wt%) and
the mixture was then heated at 180 °C while stirring until the
mixture became visibly homogeneous to prepare eight inversely
vulcanized materials PSS-X, where X corresponds to number of
PS-X fraction used for the composite’s preparation (Table 1).
The feed composition of 10 wt% biomass and 90 wt% sulfur
was selected to match that used to prepare previously-reported
PSyo, which was prepared from the unfractionated form of the
same peanut shells used for the current study. PSe, also
possessed compressional strength characteristics on par with
that required for residential concrete construction and so
represents a benchmark for comparing properties to compo-
sites prepared from fractionated peanut shells.

While unfractionated peanut shells required three days of
reaction to reach homogeneity in the preparation of PSg,
fractionated shells were found to homogenize significantly
more quickly during reaction, requiring only 2 h total reaction
time. Although all eight of the reaction mixtures became
homogenous at the reaction temperature, the two materials
that were prepared with the largest particle-size fractions
(PSS-1 and PSS-2) phase separated on cooling (Fig. S10, ESIT).
Only homogeneous materials PSS-3 through PSS-8 will be further
discussed. Cylinders of PSS-3-8 suitable for compressional
analysis were prepared by remelting and pouring the molten
material into silicone moulds (Fig. 4). In order to better under-
stand the impact of filler morphology on ultimate composite

Mater. Adv,, 2021, 2, 7413-7422 | 7415
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Fig. 2 Optical micrographs demonstrating the range of particle sizes (A) and irregular particle shapes (B) in peanut shell fractions PS-X.

properties, two control materials were prepared (Fig. 4B and C).
The first control material was prepared to attempt to understand
the impact of the peanut shells as filler on material properties.
This was done by preparing a material containing no biomass
and instead containing only sulfur and peanut oil in the same
ratios as would be found in a material containing 10% peanut
shell in which 1% of that mass was attributable to peanut oil.
The second control material sought out to understand the
impact of the peanut oil’s incorporation into the lignocellulosic
biomass as well as the impact of lignin-cellulose crosslinks.
This material was consequently prepared with the same amount
of peanut oil in the first control material but also containing a
mixture of microcrystalline cellulose and alkali lignin in a 3:2
ratio (the approximate ratio found in the peanut shell) as 10 wt%
of the feed ratio. Both of these materials would not homogenize
and showed drastic phase separation upon cooling in addition to
a light-yellow colour indicative of (non-inversely vulcanized)
orthorhombic sulfur. The inability for these materials to
homogenize emphasizes the importance of the native biomass
structure in facilitating the inverse vulcanization reaction while
uniformly dispersing the filler.

7416 | Mater. Adv, 2021, 2, 7413-7422

Because metastable polymeric sulfur has the potential to
slowly revert to Sg over time when present in a crosslinked
network, all materials were cured at room temperature for
sixteen days before any mechanical, thermal, or morphological
analysis was performed to ensure the probing of end-use
structure and properties,'?*®17:103

HSMs can vary in the extent to which monomer feed sulfur
is incorporated into their structures. Elemental analysis
revealed that this holds for PSS3-8 as well, with the composition
of each materials containing somewhat less than 90% of sulfur
(~81-88 wt%, Fig. 5A). A plot of particle size versus percent
incorporation of sulfur revealed a definite trend in sulfur incor-
poration as a function of particle size, with composites prepared
from the smallest and largest particles incorporating the most
sulfur (86-88 wt%) and the intermediary composite PSS-5
incorporating the least sulfur (~81 wt%, Fig. 4). To better
understand this trend, extraction of composites PSS-X was
undertaken utilizing CS,. Orthorhombic sulfur—sulfur that is
not covalently linked to peanut shell molecules—is quite soluble
in CS,, while peanut shell and covalently-attached sulfur is
completely insoluble (as confirmed by elemental microanalysis

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Thermogravimetric analysis of PS-X fractions from 25-800 °C (A),
from 725-800 °C to emphasize the difference in residual mass (B), and
the derivative TGA (DTG) curve over the primary decomposition step,
emphasizing the more rapid and lower-temperature decomposition with
smaller particle size (C). Note that PS-2 and PS-3 are coincident.

of extracts). Fractionation of the material with CS, paired with
elemental analysis results therefore allows for the determination
of how much of the sulfur present in each material is free or
covalently bound to peanut shells. The fraction of each material
that was soluble in CS, varied predictably with the amount of
sulfur that was incorporated into the material and, with the
exception of PSS-8, the trend in total incorporated sulfur tracked
with the amount of sulfur covalently bound (Fig. 5B). Materials
PSS-4, PSS-5, and PSS-6 were effectively unable to crosslink with
sulfur resulting in the largest discrepancy between feed ratio and
the amount of incorporated sulfur whereas PSS-3, PSS-7, and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Photos of compression test cylinders (A) and identically-prepared
control materials made by reaction of sulfur and peanut oil (B) or sulfur,
peanut oil, lignin, and cellulose (C) in the same ratios present in peanut
shells used to prepare PSS-3-8. Control materials are heterogeneous and
within minutes of cooling begin to rapidly re-develop the lighter yellow
colour typical of orthorhombic sulfur, while the brown-orange colour of
PSS-X composites persists for over 16 days (aging time before analysis
herein).
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Fig. 5 Chemical characterization of PSS-X materials showing the wt% of
the material that was determined to be sulfur by elemental microanalysis
(A), the amount of orthorhombic sulfur that was determined to be present
in the material by CS2 fractionation studies (B, left axis, black trace) and the
amount of sulfur that was determined to be present in the composite as
crosslinked sulfur (the difference between the amount of sulfur present
and the amount of orthorhombic sulfur identified) (B, right axis, blue trace).

PSS-8 were able to crosslink some amount of sulfur resulting in
good agreement between the feed ratio and amount of sulfur
incorporated into the material. The outlier, PSS-8 was able to
distribute peanut shell particles most effectively through the
sulfur network (from SEM analysis, vide infra), likely due to the
low viscosity of the melt resulting from the small particle size.
These data indicate that homogenization of organic species with

Mater. Adv., 2021, 2, 7413-7422 | 7417
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few crosslinkable sites may be benefited by using as small a
particle size as possible to provide good dispersion in the
material.

Morphological characteristics of biomass-sulfur composites

To gain further insight into the morphology of the materials, the
composites were examined by scanning electron microscopy
element mapping by energy-dispersive X-ray analysis (SEM-EDX,
Fig. 6). Whereas composites prepared from smaller particle-size
biomass showed homogeneous distribution of organic material
throughout the HSM (i.e., PSS-7 and PSS-8, Fig. 6I-L), organic
particle agglomeration became more pronounced for the materials
prepared with larger particle size precursors, as evident from the
images of PSS-3 and PSS-4 (Fig. 6A-D). Such trends in particle
dispersion as a function of their size is a common phenomenon in
composite formation that can often be traced to differences in
viscosity."™ In the current case, the increased melt viscosity is
likewise evident when pouring molten samples of composites with
larger particle size precursors.

Thermal analysis revealed little in the differences between
composites. TGA analysis of PSS-X showed a similar trend as
observed for PS-X but on a smaller magnitude commensurate
with the lower quantity of organics in the composites (Fig. S11,
ESIY). Results obtained by DSC showed nearly identical curves
for all of the materials except that PSS-3 showed a consistent
(triplicate analysis) cold crystallization exotherm at ~20 °C
(Fig. S12-S17, ESIt). This can be attributed to the poor
dispersion of peanut shells in this material producing a more

500um 500um J
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rigid network in local areas, hindering crystallization on
cooling, thus resulting in partial recrystallization upon
reheating. The materials also showed a linear trend in crystal-
lization temperature with the exception of PSS-4 that showed a
surprisingly high crystallization temperature consistent
with the lack of crosslinking observed (see also Table S3 and
Fig. 18, ESIY).

Composite mechanical strength and correlation with botanical
composition/fat content

Compressive strength measurements were conducted in an
attempt to find a correlation between strength and particle
size. Previously reported PSo,, prepared from 90 wt% sulfur
and unfractionated peanut shells, exhibited an impressive
compressive strength of 21.3 + 1.2 MPa.'®"'% A higher
average compressive strength was observed for all of the PSS-X
composites that were prepared from fractions of the same
peanut shells, but the compressive strength was less reproducible
from sample-to-sample for PSS-X compared to PSy, as reflected in
the larger standard deviations shown for these data in Table 2 (all
measurements were done in triplicate). Unfortunately, even with
replicate analysis, most materials had such a large standard
deviation that the materials could not be differentiated in terms
of compressional strength as a function of particle size.

The effect of fillers on a material’s mechanical properties
can generally be described by two primary considerations: (1)
the compatibilization between the filler and the matrix, and (2)
the dispersion of the filler in the matrix.'"®'** For the PSS-X

500um 500um

Fig. 6 SEM-EDXimages of PSS-X showing the EM image (black and white: A, C, E, G, | and K) and the carbon element mapping (blue images: B, D, F, H, J
and L) for PSS-3 (A and B), PSS-4 (C and D), PSS-5 (E and F), PSS-6 (G and H), PSS-7 (I and J), and PSS-8 (K and L).
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Table 2 Mechanical properties of materials PSS-X with the amount of
hexane soluble material found to be contained in the peanut shell fractions
PS-X

wt% of hexane soluble in

Material Strength® (MPa) n corresponding PS-X (%)
PSS-3 29.2 £ 6.3 4 1.10
PSS-4 30.6 £ 0.9 3 0.00
PSS-5 28.0 £ 3.2 4 0.50
PSS-6 30.3 £ 10.2 5 0.04
PSS-7 24.3 £ 4.4 4 0.54
PSS-8 25.4 £ 10.6 8 0.05
PSoo° 21.3 £ 1.2 3 1.60

“ Material ultimate strength under a compressional force. ” The number
of replicates performed to obtain the strength and standard deviation.
¢ The material prepared in our previous manuscript from unfractionated
peanut shells and heated for three days.

series of materials, the compatibility is not favourable due to
the highly hydrophilic nature of the peanut shells juxtaposed
with the hydrophobic nature of sulfur. On this basis, maximizing
surface area (i.e., using smaller particle size filler) should be
unfavourable for the development of strength properties. This is
in contrast to the trend seen with particle dispersion where
better dispersion was generally observed with smaller particle
size. These two counterbalancing trends are likely responsible
for the relatively similar strength properties across the series.

Based on the results from CS, extractions, it may have been
anticipated that PSS-3, PSS-7, and PSS-8 would have the greatest
strength due to the peanut shell not only acting as a filler but
also crosslinking with sulfur. Such a supposition is also borne
out in strength trends of particle-free HSMs, wherein mechanical
strength generally increases with increased covalent cross-
linking. Such a trend was not observed in the case of composites
PSS-X, however. The strengths of materials on either extreme of
particle size were not as reproducible as are strengths of particle-
free HSMs. The underlying cause for this behaviour in PSS-3 was
traced to significant agglomeration of organic material observed
in the SEM images. In contrast, the dispersion of particles in
PSS-8 was much higher, though unfavourable sulfur-biomass
interface effects are maximized among members of the series, so
that PSS-8 also shows diminished strength. The other materials
exhibited some extent of sulfur crosslinking, and consequently
samples PSS-7 had a relatively reproducible strength yet provided
a relatively low average compressional strength value. The
reproducibility can be attributed to the uniform dispersion of
organic particles through the sulfur matrix—the best seen
throughout the series—providing consistent samples for analy-
sis. The source of low strength can again be rationalized by the
high surface area of the very small particles.

The materials that exhibited very little sulfur crosslinking—
PSS-4, PSS-5, and PSS-6—produced surprisingly high average
strength values. In these cases, the peanut shells are primarily
acting as a filler with low contribution to a crosslinked network to
stabilize polymeric sulfur. In this morphological regime, larger
particle size produces the most reproducible results indicating
minimization of surface area was more beneficial than the uniform
dispersion of peanut shell.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

The property variability and potential relationship to the
complex interplay of surface area and size effects motivated us
to quantify the amount of peanut oil in each of the peanut shell
fractions. By stirring the peanut shells in hexane overnight, the
peanut oil was extracted from the shell fractions, isolated, and
quantified by "H NMR spectrometry with an internal standard
(2,3,4,5,6-pentafluorobenzaldehyde). This fractionation process
resulted in removal of peanut oil from the shells (Table 2).
The amount of oil extractable from the peanut shell samples
varied across the series. Unfortunately, the presence of
unidentified compounds other than peanut oil that produced
resonances in the NMR spectrum made it difficult to make any
conclusive deductions from these data for most of the samples
(Fig. S19 and S20, ESIt). The 'H NMR data did, however, help to
explain the wide variability of PSS-6 sample compressive
strengths. In agreement with the CS,-extraction study that
indicated that PSS-6 crosslinked a negligible amount of sulfur,
PSS-6 also contained trivial quantities of peanut oil or any other
hexane-soluble species. These data suggest that PSS-6 features
the poorest compatibility/covalent crosslinking between peanut
shell particles and sulfur among all of the composites studied.
All materials possessed considerably less hexane soluble
material than unfractionated peanut shell, a result that made
practical sense but seemed counterintuitive considering the
PSS-X series exhibited slightly better strength characteristics
than PSq,. This result may be explained by the difference in
requisite heating times. The longer heating times required
for PSgg (72 h versus 2 h for PSS-X) likely results in some
destruction of the native peanut shell structure which we have
previously shown to be disadvantageous in cellulose systems."’
As previously noted, attempts to prepare composites analogous
to PSeq by heating sulfur with unfractionated peanut shells for
shorter times led to visibly heterogeneous materials, so a direct
comparison of PSS-X to that hypothetical direct control material
is not possible. Fractionation thus proved to be successful in
reducing reaction time, thereby preserving the native structure of
the lignocellulosic components, and reducing energy require-
ments for composite preparation, but at the expense of material
homogenization and reproducibility of material properties.

Conclusions

This work demonstrates the ability to attain high strength
materials from unfractionated, unmodified biomass after
heating to a relatively low temperature for only a few hours
using raw biomass that has been fractionated by a simple
mechanical sifting process. All prepared materials possessed
compressional strength characteristics on par with residential
Portland cement. Opposing trends in the minimization of
surface area and the more uniform dispersion of biomass filler
provides rationale for similarity of strength between all of the
materials in the series. Fractionation of biomass into narrow
particle size distributions did, however, prove to be beneficial
for significantly decreasing reaction times and thus energy
costs for achieving the high-strength materials.

Mater. Adv,, 2021, 2, 7413-7422 | 7419
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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™ " at ambient
temperature with a resolution of 8. TGA was recorded (Mettler
Toledo TGA 2 STARe System) over the range 20-800 °C with a
heating rate of 10 °C min~" under a flow of N, (100 mL min~%).
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 150 °C with a
heating rate of 5 °C min~"* under a flow of N, (200 mL min~%).
Each DSC measurement was carried out over three heat-cool
cycles. Each measurement was acquired in triplicate to ensure
consistent results were obtained.

Carbon disulfide extractions were performed by suspending
0.3 g of finely ground material (measured to 0.0001 g) in 20 mL
of CS,, allowing the solid to settle for 30 minutes, pipetting off
the supernatant into a separate vial, and adding another 20 mL
of CS,. This process was repeated an additional 3 times so that
a total of 5 washes was performed. The residual CS, was
evaporated under a flow of N, 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™'.
Compression cylinders were cast from silicone resin moulds
(Smooth-On Oomoo 30 tin-cure) with diameters of approxi-
mately 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 initially performed three times;
however, more samples were analysed when the standard
deviation was greater than four MPa. The number of replicates
was increased until the standard deviation was consistent with
additional runs. The number of replicates for each sample is
reported in Table 2.

SEM was acquired on a Schottky Field Emission Scanning
Electron Microscope SU5000 operating in variable pressure
mode with an accelerating voltage of 15 keV.

Materials and methods

Ground peanut shells were obtained from Golden Peanut and
Tree Nuts (Product ES). Sulfur was obtained from Alfa Aesar.
Carbon disulfide was obtained from Beantown Chemical.
2,3,4,5,6-Pentafluorobenzaldehyde was obtained from Acros
Organics. All reagents were used as received unless otherwise
specified.

General composite synthesis

PSS-X materials were prepared by combining 9.0 g of sulfur and
1.1 g of fractionated peanut shells in a glass vial equipped with
a Teflon coated stir bar. The vials were placed in an oil bath set

7420 | Mater. Adv., 2021, 2, 7413-7422

View Article Online

Materials Advances

to 180 °C for two hours. Specific reaction conditions can be
found in the ESI.f

Hexane extraction and NMR analysis

Peanut shell powder (8 g) was suspended in hexane (150 mL)
and stirred at room temperature for 24 h. The suspension was
filtered, and the hexane was removed from the filtrate under
reduced pressure. The yield of material was determined as a
first approximation of peanut oil in each fraction. A solution of
2,3,4,5,6-pentaflourobenzaldehyde (PFBA) in CDCl; was prepared
by serial dilution. First, 0.4657 g of PFBA was dissolved in
9.5337 g of CDCl3, 2.0118 g of this solution was then dissolved
in 18.0001 g of CDCI; to bring the final concentration of the
solution to 4.6817 mg of PFBA per g of CDCl;. Approximately
one gram of this solution was used to dissolve the residue for
each hexane soluble fraction and then this solution was
transferred to an NMR tube for analysis. External standards
were also prepared by dissolving 10, 20, or 30 mg of peanut oil
into 1 g of CDCl;.
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