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Abstract

:

High sulfur-content materials (HSMs) formed via inverse vulcanization of elemental sulfur with animal fats and/or plant oils can exhibit remarkable mechanical strength and chemical resistance, sometimes superior to commercial building products. Adding pozzolan fine materials—fly ash (FA), silica fume (SF), ground granulated blast furnace slag (GGBFS), or metakaolin (MK)—can further improve HSM mechanical properties and stability. Herein, we detail nine materials comprised of rancidified chicken fat, elemental sulfur, and canola or sunflower oil (to yield CFS or GFS, respectively) and, with or without FA, SF, GGBFS, or MK. The base HSMs, CFS90 or GFS90, contained 90 wt% sulfur, 5 wt% chicken fat, and 5 wt% canola or sunflower oil, respectively. For each HSM/fine combination, the resulting material was prepared using a 95:5 mass input ratio of HSM/fine. No material exhibited water uptake >0.2 wt% after immersion in water for 24 h, significantly lower than the 28 wt% observed with ordinary Portland cement (OPC). Impressively, CFS90, GFS90, and all HSM/fine combinations exhibited compressive strength values 15% to 55% greater than OPC. After immersion in 0.5 M H2SO4, CFS90, GFS90, and its derivatives retained 90% to 171% of the initial strength of OPC, whereas OPC disintegrated under these conditions. CFS90, GFS90, and its derivatives collectively show promise as sustainable materials and materials with superior performance versus concrete.
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1. Introduction


Sustainable materials must achieve comparable performance to conventional materials as a prerequisite to widespread adoption and utilization [1,2]. Without comparable performance, sustainable materials will not be used to replace conventional materials despite their sustainability benefits. Concrete, for example, has a sizable carbon footprint, with roughly 1 ton of CO2 being released into the atmosphere for each ton of concrete produced, [3,4,5,6,7] substantially worse than wood, whose carbon content of 434 kg per ton is equivalent to 1.59 tons of CO2 being sequestered from the atmosphere per ton of wood used in a construction context [8,9]. However, concrete can be shaped more easily than wood and into a wider variety of forms, and it also exhibits superior resistance to environmental degradation, thus resulting in concrete being more widely used in structurally demanding construction applications. To be a viable alternative to concrete, a sustainable material must achieve concrete-like performance.



It is possible to increase the sustainability of an otherwise unsustainable construction material by modifying its composition. Sustainability improvements are not limited to the inclusion of biologically produced materials [10,11] but can also be achieved by including materials that would otherwise be discarded as waste and contribute to additional environmental hazards. An example of this is ground-granulated blast furnace slag (GGBFS), a by-product of iron smelting, a decidedly not environmentally friendly process. The incorporation of GGBFS into concrete as a substitute for other concrete components will, however, positively impact a material’s rating in the LEED (Leadership in Energy and Environmental Design, from the U.S. Green Building Council) and BEAM (Building Environmental Assessment Method Plus, developed by the Hong Kong Green Building Council) rating systems for sustainability [12]. Therefore, one strategy we have employed for the development of sustainable alternatives to concrete has been to combine low-value co-products and/or waste products from other industrial processes into high-value materials that perform comparably or superior to conventional concretes [13,14,15].



Elemental sulfur, which exists primarily in the form of cyclo-S8 under ambient conditions, [16,17] is a low-value co-product of petroleum refining, produced by hydrodesulfurization (HDS) processes developed to remove sulfur atoms from petrochemicals to prevent catalyst poisoning in subsequent refining steps and to reduce acid rain caused by the combustion of high-sulfur-content fuels. A staggering amount of elemental sulfur produced by HDS, >70 million metric tons, is produced annually via these processes, and unutilized sulfur is transported to solid waste storage sites [18,19,20,21,22].



For comparison, the US produced 95 million metric tons of cement in 2022; thus, in terms of sheer mass, elemental sulfur is an attractive alternative to cement and has been the subject of intense interest. High-sulfur-content materials (HSMs)—i.e., materials that contain >50 wt% of elemental sulfur—have already been shown to exhibit remarkable strengths that exceed that of load-bearing construction materials like OPC.



Replacing OPC with materials made from elemental sulfur would also have a tremendous impact on sustainability. The heavy carbon footprint of concretes derives primarily from OPC, whose production releases CO2 both directly from the thermal decomposition of carbonate salts and indirectly from the energy required to heat these carbonates to temperatures >1200 °C. In fact, OPC production contributes approximately 8–10% of the total annual anthropogenic CO2 greenhouse gas emissions [3]. Reaction temperatures for preparing HSMs range from 160 °C to 200 °C, corresponding to >80% less energy than required to heat OPC. Consequently, HSMs are significantly more sustainable than OPC-derived materials because they generate less atmospheric CO2 and consume an otherwise unusable material discarded in waste storage sites, though they contain elemental sulfur produced by petroleum refining.



Inverse vulcanization is the process by which most HSMs are prepared from elemental sulfur [23,24]. Unlike traditional vulcanization, which strengthens natural rubber with small amounts of sulfur, inverse vulcanization utilizes sulfur as the main component and endows strength through the inclusion of small amounts of organics. Heating elemental sulfur to temperatures >159 °C induces ring-opening of cyclo-S8 and subsequent formation of polymeric sulfur chains with radical termini (Scheme 1). Inverse vulcanization is performed in the presence of unsaturated organic molecules, whereby sulfur-centered radicals react with C=C bonds to yield crosslinked polymers or networked materials, depending on the structure of the organic species. This reactivity can achieve high degrees of crosslinking, which endows the resulting HSMs with strength profiles comparable to mineral-based materials. Another advantage of inverse vulcanization is its simplicity and atom-efficient nature. Furthermore, the ability of S–S σ-bonds in HSMs to undergo reversible bond-scission/reformation at relatively mild temperatures enables thermal recycling of many HSMs without deterioration in mechanical properties [25]. Beyond structural materials, HSMs prepared by inverse vulcanization have been used in a wide variety of applications, including lithium–sulfur batteries [26,27,28,29,30], infrared imaging [31], water purification [32,33,34,35,36,37], adhesives [38,39], and fertilizers [40,41,42].



The unsaturated organic species used as the co-reactant with cyclo-S8 provides an additional avenue for enhancing material sustainability. Inverse vulcanization was pioneered by employing petroleum-derived alkenes in HSM syntheses [24,31,43,44,45,46], but any molecule with C=C bonds and sufficient miscibility in molten sulfur is mechanistically capable of undergoing an inverse vulcanization reaction to yield HSMs. A biologically produced unsaturated organic molecule contains carbon atoms that are all derived from atmospheric CO2. Even animal fats are assembled from smaller components and energy that can be traced back through the food chain to CO2 absorbed by plants. Examples of biologically derived unsaturated organic molecules that can yield HSMs include fatty acids [47,48,49] and triglycerides [21,50,51,52,53,54].



Our group, in particular, has worked with a variety of biomass and plant-derived sources of olefins as chemical feedstocks for polymers and composites. We have even developed methodologies to prepare HSMs from biologically produced organics that would normally be incapable of undergoing inverse vulcanization via the functionalization of cellulose and lignin with olefin-bearing groups, for example. The HSMs prepared by our group using sustainable organics have achieved compressive strength, flexural strength, and chemical resistance superior to the values required of commercial OPC targeted for use in residential building foundations. Along this axis, we continue to explore various sources of biologically derived unsaturated organics.



Prior work in our group has shown that brown grease [55,56]—a mixture of oils and fats comprising >15% FFAs—can afford HSMs with structural properties that are competitive with commercial building materials [57,58]. However, the high viscosity of brown grease and its low miscibility with molten sulfur requires that brown grease be combined with plant oil prior to inverse vulcanization. We identified canola and sunflower oils as ideal additives to obtain brown grease-derived HSMs. Based on this precedence, we hypothesized that a 1:1 mixture of chicken fat, canola, or sunflower oil would undergo inverse vulcanization with elemental sulfur to yield an HSM that would serve both as a high-value structural material in its own right and as a binder for fine aggregates and pozzolans [59]—fly ash (FA), silica fume (SF), GGBFS, and metakaolin (MK)—yielding high-value concrete-like materials.



Chicken fat (CF) is a co-product of animal rendering processes. It has a high caloric content and is thus an attractive component for adding to animal feed. Unfortunately, some processes and degradation pathways lead to spoilage of fats via mechanisms such as triglyceride hydrolysis and oxidation. Because the presence of acid can catalyze triglyceride hydrolysis, the formation of free fatty acids (FFAs) from initial hydrolysis accelerates the hydrolysis and production of more FFAs. Triglyceride hydrolysis and oxidation yield products that give rise to the smell and taste of rancidity [60,61], whereby even 5% triglyceride hydrolysis can render a batch completely unusable for animal feed applications [62]. Once this has occurred, the rancidified animal fats must be disposed of as biohazardous wastes, and all energy and resources invested are lost. Given that the production of 1 kg of chicken requires the consumption of 4300 L of water, it is imperative to find additional uses for rancidified chicken fat that is no longer suitable for use in foodstuffs [63].



Valorizing and productively employing rancid chicken fat, as well as brown grease, align well with the United Nations Sustainable Development Goals (SDGs) [64,65] covering aspects of responsible production and consumption (SDG 12), climate action (SDG 13), sustainable cities and communities (SDG 11), and innovative industrialization (SDG 9). By incorporating these wastes into high-value HSMs, rancid chicken fat, and brown grease further improve sustainability indices, enhance environmental consciousness, and harmonize enterprises with broader socio-environmental economic needs.



Herein, we report composites based on CFS90 or GFS90, these HSMs comprising 5 wt% rancidified chicken fat, 5 wt% canola or sunflower oil, and 90 wt% elemental sulfur [66]. Specifically, we explore the impact of adding 10 wt% FA, SF, GGBFS, or MK to CFS90 and GFS90. Impressively, CFS90, GFS90, and CFS90/GFS90-derived materials exhibited 15% to 55% greater compressive strengths than OPC, water uptake values ≤0.2 wt% (vs. 28 wt% for OPC), and superior resistance to acidic corrosion.




2. Materials and Methods


2.1. Chemical Precursor Sources


Elemental sulfur (99.5%, Alfa Aesar, Maverhill, MA, USA) was used without further purification. Fly ash (FA), silica fume (SF), and ground granulated blast furnace slag (GGBFS) pozzolanic cement components were purchased from Diversified Minerals, Inc. (Oxnard, CA, USA), while metakaolin was manufactured by Opptipozz and the fines were used without further purification. Rancidified chicken fat was obtained from an industrial supplier with an olefin content of 2.7 mmol·g−1.



CAUTION: Heating elemental sulfur with organics can result in the formation of H2S gas. H2S is toxic, foul-smelling, and corrosive [67,68,69].




2.2. Thermal Analysis


TGA data were recorded (Mettler Toledo TGA 2 STARe System) over the range of 20–800 °C with a heating rate of 10 °C·min−1 under a flow of N2 (100 mL·min−1). Each measurement was acquired in duplicate, and the presented results represent an average value.




2.3. Synthesis of CFS90


This procedure follows the reported method [58,66]. Elemental sulfur (180.0 g, 90 wt%) was added to a 500 mL Erlenmeyer flask. The vessel was placed in a thermostat-controlled oil bath set to 180 °C and stirred with an overhead mechanical stirrer equipped with a stainless steel stir rod and vane. Elemental sulfur was initially heated at 160 °C. Upon further heating, the viscosity of elemental sulfur increased, and a deep red color characteristic of polymeric sulfur radicals was noticed. Once the temperature was stable, the chicken fat (10.0 g, 5 wt%) was slowly added to the sulfur while stirring. Then, canola oil (10.0 g, 5 wt%) was added dropwise to the mixture. The reaction mixture was stirred for 24 h at 185 °C. After cooling to room temperature, the materials were rigid brown to black solids that were readily re-meltable and could be shaped into compressive test cylinders by being poured into silicone molds.




2.4. Synthesis of GFS90


This procedure follows the reported method [58]. Elemental sulfur (180.0 g, 90 wt%) was added to a 500 mL Erlenmeyer flask. The vessel was placed in a thermostat-controlled oil bath set to 180 °C and stirred with an overhead mechanical stirrer equipped with a stainless steel stir rod and vane. Elemental sulfur was initially heated at 160 °C. Upon further heating, the viscosity of elemental sulfur increased, and a deep red color characteristic of polymeric sulfur radicals was noticed. Once the temperature was stable, the chicken fat (10.0 g, 5 wt%) was slowly added to the sulfur while stirring. Then, sunflower oil (10.0 g, 5 wt%) was added dropwise to the mixture. The reaction mixture was stirred for 24 h at 185 °C. After cooling to room temperature, the materials were rigid brown to black solids that were readily re-meltable and could be shaped into compressive test cylinders by being poured into silicone molds.




2.5. General Procedure for the Addition of Fines to Binders


CAUTION: Heating elemental sulfur with organics can result in the formation of H2S gas. H2S is toxic, foul-smelling, and corrosive.



This procedure follows a reported method for adding fines to fatty acid–sulfur cement [15]. The requisite binder, CFS90 or GFS90 (33.0 g, 90 wt%), was melted in a 125 mL Erlenmeyer flask equipped with a Teflon-coated magnetic stir bar. The flask was submerged in a thermostat-controlled oil bath set to 180 °C. Once the binder had fully melted, the corresponding pozzolan (3.7 g, 10 wt%) was added with rapid stirring. After rapid stirring for 1 h, the mixture was removed from the heat, and cylinders for compressional analysis were prepared by pouring the molten mixture into silicone cylinder molds. All mixtures could also be re-melted for shaping later as needed.




2.6. Compressional Measurements


Compressional measurements were acquired on cylinders (Figure 1) using a Mark-10 ES30 (Mark-10 Corporation, Copiague, NY, USA) Manual Test Stand equipped with a Mark 10 M3-200 Force Gauge (Mark-10 Corporation Copiague, NY, USA) by a modified ASTM C39 standard. All materials were allowed to stand at room temperature for 4 d prior to compressional strength testing. The four-day aging period was selected after assessing material properties over shorter and longer times for one set of samples, and the properties were leveled off after 4 d. Longer-term stability is not known for these materials.





3. Results


3.1. Selection and Properties of Starting Materials


3.1.1. Chicken Fat


As noted previously, rancidified chicken fat contains elevated levels of free fatty acids (FFAs) caused by triglyceride decomposition and is a major undesired by-product prevalent in animal rendering processes. Thus, there is an urgent need to develop productive uses for rancidified CF. Non-food uses for high-FFA chicken fat have been investigated, primarily focusing on soapmaking and biodiesel production [70,71]. Rancidified chicken fat used in this study contains C=C bonds at an abundance of 2.70 mmol·g−1, which provides the requisite chemical functionality to undergo inverse vulcanization with elemental sulfur.




3.1.2. Fly Ash (FA)


Fly ash is a by-product of coal combustion consisting of fine particles collected and filtered in electrostatic precipitators [72]. Fly ash typically consists of spherical, glassy particles with an average diameter ranging from 0.5 to 100 µm; the chemical composition consists primarily of silicon–, aluminum–, and iron–oxides. In the cement industry, FFA has demonstrated success as a complementary additive to Portland cement, where the resulting cement blends exhibit enhanced material durability. Additionally, using FA decreases the adverse environmental impacts of construction activities by utilizing waste material and reducing the amount of OPC consumed. The fineness modulus of FA used in this study was 2.53. The fineness modulus is a dimensionless parameter used to categorize the uniformity of granular particles. It is a statistical mean from a sieve analysis using distinct standard sizes for sieving the aggregate, evaluating cumulative mass retained on each sieve, considering their sum, and normalizing that sum by a factor of 100. The fineness moduli of the pozzolan powders used herein were characterized as previously reported [15].




3.1.3. Silica Fume (SF)


Silica fume, also known as microsilica, is composed of noncrystalline particles produced by the combustion of silicon and ferrosilicon alloys in high-temperature electric arc furnaces [73]. Chemically, SF primarily consists of amorphous SiO2, with trace amounts of other oxides. Like FA, silica fume is a valuable supplement to cement by enhancing its mechanical properties, such as compressive strength. Overall, SF provides significant benefits in producing high-performance and sustainable cementitious materials. The fineness modulus of SF used in this study was 3.78.




3.1.4. Ground-Granulated Blast Furnace Slag (GGBFS)


Ground-granulated blast furnace slag (GGBFS) is a by-product of the smelting of iron-containing ores in a blast furnace [74]. GGBFS produced in this manner is an amorphous, granular powder consisting primarily of calcium silicates and aluminosilicates similar to those found in OPC. The incorporation of GGBFS into OPC increases the compressive strength and durability of concrete and represents an effective resource and waste management technique that contributes to sustainable construction practices. The fineness modulus of GGBFS used in this study was 3.35.




3.1.5. Metakaolin (MK)


Metakaolin is an amorphous, dehydroxylated form of kaolin [75]. Metakaolin predominantly consists of amorphous SiO2 and Al2O3, with trace amounts of other silicon– and aluminum oxides. When added to cement, MK enhances its strength and durability. The fineness modulus of MK used in this study was 4.63.





3.2. Preparation of Polymer and Polymer–Fines Composites


Preparations of CFS90 and GFS90 were carried out as previously described for SunBG90, an HSM made from the reaction of 90 wt% elemental sulfur, 5 wt% brown grease (olefin content 3.24 mmol·g−1), and 5 wt% sunflower oil [58]. Fines-incorporating composites containing CFS90 or GFS90 were prepared by remelting CFS90 or GFS90 at 180 °C and mixing it with 10 wt% of the desired fine aggregate, using rapid mechanical stirring to achieve homogeneity. After 1 h, these mixtures were liquids of brown or black color, giving brown to black, re-meltable solids when cooled to room temperature. Combining CFS90 (Figure 1A) with 5 wt% FA, SF, GGBFS, or MK afforded the HSM/fine composites CFS90-FA, CFS90-SF, CFS90-GGBFS, and CFS90-MK, respectively (Figure 1). Similarly, combining GFS90 (Figure 1) with FA, SF, GGBFS, and MK in this manner afforded the HSM/fine composites GFS90-FA, GFS90-SF, GFS90-GGBFS, and GFS90-MK, respectively (Figure 1). Consistent with prior work on brown grease-derived HSM/fine composites, all of the chicken fat-derived composites prepared in this work could be re-melted and recast into a variety of shapes such as the cylinders shown in Figure 1, with the exception of GBS90-FA, which, while re-meltable, was too viscous to practically shape using the usual method, so GBS90-FA was not further explored.



Scanning electron microscopy with elemental mapping using energy dispersive X-ray analysis (SEM-EDX) of CFS90-derived composites showed uniform distributions of carbon, oxygen, and sulfur in the HSM domains, with voids in the high-sulfur domains at particles of the added pozzolan fines (Figure 2), as expected for a composite in which the added particles have not been chemically disintegrated. These data are consistent with the other three reports in which these pozzolans were used as additives for HSMs [13,14,15].




3.3. Thermal/Mechanical Properties and Acid Resistance


Water absorption into a material renders it more vulnerable to mechanical damage via freeze/thaw cycling; thus, the pursuit of water-repellent derivatives and alternatives to conventional cement can significantly extend its operational lifespan. Given the fact that CFS90/GFS90 and its composites contain 90 wt% sulfur and that sulfur is hydrophobic, we envisioned that the parent HSM and its composites would exhibit water-repellent behavior. Water uptake by the parent HSM CFS90, GFS90, and the composites with FA, SF, GGBFS, and MK was therefore evaluated using the ASTM D570 standard test conditions in which each sample was completely submerged in water for 24 h at room temperature. The extent of water uptake was quantified as %H2Oabs (Table 1). Calculated using this equation:


%H2Oabs = [(Wet weight − Dry weight)/Dry weight] × 100











Quantitatively zero water uptake was observed in the parent HSMs CFS90, GFS90, and the composites CFS90-FA and CFS90-GGBFS following complete submersion in water for 24 h. The values were exceedingly low (0.1–0.2 wt%) for CFS90-SF, CFS90-MK, GFS90-GGBFS, and GFS90-MK. Interestingly, CFS90 and GFS90 had superior water-repellency compared to its brown grease-derived analog, SunBG90, which exhibited a water uptake of 0.83 wt% [58]. For comparison, OPC exhibits water uptake values as high as 28 wt%, more than 100-fold higher than the HSM composites reported here.



Density values (ρ) of CFS90, GFS90, and CFS90/GFS90-derived composites were measured for compressive strength test cylinders such as those shown in Figure 1 prior to conducting compressive strength tests. All materials prepared in this work exhibited density values ranging from 1.500 to 1.700 kg·m−3, comparable to OPC itself (ρ = 1.500 kg·m−3) and in good agreement with the brown grease-derived HSM analog of CFS90 or GFS90 (ρ = 1.700 kg·m−3). The values observed with CFS90, GFS90, and fines-derived composites demonstrate that these materials comply with the American Concrete Institute (ACI) standard ACI-213R and ASTM 169C density recommendations, thereby qualifying CFS90, GFS90, and all the fines-HSM derived composites as lightweight structural materials (ρ = 1.500–1.800 kg·m−3, Table 1).



Structural load-bearing materials must exhibit high compressive strength, which is one of the characteristic features of OPC and OPC-derived concretes. Whereas there has been significant work towards improving and understanding tensile properties of HSMs, [53,77,78] building regulations such as for cement that will be used in the foundations and/or footings of residential buildings must exhibit high compressive strength of ≥17 MPa (ACI specification 332.1R-06). With regards to this property, CFS90 and CFS90-derived composites all easily met this threshold, ranging from 22.6 ± 1.1 MPa for CFS90-FA at the low end to 26.3 ± 1.4 MPa for CFS90-GGBFS at the high end, or 133% to 155% the compressive strength of conventional OPC (Figure 3A; stress-strain plots are provide in Figures S1–S8 of the Supplementary Materials). Similarly, GFS90 and GFS90-derived composites exhibited compressive strengths ranging from 19.3 ± 0.5 MPa for GFS90-MK to 26.7 ± 0.2 MPa for GFS90-GGBFS at the high end, which represents between 114 and 157% of the compressive strength of traditional OPC (Figure 3B). The compressive strength of CFS90 and GFS90 was notably lower than that of the analogous BG-based HSM, SunBG90, previously reported by our group (35.9 ± 0.7 MPa), which likely reflects the lower olefin content of chicken fat compared to brown grease used to prepare the HSMs (2.70 mmol·g−1 vs. 3.24 mmol·g−1, respectively). As the abundance of C=C bonds per unit mass in a material increases, that unit of mass can undergo greater reactions with elemental sulfur, thereby giving rise to a higher density of crosslinking polysulfide chains per unit mass of HSM. As the density of crosslinking chains in an HSM increases, the bulk material will more strongly resist deformation.



Thermal and chemical stability are also important considerations when assessing the viability of binders to replace OPC. Thermogravimetric analysis (TGA) of binders CFS90 and GFS90 revealed decomposition temperatures of 224 °C and 218 °C, both well above the operational temperature expected for standard paving applications. Whereas the alkaline, ionic composition of OPC (e.g., CaO, Al2O3, etc.) causes it to react readily with Bronsted acids, the non-polar composition of CFS90 and GFS90 (i.e., sulfur and triglycerides) should strongly disfavor, if not eliminate entirely, Bronsted acid–base reactivity. To test for susceptibility to acid-induced damage, compressive strength test cylinders of CFS90, GFS90, and HSMs-fines derived composites were prepared and fully submerged in 0.5 M H2SO4 for 24 h (Figure 4). After 24 h, the cylinders were isolated, rinsed with H2O, and patted dry, and then their compressive strengths were measured. When a cylinder of OPC was subjected to this acid challenge, complete disintegration was observed within the 24 h test period. Thus, the compressive strength of OPC after an acid challenge was 0% of the compressive strength of OPC before the acid challenge. In contrast, the compressive strengths of CFS90 and CFS90-derived composites after the acid challenge were 90% to 171% that of OPC before the acid challenge (Figure 5A). Similarly, the compressive strength of GFS90 and GFS90-derived composites after the acid challenge was between 114% and 156% that of OPC before the acid challenge (Figure 5B).





4. Conclusions


Concrete production is one of the largest sources of atmospheric CO2 and is thus a major contributor to climate change. Although the CO2 indirectly generated by the electricity consumed in concrete production could, in principle, be eliminated using renewable energy sources, the CO2 directly generated by the CaCO3 → CaO + CO2 reaction required for OPC could not be eliminated without finding a carbon-free alternative to OPC. In addition to its significant carbon footprint, concrete production consumes vast amounts of fresh water, simultaneously reducing the availability of safe drinking water for vulnerable populations across the world. Thus, achieving a truly sustainable and equitable economy is impossible without replacing OPC and OPC-derived concretes.



The composite structure of concrete, consisting of a binder (OPC) with fines and aggregate, offers multiple avenues for developing sustainable alternatives to concrete. Whereas the production of OPC releases CO2 into the atmosphere, the formation of triglycerides in plants instead formally removes CO2 from the atmosphere, and the carbon feedstocks for animals are plants and/or other animals. Because the organics employed in this work were chicken fat and sunflower oil, the composites derived from these organics functionally sequester atmospheric CO2. As a result, the composites detailed in this work can serve as CO2-sequestering alternatives to CO2-emitting construction materials.



Elemental sulfur is a versatile monomer for binder synthesis, given that its S–S bonds reversibly undergo bond breakage/reformation under relatively mild thermal conditions, enabling the preparation of HSMs with a variety of polymeric sulfur chain lengths. This, in turn, enables the HSMs to be melted and cast into a variety of shapes and to be recycled thermally. The hydrophobic nature of elemental sulfur endows HSMs with excellent water repellency, preventing the uptake of water that is a prerequisite for multiple damage mechanisms (freeze/thaw, corrosion, etc.). The composites reported in this work exhibit minuscule water-uptake values of 0% to 0.2%. Furthermore, the gargantuan quantities of elemental sulfur sitting in waste storage sites, for which there are currently no valuable uses, make it an inexpensive, readily abundant feedstock material. Even if all petroleum refining ceased overnight, the tens of millions of tons of elemental sulfur produced over the decades would still be sitting in waste storage sites. Thus, not only do the HSMs reported in this work serve as CO2-sequestering construction material alternatives to OPC-based concretes, but they also convert low-value waste into high-value products.



The fines explored in this work (SF, MK, FA, and GGBFS) represent an additional vector for valorization and enhancing sustainability. Each of these fines is a relatively low-value by-product or co-product of other industrial processes, and they have all been used in OPC-based concretes. With GGBFS specifically, it has been reported to afford stronger OPC-based concretes compared to other fines and materials that increase in strength over time. Consistent with these findings, the composites exhibit compressive strength values 14% to 55% greater than that of OPC. Impressively, each composite can be immersed in 0.5 M H2SO4 for 24 h and still exhibit compressive strength values of 90% to 160% of OPC. In contrast, acid-challenging OPC under these conditions leads to a total loss of mechanical strength.



Our findings demonstrate conclusively that CFS90, GFS90, and HSMs fines-derived composites exhibit vastly superior mechanical strength, water repellency, and corrosion resistance compared to OPC and OPC-based concretes. Furthermore, the organic components of CFS90, GFS90, and HSMs-fines composites are ultimately derived from atmospheric CO2, which allows them to simultaneously function as carbon-storage materials. With CFS90, GFS90, and CFS90/GFS90-based composites being superior to OPC and OPC-based concretes from the perspectives of economics (elemental sulfur and partially rancidified animal fats are low-value waste products), engineering (greater strength and resistance to damage mechanisms vs. OPC), and sustainability (replacing heavily CO2-emitting OPC with formally CO2-sequestering CFS90 or GFS90), we envision CFS90, GFS90, and CFS90/GFS90-based composites serving as drop-in alternatives in a variety of construction, roadbuilding, and other structurally-demanding applications. The materials described herein are, therefore, being subjected to studies on their long-term (on the order of years) strength and geometry retention and related ASTM and ISO tests to assess their properties further compared to those of mineral products.
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Scheme 1. Inverse vulcanization examples wherein the unsaturated units of fatty acid substituents undergo a reaction with thermally-generated sulfur radical species. 
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Figure 1. Samples of CFS90, CFS90-SF, CFS90-GGBFS, CFS90-MK, CFS90-FA, GFS90, GFS90-SF, GFS90-GGBFS, and GFS90-MK shaped for compressive testing. 
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Figure 2. Surface analysis of the CFS90-derived composites using SEM (gray) with elemental mapping via EDX for sulfur (red), carbon (green), and oxygen (cyan). The scale bar in each image is 100 microns. 
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Figure 3. Comparison of compressive strengths of CFS90-derived composites (A) and GFS90-derived composites (B) to OPC and some other fat-incorporating HSMs. 
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Figure 4. Representative samples of CFS90-FA, CFS90-SF, and GFS90-GGBFS, before (left) and after (right) being submerged in 0.5 M H2SO4 for 24 h. 
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Figure 5. Comparison of compressive strengths of CFS90-derived (A) and GFS90-derived (B) composites before (blue-colored bars) and after (green-colored bars) exposure to 0.5 M H2SO4 for 24 h. OPC is shown by the orange bar for comparison. 
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Table 1. Physical and mechanical properties of high sulfur content composites.
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	Material
	Water

Uptake (wt%)
	Density (kg·m3)
	Initial

Compressive Strength

(MPa)
	Post-Acid Strength

(MPa)
	Retained Strength

(% of Pre-Acid)





	CFS90
	0
	1.700
	24.7 ± 0.7
	29.1 ± 2.5
	120



	CFS90-SF
	0.2
	1.700
	25.8 ± 2.3
	15.3 ± 1.8
	59



	CFS90-GGBFS
	0
	1.700
	26.3 ± 1.4
	24.4 ± 1.1
	93



	CFS90-MK
	0
	1.500
	23.7 ± 2.1
	18.4 ± 1.3
	78



	CFS90-FA
	0.1
	1.600
	22.6 ± 1.1
	25.1 ± 0.4
	110



	GFS90
	0
	1.700
	24.9 ± 0.9
	26.5 ± 0.8
	110



	GFS90-SF
	0
	1.700
	24.3 ± 1.3
	25.2 ± 1.4
	100



	GFS90-GGBFS
	0.1
	1.700
	26.7 ± 0.2
	26.6 ± 2.6
	99



	GFS90-MK
	0.1
	1.600
	19.3 ± 0.5
	19.1 ± 2.2
	98



	SunBG90
	0.8
	1.700
	35.9 ± 0.7
	NA
	NA



	OPC [76]
	>28
	1.500
	17.0
	0
	0
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