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Green and Sustainable chemistry is at the heart of the global movements towards a circular economy and a more sustainable society. Green Chemistry became a recognised term 30 years ago and largely built on many years of process chemistry improvements that led to safer and more efficient chemical manufacturing. The early movement was strongly focussed on avoiding where possible, the more hazardous chemical substances and reducing toxic chemical waste. While these remain as core components, there is now a more holistic view of the chemical space with feedstocks, process and products sharing the limelight. Frontiers Green and Sustainable Chemistry seeks to embrace all key stages in the life-cycle of chemical products and including key subjects including renewable resources and the valorisation of waste, clean synthesis and alternative technologies, and product performance, as well as environmental impact and recyclability. We seek high quality research articles that address these subjects in the context of important products across all key sectors, including advanced materials, pharmaceuticals and other bio-actives, electronics, and home and personal care products. We have selected 10 outstanding research articles from 2024 that reflect these principles and values.
In the article Transformation of struvite from wastewater to a hydrogen fuel storage compound ammonia borane, the interesting and important future source of hydrogen, ammonia-borane is synthesised from wastewater (Dingra et al.). This not only opens the door to a new use of a widespread waste, it can also help alleviate the growing concerns about adequate treatment of wastewater.
A more widely recognised use of organic wastes is their pyrolysis to produce useful oils, such as those that can be co-fed with traditional crude oil feedstocks. However, the biggest problem with such pyrolysis oils is often their poor quality. In Processing renewable and waste-based feedstocks with fluid catalytic cracking: Impact on catalytic performance and considerations for improved catalyst design, the optimisation of solid catalysts in FCC is shown to enable pyrolysis oils to be used as replacements for fossil oils with little impact on performance (Mastry et al.).
One of the largest volume but little exploited natural resources is lignin which remains more of a waste than a feedstock despite its chemical potential. In Biocatalytic selective acylation of technical lignins: a new route for the design of new biobased additives for industrial formulations, technical soda lignins are chemically modified using a biocatalytic process (Sarieddine et al.). The resulting materials have useful properties that suggest possible real industrial application value.
Many modern vaccines require the addition of adjuvants which are chemical entities that can induce a strong but controlled immune response. Despite their rapidly growing value, the rate of innovation of vaccine adjuvants has been very slow. In Cleaner synthesis of preclinically validated vaccine adjuvants, synthetic glycophospholipids have been developed (Romerio and Peri). These not only have promising activity and low toxicity, they can be made using good clean synthesis techniques including regio- and chemo-selective reactions.
The valorisation of biomass feedstocks is likely to become a vital part of the future chemical industry and we need to prove alternative technologies for this that go beyond traditional methods like pyrolysis. In the review article, Mechanochemistry and oleochemistry: a green combination for the production of high-value small chemicals, the little utilised mechanochemistry technique for oleochemistry is demonstrated in a number of recent articles (Len et al.). This includes original work aimed at creating new and efficient routes to important products including biodiesel, benzoxazine and solketal.
Deep eutectic solvents are attracting increasing interest as green solvents but their use in biocatalysis has been little reported. In Harnessing the potential of deep eutectic solvents in biocatalysis: design strategies using CO2 to formate reduction as a case study, these fascinating solvents are successfully demonstrated in the important reduction of carbon dioxide to formate (Logarušić et al.). This is achieved by a powerful combination of experimental screening and computational tools.
The removal of lead from water is an important clean water strategy. In Improvement of magnetite adsorption performance for Pb (II) by introducing defects, the ability of natural magnetite to adsorb lead is improved by surface defect engineering specifically by calcination under argon (Li et al.). The creation and effects of surface vacancies are studied by equilibrium and kinetic adsorption experiments.
Organic pollutants are of increasing concern to water purity and are becoming more common with the growth of many industries. Among the most worrying are organic dyes which are currently dumped in multi-thousand ton quantities around the world. In Kinetics and thermodynamics investigations of efficient and eco-friendly removal of alizarin red S from water via acid-activated Dalbergia sissoo leaf powder and its magnetic iron oxide nanocomposite, a new cost-effective natural adsorbent is proven for the adsorption of the hazardous dye alizarin red S from water (Nawaz et al.).
The complex behaviour of pollutants in water needs good mathematical modelling to aid field remediation planning. In Modelling and optimization study on degradation of organic contaminants using nZVI activated persulfate based on response surface methodology and artificial neural network: a case study of benzene as the model pollutant, the degradation effects of activated persulfate on the common groundwater contaminant benzene are modelled and then used to optimise the process parameters and maximise benzene removal (Luo et al.).
Calcium carbonate is one of the most common natural substances on our planet and is made even more important because of its role in helping to abate the CO2 crisis and help combat ocean acidification. We need to make more use of this compound. In Improvements in the utilization of calcium carbonate in promoting sustainability and environmental health, both well-known and less well-known applications for CaCO3 are described (Comes et al.). Utilization of pre-consumer and post-consumer recycled calcium carbonate is on rise and can help customers achieve their circular economy objectives.
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Refiners around the globe are either considering or are actively replacing a portion of their crude oil inputs originating from fossil sources with alternative sources, including recycled materials (plastics, urban waste, mixed solid waste) and renewable materials (bio-mass waste, vegetable oils). In this paper, we explore such replacement, specifically focusing on the fluid catalytic cracking (FCC) operation. Five pyrolysis oils, obtained from municipal solid waste (MSW) and biogenic material (olive stones/pits), were fully characterized and tested at 10% loading against a standard fluid catalytic cracking (FCC) vacuum gasoil (VGO) feed in a bench scale reactor using an industrially available fluid catalytic cracking catalyst based on ultrastable Y zeolite to simulate fluid catalytic cracking co-processing. Despite having unique feed properties, including high Conradson carbon (e.g., up to 19.41 wt%), water (e.g., up to 5.7 wt%), and contaminants (e.g., up to 227 ppm Cl) in some cases, the five pyrolysis oils gave similar yield patterns as vacuum gasoil. Gasoline was slightly (ca. 1 wt%) higher in all cases and LPG slightly (ca. 1 wt%) lower. Olefinicity in the LPG streams were unchanged, bottoms and light cycle oil (LCO) showed no significant changes, while dry gas was slightly (up to −0.2 wt%) lower. Coke selectivity was also unchanged (maximum −7.7 wt%, relatively), suggesting minimal to no heat balance concerns when co-processing in an industrial fluid catalytic cracking unit. The results demonstrate the applicability of municipal solid waste and biogenic originating pyrolysis oils into a refinery. A catalyst design concept is explored, based on higher rare Earth oxide exchange and/or utilization of ZSM-5 zeolite, that would further minimize the impacts of replacing fossil oils with pyrolysis oils, namely one that shifts the 1% higher gasoline into LPG.
Keywords: fluid catalytic cracking, sustainability, renewable feedstocks, pyrolysis oil, biofuels, waste to energy, biomass upgrading, industrial waste
INTRODUCTION
The valorization of waste and renewable streams has been studied for many years (Tuck et al., 2012) (Sheldon, 2014) (Ragaert et al., 2017) (Kiran et al., 2014) (Dermeche et al., 2013) (Dahiya et al., 2018). However, more recently this concept is quickly gaining traction in industrial practices as more companies are trying to implement such strategies. In addition, from a consumer and regulatory perspective, the demand and push, respectively, for cleaner and more sustainable energy and material sources is increasing. Importantly, this includes the Renewable Energy Directive II (RED II), redefined in 2018, requiring 32% of renewable energy in the European Union by the year 2030 (European Commission, 2018), and more recently RED III, redefined again in 2022, requiring 45% renewable energy within the same time frame.
Renewable and recyclable waste can be broadly categorized into three categories: plastic waste, agricultural waste, and municipal solid waste (MSW), with the latter typically comprised of both plastic and agricultural wastes, among other materials. Dedicated plastic recycling can be done either mechanically or chemically; mechanical recycling is a proven viable option, while chemical recycling (Ragaert et al., 2017) [sometimes called advanced recycling and/or ChemCycling™ (Grauke et al., 2021)] offer other pathways, allowing for the decomposition of polymeric material into virgin molecules (i.e., ethylene and propylene). Chemical recycling is typically done thermochemically and can involve steam gasification (Saebea et al., 2020) or pyrolysis, with the ultimate goal to produce monomers and/or fuels (Lopez et al., 2017) (Wong et al., 2015). Steam gasification typically results in more chemical building blocks, whereas pyrolysis processes result in more fuel-range building blocks (Antelava et al., 2021).
Agricultural waste can be disposed of or re-used in a variety of ways. Common pathways include animal feed, composting, or landfilling, with pyrolysis upgrading becoming more prevalent (Lahijani et al., 2022). Many sources of agricultural waste and biomass have been studied via the pyrolysis pathway, including woodchips (Pinho et al., 2017) (Lutz et al., 2022) and food waste (Dahiya et al., 2018) (Kiran et al., 2014). In Europe, the waste from olive mills accounts for 9.6 million tons per year, with half of the European production originating in the southern part of Spain, Andalucía (Berbel and Posadillo, 2018). Most of this waste goes toward very low value-added processes, including the generation of heat and electricity, with only 5% going towards higher value-added processes including animal feed. In the median of the value addition scale is the generation of biofuels and chemicals (Berbel and Posadillo, 2018), suggesting that the transformation into biofuels and biochemicals is an attractive pathway.
At the intersection of plastic and agricultural waste is MSW, whose generation is nearly 2.0 billion metric tons and is expected to increase in the future, with some projecting MSW to comprise a large portion of the future biofuels market (Gelder et al., 2022). The investigation into MSW valorization is complex, given its diversity. Its composition varies with respect to region, waste management practices, and sorting complexity. Importantly, plastic in MSW on a global scale is approximately 12 percent by weight and, therefore, can be a significant source for chemical and fuel manufacture. The renewable portion, excluding yard and food waste, comprises about 34 wt% and represents a truly renewable path to fuels and chemicals. Various researchers and companies also investigate the use of more specific unique streams, including waste tires (Tian et al., 2022; Pyrum Innovations, 2022) and waste biological products (Shim et al., 2022). Laboratory experiments have been conducted on carefully prepared MSW-like materials (Sorum et al., 2001) and the pyrolysis of MSW has been studied in detail by many groups (Chen et al., 2014; Du et al., 2021). However, the post-processing of the resulting MSW-pyrolysis oil to generate valuable fuels and chemicals is less studied.
In this paper, we focus on the usage of pyrolysis oils from MSW and biomass waste in an FCC unit. The FCC is at the heart of the refinery and is one of the more flexible processes in the refinery, making it an ideal candidate for the processing of unique streams. By utilizing pilot scale laboratory testing, the impact of alternative feed sources on FCC product yields can be quantified by replacing a portion of the fossil-based feed. Given the flexibility of the FCC process and its ability to handle unique feedstocks and contaminants, it remains a very valuable tool when considering outlets for pyrolysis oil upgrading (Lappas et al., 2009; Fogassy et al., 2011). Previous literature exploring the co-processing of biogenic pyrolysis oils utilize lab-created pyrolysis oils (Magrini et al., 2022; Seiser et al., 2022). The novelty in this paper lies in the direct application to industry and the unique nature of the pyrolysis oils that are from an industrial scale operation and are already being sold into the open market. The utilization of industrially available pyrolysis oils and catalysts in this paper demonstrates the applicability of previous works to real life scenarios. The post-processing of the resulting pyrolysis oils is evaluated using an industrially available FCC catalyst. Further, the application of the pyrolysis oil is such that the co-processing level is industrially relevant, i.e., tested at a level that a typical refiner would also consider/utilize at scale. The work presented supports refiners’ goals to use existing equipment and infrastructure to answer the latest question around sustainability. These concepts (yield impacts, feed characterization, and contaminant handling) are of paramount importance to enable the refining industry’s partial or full replacement of fossil fuels.
EXPERIMENTAL
Pyrolysis oils were obtained from the industrial plant of Neoliquid in Guadalajara (Spain) and from the industrial plant of Neoliquid/Preco in Toledo (Spain) and used without further pre-processing. Notably the BIO1 material is the oil product from pyrolysis, whereas the aqueous fraction (wood vinegar) obtained from pyrolysis was separated into a different product stream. Both plants operate using the pyrolysis technology of Neoliquid Biofuels and Advanced Biochemicals. The municipal solid waste (MSW) processed in these plants has previously been processed to remove glass, metal, and minerals. The feed samples spent 18 days in transit (in ambient and cold temperatures during ground and air transport) before being analyzed. All were dark and viscous liquids at room temperature. Upon arrival at the testing lab, they were stored in a freezer (0°C). In addition to the five pyrolysis oils, a standard vacuum gasoil (VGO) feed was also used. The oils were used as-received, without the use of stabilizing agents.
Six oils were included in this study, with descriptions listed below:
Standard: VGO representative of an FCC feed used in a typical US gulf coast FCC unit.
MSW1: Pyrolysis oil from MSW, containing 70%–90% mixed plastics and 10%–30% paper, cardboard, biomass, and textile waste.
MSW2: Heavy liquid fraction from the MSW1 pyrolysis process.
MSW3: Pyrolysis oil from MSW, containing 70%–90% mixed plastics (with a high fraction of polyolefins) and 10%–30% paper, cardboard, biomass, and textile waste.
BIO1: Pyrolysis oil from biomass waste (olive stones/pits).
MIX1: A 10% BIO1 and 90% MSW1.
The catalyst used in the cracking evaluations was a porous zeolite-based in-situ catalyst (McLean, 2003) containing a high ultrastable Y (USY) content designed for resid applications. The properties for fresh catalyst are found in Table 1. The catalyst was deactivated under hydrothermal conditions (100% steam, 788 C, 24 h) and this deactivated catalyst, properties for which are found in Table 2, was used for all catalytic evaluations.
TABLE 1 | Fresh catalyst properties.
[image: Table 1]TABLE 2 | Steam deactivated catalyst properties.
[image: Table 2]Elemental analysis of the catalysts was conducted by X-ray Florescence (XRF) using a Philips PW2400 spectrometer, with fused pellet specimens; data were accurate within 1% relative abundance. BET (TSA) surface area was determined using N2 adsorption data acquired using a Micromeretics Galaxy 3,060 sorptometer. T-plot external area (MSA) was calculated from the same N2 isotherms. Results have a precision of about ±2% relative.
Unit cell size was determined following ASTM D3942. X-Ray diffraction data were collected using a PANalytical MPD X’Pert Pro diffractometer, with Cu radiation and Si was used as an internal standard. The unit cell size uncertainty of our estimate ranges from 0.004 to 0.01 Å.
Catalytic measurements were made using an Advanced Catalytic Evaluation (ACE™) fluid bed reactor (Kayser, 1997). The ACE was operated using a steam-deactivated catalyst, at a temperature of 529°C, 60 s injection time, 1.125 inch injector height, and using a constant time on stream protocol to vary catalyst to oil ratios of 4, 5, 6, and 7. Pyrolysis oils were tested at 10% loading with the balance of 90% as a standard FCC feed. This approach is being considered by early adopters from a refinery perspective, with many opting to co-process alternative (e.g., pyrolysis) oils at 1%–10% loading. Gasoline product was defined as C5 to 232°C, diesel as 232°C–360°C, and bottoms as 360 °C and higher. API gravity, refractive index, and viscosity were measured at 16, 25, and 99°C, respectively. PIONA were not collected on the syncrude materials.
High temperature simulated distillation (HT SIMDIS ASTM 7500 method) of oil samples were conducted on an Agilent 7890 B GC equipped with a SIMDIS capillary column capable of reaching up to 430°C. This method starts at −20°C using cryogenic nitrogen and then ramps up to 430°C. Helium was used as carrier gas. Before oil samples were introduced to the GC, they were first diluted with carbon disulfide (CS2) at 1:50 ratio (0.02 g sample with 1 g CS2). The HT SIMDIS ASTM 7500 method was used to determine boiling point distribution for samples that could not elute completely by ASTM 2887 method and can determine boiling points from n-C5 to n-C120 distribution.
Water content in the oil samples were measured by a Karl Fischer titrator (Mettler Toledo V30S). A sample is added to dry methanol (no water present) and the mixture is titrated with a titrant (Composite 5) until it reaches the end point which is determined using bi-voltametric indication, i.e., the potential at the polarized double-platinum-pin electrode falls below a certain value (e.g., 100 mV). The water content of the sample is calculated from the amount of titrant used.
CHN (carbon, hydrogen and nitrogen) was measured by a LECO CHN628 analyzer. It is a combustion elemental carbon, hydrogen and nitrogen instrument that uses pure oxygen to completely combust a sample. Helium carrier gas sweeps the combustion gas to separate IR cells for detection of CO2 and H2O. A TCD (thermal conductivity detector) is used to detect nitrogen. Oxygen is calculated from balancing to 100. Other elements in oils were determined by ICP (inductively coupled plasma) using a method similar to ASTM D7691. The ICP instrument uses two-point calibration (blank and 1 ppm) and sample preparation involves kerosene as the diluent.
In addition to the physical and chemical analyses, a more detailed analysis of the hydrocarbons comprising each feedstock oil was performed using an Agilent 7890B gas chromatograph equipped with an Agilent 5977A mass spectrometer. For these measurements, the pyrolysis oil was dissolved in cyclohexane solvent at a ratio of 1:100 and the hydrocarbon spectra were characterized using a slightly polar SHRX5LB column.
For catalytic testing, the pyrolysis oils were mixed with standard feed at 10/90 weight ratio without the use of emulsifiers. Upon mixing, the two oils were miscible with no phase separation noted, distinctly different from other accounts of immiscibility of biogenic oils and standard petroleum-based oils (Seiser et al., 2022). The homogeneous feeds were then injected into the catalytic reactor through a singular injection line.
RESULTS AND DISCUSSION
First, we examine catalyst and oil characterizations. For the catalyst, because the continuous operation of FCC units results in an aged distribution of particles, we must examine both fresh and deactivated catalysts. Fresh and steam deactivated catalysts tested are noted below.
Table 3 below describes the full (neat) feed analyses. The API gravities of the MSW and MIX1 pyrolysis oils are comparable to the standard VGO feed. The BIO1 pyrolysis oil gave a negative API value suggesting a heavy feed, confirmed by distillation. In terms of Conradson carbon, BIO1 oil gives values that are much higher than those currently being processed in FCC units globally while the MSW1-3 and MIX1 oils falling in a more traditional range (BASF benchmarking database). However, when considering the later evaluation at the 10% co-processing scenario, the resulting weighted average even with the BIO1 oil is well within typical FCC feeds. Not surprisingly, the BIO1 feed gives considerable water content, typical of bio-based feedstocks (Magrini et al., 2022), while the MSW and MIX1 feeds have more typical water content. The very high viscous nature of the BIO1 sample precluded its viscosity from being accurately measured. Similarly, the pour points for MSW3 and BIO1 were not measured because portions of these two samples remain as liquid at lowest temperature (−6 C) achievable for the instrument.
TABLE 3 | Properties of feeds used in this study.
[image: Table 3]The pyrolysis oils bring halogen contaminants, particularly Cl which range between 190 and 230 ppm for the MSW-originating oils (MSW1-3 and MIX1). The purely biogenic feed (BIO1) brings lower Cl at 17.3 ppm. The effects of Cl in FCC have been previously examined by our group (Senter et al., 2021). We do not expect to observe any effects in lab-scale testing considering the lack of nickel contaminant. In a refinery setting, care must be taken in case of nickel reactivation and chloride deposits downstream of the FCC unit.
The feed distillation is depicted graphically to provide a visual comparison. In Figure 1A, the pyrolysis oil distillations are plotted along with the standard feed. In most cases, the pyrolysis oils are lighter than the standard feed, with the exception of the MSW2 sample. This is not surprising considering that this is the heavy fraction from the pyrolysis process corresponding to MSW1. The feeds were further analyzed by the composition breakdown into gasoline, diesel, and bottoms using 232°C and 360°C cut points between the naphtha/LCO and LCO/HCO products, respectively, and are also depicted below in Figure 1B. The standard FCC feed contains a majority amount of bottoms product. Refiners typically process the standard feeds upstream to remove as much of the upgraded products as possible. However, in the case of the pyrolysis oils, we observe significant amounts, sometimes up to 75%, of the lighter gasoline and diesel products.
[image: Figure 1]FIGURE 1 | Standard and pyrolysis oil feed distillation curves (A), top and component breakdown (B), bottom.
In addition to the bulk properties, GC-MS analyses were also conducted on the 5 pyrolysis oils to characterize their molecular makeup. The hydrocarbon spectra and the list of dominant compounds are provided in the Supplementary data (Supplementary Figures S1–S5; Supplementary Table S3). For the purposes of this analysis, MIX1 is characterized as an MSW-derived pyrolysis oil given the larger content of MSW1 versus BIO1. The MSW-derived pyrolysis oils contain aromatic, aliphatic, and oxygenated hydrocarbons, whereas the BIO1 sample is characterized by large fractions of cyclic-oxygenated hydrocarbons and small fractions of linear-oxygenated hydrocarbons. The distribution of these classes of hydrocarbons in the five pyrolysis oil samples are shown in Figures 2A,B.
[image: Figure 2]FIGURE 2 | Dominant compounds found in pyrolysis oils; relative aromatic, aliphatic, and oxygenate hydrocarbon distribution in MSW-derived pyrolysis oils (A), top and relative linear and aromatic oxygenate hydrocarbon distribution in biomass-derived pyrolysis oil (B), bottom.
Upon further analysis, not surprisingly, the biogenic oil BIO1 is distinctly different from the MSW oils. BIO1 was derived from olive pits/stones, which is a typical example of lignocellulose waste. In general, all lignocellulose waste will be comprised of lignin, hemicellulose, and cellulose. During pyrolysis, these highly oxygenated structural components of the biomass will undergo deconstruction and are expected to yield a highly diverse mixture of oxygenated hydrocarbons (Huber et al., 2006; Liu et al., 2014). Lignin will primarily yield phenols and guaiacols. Cellulose and hemicellulose will yield a diverse mixture of smaller carbonyl compounds and sugar derived compounds such as furfural and furan/pyran ring structures. Our analysis of BIO1, which is illustrated in the Supplementary data, is consistent with these expectations and shows the presence of phenolic molecules (phenol and substituted phenols) and other oxygenated hydrocarbons including ketones, fatty acids, and caffeine. There is a notable absence of light water-soluble compounds, i.e., those found after pyrolysis of cellulosic materials; this is likely explained by the separation of BIO1 oil from the aqueous fraction as explained in the experimental section. The composition of the MSW derived oils is quite different. Consistent with their oxygen content, there was a limited presence of oxygenates that included molecules such as large linear alcohols and esters. The bulk of the oil was comprised of aromatic and aliphatic hydrocarbons. Consistent with the oil Conradson carbon and specific gravity reported in Table 3, MSW 2 was comprised of larger aliphatic hydrocarbons and multiring aromatic structures.
Next, we examine the catalytic cracking evaluations, all of which were done using the deactivated catalyst as described in the experimental section. In the refining industry, it is customary to discuss catalyst activity in terms of the conversion to gasoline and lighter products, which is defined as 100—LCO—bottoms. At a constant catalyst to oil of 7, the conversion of all oils were slightly higher than the standard feed, which gave 75.8 wt% conversion. MSW1, MSW2, MSW3, BIO1, and MIX1 gave conversion levels of 76.2, 75.9, 76.1, 76.3, and 76.2 wt%, respectively. This is likely due to already converted material (i.e., naphtha range molecules) entering as feed in all cases. To examine the effects on product selectivities, the cracking evaluations are examined at iso conversion (75 wt%), obtained by regression of raw data. This conversion value was chosen since it is the median value of all tests and does not require extrapolation. Compared to the standard feed, all pyrolysis oils gave an increase in gasoline yield and a decrease in LPG yield. It is likely this shift is the result of higher aromatic content in the naphtha fraction of the pyrolysis oils relative to the standard gasoil. During catalytic cracking, these aromatics will be relatively inert and ultimately collected within the gasoline product fraction. Coke selectivity is the same or lower for all pyrolysis oils compared to the standard oil, suggesting that major heat balance issues in an FCC unit would not arise or would be minimal with the co-processing of these oils. In the case of minimal heat balance selectivity (e.g., with MSW3 at −7.7% on a relative basis), delta coke in the unit could be increased. The small shift in LCO and bottoms yield is likely the result of the higher natural fractions of naphtha and LCO sized molecules contained in the pyrolysis oil feedstocks. Unlike other studies of biogenic pyrolysis oil coprocessing in an FCC (Pinho et al., 2017), the processing of the biogenic material (BIO1 coming from olive stones/pits) did not result in lower liquid yields.
The olefinicity, which is the ratio of cracking (olefin producing) and hydrogen-transfer reactions (olefin consuming) is an important metric in FCC analysis. The LPG selectivities (LPG olefinicity, C3 olefinicity, and C4 olefinicity) are not affected in any of the pyrolysis oil co-processing scenarios. Dry gases are either similar (BIO1) or lower than the standard feed, suggesting that dry gas handling during a co-processing event in an FCC unit would not be a concern. Yields of products of deoxygenation, i.e., CO, CO2, and H2O, are also listed in Table 4. The oxygen content of the standard gasoil and yields of CO, CO2, and H2O should approach zero. Yields of these products reported in Table 4 are the result of either measurement error and/or atmospheric water inadvertently introduced into the recovered syncrude liquid as it is prepared for external analysis. The yields of CO, CO2, and H2O for the standard feed should be considered a zero baseline to compare the other feedstocks against. For all cases, the yields of CO and CO2 are similar to that of the standard gasoil. This suggests that at least for the case where the co-processing is limited to 10%, deoxygenation through decarbonylation (yielding CO) or decarboxylation (yielding CO2) is not significant enough to be detected in product yields. Yield of water is consistent with the oxygen content of the feedstock where the water yield from the lower oxygen containing feedstocks were similar to the standard gasoil. Only for the case of BIO1 was the water yield higher, suggesting the preferred pathway for deoxygenation was likely dehydration. In terms of FCC co-processing, the production of water would translate to more wastewater treatment and processing. In terms of FCC chemistry, production of water would consume hydrogen and potentially lead to higher coke yields, although this was not observed for the 10% co-processing of BIO1. Not explored in this paper are potential impacts on equipment corrosion and fouling in an industrial FCC unit.
TABLE 4 | Catalytic cracking evaluation of all feeds at constant conversion (75 wt%).
[image: Table 4]There is a correlation (R2 = 0.91) between the amount of gasoline-range molecules in the neat pyrolysis oil (presented in Figure 1 above) and the delta gasoline yield versus standard feed (presented in Table 4 above). The pyrolysis oil coming with the highest amount of gasoline-range molecules (MSW3, 49%) also gives the highest delta gasoline yield (+1.52 wt%) versus the standard feed in the catalytic cracking evaluation. There also is a similarly good correlation (R2 = 0.94) between the amount of gasoline-range molecules in the neat pyrolysis oil and the delta LPG yield versus standard feed, in this case showing a negative trend. Both correlations are shown below in Figure 3. Other possible correlations between diesel content in the pyrolysis oils, bottoms content in the pyrolysis oils, LPG + gasoline delta yields, and bottoms delta yields, were determined to not have relevant (R2 > 0.90) correlations, suggesting that gasoline-range molecules in the pyrolysis oil is the most relevant bulk property in terms of resulting catalytic cracking differences. We theorize that the gasoline made from the pyrolysis oils are distinctly different from the gasoline made from the VGO oil. The data suggest that the naphtha fraction from the pyrolysis oil does not undergo significant further cracking into LPG. This theory is supported by the above observations of high aromatics content of the pyrolysis oils. Since FCC units do not crack aromatic compounds, the aromatics remain in the gasoline product cut as a high-octane naphtha molecule. The expected difference in gasoline composition is important for a refiner to understand, especially if further cracking by additional zeolites, i.e. ZSM-5, are used. Since ZSM-5 works mainly on linear and near linear naphtha molecules, the higher presence of aromatic content within the naphtha range will result in lower secondary cracking.
[image: Figure 3]FIGURE 3 | Correlations between gasoline-range molecules in the pyrolysis oils and resulting gasoline (left) and LPG (right) yield deltas from the catalytic cracking evaluations.
For refiners and researchers who prefer to examine the data at constant catalyst-to-oil ratio and at constant coke, we offer the full cracking evaluation data in Supplementary Tables S1 and S2 as part of the supporting information. As expected in the constant coke cases, the small coke selectivity differences are translated in different conversion levels, with all pyrolysis oils being higher than the standard oil.
We further evaluated various pragmatic cases in terms of pyrolysis oil crackability, an exercise that a refining organization might likely perform themselves during the planning stages of such an undertaking. In this analysis, we examined two cases.
- Scenario 1: in which we assumed pure carry-over of the pyrolysis oil components and no further conversion
- Scenario 2: in which we assumed standard conversion of the unconverted products in the pyrolysis oils
For all scenarios, the catalyst to oil of 7 data were used, in which the standard oil delivered a conversion of 75.8 wt%. As an illustration of scenario 1, the MSW1 contains 56 wt% unconverted products (i.e., diesel and bottoms). Applying a 75.8 wt% conversion to that figure, the remaining diesel and bottoms content of a pure MSW1 would be 13.6 wt% [i.e., 56—(56 * 0.758)]. The theoretical conversion of the co-processed MSW1 is then a weighted average of the VGO conversion (75.8 wt%) and of the pyrolysis conversion (100—13.6 wt%), giving a value of 76.9 wt%. These calculations were repeated for the other pyrolysis oils.
To illustrate scenario 2, the natural conversion level (i.e., naphtha content) of the pyrolysis oil was considered. For MSW1, this natural conversion level is 44 wt%. The theoretical conversion therefore is a weighted average of the VGO conversion (75.8 wt%) and the natural conversion level of the pyrolysis oil (44 wt%), giving a value conversion of 76.9 wt%.
The two scenarios were then compared to the experimental (observed) conversion to give further insight into the pyrolysis oil reactivity, with the key data summarized in Figure 4. The full data tables explaining these calculations and estimates can be found in Supplementary data (Supplementary Table S3).
[image: Figure 4]FIGURE 4 | Pragmatic conversion estimates using two scenarios compared to observed experimental conversion.
We found that the experimental conversion was always higher than scenario 1 and lower than scenario 2. The higher observed conversions versus scenario 1 conversions illustrate that the pyrolysis oils are indeed undergoing cracking reactions, rather than a pure carry-over of existing converted and heavy products. The lower observed conversion versus scenario 2 conversions illustrates that the heavy fractions from the pyrolysis oils are more difficult to convert than the standard VGO, which is supported by the high aromaticity of the pyrolysis oils.
CONCLUSIONS
Five pyrolysis oils originating from MSW and/or biogenic materials (olive stones/pits) were compared against a standard VGO material for FCC co-processing applications. The pyrolysis oils were mixed with standard oil at 10/90 ratio with no issues with miscibility. The catalytic results show very favorable outcomes for the co-processing of MSW and bio- originating pyrolysis oils with minimal impacts. An increase in valuable liquids was observed, likely due to the high qualities/properties of BIO1 compared to other biomass pyrolysis liquids. In fact, all pyrolysis oils gave higher total valuable liquid yields. This catalytic evaluation suggests that the co-processing of the 5 pyrolysis oils studied could be rather straight forward for some refineries and FCC units with respect to yield selectivities. Some impacts on product qualities are expected, namely a more aromatic naphtha product. Further considerations for a refinery would be the handling of any unique contaminants that cannot be assessed in small scale laboratory settings, such as the effect of chlorides and possible corrosion or fouling in an FCC unit. The pragmatic conversions estimate analysis suggests that the pyrolysis oils are indeed undergoing further cracking of the heavy (diesel and bottoms) fractions and not simply exhibiting a carryover effect. The experimental conversion was lower than the scenario 2 case, suggesting that the heavy molecules in pyrolysis oils are slightly more difficult to crack than the standard VGO.
Given the impact on product selectivities have been mainly towards gasoline and LPG, considerations for catalyst design are feasible. In the case where the refinery desires similar yields, i.e., ca. 1 wt% lower gasoline and ca. 1 wt% higher LPG to better mimic the standard feed case, a simple catalyst reformulation and/or usage of an LPG olefins additive would be beneficial, however taking into consideration the possibility of lower light olefins in the naphtha product fraction for further cracking by ZSM-5. Importantly, this study describes the “drop-in scenario”, i.e., co-processing pyrolysis oils without pre-treatment. In some cases, a refinery might elect to pre-treat the pyrolysis oil (through hydrotreating or another method) to lower contaminants going into the FCC unit. In another scenario, a refiner might elect to first process the pyrolysis oil using separation methods (i.e., distillation) to first remove the valuable fractions (i.e., gasoline and diesel) and feed the remaining heavy portions into the FCC unit.
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Surface defect engineering is an efficient strategy to enhance the adsorption properties of materials. After calcination in argon, the adsorption capacity of natural magnetite to Pb (II) is significantly improved. The Rietveld refinement, Mössbauer spectrum, and XPS were used to prove the existence of oxygen and cation vacancies in the crystal structure of magnetite after calcination, and it is found that the vacancy content is linearly related to the adsorption amount of Pb (II). This indicates that the increase in the adsorption performance of magnetite after calcination is determined by the vacancy. The adsorption capacity increases from 8 to 26 mg/g when the calcination temperature reaches 700°C. The equilibrium adsorption process of Pb (II) on magnetite can be well fitted to the Langmuir model, and the kinetic adsorption followed a pseudo-second-order mechanism. The improvement of the adsorption performance of magnetite is mainly due to the change in its structure, which depends on the oxidation degree and surface effect of magnetite in the calcination process. This work also provides a theoretical basis for the broad application of magnetite as environmental material.
Keywords: magnetite, adsorption, oxygen vacancy, cation vacancy, Pb (II)
1 INTRODUCTION
Magnetite crystallizes in the so-called inverse spinel structure (Space group, Fd3m). The chemical formula is often written as [Fe3+]A [Fe3+, Fe2+]B O4. This formulation shows that O atoms form a closed-packed cubic lattice, Fe3+ ions are located in the tetrahedral sites, and a 1:1 mixture of Fe2+ and Fe3+ ions fill the octahedral sites. The rapid electron hopping process occurs between Fe2+ and Fe3+ ions (Noh et al., 2015; Schöttner et al., 2019). Magnetite is a metal-deficient oxide with high electronic conductivity under high oxygen pressure (Castle and Surman, 1969; Nakamura A, et al., 1978). The self-diffusion coefficient of oxyanion is far less than that of cations. The non-stoichiometric feature of magnetite is the existence of cation vacancies in its structure. This is caused by the oxidation of Fe (II) at octahedral sites to Fe (III), which leads to an imbalance of charge, thus removing additional Fe (II) from the structure (Cervellino et al., 2014). The concentration of point defects in metal oxides is usually controlled by introducing a small number of foreign ions with different valences or changing the partial pressure of oxygen. (Nakamura et al., 1978). In binary oxide crystals, by introducing an appropriate external gas atmosphere, the defect concentration can be changed in a certain way. According to the reaction between oxygen and magnetite, cation vacancy is formed (Becker and Litterst, 1990). With the increase in temperature, the distribution of cation vacancies will also change, which researchers have learned using the Mössbauer spectroscopy (Wiβmann et al., 1998). In the temperature range of 1,100°C–1,400°C, the shape of the spectral line is affected by the cation diffusion process. Also, the exact lattice parameters and stoichiometry of nano ferric oxide can be used to determine the vacancy distribution of magnetite by synchronous X-ray scattering and Debye function analysis (Cervellino et al., 2014). The results show a small number of vacancies at tetrahedral stations, which is at most 3%–4% of the total. When magnetite nanoparticles are oxidized, the cation diffusion comes from removing iron ions from the octahedral site.
The defects in magnetite are not only cationic vacancies but also oxygen vacancies (Castle and Surman, 1969; Millot and Niu, 1997). It is well known that oxygen vacancies usually exist in metal oxides, especially in the oxidation process of some variable valence metal oxides (Lv et al., 2011; Greiner et al., 2012; Choudhury et al., 2015). Oxygen will also diffuse in Fe3O4 and during the diffusion process, oxygen defects will be generated under low oxygen pressure, and cation and anion vacancy pairs will be developed under the condition of high oxygen pressure, namely, Schottky defects (Vaari, 2015). Under reducing conditions, the formation of oxygen vacancies on the surface leads to reduced iron nearby (Santos-Carballal et al., 2014). In fact, oxygen vacancies created by ultra-high vacuum annealing are likely to reduce ferric iron to divalent iron (Rioult et al., 2016).
Magnetite is a common component in soil and sediment and has high adsorption capacity for dissolved metal ions such as Pb (II) (Bargar et al., 2004). It is increasingly used in groundwater pollution and soil remediation (Filip et al., 2014). Its surface defects are widely regarded as the active site of the reaction process (Gorski et al., 2010; Li et al., 2014; Lesiak et al., 2019). Much adsorptive behavior between contaminant and adsorbent is strongly affected by surface defects (such as point defects and step edges) of the adsorbent (Li et al., 2015; Yong et al., 2021; Li et al., 2022). Although calcination will cause aggregation of some materials, this phenomenon usually occurs on nanoparticles (there are interactions between nanoparticles) (Ding et al., 2009), it can still be used to introduce defects in micron-scale materials to improve the reaction activity in this paper and avoid aggregation reaction. Bui et al. engineered Fe3O4 surface defects by doping 1% mol Cr without affecting the magnetic properties of Fe3O4, and experimental analysis showed that defect control significantly impacted the photocatalytic performance of Fe3O4, making them efficient photocatalysts (Bui et al., 2020). Kim S et al. calcined magnetite in a reducing atmosphere for the decomposition of CO2 to effectively reduce CO2 in the atmosphere. With the increase of reduction temperature, the number of defect sites on the sample surface increased, providing reaction sites for decomposing CO2 (Kim et al., 2012).
There are abundant iron oxide minerals in nature, which have high adsorption and removal capacity of Pb (II) and affect the migration of Pb (II) on the Earth (Liang et al., 2017). Calcination is an effective strategy for introducing defects in the crystal structure (Nandi and Das, 2019; Li et al., 2020b), so we calcined magnetite in an inert atmosphere to improve the removal effect of magnetite on Pb (II) from water. In this work, we have done deep work with calcined magnetite in argon to study the changes in oxygen vacancy and iron vacancy. Natural magnetite was used as the precursor to obtain a mineral material with more defects to remove Pb (II) from water. The adsorption process was studied by equilibrium and kinetic adsorption experiments, and the effect of vacancies on adsorption capacity was invested.
2 EXPERIMENTAL DETAILS
2.1 Materials and reagents
The lead nitrate used in the experiment was purchased from Beijing Chemical Plant. A stock solution of Pb (II) was prepared by dissolving 1.599 g of solid Pb (NO3)2 (AR grade) in 1 L of deionized (DI) water. The natural magnetite was selected from Jinling Iron Mine in Zibo, Shandong Province. The sample was sieved through 200 mesh and then was prepared by magnetic separation to remove the impurities. And the obtained raw magnetite was named after Mag-25. After that, the obtained high-purity magnetite powder sample was calcined at 300°C, 500°C, 700°C, and 900°C in a tube furnace in argon at a heating rate of 5°C/min for 2 h and the samples were denoted as Mag-300, Mag-500, Mag-700, and Mag-900, respectively. All the chemicals used were analytical reagent grade without further purification, and DI water was used in all experiments.
2.2 Characterizations
The phase composition and crystal structure of the samples were affirmed by X-ray diffraction (XRD) on an X-ray powder diffractometer (D8 Advance, Bruker, Germany) with Cu Kα1 (λ = 1.5406 Å) radiation at 40 kV and 100 mA, a scanning speed of 1.2° 2θ/min, and a step size of 0.02° 2θ from 5° to 130°. Scanning electron microscopy (SEM, ZEISS, sigma 300, Germany) was used to characterize the morphologies of the samples. X-Ray fluorescence spectrometer (XRF, Thermo electron corporation, ARLADVANT X, United States) was used to determine the chemical composition of the sample. The Brunauer-Emmet-Teller (BET) specific surface area was determined from N2 adsorption-desorption isotherms using an automated gas sorption instrument (Micro Active for ASAP 2460, United States). The removal amount of Pb (II) was measured and calculated using an Inductively coupled plasma spectrometer (ICP-OES, Thermo scientific, iCAP 7,600, United States). The electron paramagnetic resonance (EPR) measurements were performed on a Bruker EMX plus model spectrometer operating at the X-band frequency (9.4 GHz) to investigate the oxygen vacancies at room temperature. The proportion of different valence elements in the sample was obtained by X-ray photoelectron spectroscopy (XPS, Thermo Scientific, ESCALab250, United States) test. The 57Fe Mössbauer spectra were recorded on a SEE Co W3O4 Mössbauer spectrometer, using a57Co/Rh source in transmission geometry. The data were fitted by using the MössWinn 4.0 software. The content of the different valent Fe was determined from the spectra.
2.3 Removal of Pb2+
Batch adsorption experiments were carried out to remove Pb (II) using magnetite and its calcined products by changing the initial Pb (II) concentration and contact time at a fixed amount of adsorbent dosage of 5 g/L. A mass of 0.1 g magnetite and a volume of 20 mL Pb (II) solutions were used in all batch experiments. They were mixed in 50 mL centrifuge tubes in duplicates for each condition. The stock solution was diluted to obtain the standard solution of concentrations 5, 10, 20, 40, 80, 120, 160, and 200 mg/L. The pH of the solution was adjusted to 5.5, which was consistent with the pH of the natural environment without precipitation. The mixture of adsorbent and solution was shaken on a reciprocal shaker at 150 rpm for 24 h. After being centrifuged for 10 min at 8,000 rpm, the suspension was analyzed for equilibrium Pb (II) concentration. With an initial Pb (II) concentration of 200 mg/L, the mixture was shaken on a reciprocal shaker at 150 rpm for 0.1, 0.5, 1, 2, 3, 6, 9, 12, and 18 h. The suspensions were then analyzed for equilibrium Pb (II) concentrations at these specific times. The residual Pb (II) concentration in the solution was determined with ICP.
3 RESULTS AND DISCUSSION
3.1 Characterization of magnetite and calcined products
The magnetite and its calcined products were analyzed by XRD, and the results are shown in Figure 1. The natural magnetite is mainly composed of Fe3O4 (Figure 1A), which is consistent with the diffraction pattern of Magnetite (JCPDS: 76-956). The content of each element in mineral materials was tested by XRF. The results were listed in Table 1, which were almost 97% iron oxide. It showed that the magnetite was of high purity, and some weak peaks not assigned in the XRD spectra might be caused by some very trace impurities in the raw ore, which were ignored in the experiment.
[image: Figure 1]FIGURE 1 | XRD patterns of magnetite ore (A) and its calcined products in argon atmosphere (B).
TABLE 1 | X-Ray Fluorescence results of pristine magnetite.
[image: Table 1]After calcination in argon, the XRD patterns are shown in Figure 1B. The product is still magnetite after calcined at 300°C, 500°C, 700°C and 900°C in Ar for 2 h, which has apparent characteristic diffraction peaks at 30.16°, 35.51°, 43.12°, 57.01° and 62.59°. All the diffraction peaks can be indexed to the standard pattern of magnetite, and no new substances were generated.
SEM analysis was carried out so as to explore the effect of heat treatment at different temperatures on the morphology of magnetite, and the pictures of natural magnetite and its calcined products in argon are shown in Figure 2. The information we can get from the figure is that the size of the untreated magnetite is mostly 1∼5 μm, without any pores on the surface. As the calcination temperature increased in argon, the surface of the sample gradually changed, as shown in Figures 2C–F, which indicated the morphology of the samples at different temperatures.
[image: Figure 2]FIGURE 2 | SEM images of magnetite (A, B) and its calcined products in argon at 300°C (C), 500°C (D), 700°C (E), 900°C (F).
As the temperature rised, some nano-pores are gradually formed on the surface of the mineral. At 300°C, the surface was still smooth without morphological changes; at 500°C, the surface had small deformation, and there were some tiny pits; at 700°C, the surface micropores gradually became larger; at 900°C, the surface melted and blocked the pores.
In general, the surface area of the adsorbent affected its adsorption performance, so the specific surface area of this series of materials was tested. As shown in Figure 3, the specific surface areas of Mag-25, Mag-300, Mag-500, Mag-700, and Mag-900 were 0.53, 0.52, 0.42, 0.57, and 0.28 m2 g-1, respectively. When the temperature is below 700°C, the specific surface area of the sample had no noticeable change. Once the temperature reaches 900°C, the specific surface area dropped sharply to 0.28, which was also consistent with the conclusion of SEM. High temperature resulted in the surface melting of magnetite, thus leading to the decrease of specific surface area.
[image: Figure 3]FIGURE 3 | N2 adsorption-desorption isotherms and pore size distribution curves of Mag-25 (A), Mag-300 (B), Mag-500 (C), Mag-700 (D), and Mag-900 (E).
3.2 Adsorption isotherm
The raw magnetite had poor adsorption performance on Pb (II). The adsorption capacity was about 8 mg/g and accorded with the Langmuir adsorption model (Figure 4A). To improve its adsorption performance, the raw minerals were treated at different temperatures to obtain a series of samples. The effect of pH on Pb (II) adsorption was vital. The adsorption of Pb (II) onto magnetite was found to be enhanced as pH increased (Trivedi et al., 2003; Liang et al., 2017). This was because the deprotonation of magnetite is promoted in alkaline solutions. Pb (II) adsorption onto magnetite was favored when the surface charge of the mineral was negative (Bradl, 2004; Mamindy et al., 2009). The initial concentration of Pb (II) was 200 mg/L, and the experiment was conducted at pH 5.5 to eliminate the impact of precipitation on the removal rate at a high pH (Karami, 2013). In Figure 4B, the adsorption capacity of Mag-25 was the lowest among the series of materials. As the increase in calcination temperature, the adsorption performance of the material was significantly improved and reached its highest when the calcination temperature reached 700°C. Subsequently, the adsorption performance of Mag-900 decreased slightly. (The correlation between adsorption capacity and oxygen vacancy content would be discussed in Section 3.4.3) Mag-700 was selected for the next adsorption experiment of Pb (II). The adsorption capacity and affinity of the adsorbent were obtained by adsorption isotherm. The amount of Pb (II) ion adsorbed per unit of adsorbent at equilibrium could be gained by isotherm study. Langmuir and Freundlich isotherm models were used to analyze the batch experimental data with initial Pb (II) concentrations ranging from 5 to 200 mg/L at pH ≈ 5.5.
[image: Figure 4]FIGURE 4 | Pb(II) adsorption by (A) Mag-25, (B) magnetite at different calcination temperatures and the correlation with Oxygen vacancy, (C) Mag-700. The data were fitted to the Langmuir (solid line) and Freundlich (dashed line) isotherm models (A, C). The insert is Langmuir adsorption isotherms model fitting. (D) Kinetics of Pb(II) adsorption by Mag-700 fitted to the pseudo-second-order kinetics (solid line). The insert is the linear plot of the pseudo-second-order reaction.
The Langmuir isotherm applies to the monolayer adsorption sites on an energetically homogenous surface with a finite number of identical sites (Nemr et al., 2008). No further adsorption can occur once a site is occupied (Yuan et al., 2013). The Freundlich isotherm is an empirical equation describing a heterogeneous system (Qiu et al., 2015; Abebe et al., 2021). The linear forms of Langmuir and Freundlich isotherm models are described by Equations 1, 2:
[image: image]
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where Ce and qe are the equilibrium concentration (mg/L), and the amount of Pb (II) adsorbed per Gram of adsorbent (mg/g), respectively. The qmax and b are the adsorption capacity of the adsorbent (mg/g) and the Langmuir affinity constant (L/mg) of the binding sites, respectively. Kf (mg/g) and n (g/L) are the empirical Freundlich constants representing the bond strength and the adsorption intensity of the heterogeneous surface. As can be seen from Table 2, the adsorption reaction was favorable as the n was 2.61, which lied between 1 and 10 (Zhao et al., 2013). Besides the above findings, the experimental R2 value (0.9902) of the Langmuir model was better (Figure 4C). The essential features of Langmuir isotherm can be expressed in terms of dimensionless constant known as separation factor or equilibrium parameter (RL) using Eq. 3. The value of RL between 0 and 1 indicates favorable adsorption; RL > 1 indicates unfavorable adsorption; RL = 1 represents the linear adsorption, and the adsorption operation is irreversible if RL = 0 (Arulkumar et al., 2012).
[image: image]
where b (L/mg) and C0 (mg/L) are the Langmuir affinity constant and initial concentration of Pb (II). Table 2 indicated the positive value of RL is 0.03 and it is within 0 and 1. Thus, it indicated the adsorption was favorable and also feasible onto Mag-700.
TABLE 2 | Comparison of isotherm models of Pb (II) adsorption by Mag-700 at different concentrations.
[image: Table 2]Thus, a conclusion could be drawn that the adsorption of Pb (II) onto Mag-700 was not a multi-molecular adsorption process, and its equilibrium adsorption capacity was 26.21 mg/g. Compared with other magnetite materials, the adsorption performance of lead is even better than that of nanoparticle magnetite (Table 3) (Wang et al., 2010; Wang et al., 2014; Kumari et al., 2015; Liang et al., 2017; Lankathilaka et al., 2021). According to the adsorption and BET test results of the series of materials, the improvement of adsorption performance does not correlate with the specific surface area.
TABLE 3 | Comparison of Pb (II) adsorption properties of magnetite in different references.
[image: Table 3]3.3 Adsorption kinetics
In the research field of solid-liquid adsorption, the pseudo-first-order (Lagergren, 1998) and pseudo-second-order kinetic models (Ho and McKay, 1999) are applied to the adsorption data obtained. The integral forms of these two models are expressed using the following Eqs 4, 5:
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where qe (mg/kg) is the amount of Pb (II) adsorbed at equilibrium, and qt (mg/kg) is the amount of Pb (II) adsorbed on adsorbent at any time. k1 (1/min) is the rate constant of the adsorption reaction. k2 (g/mg/min) is the rate constant of the second-order reaction.
The kinetic model parameter values and regression coefficients (R2) obtained from each kinetic plots (Figure 4D) are given in Table 4. The value of R2 of the pseudo-second-order kinetic model was relatively higher (0.9959) than that of the pseudo-first-order model (0.9327). Therefore, the adsorption of Pb (II) onto Mag-700 could be described in terms of the pseudo-second-order kinetics. The adsorption equilibrium was reached after 9 h.
TABLE 4 | Comparison of kinetic parameters of Pb (II) adsorption onto Mag-700.
[image: Table 4]3.4 Mechanism
Ions diffuse in metal oxides through point defects. According to the vacancy mechanism, vacancies jump into neighboring lattice sites, and ions on the sites jump in reverse (Nakamura et al., 1978). The magnetite in this work is very likely to form such defects after high-temperature calcination, which may also be the reason for the improvement of adsorption performance. Therefore, XRF, EPR, Rietveld refinement, Mössbauer spectrum, and XPS were used to verify the adsorption mechanism of magnetite.
First, according to the XRF results in Table 1, more than 97% was iron oxide. In addition, there were trace impurities such as magnesium, silicon, and aluminum. However, in the crystal structure of magnetite, the Mg may replace some of the Fe2+, given the relatively high magnesium content of the impurity. It thus affected its charge distribution, so the influence of magnesium was taken into account when calculating the chemical formula. Based on the atomic ratio of Fe, O, and Mg, the chemical formula of magnetite was determined as Fe2.90Mg0.09O4 if there was no oxygen vacancy.
3.4.1 Crystal structure
To further identify the occupancies of iron and oxygen elements in the crystal structure of magnetite, these two samples Mag-25 and Mag-700, were used for the XRD Rietveld refinement, performed using the TOPAS V7.11 package (Bruker, 2009). The structure model was acquired using the JCPDS No.76-956 card. Figures 5A, B show the Rietveld refinement of Mag-25 and Mag-700, where the black asterisk, solid red line, short green vertical line, and solid blue line in the bottom represent the XRD measurement data, the calculated pattern, the Bragg position, and the distinction between the observed and the calculated patterns, respectively. The refinement parameters for magnetite obtained from the Rietveld refinement are shown in Table 5. The final refinement was stable and convergent well with low residual factors Rp = 10.07%, χ2 = 3.05 and Rp = 8.78%, χ2 = 2.60, indicating no unidentified diffraction peaks due to impurity. The occupancies of Fe (oct) were almost constant, while the Fe (tet)’s declined obviously (Table 6). And the occupancies of O also declined from 0.987 to 0.978. The occupation fraction from Rietveld refinement illustrates that Fe cation vacancies in tetrahedrons and O vacancies are generated in Mag-700.
[image: Figure 5]FIGURE 5 | Rietveld refinement of the XRD patterns for (A) Mag-25; (B) Mag-700 and EPR spectra measured at room temperature (C).
TABLE 5 | Magnetite refinement parameters were obtained from the Rietveld refinement using X-ray powder diffraction data at room temperature.
[image: Table 5]TABLE 6 | The occupancy parameters of Mag-25 and Mag-700.
[image: Table 6]The single-featured EPR spectra have been identified as oxygen vacancy at g = 2.004 (Fan J, et al., 2020), so the EPR was applied to determine further the number of O vacancies in Mag-25 and Mag-700, which was shown in Figure 5C. The value of the free electron g-factor varies with the nature of the defect and the surroundings, and it is usually calculated using quantum electrodynamic methods (Lu D, et al., 2022). Only one type of signal (g = 2.004) was exhibited in Mag-25 and Mag-700 samples arising from the O vacancies. For Mag-25, the weak peak reflected a small number of vacancies. The signal for Mag-700 significantly intensified and showed 1.6 times that of mag-25, indicating elevated content of O vacancies in Mag-700.
3.4.2 Mössbauer spectroscopy
Also, the change of the occupation of Fe2+ and Fe3+ in magnetite needs to be confirmed to determine the structural formula of magnetite, so the Mössbauer spectrum tests were carried out for Mag-25 and Mag-700. The fitted spectra for the lowest and highest temperatures are shown in Figure 6, and the hyperfine parameters in the form are shown in Table 7.
[image: Figure 6]FIGURE 6 | Room temperature Mössbauer spectra of Mag-25 (A) and Mag-700 (B). The black circles stand for the experimental data, and the thick red line stands for the calculated data, Fe3+ (A) sextet is shown in blue, Fe3+ (B1), Fe2+ (B2) and Fe2+ (B3) sextets are shown in blue, green, purple and yellow, respectively.
TABLE 7 | Parameters of the hyperfine structure.
[image: Table 7]The electron charge density of the iron nuclei is represented in the Mössbauer spectrum as an isomer shift relative to the metal bcc α-Fe as a reference substance. The nuclear charge densities of 8 non-equivalent A sites and 16 non-equivalent B sites can be determined by the calculation of DFT (Řezníček et al., 2015; Řezníček et al., 2017; Chlan et al., 2018). The four sextets correspond to the tetrahedral (A) sites and the octahedral (B) magnetic sublattice, and the spectral analysis was based on those considerations (Sorescu et al., 1998; Sorescu et al., 2003). The trimeron model adequately described the electronic structure and grouped the B sites in an 8:5:3 ratio (Senn et al., 2011; Řezníček et al., 2015). The first group contains Fe3+-like ions, defined as B1, while the other groups are occupied by Fe2+-like ions. C (Řezníček et al., 2017).
The area ratios of the four groups of lines A, B1, B2, and B3 represent the ratios of ions at different positions. There is a decrease in the proportion of the Fe3+ at positions A and B1 of the two materials before and after the calcination of magnetite while the area ratio of B2 and B3 increased, which shows that the content of Fe2+ in the sample is relatively increased after calcination at 700 °C. Since the oxidation and reduction of magnetite are carried out in the range of its non-stoichiometric composition, vacancies will also appear in the materials (Nakamura et al., 1978). The non-stoichiometric characteristics of magnetite are the presence of oxygen vacancy in the structure. This is due to the rearrangement of the internal Fe atoms. The proportion of Fe2+ in the octahedron increases, and the content of Fe3+ in the tetrahedron and octahedron decreases, resulting in an imbalance of charge that removes additional O atoms from the structure. From the ratio of Fe2+ to Fe3+ in the Mössbauer spectrum and the results of Rietveld refinement, the structural formulae of Mag-25 and Mag-700 can be written as Fe3+[Fe2+0.951Mg0.090Fe3+0.949]O3.965 and Fe3+0.990 [Fe2+1.053Mg0.090Fe3+0.857]O3.914, respectively. It can be seen that there are oxygen vacancies in magnetite, which was consistent with Rietveld refinement results.
3.4.3 XPS analysis
XPS is considered a highly efficient and reliable method for determining the ratio of Fe2+ to Fe3+ on active surface atoms (Liu et al., 2016). In order to explore the reason why the adsorption effect of Mag-700 was stronger than that of raw magnetite, XPS analysis was carried out on raw magnetite and a series of materials calcined at different temperatures to study the effect of calcination in argon on the valence state of iron in the mineral.
Surface composition and valence states of O and Fe have been investigated by X-ray photoelectron spectroscopy, as shown in Figures 7A, B. The binding energy at 531.8 eV was attributed to surface adsorbed oxygen (OA), and the photoelectron peak of the surface lattice oxygen (OL) had binding energy at around 529 eV (Deng et al., 2016). The intensity of the OL peak decreased to the minimum when the calcination temperature was up to 500 °C and then increased with the temperature further rising. In Mag-900, the ratio of OL/OA increased to 44.76/55.24. The increase in OL peak intensity may be due to the oxygen vacancies caused by the high temperature (Chen et al., 2017). When the calcination temperature was above 700 °C, the relative content of lattice oxygen in the sample increased sharply, which may be caused by the release of the surface adsorbed oxygen at higher temperatures.
[image: Figure 7]FIGURE 7 | O 1s XPS spectra (A) and Fe 2p spectra (B) of magnetite at different temperatures.
As shown in Figure 7B, Fe 2p3/2 of Fe3O4 has no satellite peak, and distinct two peaks of Fe2p with binding energies at 710.7 and 724.2 eV were assigned to spin-orbit peaks Fe 2p3/2 and Fe 2p1/2 of Fe3O4 respectively (Yamashita and Hayes, 2008; Farghali et al., 2015). The main peaks of Fe3+ 2p1/2 and Fe3+ 2p1/2 are located at 711.7 eV and 725.3 eV (Wang et al., 2017). Moreover, by fitting Fe 2p double peak, another two peaks yield at 710 eV and 724 eV, which belongs to Fe2+ 2p3/2 and Fe2+ 2p1/2 (Hou et al., 2016; Jia et al., 2018; Li et al., 2020a). The peak position does not shift significantly with the temperature change. When the temperature increases to 700°C, the proportion of Fe2+ increases from 33.16% to 36.86%, and the content of Fe3+ decreases by reducing to Fe2+. However, its ratio decreases when the temperature rises to 900°C, and the oxidation reaction plays a dominant role.
In light of these results, it can be concluded that heating magnetite under an inert atmosphere will cause the appearance of oxygen vacancies, which leads to the increase of the proportion of Fe2+ to maintain the overall charge balance. However, the ratio of Fe2+ in the Mag-900 sample is abnormal, which may be due to the oxidation of the sample at a very high temperature. The total amount of Fe did not change according to Fe occupancy in Rietveld refinement. The chemical formula for the surface of magnetite can be obtained from the ratio of Fe2+/Fe3+ in XPS. Table 8 shows that there are Fe and O vacancies in the pristine Mag-25, and the amount of O vacancies increased to a maximum in Mag-700, then decreased slightly in Mag-900. In the chemical formulae obtained from XPS results, the variation trend of oxygen vacancy content is consistent with the experimental results of Pb (Ⅱ) removal (Figure 4B), indicating that oxygen vacancy plays a significant role in the adsorption reaction. In addition, the adsorption amount of Pb (Ⅱ) has a good correlation with the proportion of Fe2+ (Figure 8A) and the content of oxygen vacancy content (Figure 8B) in magnetite. The introduction of oxygen vacancy can be the result of the rearrangement of iron atoms, which directly improves the adsorption capacity of magnetite to Pb (Ⅱ).
TABLE 8 | Related content of Fe2+ and Fe3+ in series materials and the given structural formulae.
[image: Table 8][image: Figure 8]FIGURE 8 | Correlation analysis of adsorption capacity with (A) proportion of Fe2+; and (B) oxygen vacancy content in series magnetite.
3.4.4 Surface complexes
The mechanism of magnetite adsorption for Pb (Ⅱ) has been widely studied. It has been suggested that Pb (Ⅱ) is adsorbed onto the surface of magnetite by electrostatic attraction and forms surface complexes with the functional group (≡FeOH) generated by the protonation and deportation reactions (Giraldo et al., 2013; Wang et al., 2014). However, according to the pHpzc of the magnetite, magnetite is positively charged, and the adsorption of Pb (II) should not depend on electrostatic bonding, mainly through the complexation of Pb (Ⅱ) with deprotonated surface hydroxyl groups. Pb (Ⅱ) acts as Lewis acid while the functional surface hydroxyl group (≡FeOH) serves as the Lewis base in deprotonated form (≡FeO-) to bind the Lewis acid Pb (Ⅱ) cation (Liang et al., 2014). Pb (Ⅱ) ions were mainly adsorbed on the surface of magnetite by inner-sphere complexation, and the adsorbed Pb (Ⅱ) species showed a bidentate binuclear corner-sharing geometry (Liang et al., 2017). The inner-sphere complexes are more stable than the outer-sphere complexes. This is because the former has the coordination covalent bonds as the main force, while the latter has an electrostatic bond as the dominant force. As Lewis basis, the hydroxyl group on the surface of magnetite is a critical functional group for adsorbing Pb (Ⅱ). In this work, the calcined Mag-700 has more defects, especially cationic vacancies and oxygen vacancies, which makes the magnetite exposed more functional groups and more reactive active sites (Li et al., 2014; Ali et al., 2021), and increases the contact field between the surface of magnetite and Pb (Ⅱ), which is the main reason for improving the adsorption performance of Pb (Ⅱ).
4 CONCLUSION
In conclusion, calcination in argon effectively increases the oxygen vacancy content in the crystal structure of magnetite, which plays a vital role in improving the removal of Pb (II). The results show that, compared with natural magnetite, high temperature significantly influences the defect density and affinity for Pb (II) of magnetite under low oxygen pressure. The defect contents and structural formulae of the magnetite samples were determined successfully through Rietveld refinement and the ratio of Fe2+ and Fe3+. In general, the defect degree of magnetite is linearly related to the removal capacity of Pb (II). Magnetite has a broad application prospect in wastewater remediation due to its simple defect engineering method, superior Pb (II) removal ability, rapid kinetics, and recyclability.
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In this article, we describe a proof of concept of the potential use of a biocatalytic process for the functionalization of technical soda lignins from wheat straw through the selective acylation of primary hydroxy groups of lignin oligomers by acetate or hexanoate, thus preserving their free, unreacted phenols. The selectivity and efficiency of the method, although they depend on the structural complexity of the starting material, have been proven on model compounds. Applied to technical lignins, the acylation yield is only moderate, due to structural and chemical features induced by the industrial mode of preparation of the lignins rather than to the lack of efficiency of the method. However, most of the physicochemical properties of the lignins, including their antioxidant potential, are preserved, advocating the potential use of these modified lignins for industrial applications.
Keywords: soda technical lignins, Candida antarctica lipase B, selective acylation, lipophilisation, transmethylation
1 INTRODUCTION
Due to the expected gradual depletion of fossil resources, industries have turned to the introduction of polymers, cosmetics, pure natural compounds, or mixtures resulting from the fractionation of the biomass into their formulations. For applications with high added values, the strong consumer demand for environmentally friendly processes and formulations, and a wish for naturalness in commonly used compounds, especially for cosmetics, have strongly stimulated research efforts. Among these compounds and beside secondary metabolites (Vaishnav and Demain, 2011), polysaccharide fractions have received much attention from researchers due to their homogeneity in terms of physicochemical properties and chemical reactivity (Benna-Zayani et al., 2008; Bouyer et al., 2012; Robertson et al., 2017; Arca et al., 2018; Yu et al., 2018). Therefore, industries involved in biomass fractionation have mostly favored “polysaccharides first” biorefinery processes.
Regrettably, due to the research of optimized polysaccharide or secondary metabolite recovery yields, biomass fractionation processes mostly involve drastic acidic or basic treatments with or without sulfur-containing reagents. Other components of the biomass may be strongly modified structurally, thus highly degrading their chemical structure and their main physicochemical properties of interest. For instance, this is the case with lignins (Sharma et al., 2020; Yao et al., 2022), which represent the major biopolymer in vertical terrestrial plants after cellulose (Ralph et al., 2004). These heterogeneous assemblies of polyphenolic oligomers result in plants from the oxidative coupling of p-hydroxy cinnamic alcohols (mainly coniferyl and sinapyl alcohols) and acids (Figure 1) (Liu et al., 2018; Sternberg et al., 2021). Thanks to this unique polyphenolic structure, they exhibit protective properties (such as antioxidant, antimicrobial, and anti-UV) and thus play the role of defensive barriers in plants.
[image: Figure 1]FIGURE 1 | p-Hydroxy cinnamic alcohols involved in lignins biosynthesis and putative structure of the resulting biopolymer.
The main treatments of lignocellulosic biomass for polysaccharide recovery and lignin residue availability at an industrial scale for further applications are the Kraft (Chakar and Ragauskas, 2004; Gellerstedt, 2015), bisulfite (Duval et al., 2013; Miles-Barrett et al., 2017), soda (Takada et al., 2020), and organosolv (de la Torre et al., 2013) treatments, which at the end of the process all involve an acidic treatment for the recovery of lignins through precipitation. Thus, large amounts of lignins are produced from paper industries and emerging cellulosic 2G bioethanol industries every year. More than 50 million tons of lignins are produced each year by pulp and paper industries alone (Bezerra and Ragauskas, 2016; Maldhure and Ekhe, 2017; Robertson et al., 2017), and up to now, lignins were considered more as a residue than as a valuable material, and were mainly burned to produce energy because of their high calorific power (Zakzeski et al., 2010; Chen et al., 2017).
In order to complete the biorefinery concept by valorizing all the biomass fractions, the resulting lignins must now be considered as potential candidates for industrial chemical applications. With this aim in mind, low-added value applications such as a filler in asphalt (Wu et al., 2021), additive for mineral wool (Allais et al., 2016; Lucia et al., 2020), and board binders (Gravitis et al., 2010) have emerged. Nevertheless, higher added value applications such as in carbon fibers or as antioxidant additives in polymers and cosmetic formulations have to be explored for technical lignins, which have already shown antioxidant (Pouteau et al., 2003; Vinardell et al., 2008; Ponomarenko et al., 2015; Majira et al., 2019), antimicrobial (Alzagameem et al., 2019; Cresnar et al., 2022), and emulsion stabilizing properties (Czaikoski et al., 2020). For these later applications, incorporation of lignins into most of the usual polymer matrices still faces constraints due to their heterogeneous and complex structure and poor miscibility in apolar matrices, where they show a tendency to form aggregates (Lora and Glasser, 2002; Zhang et al., 2015; Romhányi et al., 2018; Dias et al., 2019). To overcome these problems, it seems that chemical modification of the lignin structure remains the best solution. Degradative depolymerization of lignin has been intensively investigated in past decades (Weng et al., 2021; Roy et al., 2022; Zhou et al., 2022) but requires, whatever the conditions used, final separative processes to recover pure fractions (or, at least, homogeneous in terms of molar mass). Alternatively, another route to minimize their heterogeneity can be solvent fractionation (Majira et al., 2019; Zhou et al., 2022). Some of our previous articles highlighted the potential of phenolic compounds or phenolic fractions derived from lignins constituents as antioxidants (Reano et al., 2016) or as building blocks for polymer chemistry (Pion et al., 2013), and also reported the design of innovative processes for the transformation of technical lignins from various botanical sources and diverse industrial separation processes into valuable fractions (Thierry et al., 2018; Majira et al., 2019; Lu et al., 2021; Jin et al., 2022). In addition, direct modification of lignins to tune their properties may be also a promising pathway, taking into account their valuable chemical functionalities. One example is the acylation of lignin hydroxy groups in order to increase their lipophilicity. Chemical acylation processes in the presence of base catalysts such as 4-dimethyl amino pyridine (DMAP) (Zhao et al., 2017) lead to the formation of byproducts such as carboxylic acids and require organic solvents such as 1,4-dioxane or pyridine. However, most importantly, in such processes, the reactivity of phenolic hydroxyls is higher than that of aliphatic ones, inducing a disappearance of free phenol content and thus a loss of their related properties.
The goal of our project was to target antioxidant additive applications mainly for polymer chemistry; we faced the problem of improving the compatibility of lignins with apolar matrices while not affecting their free phenol content. That is why this project aimed to selectively acylate the primary aliphatic hydroxy groups of some lignin fractions using either acetate or hexanoate groups, thus preserving their antioxidant properties afforded by the presence of the free phenolic groups. We therefore turned to the use of Candida antarctica lipase B (CAL-B) as a transesterifying biocatalyst (Cassani et al., 2007; Zhang et al., 2020). This enzyme is indeed known to be inactive toward phenols (Pion et al., 2013; Weissbach et al., 2017) and to be active in a large range of experimental conditions (solvents and temperatures) (Cassani et al., 2007). CAL-B is commercially available in different forms (expression in Aspergillus niger (Mustranta et al., 1993) or in yeast (Graber et al., 2003)), either as free enzyme or immobilized on resins (Miletic et al., 2010) in order to allow its easy separation from the reaction mixture by simple filtration. Other groups succeeded with a similar aim of selective acylation of lignins biocatalyzed by CAL-B, involving either ionic liquid as the reaction media (Hulin et al., 2015) or technical lignins that were post-depolymerized through catalytic hydrogenation (Martinez-Garcia et al., 2023). The present work differs in the sense that it involves technical lignin fractions in the solvent MEK, both being industrially common. Moreover, these published works estimated the resulting acylation yields through the disappearance of the acyl donor in the reaction media (by HPLC) or through the decrease of aliphatic hydroxy groups using 31P NMR. However, based on our practical experience on lignins analyses and their reactivity, we must consider unpredicted artefacts in such methodologies. Indeed, the lignin spontaneous reactivity that is often noticed in the literature but is not yet fully understood, can generate side-reactions and thus analytical artefacts, leading to misinterpretation. That is why, in this article we furthermore transposed one of the most commonly used method for the quantification of fatty acid composition in complex matrices: transmethylation followed by GC-MS. We follow a robust analytical procedure that is less impacted by the potential biases induced by the unusual chemical reactivity of lignin derivatives upon chemical or thermic treatments. This article describes the feasibility of the combination of a solvent fractionation process and biocatalytic acylation of technical wheat straw alkali lignins (Protobind 1000) to convert them into valuable antioxidant additives for polymers and cosmetic applications as well as a robust analytic methodology to quantify the yield of the acylation step.
2 MATERIAL AND METHODS
2.1 Chemicals
Dimer guaiacylglycerol-β-guaiacyl ether (GGE, Purity >97.0% (GC)) was purchased from TCI Chemicals. Other reagents, laccase (from Trametes versicolor, 13 U/mg), and recombinant lipase from Candida antarctica supported on acrylic resin (expressed in Aspergillus niger, ≥5,000 U/g, (1 U corresponds to the amount of enzyme which liberates 1 µmol of butyric acid per minute at pH 7.5°C and 40°C, from tributyrin as substrate)) were purchased from Sigma Aldrich. Solvents and sulfuric acid (96%) were purchased from Carlo Erba and used as received. Soda technical lignins Protobind 1000 (grass mixture of wheat straw and sarkanda) were purchased from Green Value LLC.
2.2 Substrate preparation
2.2.1 Dehydrogenative polymer preparation (DHPs)
S monolignol and syringaresinol were synthesized according to procedure described in one of our previous articles (Jaufurally et al., 2016). 0.4 g of syringaresinol (0.96 mmol) was placed in a 500 mL flask and dissolved in 180 mL of ethanol (EtOH). Then, 200 mL of deionized water was added (1 g/L of total solvents) prior the introduction of 17.6 mg of laccase (0.1 U/mg regarding total substrates). 2 g of S monolignol (9.51 mmol) was dissolved in 20 mL of EtOH (100 g/L) and added dropwise at 0.9 mL/h using a syringe pump. The mixture was stirred in the dark at ambient temperature for 24 h. EtOH was removed under reduced pressure, the mixture was cooled to 0°C, and was then filtered on a glass filter. The same procedure was repeated 10 times and the products gathered in order to obtain a sufficient batch that was dissolved in acetone, then precipitated into diethyl ether. After filtration, the recovered S-DHPs (approximately 10 g) were dried under vacuum.
2.2.2 Fractionation of lignins
Alkali lignins Protobind 1000 (PB1000) was magnetically stirred in ethyl acetate (10 L/kg) for 1 h at room temperature. The mixture was then filtered and flushed with ethyl acetate on a glass filter. The procedure was repeated a second time and the filtrates were combined prior to evaporation under reduced pressure to eliminate ethyl acetate and recover F1 as a brown solid (36% wt.). The dried insoluble residue was magnetically stirred in methyl ethyl ketone (MEK) (10 L/kg) for 1 h at room temperature. The mixture was then filtered and flushed with MEK on a glass filter. The procedure was repeated a second time and the filtrates were combined prior to evaporation under reduced pressure to eliminate MEK and recover F2 as a brown solid (26% wt.) and an insoluble residue F3 (37% wt.).
2.3 Procedures for functionalization
2.3.1 Typical procedure for enzymatic acetylation
The substrate to be acetylated (200 mg) was placed in the presence of supported CAL-B (20 mg, 10% mass of the substrate) and mixed with ethyl acetate:acetonitrile (1:1 vol, 20 mL, 10 g/L) in a 25 mL round bottom flask equipped with a Dean–Stark apparatus. The mixture was magnetically stirred under reflux for 24 h and aliquots were periodically collected for kinetics study. After cooling to room temperature, the mixture was filtered to recover the supported lipase and the filtrate was concentrated under reduced pressure to recover the acetylated compound.
2.3.2 DHPs chemical acetylation
S-DHPs (200 mg) was placed in a 25 mL round bottom flask under argon flow in the presence of anhydrous pyridine (2 mL). After cooling to 0°C, acetic anhydride (2 mL, 10 mL/g) was added and the mixture was magnetically stirred at room temperature for 18 h. The reaction was cooled at 0°C before adding methanol dropwise (2 mL). Toluene (2 mL) was then added and the solvents were evaporated under reduced pressure to recover the acetylated DHPs.
2.3.3 Typical procedure for enzymatic hexanoylation
The substrate to be hexanoylated was placed in a round bottom flask in the presence of ethyl hexanoate (1:1 mass ratio to substrate), supported CAL-B (10% mass of substrate), and MEK (25 g/L). The mixture was magnetically stirred under reflux for 24 h using a Dean–Stark apparatus. After cooling to room temperature, the mixture was filtered to recover the supported lipase and the filtrate was concentrated under reduced pressure. In the case of the lignins substrate, the mixture was then precipitated into hexane under magnetic stirring and hexanoylated lignins were recovered by filtration on a glass filter, then dried under vacuum overnight. The parameters that have been changed for the purpose of the study are indicated in the discussion.
2.4 Analytical methods
2.4.1 Nuclear magnetic resonance spectroscopy
All NMR spectra were recorded on an Ascend™ 400 spectrometer (Bruker).
2.4.1.1 2D NMR
1H-13C HMBC and HSQC NMR spectra were recorded using CDCl3 (calibrated at 7.26 ppm/77.16 ppm) or pyridine-d5 (calibrated at 8.71 ppm/149.9 ppm) as solvent and using standard Topspin 3.2 pulse sequences.
2.4.1.2 31P NMR
Approximately 20 mg of sample and 20 mg of triphenylphosphine (TPP, internal standard) were accurately weighted and dissolved in 0.5 mL of a mixture of CDCl3/pyridine (1/1.6) prior to phosphorylation using 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane as the phosphorylating reagent (50 μL). 31P spectra were recorded at 160 MHz (128 scans, with a relaxation time of 6 s) and calibrated to the hydrolyzed phosphorylating reagent singlet peak at 132.2 ppm. The following regions were integrated: aliphatic hydroxyls (149.1–144.2 ppm), phenolic hydroxyls (143.8–137.0 ppm), and acid region (136.6–133.6 ppm), normalized to TPP (−5.0 ppm). Each spectrum was treated only when an excess of phosphorylation reagent was observed as a singlet at approximately 175 ppm, and sample analysis was validated if an error below 5% was observed between two duplicates.
2.4.2 Liquid chromatography
Liquid chromatography analyses were performed using a HPLC system (Thermo Fisher Scientific) equipped with an ACCELA 600 pump, an ACCELA auto sampler, a C18 column EC 50/2 Nucleoshell RP 18, 2.7 μm (Macherey-Nagel), and an ACCELA photodiode array (PDA) detector recording over the range 250–450 nm. Samples were dissolved in acetonitrile (ACN) at 1 mg/mL, filtered on a 0.45 µm PET microdisk (Macherey-Nagel), and 1 µL was analyzed using a mobile phase consisting of water/ACN +1‰ HCOOH eluted at 250 μL/min, applying a gradient from 80/20 to 30/70 within 15 min.
2.4.3 Size exclusion chromatography
10 mg of samples was weighed and tetrahydrofuran (THF) containing 5% of toluene (internal standard) was added in order to reach a concentration of 5 mg/mL. After 5 min of shaking, samples were filtered on 0.45 µm GHP microfilters (PALL) prior to analysis by size-exclusion chromatography (SEC). SEC analyses were performed using THF stabilized with BHT as the eluent at 1 mL/min (Ultimate 3000 Pump, Dionex). 10 μL was injected (Ultimate 3000 Autosampler, Dionex) on either a PLgel Mixed C column (5 μm, 7.5 mm × 600 mm, Agilent) in the case of DHPs, or a PLgel Mixed E column (3 μm, 7.5 mm × 600 mm, Agilent) in the case of lignins, and the signal was observed at 280 nm (Ultimate 3000 UV/vis detector, Dionex). The molar mass distributions were determined using a calibration curve based on 10 polystyrene standards ranging from 580 to 364,000 g/mol (Agilent) for the Mixed C column (Supplementary Figure S1) or from 162 to 22,290 g/mol (Agilent) for the Mixed E column (Supplementary Figure S2).
2.4.4 Quantification of hexanoylation yield through transmethylation followed by GC-MS
2.4.4.1 Standard solutions
Different standard solutions have been used in order to allow good accuracy of the calibration curves and an overall good reproducibility of the method. Approximately 500 mg of each internal standard (ethyl pentanoate, methyl heptanoate, methyl octanoate, and tetradecane) was accurately weighed in a 100 mL volumetric flask and mixed with methanol to obtain a stock solution at 5 mg/mL. This stock solution was then diluted by 100 using a 2.5 mL glass syringe and 250 mL volumetric flasks to obtain standard solutions at 0.05 mg/mL in methanol in the presence of 5%vol H2SO4 (MQS, solution for methyl hexanoate quantification after transmethylation) or not (EQS, solution for residual ethyl hexanoate quantification). In the same manner, a calibration solution (CS) containing methyl hexanoate and ethyl hexanoate, at 5 mg/mL each, in methanol was prepared.
2.4.4.2 Transmethylation procedure
Approximately 20 mg of sample to be analyzed was accurately weighed in a 15 mL Pyrex test tube and 2 mL of internal standard solution containing 5%vol H2SO4 (MQS, 0.05 mg/mL) was added. The capped tube was heated at 80°C for 2 h. After cooling to room temperature, 2 ml of hexane and 1 mL of water were added, the capped tube was agitated vigorously by orbital shaking for 20 min, and then centrifuged at 4°C at 4,800 rpm for 10 min. The upper phase was collected and analyzed directly by GC-MS. Samples were prepared in duplicates and each vial injected twice.
2.4.4.3 Quantification of residual ethyl hexanoate
Approximately 20 mg of sample to be analyzed was accurately weighted in a 15 mL Pyrex test tube and 2 mL of internal standard solution (EQS, 0.05 mg/mL) was added. 2 ml of hexane and 1 mL of water were added, the capped tube was agitated vigorously by orbital shaking for 20 min, and then centrifuged at 4°C at 4,800 rpm for 10 min. The upper phase was collected and analyzed directly by GC-MS. Samples were prepared in duplicates and each vial injected twice.
2.4.4.4 Calibration curves
In a 15 mL capped Pyrex test tube, 5–100 µL of the calibration solution CS at 5 mg/mL in methanol was added to 2 mL of the internal standard solution EQS at 0.05 mg/mL in methanol. 2 ml of hexane and 1 mL of water were added, the capped tube was agitated vigorously by orbital shaking for 20 min, and then centrifuged at 4°C at 4,800 rpm for 10 min. The upper phase was collected and analyzed directly by GC-MS. Each calibration point was prepared in duplicate and injected three times. The vial was validated when an error below 3% was observed between the three injections, and calibration was validated when an error below 5% was observed between the two vials when considering the peak area ratio of compound to quantify over methyl heptanoate. Plotting the determined molar ratio of both compounds to quantify (methyl and ethyl hexanoate) over the methyl heptanoate standard as a function of the corresponding peak area ratios gave their two calibration curves and the corresponding linear equations: [molar ratio (compound/methyl heptanoate)] = f ([peak areas ratio (compound/methyl heptanoate)]) (Supplementary Figure S3).
2.4.4.5 Hexanoylation yield calculation
The chromatogram was validated if 1) the peak area ratio of methyl heptanoate over methyl octanoate was between 0.85 and 0.93 in order to ensure the wellness of the GC-MS system, 2) the peak area ratio of tetradecane over methyl octanoate was between 1.29 and 1.41, in order to ensure the absence of volatiles loss during sample preparation, and 3) in the case of transmethylated samples, no residual ethyl pentanoate was observed in order to ensure complete transmethylation. For a sample to be analyzed, the peak area ratio of the compound to quantify (methyl or ethyl hexanoate) over the methyl heptanoate internal standard was inserted into the equation of its respective calibration curve to determine its concentration. Normalization by sample weight gave its molar amount per Gram of sample to be analyzed. The vial was validated when an error below 5% was observed between the two injections and the sample was validated when an error below 10% was observed between the two vials. The molar amount of residual ethyl hexanoate per Gram of sample was subtracted from the molar amount of methyl hexanoate per Gram of sample quantified after transmethylation to calculate the hexanoylation yield, which was expressed in µmol of hexanoate chains per Gram of sample.
2.4.4.6 Gas chromatography-mass spectrometry procedure
Gas chromatography-mass spectrometry (GC-MS) analyses were performed using a 6890 Series GC system (Agilent). 0.5 µL of sample was injected through a 7683 Series Injector (Agilent) with a split ratio of 30 and the inlet set at 250°C. Elution was by helium N60 at 0.7 mL/min through a DB-Wax UI column (Agilent) with dimensions 30.0 m × 250 μm x 0.25 µm. The oven temperature was maintained at 50°C for 4 min, then increased up to 95°C at 5°C/min, and finally up to 180°C at 70°C/min with a hold of 5 min. Eluted compounds were detected by a quadrupole 5973 Mass Selective Detector (Hewlett Packard) operating over the scanning range 50–650 m/z, with electron-impact ionization at 70 eV, the transfer line at 250°C, and the source at 230°C. Identification of compounds was based on pure compound injection and mass spectra comparison. The peak areas of each compound were determined from the total ion chromatogram.
3 RESULTS AND DISCUSSION
3.1 Feasibility and selectivity of enzymatic acylation
3.1.1 Acetylation of dimer model compound
In order to test the feasibility and selectivity of the reaction, the CAL-B activity was first tested on commercial guaiacylglycerol-β-guaiacyl ether dimer, which is commonly used as representative of the β-O-4 linkage between two coniferyl alcohols found in lignin oligomers as the major linkage between two p-hydroxycinnamic subunits. This commercial stereopure dimer exhibits a free phenolic group and both primary and secondary aliphatic hydroxy groups. The acetylation of the dimer (Figure 2) was first investigated in the presence of ethyl acetate and supported CAL-B (10% wt of dimer) in acetonitrile (10 g/L, 50:50 acetonitrile:ethyl acetate) and with continuous removal of the by-produced ethanol by azeotropic distillation. The reaction was easily followed by HPLC and 1H NMR (Supplementary Figure S4). These first results showed only acetylation of the primary hydroxyl in approximately 90% yield after 8 h of reaction. The reaction could also be monitored by 31P NMR after phosphorylation (Supplementary Figure S5), where the relative integration of the signal corresponding to the phosphorylated primary OH (triplet at 147.5 ppm) progressively decreased, while the integration of secondary (doublet at 148.2 ppm) and phenolic OH (singlet at 139.5 ppm) remained equal, even if their chemical shift slightly increased (to 148.3 and 139.6 ppm, respectively), thus confirming the selectivity. To further ensure this selectivity, the reaction was conducted over a longer time period (13 days): no peracetylated product was observed by HPLC, 1H NMR, or 31P NMR. If CAL-B is well-known to be strictly inactive toward phenols, it may induce acylation of secondary hydroxyls (Pion et al., 2013). In this current case, inactivity toward the secondary hydroxyl might be due either to stereoselectivity toward the involved stereopure commercial dimer, or to the proximity of the hindered phenolic moiety (Uppenberg et al., 1995). Acetonitrile, first selected because it is known for being tolerated by CAL-B (Dutta Banik et al., 2016) has however a rather low ability to solubilize lignins. Thus, it was thereafter replaced by methyl ethyl ketone (MEK), showing similar acetylation kinetics on the commercial dimer (Figure 3). MEK was therefore chosen as the reaction solvent for this process and to efficiently solubilize a large fraction of Protobind 1000 (60% wt), which is our targeted lignin substrate.
[image: Figure 2]FIGURE 2 | Guaiacylglycerol-β-guaiacyl ether enzymatic acetylation.
[image: Figure 3]FIGURE 3 | Kinetics of guaiacylglycerol-β-guaiacyl ether (GGE) enzymatic acetylation under reflux in acetonitrile or in MEK (10 g/L), followed by HPLC.
3.1.2 Complexification of the model substrate: DHPs acetylation
However, direct monitoring of the reaction on lignins fractions by 1H NMR or HPLC would be unfeasible due to the complexity of the lignins’ structure and their poor solubility in the appropriate solvents (Wen et al., 2013; Wurzer et al., 2021). Therefore, to challenge further analytical methodologies (SEC, 31P NMR), we turned to the acetylation of a substrate of intermediate complexity: dehydrogenative dehydropolymers (DHPs) (Lahive et al., 2020) of sinapyl alcohol (Figure 4). Such S-type DHPs, exhibiting only two types of inter subunit linkages (β-O-4 and syringaresinol types), are indeed good candidates to adapt our analytical procedures to a more complex substrate representative of lignins.
[image: Figure 4]FIGURE 4 | Putative structure of S dehydrogenative polymers (S-DHPs) used as model substrate.
DHPs were treated in the presence of CAL-B (10% wt compared to DHPs) in ethyl acetate:MEK (50:50 vol, 10 g/L) under reflux for 2 days. Afterwards, the mixture was cooled to room temperature, filtered to recover supported CAL-B, and the solvent evaporated under vacuum to obtain the resulting acetylated DHPs.
For the purpose of analytical comparisons, completely acetylated DHPs were prepared through a chemical procedure in pyridine using acetic anhydride. From 1H-13C HMBC NMR (in C5D5N) of the chemically acetylated DHPs, three acetate groups were observed: one phenolic (2.29 ppm/168.5 ppm) and two aliphatic, corresponding to primary and secondary hydroxyls (1.94 ppm/170.6 ppm and 2.13 ppm/170.0 ppm, respectively), while the enzymatically acetylate showed a single primary aliphatic acetate signal (1.94 ppm/170.6 ppm, Supplementary Figure S6). This confirmed the transposability of the selective enzymatic process to more complex substrates, where acetylation is restricted to primary aliphatic hydroxyls. In addition, another characteristic signal was observed at 2.11 ppm/173.3 ppm, corresponding to residual acetic acid (confirmed by comparison with pure acetic acid, which also appears at 134.6 ppm in 31P NMR, Supplementary Figure S7).
The molar mass distribution of the samples was also determined through size exclusion chromatography (SEC), assuming that the acetylation could induce an increase in apparent molar mass. Chemically acetylated DHPs showed a slight increase in molar mass distribution when compared to the starting material (Figure 5). Surprisingly, this increase in apparent molar mass was even more significant in the case of enzymatic acetylation, while it should have a lower molar mass gain since its acetylation was partial. Such an observation suggests that side reactions, such as intermolecular cross-coupling reactions, may occur in these reaction conditions in the case of DHPs.
[image: Figure 5]FIGURE 5 | Size exclusion chromatograms in THF of the starting material and the enzymatic and chemically acetylated DHPs, using UV detection at 280 nm. Signals normalized to the toluene peak eluted at 21.1 min.
Therefore, to better understand this unexpected result, two control reactions were run: one in the absence of any acyl donor and another in the absence of the catalyst CAL-B. In the two cases where CAL-B is present (control without acyl donor and enzymatic reaction), a significant increase in molar mass is observed, considering that lipase treatment is able to induce cross-coupling reactions between DHPs residues. In the absence of CAL-B, a similar molar mass increase is observed, but is far less important and probably also due to chemical modifications of the DHP structure upon thermal treatment (Figure 6). The hydroxyl group content of the different samples was then assessed through 31P NMR after phosphorylation, a method commonly used for the quantification of the different types of lignin hydroxyls (Table 1) (Meng et al., 2019).
[image: Figure 6]FIGURE 6 | Size exclusion chromatograms in THF for DHPs in different reaction systems (48 h in MEK (10 g/L)), using UV detection at 280 nm. Signals normalized to the toluene peak eluted at 21.1 min.
TABLE 1 | Characteristics of the substrate DHPs (Entry 1), enzymatically acetylated DHPs (Entry 2), and appropriate controls (Entries 3, 4) kept for 48 h under reflux in MEK (10 g/L); molar mass distributions determined aby SEC. Aliphatic and phenolic hydroxyl contents determined bby 31P NMR.
[image: Table 1]In the case of enzymatic acetylation, the aliphatic hydroxyl content significantly decreased (−40%, Entry 2), suggesting efficient acetylation, as observed by the appearance of an ester spot in 1H-13C HMBC NMR. Nevertheless, even if lower, this phenomenon was also observed in controls (−20% and −17%, Entries 3 and 4), where no acetate was observed through 1H-13C HMBC NMR, thus suggesting that this decrease in aliphatic hydroxyls can also be due to spontaneous side reactions. Moreover, this hypothesis is reinforced by an increase in the free phenol content, probably due to the cleavage of some β-O-4 bonds inside the oligomers. From such global observations it can be assumed once more that DHPs (and probably also lignin fractions) may undergo dramatic structural changes in these reaction conditions (temperature, solvent), including for instance β-O-4 bond cleavage and recondensation reactions. The balance between these two pathways, going from control reactions to the real reaction may be to some extent due to the generation of acetic acid in the medium containing the ethyl acetate and CAL-B, but also to the specific activity of CAL-B on lignin oligomers in the absence of any acyl donor.
Although confirming the occurrence of side reactions impacting the hydroxyl content in all cases, 31P NMR appeared to be nevertheless unsuitable for precise quantification of the acylation yield for DHPs (and probably for lignin fractions), contrary to our expectations. Indeed, the acetylation yield, when estimated on the basis of 31P NMR data, seemed largely overestimated (approximately 50% mol of the putative primary hydroxy groups). We thus concluded that another analytical method was needed to quantify the acylation yield. We envisaged the use of an indirect method based on either saponification or transesterification methods, allowing the reformation of acids or esters from the acylated lignins, which can be further quantified by GC-MS. However, such a process is incompatible with acetylated compounds since it generates either acetic acid or methyl acetate, which are difficult to quantify by GC-MS. Another longer acyl donor was therefore chosen, ethyl hexanoate, as its excess can still be easily removed by either evaporation or hexane washing, and since its corresponding acid or methyl ester are easily quantifiable by GC-MS.
3.1.3 Hexanoylation of the dimer model compound
The hexanoylation process was first tested on the commercial dimer in order to assess the efficiency of this approach with a longer chain and a more apolar acyl donor. Guaiacylglycerol-β-guaiacyl ether dimer was thus reacted with ethyl hexanoate in a ratio of 5:1 mol to ensure an excess of acyl donor at the same conditions (10% wt CAL-B, MEK, 10 g/L, reflux). The kinetics of hexanoylation was monitored by 1H NMR (Supplementary Figure S8) and HPLC and was found to be very similar as the acetylation (Figure 7), with a hexanoylation yield of 76% after 9 h, thereby proving the versatility of the method in terms of acyl donor. Similar control experiment ran without CAL-B induced no structural changes of guaiacylglycerol-β-guaiacyl ether dimer (results not shown), thus confirming that hexanoylation was indeed only catalyzed by CAL-B.
[image: Figure 7]FIGURE 7 | Kinetics of guaiacylglycerol-β-guaiacyl ether acylation by ethyl acetate or ethyl hexanoate, in MEK (10 g/L) under reflux, followed by 1H NMR in CDCl3.
3.1.4 Hexanoylation of DHPs and quantification of the acylation yield by a transmethylation/GC-MS procedure
DHPs were then reacted with an excess of ethyl hexanoate (5:1 wt) in MEK (10 g/L) under reflux. After the biocatalyzed hexanoylation reaction and the removal of the supported CAL-B by filtration, the reaction medium was concentrated under reduced pressure and first cleaned from residual unreacted acyl donor through precipitation in hexane, and submitted to extended drying under vacuum. 1H-13C HMBC NMR proved the formation of an ester bond (Supplementary Figure S9) as well as the absence of residual acyl donor (no ethyl spots visible), which was confirmed by GC-MS analysis of the hexane supernatant. Saponification of the hexanoylated compounds was first tested but led to very tedious workup procedures and unsatisfying errors in the quantification of the resulting hexanoic acid. We thus turned to a transmethylation process, well-known in the field of triglyceride chemistry. Transmethylation aims to cleave the ester bonds and thus release the hexanoate moieties as methyl esters (Supplementary Figure S10). Thereafter, transmethylation followed by GC quantification established that 184 µmol of methyl hexanoate was released per Gram of reacted DHPs. This value, compared to the aliphatic hydroxyl content of the starting material determined by 31P NMR (3.32 mmol/g, Table 1 Entry 5), indicates a hexanoylation yield of 5.5% mol of the aliphatic hydroxy groups; nevertheless, such a calculation underestimates the yield as it does not take into account the occurrence of side reactions decreasing the amount of available targeted aliphatic hydroxy groups and does not discriminate primary from secondary hydroxyl content, which may be equivalent according to the putative DHPs structure. Structural modification of DHPs was not investigated further as it was not the aim of this work; however, it appears more reliable to quantify acylation through transmethylation rather than structural analysis (31P NMR or SEC), as we expected initially. For these reasons, the hexanoylation yield will be estimated by transmethylation and expressed in µmol/g. In initial attempts, we compared the quantification through peak area measurement inserted in the equation [molar concentration] = f ([peak area]) determined by injection of CS at different concentrations. Nevertheless, the use of an internal standard of close structure (methyl heptanoate, MQS) led to higher repeatability and was preferred in the remainder of our study, as described in the material and methods section.
This method is indirect and it can be applied to any acylated substrate of complex structure, as far as the residual unreacted acyl donor is quantified or, when possible, carefully eliminated. Therefore, this method was retained for hexanoylation yield estimation in the remainder of the study, aiming to transfer this biocatalyzed selective hexanoylation process to technical lignins and derived fractions.
3.2 Transposition of the enzymatic hexanoylation to lignins
3.2.1 Fractionation of the technical lignins
To deal with less heterogeneous samples than the complex technical lignins Protobind 1000, sequential solvent fractionation was applied in order to obtain more defined lignin fractions (Lu et al., 2021; Jin et al., 2022). The first step involved ethyl acetate in order to eliminate lower molar mass compounds F1 and to focus on polymeric chains, as they encounter more difficulties in accessing enzyme active sites. The second step involved MEK in order to extract a substrate soluble F2 in the reaction media (MEK), as well as in analytical solvents, by eliminating the insoluble residue F3. These three fractions showed lower polydispersities than Protobind 1000 and exhibited increasing molar masses as follows: Mw (F1) < Mw (Protobind 1000) < Mw (F2) < Mw (F3), while the phenol content decreased in the opposite manner (Figure 8; Table 2).
[image: Figure 8]FIGURE 8 | Size exclusion chromatography in THF of Protobind 1000 technical lignins (pink) and the resulting fractions F1 (blue), F2 (black), and F3 (brown), using UV detection at 280 nm. Signals normalized to the maximum height; toluene used as internal standard, eluted at 20.2 min.
TABLE 2 | Characteristics of the different fractions (ethyl acetate F1, MEK F2, and insoluble F3 fractions) obtained from Protobind 1000 (PB1000) determined aby gravimetry, bby SEC, and cby 31P NMR (spectra available in Supplementary Materials).
[image: Table 2]3.2.2 Hexanoylation of lignins fraction F2
The hexanoylation of soda lignins fraction F2 (lignins fraction soluble in MEK but insoluble in ethyl acetate) was thus conducted in MEK with ethyl hexanoate. The first attempt was conducted based on previous experimental parameters: 5 mass equivalent of ethyl hexanoate and 10% wt CAL-B regarding lignins were used in MEK (10 g/L) under reflux for 24 h, which led to a hexanoylation yield of 85 μmol/g. The same experiment conducted in absence of CAL-B showed no hexanoylation; this control informed us that CAL-B activity was responsible for the reaction and confirmed the accuracy of hexanoylation yield quantification through transmethylation followed by GC-MS, inducing no overestimation. In order better understand the reactivity of this new system, different key parameters have been studied to optimize enzymatic hexanoylation: 1) ethyl hexanoate:lignins weight ratio, 2) reaction time, 3) lignins concentration, 4) enzyme load, and 5) the solvent used as the reaction medium. In all following sections, different assays were compared based on their resulting hexanoylation yields determined through transmethylation followed by GC-MS. Some of the following studies were conducted in parallel; therefore, the fixed parameters are not necessarily optimized, aiming to detect tendencies rather than defining an optimized process.
3.2.2.1 Ethyl hexanoate:lignins weight ratio
The work on model DHPs was conducted with 5 mass equivalent of ethyl hexanoate in order to ensure a sufficient excess. However, such an excess led to tedious removal of residual unreacted acyl donor at the end of the process. Thus, various ethyl hexanoate:lignins weight ratios (from 0.05 to 5 mass equivalents) were studied at a constant enzyme load (20% wt), lignins concentration in MEK (10 g/L), and reaction time (24 h). Lowering the weight ratio of ethyl hexanoate:lignins from 5:1 to 1:1 gave similar results (102 and 94 μmol/g, respectively), while too low a ratio led to a drop in the hexanoylation yield (25 μmol/g with 0.05:1, Figure 9).
[image: Figure 9]FIGURE 9 | Hexanoylation yield obtained for different ethyl hexanoate:lignins weight ratios at a constant enzyme load (20% wt), lignins concentration in MEK (10 g/L), and reaction time (24 h); yield estimated by transmethylation followed by GC-MS.
Thus, a 1:1 weight ratio was preferred as it makes the post-reaction workup easier and the process cheaper and greener by generating less side-products without significantly decreasing the hexanoylation yield.
3.2.2.2 Reaction time
Another key parameter can be the reaction time; thus, it was studied from 6 h to 6 days at a constant ethyl hexanoate:lignins weight ratio (1:1), enzyme load (10% wt), and lignins concentration in MEK (10 g/L). 6 h reaction time led to only half of the hexanoylation yield (39 μmol/g) compared to 24 h (81 μmol/g), indicating an incomplete process. Further extension of the reaction time led to a slight increase in the hexanoylation yield (Figure 10). Thus, time can be a parameter of interest but should be balanced according to the energetic cost and lignins side reactions.
[image: Figure 10]FIGURE 10 | Hexanoylation yield obtained for different reaction times at a constant ethyl hexanoate:lignins weight ratio (1:1), enzyme load (10% wt), and lignins concentration in MEK (10 g/L); yield estimated by transmethylation followed by GC-MS.
3.2.2.3 Lignins concentration in MEK
The lignin concentration in MEK was varied from 10 to 50 mg/mL at a constant ethyl hexanoate:lignins weight ratio (5:1), percentage of enzyme (10% wt), and reaction duration (24 h). Similar hexanoylation yields (from 85 to 92 μmol/g) were obtained in the three cases (Figure 11), demonstrating the low impact of concentration on the studied range, thus allowing us to reduce the amount of solvent employed.
[image: Figure 11]FIGURE 11 | Hexanoylation yield obtained for different reaction concentrations at a constant ethyl hexanoate:lignins weight ratio (5:1), enzyme load (10% wt), solvent nature (MEK), and reaction time (24 h); yield estimated by transmethylation followed by GC-MS.
3.2.2.4 CAL-B load
In order to assess the impact of catalyst load on the reactivity, the percentage of supported enzyme was also varied from 10% to 100% wt according to lignins at a constant ethyl hexanoate:lignins weight ratio (1:1), lignins concentration in MEK (25 g/L), and reaction time (24 h). Indeed, the hexanoylation yield increased along with the CAL-B load (Figure 12), even if the phenomenon is far from being linear: increasing the load by 10 times doubled the yield (250 μmol/g). Thus, the CAL-B load is a real lever for increasing the hexanoylation yield; nevertheless, due to its high cost, a balance should be struck between cost and efficiency.
[image: Figure 12]FIGURE 12 | Hexanoylation yield obtained for different CAL-B loads at a constant ethyl hexanoate:lignins weight ratio (1:1), lignins concentration in MEK (25 g/L), and reaction time (24 h); yield estimated by transmethylation followed by GC-MS.
3.2.2.5 Solvent variation
It is known that CAL-B activity and stability are impacted by the polarity and temperature of the medium (Kitamoto et al., 2015; Banik et al., 2016). In our case, both are governed by the solvent chosen, which also impacts substrate solubilization. Thus, solvents of different polarities and different boiling points (acetonitrile, acetone, MEK, THF, or a mixture MEK/hexane (50/50), Table 3) were tested at a constant ethyl hexanoate:lignins weight ratio (1:1), enzyme load (10% wt), lignins concentration (25 g/L), and reaction time (24 h, Figure 13). Acetone, which shows a polarity similar to MEK (Hidebrand parameters of 19.9 and 19.3 MPa1/2, respectively) but a lower boiling point (56°C and 80°C, respectively), led to a lower hexanoylation yield (68 μmol/g instead of 102 μmol/g). This lower reactivity might be related to the lower temperature, which decreases the CAL-B activity and/or impeaches ethanol removal. Acetonitrile, known to be compatible with CAL-B (Arcens et al., 2020) and suitable as a dimer acetylation medium, exhibits a boiling point (82°C) similar to MEK, but a higher Hildebrand parameter (24.3 MPa1/2); the significantly lower hexanoylation yield (16 μmol/g) when compared to MEK might be due to the low solubility of lignins F2 in acetonitrile, where only 65% was recovered (generally 90% is recovered). THF shows a similar Hildebrand parameter (18.6 MPa1/2) but a lower boiling point than MEK (66 °C), leading to a similar hexanoylation yield of 97 μmol/g. THF appears therefore to be a choice for substrates of lower solubility. Finally, a mixture of MEK and hexane (50/50) was attempted in order to improve ethanol removal. The resulting hexanoylation yield was only 68 μmol/g, most likely due to the lower solubility of the substrate F2 in this system (only 72% recovered). These overall observations tend to indicate that MEK is a good solvent of choice in our system. When one wants to change for another solvent, attention should be paid to both its boiling point (60°C–100°C) and its polarity (19–20 MPa1/2) in order to preserve a certain reactivity.
TABLE 3 | Characteristics of the tested solvents and the resulting recovery (after precipitation in hexane) and acylation yields.
[image: Table 3][image: Figure 13]FIGURE 13 | Hexanoylation yield obtained for different solvents as reaction media at a constant ethyl hexanoate:lignins weight ratio (1:1), enzyme load (10% wt), lignins concentration (25 g/L), and reaction time (24 h); yield estimated by transmethylation followed by GC-MS.
4 CONCLUSION
This study demonstrates the feasibility of the enzymatic selective acylation of primary hydroxy groups of lignin fractions, using, first, well controlled model compounds (commercial guaiacylglycerol-β-guaiacyl ether and sinapyl alcohol dehydrogenative polymers) in order to design and ensure reproducible efficiency of the analytical protocols to be used for the estimation of the acylation yield, as well as the selectivity of the process strictly inactive toward phenols. The whole process, applied to fractions of commercial wheat straw soda lignins Protobind 1000, led to relatively moderate hexanoylation yields (approximately 100 μmol/g), much lower than those obtained with model compounds. This drastic yield decrease is not only a result of the more complex structure of lignin fractions compared to DHPs, but also the process used for the preparation of the starting lignins (remaining salts and low pH of the resulting lignin fraction solutions, which may favor critical changes in the structure of the lignins). From a methodological point of view, we have also demonstrated that the transmethylation method is a versatile method for the determination of the acylation yield, more so than the direct chromatographic (SEC) and spectroscopic (31P NMR) methods, the former not allowing direct quantification and the latter leading to a large overestimation of the acylation yield due to side-reactions, as demonstrated with DHPs. Moreover, this analytical approach involving transmethylation can be applied to any substrate, regardless of its structural complexity or solubility. Different hexanoylation conditions can be considered (in terms of solvent type, concentration, duration, and CAL-B load); thus, they can be adapted regarding 1) substrate specificities if required and/or 2) cost/efficiency balance target. Different experimental conditions have been tested with modified parameters and how they impact the acylation yield, allowing the design of a large panel of procedures that can be used according to the nature of the substrate (solubility and complexity) and the target efficiency. In future, we will diversify the acyl donor as well as the substrates in order to investigate the influence of biomass botanical origin and the impact of the lignin recovery procedure on the reactivity, assuming that the yield of this acylation reaction may be one of the possible quality criteria for technical lignins for further possible valorization routes. It is important to note that our preliminary results concerning the use of these modified lignins as either antioxidant additives for polymer compounding or as stabilizers for cosmetic emulsions are quite promising and demonstrate the significant advantage of modified lignins compared to starting lignins. These different studies are underway and will be reported in due time.
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Due to the complicated transport and reactive behavior of organic contamination in groundwater, the development of mathematical models to aid field remediation planning and implementation attracts increasing attentions. In this study, the approach coupling response surface methodology (RSM), artificial neural networks (ANN), and kinetic models was implemented to model the degradation effects of nano-zero-valent iron (nZVI) activated persulfate (PS) systems on benzene, a common organic pollutant in groundwater. The proposed model was applied to optimize the process parameters in order to help predict the effects of multiple factors on benzene degradation rate. Meanwhile, the chemical oxidation kinetics was developed based on batch experiments under the optimized reaction conditions to predict the temporal degradation of benzene. The results indicated that benzene (0.25 mmol) would be theoretically completely oxidized in 1.45 mM PS with the PS/nZVI molar ratio of 4:1 at pH 3.9°C and 21.9 C. The RSM model predicted well the effects of the four factors on benzene degradation rate (R2 = 0.948), and the ANN with a hidden layer structure of [8-8] performed better compared to the RSM (R2 = 0.980). In addition, the involved benzene degradation systems fit well with the Type-2 and Type-3 pseudo-second order (PSO) kinetic models with R2 > 0.999. It suggested that the proposed statistical and kinetic-based modeling approach is promising support for predicting the chemical oxidation performance of organic contaminants in groundwater under the influence of multiple factors.
Keywords: benzene, activated persulfate, response surface methodology, artificial neural network, kinetics
1 INTRODUCTION
The widespread use of organics in industrial production and the lack of management of organic wastewater leakage and discharge have led to an increasing threat of organic contaminants to the public safety of subsurface ecosystems (Padhi and Gokhale, 2017). Benzene, as an important aromatic compound existing in pesticide intermediates and petroleum products, is widely used as an organic solvent in the industry (Liu et al., 2010; Zhao et al., 2020). Benzene has the potential to readily infiltrate the subsurface milieu during various stages of its lifecycle, encompassing production, storage, and transportation. Its inclusion in the U.S. EPA’s National Priorities List is attributed to its well-documented carcinogenic, teratogenic, and mutagenic properties, which are observed in both its liquid and gaseous states (Xu Q. et al., 2021; Agency, 2023). Subsurface environmental exposure to benzene has become a global environmental problem (Singh and Fulekar, 2010; Padhi and Gokhale, 2014). Therefore, the rapid and precise remediation of benzene-contaminated groundwater to reduce public risk has become a widespread concern.
Among the many remediation strategies for organic compound contaminated groundwater, in situ chemical oxidation (ISCO) has attracted much attention for its advantages of economy and high efficiency (Matzek and Carter, 2016). At present, the sulfate radical-based advanced oxidation processes ([image: image]) have been widely used in the remediation of organic contamination in groundwater. Persulfate (PS) is considered to be a promising oxidant, which degrades organic contaminants by producing sulfate free radicals. PS is often used in conjunction with activators to form highly active species during ISCO (Liang et al., 2008). Nano-zero-valent iron (nZVI) is an activator with strong reactivity, high catalytic activity, and reducing ability (Lominchar et al., 2018; Cabrera-Reina et al., 2020). The successful applications of nZVI in the remediation of organic compound contaminated groundwater have been reported. Zhu et al. (Zhu et al., 2016) found that PS/nZVI system effectively alleviated the [image: image] quenched by [image: image] in the traditional ISCO process. Song et al. (Song et al., 2019) indicated that PS/nZVI oxidized up to 80% of benzene-based contamination in a pilot scale field study. Nevertheless, the prevailing researches on PS/nZVI oxidation technology revolved in the refinement and optimization of individual parameters such as oxidant dose, activator dose, pH and temperature (Srivastava et al., 2021b). Owing to the heterogeneity and the complexity of subsurface surroundings, the outcomes attained were not universally generalizable. Consequently, it is necessary to develop a predictive approach that holistically incorporates the impacts of multiple process parameters and environmental factors on the oxidation effectiveness in a simpler and more flexible way to support the determination of the optimal process parameter combination for a specific scenario.
The traditional one-factor-at-a-time (OFAT) approach for process parameter optimization necessitates an excessive amount of time and runs to ensure precision in effect estimation, and its ability to determine the interaction between input variables and the optimal levels of various factors is limited (Sachaniya et al., 2020). The process-centered, statistics-based response surface methodology (RSM) overcomes these disadvantages. RSM is a statistical modeling method that uses multiple quadratic regression equations to fit the global functional relationship between the factors and the response values through reasonable experimental design (Amiri et al., 2019; Bahrami et al., 2019). By analyzing the response surface contour plot, the interactions among the process parameters and contaminant degradation rate in the PS/nZVI oxidation system of organic contamination in groundwater would be determined, and the optimal factor value could be predicted by regression equation (Kasiri et al., 2008). The commonly used RSM design methods include Box-Benkhen design (BBD) and Center Composite Design (CCD). It is generally believed that CCD was suitable for situations with multi-factor and continuous variables, and when the number of variables is small (three to seven variables), and BBD could reveal the interaction of multiple factors affecting the remediation effect by using fewer experimental groups than CCD (Ray et al., 2009).
However, the quadratic regression modeling, frequently employed in RSM, may prove inadequate for capturing the intricate relationships between these factors and the responses. Integrating Artificial neural network (ANN) as a modeling tool alongside RSM may further enrich our understanding of the intricate connections between inputs (characteristic factors) and outputs (degradation rate). ANN has garnered extensive utilization in diverse scientific and engineering domains for simulation and prediction purposes (Aycan DÜMencİ et al., 2021). Its ability to adapt, learn, identify, verify, and reproduce associations enables ANN to effectively interpret the interaction of highly complex factors in the remediation process of contaminated groundwater, and to simulate and predict degradation data through the analysis of characteristic parameters (Zafar et al., 2012). Currently, ANN has demonstrated its efficacy in tackling numerous challenging issues within the realm of environmental remediation, such as the prediction of the elimination of hazardous compounds from industrial wastewater and the precise management of diverse degradation processes associated with organic contaminants (Lenzi et al., 2016; Srivastava et al., 2021a).
Chemical degradation kinetic models play a vital role in providing insight into transient degradation rates and comprehending the chemical oxidation process, thereby furnishing crucial information for simulating site-specific contaminant degradation on a larger scale (Lominchar et al., 2018). At present, the pseudo-first-order kinetic model (PFO), pseudo-second-order kinetic model (PSO), and intraparticle diffusion kinetic model (IPD, W-M equation) have been demonstrated as the simplified mathematical models for simulating advanced oxidation process (Zulfiqar et al., 2019). Therefore, combining the chemical degradation kinetic model with the RSM-ANN approach may provide a deeper insight into the transient degradation processes within the system, thus furnishing a more realistic framework to guide practical applications. Currently, the RSM-ANN-kinetic approach has been successfully applied in the areas such as optimizing wastewater treatment processes (Nayak and Pal, 2020; Igwegbe et al., 2023) and evaluating catalyst performance (Fattahi et al., 2014; Kassahun et al., 2021).
Many studies have been carried out in modeling and optimizing the degradation of organic contaminants through activated PS oxidation techniques using kinetic models based on OFAT (Cabrera-Reina et al., 2020; Heidari et al., 2022; Conte et al., 2023). Other studies focused on modeling and optimizing the pollutant degradation process via activated PS using the combined approach of RSM and ANN (Zhang et al., 2018; Asgari et al., 2020; Qiu et al., 2021). However, few studies have systematically explored the effectiveness of the coupled RSM-ANN-kinetic approach in predicting the oxidation of organic contaminants in groundwater by activated PS.
In this study, the modeling approach coupling two optimization systems namely, RSM-BDD and ANN with kinetic model was innovatively implemented to optimize the benzene degradation process parameters and predict the effect of PS/nZVI oxidation system with benzene. The RSM models of four independent parameters, including PS dosage, nZVI dosage, pH, and temperature were established based on batch experiments. The simulation accuracy of the RSM models was optimized using ANN to enhance the prediction accuracy of the advanced oxidation degradation models based on statistical data. In addition, the kinetic models suitable for predicting the degradation process of benzene-contaminated groundwater by the PS/nZVI oxidation system were developed.
2 MATERIALS AND METHODS
2.1 Field sample
The soil and groundwater samples used in this study were collected from an abandoned pesticide factory in Jiangsu Province, China. Benzene, toluene, ethylbenzene, and xylene (BTEX) was found to contaminate the core area of the site. The soils used in this work were taken from the non-polluted area at the edge of the site, and the uncontaminated groundwater was obtained from the upstream of the contaminated site. The soil samples were dried (for a week) in a greenhouse before being screened, and collected with a particle size of less than 2 mm for later use.
2.2 Microcosm experiment setup
Benzene was added to the collected uncontaminated groundwater to a final concentration of 0.25 mM (equivalent to 20 mg/L). The groundwater was then aliquoted to the standard 40 mL threaded vials filled with the pre-prepared soil and capped with a Teflon/silicone gasket to prevent the volatilization of contaminants. PS (purity >98%, Sinopharm Chemical Reagent Co., Ltd., China) and nZVI (Sinopharm Chemical Reagent Co., Ltd., China) were added to the above vials according to experimentally designed concentrations of RSM-BBD and sodium hydroxide solution (0.1 M) and hydrochloric acid solution (0.1 M) were used for pH adjustment. All the microcosmic vials were kept for 12 h at the design temperature after uniform oscillation. Then the sample were filtered through a 0.45 μm membranes before analysis. The residual benzene concentration analysis was conducted using a gas chromatography-mass spectrometrometry system (GC-MS, 7890A/5975C, Agilent, United States) equipped with a capillary column (J&W Scientific DB-624 60 m × 0.25 mm × 1.4 μm, Agilent) after a purge and trap concentrator (Eclipse 4,552and4,660, OI Analytical, United States). Three parallel experiments were set in each group to eliminate experimental errors and determine the reproducibility of the results, and one blank control group was set without degradant to eliminate interference caused by adsorption. The removal rate of benzene was calculated by the following formula: 
[image: image]
[image: image] and [image: image] were the concentrations of benzene in the system at the beginning and the end of the reaction.
2.3 Experimental designs with RSM method
Design Expert software (DES, Version 11.0) was used to analyze the influence of different environmental parameters on the degradation rate of benzene (response) in contaminated groundwater. A four-variable with three-level BBD experiments with three central points were designed to investigate the degradation trend of benzene in contaminated groundwater in the PS/nZVI oxidation system. Four independent variables were selected, including 1) oxidant (PS) dose, 2) activator (nZVI) dose, 3) pH, and 4) temperature, with three levels designed for each independent variable (coded values + 1, 0, and −1, see Table 1). The BBD-RSM method was used to design 29 sets of experiments under different process conditions (Table 2). These 4 independent factors were presented as [image: image], [image: image], [image: image], and [image: image], respectively for statistical computations. A quadratic model was established to fit the experimental results and show the relationship between all involved environmental variables. The quadratic model is as follows: 
[image: image]
TABLE 1 | Variables and levels used in factorial design.
[image: Table 1]TABLE 2 | BBD matrix for experimental variables and response at four factor levels.
[image: Table 2]In the formula, Y is the response factor predicting the degradation efficiency of benzene, [image: image] is the fixed response value at the design centre point, [image: image] (i = 1, 2, 3, 4) represents the linear coefficient, [image: image] (ii = 1, 2, 3, 4) is the quadratic coefficient, [image: image] (i = 1, 2, 3, 4, j = 2, 3, 4) represents the effective coefficient of interactive regression, [image: image], [image: image] represent independent variables, [image: image] represents the effect of interaction between independent variables, [image: image] and [image: image] represent the secondary effects of each independent variable, ε is the statistical error. Analysis of variance (ANOVA) was used to analyse the established model. The significance of each coefficient in the equation was determined by the F test and p-value, and the prediction ability of the model was evaluated through graphical analysis and numerical analysis.
2.4 ANN design
The learning network used in this research was a hierarchical feedforward neural network with a back-propagation method, also known as an improved BP learning algorithm. Levenberg-Marquardt (LM) algorithm was selected for supervised learning functions to train the network because of its advantages of fast convergence and high computational accuracy (Srivastava et al., 2021a). The four variables determined by the response surface method were used as input layer neurons (04), and output layer neuron (01) was set as the response of benzene degradation rate. This research adopted the double-layer structure network with better generalization ability than the single-hidden layer structure which optimized the network structure of the hidden layer (Figure 1). Estimation of the number of hidden layers and the number of neurons in each layer was the main difficulties in optimizing the structure of the neural network, this problem was solved by applying the thumb rule (Gazzaz et al., 2012). In all sample datasets, 70% were used for training the network learning, 15% were used for forming the verification set, and the other 15% were used for forming the network test set (Taqvi et al., 2017), to cross-validate the ANN model for benzene degradation by the PS/nZVI oxidation system. The specific model parameters in the ANN were shown in Table 3. The scenario settings used to optimize the hidden layer structure of the ANN model were shown in Table 4. The development of the ANN model was completed by MATLAB 9.8.0.1323502 (R2020A).
[image: Figure 1]FIGURE 1 | Schematic representation of neural network architecture with dual hidden layers.
TABLE 3 | ANN model parameters.
[image: Table 3]TABLE 4 | Performance of ANN models with different structure of hidden layer (Bold values represent the optimal hidden layer structure).
[image: Table 4]The prediction performance of the models was evaluated via error functions that include the coefficient of determination ([image: image]), root mean square error (RMSE), mean absolute deviation (MAD), and mean absolute percentage error (MAPE), expressed as:
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Where [image: image] is the predicted value obtained by ANN or RSM, [image: image] is the experimental/observed value, [image: image] is the average of the predicted value, and n is the number of samples.
2.5 Kinetic model study
Under the optimum conditions given by RSM and ANN, the degradation kinetics of benzene with different concentrations (0.0625–1.25 mM) by the PS/nZVI oxidation system was studied. Degradation experiments were carried out on benzene solutions of specified concentrations based on optimized process parameters, and samples were collected at 20-min intervals to measure the residual benzene concentration in the system. The degradation results of benzene in the optimized experiment were modeled using the Pseudo-first order (PFO) and Pseudo-second order (PSO) kinetic models, which were widely used in the analysis of the degradation mechanism (Chowdhury et al., 2016). The diffusion mechanism of the degradation system was studied by the intraparticle diffusion (IPD) kinetic model (Zulfiqar et al., 2019).
i. PFO kinetic model
PFO kinetic model is an extensively adopted model to simulate the degradation process, which could be represented as follows:
[image: image]
In the formula, [image: image] (L/min) represents the degradation rate constant, [image: image] (mg/g) represents the degradation amount of benzene when the system reaches equilibrium, q (mg/g) represents the degradation amount of benzene at any time point in the reaction process, and t represents the time (min). The Curve Fitting Tool of MATLAB 9.8.0.1323502 (R2020A) was used to obtain the parameter values.
ii. PSO kinetic model
Five different forms of PSO kinetic models were used to fit the degradation rate results of benzene, namely,: Type-1 PSO, Type-2 PSO, Type-3 PSO, Type-4 PSO and Type-5 PSO. These Lagergren equations are extensively used for the degradation of liquid-solid phase based on solid capacity, and these PSO kinetic formulas could be expressed as following equations (Zulfiqar et al., 2018):
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Where [image: image] (mg/g) and q (mg/g) respectively represent the amount of benzene removed by the oxidant per unit weight under equilibrium and at any time in the reaction process. [image: image] (g/mg min) represents the PSO chemical degradation rate constants. Using Type-1 PSO, the graph against t versus t/q was plotted. The slope and intercept were used to achieve the values of constant factors. In term of Type-2 PSO kinetic model, the slope and intercept were used to receive the values of constant factors after plotting the graph against 1/t versus 1/q. In the case of Type-3 PSO kinetic equation, the graph between 1/q versus 1/t was plotted and obtained the constant values using slope and intercept. By using a Type-4 kinetic model, the graph plotted against q/t versus q for obtaining the values of constant factors from slope and intercept. Similarly, by employing the Type-5 PSO kinetic equation, the graph was plotted against t versus 1/(qe-q) and calculate the values of K2 and qe by using the slope and intercept.
iii. IPD kinetic model
Another kinetic theory considered the controlling factor of the reaction rate of the PS/nZVI oxidation system from the perspective of solid-liquid mass transfer. The degradation process of the benzene molecules in the system could be summarized into three steps: 1) the mass transfer of the pollutant through the outer boundary layer at the solid-liquid interface; 2) the diffusion of the liquid through the solid-phase particle channels; and 3) the oxidative degradation of the [image: image] on the surface of the activator (Ocampo-Perez et al., 2011). The mass transfer rate or particle diffusion rate, or the coupling effect of the two mechanisms affected the overall degradation rate of nZVI-activated PS. The IPD kinetic model obtained the prediction of the reaction process through the correlation between [image: image] and [image: image], which was given by the following equation:
[image: image]
Where [image: image] (mg/g [image: image]) and [image: image] refer to the rate constant of IPD and the boundary layer thickness of solid particles in the system, respectively.
3 RESULTS AND DISCUSSION
3.1 Statistical analysis for BBD-RSM
The BBD-RSM successfully simulated and predicted the PS/nZVI oxidation of benzene in synthetic contaminated groundwater at each design level of the four factors. The benzene degradation rate was between 53.52% and 98.29% in the batch experiments (Table 2). The ANOVA of BBD-RSM for benzene degradation with the PS/nZVI technology showed that the predicted degradation rate of the quadratic model was highly consistent (p < 0.0001) with the actual degradation rate (Supplementary Table S1).
The value of determination coefficient R2 (0.948) indicated that the suggested quadratic equation was useful for predicting the benzene degradation rate in the PS/nZVI oxidation system within the range of experimental conditions. The R2-adj value (0.895) of the RSM model was close enough to the R2 value (0.948), indicating that the precision of the suggested response model was only slightly affected by the insignificant model terms. In general, R2 values would increase by adding an item which has insignificant effects (p-value>0.05) to the proposed model, but the adjusted R2 (R2-adj) representing significant effects would not increase (Salarian et al., 2016). In addition, the predicted R2 (0.792) also has favorable anastomose with the R2-adj (0.895) (a difference of less than 0.2 was considered acceptable), further indicating that the constructed BBD-RSM model had acceptable reproducibility.
According to the screening principle of the significance of RSM model variables (p-value <0.05 and F value >5), independent variables [image: image], [image: image], [image: image], [image: image], and [image: image] were believed to have the most significant contributions to the accuracy of the suggested model and played the most important role in the simulation results. [image: image] had the largest F value (146.20), indicating that its influence on the model was dominant compared with other factors. The measured results were fitted using a quadratic model, to achieve the following regression equations:
[image: image]
The prediction accuracy of the proposed model for the degradation of benzene by the PS/nZVI oxidation system was verified using four different evaluation methods. The measured value and predicted value of the degradation rate of benzene showed a high degree of consistency (Supplementary Figure S1A), which provided the most direct evidence for the great performance of the prediction model. The externally studentized residual analysis showed that the error values were normally distributed along a mathematical expectation value μ) close to zero and a constant variance ([image: image]), which confirmed the adequacy of the proposed model (Supplementary Figure S1B). In addition, the residuals of the experimental values and predicted values were uniformly distributed within a rectangular region centered at zero, indicating that the random error distribution of the proposed model was uniform and reasonable, which indirectly proved the stability of the RSM model (Supplementary Figure S1C,D).
The factor interaction analysis of the response surface methodology showed that the interaction between the PS and nZVI dosages exerted the dominant effects on the benzene degradation in synthetic contaminated groundwater (Figure 2A). In the response surface of the interaction between PS and nZVI dosages, the degradation rate of benzene showed a drastic increase with the dosage of PS increasing from 0.25 mM to 1.25 mM (53.52%–98.29%), while the effect of the activator on the reaction result was more moderate. However, when the amount of activator alone was controlled to increase from a 2:1 M ratio to 6:1, a 15% increase in benzene degradation rate was also observed (Figure 2A). This may owe to the [image: image] played a major role in benzene degradation, and the interaction between oxidants and activators directly determined the rate of the [image: image] generation (Lominchar et al., 2018). Whereas, the effect of the activator on benzene degradation was much weaker, probably due to the activation potential not fully released at the set ratio with the oxidizer (Xu Z. et al., 2021). In conclusion, the PS and nZVI dosages were positively correlated with the benzene degradation rate, although PS dosage showed the more crucial role.
[image: Figure 2]FIGURE 2 | The response surface plot of benzene degradation as the function of (A) oxidizer and activator dosage, (B) pH and oxidizer dosage, (C) oxidizer dosage and temperature, (D) activator dosage and pH, (E) activator dosage and temperature, and (F) temperature and pH.
The response surface of the interaction between the PS dosage and pH showed that the degradation rate of benzene decreased with the transition from the acidic to the alkaline solution at a constant PS dosage (Figure 2B). Although both [image: image] and [image: image] have an activating effect on PS, alkaline conditions inhibited the transformation of nZVI to the activating [image: image], which suppressed the activation capacity of nZVI in the system. In addition, [image: image] in the system would coordinate with [image: image] and [image: image] to form compounds with no activation efficiency, and reduce the activation ability (Rodriguez et al., 2014). Therefore, under acidic conditions and high PS dosage, the PS/nZVI oxidation system was more efficient for the benzene degradation. The response surface under the interaction between the PS dosage and temperature (Figure 2C), nZVI dosage and pH (Figure 2D), nZVI dosage and temperature (Figure 2E), and temperature and pH (Figure 2F) were relatively flat or behaved as the waterfall, which indicated that the interaction of these dependent variables had no significant effect, or was mainly caused by a single factor on the benzene degradation rate in synthetic contaminated groundwater.
3.2 Development of ANN model
The optimization results of the topological structure of the ANN model showed that when both hidden layers contain eight neurons, the evaluation function MSE, RMSE, MAD, and MAPE have the smallest values (Table 4, Scenario BP5), which represents a perfect match between the predicted value and the actual value. However, if the number of neurons in any hidden layer exceeds 8, the error of the ANN model increased instead. It was speculated that too many neurons in the hidden layer may lead to overfitting, increase the error of the test set and further increase the overall error function (Mutasa et al., 2020). Therefore, the optimal topology structure of the ANN model for the PS/nZVI oxidation of benzene was [4-8-8-1], in which case the lowest performance evaluation functions value and the highest [image: image] value (0.9801) were obtained.
The simulation of benzene degradation rates using the ANN model structured in scenario BP5 showed high goodness of fit for training, validation, and test subset (Figures 3A–C), with the [image: image] values of 0.9995, 0.9791, and 0.9725, respectively. In the overall model, the ANN model fits well with the “perfect fit line” (Figure 3D), and the [image: image] value (0.9801) was slightly improved compared with that of the RSM model (0.948). Therefore, the developed cascade forward ANN model can be successfully used to simulate and predict the PS/nZVI oxidation of benzene in contaminated groundwater.
[image: Figure 3]FIGURE 3 | [image: image] values of (A) training, (B) validation (C) testing, and (D) all data sets of ANN for benzene degradation (%) by PS/nZVI process.
3.3 Comprehensive evaluation comparison between RSM and ANN models
The empirical modeling tool ANN displayed better prediction ability than RSM in the simulation and prediction of the PS/nZVI oxidation process of benzene in contaminated groundwater (Figure 4). We compared the observed values with the predicted values of the quadratic model obtained by RSM and the trained ANN model, respectively. Their predicted performance parameters were analyzed and the deviation of the calculated values from the actual values of the two models was plotted. Compared with the RSM, the predicted value distribution of ANN was closer to the actual value. The evaluation function values for ANN were lower, and the values of the [image: image] were closer to 1, which were signs of a well-fitted model (Supplementary Table S2). The highly predictive performance of the ANN was due to its ability to extract the basic interaction between dependent variables and independent variables with high accuracy without considering the degree of nonlinearity between variables, whereas the RSM only allowed fitting data based on mathematical equations (Lopez et al., 2017). It is generally accepted that RSM is usually used for the whole process of industrial system design starting from the experimental design. Its advantage reflects in putting forward more credible suggestions on the optimization of process parameters (Jiang et al., 2020). By contrast, ANN may be more suitable for processing massive experimental data, and focus on providing and establishing more detailed interrelationships between independent variables and dependent variables (Kasiri et al., 2008). Therefore, ANN may be a more powerful and flexible empirical modelling tool for remediation simulations of groundwater contaminated by organic compounds.
[image: Figure 4]FIGURE 4 | Comparison of experimental results with ANN/RSM predicted results.
3.4 External validation of the model
Three groups of process parameters recommended by the proposed models that should completely degrade benzene in synthetic contaminated groundwater were selected and the predictive ability of the proposed models was externally validated by replicated experiments (Supplementary Table S3). The results showed that under the condition of complete degradation of benzene predicted by the RSM model, the measured degradation rates of the three experimental groups were 100%, 99.87%, and 98.79%, respectively, and the predicted benzene degradation rates by the trained ANN (BP5, which with the best predictive performance) were 99.86%, 99.98%, and 99.10%, respectively. The agreement between the experimental and predicted values indicated that it was feasible to use the proposed model to simulate the actual degradation situation. The MSE between the predicted and measured values of the two models were 0.4937 (RSM) and 0.0426 (ANN), respectively, which indicated that the simulation errors of both models were acceptable in the external validation phase, but ANN still outperformed RSM.
3.5 Reaction kinetic studies
The kinetic parameters ([image: image], [image: image] and [image: image]) and correlation coefficients ([image: image]) of benzene degradation in synthetic contaminated groundwater by the PS/nZVI oxidation system were determined by linear regression method (Table 5). The [image: image] values of different types of kinetic models were distributed between 0.3982 and 0.9995, and all types of kinetic models fit the experimental data well except for very few scenarios (e.g., Type-1 and Type-4 PSO at 10 mg/L benzene). The linear fitting diagram of the kinetic model showed that the fitting curve of the PFO deviated significantly from the experimental results (Figure 5A), and the parameter values of the PFO model also showed no significant regularity during the increase of benzene concentration from 0.0625 mM to 1.25 mM (Table 5), indicating that the PFO kinetic model may not be a reasonable model to explain the benzene degradation process. Type-2 and Type-3 PSO kinetic models showed the best fitting with the observed data of benzene degradation within the focused benzene concentration range of 0.0625–1.25 mM (Figures 5B,C), with [image: image] values exceeding 0.99. The relationship between benzene degradation concentration versus time was more appropriately explained using these two types of PSO kinetic models, and they were fitted using 1/t versus 1/q or 1/q versus 1/t as the independent and dependent variables, respectively. Meanwhile, the instantaneous reaction rate models for different benzene initial concentrations can be selected from the Type-2 and Type-3 PSO kinetic models in Table 5. In addition, the results showed that the equilibrium benzene degradation amount ([image: image]) in PSO kinetic models were positively correlated with benzene concentration, and the rate constant K showed a trend of gradual increase with the pollutant concentration. The trend of the K value was opposite to the phenomenon observed by Zulfiqar et al. (Zulfiqar et al., 2019). This may be attributed to the increase in benzene concentration, which leads to higher collision probability between free radical particles and benzene molecules in the system, resulting in improved reaction rate (Shuchi et al., 2021).
TABLE 5 | PFO, Type-1 PSO, Type-2 PSO, Type-3 PSO, Type-4 PSO, Type-5 PSO, and IPD kinetic parameters for benzene in groundwater degradation onto PS/nZVI process.
[image: Table 5][image: Figure 5]FIGURE 5 | (A) PFO, (B) Type-2 PSO, (C) Type-3 PSO and (4) IPD kinetic models for benzene removal at optimized conditions given by suggested model.
In the IPD kinetic model, as the initial benzene concentration increased from 0.0625 mM, the value of diffusivity constant [image: image] increased from 0.6002 to 9.334 mg/g [image: image] (Table 5). This may be due to the stronger reaction driving force induced by the higher benzene concentration and thus affected the mass transfer rate in the reaction process (Cheung et al., 2007). However, it has been reported that the linear curves of negative boundary layer thickness ([image: image]) and the linear curve of [image: image] versus [image: image] would not exceed zero at all concentrations (Abdelwahab and Amin, 2013). The IPD model was considered to be unable to reasonably explain the mechanism of the PS/nZVI oxidation technology due to abnormality in the fitted [image: image] values (Figure 5D). Therefore, type II and type III PSO maybe the reasonable models to explain the benzene degradation process by the PS/nZVI oxidation system.
4 CONCLUSION
In this work, the modeling approach coupling BBD-RSM and modified ANN with kinetic model was implemented to optimize the benzene degradation process parameters and predict the effect of PS/nZVI oxidation system. The results indicated that the modeled optimum levels of variables were 1.45 mM PS with a Na+/nZVI molar ratio of 4:1 at pH 3.9°C and 21.9°C, under which 0.25 mM of benzene would theoretically be completely removed. The ANN model had better prediction performance compared with RSM, due to its strong nonlinear fitting ability. The structure of the hidden layer and the number of neurons contained in each layer significantly affected the predictive performance of the ANN. By employing the thumb rule during the test, we found that when the structure of hidden layers was [8-8], the evaluation indices of the ANN reached the optimal level. Furthermore, the developed degradation reaction kinetics showed that Type-2 and Type-3 PSO kinetic models were more suitable to explain the benzene degradation process by the PS/nZVI oxidation system. Our study is expected to provide a new approach for modeling and optimization of chemical oxidative remediation of organic contamination in groundwater.
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We developed synthetic glycophospholipids based on a glucosamine core (FP compounds) with potent and selective activity in stimulating Toll-Like Receptor 4 (TLR4) as agonists. These compounds have activity and toxicity profiles similar to the clinically approved adjuvant monophosphoryl lipid A (MPLA), included in several vaccine formulations, and are now in the preclinical phase of development as vaccine adjuvants in collaboration with Croda International PLC. FP compound synthesis is shorter and less expensive than MPLA preparation but presents challenges due to the use of toxic solvents and hazardous intermediates. In this paper we describe the optimization of FP compound synthesis. The use of regio- and chemoselective reactions allowed us to reduce the number of synthesis steps and improve process scalability, overall yield, safety, and Process Mass Intensity (PMI), thus paving the way to the industrial scale-up of the process.
Keywords: optimization, green chemistry, TLR4, glycolipid, medicinal chemistry
1 INTRODUCTION
Vaccine introduction in 1798 rapidly decreased the morbidity and mortality of several deadly diseases, and their widespread use has been the reason for the eradication or attenuation of several pandemic diseases, including smallpox and the recent COVID-19 (Hilleman, 2000; Stewart and Devlin, 2006; Kayser and Ramzan, 2021; Zheng et al., 2022).
Many modern vaccines, the so-called subunit vaccines, only include parts of the pathogen, normally protein antigens, instead of the entire pathogen. They are therefore safer but less immunogenic than the vaccines containing the whole attenuated pathogen, thus requiring the addition of adjuvants (Delany et al., 2014).
Molecular adjuvants are chemical entities able to induce a strong, but controlled, immune response, thus increasing the efficacy of the vaccine in terms of the quality, intensity, and duration of immune response (Shah et al., 2017; O’Hagan et al., 2020).
The use of adjuvants contributes to the reduction of the amount of antigen required in a vaccine formulation. As normally the antigen is the most expensive component, adjuvants also have the potential to decrease the cost of vaccines, making them more accessible in developing countries (Delany et al., 2014; O’Hagan et al., 2020).
There is high industrial interest in this field: the market size of vaccine adjuvants has been valued at 895 million USD in 2021. This value is expected to double by 2027, with a forecast compound growth rate of 10.6% year-on-year, due to the involvement of companies such as GlaxoSmithKline PLC, Merck KGaA, and Croda International PLC (Industry Research, 2022).
However, the rate of innovation in the field of vaccine adjuvants has been extremely low in the last 20 years, and a formulation of aluminium salts (Alum) has been the only clinically approved adjuvant for years and even today very few compounds have been approved for human use (Li et al., 2008; Lambrecht et al., 2009; Shah et al., 2017).
A clinically approved vaccine adjuvant is monophosphoryl Lipid A (MPLA, Figure 1), (Mata-Haro et al., 2007; Casella and Mitchell, 2008) a well-characterized Toll-like Receptor 4 (TLR4) agonist, included in several vaccine formulations (Cervarix®, Fendrix®, Shingrix®, Mosquirix®, Pollinex-Quattro®) (O’Hagan et al., 2020).
[image: Figure 1]FIGURE 1 | MPLA and FP compounds.
Synthetic MPLA (Avanti Lipids, United States) is a complex molecule, with a disaccharide core and linear and branched fatty acid chains with a stereogenic center at C-3, whose synthesis is long (>25 steps) with elevated production costs (the present cost of MPLA is ∼230 USD/mg in the American market). Furthermore, MPLA synthesis (699800P Avanti MPLA (PHAD®); Reed and Carter, 2014) is based on a massive use of “red” or environmentally undesirable solvents such as Pyridine or DMF (Alfonsi et al., 2008; Byrne et al., 2016; Joshi and Adhikari, 2019).
We recently synthesized FP11 and FP18 compounds (Figure 1), that showed to have similar activity to MPLA in inducing innate immune response in animal models of vaccination (Facchini et al., 2021). Their mechanism of action has been studied and it is based on the selective stimulation of the Toll-Like Receptor 4 (TLR4), one of the most important molecular switches of innate immunity (Peri and Minotti, 2019; Facchini et al., 2021). FP compounds possess however a simpler molecular formula and a shorter synthesis than MPLA. FPs retain most of the proinflammatory properties of MPLA when tested in vitro as well as the adjuvancy in vivo (Facchini et al., 2021). Due to their potential as cheaper substitutes for MPLA, we are developing FPs in collaboration with Croda International PLC as efficient substitutes for MPLA as vaccine adjuvants.
Albeit definitively more convenient than MPLA, FP compound synthesis (Scheme 1) still presents some hurdles that may prevent industrial scalability and cause a significant environmental impact, having a Process Mass Intensity (PMI) of 3.0 × 104 (Facchini et al., 2021). Furthermore, it employs a large amount of undesirable solvents (e.g., Pyridine, DMF, DCM), as defined by the Pfizer solvent bundle book, a widely accepted guideline for medicinal chemistry (Alfonsi et al., 2008; Byrne et al., 2016; Joshi and Adhikari, 2019). Here, we report a new, improved synthesis for FP designed with industrial scalability and environmental indications as guidelines. While the new synthesis still requires limited amounts of hazardous solvents, it is significantly shorter than the original one, translating in higher overall yields and lower PMI, a very important result due to the forecasted launch on the market of FP.
[image: Scheme 1]SCHEME 1 | Previous synthesis of FP compounds.
2 RESULTS AND DISCUSSION
We aimed to optimize the synthetic pathway of FP11 and FP18 (Scheme 1) in terms of the number of synthesis steps, safety, and environmental impact.
The published synthesis requires 10 steps with an overall yield of 7%. A chromatographic purification is required for 8 reaction steps out of 10, directly impacting the PMI of the process, calculated to 3.0 × 104 (Peri and Minotti, 2019; Facchini et al., 2021).
Some synthetic steps have high safety and environmental hazards. For example, the first reaction requires the formation of a potentially explosive low molecular weight azide using the highly toxic pyridine as co-solvent; and high amounts of toxic and pollutant solvents such as DMF and DCM are abundantly used throughout the process.
Finally, the absence of chemical orthogonality between the protective groups does not allow for an easy selective deprotection, in the perspective of selectively functionalizing the C-6 hydroxyl group.
A new, versatile synthesis has been designed (Scheme 2) with a reduced number of synthetic steps (7) and purifications and less toxic solvents involved. The overall yield is 18% and a PMI of 9.8 × 103. This synthesis can be applied for both FP11 and FP18 by employing the correct lipid chain: reaction yields are very similar with a very narrow error range.
[image: Scheme 2]SCHEME 2 | Cleaner synthesis for FP compounds, charcaterized by a reduced number of reactions, a limited use of red solvent, reduced PMI and increased yield.
The first step is the acylation of the glucosamine on the 2-NH, exploiting its higher reactivity, so that it is not necessary to protect it anymore.
The second reaction is a silylation on the 6-OH of compound 11, the only protection step in the synthesis: it is possible to regioselectively protect the more reactive primary alcohol over the other hydroxyls. However, the protecting group has to be carefully selected: a small one (e.g., TMS, TES) would not be selective enough; and a larger one (e.g., TBDPS, Trt) would prevent phosphorylation for sterical reasons. An additional challenge in this reaction was the choice of the solvent (Table 1), due to the poor solubility of the substrate both in aqueous and organic solvents. Initially, diluted pyridine was used, with a yield of 50%, but its extreme toxicity prompted us to search for a better medium. Several solvents were screened (i.e., MeCN, tBuOH, DMF) to no result, as the substrate failed to dissolve and the product was obtained only in traces. Finally, we managed to dissolve the substrate in DMSO at a low concentration (0.05 M) and to perform the reaction with a yield of 90%: therefore, we managed both to avoid pyridine and to reduce the PMI.
TABLE 1 | Solvent screening for the silylation reaction.
[image: Table 1]The third step of the pathway is the acylation of 12 on C-3 and C-4 hydroxyls. The reaction was first carried out in pyridine, which was eventually replaced with THF maintaining the high yield (80%) and reducing the hazards. The reaction stereochemistry at the anomeric carbon is dependent on the reaction conditions: short reaction time, high temperature and catalyst loading favor the formation of the thermodynamic α anomer, while longer reaction time, low temperature, and catalyst loading favor the formation of the kinetic β product (Romerio et al., 2023). As we have to remove the anomeric lipid chain (v. infra), the anomeric configuration is not relevant and it is possible to choose the protocol most suitable to one’s needs.
The fourth step is a regioselective deacylation of 13 with cleavage of the lipid chain in the anomeric position using a mixture of acetic acid and ethylenediamine. Interestingly, the anomeric acyl group acted as a leaving group in the presence of acids, and configuration seems to be retained (Zhang and Kováč, 1999).
Subsequent phosphorylation of 14 was performed using the phosphite to phosphate strategy, in which the compound undergoes a phosphitylation followed by one-pot oxidation to phosphate, similar to the previously published synthesis. This reaction is highly stereoselective: it always results in pure α configuration, independently from the starting configuration, as shown in several previous publications (Cighetti et al., 2014; Facchini et al., 2018; 2021; Peri and Minotti, 2019).
The 6-OH of 15 was then deprotected in mild conditions to avoid phosphate cleavage. Optimal cleavage conditions without concomitant reaction of protected phosphate consisted of the use of IRC 120 H+ resin in acetone. The reaction proceeded with 55% yield, but recycling of unreacted 15 allowed to further enhance yield.
Benzyl groups on the phosphates of compound 16 were removed by catalytic hydrogenation, as in the original synthesis (Peri and Minotti, 2019; Facchini et al., 2021).
The new synthesis is scalable for industrial production, with higher overall yield, lower PMI, and minimum use of “undesirable” or “red” solvents (Alfonsi et al., 2008; Byrne et al., 2016; Joshi and Adhikari, 2019).
3 CONCLUSION
Here we reported a new synthesis for FP compounds: a class of chemically simplified analogues of the known vaccine adjuvant MPLA, whose synthesis is significantly long and expensive. Regio- and chemoselective reactions allowed a drastic reduction in the use of protecting groups. Consequently, we managed to reduce the number of steps needed for the synthesis, which increased the overall yield (from 7% to 18%) and reduced the PMI (from 3.0 × 104 to 9.8 × 103) of the process. Furthermore, we eliminated the first hazardous intermediate and greatly decreased the use of red solvents replacing them with green or yellow solvents (Acetone, DMSO, or THF).
The described optimized synthesis will be further adapted to safety requirements and employed for industrial upscaling and production of the new immunostimulating agents FP11 and FP18.
4 MATERIALS AND METHODS
All reagents and solvents were purchased from commercial sources and used without further purifications, unless stated otherwise. Reactions were monitored by thin-layer chromatography (TLC) performed over Silica Gel 60 F254 plates (Merck®). Flash chromatography purifications were performed on silica gel 60 60–75 μm from a commercial source. Solvent removal by rotavapor was carried out at 40 °C for most solvents and 55 °C for toluene and water, unless otherwise stated. 1H, 13C, and 31P NMR spectra were recorded with Bruker Advance 400 with TopSpin® software, or with NMR Varian 400 with Vnmrj software. Chemical shifts are expressed in ppm with respect to Me4Si; coupling constants are expressed in Hz. The multiplicity in the 13C spectra was deducted by APT experiments. Exact masses were recorded with Agilent 6500 Series Q-TOF LC/MS System. The purity of the final compounds was about 95% as assessed by quantitative NMR analysis. Optical rotation values were acquired with Anton Paar MCP 100 polarimeter with a Type II cell (l = 100 mm; Ø = 5 mm) operating at 20 °C.
4.1 Compound 11a
2-tetracanamido-2-deoxy-α,β-d-glucopyranose.
Glucosamine hydrochloride 1 (10 g, 46 mmol, 1 eq.) and NaHCO3 (10.54 g, 124.2 mmol, 2.7 eq.) were dissolved in water (100 mL). Then, previously dissolved miristoyl chloride (12.5 g, 51.2 mmol, 1.1 eq.) in THF (100 mL) was added dropwise to the solution at 0 °C. A white solid started precipitating in the reaction flask. After 6 h stirring, the solution was filtered and a white solid was obtained, which was washed with 4 °C water. The solid was resuspended in 50 mL of HCl 0.5 M and stirred for 30 min. Afterward, the suspension was filtered again and the white solid was resuspended in 50 mL of THF. The white solid was again recovered by filtration. Excess water was then coevaporated with toluene under reduced pressure, to obtain the desired product 11a as a white powder in 70% yield (12.50 g) as an anomeric mixture. The compound was used without further purification.
1H NMR (400 MHz, DMSO-d6) δ 7.64 (d, JNHβ, H-2β = 8.3 Hz, 1H, NHβ), 7.50 (d, JNHα, H-2α = 8.0 Hz, 4H, NHα), 6.46 (d, J1-OHβ, H-1β = 6.3 Hz, 1H, 1-OHβ), 6.41 – 6.36 (m, 3H, 1-OHα), 4.94 – 4.86 (m, 8H, H-1α+6-OHβ, 4-OHα), 4.78 (d, J4-OHβ, H-4β = 5.2 Hz, 1H, 4-OHβ), 4.57 (d, J3-OHα, H-3α = 5.1 Hz, 3H, 3-OHα), 4.53 (t, J3-OHβ, H-3β = 5.8 Hz, 1H, 3-OHβ), 4.42 (dt, J 6-OHα, H-6α = 11.5, J H-1β, 1-OHβ 5.5 Hz, 5H, H-1β+6-OHα), 3.71 – 3.38 (m, 22H, H-3β, H-2α, H-2β, H-3α, H-4α, H-4β, H-5α, H-5β), 3.30 – 3.22 (m, 1H), 3.15 – 3.01 (m, 6H, H-6α, H-6β), 2.08 (dt, JCH2α, CH2β = 10.9, 7.4 Hz, 10H, CH2α chains), 1.47 (q, J CH2β, CH2α = 7.0 Hz, 11H, CH2β chains), 1.24 (s, 80H, chains bulk), 0.90 – 0.82 (m, 15H, CH3 chains).
13C NMR (101 MHz, DMSO-d6) δ 173.3, 172.8, 96.1, 91.1, 77.2, 74.8, 72.5, 71.6, 71.4, 70.9, 61.6, 57.6, 54.7, 40.6, 40.4, 40.2, 40.0, 39.8, 39.6, 39.4, 36.2, 35.8, 31.8, 29.5, 29.5, 29.4, 29.4, 29.2, 29.2, 29.1, 25.8, 22.6, 14.4.
HRMS (ESI-Q-TOF): m/z [M + Na+] calculated for C20H39NNaO6+: 412.2670. Found: 412.2674.
[image: image]
4.2 Compound 11b
2-dodecanamido-2-deoxy-α,β-d-glucopyranose.
Glucosamine hydrochloride 1 (5 g, 23.2 mmol, 1 eq.) and NaHCO3 (5.27 g, 63 mmol, 2.7 eq.) were dissolved in water (50 mL). Then, previously dissolved lauroyl chloride (5.60 g, 25.6 mmol, 1.1 eq.) in THF (50 mL) was added dropwise to the solution at 0 °C. A white solid started precipitating in the reaction flask. After 6 h stirring, the solution was filtered and a white solid was obtained, which was washed with 4 °C water. The solid was resuspended in 30 mL of HCl 0.5 M and stirred for 30 min. Afterwards, the suspension was filtered again and the white solid was resuspended in 30 mL of THF. The white solid was again recovered by filtration. Excess water was then coevaporated with toluene under reduced pressure, to obtain the desired product 11b as a white powder in 70% yield (6.00 g) as an anomeric mixture. The compound was used without further purification.
1H NMR (400 MHz, DMSO-d6) δ 7.66 (d, JNHβ, H-2β = 8.0 Hz, 1H, NHβ), 7.49 (d, JNHα, H-2α = 7.7 Hz, 4H, NHα), 6.44 (d, J1-OHβ, H-1β = 6.2 Hz, 1H, 1-OHβ), 6.39 – 6.33 (m, 4H, 1-OHα), 4.95 – 4.91 (m, 5H, H-1α+6-OHβ), 4.89 (d, J4-OHα, H-4α = 5.2 Hz, 4H, 4-OHα), 4.79 (d, J4-OHβ, H-4β = 4.8 Hz, 1H, 4-OHβ), 4.59 (d, J3-OHα, H-3α = 5.1 Hz, 4H, 3-OHα), 4.51 (t, J3-OHβ, H-3β = 5.8 Hz, 1H, 3-OHβ), 4.42 (dt, J 6-OHα, H-6α = 11.5, J H-1β, 1-OHβ 5.5 Hz, 5H, H-1β+6-OHα), 3.67 (dd, JH-3β, H-2β = 11.8, J H-3β, 3-OHβ = 4.6 Hz, 1H, H-3β), 3.61 – 3.40 (m, 14H, H-2α, H-2β, H-3α, H-4α, H-4β, H-5α, H-5β), 3.11 (ddd, JH-6αa, H-6αb = 9.7, JH-6αb, H-6αa = 8.2, JH-6αa, H-5α = 5.1 Hz, 4H, H-6α), 3.08 – 3.03 (m, 2H, H-6β), 2.08 (dt, JCH2α, CH2β = 10.9, 7.4 Hz, 10H, CH2α chains), 1.47 (q, J CH2β, CH2α = 7.0 Hz, 11H, CH2β chains), 1.24 (s, 80H, chains bulk), 0.90 – 0.82 (m, 15H, CH3 chains).
13C NMR (101 MHz, DMSO-d6) δ 173.3, 172.8, 96.1, 91.0, 77.2, 74.7, 72.4, 71.5, 71.3, 70.8, 61.5, 57.5, 54.7, 40.5, 40.3, 40.1, 39.9, 39.7, 39.5, 39.3, 36.1, 35.7, 31.7, 29.5, 29.5, 29.4, 29.4, 29.2, 29.2, 29.1, 25.8, 22.6, 14.4.
HRMS (ESI-Q-TOF): m/z [M + Na+] calculated for C18H35NNaO6+: 384.2361. Found: 384.2364.
[image: image]
4.3 Compound 12a
2-tetradecanamido-2-deoxy-6-O-tert-butyldimethylsilyl-α,β-d-glucopyranose.
To a solution of 11a (3.0 g, 7.7 mmol, 1 eq.) and imidazole (785 mg, 11.5 mmol, 1.5 eq.) in dimethylsulfoxide (154 mL, 0.05 M) a solution of TBDMSCl (1.28 g, 8.5 mmol, 1.1 eq.) in DCM (13 mL) was added dropwise under an inert atmosphere in an ice bath. Subsequently, the solution was allowed to return to room temperature and stirred overnight. Reaction, monitored by TLC (DCM/MeOH 9:1; Rf product: 0.50), was then stopped and the solution was concentrated under reduced pressure. Then it was diluted with EtOAc and washed three times with NH4Cl. The organic phase thus obtained was dried with Na2SO4 and the solvent was removed by rotavapor. The crude product thus obtained (3.65 g) was resuspended in heptanes at 0 °C for 30 min. Then, the suspension was filtered under vacuum and the desired compound was recovered as a white solid. After filtration, 3.50 g of compound 12a as a whiteish solid was obtained, in 90% yield.
1H NMR (400 MHz, MeOD) δ 5.12 (d, JH-1α, H-2 = 4.2 Hz, 0H; H-1α), 4.58 (d, JH-1β, H-2 = 8.1 Hz, 1H; H-1β), 4.03 – 3.92 (m, 1H; H-3), 3.83 (dd, JH-4, H-3 = 11.2, JH-4, H-5 = 5.3 Hz, 1H; H-4), 3.60 (t, J = 9.2 Hz, 1H; H-2), 3.49 – 3.22 (m, 5H; H-5, H-6), 2.25 (t, JCH2α, CH2β = Hz, 2H, CH2α chains), 1.64 (q, J CH2β, CH2α = 7.3 Hz, 2H, CH2β chains), 1.33 (d, J = 14.4 Hz, 21H, Chains bulk), 1.03 – 0.80 (m, 14H; 3x CH3 chains + 9x tBu-Si), 0.21 – 0.04 (m, 7H; Me-Si).
13C NMR (101 MHz, MeOD) δ 175.9, 95.7, 76.8, 74.8, 70.7, 62.9, 57.3, 48.2, 48.0, 47.8, 47.6, 47.4, 47.2, 47.0, 36.1, 31.7, 29.4, 29.4, 29.2, 29.1, 29.1, 28.9, 25.6, 25.1, 24.8, 22.3, 17.9, 13.0, −6.5, −6.5.
HRMS (ESI-Q-TOF): m/z [M + Na+] calculated for C26H53NNaO6Si+: 526.3534. Found: 526.3542.
[image: image]
4.4 Compound 12b
2-dodecanamido-2-deoxy-6-O-tert-butyldimethylsilyl-α,β-d-glucopyranose.
To a solution of 11b (3 g, 8.3 mmol, 1 eq.) and imidazole (850 mg, 12.4 mmol, 1.5 eq.) in dimethylsulfoxide (166 mL, 0.05 M) a solution of TBDMSCl (1.4 g, 9.1 mmol, 1.1 eq.) in DCM (14 mL) was added dropwise under an inert atmosphere in an ice bath. Subsequently, the solution was allowed to return to room temperature and stirred overnight. Reaction, monitored by TLC (DCM/MeOH 9:1; Rf product: 0.50), was then stopped and the solution was concentrated under reduced pressure. Then it was diluted with EtOAc and washed three times with NH4Cl. The organic phase thus obtained was dried with Na2SO4 and the solvent was removed by rotavapor. The crude product thus obtained (3.85 g) was resuspended in heptanes at 0 °C for 30 min. Then, the suspension was filtered under vacuum and the desired compound was recovered as a white solid. After filtration, 3.71 g of compound 12b as a whiteish solid was obtained, in 90% yield.
1H NMR (400 MHz, DMSO-d6) δ 7.62 (d, JNH, H-2 = 7.9 Hz, 1H; NH), 6.43 (d, J1-OH, H-1 = 6.4 Hz, 1H; 1-OH), 4.90 (d, J4-OH, H-4 = 6.5 Hz, 1H; 4-OH), 4.77 (d, J3-OH, H-3 = 9.1 Hz, 1H; 3-OH), 4.42 (t, JH-1, H-2 = 7.0 Hz, 1H; H-1), 3.86 (d, JH-6a, H-6b = 10.8 Hz, 1H; H-6a), 3.66 (dd, JH-6b, H-6a = 11.0, JH-6b, H-5 4.6 Hz, 1H; H-6b), 3.30 (d, JH-2, NH = 7.9 Hz, 2H; H-2 + H-3), 3.14 – 2.98 (m, 2H; H-4 + H-5), 2.06 (t, JCH2α, CH2β = 7.4 Hz, 2H CH2α chain), 1.48 (s, 2H; CH2β chains), 1.24 (s, 20H; chain bulk), 0.94 – 0.74 (m, 12H 3x CH3 chains + 9x tBu-Si), 0.05 (d, J = 3.0 Hz, 6H; Me-Si).
13C NMR (101 MHz, DMSO-d6) δ 173.2, 95.9, 77.1, 74.8, 70.8, 63.6, 57.5, 40.6, 40.4, 40.2, 40.0, 39.8, 39.6, 39.4, 36.2, 31.8, 29.5, 29.5, 29.4, 29.4, 29.2, 29.1, 26.4, 25.8, 22.6, 18.6, 14.4, −4.7, −4.7.
HRMS (ESI-Q-TOF): m/z [M + Na+] calculated for C24H49NNaO6Si+: 498.3226. Found: 498.3223.
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4.5 Compound 13a
1,3,4-tri-O-tetradecanoyl-2-tetradecanamido-2-deoxy-6-O-tert-butyldimethylsilyl-β-d-glucopyranose.
Compound 12a (1.0 g, 2.0 mmol, 1 eq.) was dissolved in anhydrous THF (40 mL, 0.05 M) under Ar atmosphere at −20 °C. Triethylamine (1.1 mL, 8.0 mmol, 4.0 eq.) and miristoyl chloride (1.7 mL, 6.4 mmol, 3.2 eq.) were added dropwise to the solution, then also 4-dimethylaminopyridine (24 mg, 0.2 mmol, 0.1 eq.) was added. The reaction was stirred over 2 h, then controlled by TLC (DCM/MeOH 95:5; Rf product: 0.98). Subsequently, the solution was diluted in EtOAc and washed with 1 M HCl. The organic phase thus obtained was dried with Na2SO4 and the solvent was removed by rotavapor. The crude product thus obtained (4 g) was purified by flash chromatography (Hep/EtOAc 93:7; Rf Product: 0.35). After purification, 1.80 g of compound 13a was obtained, in 77% yield.
1H NMR (400 MHz, CDCl3) δ 5.72 (d, JH-1, H-2 = 9.3 Hz, 1H, H-1), 5.30 (m, 2H, NH, H-3), 5.08 (t, JH-4, H-3 = 9.8 Hz, 1H, H-4), 4.31 – 4.21 (m, 1H, H-2), 4.02 (dd, JH-5, H-4 = 9.8, JH-5, H-6a = 4.4 Hz, 1H, H-5), 3.66 (d, JH-6, H-5 = 3.8 Hz, 2H, H-6), 2.28 – 2.20 (m, 4H; CH2α chains), 2.12 (m, 2H; CH2α chains), 1.56 (s, 14H; CH2β chains), 1.24 (d, J = 2.9 Hz, 74H; chains bulk), 0.94 – 0.76 (m, 21H; 12x CH3 chains + 9x tBu-Si), 0.04 (m, 6H; Me-Si).
13C NMR (101 MHz, CDCl3) δ 174.3, 173.0, 172.0, 91.7, 77.3, 77.0, 76.7, 70.7, 70.7, 68.3, 62.6, 52.2, 36.8, 34.2, 34.2, 31.9, 29.7, 29.7, 29.7, 29.6, 29.6, 29.5, 29.5, 29.5, 29.4, 29.3, 29.3, 29.2, 29.2, 25.9, 25.9, 25.6, 25.0, 24.9, 22.7, 18.4, 14.1, −5.3.
HRMS (ESI-Q-TOF): m/z [M + Na+] calculated for C68H131NNaO9Si+: 1156.9485. Found: 1156.9478.
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4.6 Compound 13b
1,3,4-tri-O-dodecanoyl-2-dodecanamido-2-deoxy-6-O-tert-butyldimethylsilyl-α-d-glucopyranose.
Compound 12b (2.0 g, 4.2 mmol, 1 eq.) was dissolved in anhydrous THF (84 mL, 0.05 M) under Ar atmosphere. Triethylamine (2.3 mL, 16.8 mmol, 4.0 eq.) and lauroyl chloride (3.2 mL, 13.4 mmol, 3.2 eq.) were added dropwise to the solution, then also 4-dimethylaminopyridine (1.63 g, 13.4 mmol, 3.2 eq.) was added. The reaction was stirred over 2 h, then controlled by TLC (DCM/MeOH 95:5; Rf product: 0.98). Subsequently, the solution was diluted in EtOAc and washed with 1 M HCl. The organic phase thus obtained was dried with Na2SO4 and the solvent was removed by rotavapor. The crude product thus obtained (4 g) was purified by flash chromatography (Hep/EtOAc 93:7; Rf Product: 0.31). After purification, 3.43 g of compound 13b were obtained, in 82% yield.
1H NMR (400 MHz, CDCl3) δ 6.19 (d, JH-1, H-2 = 3.7 Hz, 1H; H-1), 5.51 (d, JNH, H-2 = 8.8 Hz, 1H; NH), 5.27 – 5.20 (m, 1H; H-3), 5.18 (m, 1H; H-4), 4.40 (ddd, JH-2, H-3 = 10.6, JH-2, NH = 8.9, JH-2, H-1 = 3.7 Hz, 1H; H-2), 3.80 (ddd, JH-5, H-4 = 9.6, JH-5, H-6a = 4.5, JH-5, H-6b = 2.7 Hz, 1H; H-5), 3.68 – 3.61 (m, 2H; H-6), 2.38 (t, JCH2α, CH2β = 7.5 Hz, 2H; CH2α chain), 2.28 – 2.22 (m, 4H; CH2α chain), 2.07 (dt, JCH2α, CH2β = 11.5, 3.5 Hz, 2H; CH2α chain), 1.70 – 1.60 (m, 3H; CH2β chains), 1.55 (ddd, J CH2β, CH2α = 10.9, 9.6, 3.1 Hz, 7H; CH2β chains), 1.37 – 1.20 (m, 94H; chains bulk), 0.90 – 0.84 (m, 25H; 12x CH3 chains + 9x tBu-Si), 0.04 – −0.01 (m, 7H; Me-Si).
13C NMR (101 MHz, CDCl3) δ 174.8, 172.9, 171.7, 171.5, 90.5, 77.3, 77.0, 76.7, 72.7, 70.8, 67.6, 62.0, 51.3, 36.6, 34.2, 34.2, 34.1, 33.8, 31.9, 29.6, 29.6, 29.5, 29.4, 29.4, 29.3, 29.3, 29.2, 29.2, 29.1, 29.1, 29.1, 25.8, 25.5, 24.9, 24.9, 24.9, 24.7, 22.7, 18.2, 14.1, −5.4.
HRMS (ESI-Q-TOF): m/z [M + Na+] calculated for C60H115NNaO9Si+: 1044.8233. Found: 1044.8239.
[image: image]
4.7 Compound 14a
2-tetradecanamido-2-deoxy-3,4-di-O-tetradecanoyl-6-O-tert-butyldimethylsilyl-β-d-glucopyranose.
Compound 13a (1.8 g, 1.6 mmol, 1 eq.) was dissolved in anhydrous THF (40 mL, 0.04 M) with 1% v/v of water. Acetic acid (460 μL, 8.0 mmol, 5.0 eq.) and ethylenediamine (1.6 mL, 24.0 mmol, 15.0 eq.) were added to the solution at 0 °C. The reaction was allowed to return to room temperature (20 °C) and stirred for 4 h, then controlled by TLC (Hep/EtOAc 9:1; Rf starting material: 0.00). Subsequently, the solution was diluted in EtOAc and washed three times with 1 M HCl and three times with NaHCO3. A white precipitate forms during the washings, which is removed by filtration and discarded (amide between lauric acid and ethylenediamine). The organic liquid phase thus obtained was dried with Na2SO4 and the solvent was removed by rotavapor. The crude product thus obtained (1.7 g) was purified by flash chromatography (Tol/EtOAc 85:15; Rf product: 0.21). After purification, 1.0 g of compound 14a was obtained, in 68% yield.
1H NMR (400 MHz, CDCl3) δ 5.73 (d, JNH, H-2 = 9.3 Hz, 1H; NH), 5.34 – 5.22 (m, 2H; H-3 + H-1), 5.08 (m, 1H; H-4), 4.33 – 4.17 (m, 1H; H-2), 4.03 (ddd, JH-5, H-4 = 10.1, JH-5, H-6a = 4.5, JH-5, H-6b = 3.2 Hz, 1H; H-5), 3.69 – 3.62 (m, 2H; H-6), 2.26 – 2.20 (m, 4H; CH2α chain), 2.12 (td, JCH2α, CH2β = 7.5, 5.5 Hz, 2H; CH2α chain), 1.64 – 1.50 (m, 7H; CH2β chains), 1.37 – 1.19 (m, 74H; chains bulk), 0.97 – 0.82 (m, 22H; 9x CH3 chains + 9x tBu-Si), 0.05 (t, J = 3.9 Hz, 7H; Me-Si).
13C NMR (101 MHz, CDCl3) δ 174.3, 173.0, 172.0, 91.7, 77.3, 77.0, 76.7, 70.8, 70.6, 68.4, 62.6, 52.2, 36.8, 34.2, 34.2, 34.1, 31.9, 29.7, 29.6, 29.6, 29.6, 29.5, 29.5, 29.4, 29.4, 29.3, 29.3, 29.3, 29.3, 29.2, 29.2, 25.9, 25.9, 25.6, 24.9, 24.9, 24.9, 22.7, 18.4, 14.1, −5.3, −5.4.
HRMS (ESI-Q-TOF): m/z [M+] calculated for C54H105NO8Si+: 946.7502. Found: 946.7494.
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4.8 Compound 14b
2-dodecanamido-2-deoxy-3,4-di-O-dodecanoyl-6-O-tert-butyldimethylsilyl-α-d-glucopyranose.
Compound 13b (1.5 g, 1.5 mmol, 1 eq.) was dissolved in anhydrous THF (38 mL, 0.04 M) with 1% v/v of water. Acetic acid (428 μL, 7.5 mmol, 5.0 eq.) and ethylenediamine (1.5 mL, 22.5 mmol, 15.0 eq.) were added to the solution at 0 °C. The reaction was allowed to return to room temperature (20 °C) and stirred for 4 h, then controlled by TLC (Hep/EtOAc 9:1; Rf starting material: 0.00). Subsequently, the solution was diluted in EtOAc and washed three times with 1 M HCl and three times with NaHCO3. A white precipitate forms during the washings, which is removed by filtration and discarded (amide between lauric acid and ethylenediamine). The organic liquid phase thus obtained was dried with Na2SO4 and the solvent was removed by rotavapor. The crude product thus obtained (1.4 g) was purified by flash chromatography (Tol/EtOAc 85:15; Rf product: 0.21). After purification, 882 mg of compound 14b were obtained, in 72% yield.
1H NMR (400 MHz, CDCl3) δ 5.73 (d, JNH, H-2 = 9.3 Hz, 1H; NH), 5.34 – 5.22 (m, 2H; H-3 + H-1), 5.08 (m, 1H; H-4), 4.33 – 4.17 (m, 1H; H-2), 4.03 (ddd, JH-5, H-4 = 10.1, JH-5, H-6a = 4.5, JH-5, H-6b = 3.2 Hz, 1H; H-5), 3.69 – 3.62 (m, 2H; H-6), 2.26 – 2.20 (m, 4H; CH2α chain), 2.12 (td, JCH2α, CH2β = 7.5, 5.5 Hz, 2H; CH2α chain), 1.64 – 1.50 (m, 7H; CH2β chains), 1.37 – 1.19 (m, 58H; chains bulk), 0.97 – 0.82 (m, 22H; 9x CH3 chains + 9x tBu-Si), 0.05 (t, J = 3.9 Hz, 7H; Me-Si).
13C NMR (101 MHz, CDCl3) δ 174.3, 173.0, 172.0, 91.7, 77.3, 77.0, 76.7, 70.8, 70.6, 68.4, 62.6, 52.2, 36.8, 34.2, 34.2, 34.1, 31.9, 29.7, 29.6, 29.6, 29.6, 29.5, 29.5, 29.4, 29.4, 29.3, 29.3, 29.3, 29.3, 29.2, 29.2, 25.9, 25.9, 25.6, 24.9, 24.9, 24.9, 22.7, 18.4, 14.1, −5.3, −5.4.
HRMS (ESI-Q-TOF): m/z [M+] calculated for C48H93NO8Si+: 839.6670. Found: 839.6667.
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4.9 Compound 15a
1-(dibenzyl)phosphor-2-tetradecanamido-2-deoxy-3,4-di-O-tetradecanoyl-6-O-tert-butyldimethylsilyl-α-d-glucopyranose.
Compound 14a (690 mg, 0.75 mmol, 1 eq.) and imidazole triflate (436 mg, 1.7 mmol, 2.25 eq.) were dissolved in DCM (37.5 mL, 0.02 M) under inert atmosphere. Dibenzyl N,N-diisopropylphosphoramidite (570 mg, 1.65 mmol, 2.2 eq) was added to the solution at 0 °C. The reaction was monitored by TLC (Hep/EtOAc 8:2, Rf product: 0.15); after 30 min, substrate depletion was detected. The solution was then cooled at −20 °C and a solution of meta-chloroperbenzoic acid (516 mg, 3.0 mmol, 4 eq.) in 5 mL of DCM was added dropwise. After 30 min the reaction was allowed to return to RT (20 °C) and left stirring overnight. After TLC analysis (Hep/EtOAc 8:2; Rf product: 0.29), the reaction was quenched with 15 mL of a saturated NaHCO3 solution and concentrated by rotavapor. The mixture was then diluted in EtOAc and washed 3 times with a saturated NaHCO3 solution and three times with a 1 M HCl solution. The organic phase was recovered, dried with Na2SO4, and the solvent was removed by rotavapor. The crude thus obtained was purified by flash column chromatography (Hep/EtOAc 8:2; Rf product: 0.29). In total, 810 mg of pure compound 15a were obtained as a yellow oil in a 91% yield.
1H NMR (400 MHz, CDCl3) δ 7.42 – 7.29 (m, 11H; aromatics), 5.70 (dd, JH-1, P-1 = 6.0, JH-1, H,2 = 3.2 Hz, 1H; H-1), 5.62 (d, JNH, H-2 = 9.1 Hz, 1H; N-H), 5.25 – 5.15 (m, 2H; H-4 + H-3), 5.13 – 4.95 (m, 4H; CH2Ph), 4.33 (ddt, JH-2, H-3 = 10.6, JH-2, NH = 9.0, JH-2, H-1 = 3.2 Hz, 1H; H-2), 3.90 (dt, JH-5, H-4 = 8.2, JH-5, H-6 = 3.8 Hz, 1H; H-5), 3.61 – 3.51 (m, 2H; H-6), 2.28 – 2.17 (m, 4H; CH2α chain), 1.85 (hept, JCH2α, CH2β = 7.48, 7.48, 7.48, 7.48, 7.31, 7.31 Hz, 2H; CH2α chain), 1.61 – 1.47 (m, 5H; CH2β chains), 1.47 – 1.37 (m, 2H; CH2β chains), 1.33 – 1.10 (m, 70H; chains bulk), 0.91 – 0.82 (m, 18, 9x CH3 chains + 9x tBu-Si), −0.02 (d, J = 5.9 Hz, 6H; Me-Si).
13C NMR (101 MHz, CDCl3) δ 174.2, 173.1, 171.6, 135.5, 135.4, 135.4, 135.3, 128.8, 128.7, 128.7, 128.4, 128.2, 128.0, 127.8, 96.8, 96.7, 77.3, 77.0, 76.7, 72.4, 70.2, 69.8, 69.7, 69.7, 69.7, 67.1, 61.4, 51.9, 51.8, 36.3, 34.2, 34.1, 31.9, 29.7, 29.7, 29.7, 29.6, 29.5, 29.5, 29.4, 29.3, 29.2, 29.2, 29.1, 25.8, 25.8, 25.4, 24.9, 24.9, 22.7, 18.3, 14.1, −5.5, −5.5.
31P NMR (162 MHz, CDCl3) δ −2.49 (s, 1P, P-1).
HRMS (ESI-Q-TOF): m/z [M + Na+] calculated for C68H118NNaO11PSi+: 1206.8104. Found: 1206.8113.
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4.10 Compound 15b
1-(dibenzyl)phosphor-2-dodecanamido-2-deoxy-3,4-di-O-dodecanoyl-6-O-tert-butyldimethylsilyl-α-d-glucopyranose.
Compound 14b (2.12 g, 2.4 mmol, 1 eq.) and imidazole triflate (1.4 g, 5.4 mmol, 2.25 eq.) were dissolved in DCM (121 mL, 0.02 M) under inert atmosphere. Dibenzyl N,N-diisopropylphosphoramidite (1.83 g, 5.3 mmol, 2.2 eq) was added to the solution at 0 °C. The reaction was monitored by TLC (Hep/EtOAc 8:2); after 30 min, substrate depletion was detected. The solution was then cooled at −20 °C and a solution of meta-chloroperbenzoic acid (1.66 g, 9.7 mmol, 4 eq.) in 17 mL of DCM was added dropwise. After 30 min the reaction was allowed to return to RT (20 °C) and left stirring overnight. After TLC analysis, the reaction was quenched with 15 mL of a saturated NaHCO3 solution and concentrated by rotavapor. The mixture was then diluted in EtOAc and washed 3 times with a saturated NaHCO3 solution and three times with a 1 M HCl solution. The organic phase was recovered, dried with Na2SO4, and the solvent was removed by rotavapor. The crude thus obtained was purified by flash column chromatography (Hep/EtOAc 8:2; Rf product: 0.29). In total, 2.41 g of pure compound 15a was obtained as a yellow oil in a 91% yield.
1H NMR (400 MHz, CDCl3) δ 7.45 – 7.29 (m, 10H; aromatics), 5.70 (dd, JH-1, P-1 = 5.9, JH-1, H,2 = 3.2 Hz, 1H; H-1), 5.60 (d, JNH, H-2 = 9.1 Hz, 1H; N-H), 5.25 – 5.13 (m, 2H; H-4 + H-3), 5.13 – 4.97 (m, 4H; CH2Ph), 4.33 (ddt, JH-2, H-3 = 10.6, JH-2, NH = 9.0, JH-2, H-1 = 3.1 Hz, 1H; H-2), 3.90 (dt, JH-5, H-4 = 10.8, JH-5, H-6 = 3.1 Hz, 1H; H-5), 3.56 (dd, JH-6, H-5 = 3.1, 2J = 1.8 Hz, 2H; H-6), 2.28 – 2.17 (m, 4H; CH2α chain), 1.85 (hept, JCH2α, CH2β = 7.48, 7.48, 7.48, 7.48, 7.31, 7.31 Hz, 2H; CH2α chain), 1.61 – 1.46 (m, 5H; CH2β chains), 1.46 – 1.36 (m, 2H; CH2β chains), 1.33 – 1.10 (m, 50H; chains bulk), 0.92 – 0.82 (m, 18, 9x CH3 chains + 9x tBu-Si), −0.02 (d, J = 5.9 Hz, 6H; Me-Si).
13C NMR (101 MHz, CDCl3) δ 174.2, 173.1, 171.6, 135.5, 135.4, 135.3, 129.0, 128.9, 128.8, 128.7, 128.7, 128.2, 128.0, 125.3, 96.8, 96.7, 77.3, 77.0, 76.7, 72.4, 70.2, 69.8, 69.7, 69.7, 69.6, 67.1, 61.5, 51.9, 51.8, 36.3, 34.2, 34.1, 31.9, 29.6, 29.6, 29.6, 29.5, 29.4, 29.3, 29.3, 29.3, 29.2, 29.2, 29.1, 25.8, 25.4, 24.9, 24.9, 22.7, 18.3, 14.1, −5.5, −5.5.
31P NMR (162 MHz, CDCl3) δ −2.51 (s, 1P, P-1).
HRMS (ESI-Q-TOF): m/z [M + Na+] calculated for C62H106NNaO11PSi+: 1122.7165. Found: 1122.7152.
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4.11 Compound 16a
1-(dibenzyl)phosphor-2-tetradecanamido-2-deoxy-3,4-di-O-tetradecanoyl-α-d-glucopyranose.
Compound 15a (500 mg, 0.42 mmol, 1 eq.) was dissolved in acetone (8.4 mL, 0.05 M) and IRC 120 H+ (3.75 g, 750% m/m) was added at RT (20 °C). The solution was left stirring for 48 h and monitored by TLC (Hep/Acetone 8:2; Rf product: 0.35). After reaction completion, the solution was filtered to remove the resin. The organic phase thus obtained was evaporated by rotavapor. The crude product thus obtained was purified by flash column chromatography (Hep/Acetone 85:15; Rf Product: 0.31). After purification, 247 mg of compound 16b was obtained as a white solid in a 55% yield.
1H NMR (400 MHz, CDCl3) δ 7.42 – 7.29 (m, 9H; aromatics), 5.70 (dd, JH-1, P-1 = 5.6, JH-1, H-2 = 3.3 Hz, 1H; H-1), 5.59 (d, JNH, H-2 = 9.1 Hz, 1H; NH), 5.24 (dd, JH-3, H-2 = 10.9, JH-3, H-4 = 9.6 Hz 1H; H-3), 5.14 – 4.99 (m, 5H; CH2Ph + H-4), 4.40 – 4.30 (m, 1H; H-2), 3.81 (dt, JH-5, H-4 = 10.3 Hz, JH-5, H-6a = 4.1, JH-5, H-6b = 2.2, 1H; H-5), 3.53 (dd, JH-6a, H-6b = 13.0, JH-6a, H-5 = 2.2 Hz, 1H; H-6b), 3.44 (dd, J H-6b, H-6a = 13.0, JH-6b, H-5 = 4.1 Hz, 1H; H-6a), 2.33 – 2.19 (m, 4H; CH2α chain), 1.98 – 1.81 (m, 2H; CH2α chain), 1.62 – 1.38 (m, 7H; CH2β chains), 1.47 – 1.39 (m, 2H; CH2β chains), 1.32 – 1.17 (m, 61H; chains bulk), 0.92 – 0.84 (m, 9H; CH3 chains).
13C NMR (101 MHz, CDCl3) δ 128.5, 128.4, 127.8, 77.3, 77.0, 76.7, 69.2, 69.1, 48.9, 36.7, 34.2, 34.2, 31.9, 29.7, 29.6, 29.5, 29.4, 29.3, 29.2, 29.1, 25.6, 24.9, 24.7, 22.7, 14.1.
31P NMR (162 MHz, CDCl3) δ −2.32 (s, 1P, P-1).
HRMS (ESI-Q-TOF): m/z [M + Na+] calculated for C62H104NNaO11P+: 1092.7239. Found: 1092.7228.
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4.12 Compound 16b
1-(dibenzyl)phosphor-2-dodecanamido-2-deoxy-3,4-di-O-dodecanoyl-α-d-glucopyranose.
Compound 15a (500 mg, 0.45 mmol, 1 eq.) was dissolved in acetone (9.0 mL, 0.05 M) and IRC 120 H+ (3.75 g, 750% m/m) was added at RT (20 °C). Solution was left stirring for 48 h and monitored by TLC (Hep/Acetone 8:2; Rf product: 0.35). After reaction completion, the solution was filtered to remove the resin. Organic phase thus obtained was evaporated by rotavapor. Crude product thus obtained was purified by flash column chromatography (Hep/Acetone 85:15; Rf Product: 0.31). After purification, 244 mg of compound 16b was obtained as a white solid in a 55% yield.
1H NMR (400 MHz, CDCl3) δ 7.42 – 7.29 (m, 10H; aromatics), 5.70 (dd, JH-1, P-1 = 5.4, JH-1, H-2 = 3.4 Hz, 1H; H-1), 5.61 (d, JNH, H-2 = 9.0 Hz, 1H; NH), 5.27 – 5.20 (dd, JH-3, H-2 = 10.9, JH-3, H-4 = 9.5 Hz 1H; H-3), 5.13 – 5.00 (m, 5H; benzylics + H-4), 4.39 – 4.31 (m, 1H; H-2), 3.81 (dt, JH-5, H-4 = 10.2 Hz, 1H; H-5), 3.53 (dd, JH-6a, H-6b = 12.9, JH-6a, H-5 = 1.7 Hz, 1H; H-6a), 3.44 (dd, J H-6b, H-6a = 13.0, JH-6b, H-5 = 4.0 Hz, 1H; H-6b), 2.26 (ddd, JCH2α, CH2β = 17.3, 11.4, 4.6 Hz, 5H; CH2α chain), 1.97 – 1.81 (m, 2H; CH2α chain), 1.62 – 1.49 (m, 5H; CH2β chains), 1.47 – 1.39 (m, 2H; CH2β chains), 1.32 – 1.17 (m, 55H; chains bulk), 0.88 (t, J = 6.7 Hz, 10H; CH3 chains).
13C NMR (101 MHz, CDCl3) δ 174.0, 173.1, 135.4, 135.3, 135.2, 128.9, 128.8, 128.7, 128.1, 128.0, 96.5, 96.4, 77.3, 77.0, 76.7, 72.0, 70.0, 69.9, 69.9, 69.8, 69.5, 67.6, 60.7, 51.9, 51.8, 40.8, 36.3, 34.1, 34.1, 31.9, 29.7, 29.6, 29.6, 29.6, 29.5, 29.4, 29.3, 29.3, 29.2, 29.1, 29.1, 28.4, 25.4, 24.9, 23.8, 22.7, 20.8, 17.5, 17.3, 14.6, 14.1.
31P NMR (162 MHz, CDCl3) δ −2.32 (s, 1P, P-1).
HRMS (ESI-Q-TOF): m/z [M + Na+] calculated for C56H92NNaO11P+: 1008.6300. Found: 1008.6306.
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4.13 Compound FP11
1-phospho-2-tetradecanamido-2-deoxy-3,4-di-O-tetradecanoyl-α-d-glucopyranose (sodium salt).
Compound 16 (50 mg, 0.05 mmol, 1 eq.) dissolved in a 1:1 mixture of MeOH and DCM (5 mL, 0.01 M) was put under inert atmosphere. Palladium on carbon (10 mg, 20% m/m) was added to the solution. The reaction environment was put under vacuum, then H2 atmosphere was added. The solution was stirred for 2 h, H2 was removed and the reaction was monitored by TLC (EtPet/acetone 8:2; Rf product: 0.00). TEA (100 μL, 2% v/v) was added to the mixture, and the reaction was stirred for 15 min. The solution was filtered on syringe filters PALL 4549T Acrodisc 25 mm with GF/0.45 µm Nylon to remove the catalyst and solvents were evaporated by rotavapor. The crude was resuspended in a 1:1 DCM/MeOH solution and IRC 120 H+ was added. After 30 min stirring, IRC 120 H+ was removed by filtration, and the solution was evaporated. The crude was again dissolved in 1:1 DCM/MeOH solution and IRC 120 Na+ was added. After 30 min stirring, IRC 120 Na+ was filtered and solvents were removed by rotavapor. The crude product was purified through reverse chromatography employing a C4 functionalized column (PUREZZA-Sphera Plus Standard Flash Cartridge C4 - 25um - Size 25 g) in the Biotage® Isolera LS System (gradient: H2O/THF 70:30 to 15:85 over 10 CV with 1% of an aqueous solution of Et3NHCO3 at pH 7.5; Retention time: 12–14 min). In total, 45 mg of FP11 was obtained as a white powder in a quantitative yield.
1H NMR (400 MHz, MeOD) δ 5.58 (dd, JH-1, P-1 = 6.6, JH-1, H-2 = 3.4 Hz, 1H; H-1), 5.34 (dd, JH-3, H-2 = 10.9 JH-3, H-4 = 9.4 Hz, 1H; H-3), 5.15 (dd, JH-4, H-5 = 10.3 JH-4, H-3 = 9.4 Hz, 1H; H-4), 4.35 (dt, JH-2, H-3 = 10.9, JH-2, H-1 = 3.2 Hz, 1H; H-2), 4.08 (ddd, JH-5, H-4 = 10.3, JH-5, H-6b = 4.7, JH-5, H-6a = 2.4 Hz, 1H; H-5), 3.68 (dd, JH-6a, H-6b = 12.4, JH-6a, H-6b = 2.3 Hz, 1H; H-6a), 3.57 (dd, JH-6b, H-6a = 12.3, JH-6b, H-5 = 4.7 Hz, 1H; H-6b), 2.40 – 2.15 (m, 6H; CH2α chain), 1.65 – 1.51 (m, 6H; CH2β chains), 1.30 (s, 64H; chains bulk), 0.94 – 0.87 (m, 9H; CH3 chains).
13C NMR (101 MHz, MeOD) δ 175.1, 173.1, 172.5, 94.6, 71.2, 70.6, 68.5, 60.3, 51.7, 51.6, 48.2, 48.0, 47.8, 47.6, 47.4, 47.2, 47.0, 35.6, 33.7, 33.6, 31.7, 31.7, 29.4, 29.4, 29.4, 29.3, 29.3, 29.2, 29.2, 29.2, 29.1, 29.1, 29.1, 29.0, 29.0, 28.9, 28.8, 25.6, 25.5, 24.5, 24.5, 22.3, 13.0.
31P NMR (162 MHz, MeOD) δ −1.93 (s, 1P, P-1).
HRMS ESI-MS: [M-H]- calculated for C48H91NO11P− m/z = 888.6335; found: m/z = 888.6328.
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4.14 Compound FP18
1-phospho-2-dodecanamido-2-deoxy-3,4-di-O-dodecanoyl-α-d-glucopyranose (sodium salt).
Compound 16 (50 mg, 0.05 mmol, 1 eq.) dissolved in a 1:1 mixture of MeOH and DCM (5 mL, 0.01 M) was put under inert atmosphere. Palladium on carbon (10 mg, 20% m/m) was added to the solution. The reaction environment was put under vacuum, then H2 atmosphere was added. The solution was stirred for 2 h, H2 was removed and the reaction was monitored by TLC (EtPet/acetone 8:2; Rf product: 0.00). TEA (100 μL, 2% v/v) was added to the mixture, and the reaction was stirred for 15 min. The solution was filtered on syringe filters PALL 4549T Acrodisc 25 mm with GF/0.45 µm Nylon to remove the catalyst and solvents were evaporated by rotavapor. The crude was resuspended in a 1:1 DCM/MeOH solution and IRC 120 H+ was added. After 30 min stirring, IRC 120 H+ was removed by filtration and the solution was evaporated. The crude was again dissolved in 1:1 DCM/MeOH solution and IRC 120 Na+ was added. After 30 min stirring, IRC 120 Na+ was filtered and solvents were removed by rotavapor. The crude product was purified through reverse chromatography employing a C4 functionalized column (PUREZZA-Sphera Plus Standard Flash Cartridge C4 - 25um - Size 25 g) in the Biotage® Isolera LS System (gradient: H2O/THF 70:30 to 15:85 over 10 CV with 1% of an aqueous solution of Et3NHCO3 at pH 7.5; Retention time: 12–14 min). In total, 45 mg of FP18 was obtained as a white powder in a quantitative yield.
1H NMR (400 MHz, MeOD) δ 5.57 (dd, JH-1, P-1 = 6.6, JH-1, H-2 = 3.4 Hz, 1H; H-1), 5.35 (dd, JH-3, H-2 = 10.8, JH-3, H-4 = 9.3 Hz, 1H; H-3), 5.15 (dd, JH-4, H-5 = 10.1 JH-4, H-3 = 9.5 Hz, 1H; H-4), 4.34 (dt, JH-2, H-3 = 10.9, JH-2, H-1 = 2.9 Hz, 1H; H-2), 4.10 (ddd, JH-5, H-4 = 10.4, JH-5, H-6b = 4.6, JH-5, H-6a = 2.3 Hz, 1H; H-5), 3.68 (dd, JH-6a, H-6b = 12.5, JH-6a, H-6b = 2.4 Hz, 1H; H-6a), 3.57 (dd, JH-6b, H-6a = 12.3, JH-6b, H-5 = 4.7 Hz, 1H; H-6b), 2.40 – 2.12 (m, 7H; CH2α chain), 1.65 – 1.51 (m, 7H; CH2β chains), 1.32 (s, 55H; chains bulk), 1.00 – 0.82 (m, 10H; CH3 chains).
13C NMR (101 MHz, MeOD) δ 175.1, 173.1, 172.5, 94.6, 71.2, 70.6, 68.5, 60.3, 51.7, 51.6, 48.2, 48.0, 47.8, 47.6, 47.4, 47.2, 47.0, 35.6, 33.7, 33.6, 31.7, 31.7, 29.4, 29.4, 29.4, 29.3, 29.3, 29.2, 29.2, 29.2, 29.1, 29.1, 29.1, 29.0, 29.0, 28.9, 28.8, 25.6, 25.5, 24.5, 24.5, 22.3, 13.0.
31P NMR (162 MHz, MeOD) δ −1.88 (s, 1P, P-1).
HRMS ESI-MS: [M-H]- calculated for C42H79NO11P− m/z = 804.5396; found: m/z = 804.5401.
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Ammonia borane (NH3BH3) is a carrier of hydrogen gas that is known as a carbon-free renewable energy source. A high hydrogen content of ammonia borane and its stability in air at ambient temperatures make it a valuable molecule for its potential use as a hydrogen storage compound. In this study, we investigate a new approach for synthesizing ammonia borane using wastewater-derived ammonia source. Wastewater recycling has always been a global interest towards sustainability. In addition to reclaiming the water, recycling nutrients in wastewater is a topic of interest. Nutrients such as nitrogen, magnesium, and phosphorous are readily recovered from wastewater as struvite (NH4MgPO4·6H2O). This new process involves converting urine into struvite, and then reacting struvite with alkali borohydrides to produce a high-purity ammonia borane. The use of mild reaction conditions without extensive purification process, together with high purity ammonia borane product make this process a desirable course of action for recycling the nitrogen waste. In the course of moving towards a sustainable environment, the energy and wastewater industries will benefit from this combined process of nitrogen removal from wastewater to generate a renewable carbon-free energy molecule.
Keywords: ammonia borane, hydrogen storage, struvite, sustainable energy, urine, wastewater
1 INTRODUCTION
Nutrient recovery from wastewater, specifically human excreta, has been a major focus of ecological sanitation, an approach that allows safe recycling of nutrients rather than discarding them into the freshwater bodies (Esrey, 2001; Simha and Ganesapillai, 2007). The chemical composition of human excreta contains various important nutrients including nitrogen (N), potassium (K), and phosphorous (P). Although human urine accounts for less than 1% of total wastewater volume, more than 80% of total-N, more than 50% of total-K and total-P are found in urine (Kirchmann and Pettersson, 1994). Therefore, source-separation systems are optimal for recovering N and P in maximum amounts compared to the conventional wastewater treatment systems (Malila et al., 2019). These nutrients are often recovered in the form of struvite, a white crystalline substance consisting of equal molar amounts of ammonium, magnesium, and phosphate with the formula of NH4MgPO4·6H2O. In solutions that contain magnesium, ammonium, and phosphate, struvite forms crystals under the optimal pH values (Doyle and Parsons, 2002). Struvite crystals have several possible shapes including a distinctive form with triangular faces known as the Coffin Lid form which we will refer to later (Witty, 2016b). Struvite forms spontaneously in wastewater and is often found in the pipes of sewerage treatment plants causing blockages and reducing water flow. Due to this, many have developed methods for effective, frequent, and fast removal of struvite. A pilot-scale and long-term treatment of source separated urine to recover phosphorus and nitrogen as struvite has also been reported (Zamora et al., 2017) making struvite readily accessible to be used as nitrogen and phosphorus source in the agricultural industry as fertilizer. Although many excellent technologies exist for harvesting these nutrients (Maroušek et al., 2020) there is still great interest in struvite technology which is growing exponentially.
The recycled nutrients from wastewater can also be directed towards other purposes such as making energy storage molecules in the energy industry. An increase in energy demand and consumption, along with a desire to reduce fossil fuel utilization, creates a demand for finding ways to transition to more carbon free and renewable energy sources (Veziroglu, 2007; Maaß and Möckel, 2019). The new sources should be eco-friendly and must also be sustainable, abundant, and have high energy density. Although wind and solar energy are abundant, the main obstacle for capturing energy from these sources is energy storage and intermittent availability. Hydrogen fuel appears to fit the desired qualities needed for a clean energy solution (Acar and Dincer, 2020). However, the challenges for storage and transport of gaseous H2 involving high pressure (up to 80 MPa) and liquefaction (−253°C) remain major obstacles in the use of hydrogen gas as fuel (Durbin and Malardier-Jugroot, 2013). These shortcomings led researchers to discover safer and more effective ways of storing hydrogen fuel. A solution to resolve this problem is to use solid hydrides or solid absorbent materials for hydrogen storage (Stephens et al., 2007).
The study of complex solid hydrides, such as sodium borohydride (NaBH4), lithium borohydride (LiBH4), sodium aluminum hydride (NaAlH4), magnesium borohydride [Mg(BH4)2], and lastly ammonia borane (NH3BH3) as potential sources of hydrogen gas and the development of ways to release it from the solids is a rapidly developing field of research (Puszkiel et al., 2017; Akbayrak and Özkar, 2018). Ammonia borane (AB), NH3BH3, is of particular interest since it has a very high hydrogen content (19.6 wt%) and is highly stable in the air at ambient temperatures (Komova et al., 2013). The release of hydrogen from AB starts immediately upon its melting, around 100°C, leaving polymeric structures that can release more hydrogen at 130°C (Hamilton et al., 2009). Hydrogen liberation from AB is significantly improved by using transition metal catalyst such as TiO2 with water adsorbed, which allowed for the hydrogen release at 80°C (Komova et al., 2013; Zhang et al., 2017). Overall, ammonia borane represents an optimal hydrogen source in terms of the stability of its crystal form, transport, and hydrogen release process. Despite its potential in the field of hydrogen energy, the availability of highly pure ammonia borane still remains a challenge.
Various methods for the synthesis of ammonia borane have been reported in the literature (Li et al., 2014; Hirscher et al., 2020). Early reports on preparation of AB accounted the decomposition of the diammoniate of diborane in ether or polyether solutions (Shore et al., 1958; Shore and Parry, 1958). Another approach for AB synthesis uses displacement reactions where borane is transferred from a weak base such as THF or DMS to a strong base, NH3 (Beres et al., 1971; Jaska et al., 2003). The yield and purity of AB obtained from these methods are less attractive due to the formation of unstable intermediates such as ammonia diborane, diammonia diborane, and other ionic by-products (Chen et al., 2013). The most prevalent method for preparation of AB is metathesis reaction that use borohydrides and ammonium salts (Ramachandran and Gagare, 2007; Heldebrant et al., 2008). These reactions are carried out in the anhydrous ether solvents and under inert atmosphere. Of all the methods discussed, metathesis reactions appear to give highest yield and purity. In this study, development of a new approach for AB synthesis using struvite as a starting material is explored. This new synthetic route allows for recycling struvite, an otherwise wasteful product, to generate AB–a molecule with great potential for use as a stable hydrogen source.
2 MATERIALS AND METHODS
2.1 Reagents and equipment
Sodium borohydride (99%, Acros Organics), tetrahydrofuran (99.8%, Thermo Scientific), struvite (98%, Alfa Aesar), magnesium sulfate anhydrous (99.5%, Fisher Chemical), magnesium sulfate heptahydrate (98%, Thermo Scientific), sodium hydroxide (97%, Fisher Chemical), denatured ethanol (90% ethanol, 5% isopropanol, 5% methanol, Research Products International), and deuterium oxide (99.9% D, Cambridge Isotope Laboratories) were purchased from Fisher Scientific. Struvite from wastewater was prepared as described below. The NMR (1H and 11B) spectra were recorded using Bruker 400 MHz Avance III spectrometer. Perkin Elmer SpectrumOne IR spectrometer was used for FT-IR analyses. Thermogravimetric analysis and differential scanning calorimetry analysis were obtained using Mettler Toledo DSC3+ apparatus. Scanning electron microscope with energy dispersive spectrometry were recorded using ThermoScientific Prisma E scanning electron microscope.
2.2 Preparation of struvite from wastewater
Struvite crystals were prepared as previously reported (Witty et al., 2020). Briefly, one gallon (3.785 L) of human urine was gathered over several days and stored at 4°C. Then 10.501 g MgSO4·7H2O and 2.836 g NaOH was added and storage at 4°C was continued for 16 h. Crystals of struvite formed during this time were separated from the remainder of liquid waste by decanting and washing with water five times. The crystals were dried at 50°C to a freely flowing fine off-white powder. A small sample was resuspended in pure water and viewed using optical microscopy at ×40 magnification.
2.3 Preparation of ammonia borane from sodium borohydride and struvite
Struvite from two sources were used–the one prepared from wastewater and commercially available struvite purchased from Fisher Scientific. Different molar ratios of sodium borohydride (NaBH4) and struvite (NH4MgPO4·6H2O) were heated to the desired temperatures and stirred for 16–96 h. Briefly, sodium borohydride (NaBH4, 568 mg, 15 mmol) and struvite (NH4MgPO4·6H2O, 3.681 g, 15 mmol) were suspended in tetrahydrofuran (THF, 60 mL) as a slurry mixture in a 200 mL round bottom flask fitted with a reflux condenser and a magnetic stir bar. The reaction mixture was heated to 45°C and stirred for 72 h. Reaction completion was confirmed by 11B NMR when H2 production stops. After cooling to room temperature, the remaining solid (excess struvite and other by-products) was removed by filtration. The filtrate was then dried over anhydrous MgSO4 and filtered again. Finally, THF solvent was removed by rotary evaporation to obtain the white solid AB product (96 mg, 21%, >99% purity) without further purification. For the experiments that were halted before the completion of the reaction, crude product was purified using ethanol as follows. Crude AB was dissolved in ethanol and stirred for 10 min. After removing the solids by filtration, ethanol was removed by rotary evaporator to get purified AB product.
2.4 Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX)
Struvite crystals were analyzed by using ThermoScientific Prisma E scanning electron microscope in a charge-up reduction mode which required no sample coating. SEM image measurements were made with FEI xT software and EDX analyses were done by using Pathfinder X-ray microanalysis software.
2.5 Thermogravimetric (TG) and differential scanning calorimetry (DSC) analyses
Weight change (TGA) and differential heat flow (DSC) were simultaneous measured on dry samples using Mettler Toledo DSC3+ device. All measurement were performed under N2 atmosphere with a purge flow of 50 mL min−1. Approximately 10 mg of struvite was added to an open alumina crucible, heated from 30.0°C to 300.0°C at a rate of 20°C min−1 and then held at 300.0°C for another 1.5 min. AB samples were analyzed in open alumina crucibles under similar conditions using approximately 2 mg samples at a heating rate of 5°C min−1 until it reaches to 210°C.
2.6 FTIR and NMR analyses
Solid AB samples were analyzed directly on IR spectrometer equipped with diamond-ATR probe for identifying the product (Supplementary Figures S3–S8). For NMR, samples were dissolved in D2O solvent and analyzed by using Bruker 400 MHz Avance III spectrometer at room temperature. MNOVA software was used for spectral analysis. Ammonia borane signals: 1H NMR in D2O δ = 1.26 (q, 3H, BH3); 11B NMR in D2O δ = −24.11 (q, BH3).
3 RESULTS AND DISCUSSION
3.1 Physical and chemical compositions of struvite from wastewater
Struvite crystals from crude human urine were easily obtained. They were pitted as usual from formation in this complex mixture. However, they clearly showed the typical Coffin Lid form in some cases, as seen from the regular triangular crystal faces shown in Figure 1. Many other crystals were in the Chromosome form of struvite. This variability is caused by inconstant growth rates for the various crystal faces. Using inexpensive salts like MgSO4.7H2O or ash for base (Witty, 2016a) improve economic viability tremendously. Unlike many methods recommended for struvite production, no special energy input beyond labor is needed. Our methods also use optimal crystal growth for sedimentation and air drying.
[image: Figure 1]FIGURE 1 | Optical microscopy of struvite crystals from human urine at 40x magnification. Triangular crystal faces (T) for Coffin Lid crystal forms are seen. Many other crystals have the Chromosome crystal form (C), some with crystal arms broken.
SEM image presented in Figure 2A shows both the Coffin Lid and Chromosome crystal forms with the average crystal length about 200 μm. Larger crystal size can be obtained by having fairly basic condition (pH 8–9) and allowing longer time for crystal growth. EDX result (Figure 2B) confirms the presence of struvite showing the abundant elements–N, Mg, P, and O. Struvite formula (NH4MgPO4·6H2O) has the N:P ratio of 1 to 1 but EDX result suggests this ratio to be 1 to 1.5. In addition to the typical elements from struvite, EDX also displays the presence of potassium (K). This likely comes from K-struvite (KMgPO4·6H2O) which is favored to form in higher pH values (Rodrigues et al., 2019) and may explain the discrepancy of the N:P ratio.
[image: Figure 2]FIGURE 2 | (A) SEM image of wastewater-derived struvite crystals. (B) EDX result of the struvite showing the presence of nitrogen, magnesium, phosphorous, oxygen, and potassium.
Differential scanning calorimetry (DSC) and thermogravimetric (TGA) analyses of commercially available struvite and struvite from wastewater treatment are shown in Figures 3A, B, respectively. Differential scanning calorimetry (DSC) data were simultaneously obtained along with respective thermograms shown. Previous studies suggested that decomposition of struvite depends on heating rate (Iqbal et al., 2008). In this study, struvite samples were heated at a rate of 20°C per minute. Both struvite samples starts decomposing at 60°C and the decomposition rates increased at 80°C with a major mass loss of approximately 43% between 110°C and 200°C. The total mass loss for both samples at 300°C was 51% (Figure 3B). This is consistent with the theoretical mass loss of 51.4% for losing 1 mol of ammonia and 6 mol of water leaving solid Mg-pyrophosphate (Bianchi et al., 2020). A single, broad endothermic peak in both samples (Figure 3A) corresponds to the major mass loss which occurs when water and ammonia are lost simultaneously from struvite. Almost identical thermograms and the amount of heat absorbed (Supplementary Figures S1, S2) for the mass losses from the two sources suggests that these two samples are essentially the same.
[image: Figure 3]FIGURE 3 | (A) Differential scanning calorimetry (DSC) and (B) thermogravimetric analysis (TGA) curves for struvite samples from different sources. Commercially available struvite is shown in blue and struvite from wastewater treatment is shown in red.
3.2 Synthesis of ammonia borane from struvite
Synthesis of ammonia borane has been widely reported using various different methods including liquid ammonia and ammonium salts as the sources of ammonia. Metathesis reaction of ammonium salts with metal borohydrides is usually performed under mild reaction conditions to give reasonable yields and purity (Ramachandran and Gagare, 2007; Heldebrant et al., 2008). Since the recycled struvite contains ammonia that can be liberated fairly easily, it is used as a source of ammonia in this metathesis reaction as shown in Eq. 1. The conditions and yields of AB synthesis experiments are summarized in Table 1. The influence on the yield by several factors were tested–the ratio of the two reactants, the variations in the amount of solvent and the temperature, and the reaction time.
[image: image]
TABLE 1 | Varied conditions of ammonia borane synthesis from struvite and sodium borohydride. Commercially available struvite was used for most trials. Entry number 3, marked with *, is the struvite obtained from wastewater. ** crude yield with impurities.
[image: Table 1]Different ratios of sodium borohydride to struvite were examined first. Entry number 1 contains 1:1 ratio of the two reactants in 30 mL of THF solvent. Entry 2 uses the same ratio but doubling the volume of the solvent. Both were reacted at 45°C for 72 h and yielded similar amounts of product at 19%–21%. Using struvite obtained from wastewater (entry 3) produced results no different to that from commercial struvite (entry 1). Results from entry 1 and 3 confirm the DSC and TGA analyses from Figure 3 that the quality of the two starting materials is essentially the same. Observing gas evolution is a good way to monitor completion of the reaction as the hydrogen gas cease to form when NaBH4 is completely consumed. In order to see if the reaction time can be reduced, reaction temperature was increased to 55°C as seen in entry 8 and 9. At this temperature, the reaction was completed in 48 h. However, raising the temperature reduced the yield to 12%–14% which indicates that AB product decomposition was also taking place as it was being made. AB is known to be stable in the solid state but undergoes slow decomposition in solvents such as THF and the decomposition of AB is expedited at temperatures beyond 50°C (Wang and Geanangel, 1988). In addition, NaBH4 breaksdown at a faster rate at higher temperatures (Schlesinger et al., 1953) making it less available to react with struvite.
The NaBH4 to struvite ratio was then changed to 1:1.5 and 1.5:1 in entry 4 and 5 respectively. When struvite was in excess, we observed a drop in the yield to only 14%. On the other hand, the yield increases to 24% when extra NaBH4 was added in the reaction. This could be rationalized by the fact that struvite crystal contains 6 mol of water per 1 mol of ammonium, and water also reacts with borohydride producing hydrogen gas. In fact, these 6 mol of water will consume 1.5 mol of NaBH4. This suggests that instead of 1 mol of borohydride for 1 mol of struvite, 2.5 mol of borohydride is consumed. To confirm this assumption, a 2.5 to 1 mol ratio of borohydride and struvite was tested in trials 6 and 7. Increasing NaBH4 yielded higher amounts of products at a 39%–42% range. Because NaBH4 readily reacts with water from struvite, having excess of it will ensure that the reaction moves forward to form ammonia borane. Metathesis reactions using borohydride and ammonium salts are generally carried out under mild temperatures and at low reagent concentrations. In fact, the product yield and purity depend on the reaction condition kept at low concentrations (Ramachandran and Gagare, 2007). We also tried different concentrations in our experiments increasing the solvent amount used for the reactions but there are negligible differences in the yield or the purity.
Examination of the mole ratio variability suggests that higher yields can be achieved with excess NaBH4. The best result which gives roughly 42% yield is obtained from NaBH4 to struvite ratio of 3:1 at low temperature. In practical applications, the wastewater product, struvite, should be the one present in excess amount. Nevertheless, even with the stoichiometric ratio of the reactants, 20% yield is obtained at a high purity. The THF solvent from this reaction can be reclaimed from the rotary evaporator minimizing the waste. Further improvement on the yield in the future can be made by incorporationg anhydrous reagents in the reaction mixture to absorb water from struvite crystals.
3.3 Analysis of ammonia borane product for purity
In order to analyze the purity of ammonia borane product, nuclear magnetic resonance (NMR) spectroscopy was employed. The samples were dissolved in D2O solvent for the analysis. This solvent was chosen since the primary impurities such as boric acid and borates dissolve in water but do not dissolve in standard NMR solvents including DMSO-d6, THF-d4, or CH3CN-d3. Therefore, we expect any impurities present in the sample to appear on the spectra when dissolved in D2O. 1H and 11B NMR of ammonia borane synthesized from commercially available struvite and struvite from wastewater are shown in Figures 4A–D, respectively. 1H NMR spectra of AB products in Figures 4A, C exhibit a quartet of BH3 at δ1.26 ppm (J = 92.0 Hz) as a result of 11B nucleus splitting the proton signal. A quartet peak at δ-24.11 ppm in the 11B NMR spectrum (Figures 4B, D) indicates the presence of a boron atom with three hydrogens as in -BH3. Both 11B and 1H NMR spectra in D2O show only the peaks attributed to AB product and HDO solvent residue (1H NMR δ4.70 ppm) from proton exchange with NH3. The major concern when using borohydrides with even a trace amount of water in the reaction is the reactivity of boron towards water producing undesired side products such as boric acid and tetrahydroxyborate [B(OH)4⁻] species (Schlesinger et al., 1953). There are no traces of the reactant NaBH4 or other boron species on 11B NMR as well as other hydrogen-containing compounds in the 1H NMR spectra. Once the reaction is allowed to continue until completion, ammonia borane produced from this process, without further purification, is of very high purity at >99% as determined by 1H and 11B NMR spectroscopy.
[image: Figure 4]FIGURE 4 | (A) 1H NMR and (B) 11B NMR of ammonia borane synthesized using commercially available struvite. (C) 1H NMR and (D) 11B NMR of ammonia borane synthesized using reclaimed struvite from wastewater. Samples were dissolved in D2O and spectra acquired at room temperature.
In cases where the reaction is stopped before completion, the product contains high amounts of impurities. Example sample (Table 1 entry 10) was prepared to test if simple purification method can eliminate impurities and give a pure AB product. The majority of impurities present appears to be borate (12%) and unreacted borohydride (4%) (Supplementary Figure S9E). After dissolving crude product in ethanol, filtering the impurities, and evaporating the solvent, purified product was achieved. This simple purification step provides pure AB product as confirmed by spectroscopic analyses (Supplementary Figures S6, S9C, D). The yield after purification is 19% which is essentially the same as the yield obtained when the reaction is allowed to continue until completion at 72 h. It is reasonable to assume that the ongoing decomposition of the AB product as it is being made limits the amount of product we can recover. Synthetic routes that provide impure AB product present major challenges for purification as AB must be of high purity for it to be useful as a hydrogen fuel. One of the methods used to improve the purity of AB involves dissolving the crude AB in the organic solvents such as ether and extracting the impurities with highly basic aqueous sodium hydroxide solution (Drost, 2014). Our method uses ethanol which is a common, inexpensive solvent and does not require extraction using caustic solutions. Borohydride in crude product is easily removed by reaction with ethanol. The resulting product, a form of borate, is insoluble in ethanol. By filtering out the insoluble impurities, we achieve a pure AB at >99% purity.
3.4 Thermolytic properties of ammonia borane by thermogravimetric analysis
Thermogravimetric (TG) analysis is routinely used for screening hydrogen storage materials including ammonia borane. Thermal decomposition of ammonia borane occurs in two stages. The first stage involves AB decomposition into hydrogen gas and aminoborane (NH2BH2). At a higher temperature, AB decomposes in the second stage to hydrogen gas as well as ammonia (NH3), diborane (B2H6), and borazine (B3N3H6) (Frueh et al., 2011; Demirci, 2021). TG curves obtained from AB products prepared are shown in Figure 5. The onset temperature of the first main decomposition is found consistently around 65°C for all the samples. These onset temperatures are comparable to those of AB doped with metal chlorides and of AB in mesoporous materials (Nakagawa et al., 2016; Sullivan et al., 2017). The onset temperature for the second stage decomposition is 135°C for all pure samples. Crude AB with impurities does not show second stage decomposition (Figure 5B blue line). Percent weight losses for pure AB products from wastewater struvite and commercial struvite are 55% and 51% respectively (Figure 5A). Purified AB also shows 39% weight loss while impure AB only loses 19% (Figure 5B). The hydrogen content in AB is only 19.6 wt%, yet the extra weight loss come from losing decomposition by-products such as NH2BH2, NH3, B2H6, and B3N3H6. This higher weight loss is due to the use of open crucible which allows the gases to escape easily therefore preventing the reaction of by-products towards the formation of polymeric solid residues (Petit and Demirci, 2019). Likewise, another synthesis stopped at 24 h and subjected to ethanol purification also show similar TGA analyses for crude and purified AB (Supplementary Figure S14). We observe that while the weight losses and the curves for pure AB products from one-step synthesis that requires no purification are similar (Figure 5A), they are slightly different from those of ethanol-purified AB. The curve at the first stage of decomposition is sharper (Figure 5B) and the weight loss is less for purified AB. Varying degree of crystallinity in AB products obtained from different solvents may be responsible for the differences in the TG profiles observed.
[image: Figure 5]FIGURE 5 | Thermogravimetric curves for determining thermal decomposition of AB. (A) Pure AB products from wastewater struvite (blue) and commercial struvite (red). (B) AB sample obtained from stopping the reaction at 16 h (Table 1 entry 10). Crude AB (blue) and purified AB (red) obtained from ethanol purification.
4 CONCLUSION
Hydrated crystal struvite (NH4MgPO4·6H2O) from wastewater is used in this research for the synthesis of ammonia borane (NH3BH3). The chemical nature of ammonia borane as a source of hydrogen makes it valuable for potential use in applications where a compact and safe hydrogen storage is required. Future direction includes scaling up the process and mitigating the challenges that come from safely handling the hydrogen gas byproduct. Human urine contains many chemical entities, proteins and even human and bacterial cells. It is remarkable to have such a simple process that starts with a high degree of chemical and biological complexity and ends up with such a high degree of purity for ammonia borane that is used as a renewable energy source. This process is extremely valuable for wastewater and energy industries as something that is considered a waste product is converted into a valuable material.
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Mechanochemistry and oleochemistry and their combination have been known for centuries. Nevertheless, bioeconomy and circular economy concepts is much more recent and has motivated a regain of interest of dedicated research to improve alternative technologies for the valorization of biomass feedstocks. Accordingly, this review paper aims essentially at outlining recent breakthroughs obtained in the field of mechanochemistry and oleochemicals such as triglycerides, fatty acids, and glycerol derivatives. The review discusses advances obtained in the production of small chemicals derived from oils with a brief overview of vegetable oils, mechanochemistry and the use of mechanochemistry for the synthesis of biodiesel, lipidyl-cyclodextrine, dimeric and labelled fatty acids, calcium diglyceroxide, acylglycerols, benzoxazine and solketal. The paper also briefly overviews advances and limits for an industrial application.
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1 INTRODUCTION
For several decades now, society has been confronting significant challenges directly linked to our way of life. The world’s population continues to grow, leading to an ever-increasing demand for energy. At the same time, concerns arise due to the scarcity of resources, including food and water, and the depletion of fossil fuel reserves. These issues are of utmost importance for the wellbeing of future generations. To address these challenges, scientists, governments, politicians, and citizens are actively engaged in creating and promoting new practices to establish a more sustainable society for the future. However, achieving this societal transformation is no simple task and demands substantial, multidisciplinary collaborative efforts to develop greener technologies and environmentally friendly methodologies such as mechanochemistry (Mateti et al., 2021; Michalchuk et al., 2021; Bolt et al., 2022; Cuccu et al., 2022), microwave chemistry (da Costa et al., 2023; Kumar et al., 2023; Nguyen et al., 2021; Zhao et al., 2020; Rodriguez-Padron et al., 2020), sonochemistry (Maddikeri et al., 2012; Martinez et al., 2021; Kargar et al., 2022) and others. Mechanochemistry, a cutting-edge branch of chemistry, aligns seamlessly with the principles of “green chemistry.” Green chemistry aims to design and develop chemical processes that are more environmentally friendly, sustainable, and less hazardous. Mechanochemistry contributes to these goals by promoting efficient, solvent-free, and energy-saving reactions. It eliminates or minimizes the use of toxic or harmful reagents and reduces waste generation. Additionally, mechanochemical processes often require lower temperatures, lowering energy consumption and greenhouse gas emissions. The technique also enhances reaction selectivity, leading to fewer byproducts and less need for purification steps. This synergy between mechanochemistry and green chemistry fosters innovation in the development of cleaner, more sustainable chemical processes. It opens the door to more eco-friendly manufacturing, benefiting both the environment and the chemical industry, making it a crucial component of sustainable chemistry practices. Among the promising alternatives to tackle future challenges are renewable resources such as vegetable oil (Xia and Larock, 2010; Yara-Varon et al., 2017), lignocellulose (Vu et al., 2020; Lobato-Peralta et al., 2021; Ning et al., 2021), and others and the concept of biorefinery (Botero Gutierrez et al., 2017; Calvo-Flores and Martin-Martinez, 2022). Oleochemistry, the chemistry of oil plays a pivotal role in harnessing renewable resources for various applications. Derived from natural fats and oils, oleochemicals serve as a sustainable alternative to traditional petrochemicals. This branch of chemistry is centered around utilizing triglycerides and fatty acids from plant and animal sources, making it inherently renewable. One of the key advantages of oleochemistry is its reliance on bio-based feedstocks, which are replenishable through agriculture and farming practices. This reduces our dependence on finite fossil resources, contributing to a more sustainable and eco-friendly chemical industry. Oleochemicals can be transformed into a wide range of valuable products, including biodiesel, soaps, surfactants, lubricants, and more. Furthermore, oleochemistry aligns with the principles of green chemistry, emphasizing the use of environmentally benign processes and reduced waste generation. It offers a viable pathway to reduce greenhouse gas emissions and mitigate environmental impacts associated with traditional petrochemical production. As the world seeks more sustainable alternatives, oleochemistry stands as a promising and renewable resource with a bright future in various industries. By adopting processes similar to or even more sustainable than those used in petrochemicals, we can effectively recover biomass and biomass waste (da Costa et al., 2022; Khodadadi et al., 2020), enabling the production of valuable chemicals, materials, fuels, and energy (Nayak and Bhushan, 2019; Chen et al., 2020; Nasrollahzadeh et al., 2020). Despite the advantages, the use of biomass also presents certain challenges. One such issue is the competition between food/feed production and non-food chemistry, as the demand for biomass increases. Additionally, the expanded use of biomass has implications for land use and water availability, necessitating careful consideration and sustainable management practices.
Nevertheless, the chemical industry has a growing need to replace petro-sourced small molecules with bio-sourced molecules and, also to create new biobased molecules with identical or different properties using green innovative technology. This review aims to present and comment on the latest advancements in the valorization of oils such as triglycerides, fatty acids, fatty esters, and glycerol (oleochemistry) through mechanochemistry as an innovative technique for the production of high-value small molecules.
2 VEGETABLE OILS: PRODUCTION, CHEMICAL MODIFICATION TO SMALL CHEMICALS
According to the US Department of Agriculture (USDA), the world’s vegetable oil production for the year 2023/24 is projected to reach 222.8 million tonnes, showing a 2.7% increase compared to the previous year (2022/2023) (Vegetable oil production in 2023/24 expected to be up on previous year, 2023). In 2022, the Global Vegetable Oil Market was valued at USD 2.192 Billion, and it is expected to grow significantly with a projected value of USD 4.46 Billion by 2030. The industry is expected to register a Compound Annual Growth Rate (CAGR) of 9.3% during the forecast period of 2022–2028 (Vegetable oil market–Industry analysis, trends and forecast (2023-2029). The global vegetable oil market is segmented based on type, including soybean oil, rapeseed oil, sunflower oil, palm oil, olive oil, corn oil, peanut oil, coconut oil, and others. Furthermore, it is categorized by packaging applications, with food products accounting for 27%, followed by animal feed at 21%, cosmetics at 19%, pharmaceuticals at 13%, biodiesel at 10%, and others at 10%. The distribution channels include direct sales, supermarkets, convenience stores, specialty stores, e-commerce, and others. Key players in this market include Cargill, Wilmar International, Archer Daniels Midland Company, Avril group, and others (Vegetable oil market–Industry analysis, trends and forecast (2023-2029).
The main components of vegetable oils are triglycerides, which consist of a glycerol moiety and three fatty acid chains, either identical or different. Figure 1 illustrates the most common natural fatty acids that have been identified for the vegetable oils.
[image: Figure 1]FIGURE 1 | Main fatty acids present in the composition of vegetable oils.
Most vegetable oils are utilized either directly or shortly after refinement, but some require chemical modification before they can be used. This modification process involves various chemical reactions targeting the carboxy groups, the methylene sites next to ester, the unsaturated bonds or the allylic carbon atom, tailored to meet specific industrial requirements (Figure 2). In the case of ricinolein, another possibility is to modify the hydroxyl group in position 12.
[image: Figure 2]FIGURE 2 | Main chemical reactive sites of unsaturated triglycerides.
In industrial processing, vegetable oils are transformed into glycerol, fatty acids, methyl esters, and fatty alcohols (Biermann et al., 2011). To obtain specific chemicals of interest, subsequent chemical modification steps are often undertaken. These reactions primarily involve addressing the unsaturated bonds, such as epoxidation, hydroformylation, dimerization, thiol-ene coupling, oxidative cleavage (ozonolysis), olefin metathesis, pericyclic reactions, radical additions, as well as transition-metal catalyzed and Diels–Alder syntheses for aromatic compounds. The range of chemicals produced includes, but is not limited to, soaps, surfactants, emollients, fuel, pesticide formulations, and lubricants.
Among the compounds obtained from vegetable oil, glycerol (propane-1,2,3-triol) is both a side-product of biodiesel industry and a platform molecule of interest (Len et al., 2018; Varma and Len, 2019; Zhao et al., 2023). With a steady compound annual growth rate (CAGR) of 1.7% projected between 2022 and 2031, the sales of glycerol are expected to rise from $4.3 billion to $5.1 billion (Glycerol market to Garner $5.1 billion, globally by 2031 at 1.7% CAGR says allied market research, 2022). The increasing demand for glycerol is driven by its wide-ranging applications in various products, including personal care items, pharmaceuticals, and the food and beverage industry. As a result, the demand for glycerol is anticipated to keep growing steadily. Moreover, glycerol is as a source of biobased C3 carbon atoms capable of being converted into more than 2000 products. These products include acrolein, acrylic acid, ethylene glycol, oxalic acid, syngas, 1,2- and 1,3-propanediol, mono-, di- and triglycerides, epichlorohydrin, polyglycerols, ketals, acetals, and many others. These derivatives find specific applications in industries like polymers, agrochemicals, and pharmaceuticals (Figure 3).
[image: Figure 3]FIGURE 3 | Roadmap to selected bio-based C3 chemicals starting from glycerol and their applications (Varma and Len, 2019).
3 MECHANOCHEMISTRY: PRINCIPLE, EQUIPEMENT AND MECHANISM
Mechanochemistry has garnered significant interest as a powerful, sustainable, time-saving, environmentally friendly, and cost-effective synthesis method for preparing new functional materials. This approach relies on chemical and physicochemical transformations driven by mechanical force through grinding and milling. The IUPAC defines the mechanochemical synthesis as: “a chemical reaction that is induced by the direct absorption of mechanical energy” (Horie et al., 2004; Balaz et al., 2013; Rightmire and Hanusa, 2016). Mechanochemistry enables chemical reactions to take place through the application of mechanical energy, which can be provided either by manual grinding or automated milling, often without the use of solvents. When necessary, the use of small quantities of solvent is necessary to enhance chemical reactivity and this is where the term “Liquid-Assisted Grinding” (or solvent-drop grinding) is employed (Ying et al., 2021). When liquid-assisted grinding is used, the solubility of the reactants in the solvent is not considered because the solvent acts more like a catalyst. In order to determine whether we are in the domain of liquid-assisted grinding, the scale η has been defined as the volume of solvent (μL) divided by the total mass of the reactants (mg). The scale ? varies from 0 < η < 1 and is independent of the nature of the solvent such as polarity, basicity, and hydrogen bonding capacity as well as the relative molar masses of the solvent and reactants.
Manual grinding is commonly accomplished using a mortar and pestle. This equipment is simple to use and cost-effective, but it exposes the reagents to the environment, which can be hazardous. Alternatively, different automated milling devices are available for other grinding processes. For example, we can cite different batch reactors such as automatic mortars, vertical vibrational mini-mill, vibratory micro-mill, vibrational ball mill with or without temperature control, planetary ball mill, multisample mill (Figure 4). To date, only three types of continuous flow equipments exist: single and twin-screw for continuous mechanochemical synthesis and continuous flow heated mechanochemical reactor (Figure 4).
[image: Figure 4]FIGURE 4 | Most utilized types of grinding and milling equipment. (A) Mortar and pestle. (B) Automatic mortar. (C) Vertical vibrational mini-mill. (D) Vibratory micro-mill. (E) Vibrational ball mill. (F) Vibrational ball mill with temperature. (G) Planetary ball mill. (H) Multisample mill. (I) Twin screw for continuous mechanochemical synthesis. (J) Continuous flow heated mechanochemical reactor.
The mechanism of mechanochemistry is still being studied; however, it is evident that mechanically activated reactions do not obey a single mechanism. Mechanochemistry through mechanical action (impact, shear, or friction) allows the breaking of intramolecular bonds, thereby generating subsequent chemical reactions (Michalchuk et al., 2021; O’Neill and Boulatov, 2021; Pagola, 2023). Impact is typically achieved through processes such as a jet mill, a falling hammer and disintegrator, while shear occurs in a mortar and pestle as well as an extruder. The simultaneous application of impact and shear forces is accomplished in devices such as a vibrational mill, an attritor, and a planetary mill (Figure 5). Regardless of the specific mode of action, the disruption of weaker bonds and the generation of surface plasmas resulting from mechanical impacts give rise to radical species. These species also play a role in activating chemical synthesis. The mechanical energy generated during mechanochemical activation leads to an increase in temperature, mass transfer, diffusion of surface molecules, reduction in powder size, and an increase in surface area. Various other mechanisms of action, each somewhat distinct, have been reported in the literature for mechanochemical synthesis. Among them, the friction-induced magma-plasma generation (hot spot theory) and the liquefaction of reagents through an amorphous phase or the formation of eutectic blends have been reported (Rothenberg et al., 2001; James et al., 2012).
[image: Figure 5]FIGURE 5 | Basic concept for ball impact energy in mechanochemical synthesis (Wang et al., 2023).
Mechanochemistry finds applications across a diverse range of chemical disciplines, exemplified by cocrystals, metal–organic frameworks, molecular rearrangement, materials chemistry, polymer chemistry, porous materials, organic chemistry, biochemistry, pharmaceuticals, active pharmaceutical ingredients (APIs), and energy storage materials (Tan and Garcia, 2019; Cuccu et al., 2022). In the upcoming chapter, we will exclusively delve into the synthesis of small organic molecules utilizing oil-derived products such as triglycerides, fatty acids, fatty esters, glycerol and derivatives.
4 MECHANOCHEMICAL TRANSFORMATIONS OF OLEOCHEMICALS INTO HIGH-VALUE SMALL CHEMICALS
4.1 From vegetable oils to biodiesel
Biodiesel presents a compelling alternative to petrodiesel, gaining increasing traction owing to growing environmental concerns and the drive to promote renewable energy. This sustainable fuel is derived from the transesterification of various vegetable oils, including edible, inedible, and residual ones, often employing methanol or ethanol. The resulting biodiesel is a blend of monoalkyl esters derived from long-chain fatty acids, ranging from C8 to C24 carbon atoms (Ma and Hanna, 1999). This mixture of fatty acid methyl esters boasts several environmental advantages, notably reducing emissions of CO, unburned hydrocarbons, particulates, and SO2. While both homogeneous and heterogeneous catalysts have been proposed, homogeneous catalysis is the preferred method for achieving a high yield of methyl/ethyl esters (Kiss et al., 2010; Borges and Diaz, 2012; Rizwanul Fattah et al., 2020). Homogeneous catalysis allows for the use of base catalysts (such as NaOH, KOH, NaOMe, KOMe) and acid catalysts (like H2SO4, HCl). Among these, base-catalyzed transesterification stands out as a more rapid and commercially favored option due to its operation under moderate conditions (Scheme 1). Nevertheless, a common challenge in biodiesel production, regardless of the catalyst used, is the poor miscibility of vegetable oils and methanol, leading to reduced reaction rates, especially in continuous flow processs. To address this limitation, alternative processes employing mechanochemistry in semi-continuous flow have been reported (Malpartida et al., 2020b; Malpartida et al., 2020). These innovative approaches offer potential solutions to enhance the overall efficiency of biodiesel production.
[image: Scheme 1]SCHEME 1 | General chemical equation of the biodiesel formation.
CaO is a efficient base for the production of biodiesel (Alba-Rubio et al., 2010; Kouzu and Hidaka, 2012). According to some authors, CaO was the active phase only in the beginning of the reaction. Then, calcium diglyceroxide (CaDG) obtained from CaO and glycerol is the real catalyst of the trans-esterification (Kouzu and Hidaka, 2012; Kouzu et al., 2018). Using this concept, CaDG and triglyceride was studied for the formation of fatty acid methyl ester (FAME) via trans-esterification by employing a molar ratio of methanol to oil close to stoichiometry (4:1) and using 1.5% by weight of CaDG as the catalyst. With a continuous input flow between 4 and 45 L h-1 a semi-continuous mechanochemical reactor (volume of 0.5 L) containing yttrium-doped zirconia beads (diameter of 0.3–2.0 mm) occupying a 55%–70% volume was employed. Subsequent stirring for 4 h at 50°C or 24 h at room temperature completed the reaction and permitted to produce biodiesel with a yield of more than 90% (Scheme 2). This novel biodiesel production process is readily scalable and can be applied to the conversion of used cooking oils without any significant loss of yield (Malpartida et al., 2020b; Malpartida et al., 2020). A cost study was conducted, revealing the newfound approach to be more economical than the conventional batch stirred process. These results suggest that the methanol-oil molar ratio can be reduced from 12:1 to 4:1, and the catalyst weight can be decreased from 4% to 1.5% in a standard laboratory scale reactor, utilizing a more cost-effective process compared to the conventional batch stir method.
[image: Scheme 2]SCHEME 2 | Semi-continuous biodiesel production catalyzed by CaDG using a high-throughput reactor filles with beads (Malpartida et al., 2020b; Malpartida et al., 2020).
Mechanical energy, thermal energy, and pressure activation in continuous flow have proven highly advantageous in this biodiesel production process. The synergistic effect of achieving simultaneous activation has successfully addressed several drawbacks, leading to significant improvements, including: i) substantially shorter reaction times, ranging from hours to minutes; ii) lower operating temperatures attributed to the non-equilibrium conditions created by mechanical activation; iii) reduced mass transfer limitations due to an increased number of collisions; iv) minimized methanol usage; v) enabled real-scale production, transitioning from milliliters to liters; vi) increased yields and/or selectivity, owing to the simultaneous regeneration of the catalyst surface during the reaction.
The same research group investigated biodiesel production from both sunflower oil and used cooking oil, employing a slightly higher molar ratio of methanol to oil (5:1 compared to 4:1) and a lower flow rate (4 L h-1) (Malpartida et al., 2020b; Malpartida et al., 2020). The findings indicated that similar catalytic activity was observed up to 120 min, yielding 80%. However, beyond 120 min, the ester yields from the oils decreased by 17%. The authors propose that this reduction may be attributed to the neutralization of the basic sites of the calcium diglycerate (CaDG) catalyst by the free fatty acids present in the waste oils.
4.2 From fatty acids methyl ester to lipidyl-cyclodextrins
Cyclodextrins (CDs) are macrocyclic malto-oligosaccharides produced from starch through enzymatic conversion. They consist of α-(1→4)-linked D-glucopyranose units in a 4C1 chair conformation. Due to their unique 3D structure, unmodified CDs are hydrophilic with a conical cavity that is essentially hydrophobic. This characteristic enables CDs to form inclusion complexes with various lipophilic guest molecules, utilizing their hydrophobic cup-like structure (Szejtli, 1998). By introducing lipophilic groups, modified CDs gain self-assembly properties and the ability to form complexes with invited molecules, enhancing their vectorization capabilities. In this context, bicaternary lipidyl-cyclodextrins have been synthesized by combining methyl oleate epoxide with various CDs (Oliva et al., 2020). The process began with conventional epoxidation of methyl oleate using H2O2 in the presence of formic acid, yielding a racemic mixture of the corresponding methyl oleate epoxide. To prevent the formation of a sticky paste, which could hinder reactivity, the epoxide’s ring opening was conducted in five steps. Successive additions of methyl oleate epoxide and H2SO4 were made to the β-CDs, and the reaction was carried out by vibrating ball-milling (VBM) in a mixer mill (volume of 65 mL) containing 12 stainless steel balls (3 balls with diameter of 12.7 mm, 5 balls with diameter of 6.4 mm, and 4 balls with diameter of 4.0 mm). For the balls, the use of different diameters and the ratio between them were not studied. The ball milling process was conducted for 1 h at a frequency of 18 Hz. The target compound was obtained in 55% yield, with 1, 2, or 3 fatty acid methyl ester grafts. Next, enzymatic hydrolysis of the terminal ester was performed in the presence of Candida antarctica in water at 90 mbar and 23 °C, resulting in the corresponding carboxylic acid in 69% yield (Scheme 3).
[image: Scheme 3]SCHEME 3 | Synthesis of bicaternary lipidyl-cyclodextrins from oleic acid in 3 steps via ring-opening of methyl oleate epoxide by vibrating ball-milling in a mixer mill (Oliva et al., 2020).
In order to have a structure activity relationship, the authors tried different CDs with or without hydroxypropyl groups (α-CD, β-CD, γ-CD, HP-α-CD, HP-β-CD, HP-γ-CD) permitting to obtain α-CD (C9)2OOMe, γ-CD (C9)2OOMe, HP-α-CD (C9)2OOMe, HP-β-CD (C9)2OOMe and HP-γ-CD (C9)2OOMe in 28%–44% yields.
4.3 From fatty acids to dimeric fatty acids
The oleochemical dicarboxylic acids make up approximately 0.5% of the total dicarboxylic acid market for monomers, with phthalic and terephthalic acids representing 87%. Due to their unique chemical nature, these oleochemical-derived dicarboxylic acids tend to modify or alter condensation polymers, thus occupying a special niche market. Some desirable properties associated with oleochemical-derived dicarboxylic acids include elasticity, flexibility, high impact strength, hydrolytic stability, hydrophobicity, lower glass transition temperatures, and increased flexibility (Paraskar et al., 2023).
Researchers reported the continuous production of dimeric fatty acid from soybean fatty acid (oleic acid-linoleic acid weight ratio of 33:65) in the presence of acidic montmorillonite clay and lithium carbonate (Lu et al., 2019). To facilitate the reaction, an innovative ball-mill reactor was designed and utilized for this study. The stainless reactor had 3 baffles to enhance radial turbulence and 10 clapboards to divide the reactor into 11 small reactors in series, making it akin to a plug-flow reactor. A solution of oil-clay-lithium carbonate with a weight ratio of 200:24:1 was injected using a peristaltic pump into the horizontal continuous ball mill reactor, which was filled with zirconia beads (bead-to-mass ratio = 12) and operated at 300°C. The residence time was 2.16 h, and the rotation speed was set at 20 rpm. The resulting dimeric fatty acid was obtained with a yield of 51% (Scheme 4). Interestingly, the authors found that using similar conditions in a stirred flask (500 mL) at 400 rpm allowed for the production of the diacid with a yield of 63%. However, the lower yield obtained in the continuous flow process was attributed to the dissolution of some metal ions, such as Fe3+ and Ni2+, from the continuous ball mill reactor.
[image: Scheme 4]SCHEME 4 | Continuous dimerization of soybean fatty acid using a horizontal ball-mill reactor (Lu et al., 2019).
4.4 From natural fatty acids to labeled fatty acids
Fatty acids play a crucial role in biological systems and have wide-ranging applications in materials science, including drug formulation and surface-functionalization of nanoparticles (Magkos and Mittendorfer, 2009; Remize et al., 2020). To gain a deeper understanding of their biological mechanisms, researchers have reported the mechanochemical synthesis of isotopically labeled fatty acids, specifically with 17O and 18O labeling.
The target compounds were successfully produced through two mechanochemical steps: first, by activating the carboxylic function using 1,1′-carbonyldiimidazole (CDI), and then hydrolyzing the acyl imidazole intermediate with enriched H2O* (97% 18O-enriched H2O* and 90% 17O-enriched H2O*) (Spackova et al., 2020). The synthesis process involved milling a mixture of oleic acid and CDI (1.1 eq) at 25 Hz for 30 min using vibrating ball-milling (volume of 10 mL) in a mixer mill filled with two stainless steel beads (diameter of 10 mm). Subsequently, complete hydrolysis with H2O* (2 eq) was performed for 1 h using the same equipment. After standard work-up procedures, the target compound was obtained with an impressive 90% yield, with an average enrichment of 44% for the 18O labeled molecules and 36% for the 17O labeled molecules per carboxylic oxygen (Scheme 5).
[image: Scheme 5]SCHEME 5 | Synthesis of labeled oleic acid by vibrating ball-milling in a mixer mill (Spackova et al., 2020).
When stearic acid was used instead of oleic acid, the addition of K2CO3 (at 1 eq) as a base was necessary to expedite the hydrolysis step (Scheme 6). The authors explained that the base promoted the formation of HO*- and subsequently facilitated the deamidation reaction. Interestingly, the appearance of the mixture varied when starting from oleic acid compared to stearic acid. The acyl imidazole intermediate derived from oleic acid had a pasty consistency, while that derived from stearic acid exhibited a more powdery texture (Spackova et al., 2020).
[image: Scheme 6]SCHEME 6 | Synthesis of labeled stearic acid by vibrating ball-milling in a mixer mill (Spackova et al., 2020).
An extension of this process was reported by the same research group, which involved fatty acids with a carbon chain containing carbon atoms between C12 to C18 (Spackova et al., 2021). Additionally, the extension encompassed polyunsaturated fatty acids (PUFAs) containing up to four double bonds. The hydrolysis time varied depending on the acyl imidazole derivatives used, ranging from 1 to 3 h (Figure 6).
[image: Figure 6]FIGURE 6 | Synthesis of labeled fatty acids by vibrating ball-milling in a mixer mill (Spackova et al., 2021).
The researchers also developed a one-pot mechanochemical saponification method for other polyunsaturated fatty acids (PUFAs), namely, ethyl α-linolenate, ethyl eicosapentaenoate, and ethyl docosahexaenoate (Spackova et al., 2021). In this process, a mixture of the ethyl ester of the respective PUFA, sodium ethoxide (at 1.5 equiv.), and H2O* (at 3 eq) was milled at 25 Hz for 30 min using vibrating ball-milling in a mixer mill. Employing conventional work-up techniques, the corresponding labeled PUFAs were obtained with yields exceeding 93% and showed high enrichment levels (Figure 7).
[image: Figure 7]FIGURE 7 | Labeled polyunsaturated fatty acids obtained by vibrating ball-milling in a mixer mill (Spackova et al., 2021).
4.5 From glycerol to calcium diglyceroxide (CaDG)
As mentioned earlier for biodiesel production, CaDG serves as an active basic catalyst and is commonly synthesized through conventional methods (Kouzu and Hidaka, 2012; Kouzu et al., 2018; Malpartida et al., 2020b; Malpartida et al., 2020). Additionally, CaDG finds applications as a plasticizer and thermal stabilizer for plastics. Seeking an alternative process for CaDG production, a mechanochemical approach involving a mixture of glycerol and CaO in a 1:5 M ratio was reported (Lukic et al., 2016). They did a planetary ball milling (PBM) operating in an air atmosphere at 270 rpm for 5 h. Afterward, methanol was added, and the resulting mixture was further milled for 15 min, followed by conventional work-up. This procedure allowed the synthesis of CaDG in high yield. The catalyst thus obtained was then utilized for the methanolysis of sunflower oil, resulting in the corresponding FAME (fatty acid methyl esters) with high efficiency.
Subsequently, the synthesis of CaDG using a continuous mechanochemical reactor (MCR), utilizing the same equipment employed for biodiesel production (Malpartida et al., 2020b; Malpartida et al., 2020). Glycerol and CaO were mixed in two different molar ratios, 3 and 5, in a mixer tank. The resulting mixture was pumped into the continuous mechanochemical reactor (volume of 0.5 L) at a flow rate of 4 and 150 L h-1, respectively. The reactor was filled with yttrium-doped zirconia beads (diameter: 0.3–2.0 mm), occupying 55%–70% of the reactor volume. In this study, the quantification of crystalline CaDG formation was accomplished through the utilization of the Rietveld method. An X-ray diffraction (XRD) analysis was performed on all the samples, and the nominal composition derived from the structure identification step was refined using a Rietveld analysis. The most accurate refinement was achieved by considering factors such as sample displacement, background correction, peak profile parameters, and the scaling of each distinct phase. Using yttrium-doped zirconia beads (diameter of 0.5 mm), CaDG was obtained with quantitative yield after a 30-min residence time (Table 1, lines 6–9). However, with a glycerol-CaO molar ratio of 3, the temperature needed to be increased to 50°C for optimal yield (Table 1, lines 5 and 6). At room temperature (25°C), a higher glycerol-to-CaO molar ratio 5) was necessary to achieve yields exceeding 99% (Table 1, lines 5 and 7). At 50 °C, the same conditions gave only CaDG in 55% yield. The researchers also tested the influence of water presence due to glycerol’s hydrophilic nature. In the presence of 10 wt% water and a glycerol-CaO molar ratio of 5, CaDG was obtained in quantitative yield with a residence time of 30 min (Table 1, entry 9).
TABLE 1 | Influence of different experimental variables on the formation of CaDG using a continuous mechanochemical reactor (Malpartida et al., 2020b; Malpartida et al., 2020).a
[image: Table 1]CaDG was obtained as a side-product during the mechanochemical production of acetylene by reacting calcium carbide (CaC2) with glycerol (Li et al., 2018). The molar ratio of glycerol-CaC2 used was 1, and the mixture was subjected to 1 hour of milling at 450 rpm at room temperature in a planetary ball mill (volume of 250 mL) filled with stainless steel balls. The stainless steel balls comprised 2 balls with a diameter of 15 mm, 4 balls with a diameter of 12 mm, 25 balls with a diameter of 10 mm, 43 balls with diameters of 08 mm, and 232 balls with a diameter of 3 mm. As previously reported, the choice to use of different diameters and different ratio between them were not described by the authors. To prevent air impurities, a vacuum of 0.01 bar was applied, which also minimized the risk of explosions due to the presence of oxygen. As a result, the desired acetylene was obtained in good yield, with 96% glycerol conversion (Scheme 7).
[image: Scheme 7]SCHEME 7 | Synthesis of acetylene and CaDG starting from calcium carbide and glycerol in a planetary ball mill (Li et al., 2018).
The authors highlighted that the mechanochemical reaction rate of CaC2 with glycerol significantly increased with the rising rotating speed, and the efficiency of this reaction exceeded that of the corresponding thermal chemical reaction. In summary, the current process proves effective for the efficient production of high-purity acetylene and CaDG. The mechanochemical reaction of CaC2 with glycerol demonstrates greater efficiency than the corresponding thermochemical reaction at high temperatures, with CaC2 showing higher reactivity compared to CaO with glycerol. Importantly, when compared to conventional acetylene production methods, the authors did not detect any PH3, AsH3, and H2S formed as side reactions involving Ca3P2, Ca3As2, and CaS, respectively. This absence is attributed to the higher reactivity of glycerol relative to water, which enhances the reaction’s selectivity.
4.6 From glycidol to glycerol esters
Esterification of glycerol enables the production of various valuable chemicals, such as monoacylglycerol (MAG) and diacylglycerol (DAG). Among these chemicals, diacylglycerols (DAGs) play significant signaling roles in cells (DAG signaling), along with many other amphipathic or hydrophobic small molecules exhibiting lipid structures (Eichmann and Lass, 2015). DAGs are glycerolipids composed of two fatty acids esterified to glycerol. DAGs are produced through the enzymatic breakdown of glycerophospholipids and the lipolysis of TAGs (triacylglycerols). Extracting pure DAGs and TAGs from natural sources proves challenging due to the structural diversity of fatty acids in acylglycerols and their subtle differences in chain length, degree of unsaturation, double bond position, and stereochemistry. The chemical synthesis of protected DAGs from glycerol or glycidol requires several preparative steps involving organic solvents like CH2Cl2, THF, or Et2O (Martin et al., 1994).
To achieve greener conditions and produce MAG and DAG derivatives, researchers have investigated solventless mechanochemical synthesis. In this process, a mixture of glycidol, tert-butylchlorodimethylsilane (1.1 eq), and imidazole (2.2 eq) was combined in a mixer mill (volume of 10 mL) filled with one zirconia ball (diameter of 10 mm) and subjected to 25 Hz for 2 h. The resulting tert-butyl-dimethylsilyl glycidyl ether was obtained with an 86% yield (Ardila-Fierro et al., 2019). Similarly, a comparable experiment using a planetary ball mill at 600 rpm yielded the target chemical in an 88% yield, demonstrating no significant difference between the two equipment setups (Scheme 8). Comparison with conventional process showed that the ball milling approach facilitated a solventless reaction and reduced the reaction time from overnight to just 2 h (Zaed and Sutherland, 2011; Winkler et al., 2013).
[image: Scheme 8]SCHEME 8 | Silylation of glycidol with TBDMSCl by vibrating ball-milling in a mixer mill or in a planetary ball mill (Ardila-Fierro et al., 2019).
In order to have a good selectivity for the ring opening of the epoxide with fatty acid as nucleophile, the use of Jacobsen cobalt (II)-salen complex (S,S)-cat has been selected. A blend of stearic acid (1 eq) and chiral (S,S)-cat (2.5 mol%) was subjected to milling in a mixer mill (volume of 20 mL) containing a single zirconia ball (diameter of 10 mm) for 15 min at 25 Hz under an oxygen atmosphere. Subsequently, DIPEA (1 eq) was introduced, and the resulting mixture was milled for an additional 10 min. Lastly, glycidyl ether (1 eq) was added to the container, and the resulting mixture was milled at 25 Hz for 155 min. This process yielded two regioisomers: 1-stearoyl-3-(tert-butyldimethylsilyl)-sn-glycerol in 42% yield and 2-stearoyl-3-(tert-butyldimethylsilyl)-sn-glycerol in 12% yield (Ardila-Fierro et al., 2019) (Scheme 9). Compared to the solventless batch reaction, the ball milling process reduced the reaction time from 16 h to 3 h (Fodran and Minnaard, 2013). It is worth noting that the initial 16-h duration was not an optimized experimental condition.
[image: Scheme 9]SCHEME 9 | Cobalt-catalyzed ring-opening of epoxide by vibrating ball-milling in a mixer mill (Ardila-Fierro et al., 2019).
Subsequently, starting with the major regioisomer 1-stearoyl-3-(tert-butyldimethylsilyl)-sn-glycerol, a secondary esterification was investigated using stearic acid (1.2 eq) along with DCC (1.2 eq) and DMAP (10 mol%) in a mixer mill (volume of 10 mL) containing a single zirconia ball (diameter of 10 mm) at 25 Hz for 2 h. This procedure afforded diester in a remarkable 97% yield (Scheme 10). Application of this method to oleic acid, linoleic acid, and arachidonic acid yielded the corresponding diesters in 90%, 91%, and 74% yields, respectively (Figure 8). While similar conditions were employed in conventional reactions conducted in heptane, the time required was substantially longer (16 h compared to 2 h), despite the absence of any optimizations (Fodran and Minnaard, 2013). The subsequent deprotection of the primary hydroxyl group to remove the silyl group was accomplished under acidic conditions, yielding the 1,2-distearoyl derivative in an 81% yield. In order to achieve higher yields and prevent acyl migration from the secondary to primary positions, the ball milling technique was not employed.
[image: Scheme 10]SCHEME 10 | Mechanical synthesis of DAG obtained by vibrating ball-milling in a mixer mill (Ardila-Fierro et al., 2019).
[image: Figure 8]FIGURE 8 | Different DAGs obtained by vibrating ball-milling in a mixer mill (Ardila-Fierro et al., 2019).
The diester 1,2-distearoyl-3-(tert-butyldimethylsilyl)-sn-glycerol was combined with 4-nitrophenyl chloroformate (1 eq) in the presence of NEt3 (1.5 eq). Subsequently, the resulting mixture underwent milling using the same equipment, operating at a frequency of 25 Hz for 90 min. Without the need for additional purification steps, the reaction mixture was then introduced to 7-hydroxycoumarin (1 eq) and NEt3 (1.5 eq). The combined mixture was stirred at 25 Hz for 3 h. This process yielded a complex mixture of two compounds: 1,2-distearoyl-3-((((2-oxo-2H-chromen-7-yl)oxy)carbonyl)oxy)-sn-glycerol and 1,3-distearoyl-2-((((2-oxo-2H-chromen-7-yl)oxy)carbonyl)oxy)-sn-glycerol, in a molar ratio of 2.5:1. The overall yield achieved from this procedure was 53% (Scheme 11). A acyl migration occurred from the secondary hydroxyl group to the primary hydroxyl group as expected but this migration was limited.
[image: Scheme 11]SCHEME 11 | Conjugation of DAG with 7-hydroxycoumarin by vibrating ball-milling in a mixer mill (Ardila-Fierro et al., 2019).
4.7 From glycerol to benzoxazine
Benzoxazines are heterocyclic compounds with potent biological activities (Garg et al., 2013) as monomer and with unique properties after polymerization. Polybenzoxazine is a relatively new class of polymeric phenolic resins with various excellent characteristics, including outstanding stiffness, low dielectric constant, high heat resistance, low flammability, and minimal moisture absorption when exposed to moisture, chemicals, and other corrosive liquid, therefore, they are ideal polymers to use in special and extreme cases (Machado et al., 2021; Ding et al., 2022).
In order to produce a biobased benzoxazine, a mixture of glycerol (1–3 eq), diethyl carbonate (1.4 eq), and 2-aminophenol (1 eq) was combined with K2CO3 (0.1 eq). This mixture was then processed within a planetary ball mill (volume of 125 mL) filled with stainless steel balls (60 g with a diameter of 2 mm) for durations of 60 and 120 min operating at 350 rpm. The outcomes of these experiments underscore that mechanochemistry is not a miraculous technology. Attempts to use liquid-assisted grinding by introducing a small quantity of acetone were unsuccessful (Torres-Pastor et al., 2022). Additional tests were conducted to initiate the reaction utilizing microwaves as an alternative technology. These experiments yielded improved conversions (<25%) and selectivities (<35%), albeit still at a relatively low level.
Recent studies have shown promising advancements in certain reactions through a combination of successive milling and microwave techniques (Martinez et al., 2023). In one experiment, glycerol (1 eq), diethyl carbonate (1.4 eq), 2-aminophenol (1 eq), and K2CO3 (0.12 eq) were subjected to milling in a planetary ball mill reactor (volume 125 mL), containing stainless steel balls (60 g with a diameter of 2 mm), for 60 min at 350 rpm. Subsequently, a microwave-assisted organic reaction was conducted at 110°C (300 W) for 60 min. This process led to a 38% conversion of 2-aminophenol, with a remarkable 93% selectivity towards the benzoxazine derivative (Torres-Pastor et al., 2022) (Scheme 12). Increase the rpm from 350 to 1,000 to enhance the phenol conversion, while significantly reducing the selectivity from 93% to 7%. Notably, attempts at conventional heating in place of microwave activation resulted in a conversion of 2-aminophenol of less than 5%.
[image: Scheme 12]SCHEME 12 | Synthesis of benzoxazine from glycerol using successive mechanochemistry in ball mill and microwave irradiation (Torres-Pastor et al., 2022).
4.8 From glycerol to solketal
Solketal (1,3-di-O-isopropylidene-glycerol) holds significant promise across various domains, serving as a versatile molecule in pharmaceutical chemistry as a synthetic intermediate, an isopropylidene protective group in C3-based organic chemistry, a solvent and plasticizer in polymer chemistry, and even as a fuel additive (Garcia et al., 2008; Mota et al., 2010; Silva et al., 2010; Nanda et al., 2016; Zahid et al., 2021; Yu et al., 2022). The synthesis of solketal involves an acetalization reaction between glycerol and acetone under acidic conditions (Zahid et al., 2021). This reaction exists in equilibrium, potentially yielding 1,3-di-O-isopropylidene-glycerol as a byproduct (Scheme 13). Typically, homogeneous acid catalysts such as H2SO4 or HCl are employed, although both homogeneous Lewis acids and heterogeneous acid catalysts can also find application (Kiakalaiehet et al., 2018; Zahid et al., 2020).
[image: Scheme 13]SCHEME 13 | General ketalization of glycerol with acetone in acid conditions.
Given the industrial outlook, extensive efforts have been directed towards developing continuous flow processes for solketal synthesis (Khodadadi et al., 2021). However, certain limitations persist within these continuous flow methods. Challenges include the immiscibility of glycerol with acetone due to differing physicochemical parameters, necessitating the use of organic co-solvents. Additionally, homogeneous catalysis demands substantial quantities of catalysts, while heterogeneous catalysis suffers from low flow rates. The presence of water, a byproduct of the reaction, also leads to catalyst deactivation.
In addition to the transfer of mechanical energy and milling, bead mechanochemistry emerges as a highly efficient method for homogenization. Indeed, patented studies have demonstrated that this innovative technique effectively addresses the miscibility challenges encountered in solketal synthesis under homogeneous acid catalysis conditions (Len et al., 2021). This method has been employed for the continuous flow mechanochemical synthesis of solketal, using equipment and processes similar to those described above for CaDG and continuous flow biodiesel mechanochemistry (Malpartida et al., 2020b; Malpartida et al., 2020). Various conditions and homogeneous acid catalysts were examined, with the most favorable outcomes observed for FeCl3•6H2O as Lewis acid in both loop and continuous flow processes at 56°C. This led to a remarkable 99% solketal yield within residence times of less than 15 min. These investigations in presence of a solvent stand as pioneering examples showcasing the efficacy of continuous flow bead mechanochemistry in facilitating organic synthesis.
4.9 Advantages and limits
Mechanochemistry has become an attractive method for producing various materials, polymers and small chemicals. Most of these advantages can be associated with the twelve principles of green chemistry (Figure 9).
[image: Figure 9]FIGURE 9 | Twelve principles of green chemistry and mechanochemistry inputs.
The main advantages of mechanochemistry encompass the promotion of solvent-free reactions, leading to a significant reduction in waste and pollution generation while simultaneously lowering economic costs. Additionally, mechanochemical processes often yield larger quantities of products when compared to analogous solution reactions. They also generally entail shorter reaction times, meticulous control over stoichiometry, and enhanced product selectivity. Another notable advantage of mechanochemistry, as opposed to traditional solution-based methods, is its capability to enable the utilization of reagents that are conventionally deemed inert or highly insoluble. However, it is crucial to acknowledge that mechanochemistry does not provide a universal solution to all synthetic challenges. Although mechanochemistry is an ancient technique, the understanding of the entire range of phenomena is still in its early stages, particularly concerning fundamental physicochemical knowledge. Indeed, to this day, the thermodynamic variables used to study and control chemical reactions, such as temperature and pressure, are not yet measured or controlled systematically. Other parameters and mechanisms are still unknown: the amounts of energy transferred or made available through the combination of temperature and applied mechanical treatment, mass transfers in heterogeneous phase reactions, increased selectivity, and more. In summary, mechanochemistry offers environmentally friendly and efficient reactions but is typically restricted to solid-state processes. In contrast, oleochemistry provides sustainable and biodegradable chemicals, both in liquid and solid forms. Both fields come with their distinct advantages and challenges, making them valuable in diverse applications within the chemical industry.
5 CONCLUSION
This comprehensive review explores the significant contributions of oleochemistry, emphasizing its vital role in providing non-fossil resources and invaluable molecules. It also delves into the growing interest in combining mechanochemistry with molecules derived from untreated or modified oils, guided by insights from relevant scientific studies. Oleochemistry, which includes vegetable oils and their derivatives, offers a wealth of platform molecules for producing high-value chemicals, presenting a promising alternative to petroleum resources. The diverse chemical components within oleochemicals, such as esters, C-C double bonds, and hydroxyl groups, make them versatile building blocks. Mechanochemical synthesis emerges as an environmentally conscious, potent, sustainable, time-efficient, cost-effective, and ecologically friendly method for creating novel functional materials. By manipulating various synthetic parameters, such as milling methods, materials, time, temperature, and process control agents, biobased molecules’ synthesis can be significantly improved compared to traditional activation methods. Mechanochemistry has widespread applications across different research areas and industries, making it crucial for future investigations.
The review highlights key achievements in mechanochemistry and oleochemistry. Notably, a semi-continuous mechanochemical reactor equipped with beads achieved a biodiesel yield exceeding 90% from triglycerides, showcasing scalability and environmental benefits. Mechanochemical reactions starting from fatty acids and esters, including the use of methyl oleate epoxide and cyclodextrins, demonstrated the technique’s merits. Continuous production of dimeric fatty acids in a ball-mill reactor and the synthesis of labeled fatty acids further illustrate its potential. Glycerol, another essential component in oleochemistry, was successfully utilized in various mechanochemical reactions. A continuous mechanochemical reactor with beads produced CaDG compounds with exceptional selectivity and high yields. The synergy of glycerol and CaC2 in a planetary ball mill resulted in acetylene production of superior quality. The review also covers the synthesis of various glycerol-based compounds, demonstrating the versatility of glycerol in mechanochemistry. The text acknowledges that, while comparisons between conventional and mechanochemical methods are sometimes made, these often involve variations in reagents and the presence of solvents, making it challenging to assess the distinct contributions of different milling technologies.
In summary, this review underscores the pivotal role of oleochemistry in providing sustainable and versatile molecules while showcasing the potential of mechanochemistry for the environmentally conscious and efficient synthesis of biobased compounds. The achievements in biodiesel production, fatty acid transformations, glycerol-based reactions, and other applications exemplify the exciting possibilities in this interdisciplinary field.
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The present work aimed to highlight an efficient, readily accessible, and cost-effective adsorbent derived from Dalbergia sissoo (DS) leaf powder for removing the environmentally hazardous dye “alizarin red S” (ARS) from hydrous medium. A variant of the adsorbent is activated via sulfuric acid and composited with magnetic iron oxide nanoparticles (DSMNC). Both adsorbents are thoroughly characterized using techniques such as Fourier transform infrared spectroscopy, point of zero charge, energy-dispersive X-ray spectroscopy, and scanning electron microscopy, which show that they have a porous structure rich in active sites. Different adsorption conditions are optimized with the maximum removal efficiency of 76.63% for DS and 97.89% for DSMNC. The study was highlighted via the application of various adsorption isotherms, including Freundlich, Langmuir, Temkin, and Dubinin–Radushkevich, to adsorption data. Pseudo-first-order, pseudo-second-order, and intra-particle diffusion models were utilized to investigate the kinetics and mechanism of adsorption. The Freundlich model and pseudo-second-order kinetics exhibited the best fit, suggesting a combination of physical interactions, as confirmed by the D–R and Temkin models. The dominant adsorbate–adsorbent interactive interactions responsible for ARS removal were hydrogen bonding, dispersion forces, and noncovalent aromatic ring adsorbent pi-interactions. Thermodynamic parameters extracted from adsorption data indicated that the removal of the mutagenic dye “ARS” was exothermic and spontaneous on both DS and DSMNC, with DSMNC exhibiting higher removal efficiency.
Keywords: alizarin red S, adsorptive removal, Dalbergia sissoo, Dalbergia sissoo-magnetic iron oxide nanocomposite, adsorption isotherms, thermodynamics and kinetics
1 INTRODUCTION
The direct release of harmful waste from various origins into aquatic environments that lack adequate processing is the primary challenge to water quality. A significant source of water pollution stems from organic pollutant effluents via numerous industries, including leather manufacturing, paint production, textiles, and paper. Even in trace amounts, these substances can harm aquatic environments and pose risks to all living organisms (Lebkiri et al., 2023; Bensalah et al., 2023). For instance, the dye industry is ranked as the 10th most contaminating sector in terms of river water quality, contributing 17%–20% of industrial water degradation (Kadiri et al., 2021; Gul et al., 2021). Annually, between 5,000 and 10,000 tons of dyes are dumped into rivers owing to their widespread usage. Alizarin red S (ARS) is one of the most commonly used dyes. These dyes are classified as anionic dyes because their molecules dissociate in water with negative charges, posing a risk to the health of the marine habitat and the surrounding community when directly expelled into surface waters. They obstruct the sunlight that is vital for the process of photosynthesis in aquatic plants (Pirkarami and Olya, 2017; Yagub et al., 2014; Wong et al., 2020). Consequently, effective management of textile effluents is crucial to safeguard the ecosystem and the surrounding environment.
Alizarin red S (ARS), also known as 1,2-dihydroxy-9,10-anthraquinone sulfonic acid sodium salt, is a dye that has been used extensively since ancient times and has significant adverse impacts on the ecosystem (Hu et al., 2019). It is highly desired by industries such as textiles, food, and dyes due to its water solubility of 20 g/L (Fayazi et al., 2015). Acting as a color indicator, it has a pKa value ranging from 4.6 to 6.5 and is commonly found in the effluent of these sectors (Chin et al., 2015). Data from tests on rabbits indicate that ARS can sensitize the skin, cause minor irritation to the eyes, and is known to be hazardous and carcinogenic (Sowjanya et al., 2022). It has been shown to induce dermatitis in humans and has the potential to act as an allergen. Its LD50 value, when administered intravascularly, is 70 mg/kg (Gautam et al., 2020). Due to its potential to cause oxidative damage to organisms, it has been claimed to be mutagenic and carcinogenic (Delpiano et al., 2021).
Membrane percolation, photolytic decay, high-performance liquid chromatography, membrane electrophoresis, flocculation-coagulation, chemical and electrochemical oxidation, ion exchange processes, filtration followed by coagulation, ozonation followed by coagulation, and adsorption are common techniques for analyzing and treating pollutants (Jebli et al., 2023; Gautam et al., 2017; Kamarehie et al., 2019). However, the extensive use of costly chemicals, poor effectiveness, formation of secondary noxious waste, and high operating and upkeep charges limit their applicability (Detpisuttitham et al., 2020). Compared to other methods, adsorption is highly effective at removing colors from industrial effluents, resulting in clean, high-quality water by eliminating most contaminants found in wastewater.
When treating runoff from the dye industry using an adsorption technique, pure, high-quality water free of coloring material and other contaminants is produced. Despite extremely small concentrations, the presence of dyes can diminish the visual appeal of water. Due to the durability and complex aromatic ring structure of dyes, persistent dyes like ARS are challenging to treat in aqueous mediums using conventional methods. Adsorption, however, offers a simple, cost-effective method that has gained popularity due to its minimal waste disposal advantage (Zhou et al., 2019; Aragaw and Bogale, 2021; Nistor et al., 2021).
According to the literature that has evaluated diverse biosorbents, biosorption is among the most cost-effective and straightforward practices for removing color from industrial effluent (Adegoke and Bello, 2015; Kumar et al., 2021). This method utilizes readily available, reasonably priced, and efficiently treated or untreated materials as biosorbents. Biosorbents can be treated with different acids to enhance their capacity to absorb various colors on their fine, porous surfaces.
The quantity of dye that can be adsorbed depends on several factors, including pH, contact time, temperature, type and dosage of adsorbents, and original dye concentration. The optimal sorbent parameters for specific dye adsorption can vary significantly (Sultana et al., 2023), and optimizing each parameter is beneficial for both large-scale commercial applications and understanding the adsorption mechanism. Colors from industrial runoff can be effectively biosorbed through the utilization of plant biomasses, rice husks, algae, walnut shells, wood, coconut coir dust, and numerous other waste materials that have undergone chemical modification (Kainth et al., 2024).
Adsorptive removal of ARS using Dilbergia sissoo leaf powder and its magnetic nanocomposite has not been reported. According to the experimental results, 78.7% of alizarin red S was removed from water-based solutions under optimum environmental factors using polypyrrole-coated magnetic nanoparticles (Gholivand et al., 2015).
In the present study, powdered Dilbergia sissoo (DS) leaves underwent treatment with acid and were subsequently composited with magnetic iron oxide nanoparticles to create an adsorbent for the elimination of ARS from an aqueous medium.
2 MATERIAL AND METHODS
2.1 Adsorbent preparation
Leaves of DS were cleansed repeatedly using distilled water to eliminate any grime present. Afterward, the DS sample was oven-dried at 80°C for 24 h and subsequently screened to acquire DS particles with size 125 μm. DS powder was soaked in 2M H2SO4 (Merck 98%) for 24 h for activation, cleansed with distilled water twice to remove the acid, and dehydrated in an oven at 80°C.
Magnetic iron oxide-nanocomposite was prepared by the co-precipitation method (Oroujizad et al., 2023). In this method, specified quantities (1:2 mole ratio) of FeSO4.7H2O (Sigma Aldrich ≥99%) and FeCl3.6H2O (Sigma Aldrich ≥99%) were dispersed in 100 mL of deionized water and continuously stirred at 70–80°C with the continuous dropwise addition of 10% ammonia (Sigma Aldrich 25%) until pH 10 is achieved. Then, the activated DS leaf powder (1g) was slowly added until a black precipitate was formed, indicating the formation of the nanocomposite. The hot mixture containing the precipitate was brought to ambient temperature, filtered, and cleaned with distilled water. The residue was dehydrated at 60°C in an oven and converted to a fine powder form.
2.2 Solution preparation
A 1,000 mg/L stock solution of ARS (Sigma Aldrich 97%) was prepared that was subsequently diluted to create desired dye working solutions. HCl (Sigma Aldrich 37%) and NaOH (Merck ≥ 97.0%) solutions having 0.1M concentrations were used to regulate the solution pH.
2.3 Characterization of DS and DSMNC
To comprehensively comprehend the adsorption mechanism, the prepared adsorbents underwent characterization both pre- and post-adsorption utilizing Fourier transform infrared spectroscopy (FTIR) (Agilent Technologies, United States), scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS) (JEOL Japan). The adsorption efficiency was determined using a UV-visible spectrophotometer from Shimadzu (model 1900) in Japan.
2.4 Batch adsorption analysis
A batch sorption analysis was carried out using a 100 mL conical flask containing 50 mL of ARS solution (40–120 mg.L−1) placed on a shaker operating at 200 rpm (15–150 min). After each adsorption experiment, the DS and DSMNC composite (0.05–0.6 g) were separated from the dye effluent through filtration, and the absorbance of each solution was measured at 423 nm (experimentally determined at pHPZC) to determine its concentration after adsorption. The percentage of adsorptive removal (E%) and the maximum uptake capacity (qe in mg/g) of ARS were determined using Equations 1,2. These equations utilized an ARS reference curve established with various working solutions of the dye.
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where Co (mg/L) is the concentration of ARS before adsorption, Ca (mg/L) is the ARS concentration after adsorption, V(L) is the volume of solution in liters, and m (g) is the mass of the adsorbent.
Kinetics, isothermal, and thermodynamic models were applied to the adsorption data.
3 RESULT AND DISCUSSION
3.1 Characterizations of adsorbents
The functional groups located on the surface of the adsorbents (DS and DSMNC) were assessed through Fourier transform infrared spectroscopy (FTIR) and are depicted in Figures 1A, B. FTIR spectra revealed the presence of numerous functional groups.
[image: Figure 1]FIGURE 1 | FTIR spectra of (A) DS and (B) DSMNC before and after adsorption.
The appearance of a strong peak at 544 cm−1, denoting stretching of the Fe-O bond, is confirmation of the formation of magnetic iron oxide nanocomposite (Salari, 2022; Mahmoodi et al., 2019). The occurrence of –OH and –NH functional groups was verified by the bands observed between 3,000 cm−1 and 4,000 cm−1 (Ali et al., 2019). The peak at 2,850–2,922 cm−1 accounts for C-H stretching (Pal et al., 2007). The appearance of the peak at 2,100–2,260 cm−1 corresponds to C≡C stretching. The pronounced peaks observed within the wave number range of 1,600–1,650 cm−1 indicate the presence of conjugated stretching associated with the carboxylic and carbonyl groups’ C=O bonds (Malik et al., 2020). The peaks between 1,400 cm−1 and 1,450 cm−1 correspond to the aromatic ring present (Oyekanmi et al., 2021). The peaks between 1,200 cm−1 and 1,320 cm−1 correspond to a carboxylic acid group. The peaks between 1,020 cm−1 and 1,200 cm−1 indicate C-OH stretching (Dehkhoda et al., 2014). The peak appearing between 675 cm−1 and 895 cm−1 corresponds to C=C. Shifting of some of the peaks identified in the FTIR spectra of the dye-loaded samples suggests interactions between the dye molecules and the sorbent material. These groups actively participate in the interactions and hydrogen bonds and enhance the degree of adsorption (Jawad et al., 2020; Oyekanmi et al., 2021).
The surface morphology of the adsorbent is characterized by the SEM images of DS and DSMNC before and after adsorption depicted in Figures 2, 3. It is clear from the figure that the particle size decreases when the magnetic nanocomposite is formed with the biomass. An increase in surface area and an increased amount of adsorbed dye is expected on DSMNC compared to DS.
[image: Figure 2]FIGURE 2 | SEM analysis of DS (A) before and (B) after adsorption.
[image: Figure 3]FIGURE 3 | SEM analysis of DSMNC (A) before and (B) after adsorption.
The EDS spectra of DS and DSMNC are visualized in Figures 4A–D, respectively. The appearance of strong Fe peaks in the EDS spectra of DSMNC confirms the formation of the magnetic nanocomposite. Additionally, a hyperchromic shift is observed in the peaks of C, S, and Na in the post-adsorption spectra of both DS and DSMNC. This shift indicates an increase in the elemental compositions of these elements present in ARS, supporting its adsorption onto both DS and DSMNC.
[image: Figure 4]FIGURE 4 | EDS spectra of DS (A) before and (B) after adsorption and of DSMNC (C) before and (D) after adsorption.
In the context of studying the sorption of colorant from aqueous media, the pH level at which adsorbent exhibits zero cumulative surface charge, known as the point of zero charge (pHPZC), emerges as a critical parameter. The pH level of the dye solution significantly contributes to determining the amount of adsorbent that can be effectively adsorbed (Chowdhury et al., 2011; Murthy et al., 2020). This is because variations in pH facilitate the electrification of both the adsorbate particles and the functional moieties present upon the adsorbent interface; consequently, alterations in the pH of the medium alter the surface charges on the adsorbent, thereby influencing the rate of adsorption (Sen et al., 2011).
The pHPZC values obtained from the plot are 5.2 for DS and 4.2 for DSMNC shown by Figure 5. pH values lower than the pHPZC are ideal for the adsorption of ARS with anionic groups. This is because protonation causes the adsorbent surface to become cationic, facilitating the adsorption process.
[image: Figure 5]FIGURE 5 | pHpzc of DS and DSMNC.
3.2 Optimization of adsorption factors
Figure 6 represents fine-tuning of adsorption conditions for the removal of ARS using DS and DSMNC. A batch adsorption experiment was performed to examine the impact of the adsorbent dose on the removal of ARS onto the surface of DS and DSMNC. The adsorbents (0.05–0.6 g) were added to 50 mL of 100 mg/L of ARS, taken in 250 mL flasks, and shaken for 60 min at 200 rpm. The remaining dye content in the solutions was subsequently determined via spectrophotometry. Similar experimental approaches were employed to scrutinize the influence of the preliminary dye concentration (40 mg/L–120 mg/L), shaking time (15–150 min), pH (1.5–13.5) ionic strength, and temperature (20°C–80°C) on the adsorption process.
[image: Figure 6]FIGURE 6 | Optimization of adsorption parameters: (A) pH, (B) concentration, (C) adsorbent dose, (D) shaking time, and (E) temperature for adsorption of ARS on DS and DSMNC.
The effect of pH is shown in Figure 6A by plotting the percentage removal vs. pH. As shown by the figure, the percentage removal of ARS increases with the increase of pH, reaches the optimum value near pHPZC, and decreases afterward at a constant amount of adsorbent dose, concentration, temperature, and shaking time. The removal efficiency is higher when DSMNC (88.25%) is used than when DS (70.2%) is used as an adsorbent. The values of qe remain almost constant till pHPZC and are followed by a decrease above this pH. The surplus positive charges will additionally impact the surface charge of the adsorbent. Consequently, the intricately structured aromatic compounds of ARS will progressively adhere to the highly porous surface of the adsorbent, thereby stabilizing the dispersion status (Zare et al., 2015).
The influence of the initial dye concentration on the percentage removal of ARS onto DS and DSMNC is expressed in Figure 6B by plotting percentage removal vs. concentration. As portrayed in the figure, the percentage removal of ARS increases with increases in the initial dye concentration and reaches an optimum value (66.7% for DS and 97.89% for DSMNC) when the other parameters are kept constant. Furthermore, increasing the amount of dye beyond the optimum concentration led to saturation of the adsorption surfaces. This resulted in lowering the adsorption percentage. As the concentration of dye increases, more free dye particles are available to interact with the adsorbent, resulting in the formation of dye particle–adsorbent particle interactions, thereby enhancing the efficiency of dye removal. However, there comes a point where the dye removal efficiency may decrease or stabilize as the dye concentration reaches saturation (Ibrahim et al., 2019). There is an increase in the value of qe in the pre-optimum value in a relatively steep manner, while after it reaches the optimum concentration, the curve flattens. The increase in the amount of dye creates a driving force for mass transfer, so the adsorbed dye amount per gram of adsorbent (qe, mg/g) increases.
The adsorbent dose and the percentage removal are directly related to the adsorption process (Elzahar and Bassyouni, 2023). Figure 6C illustrates the impact of the dose on the adsorption of ARS. With the rise in the quantity of the adsorbent, the percentage removal of dye also increases, reaching a maximum value of 76.6% for DS at 0.4 grams and 93.82% for DSMNC at 0.2 grams, after which it stabilizes. This trend can be credited to the expanded accessibility of adsorption sites with the higher adsorbent dosage, leading to enhanced dye–adsorbent interactions (Saha et al., 2011). There is a decrease in the qe value with the increase in the adsorbent amount. This may be due to the fact that at the lower adsorbent amount, most of the adsorption sites are occupied by ARS molecules; hence, the amount of ARS per g of adsorbent increases, and increasing the amount of adsorbent may leave some of the adsorbent sites vacant at the same concentration.
Figure 6D illustrates the relationship between the percentage removal and shaking time, from 15 min to 150 min, for the adsorption process of alizarin red S onto both DS and DSMNC. The observed trend indicates a steady increase in percentage removal with increased shaking time, reaching its zenith at 60 min for DS and 45 min for DSMNC. Subsequently, a decline in removal efficiency is observed beyond these contact times. The variation of qe with shaking time follows the same trend. This phenomenon is primarily attributable to the attainment of the adsorption–desorption equilibrium, wherein the surface coverage of the adsorbent reaches saturation at a given time interval. Further agitation beyond this equilibrium point leads to mechanical disruption of the already-adsorbed dye molecules, prompting desorption (Kuśmierek and Świątkowski, 2015). Moreover, comparing DS and DSMNC reveals that the latter exhibits a notably higher percentage removal value (increasing from 71.12% to 81.78%), indicating enhanced adsorption efficiency facilitated by the impregnation of magnetic nanoparticles, which provide the advantages of magnetic separation and increase in surface area (Rao and Ramanaiah, 2024). This augmentation underscores the role of magnetic NPs in boosting the adsorptive potential of the adsorbent.
Figure 6E portrays the impact of temperature variation on the percentage removal of alizarin red S by DS and DSMNC. The percentage removal increased from 55.12% at 20°C to 76.24% at 30°C, with a subsequent decrease in percentage removal with further temperature increments. Similar trends were observed for DSMNC, with a notably higher percentage removal of 86% at 30°C. This phenomenon can be attributed to the initial preferment of adsorption by temperature up to 30°C. Beyond this threshold, higher temperatures are hypothesized to favor dye diffusion in the solution phase rather than its adsorption onto the adsorbent (Khalaf et al., 2021). This inference aligns with the exothermic nature of the adsorption phenomenon and is supported by Le Chatelier’s principle, which posits that an increase in temperature tends to diminish the equilibrium constant (Kc) associated with adsorption, thereby disadvantaging the adsorption process (Abualnaja et al., 2021).
3.3 Adsorption kinetics study
The adsorption mechanism of alizarin red S onto DS and DSMNC was investigated through batch kinetic biosorption studies (Dehghani et al., 2017). Two 50 mL solutions of alizarin red S were subjected to shaking in the presence of 0.4 g of DS and 0.2 g of DSMNC, respectively, for varying time intervals ranging from 15 to 150 min while maintaining a steady temperature of 30°C throughout the adsorption process. The obtained adsorption data was scrutinized using pseudo-first-order, pseudo-second-order, and the intra-particle diffusion kinetics model equations given as follows:
Pseudo-first-order kinetics:
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Pseudo-second-order kinetics:
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Intra-particle diffusion model:
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Liquid diffusion model:
[image: image]
In the given equations, qe represents the equilibrium adsorption capacity (mg/g), qt denotes the adsorption capacity at time t (mg/g), k1 is the pseudo-first-order equilibrium rate constant (min⁻1), k2 is the pseudo-second-order equilibrium rate constant (g/mg/min), kdif is the rate constant of intra-particle diffusion, C is the intercept, and t is the adsorption time (min).
The experimental values of qt for both DS and DSMNC obtained during the shaking time experiment were subjected to fitting within the pseudo-first-order kinetic model (Equation 3). The resulting plot, depicted in Figure 7A, revealed that the R2 values obtained from this analysis are 0.695 and 0.81, and values of specific rate constant (k) calculated from slope values are 1.6 × 10−2 min−1 and 1.19 × 10−2 min−1 for DS and DSMNC, respectively.
[image: Figure 7]FIGURE 7 | Kinetics models for the adsorption of ARS on DS and DSMNC: (A) pseudo-first-order, (B) pseudo-second-order, (C) interparticle diffusion model, and (D) liquid diffusion model.
Figure 7B illustrates the adsorption behavior of alizarin red S onto the surface of DS and DSMNC over varying shaking intervals, with the data compiled in the pseudo-second-order kinetics (Equation 4). Calculation of the specific rate constants (k) from the slope of the curves reveals k values of 2.53 × 10−2 g. mg⁻1.min⁻1 for DS and 4.64 × 10−2 g·mg⁻1·min⁻1 for DSMNC. This signifies an enhancement in the adsorption rate upon the formation of magnetic nanocomposites from DS. The R2 values for alizarin red S adsorption on DS and DSMNC are 0.997 and 0.97, respectively.
The value of qe calculated from the intercept of PFO is 2.01 mg/g for DS and 3.16 mg/g for DSMNC, and from PSO, the values are 7.39 mg/g and 21.55 mg/g. The values obtained experimentally are 9.97 mg/g for DS and 21.35 mg/g for DSMNC, which are in close agreement with the values obtained from second-order kinetics, suggesting that the adsorption process for both DS and DSMNC obeys pseudo-second-order kinetics. This suggestion is also confirmed by a higher R2 value for PSO, implying that dye molecules and various adsorption sites on a solid substrate randomly bump into each other during a rate-controlling mechanistic phase (Hubbe et al., 2019).
The study utilized both the intra-particle diffusion (Weber–Morris) model (Equation 5) and the liquid film diffusion model (Equation 6), as depicted in Figures 7C, D, to determine the mechanisms of diffusion for adsorption of ARS on DS and DSMNC. It was anticipated that liquid film diffusion, intra-particle diffusion, or a combination of both could serve as the limiting factors in the process (Ahmad et al., 2015). Weber and Morris observed that in many adsorption scenarios, the uptake of adsorbate is nearly linear to the square root of contact time rather than to the contact duration (Alkan et al., 2007). When intra-particle diffusion governs the adsorption process, a plot of qt against t1/2 would be linear. Additionally, if this plot intersects the origin, it suggests that intra-particle diffusion is the only factor limiting the rate. On the other hand, if the straight-line graph of −ln (1 – qt/qe) vs. t has a zero intercept, it implies that the kinetics of adsorption are governed by diffusion via the liquid film neighboring the adsorbent (Hasani et al., 2022).
However, because neither intercept is equal to zero in this case, it is improbable that intra-particle diffusion alone dictates the rate-limiting step. Therefore, the kinetics were influenced by both liquid film and intra-particle diffusion simultaneously.
3.4 Isothermal study of adsorption
Various adsorption isotherm models are employed to comprehensively analyze experimental data and elucidate the adsorption mechanism of alizarin red S onto DS and DSMNC from aqueous solutions. These models, namely, Freundlich, Langmuir, Temkin, and Dubinin–Radushkevich (D–R), offer valuable insights into the interactions between alizarin red S molecules and the adsorbent surface.
The Freundlich isotherm:
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The Langmuir isotherm:
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The Temkin isotherm:
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The D–R isotherm:
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and
[image: image]
By fitting experimental data to these various adsorption isotherm models shown in Figure 8 and analyzing the resulting parameters, such as equilibrium constants, adsorption capacities, and energy of adsorption, we can elucidate the adsorption mechanism and understand how alizarin red S molecules interact with the surfaces of DS and DSMNC. These insights are crucial for optimizing adsorption processes and designing efficient adsorbents for wastewater treatment or other applications.
[image: Figure 8]FIGURE 8 | Adsorption isotherm models for the adsorption of ARS on DS and DSMNC: (A) Freundlich, (B) Langmuir, (C) Temkin, and (D) D–R adsorption isotherm.
Figure 8A depicts the Freundlich isotherm (Equation 7) plot for the adsorption of ARS on DS and DSMNC. The slope of the curve is 1.412 for DS and 1.019 for DSMNC, while the intercept is −1.307 for DS and −0.203 for DSMNC. The R-squared (R2) values for the adsorption of the dye on both adsorbents are notably high: 0.977 for DS and 0.94 for DSMNC. These high R2 values indicate a strong fit of the data to the Freundlich isotherm model. The calculated values of the Freundlich isotherm parameters, n, and KF, which characterize the adsorption behavior of ARS onto DS and DSMNC, are tabulated in Table 2 and provide insight into the affinity and capacity of the adsorbents for the dye.
TABLE 1 | Summary of kinetics parameters obtained.
[image: Table 1]TABLE 2 | Values of Langmuir, Freundlich, Temkin, and D–R adsorption isotherm constants for ARS adsorption on DS and DSMNC powder.
[image: Table 2]Figure 8B illustrates a plot depicting the Langmuir adsorption isotherm (Equation 8), showcasing straight lines with slopes of 2.156 and 1.013, along with intercepts of 0.011 and 0.005 for DS and DSMNC, respectively. The corresponding R2 values stand at 0.78 and 0.88 for the adsorption of ARS onto DS and DSMNC, respectively. Utilizing the slope values, the maximum monolayer capacity (qm) is determined for DS and DSMNC. Notably, the monolayer capacity experiences a significant increase upon forming a nanocomposite of DS, attributable to the increased surface area resulting from particle size reduction, as confirmed by SEM analysis of the adsorbents. Langmuir constant (KL) is computed from the curve intercept for DS and DSMNC. Table 2 showcases the calculated qm and KL values acquired from the slope and intercept.
Figure 8C illustrates a plot depicting the Temkin isotherm (Equation 9) for the adsorption of ARS on both DS and DSMNC; the slopes of the lines are determined to be 46.30 and 58.85, respectively. These slopes indicate that physical adsorption is dominant in both cases. The values of the intercepts obtained from the linear plots are −159.77 and −200.1 for adsorption onto the DS and DSMNC surfaces, respectively. The Temkin isotherm constant (pertaining to the heat of adsorption) and equilibrium binding constants (KT) can be calculated from the value of slopes and intercepts. The calculated values of KT for the adsorption of ARS on DS and DSMNC are summarized in Table 2.
These analyses demonstrate the applicability of the Temkin adsorption isotherm in describing the adsorption behavior of ARS onto both DS and DSMNC surfaces, with physical adsorption being the predominant mechanism (Dada et al., 2012).
The D–R isotherm (Equations 10, 11) is predominantly employed to determine the average adsorption-free energy (in kJ mol−1). It provides insights into adsorption behavior, suggesting a physical nature when the value falls within the limit of 1–8 kJ.mol−1 and a chemical nature when it resides between 8–16 kJ.mol−1 (Dehghani et al., 2017). The R2 values derived from the plots are 0.91 and 0.81 for the adsorption of ARS onto DS and DSMNC, respectively, indicating a close correlation between the experimental data and the D–R isotherm model.
The average free energy of adsorption (E) is computed by analyzing the obtained values of B from the slope, −0.0853 and −0.0702 for DS and DSMNC, respectively. The result indicates that the adsorption process for both adsorbents is physical in nature. The intercepts, having values of 5.65 and 6.16, are utilized to calculate qm, the maximum adsorption capacity, for the adsorption of ARS on the surfaces of DS and DSMNC, respectively.
3.5 Adsorption thermodynamics study
Thermodynamic studies of dye biosorption are often conducted (using Equations 12–15) to ascertain the viability of the sorption process. Three key exploratory parameters are the standard entropy change (ΔS), the standard enthalpy change (ΔH), and the Gibbs free energy change (ΔG) (Bilal et al., 2022).
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Figure 9 depicts a thermodynamic study of the adsorption of alizarin red S on DS and DSMNC at various temperatures.
[image: Figure 9]FIGURE 9 | Thermodynamics study of adsorption of ARS on DS and DSMNC.
By plotting ln Kc against 1/T, a linear relationship (Equation 15) is observed, yielding slopes of 1,184.4 and 1,259.7, with intercepts of −3.54 and −3.25, respectively. The high values of R2 (0.9834 and 0.9767) indicate an excellent correlation between the adsorption data (Elmorsi, 2011). From the slopes, ΔH is calculated to be −9.85 kJ/mol and −10.47 kJ/mol for the adsorption of alizarin red S on DS and DSMNC, respectively. The intercepts give the ΔS as −29.43 J/mol and −26.97 J/mol for DS and DSMNC, respectively. Equation 14 yields the values of ΔG energy as −1072 J/mol and −2427 J/mol for the adsorption of alizarin red S on DS and DSMNC, respectively. These calculations indicate that the process is physical adsorption, enthalpy-driven, and spontaneous (Ebelegi et al., 2020).
4 CONCLUSION
In the current investigation, we addressed the pressing environmental issue of non-biodegradable organic dyes by exploring the adsorption characteristics of ARS using DS and a DSMN composite. Batch adsorption experiments demonstrated a maximum removal efficiency of 76.63% for DS and 97.89% for DSMNC at 30°C, indicating favorable adsorption onto the heterogeneous surface of the composite. This adsorption process was facilitated by a combination of weak interactive forces. These outcomes suggest that both DS and DSMNC are potent for the removal of the mutagenic dye, ARS, with DSMNC exhibiting higher removal efficiency.
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Calcium carbonate (CaCO3) is an incredibly abundant mineral on Earth, with over 90% of it being found in the lithosphere. To address the CO2 crisis and combat ocean acidification, it is essential to produce more CaCO3 using various synthetic methods. Additionally, this approach can serve as a substitute for energy-intensive processes like cement production. By doing so, we have the potential to not only reverse the damage caused by climate change but also protect biological ecosystems and the overall environment. The key lies in maximizing the utilization of CaCO3 in various human activities, paving the way for a more sustainable future for our planet.
Keywords: calcium carbonate, catalysis, carbon capture, agriculture, inorganic materials chemistry
INTRODUCTION
The significance of inorganic materials in the chemical industry cannot be overstated. These materials, derived from non-carbon-based compounds, play a foundational role in various processes, applications, and innovations (Gągol et al., 2020; Industrial inorganic chemistry, 2010; Wang and Wang, 2021; Wang et al., 2022; Waris et al., 2021) (Figure 1). As we navigate an era emphasizing sustainability, the importance of inorganic materials in fostering sustainable chemistry becomes increasingly apparent (Huang and Zhai, 2021; Lima et al., 2020; Van Soest et al., 2021). Inorganic materials serve as essential building blocks for countless chemical products, ranging from catalysts and reagents to structural components (Clark and Rhodes, 2000; Furukawa and Komatsu, 2017; Mitzi, 2009; Osterloh, 2008; Schubert and Hüsing, 2019; Song and Lee, 2002; Zheng et al., 2022). Their versatility extends into diverse sectors such as electronics, pharmaceuticals, energy, technology and materials science (Al Zoubi and Ko, 2020; Avouris and Martel, 2010; Boles et al., 2016; Chen and Park, 2018; Chen et al., 2015; Ebadi Jamkhaneh et al., 2021; Fadia et al., 2021; Fan et al., 2021; Moon et al., 2007; Niemeyer, 2001; Qi et al., 2020; Servin and White, 2016; Sun and Rogers, 2007; Vallet-Regí et al., 2007).
[image: Figure 1]FIGURE 1 | Schematic representation of current uses of calcium carbonate discussed in this mini review.
Crucially, in the context of sustainable chemistry, inorganic materials contribute to environmentally conscious practices (Caballero-Calero et al., 2021; Mazari et al., 2021; Nelson and Schelter, 2019; Pham et al., 2020). Their role in catalysts (Boles et al., 2016; K.-G; Liu et al., 2021; Shen et al., 2020) and processes designed for cleaner and more energy-efficient production and applications (Kitchen et al., 2014; Zheng et al., 2022) exemplifies their significance. Additionally, their use in energy storage (Cheng et al., 2021; Junaid et al., 2021; Liu et al., 2020; Piątek et al., 2021), renewable energy technologies (Chandrasekaran et al., 2011; Liang et al., 2017), and waste treatment (Goh and Ismail, 2018; Kayvani Fard et al., 2018; Manikandan et al., 2022; Xiang et al., 2022) underscores their pivotal role in addressing global sustainability challenges.
Calcium carbonate serves as a versatile reagent in inorganic chemistry, contributing to various reactions and processes (Al-Hosney and Grassian, 2004; Baltrusaitis et al., 2007; Lin et al., 2020; Salek et al., 2015; Suppes et al., 2001). Moreover, its unique properties such as its porous structure and high surface area (Durand et al., 2018), make it a suitable substrate for anchoring catalytically active components (García-Mota et al., 2011; Liu et al., 2013; Saetan et al., 2017; Schlägl et al., 1987). Calcium carbonate plays a role in the production of biodiesel, catalyzing transesterification of natural oils (Alonso et al., 2010; Chutia and Phukan, 2024; Kouzu et al., 2008; Ling et al., 2019; X; Liu et al., 2021; Ngamcharussrivichai et al., 2010; Suppes et al., 2001; Thangaraj et al., 2019). Calcium carbonate is employed in carbon capture applications as a sorbent for CO2 removal (Dou et al., 2016; Erans et al., 2016; Florin et al., 2010; Liu et al., 2010; Witoon, 2011). In a process called mineral carbonation, it reacts with carbon dioxide to form stable carbonates, contributing to carbon capture and storage efforts (Abanades, 2002; Bewernitz et al., 2024; Erans et al., 2020; Gadikota, 2021; Gambhir and Tavoni, 2019; Levey et al., 2024; Olajire, 2013; Sanna et al., 2014; Sanz-Pérez et al., 2016). Like in biological materials, various mineral phases of CaCO3 can be processed to obtain customized chemical reactivity and functionality (Briegel and Seto, 2012; Cho et al., 2019; Seto et al., 2014; 2013). This method aids in mitigating greenhouse gas emissions and addresses climate change concerns (Neeraj and Yadav, 2020; Snæbjörnsdóttir et al., 2020; Thonemann et al., 2022). Understanding these diverse properties unveils calcium carbonate’s significance in addressing environmental concerns.
This material emerges as a linchpin for fostering robust soil health, vibrant plant growth, and bountiful crop yields (Hamdan et al., 2017; Soon et al., 2014; Wang et al., 2015; Xie et al., 2024). From soil pH adjustment in acidic terrains (Neina, 2019) to serving as a vital calcium supplement for plants (Shabtai et al., 2023), calcium carbonate’s agricultural significance is underscored by its ability to rectify deficiencies that may impede the optimal development of crops. Furthermore, its impact extends beneath the surface, where it actively participates in enhancing soil structure (Dou et al., 2023). By promoting aggregation, calcium carbonate facilitates improved water retention and drainage, creating an environment conducive to the flourishing of roots (Figure 1).
As an additive in fertilizers, it takes on the role of a nourishing component, supplying essential calcium that supports the formation of robust cell walls and overall plant structure (Abo-Sedera, 2016; Hua et al., 2015). Acting as a buffering agent, calcium carbonate becomes a guardian of soil pH stability, curbing rapid fluctuations that could detrimentally affect plant health (McFarland et al., 2020; Zhang et al., 2016). Beyond the crop fields, its practical application even extends to dust control in agricultural settings, where it contributes to creating a more comfortable environment, particularly in livestock farming (Hamdan and Kavazanjian, 2016; Meyer et al., 2011; Song et al., 2020). In essence, the diverse applications of calcium carbonate in agriculture stand as a testament to its integral role in promoting soil fertility, sustaining healthy plant growth, and ultimately cultivating agricultural landscapes that thrive (Figure 1).
CACO3 IN CARBON CAPTURE AND MINERALIZATION APPLICATIONS
Carbon capture, utilization, and storage (CCUS) technologies aim to decrease the greenhouse gas effect by capturing emitted carbon and transforming it for long term storage or chemical utility (Chang et al., 2017). Industrial mineralization of carbon dioxide to produce calcium carbonate is a promising CCUS method with high economic potential (Chang et al., 2017; Teir et al., 2016). These reaction pathways valorize waste streams from processes such as steelmaking and cement production while reducing energy consumption (Jin et al., 2022; Katsuyama et al., 2005; Marin Rivera and Van Gerven, 2020; Teir et al., 2016). By utilizing chemicals in waste flue gas, steelmaking slag and cement powder, calcium carbonate production provides a green alternative to disposal and storage of carbon dioxide (Czaplicka and Konopacka-Łyskawa, 2020; Teir et al., 2016) (Figure 2). There are many methods to precipitate calcium carbonate from CO2 streams such as microbially induced precipitation, ultrasonication of supercritical carbon dioxide, and other methods, most of which are based on biomimetics or CO2 bubbling (Boyjoo et al., 2014; Chuo et al., 2020; López-Periago et al., 2010). When using sorbent technology, a compromise must be made between sorbent performance and the increasing cost (Erans et al., 2016). Modified materials and advanced chemical reactors increase sorbent utility, but can be vastly more expensive than their simpler counterparts. Also, the activity of sorbents decay over time due to sintering and attrition, further limiting utility (Erans et al., 2016).
[image: Figure 2]FIGURE 2 | Diverse methods of utilizing CaCO3 at various length-scales. (A) By utilizing a biogeomimetic mineralization route, recycled geomass can be harvested to make tonnes of aggregates. [inset: CaCO3 aggregates formed] (images courtesy of Blue Planet Systems, Inc). (B) CaCO3 can serve as catalysts with specific functional groups to enhance the formation of chemical feedstocks. (conceptual graph inspired by, among others, Lindlar and Dubuis, 2003; Senra et al., 2008; Lizandara-Pueyo et al., 2021).
In recent years, chemical looping and mineralization has been gaining attention as a promising CCSU technology, with publications such as those from Jin, Z. et al. and Bewernitz, M.A. et al. (Table 1). CaCO3 aggregates can be used to replace cementitious products (Hargis et al., 2021; Pu et al., 2021). Through an exponential increase in the built environment, cement production has become an ever-increasing source of CO2 and dust pollution. It approximately accounts for 8% of the anthropogenic CO2 produced per year and is a process with very little technical improvement since its utilization from Roman times (Stefaniuk et al., 2023). Only through recent advances like replacements with clinker as well as new formulations with lower energy substitutes (Martinez et al., 2023) as well as aggregates (Hanifa et al., 2023). can we envision a world with more infrastructure, but without the pollution attached to building it (Figure 2).
TABLE 1 | Publications related to calcium carbonate sustainability arranged by year.
[image: Table 1]It is indisputable that the indiscriminate emissions of greenhouse gas have resulted in increased surface temperature on Earth and environmental degradation (Yoro and Daramola, 2020). Given the tremendous amount of CO2 in Earth’s atmosphere, CCUS technology would have to make gigaton-scale changes to have a meaningful impact on the global scale (Figure 3). Through reduction of emissions and increasing global CCUS usage, humanity has been trying to reduce the impact of climate change caused by anthropogenic CO2 emissions (Dey and Dhal, 2019; Huisingh et al., 2015; Sanna et al., 2014).
[image: Figure 3]FIGURE 3 | The geological composition of the Earth (A). The various segments from the core to the surface of the planet (B). The diverse composition of the Earth’s mantle (C). The majority of carbon (in the form of carbonates and CO2) stored in the diverse surface layers of Earth (image courtesy of NASA).
The relationship between average surface temperature and CO2 concentration is directly proportional (Humlum et al., 2013). Ice core records indicate that CO2 concentration has varied with temperature over long time scales for the past 420,000 years or even longer (Humlum et al., 2013; Lüthi et al., 2008). Also, it is suggested that rising atmospheric CO2 levels amplify or even precede global temperature changes initiated by Milankovitch cycles (Humlum et al., 2013; Shakun et al., 2012; Toggweiler and Lea, 2010). With these facts in mind, data from the National Center for Environmental Information (NOAA National Centers for Environmental Information, 2024; U.S. Global Change Research Program et al., 2017) was plotted and regression was performed to derive Equation 1, describing the relationship between global average surface temperature (as compared to the 1901–200 average), time, and atmospheric CO2 concentration.
[image: image]
The factor [image: image] in Equation 1 accounts for humanity’s intervention and efforts to halt the rising global temperatures. The variable ⍺ is proportional to the amount of CO2 being captured and removed from the atmosphere. With a higher amount of CCS technology used globally, [image: image] would increase proportionally. If no changes are made to humanity’s current emission rates, [image: image], and the current trend is expected to continue, increasing surface temperatures and further harming global ecosystems (Ainsworth et al., 2020; Karnosky, 2003; Moore et al., 2021; Prakash, 2021; U.S. Global Change Research Program et al., 2017). Improving CCS technology has the potential to slow this temperature increase, but not enough to see impactful differences at current rates (Davis, 2017). Even if carbon dioxide emission was completely halted, and all emitted CO2 were captured and stored, the Earth’s temperature is expected to remain the same or continue increasing at a very slow rate for centuries (Frölicher et al., 2014). Such a carbon neutral state can only be accomplished through radical improvements to CCS technologies, and drastically decreasing reliance on fossil fuels (Budinis et al., 2018; Stone et al., 2009). CCS technology will only become a reasonable solution to rising surface temperatures through sequestering billions of metric tons (gigatons) of carbon dioxide per year (Herzog, 2011; Valone, 2023) (Figure 4).
[image: Figure 4]FIGURE 4 | Global average surface temperature increase from 1901 to 2000 average based on data from the National Centers for Environmental Information (triangles) (NOAA National Centers for Environmental information, 2024).
Given Earth’s tremendously large surface area, and high water content, it takes an enormous amount of energy to raise the average surface temperature even by a small amount. Though 1°C may seem like an insignificant change, the global effects are drastic due to the tremendous amount of trapped heat (Lindsey and Dahlman, 2024; NOAA National Centers for Environmental Information, 2024; U.S. Global Change Research Program et al., 2017). If dramatic industrial and legal changes are not made, the disastrous effects may be irreversible (Armstrong McKay et al., 2022; Ridley et al., 2010).
CACO3 IN CHEMICAL CATALYSIS
One of the most relevant processes in the chemical industry is the selective partial hydrogenation of alkynes to alkenes; this transformation is usually enabled by the Lindlar Catalyst (Lindlar and Dubuis, 2003). The use of calcium carbonate in the Lindlar Catalyst dates back to the 1980s when authors such as Schlägl, R. et al. released publications detailing its structure and activity (Table 1). This catalyst is based on palladium supported on calcium carbonate and passivated with lead acetate and quinoline. This catalytic system has a broad application in natural product synthesis (Ballesteros-Soberanas et al., 2022) or in the upgrading of vegetable oils (Laverdura et al., 2020). This catalyst allows the reaction to be performed at high temperatures (200°C), increasing conversion rates while simultaneously increasing the cost required to run such a system (Suppes et al., 2001). The versatility and inertness of calcium carbonate as support, allows the fine tuning of the surfaces. Accordingly, an efficient and selective catalytic system using hydroxypropylated cyclodextrins and palladium on calcium carbonate has been presented by Senra et al. (2008) for a ligand-free aqueous Heck reactions. In this case, the catalyst was not only active and selective but also immobilized. Most recently, calcium carbonate has been used as a support for the immobilization of asymmetric catalysts using biomineralization concepts and click chemistry. A calcium carbonate-supported α,α-diarylprolinol silyl ether prepared in this manner catalyzed Michael addition of aldehydes to trans-β-nitrostyrenes with very high diastereo- and enantioselectivity. By utilizing calcium carbonate as a heterogenous support, organocatalysis can be immobilized which reduces the cost and energy requirement of downstream separations (Lizandara-Pueyo et al., 2021). Additionally, this method allows for the used organocatalysis to be recycled and reused (Benaglia, 2009) (Figure 2). The catalyst can be recovered for reuse by simple decantation or used in a continuous flow reactor, increasing productivity five-fold as compared to batch processes (Lizandara-Pueyo et al., 2021).
Recycling catalysts is a sustainable process, but sometimes a certain portion of the catalyst cannot be recovered. A small amount of the catalyst can dissolve into the reaction mixture, and potentially escape into the environment. Calcium is extremely common in the environment as compared to other catalytic chemicals. The miniscule amounts of calcium carbonate which escape into the environment would generally cause no effect because calcium is already present (Suppes et al., 2001).
Remarkably, calcium carbonate is highly recyclable and utilization of recycled calcium carbonate enables a boost in the recycled content found in compounds and final polymer applications, thereby aiding customers in achieving their circular economy objectives. Utilization of pre-consumer and post-consumer recycled calcium carbonate is on rise thus adding another benefit of calcium carbonate as a part of a product (Cunningham et al., 2021).
CACO3 IN AGRICULTURAL APPLICATIONS
With an increasing global population (Gu et al., 2021), food security is of the utmost importance (Molotoks et al., 2021). Between 2010 and 2050, there is an anticipated increase in global food demand ranging from 35% to 56%. Simultaneously, the population at risk of hunger is projected to undergo a change ranging from a reduction of 91% to an increase of 8% during the same period (Van Dijk et al., 2021). The looming threat of food scarcity heightens humanity’s need to protect and ensure a bountiful supply of healthy crops in the coming years (Anderson et al., 2020; Devaux et al., 2021; Fukase and Martin, 2020; Hasegawa et al., 2021; Zhao et al., 2021). Calcium carbonate offers various solutions to some issues farmers are facing (Liu et al., 2023; Patanè et al., 2018; Santos et al., 2020). By utilizing the unique chemical, physical and material properties of CaCO3, humanity can nourish the agricultural industry in a sustainable way, while potentially avoiding the projected food insecurities.
Soils play a vital role in meeting the food and feed requirements of an expanding global population. The addition of calcium carbonate to soil can have a beneficial effect on plant health. Traditionally, it is commonly used as a liming agent to reduce soil acidity, meaning that calcium carbonate acts as a neutralizing agent for acidic soils by increasing the soil’s pH level, making it more suitable for plant growth. Furthermore, it helps to enhance soil aggregation, water retention, and nutrient availability, making the soil more conducive to plant growth. Interestingly, doping soil with calcium carbonate has alleviated poisoning caused by heavy metal pollution in Hunan, China (Zeng et al., 2015). A field study conducted in Tehsil Lahore City, Punjab, Pakistan further confirmed that concentrations of heavy metals were negatively correlated with calcium carbonate concentrations (Bashir et al., 2019).
Calcium carbonate is often used as a filler in fertilizers to improve their physical properties. It helps to prevent caking and improve the flowability of granular fertilizers, making them easier to handle and apply (Abhiram et al., 2023). Calcium is an essential nutrient for plant growth and development. Calcium carbonate is used as a source of calcium to supplement the soil and provide plants with this vital nutrient. It helps in strengthening the cell walls of plants, improving their overall structure and resilience (Gao et al., 2023).
Plant diseases have a substantial effect on crop yields and quality, leading to considerable economic losses and requiring significant management inputs each year for crops, landscapes, and forests in the United States, amounting to billions of dollars (Fones et al., 2020; Ristaino et al., 2021). Plant sporopollenin has recently emerged as an environmentally friendly drug carrier (Mundargi et al., 2016). The sporopollenin capsule modified with calcium carbonate can be loaded with drugs or pesticides and used for controlled release of pesticide (Xiang et al., 2023). The engineered sporopollenin can then be mixed with soil used to grow plants. This process allows for the slow release of drugs, pesticides and calcium carbonate while remaining environmentally friendly and increasing crop yield.
Microcapsule based controlled release formulations are promising alternatives to conventional pesticide. By preparing double shelled calcium carbonate capsules, many adverse effects caused by traditional pesticide can be avoided. Approximately 90% of the liquid-based pesticide is lost to run-off and evaporation (Zhao et al., 2018). The controlled release of pesticides through microcapsules is a promising method to solve such issues (Zhou et al., 2022). Though environmentally favorable, the preparation of pesticide loaded calcium carbonate microcapsules is expensive, due to the large amount or organic substances required (Zhou et al., 2022). Therefore, developing a cheap and efficient production process is needed.
Starch doped porous calcium carbonate can also be used as a pesticide delivery mechanism. Calcium carbonate microspheres fabricated through coprecipitation regulated by soluble starch can be used as drug carriers for plants (Xiang et al., 2018). Porous calcium carbonate microspheres with intercalated soluble starch molecules were used as carriers for Prometryn, a typical herbicide (Xiang et al., 2018). Due to electrostatic attractions and hydrogen bonding, the herbicide is slowly released, controlling migration of the chemical while increasing its utility (Xiang et al., 2018). This method can potentially be expanded to include the use of other chemical herbicides as well.
For agricultural applications, the approval and regulations regarding calcium carbonate microcapsules depend on the specific application and the country in which it is being used. In general, calcium carbonate itself is commonly used and considered safe for various agricultural applications. However, if calcium carbonate is used as a carrier or encapsulating agent for other substances, such as pesticides or fertilizers, the regulations may vary. Nevertheless, this application will be more explored and it will gain more interest in the future in comparison to more traditional calcium carbonate applications (Table 1).
Regulatory bodies, such as the Environmental Protection Agency (EPA) in the United States or the European Chemicals Agency (ECHA) in the European Union, assess and approve the use of carriers and encapsulating technologies based on their specific applications and potential risks. These bodies evaluate factors such as the effectiveness, safety, and environmental impact of the carried or encapsulated substances. Calcium carbonate is a naturally occurring mineral that is not derived from plastic and does not pose the same environmental concerns as microplastics. Calcium carbonate is biologically and chemically distinct from plastics and is not classified as a microplastic.
Naturally, calcium carbonate exists in the form of limestone, a rock that contains a minimum of 50% calcium carbonate. Limestone deposits can be found worldwide and are extracted through quarrying or mining processes. The United States stands as a prominent producer of calcium carbonate, with minimal risk of supply disruption. Presently, the cost of lime for agricultural applications, like non-irrigated corn farming in South Georgia, stands at $55 per ton, amounting to $13.73 per acre or $0.16 per bushel. Although this may appear relatively high, investing in lime can yield returns within two to 3 years (University of Georgia, 2024). However, one should be careful in applying lime in the field as the pH of the soil is an important factor that can be regarded as a crucial variable because of its impact on various other soil properties and processes that ultimately affect the growth of plants. The activity of microorganisms, as well as the solubility and availability of nutrients, are among the vital processes that rely on soil pH. For example, pH has a significant influence on various plant characteristics or traits, including height, lateral spread, biomass, flower size and quantity, pollen production, and more (Gentili et al., 2018; Jiang et al., 2017).
CONCLUSION
CaCO3 is a mineral with a diversity of utilization throughout the built environment. With increasing atmospheric CO2 to ocean and soil acidification, methods to mitigate pollution are ever more required for a sustainable environment. Specifically, these activities include CO2 sequestration, chemical catalysis and utilization, precise agricultural applications and essential soil amendments, as well as formation of light weight aggregates in cement replacement applications; all of which will provide noticeable improvements for a more sustainable future. We show an evolution of diverse applications that have been and are using CaCO3 however, with time these applications with CaCO3 will also multiply and its utility will be invaluable in the near future.
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Harnessing the potential of deep eutectic solvents in biocatalysis: design strategies using CO2 to formate reduction as a case study
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Introduction: Deep eutectic solvents (DESs) have emerged as green solvents with versatile applications, demonstrating significant potential in biocatalysis. They often increase the solubility of poorly water-soluble substrates, serve as smart co-substrates, modulate enzyme stereoselectivity, and potentially improve enzyme activity and stability. Despite these advantages, screening for an optimal DES and determining the appropriate water content for a given biocatalytic reaction remains a complex and time-consuming process, posing a significant challenge.Methods: This paper discusses the rational design of DES tailored to a given biocatalytic system through a combination of experimental screening and computational tools, guided by performance targets defined by solvent properties and process constraints. The efficacy of this approach is demonstrated by the reduction of CO2 to formate catalyzed by NADH-dependent formate dehydrogenase (FDH). By systematically analyzing FDH activity and stability, NADH stability (both long-term and short-term stability after solvent saturation with CO2), and CO2 solubility in initially selected glycerol-based DESs, we were able to skillfully guide the DES screening process.Results and discussion: Considering trade-offs between experimentally determined performance metrics of DESs, 20% solution of choline chloride:glycerol in phosphate buffer (ChCl:Gly80%B) was identified as the most promising solvent system for a given reaction. Using ChCl:Gly as a co-solvent resulted in an almost 15-fold increase in FDH half-life compared to the reference buffer and stabilized the coenzyme after the addition of CO2. Moreover, the 20% addition of ChCl:Gly to the buffer improved the volumetric productivity of FDH-catalyzed CO2 reduction in a batch system compared to the reference buffer. The exceptional stability of the enzyme in this co-solvent system shows great potential for application in continuous operation, which can significantly improve process productivity. Additionally, based on easily measurable physicochemical solvent properties and molecular descriptors derived from COSMO-RS, QSAR models were developed, which successfully predicted enzyme activity and stability, as well as coenzyme stability in selected solvent systems with DESs.Keywords: deep eutectic solvents, rational design, biocatalysis, mathematical modelling, QSAR, formate dehydrogenase, NADH, CO2 conversion
1 INTRODUCTION
Medium engineering is one of the main components of biocatalysis engineering, which also includes substrate engineering, protein (enzyme) engineering, biocatalyst (formulation) engineering, biocatalytic cascade engineering, and reactor engineering (Sheldon and Pereira, 2017). Its purpose is to enhance the performance of biocatalysts, improve substrate solubility, and positively influence reaction equilibrium, so it has been a significant research focus for over the past 30 years (Castillo et al., 2016; Sheldon and Pereira, 2017; Sheldon et al., 2023). Accordingly, numerous enzymatic syntheses have been developed in both aqueous and non-aqueous media, including organic solvents, supercritical fluids, ionic liquids (ILs) and, more recently, deep eutectic solvents (DESs). The latter two, ILs and DESs, are of particular interest due to their high tunability as they can fulfil specific process requirements and meet “green solvent” criteria (Lozano et al., 2010; Villa et al., 2019; Panić et al., 2021; van Schie et al., 2021; Žnidaršič-Plazl, 2021a; Sheldon et al., 2023; Zhang et al., 2024). Eutectic systems have long been known as multi-component mixtures used in materials chemistry and engineering. However, in 2003 Abbott et al. coined the term “deep eutectic solvents” to describe mixtures that solidify at temperatures well below (deeper) than the crystallization points of their individual components, such that these compositions remain liquid even at room temperature (Abbott et al., 2003). In general, these solvents are formed by mixing two or more compounds that are normally solid at room temperature; when combined in certain molar ratios, they form a liquid solution due to molecular interactions (mainly hydrogen bonds) that lower the melting point of the mixture. In practice, DES can be easily prepared by combining hydrogen bond acceptors (HBAs) such as choline chloride and betaine with hydrogen bond donors (HBDs) such as polyols (e.g., glycerol, ethylene glycol, sorbitol), organic acids (e.g., citric, malic, oxalic acid), amino acids (e.g., alanine, proline), sugars (e.g., glucose, sucrose, trehalose) or amide urea with an atom economy of 100%. These combinations lead to different DESs, which almost always contain water to reduce the viscosity or to adjust certain properties of the DES (Hansen et al., 2021). The diversity of DES-forming components has led to many new and structurally different DESs, refining the initial definition by Abbott’s group. Recently, a (deep) eutectic solvent/system has been defined as a liquid system with eutectic properties that remains liquid at a given temperature, even if one component would normally be solid (Abranches and Coutinho, 2022). The wide range of their possible structural combinations, coupled with their sustainability and their distinctive physicochemical properties (non-volatility, non-flammability, easy and clean preparation, low to moderate toxicity), as well as the ability to fine-tune their solvent properties, make them ideal candidates for the development of efficient and sustainable processes or products (Cvjetko Bubalo et al., 2015).
In 2008, Gorke et al. published a pioneering work in which they demonstrated the potential of DESs as solvents or co-solvents for biocatalytic reactions (Gorke et al., 2008). It was shown that the media composed of urea, a strong HBD, with choline chloride, a HBA, does not denature hydrolases and even increases enzyme activity. Their study revealed that the components of DESs are significantly less denaturizing agents than expected, suggesting that the hydrogen bonding network in DESs lowers the chemical potential of the components. Since then, interest in the use of these solvents for various biocatalytic reactions has surged, as evidenced by the exponential growth in related publications over the past decade (according to Web of Science, more than 250 scientific papers have been published on this topic since 2009). DESs have shown considerable potential in enhancing biocatalysis through various mechanisms. These solvents can improve substrate solubility, act as smart co-substrates, and influence enzyme stereoselectivity. Furthermore, they are noted for their ability to improve enzyme activity and especially operational stability in reaction media (Zhang et al., 2024). In a recent study, a hydrophilic DES was used to tailor the properties of a copolymeric hydrogel utilized for enzyme immobilization. This addition not only exhibited superior mechanical properties of DES-infused hydrogel but also increased permeability to the specific substrate in a given biocatalytic reaction (Menegatti et al., 2024). Stabilization of enzymes, whether in homogeneous reactions or through enzyme immobilization, remains one of the major challenges in the development of long-term continuous biocatalytic processes. Overcoming this challenge is crucial as it can greatly increase the total turnover number and thus efficiency of biocatalysts, leading to the intensification of biocatalytic processes (Žnidaršič-Plazl, 2021b).
Despite the numerous advantages of DESs, the modification of the conventional aqueous medium with these solvents can significantly affect various aspects of a reaction, sometimes in undesirable ways. Therefore, finding the optimal DES for a given reaction remains a challenge. A promising method for rationally designing solvents for a specific biocatalytic system involves a complementary approach that integrates experimental screening with computational tools. If such an approach is successful, it would be possible to realize the full potential of these solvents while avoiding some problems associated with their use, such as high viscosity, product recovery issues and still quite unexplored methods of DES recovery and recycling. In this paper, we briefly review the current literature on DES-assisted biocatalysis and emphasize the need for strategic design of DESs for a given reaction. Furthermore, we propose and discuss complementary experimental and in silico methods to tackle the complexity of DES screening. Finally, this approach is illustrated by a case study of CO2 reduction catalyzed by formate dehydrogenase.
2 OPTIMIZING THE SYNERGY BETWEEN DES AND BIOCATALYSIS: THE QUEST FOR THE IDEAL SOLVENT
The synergy between DESs and biocatalysis is ideally suited for the efficient and sustainable production of commercially important products (Sheldon et al., 2023; Zhang et al., 2024). Biocatalysis, which is known to enable complex transformations with high regio-, chemo-, and enantioselectivity under mild and cost-effective conditions, could be greatly enhanced by DESs. These tunable solvents with their wide range of structural possibilities could be a particularly valuable aid in processes facing challenges such as enzyme stability/activity, cofactor stability, substrate solubility, product inhibition, and negative environmental impact. To date, a variety of DES-assisted biocatalytic reactions have been developed using versatile enzymes such as hydrolases (e.g., lipase, epoxide hydrolases, dehalogenases), oxidoreductases (e.g., alcohol dehydrogenases, laccases, peroxidases, monooxygenases), lyases (e.g., benzaldehyde lyase, phenolic acid decarboxylase), and transferases (e.g., amine transaminases) (Panić et al., 2021; Domingues et al., 2024; Zhang et al., 2024). In these reactions, DESs primarily act as (co-) solvents or additives. In some cases, they fulfil a dual function by acting as both solvents and (co-) substrates (Mourelle-Insua et al., 2019; Pätzold et al., 2019b). It should be noted that when DESs act as solvents, they are rarely used in their pure form. Instead, they are usually mixed with water, which is tightly incorporated into the DES cavities up to a proportion of about 50%. For example, Hammond et al. studied the effect of water on DES choline chloride:urea nanostructure, finding that it remains stable up to about 42% water (w/w) due to solvophobic sequestration of water into nanostructured domains around the cholinium cation. At 51% water (w/w), the structure disrupts, and water–water and DES–water interactions prevail, making the mixture resemble an aqueous solution of DES components (Hammond et al., 2017), which was later confirmed by Sapir and Harries (Sapir and Harries, 2020). Moreover, Nolasco et al. observed that in the same DES system containing <30% water (w/w), water molecules promote a strengthening of hydrogen bonds between choline chloride and urea (Nolasco et al., 2022). In biocatalysis, DES-water mixtures, whether in a water-in-DES or DES-in-water state, have been shown to be beneficial. These mixtures not only meet the enzyme’s hydration needs but also reduce the inherent viscosity of DESs to a more practical level (Sanchez-Fernandez et al., 2022).
One of the most prominent advantages of using DESs in biocatalysis is their versatility and tunability. By varying the component, an HBD and an HBA, and fine-tuning the water content, DESs can be tailored to the specific needs of biocatalytic processes. It used to be estimated that there are about 106 possible structural variations of DESs (Panić et al., 2021) but with the continuous reporting of new DES components, multicomponent DESs, and various possible molar ratios of components (including water), the number of possible structural combinations appears to be unlimited. This vast chemical space offers enormous potential for solvent design, but also poses a major challenge: How to identify the “ideal” DES that fulfils the various criteria of a given biocatalytic system? Obviously, this task is time-consuming and sometimes leads to contradictory results in DES performance with respect to specific targets that are not easy to reconcile. For example, when Wu et al. tested different cholinium chloride- and cholinium acetate-based DESs with four HBDs (urea, glycerol, acetamide, ethylene glycol) in three molar ratios and at different water contents for the activity and stability of horseradish peroxidase, it was found that increasing the DES concentration as a co-solvent in aqueous media made the enzyme much more stable but less active than in the reference buffer (Wu et al., 2014). This pattern has been confirmed in numerous cases: DESs that stabilize enzymes (usually co-solvents with low water content) are often poor media for catalytic reactions due to the reduced enzyme activity and high solvent viscosities, resulting in slow reaction rates (Taklimi et al., 2023). Additionally, our extensive experience with these solvents has taught us that hydrophobic substrates are readily soluble in acidic DESs containing organic acids as HBDs or in hydrophobic DESs based on terpenes and fatty acids, which are generally less suitable media for enzymes than hydrophilic DESs based on polyols, sugar alcohols and sugars (with the exception of lipases, which work well in hydrophobic DES (Elgharbawy et al., 2023; Ma et al., 2024). All of this implies that it is crucial to strike a perfect balance, which essentially means finding the DES candidate that satisfies all relevant factors for the application, such as stabilization and activation of enzymes or improved substrate solubility, in a balanced manner.
Traditionally, navigating this vast design space to determine an optimal DES for specific applications has mostly relied on trial-and-error methods (e.g., measuring rection rates and calculating reaction yields in different DESs), without systematic exploration of the influence of DES on specific reaction targets (e.g., enzyme behavior and substrate solubility in these solvents), and with structure-property relationships using available computational tools. This has hindered the strategic design of these inherently tailored solvents. In addition, the understanding of intermolecular interplay between DES components, water and reactants is still in its infancy although our comprehension of these solvents has evolved over the last decade.
To fully exploit the potential of DESs and accelerate the design of a DES with optimal properties, several important steps are required: (i) Obtaining a thorough understanding of the DES structure at the molecular level and its corresponding properties; (ii) Understanding the interactions of DES with reacting compounds (biocatalyst, substrate(s)/product(s), cofactor(s), co-substrate(s)) at the molecular level by combining experimental and computational approaches; (iii) Comprehensive experimental screening of promising DES candidates with respect to factors relevant to the process of interest (solubility and stability of reacting compounds, enzyme activity, and product/substrate inhibition); (iv) Utilizing computational tools to establish relationships between DES composition and desired properties, and possibly develop predictive Quantitative Structure-Property Relationships (QSPRs); (v) Development of sustainable methods for product recovery, and recycle/reuse of DES (Figure 1). In addition to the above steps, green chemistry principles should be considered when selecting DES, including consideration of the environmental footprint of the solvent, cost and ease of recycling (Abildskov et al., 2013). By favoring sustainable and non-toxic DESs, we could minimize environmental impact while optimizing the biocatalytic processes.
[image: Figure 1]FIGURE 1 | Rational design of DES for sustainable biocatalysis.
Molecular dynamics simulations have proven to be powerful in understanding thermodynamic and transport processes in DESs at the atomic level, providing insights into fundamental phenomena that may not be accessible through experiments (Bittner et al., 2024). Another computational tool, the Conductor-like Screening Model for Real Solvents (COSMO-RS), provides a computational approach to generate σ-profiles (molecular descriptors) of DESs, which provide essential information on hydrogen bonding, and electrostatic and dispersion interactions in solutions (Klamt, 2005). These descriptors enable the quantification of structural changes and are widely used for high-throughput screening of DES candidates regarding the solubility of organic and inorganic molecules in DESs, but are also very useful in development of QSPR models and machine learning to predict the physicochemical properties of DESs (Benguerba et al., 2019; Lemaoui et al., 2020; Lemaoui et al., 2022). Recently, we developed a robust and reliable QSPR model based on artificial neural networks to predict the ability of DESs to stabilize dehydrogenase (Radović et al., 2024). Thus, we have shown for the first time that such models with their high prediction accuracy provide a reliable means for in silico screening of DESs, obviating the need for labor-intensive experimental screening and paving the way for rational design of tailored solvents. In general, mathematical and simulation models allow for the exploration of a vast chemical space of DESs that would be impossible to capture experimentally, making them essential for optimizing these solvents for industrial applications. However, accurately modeling and simulating DESs at the molecular level is challenging due to the simultaneous occurrence of multiple interactions (Lemaoui et al., 2020). Concerning the ecological footprint of DESs, they generally exhibit low to moderate toxicity to vertebrates, invertebrates, and various animal cell lines (Lomba et al., 2021). Several authors reported that DESs produced from natural metabolites can be classified as “biodegradable” according to OECD guidelines (Radošević et al., 2015; Torregrosa-Crespo et al., 2020). This means that as long as natural metabolites such as choline, betaine, polyols, sugars, and amino acids are used in the preparation of DESs, these solvents are expected to have a low environmental impact. In terms of cost, DESs are generally easy and inexpensive to prepare from readily available and renewable materials with 100% atom economy. Depending on their primary constituents, the cost of DESs ranges from €7 to €100 kg−1, which is comparable to organic solvents (Panić et al., 2021). The cost flexibility allows solvent selection that matches the price of the product, making DESs an attractive option for large-scale applications (Rente et al., 2022).
It should be noted that the downstream processes of the biocatalytic reactions in DESs, which are often the most complex and costly part of the whole process, are not yet sufficiently addressed. One of the major challenges in DES-assisted biocatalytic reactions is the isolation of the product as well as the regeneration and reuse of the DES. In this context, an advantageous property of DESs — their non-volatility — becomes a problem unless the products are volatile and can be removed by evaporation, as has already been shown for the recovery of butyl butyrate from ILs (Pohar et al., 2012). Due to their low vapor pressure, it is practically impossible to remove DESs by evaporation. Therefore, various techniques have been proposed for the recovery of target compounds and recycling of DESs, including liquid-liquid extraction with a different solvent, solid-liquid extraction with macroporous resins, and the use of antisolvents (Panić et al., 2021; Zhang et al., 2024).
In this field, two studies stand out as they offer new perspectives for downstream processes with these solvents. First, Maugeri et al. showed the separation of alcohol and ester in DES after kinetic resolution, with the ester forming a separate phase, a viable method when the product or substrate is insoluble in DES (Maugeri et al., 2012). Secondly, in the study by Pätzold et al., DES compounds (menthol and dodecanoic acid) acted simultaneously as substrates and reaction solvent in lipase-catalyzed esterification for the synthesis of (-)-methyl dodecanoate, where the product was separated from the DES reaction mixture by a vacuum distillation step, and a second esterification reaction could be performed with the recovered (-)-menthol (Pätzold et al., 2019a). Both studies show that through innovative thinking in downstream processing, the unique properties of these solvents can be utilized, making them very attractive for sustainable biocatalysis.
3 NAVIGATING DES SCREENING COMPLEXITY: ENZYMATIC CO2 CONVERSION TO FORMATE AS A CASE STUDY
Given the demonstrated potential of DESs as versatile media for biocatalysis, our study aimed to illustrate effective strategies for screening these solvents using the case of formate dehydrogenase (FDH)-catalyzed reduction of CO2.
The reduction of CO2 — whether by electrochemical or (bio) catalytic means — produces formate, the first stable intermediate product in the conversion of CO2. The resulting formate can be further converted to valuable chemicals such as formaldehyde and methanol through additional enzymatic reactions involving aldehyde dehydrogenase and alcohol dehydrogenase. However, formate is now increasingly recognized as an energy source in its own right (Reda et al., 2008; Villa et al., 2023). It is known that the enzyme FDH is able to reduce CO2 to formic acid using a coenzyme such as NADH or NADPH (Figure 2) (Villa et al., 2023). The complexity of this reaction arises from several limitations: (i) the low concentration of CO2 available for the enzyme, leading to a low reaction rate, (ii) the relative instability of FDH and the NADH coenzyme in aqueous environments, (iii) the acidification of the reaction medium, firstly by the dissolution of CO2 and secondly by formic acid formation, can cause further FDH inhibition and NADH degradation (Zhang et al., 2018; Calzadiaz-Ramirez and Meyer, 2022).
[image: Figure 2]FIGURE 2 | Formate dehydrogenase (FDH)-catalysed CO2 conversion to formate.
Removing these limitations is critical to making FDH-catalyzed reduction of CO2 to formate a practical and economically viable process for industrial and environmental applications. Among other approaches, switching to unconventional media could help solve the problems stated above. Zhang et al. were the first to show that ILs can act as cosolvents for enhanced conversion of CO2 to methanol catalyzed by NADH-dependent FDH: the 67.1% conversion achieved in 1-butyl-3-methylimidazolium tetrafluoroborate was more than twice that in phosphate buffer (24.3%) (Zhang et al., 2018). Later, the same group demonstrated the advantages of introducing DES, L-serine:glycerol at a molar ratio of 1:6, into the electro-enzymatic conversion of CO2 and achieved a 16-fold higher reaction yield compared to the control reaction in the buffer (Zhang et al., 2022).
Instead of the traditional approach of performing the reaction and then testing for suitability, which would be extremely complex given the vast number of possible DES candidates, here we set a performance targets defined by solvent properties and process constraints. By identifying DES that fulfil these predefined goals in a balanced way, we can significantly reduce the number of trials required and allow for a more strategic allocation of resources (Abildskov et al., 2013). Based on the above considerations, the design of the solvent system with DES was divided into several phases. First, we narrowed down the list of DES candidates based on the data available in the literature on dehydrogenase performance in these solvents as well as their sustainability attributes. Then, to gain a better understanding of DES potential in overcoming the limitations associated with the reaction, the influence of selected DESs on FDH activity and stability, NADH stability, and CO2 solubility was systematically investigated. A computational analysis was further performed to gain insight into the DES structure and the corresponding physicochemical properties affecting the measured parameters. For the most promising DES candidates, further experiments were performed to investigate NADH stability under acidification at CO2 saturation. Finally, considering the trade-offs between the results in different solvent systems with DESs in terms of performance objectives, the most suitable DES candidate was proposed. This solvent system was then tested for the reaction and compared with the results in the reference buffer. At this point, it should be mentioned that for the purpose of this study, we excluded in situ cofactor regeneration, e.g., based on chemical, electrochemical, photochemical, or enzymatic processes (Wichmann and Vasic-Racki, 2005) to maintain methodological clarity and to avoid potential confounding effects from new reactants.
3.1 DESs selection and characterization
Ensuring the stability of enzymes is crucial for their industrial implementation, as it increases operational stability, prolong activity and thus increases total turnover number, and improve cost-efficiency of the process (Žnidaršič-Plazl, 2021b; Woodley, 2022). To systematically evaluate DES candidates for performance goals, we first narrowed the list to those documented in the literature as beneficial for dehydrogenases, focusing specifically on those known to stabilize FDH. Studies suggest that polyol-based DESs, containing either choline chloride or betaine as HBA, are the most effective stabilizing media for various dehydrogenases, including FDH (Bittner et al., 2022; Gajardo-Parra et al., 2023). First, seven polyol-based DESs with either choline chloride or betaine as HBA were tested at three water contents (up to 50%, w/w) for their ability to stabilize FDH. It was confirmed that glycerol-based DES containing both tested HBAs are optimal candidates for stabilizing the enzyme upon prolonged incubation at room temperature (data not shown).
Glycerol-based DESs were recently demonstrated to stabilize NAD coenzymes (Radović et al., 2022). Besides, Leron and Li (2013), Leron et al. (2013) and Biswas et al. (2023) reported that among several choline chloride-based DES containing urea, ethylene glycol, and glycerol as HBDs, the one with glycerol had the highest CO2 solubility. The above studies also emphasize that water plays a crucial role in enzyme performance and CO2 solubility. Finally, concerning the toxicological footprint, glycerol-based DES are considered non-toxic and biodegradable (Radošević et al., 2015).
Based on the above considerations, we selected two glycerol (Gly)-based DESs, with choline chloride (ChCl) or betaine (B) as HBA in a molar ratio of 1:2, and prepared the corresponding solutions in water (10%–90%, w/w). In parallel, we also prepared solutions in 50 mM potassium phosphate buffer (pH 7.5) to keep the pH close to the enzyme’s optimal value and to possibly prevent a pH drop when CO2 is added to the reaction medium. As previously mentioned, DESs diluted with more than 50% water (w/w) can be considered aqueous solutions of DES components (Hammond et al., 2017). Nevertheless, these mixtures were included in the study, as a high water content within DES is often essential for enzymes to sustain their catalytic activity (Taklimi et al., 2023).
A total of 20 DES-based solvents were prepared and characterized for their physicochemical properties (pH, density, and viscosity) relevant to the reaction (Table 1). As expected, the densities and viscosities of the DES aqueous solutions were strongly influenced by the water/buffer content, peaking at mixtures with 10% water (up to 1.21 g cm-³ and 353.70 mPa s for B:Gly10%W, and 1.17 g cm-³ and 82.63 mPa s for ChCl:Gly10%B). In general, B:Gly-based mixtures were denser and more viscous than their ChCl:Gly-based counterparts. All mixtures tested had pH values ranging from 5.3 to 9.2, with betaine-based mixtures being more acidic than ChCl-based ones. Dissolving DES in buffer generally maintained the solutions at pH values between 7.5 and 8. All DES mixtures remained stable for 3 months under laboratory conditions and showed no signs of contamination or precipitation.
TABLE 1 | List of DES solutions in water/buffer (10%–90%, w/w) and buffer (50 mM potassium phosphate buffer pH 7.5) used for experimental screening, together with physicochemical properties and corresponding concentration of dissolved CO2 (cs), pH of CO2 saturated solutions (pH*), first-order degradation rate constant of NADH in CO2 saturated solutions (kNADH*), and residual FDH activity (ARes) (cFDH = 12.8 mg mL-1, t = 14 days, T = 30°C).
[image: Table 1]For statistical analysis and mathematical modelling (Section 3.4.), the identification of a molecular representation that converts the component structures into descriptive features for numerical evaluation is essential (Venkatraman et al., 2018). An advanced and accurate molecular representation is the σ-profile (sigma profile), an unnormalized histogram of the screened surface charge of a molecule (Klamt, 2005). σ-profiles are distinguished from other representations by the fact that they capture nuanced effects such as polarizability and electron density asymmetry (Abranches et al., 2022). The σ-profile can be divided into three key regions: (i) the HBD region with negative charge densities, (ii) the non-polar region with nearly neutral charge densities, and (iii) the HBA region with positive charge densities (Figure 3A). This division is based on the fact that each atom in an HBA or HBD molecule is identifiable by a distinct peak with a specific screening charge density (σ) value (Lemaoui et al., 2020).
[image: Figure 3]FIGURE 3 | σ-surface (A) and σ-profiles (B) of individual DES constituents (choline chloride, glycerol and water), and σ-profile of corresponding DES solutions in buffer (10%–90%, w/w).
Here, the σ-profile of each DES-based mixture was calculated using BOVIA COSMOtherm software: the σ-profile curves for each HBA and HBD were divided into 10 regions, and the area under each region was calculated considering the molar ratios of the components and the water content (Supplementary Table S1). For glycerol, the σ-profile reveals peaks at negative polar coordinates (left side) corresponding to the positively polar H atoms in the -OH group, while peaks at positive polar coordinates (right side) correspond to the O atoms in the -OH group (Figure 3A) (Cheng et al., 2018). These polar regions interact with opposite polar segments in a solution. The σ-profile’s extension into strongly polar regions (−0.022 e/Å2 < σ < −0.01 e/Å2 on the left and 0.01 e/Å2 < σ < 0.013 e/Å2 on the right) is asymmetric, indicating that glycerol has a larger positive polarity surface area. This electrostatic misfit suggests that glycerol tends to act as a HBD and thus shows greater affinity for HBA in a solution (Cui et al., 2021). In contrast, the σ-profile of water extends more symmetrically into strongly polar regions, indicating its balanced ability to act as both a HBD and HBA. Finally, for ChCl, as well as for betaine (Radović et al., 2024), the strongest peak appears in the non-polar region, corresponding to the cholinium cation, followed by a peak in the HBA region, associated with the Cl⁻ anion. Figure 3A illustrates the sigma surfaces of the DES components (choline chloride, glycerol and water) generated by TmoleX19. The colors represent a calculated charge gradient, ranging from charge-deficient to charge-dense regions: HBD regions are labelled as deep blue and HBA regions as deep red on the surface. Non-polar regions are marked in green (Quaid and Reza, 2023). Figure 3B shows that even small changes in the ChCl:Gly mixture, such as increasing the water content from 10% to 90%, result in solvents with different polarity distributions. This demonstrates that the software is capable of capturing nuanced phenomena, which is crucial for exploring the chemical landscape of these solvents and understanding their potential impact on enzyme and coenzyme behavior, as well as the solubility of reaction participants. We have recently demonstrated the same ability of the software for the system betaine:ethylene glycol with 3 water proportions (10, 30, 50% water, w/w) (Radović et al., 2024).
3.2 Activity and long-term stability of FDH in DESs
The activity of FDH in the reference buffer and in aqueous solutions of DESs at different concentrations were measured by monitoring the oxidation of sodium formate. For the stability test, enzyme solutions were incubated in selected solvent systems at 30°C for 14 days and residual enzyme activity (ARes) was measured at regular intervals (Table 1). Both in the reference buffer and in the mixtures with DESs, FDH inactivation followed first-order kinetics, allowing us to use this kinetic model to calculate the FDH half-life (t1/2, FDH) (Figure 4).
[image: Figure 4]FIGURE 4 | FDH relative activity (cFDH = 1.5 mg mL-1; cNADH = 0.1 mg mL-1; cformate = 10 mg mL-1, T = 25°C) and half-life (cFDH = 12.8 mg mL-1, T = 30°C), along with NADH half-life (cNADH = 0.03 mg mL-1, T = 25°C) in B:Gly and ChCl:Gly solutions in water/buffer (10%–90%, w/w) and the reference 50 mM potassium phosphate buffer (pH 7.5). FDH relative activities in DES mixtures are expressed as a percentage of the activity measured in the reference buffer.
As anticipated, FDH showed little or no activity in the DES mixtures containing ≤50% (w/w) water or buffer, while the activity increased with the addition of water and peaked in the highly diluted mixtures (90% water, w/w), although the values were still lower than those observed in the buffer (residual activities, AR, between 44% and 92%). Interestingly, it appears that dilutions with water generally resulted in better enzyme activity than their counterparts diluted with buffer, although buffered systems are closer to the enzyme’s optimal pH of 7.5 (determined experimentally, data not shown). For example, ChCl:Gly with 90% water content (ChCl:Gly90%W) with a pH of only 6.3 had an AR of about 92%, while its counterpart with the buffer (ChCl:Gly90%B) with a pH of 7.5, yielded the AR of only 44.5%.
DESs with a water/buffer content in the range of 30% - 80% (w/w) showed the best ability to stabilize the enzyme, with half-lives of up to 64 days, which is much higher than in the reference buffer, where t1/2, FDH was 2.1 days (Figure 4). On the other hand, highly diluted DESs (90% water/buffer, w/w) demonstrated a stabilizing effect on the enzyme comparable to that of the reference buffer.
The stability of FDH in buffered DES solutions (80% buffer, w/w) was also significantly increased compared to the reference buffer, with t1/2, FDH of 65.6 days and 29.9 days for B:Gly80%B and ChCl:Gly80%B, respectively. Again, DESs solutions with a water/buffer content of only 10% led to a faster destabilization of the enzyme. These results are consistent with previous findings that most dehydrogenases require more than 10% water content in DES to maintain their structural integrity. DESs absorb water in their hydrogen bonding network, reducing the availability of free water molecules required for enzyme hydration. This reduction in water activity can lead to dehydration and irreversible denaturation of the enzyme (Mourelle-Insua et al., 2019; Bittner et al., 2022; Radović et al., 2024). Overall, solvent systems with 80% buffer (w/w) exhibited an optimal balance between FDH activity and stability, which was particularly evident for B:Gly80%B, where the AR was 51.7% (Figure 4).
3.3 CO2 solubility and NADH stability in DESs
The saturated dissolved CO₂ concentrations (cs) in various DES solutions with water/buffer were evaluated after introduction of CO₂ at a flow rate of 100 mL min−1 until saturation. The results are presented in Table 1. All DESs mixtures with ≤50% water or buffer were poor media for dissolving CO2, with cs values between 282 and 913 mg L−1, which is lower than those observed in the reference buffer (1,029 mg L−1). Highly diluted DESs led to similar CO2 solubilities as in the buffer, with the highest improvements observed in ChCl:Gly90%B and B:Gly90%W, with values of 1,149 and 1,112 mg L−1, respectively.
To investigate the long-term stability of the NADH coenzyme, the changes in the UV-Vis absorption spectra of NADH were observed during a 14-day incubation at 25°C in the solvent systems described above. During incubation, the absorbance loss at 340 nm followed the first-order kinetics used to calculate the NADH half-lives shown in Figure 4. The results clearly show that DES composition plays an important role in the coenzyme degradation rate. Virtually all DES aqueous solutions, except ChCl:Gly90%B (t1/2, NADH = 2.9 days) and B:Gly90%W (t1/2, NADH = 0.8 days), stabilized the coenzyme compared to the reference buffer (t1/2, NADH = 4.6 days). In general, ChCl-based DESs were more suitable for coenzyme stabilization than betaine-based DESs. This was particularly pronounced for DESs with 10% buffer content (e.g., for ChCl:Gly10%B, t1/2, NADH was 44.2 days, while for B:Gly10%B, t1/2, NADH was 17.5 days). As evident from Figure 4, a higher DES content had a positive effect on the ability of solvent systems to stabilize the coenzyme for all DESs tested. This was most evidenced for B:Gly solutions in water, where the t1/2, NADH for B:Gly30%W and B:Gly90%W was 65.7 and 0.8 days, respectively.
To further navigate the DES screening, the short-term NADH stability in DES aqueous solutions saturated with CO2 was investigated. The presence of dissolved CO2 not only affects the intrinsic properties of the DESs but also the behavior of the system after substrate addition. It has been previously reported that the acidification of the reaction medium by dissolving CO2 leads to enhanced NADH degradation, which directly affects the conversion of CO2 to formic acid (Zhang et al., 2018). Therefore, NADH solutions in the solvent systems described above were monitored over a period of 90 min, and the corresponding degradation constants (kNADH*) were calculated using a first-order kinetic model (Table 1). In general, buffer-diluted DESs were equally or more successful in stabilization of the coenzyme over the tested period (kNADH* ≤ 0.003 min⁻1) than the reference buffer (kNADH* = 0.003 min⁻1), while water-based solvent systems with DESs were poor media in this regard, especially at high water contents (kNADH* up to 0.009 min⁻1). This effect is directly related to the inability of water-diluted DESs to maintain pH close to neutral. For example, after the introduction of CO2 into B:Gly80%W, pH decreased to 3.75, resulting in the highest observed kNADH* value of 0.008 min⁻1. Moreover, buffered solutions of ChCl-based DESs maintained a higher pH than betaine-based DES solutions after CO2 saturation, resulting in complete stabilization of NADH over the time tested, except for ChCl:Gly50%B (kNADH* = 0.003 min⁻1).
3.4 Statistical analysis of data and development of mathematical models
The correlations between the physicochemical properties (pH, viscosity and density) of the DESs used, the DES descriptors (σ-profiles), FDH performance, long-term NADH stability and CO2 solubility were analyzed using the Spearman correlation matrix, which was selected due to the non-normal data distribution. The analysis confirmed our above assumptions and findings from the experimental screening: the targeted properties of the reaction affected by the DES composition led to contradictory results (Table 2). First, both FDH activity and stability in tested solvent systems showed negative correlations with NADH stability. In addition, FDH activity values demonstrated negative correlations with all analyzed variables except CO2 solubility, favouring aqueous/buffered media over DES solutions with lower amounts of aqueous phase. Besides, negative correlations were found also for FDH and NADH stability with CO2 solubility (Table 2).
TABLE 2 | Spearman correlation matrix.
[image: Table 2]The Spearman correlation matrix shown in Table 2 highlights the complex interplay between the physicochemical properties of DES (pH, density, viscosity) and the DES descriptors with the performance characteristics of FDH and the stability of its cofactor NADH. As expected, significant negative correlations were observed between FDH activity and DES density/viscosity, likely due to the lower mobility and diffusion of substrates and enzymes. Conversely, NADH stability showed significant positive correlation with the density/viscosity of the solvent systems with DESs, which can be attributed to the slower overall dynamics of the solvents providing a less detrimental environment for dissolved NADH.
FDH activity and NADH stability are significantly impacted by pH value, while for FDH stability there is no correlation with this chemical property. It is well-established that enzyme activity (Bisswanger, 2017) and NADH stability (Zachos et al., 2019) are pH-dependent. However, the consistent reports on pH-independent ability of DESs to stabilize various enzymes remains puzzling. This intriguing observation hints at other mechanisms, such as direct interactions between DES components and proteins or with nearby water molecules, potentially altering the medium’s water activity (Damjanović et al., 2024).
Furthermore, the analysis revealed that nearly all DES descriptors significantly impacted the targeted properties. Specifically, S1mix and S2mix (HBD region, medium polarity), S3mix - S5mix (nonpolar region, positive charges), S6mix – S8mix (nonpolar region, negative charges) and S9mix (HBA region) (Lemaoui et al., 2020), all demonstrated a significant influence on the properties being studied. FDH activity exhibited a negative correlation with all the descriptors, except for S2mix, which showed a positive correlation. Conversely, both FDH stability and NADH stability demonstrated positive correlations with all the descriptors, except for S2mix, which displayed a negative correlation. Interestingly, the analysis suggests an inverse relationship between enzyme activity and stability in DESs: solvents rich in HBA and non-polar domains stabilize the enzyme (and coenzyme), while HBD-rich solvents enhance enzyme activity but may lead to destabilization. These findings emphasize the delicate balance between enzyme activity and stability in DESs, driven by their specific compositional properties (as described by σ-descriptors). Similar interplay between the enzyme’s active and stable (but inactive) states, influenced by the water content in DESs, has been confirmed in our recent study on lysozyme behaviour in DESs based on various naturally occurring osmolytes (Damjanović et al., 2024). Insights into this relationship could guide the rational design of DESs for optimized biocatalysis applications: by performing similar statistical analyses on a larger set of DESs, it may be possible to predict an ideal σ-profile shape, and thereby identify or design the most suitable DES for a specific purpose.
According to discussed above, our next step was to see if it was possible to develop a simple QSAR model to summarize the relationship between the targeted properties (FDH activity, FDH stability, and NADH stability) and the DES descriptors (Figure 3; Supplementary Table S1) along with the physicochemical properties (Table 1) of the DESs using piecewise linear regression (PLR) (Figure 5). The latter is a powerful tool for modelling complex relationships in a simple and interpretable way, especially when the relationship between variables changes at a certain point. The input variables of the PLR models were selected based on the significant correlations in the Spearman correlation matrix. The relationship between the observed data and model predictions was also estimated using the coefficient of determination for prediction (Rpred2), the adjusted coefficient of determination for calibration (Rpred 2adj), the root mean square error of prediction (RMSEP), the ratio of prediction to deviation (RPD) and the ratio of the error range (RER).
[image: Figure 5]FIGURE 5 | Comparison between experimental data and piecewise linear model predicted data for (A) FDH activity (ARes), (B) FDH half-life (t1/2, FDH) and (C) NADH half-life (t1/2, NADH). (○) calibration data set (Δ) prediction data set.
As shown in Table 3 and Figure 5, the developed models describe the experimental data with high precision. The best agreement between the experimental data and the data predicted by the model was obtained for the FDH activity (Figure 5A) (Rcal2 = 0.914, Rcal2adj = 0.913, RMSEC = 7.203%, Rpred2 = 0.905, Rpred2adj = 903, RMSEP = 7.379%, RPD = 5.589, RER = 18.324). On the other hand, the largest scatter between the model and experimental data was found for the FDH half-life (Figure 5B) (Rcal2 = 0.829, Rcal2adj = 0.827, RMSEC = 4.775 days, Rpred2 = 0.738, Rpred2adj = 0.731, RMSEP = 4.944%, RPD 3.292, RER = 10.456).
TABLE 3 | Pricewise linear regression models for prediction of FDH stability, FDH activity and NADH stability based on the specific input variables. (Coefficient of determination for calibration (Rcal2), the adjusted coefficient of determination for calibration (Rcal2adj), the root mean square error for calibration (RMSEC), the coefficient of determination for prediction (Rpred2), the adjusted coefficient of determination for calibration (Rpred2adj), the root mean square error of prediction (RMSEP), the ratio of prediction to deviation (RPD),the ratio of the error range (RER)).
[image: Table 3]According to Hussain et al., an R2 value of 0.75 is considered significant, an R2 value of 0.50 is considered moderate, and an R2 value of 0.26 is considered weak (Hussain et al., 2018). Furthermore, models with RPD < 1.4 are considered non-reliable, those with RPD in the range from 1.4 to 2 are considered fair, while models with RPD > 2 are described as excellent models (Chang et al., 2001). Models with RER > 4 are acceptable for data screening, models with RER > 10 can be used for quality control, while models with RER > 15 can be used for quantification (Sim et al., 2023). Therefore, the PLR models developed for the prediction of FDH activity and NADH half-life based on Rpred2 can be considered substantial, while the model developed for the prediction of FDH half-life can be considered moderate. Based on the RPD values, all three models developed can be considered reliable. And based on the RER values, the model developed for the prediction of FDH activity can be used for quantification (RER = 18.324), while the other two modes can be used for quality control. Therefore, it can be concluded that the feasibility of mathematical models for predicting targeted properties or applications of DES using easily measurable physicochemical properties and chemical descriptors, as demonstrated here, could be valuable for both industrial applications and research efforts focusing on these solvents. Additionally, utilizing these QSPR models may not only assist in predicting the properties of interest but also provide valuable insights into the relationship between the structure of the DES and its measurable properties. By analyzing how various structural features influence the targeted properties, these models can help unravel the underlying mechanisms driving behavior of biomolecules in DESs. This understanding can inform the design and optimization of DESs, leading to more effective and tailored applications in various fields.
3.5 Trade-off between the performance of DESs with respect to target properties
We have demonstrated that the evaluation of different targets related to the tested reaction often leads to contradictory results regarding the optimal DES. For example, the enzyme dissolved in B:Gly30%B showed remarkable stability with a half-life of 40.1 days, while its relative activity was less than 2% of that in the buffer. This DES also showed average performance in the long-term stability of the coenzyme, with a half-life of 12.1 days. In contrast, the enzyme dissolved in B:Gly90%B maintained a high relative activity, which was 71.2% of that in the reference buffer, but was one of the worst candidates for enzyme stabilization with a half-life of only 6.0 days. In general, “concentrated” DESs (<50% water/buffer, w/w), with η > 18 mPa s showed high efficacy in stabilizing both the enzyme and the coenzyme, but also high viscosity, which poses significant challenges for scaling up processes with these solvents. Based on these observations, it is crucial to reconcile these results by finding a DES that optimally fulfils the desired properties and thus contributes to the overall efficiency of the process. A graphical representation shown in Figures 6A, B illustrates the trade-off between the performance of ChCl:Gly and B:Gly, respectively, with different buffer proportions with respect to the targeted property values (FDH activity/stability, CO2 solubility, NADH stability in saturated CO2 solutions, and compared to the reference buffer). The radar chart is bounded by the respective lower and upper limits of each target property, with ratings, ranging from 0 to 100, reflecting the performance of DES-based solvents relative to the best candidate for each target property. At this point, DESs diluted with water were omitted due to their poor ability to stabilise NADH after acidification of the medium due to CO2 introduction (Table 1).
[image: Figure 6]FIGURE 6 | Radar plot evaluating ChCl:Gly (A) and B:Gly (B) and their corresponding solutions in buffer (10%–90%, w/w) in terms of target properties (FDH activity and stability, CO2 solubility in DES systems, stability of NADH after solvent saturation with CO2, and DES systems’ viscosity). The radar chart is bounded by the specific lower and upper limits for each target property. Ratings, ranging from 0 to 100, reflect the performance of DES-based solvents relative to the best candidate for each target property.
As can be seen from Figure 6A, ChCl:Gly80%B has a balanced distribution across all target property values, which is crucial for the simultaneous optimization of the reaction where all design objectives are equally important. In particular, this DES, which in this case could be considered an additive rather than a solvent (Hammond et al., 2017), had the highest values for all target properties except for FDH activity, where the reference buffer resulted in the highest values. It should be emphasized that ChCl:Gly80%B had an almost 15-fold higher t1/2, FDH value compared to the buffer and stabilized the coenzyme more effectively when CO2 was dissolved in the solvent system. B:Gly80%B also showed similar balanced behavior to ChCl:Gly80%B, but was ineffective in stabilizing NADH after dissolving CO2.
3.6 FDH-catalyzed CO2 conversion to formate in the most promising solvent system
Since ChCl:Gly dissolved with 80% (w/w) buffer (ChCl:Gly80%B) was found as the most promising solvent system for the FDH-catalyzed conversion of CO2 to formate, the reaction was performed in a medium pre-saturated with CO2 and product formation was monitored over time. The amount of formate produced by the enzymatic CO2 reduction in the selected solvent system and in the reference buffer is shown in Figure 7. The reaction performed in the DES-supplemented medium yielded 26.5 μmol mL−1 of formate with a volumetric productivity of 6.6 μmol mL−1·h−1, while the reaction in the buffer yielded 22.7 μmol mL−1 with a volumetric productivity of 5.6 μmol mL−1·h−1. These differences can be attributed to the slightly lower solubility of CO2 in the buffer and the pronounced degradation of NADH in the buffer due to acidification by dissolved CO2 (Wu et al., 1986).
[image: Figure 7]FIGURE 7 | FDH-catalysed CO2 conversion to formate in ChCl:Gly80%B (20%, w/w) solution of ChCl:Gly in potassium phosphate buffer) and the reference 50 mM potassium phosphate buffer (pH 7.5) (cFDH = 28.8 mg mL-1, cNADH = 16.4 mg mL-1, T = 25°C).
NADH stability was monitored in a separate experiment without enzyme addition: after 4 h (corresponding to the reaction time), the NADH concentration in the buffer decreased to 78% of its initial value, while in the DES medium the NADH concentration remained above 98% (data not shown). The shape of the concentration vs. time curve reflects the interplay of several factors, including enzyme activity, CO2 solubility and availability, and NADH degradation dynamics. The variations in formate concentration between the two solvents observed during the first 120 min may be attributed, on one hand, to the higher enzyme activity in the buffer compared to ChCl:Gly80%B, and, on the other hand, to the enhanced CO2 solubility and NADH stability provided by the DES. It is presumed that this dynamic interplay results in the reaction rate being sometimes higher in the buffer and at other times in the DES.
In addition to improving volumetric productivity, the true potential of using ChCl:Gly80%B lies in its ability to stabilize FDH and thus extend the enzyme’s half-life by up to 15-fold compared to the buffer. Although this DES property is not fully utilized in a reaction lasting only 4 h, it is of great advantage in a continuous process (e.g., using an enzymatic membrane reactor). Under steady-state conditions, the volumetric productivity of the DES-assisted process could be significantly increased, as the productivity inversely correlates with the enzyme’s deactivation rate constant. Therefore, the productivity of the selected process under study was estimated for continuous operation mode comprising the enzyme inactivation rate. Considering the following assumptions: (i) that the process runs under steady-state conditions, (ii) that the enzyme is continuously deactivated over time according to first-order kinetics, and (iii) that the substrate concentration remains relatively constant, the reaction performed in buffer over 10-day period would yield 185.7 μmol mL−1 formate, while the reaction carried out in ChCl:Gly80%B over the same period would yield 639.0 μmol mL−1 formate, which is approximately a 3.5-fold improvement. The calculation of overall productivity included estimation of the Michaelis–Menten kinetic parameters by fitting the NADH concentration profiles to the differential equation describing the change in substrate concentration over time. The results showed that both the maximum reaction rate (vmax) and the NADH saturation constant (Ks) were higher for the solvent system with DES. In the buffer, the constant values were vmax = 0.091 μmol mL−1 min−1 and Ks = 6.746 μmol mL−1, while for the systems with DES, the constants were vmax = 0.133 μmol mL−1 min−1 and Ks = 12.133 μmol mL−1.
Finally, downstream processing was not part of this study. Nevertheless, based on the available literature, liquid–liquid extraction with the green solvent 2-methyltetrahydrofuran (Slater et al., 2016; Laitinen et al., 2021) appears to be a promising option for the separation of dilute aqueous formate solutions in the context of developing sustainable formic acid production.
4 CONCLUSION
DESs offer considerable potential for improving biocatalytic processes. Finding the ideal solvent requires a balanced approach that considers all relevant factors, from the behavior of all reaction participants in the medium to downstream processing and the overall economic and environmental sustainability of the process. This paper presents a complementary strategy that integrates experimental screening with computational tools. By using performance targets defined by solvent properties and process constraints, this approach aims to facilitate the rational design of DESs tailored to specific biocatalytic systems. The effectiveness of the proposed approach is demonstrated using a case study of the NADH-dependent formate dehydrogenase-catalyzed reduction of CO2 to formate.
By systematically analyzing the performance of 20 DES-based solvents in terms of enzyme stability, activity, co-enzyme stability, and product solubility, we successfully navigated the DES screening process. It has been shown that certain DESs are highly efficient in stabilizing FDH and the coenzyme NADH, while none of the DES candidates were able to improve enzyme activity or the solubility of CO2. Additionally, we have demonstrated that the evaluation of different targets related to the tested reaction often leads to contradictory results regarding the optimal DES. By analyzing the data using Spearman correlation coefficients and evaluating trade-offs between the performance of DES-based solvents with respect to target properties, we identified a candidate, ChCl:Gly80%B, that exhibited a balanced distribution across all target property values. Moreover, this DES displayed an almost 15-fold higher FDH half-life value compared to the buffer and was more effective in stabilizing the coenzyme after addition of CO2. In the FDH-catalyzed reduction of CO2, ChCl:Gly80%B outperformed the conventionally used buffered media in terms of volumetric productivity in a batch process. This solvent candidate proved to be suitable for use in continuous process due to the exceptional stability of FDH in this solvent. Furthermore, we developed a simple QSAR model to summarize the relationship between the targeted properties and the DES characteristics. These models demonstrate the feasibility of mathematical models for predicting the specific performances of DESs based on easily measurable physicochemical properties and molecular descriptors of the solvent.
However, to fully realize the benefits of DESs in biocatalysis, further research and development of computational tools and sustainable methods for product recovery is crucial. Finally, our combined experimental and computational approach increases reliability, optimizes resources, and accelerates DES-based solvent development for enzyme stabilization, as well as for other industrial applications of these green solvents. This approach improves the scalability and cost-effectiveness of DESs and represents a significant advance in DES-based industrial processes.
5 MATERIALS AND METHODS
5.1 Materials
For the enzymatic reactions performed in this study, the NADH-dependent formate dehydrogenase (FDH) from Pseudomonas sp. 101 was used (see Supplementary Information) (Tishkov et al., 1993). Carbon dioxide (CO₂) with a purity of 99.5% was acquired from Messer Croatia Plin (Zaprešić, Croatia), while all other chemicals were purchased from Sigma-Aldrich (St. Louis, Missouri, United States). All materials had a purity of at least 99% and were used as received without further purification.
5.2 DES preparation and physicochemical characterization
For the preparation of DESs based on betaine (B) and choline chloride (ChCl), the hydrogen bond acceptor (HBA) and the hydrogen bond donor (HBD) were mixed in a molar ratio of 1:2 with water or 50 mM potassium phosphate buffer (pH 7.5) in defined proportions (Table 1). Prior to use, ChCl was dried in a vacuum concentrator at 60°C for 24 h. The mixtures were stirred and heated to 60°C until a colourless and homogeneous liquid was formed. All prepared DESs were stored in sealed bottles until further use. The pH values of the prepared DESs were measured using a pH glass electrode (Mettler Toledo, Greifensee, Switzerland). The properties of the prepared DESs (pH, density and viscosity) were determined at 25°C. Density was determined using the pycnometric method and the viscosity using a rotary viscometer (Anton Paar ViscoQC 300, Ashland, Virginia, United States). All measurements were performed in triplicates. The σ-descriptors of the DESs were calculated according to Panić et al. (2022) (Supplementary Table S1).
5.3 FDH activity and stability assays
To determine FDH activity, the FDH enzyme, NAD+ coenzyme, and formate substrate were added sequentially to various solvent systems to achieve final concentrations of 1.5 mg mL−1, 0.1 mg mL−1, and 10 mg mL−1, respectively. The total working volume of the assay was 250 µL. The NADH formation rate was measured immediately in a 96-well plate for 5 min at 340 nm using a UV-Vis spectrophotometer (SpectraMax® ABS Plus, Molecular Devices, San Jose, CA, United States).
To evaluate FDH stability, stock solutions of the enzyme (12.8 mg mL−1) were prepared in the tested DES solutions and the reference buffer. These solutions were stored in sealed vials at 30°C in the dark. Aliquots were taken at regular intervals over a 14-day period and analyzed for FDH activity using the method described above.
The first-order deactivation rate constant (kFDH, day-1) was evaluated from the first-order kinetic model for the decrease of residual enzymatic activity over time (ARes (t)) (Equation 1):
[image: image]
where ARes is residual enzyme activity (either at time zero, AR,0, or at time t, AR(t)). The kinetic parameters were estimated by fitting the experimental data to the nonlinear equation using the Levenberg–Marquardt algorithm implemented in WR Mathematica 10.0 (Wolfram Research, Champaign, United States).
The half-life of the enzyme (t1/2, FDH, day) was calculated using the previously determined kFDH (Equation 1), according to Equation 2:
[image: image]
5.4 NADH stability assay
Measurements of the stability of the coenzyme NADH in various solvent systems (0.03 mg mL−1) were monitored for up to 14 days. The samples were stored in the dark at 25°C and the absorption spectra in the range from 230 to 400 nm were recorded regularly using a UV-Vis spectrophotometer (SpectraMax® ABS Plus, Molecular Devices, San Jose, CA, United States). Each measurement was carried out in triplicate. The absorption spectrum of NADH shows a characteristic peak with an absorption maximum at 260 nm, which is due to the adenosine monophosphate moiety, and another peak at 340 nm, which is due to the neutral nicotinamide moiety. The decrease in absorbance at 340 nm followed first-order kinetics (Equation 3):
[image: image]
where kNADH is the first-order degradation rate constant (day-1), A is the absorbance at 340 nm, either at time zero, A0, or at time t, At (Wu et al., 1986).
The NADH half-life (t1/2, NADH, day) was calculated using the previously determined kNADH (Equation 3), according to Equation 4:
[image: image]
Moreover, the stability of NADH (25 mg mL−1), added in tested solvent systems after their saturation with CO2, was assessed to evaluate the impact of dissolved CO2 on the coenzyme. Monitoring was accomplished by measuring the absorbance decrease at 340 nm using a UV-Vis spectrophotometer for 90 min. The absorbance decrease at 340 nm followed the first-order kinetics, and the first-order rate degradation constants (kNADH*, day-1) were calculated in the same manner as described above. For the FDH-catalyzed reduction of CO2 in the reference buffer and ChCl:Gly80%B, NADH stability was monitored throughout the entire course of the reaction (6 h).
5.5 CO2 solubility measurements
The CO2 solubility measurement, based on the setup described by Obert and Dave (Obert and Dave, 1999) was conducted in a glass tube where CO2 was bubbled through the tested solvent systems with DESs and the reference buffer (V = 5 mL) for 90 min (time sufficient to reach a saturation point) at a flow rate of 100 mL min−1. The gas was introduced using a small nozzle with an approximate diameter of 1 mm. To prevent CO2 loss, the glass tube was sealed with parafilm. The concentration of CO2 was continuously monitored using a Mettler Toledo (Greifensee, Switzerland) CO2 sensor InPro 5000i/120.
5.6 FDH-catalysed reduction of CO2
Prior to the reaction initiation, both 50 mM potassium phosphate buffer (pH 7.5) and ChCl:Gly80%B were saturated with CO₂ by bubbling both solvents for 90 min, resulting in CO₂ dissolved concentrations of 1,029 mg mL−1 and 1,057 mg mL−1, respectively. The enzymatic reaction was initiated by adding NADH and FDH to the CO2-saturated buffer or ChCl:Gly80%B to reach final concentrations of 16.4 mg mL−1 and 28.8 mg mL−1, respectively. The reactions occurred at a room temperature using a magnetic stirrer in small tubes with a working volume of 250 µL. Aliquots were sampled at specific intervals to monitor NADH consumption, which was measured spectrophotometrically at 340 nm, indicating enzyme activity in reducing CO₂. To validate the results and assess the stability of NADH under experimental conditions, control reactions were conducted without the FDH enzyme. These control mixtures allowed us to monitor NADH stability in both the buffer and ChCl:Gly80%B throughout the reaction period, as described in Section 5.4. To verify that the consumed NADH was utilized for formate synthesis, the concentration of formate was additionally determined using the method described by Lang and Lang (Singh et al., 2018). Briefly, samples (25 µL) containing formate were mixed with 50 µL of solution A, 2.5 µL of solution B, and 175 µL of 100% acetic anhydride. The mixture was incubated at 50°C for 2 h with occasional mixing. Formation of red color was subsequently measured spectrophotometrically at 515 nm using the SpectraMax® ABS Plus (Molecular Devices, San Jose, CA, United States). Solution A was prepared by dissolving 0.5 g of citric acid and 10 g of acetamide in 100 mL of isopropanol; solution B was prepared by dissolving 30 g of sodium acetate in 100 mL of water. For standard calibration, sodium formate dissolved in 50 mM potassium phosphate buffer (pH 7.5) was used.
5.7 Piecewise linear regression modelling
It was assumed that FDH activity, FDH and NADH stability can be described as a function of the DES physical properties and σ-profile of the mixture, expressed by a set of Simix descriptors:
[image: image]
Piecewise linear regression (PLR) models have been used to describe the relationship between input and output variables. Input variables were selected based on the Spearman correlation matrix (Equation 5).
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The PLR technique is based on estimating the parameters of two linear regression equations: one for dependent variable values (Y) less than or equal to the breakpoint (bn) and the other for dependent variable values (Y) higher than the breakpoint. The PLR parameters were estimated using the Levenberg-Marquardt algorithm implemented in the software Statistica 14.0 (Tibco Software Inc., Palo Alto, United States). The data set (63 data points for each output variable) was randomly split 70:30 into a calibration and a prediction data set. The applicability of the developed calibration models was estimated using the coefficient of determination for calibration (Rcal2), the adjusted coefficient of determination for calibration (Rcal2adj), and cosmo (RMSEC). Predictive performance of the models was estimated using the coefficient of determination for prediction (Rpred2), the adjusted coefficient of determination for calibration (Rpred2adj), the root mean square error of prediction (RMSEP), the ratio of prediction to deviation (RPD) and the ratio of the error range (RER) (Fearn, 2002).
5.8 Estimation of the productivity of the biocatalytic process
The productivity of the FDH-catalysed CO2 conversion to formate was estimated based on the enzyme reaction kinetics including the enzyme inactivation rate (Bisswanger, 2017). Michaelis–Menten kinetic parameters were estimated by fitting the NADH concentration profiles to the differential equation (Equation 6) using WR Mathematica 10.0 (Wolfram Research, Champaign, United States). The change in substrate concentration over time without enzyme inactivation reads:
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Considering enzyme inactivation, the following expression for the reaction rate v(t) (Equation 7) is obtained:
[image: image]
The productivity of the FDH-catalyzed CO2 conversion to formate can be calculated by integrating (Equation 7) from the beginning of the reaction (t = 0) to its end (t = tf) to obtain (Equation 8):
[image: image]
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GLOSSARY
DES Deep eutectic solvent
FDH Formate dehydrogenase
NADH Nicotinamide adenine dinucleotide
HBA Hydrogen bond acceptor
HBD Hydrogen bond donor
ChCl Choline chloride
B Betaine
Gly Glycerol
%W % (w/w) of water
%B % (w/w) of buffer
η Dynamic viscosity
ρ Density
Simix σ-profile of the mixture
COSMO-RS Conductor-like Screening Model for Real Solvents
QSPR Quantitative structure property relationships
cs concentration of dissolved CO2
AR relative enzyme activity
ARes residual enzyme activity
t1/2, FDH FDH half-life
t1/2, NADH NADH half-life
kFDH first-order degradation rate constant of FDH
kNADH first-order degradation rate constant of NADH
kNADH* first-order degradation rate constant of NADH in CO2 saturated solutions
vmax maximum reaction rate
Ks NADH saturation constant
v(t) reaction rate
PLR piecewise linear regression
Rpred2 coefficient of determination for prediction
Rpred2adj adjusted coefficient of determination for prediction
RMSEP root mean square error of prediction
RPD ratio of prediction to deviation
RER ratio of the error range
Rcal2 coefficient of determination for calibration
Rcal2adj adjusted coefficient of determination for calibration
RMSEC root mean square error for calibration
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Kinetic models Parameters Benzene concentrations

10 mg/L 20 mg/L 50 mg/L 100 mg/L

PEO K (min™) 007630 006455 005910 004733 04525

q. (mg/g) 2,665 1975 1195 | 1355 09437

R 07632 0.9084 0995 | 09286 09759
Type-1 PSO K; (min")  soseos 127E-05 4.56E-04 5.13E-04 LI3E-04
q. (mg/g) 34321 62069 213873 | 403136 746969

R 0.8385 05034 09827 09895 09699
Type-2 PSO Kz (min”) 7.43E-05 3.95E-06 331E-04 4.00E-04 6.53E-04
9. (mg/g) 253872 1503307 35.1989 644745 1755618

R [ 0.9995 0.9978 09964 | 09927 0.9886
Type-3 PSO Kz (min”) 7.35E-05 4.69E-08 3.26E-04 3.93E-04 6.19E-04
q, (mglg) 255277 137.0321 354286 64,8468 179.1892

R [ 0.9995 09978 0.9964 09927 0.9886
Type-4 PSO K; (min”) 4.94E-05 9.92E-06 3.76E-04 405E-04 8.12E-04
q, (mg/g) 308333 97.2306 335975 64272 1619772

R 0821 0.398 09441 09489 08721
Type-5 PSO Kz (min”) 2.33E-05 5.55E-05 o267 | 00o0i7s 0000124

q, (mglg) [ 4403 43.48 5269 | 6156 1412

R 0.9965 0.9975 09436 [ 09777 I 09796

D Kig (mg/gmin®?) 0.6002 1242 1995 | 3.851 9334

G -1937 -397 -1389 7.607 -3.024

R 0.9866 0.9979 09632 | 0.9085 | 09373
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Pesticide delivery
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uced calcium carbonate precipitation.

Scope Year publish Author(s)
Carbonation 2002 Abanades, ].C
Sorbent 2010 FlorinNH.
Sorbent 2010 Liu, W. et al I
Sorbent 2019 Gambhir, A
MICP 2020 Chuo, SC. et al
Carbonation 2020 Caaplicka, N. et al
Carbonation 2020 Yadav, §
Mineralization 2020 Marin Rivera, R. et al
Mineralization 2021 Gadikota, G
Chemical looping 202 Jin, Z. et al
Liquid condensed phase 2024 Bewernitz, M.A. et al
Biomineralization 2013 Dhami, NK et al
Sorbent 2016 Erans, M
Carbonation 2016 Sanz-Pérez, ES. et al
Sorbent 2020 Erans, M
Scale up 2011 HerzogHJ.
Carbonation 2017 Chang, R. et al
Carbonation 2020 Snebjornsdottir, S.0. et al
Carbonation 2021 Campo, EP et al
Cement 2021 Hargis, CW. et al
Cement 2023 Hanifa, M. et al
Cement 2024 Levey, C. et al
Transesterification 2008 Kouzu, M. et al
Transesterification 2010 Alonso, DM. et al
Transesterification 2010 Ngamcharussrivichai, C. et al
Transesterification 2010 Liu, X. et al
Transesterification 2024 Chutia, G.P. et al
Selective hydrogenation 1987 Schligl, R. et al
Selective hydrogenation 2008 Senra, ].D. et al
Selective hydrogenation 2011 Garcia-Mota, M. et al
Cross coupling reactions 2013 Liu, H. et al
Cross coupling reactions 2017 Sactan, T. et al
Selective hydrogenation 2020 Laverdura, U.P. et al
Asymmetric Michael addition 2021 Lizandara-Pueyo, C. et al
Selective hydrogenation 2022 Ballesteros-Soberanas, J. et al
Alcoholysis 2001 Suppes, GJ. et al
Intermediate surface reactions 2004 Al-Hosney, HA. et al
Sulfur dioxide reactions 2007 Baltrusaitis, J. et al
Nanoparticles 2018 Zhao, X. et al
Fungicide 2022 Zhou, Z. et al
Sporopollenin 2023 Xiang, S. et al
Sunflower pollen 2016 Mundargi, RC. et al
Slow release 2023 Abhiram, G. et al
Pond soil 2004 Queiroz, J.ED. et al
MICP 2011 Meyer, ED. et al
MICP 2014 Soon, N.W. et al
MICP 2020 Song, |.Y. et al
pH control 2015 Salek, . et al
pH control 2016 Juang, Y. et al
pH control 2018 Gentili, R. et al
pH control 2020 McFarland, C. et al
Foliar spray 2016 Abo-Sedera, F
Dust control 2016 Hamdan, N. et al
Denitrification 2017 ‘Hamdan, N. et al
Improved tomato yield 2018 Patané, C. et al
Metal remediation 2019 Bashir, MA. et al
Metal remediation 2020 Lin, P-Y. et al
Cauliflower development 2020 Santos, CAD. et al
Carbon regulation 2023 Dou, X. et al
Improved wheat yield 2023 Gao, Y. etal
Pathogen elimination 2023 Liu, Q. etal
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Physicochemical CO; solubility and NADH stability ~ FDH
properties
Choline chloride-based Water ChClGlyion 751 77.88 117 282 0.004 695 00
DESs dissolutions
ChClGlysony 6,60 18.98 114 480 0.000 603 476
ChClGlyspm, | 7.12 416 109 702 0.009 568 2.1
ChClGlyso, 648 227 103 825 0.009 489 520
ChClGlysoms 625 148 102 965 0.000 48 00
Buffer ChClGlyions 919 8263 117 465 0.000 688 00
dissolutions
ChCl:Glysons | 875 19.61 114 727 0.000 689 95.1
ChClGlysous = 833 574 111 913 0.003 679 1.8
ChCl:Glysons | 775 250 106 1,057 0.000 653 707
ChClGlysgns ~ 7.67 131 1.04 1,149 0.000 649 40.3
Betaine-based DESs Water BGly i 648 35370 121 31 0.000 473 33
dissolutions
BGlysp 596 2086 115 618 0.001 426 70.0
BGlyso 533 884 113 829 0.006 387 515
BGlys 529 227 104 1,101 0.008 375 9
BGlyson 547 131 103 1,112 0.005 377 00
Buffer BGlys 785 21905 121 509 0.003 639 60.0
dissolutions
BGlysows 746 3287 117 586 0.000 626 598
BGlysows 745 645 113 765 0.001 624 65.0
BGlysows | 749 227 106 1,027 0.009 624 58.5
B:Glyooun 747 119 1.04 1,010 0.000 631 483
buffer 7.50 139 102 1,029 0.003 649 00

Abbreviations: choline chloride (ChCI), betaine (B), glycerol (Gly).
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Standard MSW1 MSW2 MSW3 BIO1

Process variables

Catalyst to oil ratio, wt/wt 665 638 650 630 635 641

Hydrocarbon yields

H,, wi% 0.08 008 008 008 007 008
Methane, wt% 0.8 082 084 079 0.6 081
Ethane, wt% 059 055 059 055 058 057
Ethylene, wt% 081 076 078 075 084 077
Propane, wt% 107 099 101 096 103 097
Propylene, wt% 583 555 572 549 567 556
n-Butane, wt% 089 082 084 081 086 081
i-Butane, wt% 411 384 388 376 395 375
n-Butenes, wi% 532 511 533 511 520 520
i-Butylene, wt% 226 222 234 224 224 230
Gasoline, wt% 5042 5163 50.86 5194 5096 5159
LCO, wtd% 15.18 1523 15.36 1522 1529 15.34
Bottoms, wt% 9.82 977 9.64 978 971 9.66
Coke, wt% 273 264 275 252 274 259

Calculated values

Total valuable liquids, wt% 85.08 8539 8533 8554 8520 8552
Total dry gas, wt% 236 220 228 216 235 223
Total LPG, wt% 19.49 1853 19.11 18.38 1895 18.59
LPG olefinicity, wt/wt 0.69 070 070 070 069 070
Total Cd=, wt% 7.58 733 7.67 7.36 744 7.50
C3 olefinicity, wt/wt 0.84 085 085 085 085 085
C4 olefinicity, wt/wt 0.60 061 062 062 061 062

Non-hydrocarbon yields

CO, witdh, 005 004 0.06 005 009 0.06
COu, wi% 026 031 028 024 026 025

H0, wt% 082 075 081 042 L15 031

*Total valuable liquids defined as LPG + gasoline + LCO.
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Solver Imidazole (Eq.) Temperature ('C) Yield (%)
Py 01 - 70 50

Py 01 - 20 60

DMF 01 25 20 NID
MeCN 01 25 20 NID
DMSO 01 25 2 2

DMSO 005 25 6 20

tBuOH 005 15 85 NID
DMSO 005 15 20 90
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Parameter Deactivated catalyst property

Total surface area, m'/g 133
Zeolite surface area, m*/g 88
Matrix surface area, m/g 45

ucs, A 2429
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Physical properties

API (specific) gravity 23.79 (091) 3371 (036) 2486 (091) 3116 (087) -5.35 (1.12) 3158 (0.87)
Conradson carbon (wt%) 043 109 385 044 1941 165
Pour point ('C) 38 4 38 NM" NM® 10
Aniline point (C) 77 >93 593 593 >93 593
Sulfur (wt%) 072 ND* ND* ND* 002 ND*
Refractive index 151 148 151 150 156 149
Viscosity (cSt) 743 114 564 137 NM® 353
Flash point ('C) >149 38 >149 45 >149 38
Water (wi%) 0.07 001 017 022 572 0.08
Elemental analyses
C (wt%) 864 845 857 84 679 846
H (wt%) 125 12 15 104 73 108
N (wt%) o1 0.08 019 008 032 013
O (wi%) 038 355 205 485 2404 385
Br (ppm) <15 163 223 7.1 <0.5 136
Ca (ppm) <01 04 05 451 49 04
<l (ppm) <0.0001 198 227 205 17 194
Cu (ppm) <01 02 04 08 12 02
Fe (ppm) <0.1 9 8 43 61 2
K (ppm) 2 9 7 15 51 9
Mg (ppm) <01 <01 01 72 10 <01
Na (ppm) 03 3 3 2 26 3
Ni (ppm) 03 02 09 04 06 02
P (ppm) <0.1 11 351 55 62 112
Si (ppm) 0 90.8 364 60.2 47 934
V (ppm) 02 <01 <01 <01 <01 <01
GC Distillation (°C)

Initial BP 251 6 147 43 96 99
5% 294 114 227 115 141 18
10% 338 138 m 139 187 137
20% 365 150 31 147 2m 153
30% 388 177 343 148 236 193
40% 409 217 376 183 257 232
50% 428 253 410 238 288 268
60% 449 289 442 303 333 299
70% 472 329 481 369 363 341
75% 484 361 501 403 389 370
80% 496 393 522 437 416 399
85% 511 437 549 476 446 438
90% 526 482 576 516 477 476
95% 571 545 614 566 549 557
Final BP 616 613 665 642 622 637

*ND, not detected.
"NIM. not measured.
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Parameter Fresh catalyst property

Total surface area, m'/g 31
Zeolite surface area, m’/g 25
Matrix surface area, m’/g 86
Rare earth oxide, wi% 22
Si0y, Wi [ 502

ALO,, wi% 446
Na20, wt% 0.22

ucs, A 24.59

APS, 1 80
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try number NaBH, (mmol) Struvite (mmol) THF (mL) Temperature (°C) Time (hours) Percent yield
1 15 15 30 45 2 19
2 15 15 60 45 72 21
> 15 15 30 45 72 21
4 15 23 30 45 7 14
5 2 15 30 45 72 2
6 45 18 60 45 72 2
7 45 18 0 45 % 39
8 15 15 60 55 48 12
9 15 15 75 55 48 14
10 15 15 30 45 16 19/32°%
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Entry nzyme OH]® (mmol/g)  [Phenolic OH]® (mmol/g)
1 - - 1511 2731 181 148 + 005
2 0 | Ethyl acetate 1046 3522 337 19801 155 £ 007
3 10 - 1101 2733 248 | 265005 164 £ 001
4 0 Ethyl acetate 1109 2676 241 276 %002 164 002
5 10 Ethyl hexanoate | 1906 4,658 279 | 291004 185 001
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[Aliphatic OH]* (mmol/g)  [Phenolic OH]* (mmol/g)  [COOH] (mmol/g)

PBI000 | 100 573 1744 3.04 1.94 £ 0.02 443 £005 117 £ 0.03
F1 36 385 813 211 1.16 % 0.04 524 £0.09 127 £0.01
2 27 1240 2188 1.76 1.41 £ 001 413 £0.01 1.02 £ 0.02

F3 37 1266 2695 213 | 250007 334£012 096 +0.05
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‘ Acetone 199 56

‘ Acetonitrile 243 82 16
‘ MEK 193 [ 80 102
‘ MEK/Hexane (50/50) nd 65 68
‘ THE 186 [ 66 97
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Factors Response

Oxidizer dose Activator dose (X;) pH (X3) Temperature (X,) (C) Benzene
(X) (mM) degradation (%)
Actual Coded Actual Coded Actual Coded Actual Coded Actual Predicted

1 025 -1 2 -1 7 0 20 0 57.40 58.06
2 125 +1 2 -1 7 0 20 0 90.13 90.67
3 025 -1 6 [ +1 [ 7 0 20 0 7211 70.61
4 125 +1 6 +1 7 0 20 0 9625 89.66
5 0 0 4 | 0 [ 5 -1 15 -1 w05 83.69
6 0.75 0 4 0 9 +1 15 -1 58.82 5975
7 07 0 4 0 5 - w0 +1 8427 85.70
8 0.75 0 4 0 9 +1 25 +1 68.26 64.13
9 025 -1 4 0 | 7 0 15 | -1 7059 69.26
10 s +1 4 0 7 [ 0 5 4 | o 97.18
1 025 -1 4 | 4 | 7 0 25 +1 69.04 6374
12 125 +1 4 0 7 [ 0 25 +1 94.68 96.53
13 075 0 2 -1 5 -1 20 0 78.40 79.77
w0z 0 6 +1 5 | -1 0 0 | o736 88.74
5 | oz 0 2 -1 9 +1 20 0 | e 67.70
16 075 0 6 +1 9 +1 20 0 77.06 7466
17 02 | -1 | 4 [ 0 | 5 [ o 0 o0 7031
B s +1 4 | 0 5 [ -1 20 0 9829 9692
19 025 -1 4 0 9 +1 20 0 5352 5426
20 125 a | 4 0 9 +1 20 0 8017 8382
21 075 | 0 2 [ -1 | 7 | 0 15 -1 | ee1s 66.36
2 0.75 0 6 +1 7 0 15 -1 72.65 67.62
23 0.75 0 2 [ -1 | 7 0 25 +1 756 8152
24 0.75 0 6 +1 7 0 2 +1 8543 83.58
25 075 0 4 [ 0 | 7 [ 0 o 0 e 8092
2 s 0 4 0 7 0 0 0 8193 78.93
27 0 0 4 | 0 7 0 20 0 8148 78.80
s | oms 0 4 0 7 0 20 0 83.08 8425
29 0.75 0 4 0 | 7 0 20 0 83.69 8575
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Parameters Value

Input layer neuron 04 (Oxidizer, Activator, pH, Temperature)
Output layer neuron 01 (Degradation rate)
Hidden layers 2
» Transfer Function TANSIG
 Number of learning cycles [ 500 epochs
Performance function MSE
Data division 70%-15% - 15% (Training -Test -Validation)
Learning function [ Levenberg-Marquardt (LM)
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Model id Structure of h 7 MSE RMSE MAD
BP1 11 08887 80.1415 89522 124607 03697
BP2 14 09221 766661 87559 13464 03802
BP3 44 | osu 29655 54456 133865 02768
BP4 48 09202 9655 31072 86489 01712
BP5 88 0.9801 0.8243 0.9079 3.0614 0.1564
BP6 8,16 oo 40153 2003 6958 01748
BP7 16,16 09093 188257 43388 4081 02582
BPS 1632 e sxs 7.7676 | sasm 01701
BPY 232 08341 s e 137703 02858
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Variables
Oxidizer dose (X;) (mM)
Activator dose (X)
PH (X5)

Temperature (X,) (C)

Low level (1)

15

Medium level (0)

20

High level (+1)

25
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Samples Mag Mag-70(
Space group Fd3m Fd3m
Crystal system Cubic | Cubic
a/b/e (nm) 8.397865 (55) 8398043 (46)
aply | 90" I 90"
V(&) 592.252 (12) [ 592.290 (10)
R-Bragg 818920665 685563089
B [ 1466 [ 13.24
Rup 481 5.10
R, 1007 878

X 305 260
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Samples Occ-Fe (tet)  Occ-Fe (oct)  Occ-O  beq
- Mag2s ‘ 1 0995 0.987 ‘ 1466 ‘

‘ Mag-700 ‘ 0.986 1 0.978 ‘13.24‘
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ield of CaDG (XRD) (¥

1 0 5 3 25 15
2 0 5 3 50 | 18
3 0 & 5 25 18
4 0 5 5 50 | 84
5 0 30 3 25 91
| 6 0 [ 30 3 50 | >99
7 7 0 30 5 25 >99
8 0 | 30 [ 5 50 [ 55
9 10 30 5 ‘ 50 >99

‘Reaction conditions: a mixture of glycerol-CaO, molar ratio (3 or 5) was pumped into the continuous mechanochemical reactor filled with yttrium-doped zirconia beads (diameter of 0.5 mm),
occupying 55%-70% of the reactor volume for a residence time (5 and 30 min).
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Sample Posi IS (mm/s) QS (mm/s) (mm/s) Area ( Valence-state
Mag-25 A 021 003 5040 042 385 8xFe’

Bl 011 026 636 081 287 $xFe’

B2 054 o011 45.96 ‘ 033 11 5xFe’*

B3 057 -0.02 72| 043 217 3xFe
Mag-700 A 019 -003 4912 ‘ 048 369 $xFe'

Bl 038 -001 45.86 ‘ 043 268 $xFe’

B2 076 018 4627 ‘ 031 131 5xFe’

B3 057 003 4592 ‘ 035 232 3xFe”

Note: IS, means isomer shif

B8 sasans-ansdinboliciliian B shuide Bor-the hbw i soapontic Babland & st o ling beoddeing:
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Samples Fe 2p 1/2 (eV) Fe 2p 3/2 (eV) Atom ratio Fe?*/Fe** Chemical formulae

710 77/ 7253
Mag-25 2425 891 4349 2335 33.16/66.84 ‘ Fe?*o962Fe 95sMg 009003959
Mag-300 2463 10.21 47.63 17.54 34.84/65.16 ‘ Fe* g10Fe™ | 5ooMg 0.00003.035
Mag-500 uw 4034 1287 2190 35.18/64.82 \ Fe™ ) gaoFe” s soMg 009003930
‘7 Mag-700 u2 4689 1630 I 36.86/63.14 \ Fe ggoFe’ 1 sa1Mg> 0,090 5055
Mag-900 us nis | ue 1965 35.17/6429 \ Fe 036Fe’" soaMg 009003922
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Element Fe O Mg i €& Ca

Result 699 | 275 0966 0427 0270 0588 | 0.117
(mass%)

0.142






OPS/images/fchem-11-1137246/fchem-11-1137246-t002.jpg
T/K Langmuir Freundlich

Gmax/mg g’ b R InK¢ n R?






OPS/images/fchem-11-1137246/fchem-11-1137246-t003.jpg
Adsorbent Qo (mg/g)  Surface area (m?/g) Concentration (mg/L)  Dosage (g/L) References

Magnetite nanoparticles 29 1153 5 0.5-5 (mmol/L) 10 Wang et al. (2010)
Magnetite nanoparticles o 12577 s 10-100 [ 4 Wang et al. (2014)
Magnetite nanospheres 19 13 5 0-100 2 | Kumari et ol 015)
| Magnetite 98 28 5 10-160 2 Liang et al. (2017)
 Magnetite/kaolin granules 09 - - 10-100 5 Lankathilaka et al. (2021)

Calcined magnetite 2621 0.57 55 5-200 5 This work
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Co (mg/L) Gefexp) (MQ/g) Pseudo-first-order kinetic model Pseudo-second-order kinetic model

Gecay (MY/Q) Ky (1/h) R Ge(cay (M/Q) K> (g/mg/h) R

200 2621 2720 0378 09327 27.32 0.029 09959
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