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Abstract

:

There is an urgent need to reduce global greenhouse gas emissions, yet to date the decarbonization of the transportation industry has been slow and of particular difficulty. While fossil fuel replacements such as biodiesel may aid the transition to a less polluting society, production at the industrial scales required is currently heavily dependent on chemical catalysis. Conventional two-step homogenous routes require the challenging separation of catalyst from the obtained product; however, heterogenous solid catalysts bring new considerations such as material stability, surface area, porosity, deactivation effects, and reduced reactivities under mild conditions. Nanomaterials present an attractive solution, offering the high reactivity of homogenous catalysts without complex recyclability issues. Slightly less reactive, acidic sulfated nanomaterials may also demonstrate greater stability to feedstock impurity, extending lifetime and improved versatility to a range of starting feeds. There remains, however, much work to be done in demonstrating the full-scale feasibility of such catalysts. This review explores recent developments over time in acidic sulfated nanocatalysis for biodiesel production, with particular focus on metal oxides, magnetic nanoparticles, silica-supported nanomaterials, and acidic carbon nanocatalysts. Included are various summaries of current progress in the literature, as well as recommendations for future research.
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1. Introduction


The recent COP26 climate change conference [1] reiterated the pressing need to dramatically reduce greenhouse gas (GHG) emissions. Road transportation accounts for more than 10% of global contributions and such emissions are reportedly rising faster than any other sector in society [2]. There is a clear need for a rapid transition away from traditional fossil fuel-powered internal combustion vehicles. While electric vehicle technology continues to receive investment and shows promise [3], a significant population of legacy vehicles will likely continue to be needed for the foreseeable future, especially in less economically developed countries where electrical grids are less developed. Biodiesel can be used either as a direct replacement into existing engine technology, or mixed in with traditional petroleum as a biodiesel blend [4,5]. Although not truly carbon neutral when considering the complete lifecycle, biodiesel does reduce vehicle GHG emissions, as well as being cleaner burning and safer to use than petroleum alone [6]. A wide range of feedstocks can be used for biodiesel production, with each type of feedstock introducing various social, economic, environmental, and technical challenges.



Vegetable oils and animal fats are typically used in food production, and therefore usage in the fuel industry would encourage undesirable competition, referred to as the issue of “food vs. fuel” [7]. Other non-edible, algal or waste cooking oils (WCO) could be used; however, issues of affordability and ensuring sufficient supply to meet an ever-growing demand would need to be addressed [8,9]. Impure feedstock such as WCO could potentially be both cheap and plentiful in supply, although high water and free fatty acid (FFA) content [10,11] requires resilient catalysts.



Biodiesel is predominantly produced from catalytic transesterification and esterification reactions [12,13], as illustrated in Figure 1. These reactions require the use of a catalyst to ensure sufficiently fast reaction kinetics at moderate temperatures. The fat or oil feedstock contains a source of triglycerides and FFA, which reacts with methanol to produce a mixture of fatty acid methyl esters (FAME) [14]. After the purification and removal of glycerol byproduct, vehicle-ready biodiesel is obtained. Most modern biorefineries currently utilize a two-step homogenous catalysis approach, where esterification is first performed using an acid catalyst such as sulfuric acid, followed by transesterification using a base such as sodium hydroxide [15]. The addition of acid in the first step ensures FFA is reacted prior to the addition of the base catalyst, avoiding the undesirable production of soap via saponification [13,16], and the deactivation of the more reactive base catalyst. Unfortunately, the separation of homogenous catalyst post-reaction is often challenging, expensive, and requires neutralization of the biodiesel to prevent engine corrosion [17,18,19]. While solid heterogenous catalysts can be separated more easily from the biodiesel product, new engineering challenges may be faced including lower reactivity, reduced surface area [20], pore blocking [21], and site instability over repeated usage [22,23]. The cost of catalyst regeneration and replacement of spent material must also be considered.



The field of nanotechnology is an exciting area of active research that offers an interesting alternative to traditional approaches. By developing a nanocatalyst, it is possible to combine both high reactivities observed in homogenous catalysis with the ease of separability observed with heterogenous materials [24]. Depending on the intended application, nanocatalysts can be designed to exhibit acidic, basic, or combined bifunctional activity through the inclusion of Lewis acidic or basic species. Furthermore, post-synthesis functionalization can be performed to introduce new functional groups onto the catalyst surface, such as Bronsted acidic sulfate groups. The inclusion of magnetic species can also achieve rapid separation with improved recovery via the external field [25].



Sulfated nanomaterials have seen a wide range of applications, from energy storage [26], medicine [27], and pollution control [28] to demonstrating the ability to readily catalyse a range of industrially important petrochemical reactions, including transesterification, esterification, and hydrocracking [29]. The use of sulfated nanocatalysts for the conversion of waste feedstocks into biodiesel, or through the hydrocracking and isomerization upgrade route into sustainable aviation fuels [30,31], could be more desirable over current industrial processes through achieving similar reactivities at reduced reaction temperatures and pressures. While non-catalytic routes for biodiesel production are also under development, such as supercritical methanol [32,33,34,35,36], the BIOX process [37], thermal cracking, and pyrolysis routes, existing state of the art biorefineries are predominantly designed for homogenous catalysis. Sulfated nanocatalysts could be utilised in existing facilities without significant redesign, facilitating both improved separability and high reaction rates at mild conditions. Non catalytic routes, meanwhile, would likely be incompatible with existing biorefinery plants, and may still be less environmentally sustainable overall. Although basic nanocatalysts may demonstrate superior reactivity, acidic nanoscale catalysts can effectively make use of a wider variety of impure feedstocks both cheap and readily available, such as WCO [38]. Moreover, biorefineries wishing to directly react feedstock without pre-treatment steps could utilize such acidic nanocatalysts, further reducing process complexity. For these reasons, this review will primarily focus on sulfated solid acid nanocatalysis. A range of acidic catalysts will be explored, including some bifunctional materials where sulfated acid sites are of particular interest. Progress and developments over time are summarized chronologically, alongside suggestions for future work to address remaining challenges that will need to be solved before commercial use is seen at the industrial scale.




2. Solid Acid Nanomaterials


2.1. Types of Solid Acids


A diverse range of solid acid nanocatalysts have been developed for biodiesel production, as summarized in Figure 2. Acidity is often classified into Lewis or Brønsted behaviour, with reactions initiating via electron pair acceptance or proton donation, respectively. The type of acidity present is influential, since Lewis acids tend to favour triglyceride transesterification [39], whilst Brønsted sites can better handle FFA impurities by favouring the esterification pathway. For Lewis acidic metal oxides, catalysis can occur via the positively charged metal cation accepting an electron pair from an alcohol to produce a reactive alkoxide intermediate [40]. The presence of Brønsted groups in sulfated metal oxides can instead initiate reaction through protonation of the FFA carbonyl group.



A schematic of these sites on the solid surface and the initial mechanism step is included in Figure 3. Addition of different metals can further enhance catalytic performance by improving surface area, porosity, stability, or reactivity. Such mixed metal oxide materials can even be designed to be bifunctional, with acid sites helping to esterify FFA and protecting base sites from undesirable saponification and deactivation [41]. Carbon nanomaterials and inert supports, including porous silica and zeolites, can also be acid functionalized to catalyse biodiesel production. Additionally, insoluble or support immobilized heteropoly acids (HPA) have been developed, such as Keggin [XM12O40]n− structures [42] of central atom X surrounded by M atoms.




2.2. Production of Solid Acid Nanomaterials


Acidic nanocatalysts can be developed through either a “top-down” or a “bottom-up” methodology [43]. Top-down methods begin with bulk material and gradually refine downwards into an engineered nanoscale structure, whereas bottom-up approaches begin at nanoscale and progressively build upwards to obtain a desirable catalytic nanostructure. A variety of synthesis routes have been explored in past literature, as summarized in Figure 4 below. It is important to carefully consider which production strategy to utilize, since biodiesel yield depends on sufficient catalyst surface area and porosity to ensure effective mass transport of reactants towards active sites [44]. The stability of active sites against leaching, poisoning and other deactivation effects can also be influenced by the synthesis route performed, impacting the maximum recyclability that is achievable [45]. Unfortunately, it is difficult to predict which approach will be optimal or what the best synthesis conditions should be ahead of time; therefore, significant work continues to explore how best to synthesize optimal nanocatalysts with both impressive reactivity and reusability.



As discussed previously, nanomaterials can be functionalized post-synthesis to introduce new catalytically active functional groups, either to increase existing reactivity or provide an optimal balance of both Lewis and Brønsted acidity. On a solid surface, it is possible to achieve superacidity, defined as an acid strength greater than 100% pure sulfuric acid. This is often denoted via a Hammett acidity (H0) function value below −12 [46], and can be experimentally determined through the use of standard indicator dyes [47]. Inclusion of sulfur-based compounds onto the catalyst surface by reacting with concentrated sulfuric acid [48], chlorosulfonic acid [49] or ammonium sulfate [50] have all been well-explored methods of increasing resilience to FFA impurities, with acid loading and strength influenced by the type of sulfation agent selected. The addition of organic alkyl or aromatic groups has also been explored by using propylsulfonic and toluenesulfonic acids [51,52]. Introduction of less polar organic acid sites has been observed to reduce deposition from polar FFA impurities and hence improve reusability; however, at the potential cost of reduced activity by weaker acid strength.



Sulfation not only increases Brønsted acid behaviour, but can enhance the Lewis acidity of metal-based solid catalysts through the inductive effect, drawing even more electron density away from the metal cation and increasing the ability for electron pair acceptance to occur. The sulfate ion (SO42−) can exist in a variety of forms: for sulfated metal oxides this includes a chelated, bridged, or free ion structure [53], as illustrated in Figure 5. The sulfate loading achieved can influence the Brønsted/Lewis ratio, with high loadings favouring polynuclear sulfate structures with more Brønsted sites present [54]. The total acid site density and Brønsted/Lewis ratio can be experimentally determined via techniques such as ammonia temperature programmed desorption (TPD) [55] and pyridine diffuse reflectance FTIR spectroscopy (DRIFTS) [38], respectively.



After synthesis and acid functionalization, the superacidic solid is usually dried and calcinated at high temperatures. Alongside functionalization agent and synthesis route selected, these thermal treatments can also affect the acidity of the resulting catalyst. Drying is often performed to remove water and other volatiles introduced during synthesis, but can also influence acid strength by reducing the hydration of Brønsted acid sites [56]. Calcination then further removes leftover hydration and residual organic species alongside achieving a desirable crystallinity. It is important to note, however, that excessive calcination temperatures can lead to thermal decomposition of the sulfate active sites through the evolution of SOx gases [39]. To avoid this, prior calcination steps should ideally be performed to set the desired metallic phase before lower temperature calcination of the sulfated nanocatalyst. TPD studies can also be utilised to determine a suitable calcination range that avoids sulfate loss. Too high a temperature can also lead to aggregation and reduced surface area [22], thereby impeding mass transfer to active sites and reducing reactivity.



A range of previous literature reviews [57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89] have summarised the use of various sulfated materials as part of a wider investigation into catalysis for biodiesel production. The following review section will now focus exclusively on recent developments of sulfated materials, focusing first on metal oxide-based nanocatalysts before porous silica and acidic carbon. In this review, nanocatalysts are defined as materials displaying either nanoparticle sizes, typically considered to be below 100 nm, or reactions that are catalysed within a confined highly porous nanoscale structure. Where reported, particle and pore sizes are displayed throughout in various summary tables arranged by date of publication. These tables also include key reaction and catalyst performance metrics, such as: alcohol to oil molar ratio (A:O), catalyst loading, reaction time and temperature, yield or conversion achieved, catalyst reusability, surface area, and acidity.




2.3. Acidic Nanocatalyst Development


A range of catalyst supports have been explored for biodiesel production, leading to the development of various sulfated acidic nanocatalysts. To date, materials based on sulfated metallic oxides generally show superior tolerance to feedstock impurities, making their application for cheap waste feeds such as WCO highly desirable. Some of these are explored in greater detail, providing various industrial uses, crystallographic structures and summaries of recent catalytic developments for biodiesel production.



2.3.1. Fe Oxide


Iron oxides see a diverse range of applications, for example, the production of durable dyes and paints to use in welding through the thermite reaction. Although many different types of iron oxide exist, the three most commonly explored forms for chemical catalysis are those of hematite (α-Fe2O3), maghemite (γ-Fe2O3) and magnetite (Fe3O4). The magnetic properties of these oxides are of particular interest, and Figure 6 illustrates the crystal structure of each respective oxide.



Hematite is only very weakly magnetic—meanwhile, maghemite and magnetite are ferrimagnetic in nature and much more magnetically separable [90]. At the nanoscale, it is possible to create catalysts that display superparamagnetism, a desirable state in which external magnetic fields can induce magnetic separation with far greater susceptibility than typically expected for a paramagnetic material [91]. This allows for significantly enhanced maneuverability, and has been explored in the biomedical field for MRI imaging and targeted drug delivery [92]. The magnetic properties of these oxides have led to significant recent research into nanocatalysts that can be recovered post-reaction by the application of external magnetic fields. The potential opportunity for a rapid separation technique that easily facilitates nanomaterial regeneration and reuse is highly desirable. Although the Lewis acidic nature of iron oxides can be used for catalysing biodiesel production, surface functionalization is often performed to introduce new acidic functional groups, producing a more reactive and highly separable Fe oxide acidic nanocatalyst. A selection of recently developed sulfated Fe oxide nanocatalysts is summarised in Table 1.




2.3.2. Ti Oxide


Titania enjoys a wide range of commercial application, such as: water and air purification systems, use as a white pigment, cosmetics and sunscreen, sensors, and self-cleaning films. Alongside being a widely researched photocatalyst, a desirable surface area combined with strong physical and chemical stability makes titania an excellent choice for a reactive catalyst support [95]. Sulfated titania has hence been widely studied as a solid acid catalyst for biodiesel production [78]. Titania exists in three main forms known as anatase, rutile and brookite, as displayed in Figure 7.



Of these three structures, anatase has been most widely explored for solid catalysis due to optimal surface area and strong interaction with other metallic oxide species, with rutile rarely achieving superior catalytic activity [96]. Anatase transforms to the more thermally stable rutile above calcination temperatures of approximately 600 °C, thereby restricting the maximum desirable calcination temperature when synthesizing a solid acid nanocatalyst. An overview of recent developments in sulfated titania-based nanocatalysis is given in Table 2.




2.3.3. Zn Oxide


Zinc oxide has many important industrial applications, from rubber manufacturing, textiles, and pharmaceuticals, to specialized uses in electronics and photocatalysis [100,101]. As an amphoteric oxide, zinc oxide has been explored as both an acidic and basic catalytically active species for the production of biodiesel through transesterification and esterification pathways. Alongside the direct use of zinc oxide and in combination with other metallic oxides to form MMO materials, zinc oxide has been successfully sulfated to introduce Brønsted acidity.



The crystalline structure of zinc oxide commonly used for biodiesel production is that of a hexagonal wurtzite, shown above in Figure 8, since this form is most thermodynamically stable at ambient pressures. To produce a cubic form, pressures of around 9 GPa would be required, and degradation soon occurs when returned to ambient conditions [102]. Table 3 summarises different zinc oxide solid acid catalysts that have been used for biodiesel production.




2.3.4. Zr Oxide


Zirconia is an important ceramic material, commonly used in fields such as dentistry, nuclear power, and catalysis, due to high mechanical and chemical resilience [106]. Similar to titania, the sulfation of zirconia to introduce Brønsted acidity has been widely explored as a solid acid nanocatalyst for biodiesel production. Unfortunately, while zirconia itself may be resilient, sulfated zirconia often suffers catalytic deactivation after a few runs via the leaching of sulfate sites [107,108]. In order to improve recyclability, recent studies have explored combining zirconia with other metal oxides to promote the stronger bonding of acid groups to the solid surface. Such MMO catalysts have successfully achieved much higher numbers of recycles before deactivation occurs. Zirconia is typically utilised in three major crystallographic forms, as shown below in Figure 9.



The monoclinic phase is the largest crystal structure and most stable under ambient conditions. Through calcination and the introduction of other species, such as sulfate groups and metal oxides, desirable tetragonal structures can be stabilized. While similar can be achieved with cubic forms, catalysts explored for biodiesel production predominantly focus on monoclinic and tetragonal structures. Tetragonal zirconia is highly desirable, because acidity and therefore catalytic activity are enhanced for sufficiently large tetragonal to monoclinic ratios [109]. This is due to how basic surface hydroxyls interact differently with each crystal structure [110]. A summary of developments over time for solid acid zirconia-based catalysts is provided in Table 4.




2.3.5. Silica-Supported Nanocatalysts


Porous silica has been extensively explored in a wide range of fields, from drug delivery and pharmaceuticals to separation technology and chemical catalysis. Figure 10 below shows some of the many porous silica/aluminosilicate materials currently being explored.



As an inert catalyst support, silica facilitates the production of materials with impressively large surface areas and highly porous, nanoscale channel networks. The ability to tune pore size distribution and functionalize the surface with a wide range of metal oxides and sulfated groups has produced many solid acid catalysts for biodiesel production. A summary of some of these recent developments over time is included in Table 5. As per IUPAC definitions, pore sizes can be classed as either microporous (<2 nm diameter), mesoporous (2–50 nm) or macroporous (>50 nm) [117]. Macropores facilitate high mass transfer rates of reactants into the internal nanoscale structure, while meso/micropores provide substantial reaction surface area for catalysis to occur. Since triglyceride molecules are typically 2–6 nm in molecular diameter [23,51], only esterification can occur in micropores, whereas both transesterification and esterification are achievable in mesoporous nanochannels, as illustrated in Figure 11.




2.3.6. Functionalised Carbon Nanocatalysts


Instead of the sulfated metal oxides or porous inert silicas, carbon-based solid acid nano catalysts can also be developed through treatment with strong acids. Compared with metals, acidic carbon materials can be produced more economically and with a lower overall environmental impact, since a wide variety of readily available waste biomasses can be converted into catalyst supports [128]. However, issues facing solid carbon acid catalysts, such as reduced activity, deactivation, and poor thermal stability, still need to be addressed in order to improve catalytic performance and recyclability [129]. For the most challenging production of biodiesel from impure feedstocks such as WCO, metal oxide technology will therefore likely remain superior. New studies continue to address such problems however, with recent developments shown in Table 6.



Nanoscale carbon can be engineered bottom-up through the creation of nanofiber, nanotube, or graphene structures; or developed top-down from converting sugars, algae residues, and biomasses into solid catalysts. A range of carbon support types have been studied, as summarised in Figure 12. Plant biomasses often contain both carbon and metallic species [134], and mixing metal oxides with carbon has been explored to exploit differences in surface behaviour. The more non-polar carbon advantageously draws in other hydrophobic molecules such as triglycerides towards catalytic sites, whilst impeding polar species such as water that might lead to deactivation [135].






3. Challenges and Opportunities


The field of sulfated solid acid nanocatalysis for biodiesel production continues to see the development of new materials at pace, with a range of different approaches that each present various strengths and weaknesses. Because each study utilizes vastly different reaction conditions, types of solid acid material and synthesis approaches, an overall comment on the direction of progress over time is difficult to make. However, there remains several key issues throughout the years that have yet to be adequately addressed in the literature and will need to be faced before commercial viability can be achieved. In order for sulfated nanocatalysts to be used at scale, they must be suitable for application into current biorefineries and potential future reactor technology.



Modern biorefineries have been designed with process intensification in mind, reducing complexity, wastage, and energy requirements, and thereby improving economic and environmental aspects of biodiesel production. An important side effect of this is the use of continuous reaction technology. In comparison, unfortunately most studies from the literature instead focus on batch reaction schemes. While this is acceptable for initial explorations of catalyst performance, it is not a true demonstration of how catalysts would be utilised commercially. Unlike batch reactors, continuous systems can achieve a more consistent biodiesel product, ensuring international fuel standards such as EN14214 and ASTM D6751 [4] are met with little variation in quality. Higher throughputs are also attainable, producing sufficient biodiesel to meet a forecasted ever-growing market demand. By transitioning towards assessing performance in lab-scale continuous reaction and separation schemes, sulfated acid materials would be tested in a more industrially relevant scenario. Particularly notable successes could then warrant scale up to pilot studies and may even lead to eventual full-scale application.



The design of a continuous reactor to test newly developed catalysts would depend on knowing the kinetic parameters for the reaction. Regrettably, only a few studies have performed kinetic trials to determine such information. Presented in Table 7 is the kinetic data reported for sulfated solid acid catalysts explored in this review. The turnover frequency (TOF) can be understood as a measure of active site efficiency, and is defined as the number of passes through the catalytic cycle per unit time. Computing a value of TOF can be difficult for sulfated acidic catalysts, due to the presence of a wide variety of catalytically active sites that must be accounted for, as well as the challenge of calculating an accurate reaction rate [136]. TOF can be calculated from estimating the turnover number (TON), defined as the ratio of moles reactant to moles catalyst, and adjusted based on the yield achieved [137]. This is illustrated in Equations (1) and (2). The use of chemisorption techniques may prove superior however, such as the previously discussed ammonia-TPD method for identifying medium and strong acid site densities. With the total loading of acidic sites measured, a lower bound value for the true TOF can hence be calculated [138]. Values of TOF range from 10−2 to 101 min−1 for recently developed catalysts.


  T O N =   m o l e s   r e a c t a n t   m o l e s   c a t a l y s t   × y i e l d  



(1)






  T O F =   T O N   R e a c t i o n   T i m e    



(2)







Reaction order is found to be unitary, which could be predicted since methanol is almost always added in large excess of the stoichiometric ratio, shifting the equilibrium towards biodiesel production as described by Le Chatelier’s principle. Therefore, for sufficiently high alcohol to oil ratios, biodiesel production could be reasonably expected to be a pseudo first-order reaction. Activation energy lies mainly within the 30–80 kJ/mol range often observed for biodiesel production. It is recommended that kinetic studies to be undertaken, to better inform future application studies.



The major advantage of sulfated acidic catalysts compared to solid bases is a superior tolerance to impurities such as FFA and water, reducing deactivation effects and avoiding the issue of soap formation via saponification. While many studies have demonstrated successful esterification and resilience to trial FFA, such as oleic and palmitic acid, it is important to demonstrate successful simultaneous esterification and transesterification when using realistic, economical, and readily available feedstocks also. Table 8 summarises reported catalytic performance when using WCO as one such feedstock with sulfated solid acid nanocatalysts.



Recyclability remains a challenge, despite new catalysts being regularly developed. Deactivation can occur due to a variety of reasons and different regeneration approaches have been tried to extend activity, as illustrated in Figure 13. Washing and drying steps can be used to remove organic depositions that poison the catalyst surface which, followed by recalcination, can also help to remove organic impurities. Recalcination may also be required should loss of crystallinity have occurred during reaction. While it is important that leaching be minimized to ensure adherence to biodiesel specifications, small losses of metal cations and acidic sulfate groups will unavoidably occur over extended use. Therefore, chemical treatments could be utilised to replace catalytically active species and restore activity. As has been noted by other literature studies [139], spent catalytic material is often not characterised to determine how material properties change post-reaction, thereby regrettably missing the opportunity to learn more about the specific deactivation mechanisms dominating activity loss. It is encouraged that future studies more regularly determine the primary cause of deactivation, so as to inform development of superior catalysts designed to reduce such effects. While recent work by Gardy et al. [38,98] using SO42−/Fe-Al-TiO2 achieved high yield over an impressive 10 consecutive runs with impure WCO feed, there continues to be a strong desire to further extend catalyst lifespan without expending significant cost in material regeneration. Work involving sulfated zirconia as part of an MMO catalyst has led to encouraging improvements in recyclability and retention of sulfate groups. Likewise, while it may be that sulfated metal oxides are more suitable for conversion of cheap raw feedstocks than sulfated carbon, recent work such as the Al3+/SO42−/MWCNT catalyst synthesized by Shu et al. [56] could challenge that theory. An impressive eight consecutive uses could be performed, although it would have been preferable to see WCO used instead of model FFA oleic acid. It is hoped that similar improvements may be made over time with other types of sulfated solid acids.



The continuous separation and regeneration of catalytic material could also be explored further, for instance performing the reacidification of lost sulfate groups and washing as independent continuous steps, aiming towards an eventual completely closed loop system. It is often noted how external magnetic fields could simplify nanocatalyst recovery by inclusion of magnetic species such as iron oxides into sulfated acids. Thus far, however, there is a lack of work demonstrating the successful continuous magnetic separation within the application of biodiesel production.



Alongside demonstrating the successful reaction of sulfated solid acids in continuous reaction schemes with realistic impure feedstocks such as WCO, the catalytic material itself must also be produced via a rapid, simple, consistent, and economical synthesis route at the industrial scales required. The choice of synthesis route selected can considerably impact properties of the final obtained catalyst, as demonstrated by various papers that reported catalysts outside typical nanomaterial sizes. For example, issues such as insufficient size reduction during milling or over functionalization can lead to excessively large particle size, while excessive calcination temperature or calcination time can lead to aggregation and particle size growth, hindering nanoscale properties. Pore blockage and surface area reduction may also occur from using suboptimal ratios of metal species during synthesis. Therefore, alongside producing new types of catalyst, studies that synthesize a previously reported catalyst under optimized or entirely different reaction routes would be of interest.



As previously discussed, different functionalization agents can impact surface acidity and hydrophobicity, potentially leading to improved biodiesel yield or tolerance to deactivation effects. Figure 14 illustrates some of the sulfated acidic species that have been previously explored. New ways to introduce sulfated species onto a nanoscale metal, silica or carbon structure may be of novel research interest. To synthesize a sufficient catalyst required for full scale usage, continuous production technologies will need to be investigated. Recent work by Mahin and Torrente-Murciano [140] demonstrated the continuous synthesis of Fe/Fe3O4 core-shell nanoparticles followed by surface functionalization with oleic acid, achieving a production rate of 2.6 g/h. Despite being far too low for commercial application, such studies suggest that continuous sulfated solid acid nanocatalyst production might be possible, and could be investigated further in future work. The requirement for calcination and drying steps would likely restrict lab studies to a semi-continuous synthesis scheme, but it would be important to demonstrate a nanocatalyst can be produced continuously with consistent structural properties and chemical performance before scaling up to commercial operation.



Considering the various types of sulfated catalysts that have been explored thus far, in general, sulfated metal oxide nanomaterials have demonstrated the greatest tolerance for impure feedstocks to date. Significant work has been carried out to reach this point of high performance, and it is difficult to gauge how much more improvement could be realistically achieved from acidic sulfated MMO materials alone. Therefore, further advancements within this area are likely to be found through developing novel bifunctional nanomaterials, utilizing the resilience of strong acid sites to protect and sustain the high reactivities of vulnerable basic groups. Carbon functionalized nanomaterials still require further exploration and will need to demonstrate improvements in impurity resilience. Although some studies using acidic carbon nanotubes show impressive recyclability, more work will be required to justify whether these materials are suitable for cheap feedstocks such as WCO. Should a highly active and resilient nanocatalyst be achieved from waste biomass carbon sources, this could have the potential to be highly environmentally and economically desirable. It is likely that new research avenues will continue to be explored in developing an even greater range of sulfated nanocatalysts for biodiesel production, with the lead author currently investigating a novel nanoparticle design specifically intended for WCO feedstock. The technology readiness level of sulfated solid acid nanoscale catalysts is currently between 3–4; however, it is hoped that with renewed efforts to address remaining challenges and provide evidence that commercial viability is attainable, larger pilot scale studies may commence within the near future.




4. Conclusions


The world is increasingly realizing the urgent need to reduce GHG emissions, yet despite renewed global attention, the transportation sector is witnessing emission rate increases faster than any other sector. Decarbonization of personal transportation has been difficult to date, and unfortunately even with improvements in electric vehicle technologies there remains a substantial legacy population of combustion vehicles to provide fuel for, especially in less economically developed countries. Biodiesel offers a route to reduced emissions; however, its production from cheap waste feedstocks such as WCO demands especially resilient catalyst technology. Sulfated solid acidic catalysts are more easily separable and recyclable compared to traditional homogenous routes, and can handle the increased FFA content of cheap impure feeds without pre-treatment, but typically suffer reduced kinetics compared to base catalysis.



Switching to nanoscale sulfated acidic catalysts could achieve enhanced reactivities while remaining separable and resilient; therefore, much work continues to develop a range of materials based on metal oxides, mixed metal oxides, porous silica, and carbon through various top-down and bottom-up synthesis approaches. Recent progress over time within the field has been summarized by type of sulfated solid acid nanocatalyst, and while it is clear that improvements are steadily being made alongside the development of new catalytic materials, there remains significant challenges to overcome before such catalysts could be considered commercially viable.



Reaction tests need to be demonstrated in continuous reaction schemes, and newly developed catalysts should have kinetic parameters more regularly quantified to assist reactor design. The direct use of impure feedstocks such as WCO should be prioritized to confirm performance in realistic feeds. Separation and catalyst recovery also need to be trialled in a continuous scheme, in particular the use of external fields to separate magnetic sulfated nanoparticles. Although there have been notable improvements to the reusability of sulfated zirconia and acidic carbon, more work could better understand and mitigate against deactivation effects, as well as developing and optimizing catalyst regeneration approaches. Synthesis routes can have a significant impact on catalyst performance, and should continue to be explored, alongside varying functionalization agents to introduce desirable surface acidity and hydrophobicity. The potential for new methods of functionalization and the inclusion of sulfur-containing acidic species could also be investigated. To ensure sufficient catalytic material is available for industrial use, synthesis approaches will need to be demonstrated either via continuous process or in larger batches, without negatively affecting performance. Despite significant research to date, sulfated acid nanocatalysts have yet to fully demonstrate commercial viability in realistic industrial scenarios using cheap and impure feedstocks. It is hoped that through further work focused on paving a road towards pilot studies, such materials will see commercial adoption in modern biorefineries, moving society towards a brighter and lower carbon future.
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Nomenclature:




	A:O
	Alcohol to Oil ratio



	APTES
	(3-Aminopropyl)-triethoxysilane



	COK
	Centrum voor Oppervlaktechemie en Katalyse

(Centre for Research Chemistry and Catalysis)



	COP26
	2021 United Nations Climate Change Conference



	DRIFTS
	Diffuse Reflectance FTIR Spectroscopy



	FAME
	Fatty Acid Methyl Ester



	FFA
	Free Fatty Acid



	FSM
	Folded Sheets Mesoporous Material



	FTIR
	Fourier Transform Infrared Spectroscopy



	GHG
	Green House Gases



	HMM
	Hiroshima Mesoporous Material



	HPA
	Hetero Poly Acid



	HZSM
	H+ Zeolite Socony Mobil



	KCC
	KAUST Catalyst Centre



	KIT
	Korea advanced Institute of science and Technology



	MCM
	Mobil Composition of Matter



	MSNP
	Mesoporous Silica NanoParticles



	MMO
	Mixed Metal Oxide



	PFAD
	Palm Fatty Acid Distillate



	SBA
	Santa Barbara Amorphous



	TMS
	Tri Methyl Silane



	TOF
	Turn Over Frequency



	TON
	Turn Over Number



	TPD
	Temperature Programmed Desorption



	TUD
	Technische Universiteit Delft

(Delft Technical University)



	WCO
	Waste Cooking Oil
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Figure 1. Catalytic production of biodiesel. 
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Figure 2. Types of solid acid nanomaterials. 
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Figure 3. Lewis and Brønsted acid sites. 
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Figure 4. Methodologies for nanocatalyst production. 
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Figure 5. Sulfate structures on metal oxide materials. 
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Figure 6. Crystallographic structure of common iron oxides. 
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Figure 7. Crystallographic structure of common titanium oxides. 
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Figure 8. Crystallographic structure of zinc oxide. 
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Figure 9. Crystallographic structure of common zirconium oxides. 
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Figure 10. Various silica-based porous materials in development. 
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Figure 11. Mass transport and chemical reaction in porous solid acids. 
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Figure 12. Types of carbon-based catalysts developed. 
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Figure 13. Catalytic deactivation routes and regeneration approaches. 
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Figure 14. Sulfated functional groups explored to date. 
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Table 1. Summary of some Fe oxide sulfated catalysts.
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	Catalyst
	Feedstock
	A:O Ratio
	Catalyst Loading (wt%)
	Time (min)
	T

(°C)
	Yield Y

Conversion C
	Reusability

(Runs)
	Particle Size (nm)
	Pore Size (nm)
	Surface Area (m2/g)
	Acidity (mmol/g)
	Year
	Ref.





	FCHC-SO3H
	Oleic acid
	15:1
	4
	180
	80
	96.7–84.3% Y
	5
	144
	6.4
	41.4
	1.20
	2018
	[52]



	SO4/Mg/Al/Fe3O4
	WCO
	9:1
	4
	300
	95
	~98.5% Y
	5
	core: 20–150

shell:

5–15
	6.5
	123
	2.35
	2019
	[93]



	AC-Fe-SO3Cl
	PFAD
	16:1
	4
	180
	100
	98.6–~79% C
	6
	45.21
	8.8
	20.4
	29.5
	2019
	[94]
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Table 2. Summary of some Ti oxide-based sulfated catalysts.
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	Catalyst
	Feedstock
	A:O Ratio
	Catalyst Loading (wt%)
	Time (min)
	T

(°C)
	Yield Y

Conversion C
	Reusability

(Runs)
	Particle Size (nm)
	Pore Size (nm)
	Surface Area (m2/g)
	Acidity

(mmol/g)
	Year
	Ref.





	SO42−/ZrO2–TiO2/La3+
	Rapeseed oil fatty acids
	1 mL/g
	5
	300
	60
	95–>90% C
	5
	-
	-
	-
	-
	2010
	[97]



	TiO2/SO42−/(NH4)2SO4
	Oleic acid
	10:1
	2
	180
	80
	82.2% C
	-
	-
	4.2
	178
	1.1
	2010
	[50]



	TiO2/SO42−
	Acetic acid
	1.2

butanol
	1.8 g
	150
	120
	92.2–52.1% Y
	4
	8–10
	12.9
	121
	0.79
	2014
	[48]



	Sulfated Fe2O3/TiO2
	Soybean oil
	20:1
	15
	120
	100
	~100–~80% C
	4
	89–103
	-
	16
	-
	2014
	[39]



	Ti(SO4)O
	WCO
	9:1
	1.5
	180
	75
	97.1–94.12% Y
	8
	25
	22.7
	44.5
	-
	2016
	[49]



	TiO2/PrSO3H
	WCO
	15:1
	4.5
	540
	60
	98.3–94.16% Y
	4
	23.1
	24.6
	38.6
	-
	2017
	[51]



	SO4/Fe-Al-TiO2
	WCO
	10:1
	3
	150
	90
	96–>90% Y
	10
	<50
	11.1
	51
	1.18
	2017–2018
	[38,98]



	ZrO2-TiO2-SO3H
	Palmitic acid
	20:1
	5
	240
	100
	93.1–85.1% Y
	5
	Length: 4000, Width: 100
	-
	32.5
	1.9
	2019
	[99]
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Table 3. Summary of some Zn oxide-based sulfated catalysts.
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	Catalyst
	Feedstock
	A:O Ratio
	Catalyst Loading (wt%)
	Time (min)
	T

(°C)
	Yield Y

Conversion C
	Reusability

(Runs)
	Particle Size (nm)
	Pore Size (nm)
	Surface Area (m2/g)
	Acidity

(mmol/g)
	Year
	Ref.





	ZnO
	Pongamia oil
	10:1
	11.5
	90
	60
	92% C
	-
	-
	-
	-
	-
	2005
	[103]



	SO42−/ZnO
	Soybean oil
	6:1
	4
	240
	65
	80.2% Y
	-
	-
	-
	-
	-
	2015
	[104]



	SO3H-ZnAl2O4
	PFAD
	9:1
	1
	60
	120
	94.65–67.29% Y
	8
	-
	3.10
	352.39
	1.95
	2016
	[105]



	ZnO-SO3H
	PFAD
	9:1
	2
	90
	120
	95.6–>80% Y
	6
	-
	3.16
	305.62
	1.72
	2017
	[55]
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Table 4. Summary of some Zr oxide-based sulfated catalysts.
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	Catalyst
	Feedstock
	A:O Ratio
	Catalyst Loading (wt%)
	Time (min)
	T

(°C)
	Yield Y

Conversion C
	Reusability

(Runs)
	Particle Size (nm)
	Pore Size (nm)
	Surface Area (m2/g)
	Acidity

(mmol/g)
	Year
	Ref.





	SO42−/ZrO2
	Palm

kernel oil
	6:1
	1
	60
	60
	90.3% Y
	1
	-
	-
	-
	-
	2006
	[108]



	Sulfated ZrO2
	Soybean oil
	20:1
	5
	60
	120
	98.6% Y
	1
	-
	-
	126
	-
	2008
	[111]



	Sulfated ZrO2
	Neem oil
	9:1
	1
	120
	65
	94% C
	-
	2–3 × 104
	-
	-
	-
	2010
	[112]



	SO42−/ZrO2–B2O3–Fe3O4
	Acetic acid
	-
	-
	240
	100
	98.2–96.7% Y
	5
	-
	-
	-
	-
	2010
	[113]



	Fe2O3-MnO-SO42−/ZrO2
	WCO
	20:1
	3
	240
	180
	~96.5% Y
	6
	11.5–21
	-
	1.39 × 10−6
	4.32 A 1.52 B
	2015
	[114]



	Sulfated ZrO2
	Oleic acid
	10:1
	10
	240
	150
	81.3% Y
	-
	-
	5.9
	65.8
	0.414
	2017
	[109]



	FeMn-Sulfated ZrO2
	Tannery waste sheep fat
	15:1
	8
	300
	65
	98.7–>90% Y
	5
	-
	-
	-
	-
	2020
	[115]



	SO42–/ZrO2-CeO2
	Jatropha oil
	15.3:1
	8
	60
	140
	87.4–85.4% C
	5
	10
	-
	83.4
	-
	2021
	[116]
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Table 5. Summary of some silica-supported sulfated catalysts.
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	Catalyst
	Feedstock
	A:O Ratio
	Catalyst Loading (wt%)
	Time (min)
	T

(°C)
	Yield Y

Conversion C
	Reusability

(Runs)
	Particle Size (nm)
	Pore Size (nm)
	Surface Area (m2/g)
	Acidity

(mmol/g)
	Year
	Ref.





	SO42−/TiO2/SiO2
	Acetic acid
	-
	-
	-
	120
	91.4% C
	-
	-
	-
	550
	-
	2003
	[118]



	SBA-15-SO3H-Pr
	Untreated beef

tallow
	20:1
	10
	120
	120
	92–84% C
	2
	-
	4.8
	920
	0.91
	2006
	[119]



	SBA-15-SO3H
	Palmitic acid
	30:1
	0.05 g
	360
	60
	50% Y
	-
	-
	3.9
	938
	0.22
	2010
	[120]



	TMS Capped/arene-SO3H/SBA-15
	Palm oil
	20:1
	6
	240
	140
	~95% Y
	3
	-
	8.3
	533
	1.04
	2010
	[121]



	SBA-15-SO3H
	Palmitic acid
	30:1
	0.05 g
	360
	60
	33.5% C
	-
	-
	13.8
	531
	0.19
	2012
	[122]



	KIT-6/C-SO3H
	Maleic anhydride
	6:1
	0.2 g
	1800
	-
	~60% Y
	4
	-
	11
	590
	3.0
	2012
	[123]



	SO42−/TiO2/SiO2
	WCO
	20:1
	10
	180
	120
	77–74.3% C
	2
	-
	2.85
	457
	-
	2013
	[124]



	SO42−/La2O3/HZSM-5
	Oleic acid
	5:1
	10
	420
	100
	~100% C
	1
	17–150 × 103
	5.2–120
	217
	-
	2013
	[125]



	Fe/Fe3O4/SiO2/APTES-NHSO2H
	Glyceryl trioleate
	8:1
	5
	1200
	100
	100–>90% C
	5
	60
	-
	-
	0.48
	2015
	[45]



	SO42−/Zr-SBA-15
	WCO
	40:1
	3
	180
	160
	98.5–~80% C
	6
	-
	3.27–5.47
	271
	-
	2015
	[126]



	SZ/MgO/SBA-15
	Tributyrin
	60 cm3 meOH, 5 mmol TG
	34
	180
	60
	40% C
	-
	-
	4–350
	350
	0.13 A

0.045 B
	2020
	[127]
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Table 6. Summary of some functionalized carbon catalysts.
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	Catalyst
	Feedstock
	A:O Ratio
	Catalyst Loading (wt%)
	Time (min)
	T

(°C)
	Yield Y

Conversion C
	Reusability

(Runs)
	Particle Size (nm)
	Pore Size (nm)
	Surface Area (m2/g)
	Acidity

(mmol/g)
	Year
	Ref.





	CNF-Ar-SO3H
	Triolein
	10:1
	0.75 g
	240
	120
	~72% Y
	4
	-
	-
	-
	0.62
	2013
	[130]



	SO3H-GO
	Oleic acid
	0.1 mol/g
	5
	240
	100
	97.6–74% C
	3
	-
	3.8
	437
	-
	2016
	[129]



	PC-SO3H
	Acetic acid
	10:1
	10
	600
	75
	94–80% C
	3
	0.2–0.4 × 105
	17
	140
	1.58
	2016
	[131]



	S-MWCNTs
	Trilaurin
	20:1
	3.7
	60
	150
	97.8–~85% Y
	2
	Length: 0.5–2 × 103

Width:

20–30
	5–35
	199
	-
	2017
	[132]



	Al3+/SO42−/MWCNT
	Oleic acid
	12:1
	0.9
	420
	65
	95–81.1% C
	8
	Width: ~25
	-
	-
	-
	2017
	[56]



	Graphene-SO3H
	Palm oil
	20:1
	10
	600
	100
	~98% Y
	4
	-
	-
	-
	1.75
	2017
	[133]
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Table 7. Kinetic parameters of some acidic nanocatalysts.
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	Catalyst
	T

(°C)
	TOF

(min−1)
	Ea

(kJ/mol)
	K

(min−1)
	n
	Year
	Reference





	SBA-15/sulfonic acid
	60
	0.13–0.58
	-
	-
	-
	2010
	[120]



	KIT-6/C-SO3H
	-
	0.57
	-
	-
	-
	2012
	[123]



	SBA-15/sulfonic acid
	60
	0.20–2.00
	-
	-
	-
	2012
	[122]



	SO42−/La2O3/HZSM-5
	100
	-
	44
	-
	1
	2013
	[125]



	CNF-Ar-SO3H
	120
	0.32
	-
	-
	-
	2013
	[130]



	SO3H-GO
	100
	-
	13
	0.921
	1
	2016
	[129]



	S-MWCNTs
	150
	-
	72
	0.0498
	1
	2017
	[132]



	Fe3O4-Chitosan-Hollow-Chitosan-SO3H
	80
	-
	38
	0.0173
	1
	2018
	[52]
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Table 8. Summary of some acidic nanocatalysts using cheap WCO feedstock.
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	Catalyst
	A:O Ratio
	Catalyst Loading (wt%)
	Time (min)
	T

(°C)
	Yield Y

Conversion C
	Reusability

(Runs)
	Particle Size (nm)
	Pore Size (nm)
	Surface Area (m2/g)
	Acidity

(mmol/g)
	Year
	Ref.





	SO42−/TiO2-SiO2
	20:1
	10
	180
	120
	77% C
	1
	-
	2.85
	457
	-
	2013
	[124]



	Fe2O3-MnO-SO42−/ZrO2
	20:1
	3
	240
	180
	~96.5% Y
	6
	11.5–21
	-
	1.39 × 10−6
	4.32 A

1.52 B
	2015
	[114]



	SO42−/Zr-SBA-15
	40:1
	3
	180
	160
	98.5–80% C
	6
	-
	3.27–5.47
	271
	-
	2015
	[126]



	Ti(SO4)O
	9:1
	1.5
	180
	75
	97.1–94.12% Y
	8
	25
	22.7
	44.5
	-
	2016
	[49]



	TiO2/PrSO3H
	15:1
	4.5
	540
	60
	98.3–94.16% Y
	4
	8.2–42
	24.6
	38.6
	-
	2017
	[51]



	SO42−/Fe-Al-TiO2
	10:1
	3
	150
	90
	96–>90% Y
	10
	<50
	11.1
	51
	1.18
	2017

2018
	[38,98]



	SO42−/Mg-Al-Fe3O4
	9:1
	4
	300
	95
	~98.5% Y
	5
	25–165
	6.5
	123
	2.35
	2019
	[93]
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