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Abstract

:

The synergistic conversion of Miscanthus x Giganteous with sulphated zirconia and dilute hydrochloric acid was investigated. The sulphated zirconia was prepared using H2SO4 impregnation and characterised using X-ray Diffraction (XRD), Energy-dispersive X-ray (EDX), Scanning Electron Miscroscope (SEM) spectroscopy and nitrogen adsorption–desorption measurements. The microwave-assisted reaction was evaluated at various temperatures, reaction times and catalyst-to-biomass ratios, with and without the presence of trace HCl in the solution medium for the conversion of Miscanthus x Giganteous to levulinic acid. The highest levulinic acid yield of 63.8% was achieved at 160 °C, 80 min and a 2:1 catalyst-to-biomass ratio, with 10 mM HCl. The catalyst recyclability was investigated with and without calcination, finding that significant humin deposition on the catalyst surface likely caused catalyst deactivation. The post-reaction solid residue was also characterised using SEM, EDX, XRD, elemental composition and nitrogen adsorption–desorption measurements. Findings indicate that this residue could potentially be used as a soil amendment or as a fuel source. The synergistic conversion of real lignocellulosic biomass with sulphated zirconia and trace hydrochloric acid showed remarkable promise and should be investigated further.
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1. Introduction


Increasing concerns over serious climate change issues are currently shifting the research focus in sustainable circular economy towards the development of cleaner alternative renewable feedstocks for the production of low-carbon chemicals and energy. The production of renewable biochemicals is a pressing necessity for the manufacture of a range of low-carbon materials essential to modern life, ranging from pharmaceuticals to plastics. Lignocellulosic biomass, which is among the most abundant renewable energy resources, has received significant attention in recent years for the production of biochemicals and materials [1,2,3]. Non-edible cellulosic feedstocks are highly desirable substitutes for fossil resources, due to their carbon-neutral circular framework and ability to be converted into a broad range of platform chemicals. Among the top target chemical building blocks is levulinic acid (LA) [4], which can be produced by acid-catalysed dehydration of cellulose and sugars, in a single-stage process, as shown in Figure 1 [5,6]. LA is a C5 keto-acid, exhibiting both carboxylic acid and ketone functionality that can be upgraded by several routes into γ-valerlatcone, methyltetrahydrofuran and 1–4-pentanediol, among others [7,8,9]. Alongside mineral acids, several inorganic salts such as FeCl3 have been investigated at lab scale for the production of levulinic acid from cellulose [10,11]. Recently, several commercial pilot plants have been built using mineral acid catalysts, such as sulphuric acid, to produce LA; however, the estimated production costs have varied significantly between USD 1 and USD 8 per kilogram [12,13,14,15]. Despite their simplicity and high LA yields, utilisation of mineral acids has been associated with reactor corrosion, limited catalyst recovery and waste by-product yields, such as humins [2].



Heterogeneous solid acid catalysts have been proposed by several studies [16,17,18] as replacements for H2SO4 and HCl mineral acids. Solid acid catalysts can significantly reduce equipment corrosion, lower the environmental impact and offer a more cost-effective catalyst separation method. Production of LA from monosaccharide sugars (e.g., glucose and fructose) and cellulose has been extensively studied with theoretical LA yields in excess of 50% with a broad range of solid acid catalysts including ion-exchange resins, metal oxides and modified zeolites [17,19,20]. The acidic properties of some metal oxides can be further increased by sulphate doping in order to increase and tailor the number of Brønsted and Lewis acid sites, in order to catalyse each step of the levulinic acid formation mechanism shown in Figure 1 [21]. Additionally, widely used solid acids such as sulphated zirconia (SZR) catalyse the formation of LA from lignocellulose at significantly lower catalyst concentrations than mineral acids [22,23]. SZR displays both Lewis and Brønsted acidities, which are required for glucose isomerisation to fructose and subsequent dehydration to 5-HMF, respectively. SZR has been reported to convert both simple and complex carbohydrates into 5-HMF at high rates, 30–62% and 98% yields, respectively, as well as exhibiting great LA conversion rates from cellulose [24,25].



However, the conversion of solid lignocellulosic biomass with heterogeneous catalysts has resulted in significantly lower LA yields compared with monosaccharide sugars (e.g., glucose and fructose), primarily due to the limited solid–solid interaction. Recent studies by Pyo et al. [26] attempted to promote solid acid catalysts with glucose by the addition of aqueous salts for the production of LA. Meanwhile, Kobayashi et al. reported that the addition 13 mM HCl increased the rate of hydrolysis of cellulose to glucose from 31% to 82% with a carbonaceous solid acid catalyst [27]. Geboers et al. similarly reported that trace HCl can hydrolyse solid cellulose towards soluble oligosaccharides, which can be adsorbed by the solid catalyst [28] and can more easily interact with the solid acid catalyst, reducing the solid–solid interaction bottleneck. As the efficient conversion of monosaccharides towards LA with ZrO2 has been previously reported, the synergism with trace HCl could potentially increase LA yields with real lignocellulosic biomass.



Furthermore, commercial large-scale LA production requires full valorisation of all by-products, including hemicellulose-derived furfural, formic acid and solid residues (also known as humins) [29]. Furfural and formic acid can be separated and sold into established commercial markets. However, the solid residues have been both under-characterised and unexplored for potential commercial applications. Works by Patil et al. and Zandvoort et al. [30,31] investigated the formation mechanisms leading to humin formation from sugars, concluding the humin residues are primarily interlinked furanic polymers. Several authors have attempted to minimise the solid residue by-product but found that residue formation cannot be avoided [31,32], although polymerisation inhibitors can reduce excessive humin formation, but not eliminate it [33] since the solid residue from lignocellulosic biomass will also contain lignin, waxy polymers and other inert fractions. Argarwal et al. and Melligan et al. [34,35] investigated its pyrolysis which resulted in low yields of phenol-rich bio-oil, 10–20 wt.%, though it requires the further development of pyrolysis technology. Furan-derived humin residues were found to form excellent building material composites; however, this a relatively low-value application [36]. Due to the high heating value (HHV), several studies have suggested the utilisation of the solid residue as a fuel source for internal energy generation [22]; however, they found this significantly increases the overall plant CO2 emissions, reducing green credentials for producing a renewable bio-chemical. Recently, there has been growing interest in the use of chars and other carbonaceous residues as soil improvement to remedy drastically decreasing soil carbon levels [37,38,39]. The land application of the solid residue would not only provide a possible low-carbon emission valorisation method but could potentially alleviate a significant ecological issue, particularly for intensive agronomic systems.



In this study, we investigate the use of sulphated zirconium dioxide as a heterogeneous catalyst for the production of LA from a lignocellulosic energy crop, Miscanthus x Giganteus. Miscanthus x Giganteus was chosen as an example lignocellulosic feedstock in this study due to its high hexose content, low fertiliser requirements and widespread growing capacity, which make it among the most promising energy crops [40]. This included the investigation of the addition of dilute 10 mM HCl and optimisation of the reaction conditions for maximised yield and quantification of solid residues as well as characterisation for their potential applications.




2. Materials and Methods


2.1. Materials and Catalyst Preparation


The sulphated zirconium dioxide (SZR) catalyst was prepared using commercial Zr(OH)4 (Sigma Aldrich 97%) suspended in a 0.5 M solution of H2SO4 under vigorous stirring for 1 h. The solid was then filtered, dried at 110 °C for 12 h and calcined at 550 °C for 3 h. Analytical-grade trace metal hydrochloric acid was purchased from Fisher-Scientific and levulinic acid, 5-HMF and furfural were purchased from Sigma Aldrich to prepare HPLC standards. Miscanthus x Giganteus was acquired from a local supplier, ball-milled through a 0.2 mm mesh (Retsch, ZM500), dried at 105 °C until constant weight was achieved and then stored under airtight conditions until use. The water-soluble extractives were determined using a solvent extractor (Dionex, ASE 350) with demineralised water according to NREL/TP-510-42619 [33]. The structural sugars were characterised according to NREL methods [34]. The obtained compositions (on an oven-dry basis wt.%) were 1.82% ± 0.02 ash, 5.33% ± 0.28 total extractives, 17.95% ± 0.14 Klason lignin, 38.86% ± 0.42 cellulose (glucan) and 24.08% ± 0.73 hemicelluloses. The cellulose crystallinity was determined by the peak difference method using X-ray diffraction (XRD) on a dry weight basis.




2.2. Physical Characterisation of Catalyst and Solid Residue (SR)


The compositional analysis of the catalyst surface was conducted through energy-dispersive X-ray spectroscopy (EDX), utilising an AMETEK EDAX TSL. The crystallographic phases of the catalyst were analysed with the X-ray diffraction PANalytical X’Pert Powder system, operated at 40 mA and 45 kV. The residual cellulose crystallinity in the solid residue was determined according to the method described in Section 2.1. Scanning electron microscopy (SEM) images were obtained with a Zeiss Supra 40 VP-FEG-SEM, Germany. The specific surface areas of the samples (catalyst and solid residue) were determined with a Micromeritics ASAP2020 surface area analyser. Samples were degassed for 12 h at 150 °C prior to analysis and surface areas were calculated from nitrogen adsorption data at −196 °C in the range of relative pressures between 0.05 and 0.3 using the BET model. Total pore volumes were determined from the measurements at p/p0 of 0.99 using a density conversion factor of 0.001547. External surface areas and micropore areas were determined by the t-lot method. Pore size distributions were calculated based on the Barrett, Joyner and Halenda (BJH) model from the adsorption branch of the isotherms. Temperature-programmed desorption of ammonia (NH3-TPD) was carried out on a Micromeritics 2920 instrument, which was equipped with a TCD detector and coupled to a Balzers Thermostar quadrupole mass spectrometer. The sample, ~80 mg, was pretreated under a flow of 50 mL/min argon at 120 °C (5 °C/min) for 30 min and then at 500 °C (5 °C/min) for 20 min. The sample was then cooled down to 100 °C, and the argon flow was switched to 5%NH3/H2 and allowed to interact for 1 h at 100 °C. Then, the system was flushed with helium (before starting the TPD experiment). The sample was heated up to 500 °C (10 °C/min) and the effluent gas was monitored by MS and TCD. Acidity was measured based on the TCD detector signal.




2.3. Microwave Catalysis and Experimental Method


The biomass catalysis reactions were conducted using a CEM Mars 5 microwave reactor (10 mL working volume) operating at 2.45 GHz. For each experiment, the reactor was loaded with a fixed biomass amount of 0.25 g, with a varying catalyst-to-biomass ratio (0, 0.4, 1.0 or 2.0). The reaction medium was aqueous with either 10 mL of deionised water or pre-prepared 10 mM HCl. The microwave temperature was controlled via infrared measurement. The reaction temperature and time varied between 140 and 200 °C and 30–120 min, respectively. Post-reaction, the solid residue was washed with 200 mL of deionised water and separated using vacuum filtration with pre-dried and pre-weighed 2 µm filter papers before drying at 60 °C for 24 h, prior to characterisation as described in Section 2.1. The liquid fraction was subsequently filtered through a 0.2 µm filter and frozen for carbohydrate and organic acid product analysis. Levulinic acid and platform chemical concentration was quantified using an HP-1100 HPLC, equipped with an Aminex HPX-87H organic acids column, and a UV detector (λ = 226 nm). The theoretical levulinic acid yield was calculated on a dry cellulose content only basis and is presented in theoretical mol%.




2.4. Solid Residue Separation and Characterisation


The dried post-reaction solids were separated by size using 68 and 125 μm mesh screens with a sieve shaker before storing in airtight containers for further use, with the <68 and >125 μm fractions corresponding to the recycled catalyst and solid residue, respectively. The weight of each fraction was recorded and adjusted for solids lost during the screening process due to solids transfer. The calcined recycled catalyst was placed in a muffle furnace at 450 °C for 6 h.



The elemental composition of the solid residue (C, H, N, S and O) was determined as the average value (triple repetition) using an elemental Vario MacroCube CHNS analyser, where the % of O was indirectly calculated as complementary percentage to the sum of each element’s percentage and the ash content. The dry matter fraction in total solids (TS) was determined by drying at 105 °C until constant weight, while the organic volatile solids (VS) fraction and ash content were determined by combustion at 450 °C for 6 h as % of TS, according to [41,42]. EDX, SEM and BET analyses were conducted using the same methods as the catalyst’s characterisation. The crystallinity index was calculated using the peak height method [43].





3. Results and Discussion


3.1. Effects of Process Variables on LA Production


The SZR catalyst was initially investigated for the conversion of biomass to LA with deionised water between 140 and 200 °C for 60–120 min, as shown in Figure 2. The highest LA yield was 32% at 160 °C for 1 h in aqueous solution which was less than the literature LA yields with a similar sulphated catalyst with microcrystalline cellulose [44]. In this study, there was a negligible yield of a key intermediate of LA production, 5-HMF, which was previously reported as the bottleneck by Kassaye et al. with a similar sulphated zirconium [44]. Other zirconium-based catalysts with zirconia and zirconium phosphate reported LA yields of 53.9% and 52.9%, respectively, from microcrystalline cellulose with deionised water [24,45]. The reported yields in this study indicate that the heterogeneity and physical complexity of real lignocellulose reduce the solid–solid interaction compared with microcrystalline cellulose and are the cause of the decrease in LA between this study and the literature.



The addition of trace HCl drastically increased the LA yields under nearly all conditions, achieving a 61.5% LA yield at 160 °C for 1 h with a catalyst-to-biomass ratio of 2:1. This yield is comparable with the commercialised Biofine process, which achieved a 67% LA yield using H2SO4 catalysts with similar Miscanthus x Giganteus [3]. The increase in LA yields could be attributed to the increased efficiency of SZR due to the acidic medium or a direct effect of trace HCl on biomass conversion towards oligosaccharides. The use of 10 mM HCl in the absence of SZR exhibited low LA yields of below 5% under all conditions, showing that trace HCl had minimal direct effect other than synergism with the sulphated zirconium. Oligosaccharides and monosaccharides were not measured in this study; however, it may be possible that the trace HCl at such low quantities is acting as a simultaneous pre-treatment alongside the SZR catalysis [27]. The LA yields increased significantly with increasing catalyst-to-biomass ratio up to 2:1, below 160 °C. This clearly suggests that the SZR is the primary catalyst compared to the dilute hydrochloric acid, and higher catalyst ratios could yield further benefits. However, a catalyst-to-biomass ratio beyond 2:1 was not investigated due to slurry issues with such high solids loading in the reactor configuration.



There was a noticeable reduction in LA yields with increasing catalyst-to-biomass ratio from 1 to 2 at temperatures exceeding 180 °C. This suggests that at higher temperatures, SZR could be catalysing the degradation of LA or high-temperature humin formation is partially deactivating the catalyst. Most promisingly, the effect of dilute HCl at 140 °C showed a remarkable increase from 3.0% to 26.6%, despite the low-temperature conversion of cellulose being notoriously difficult. This improvement may be indicative of the potential heterogeneous catalyst synergy with aqueous ions for low-temperature biomass catalysis and should be explored further.



The reaction parameters (time, temperature and catalyst-to-biomass ratio) were further optimised using the response surface methodology (RSM), detailed in Supplementary Tables S1–S4 and Supplementary Figure S1. The optimisation of the HCl–SZR ratio with regard to optimised Lewis–Brønsted acid was not considered in the study as the focus was the investigation of SZR. The highest predicted LA yield was predicted at approximately 160 °C for 80 min, which upon further investigation was found to result in a 63.8% LA yield. As the optimised reactions conditions resulted in the highest product yields, these conditions were chosen for the investigation of catalyst recyclability and solid residue characteristics.




3.2. Catalyst Characterisation and Recyclability


The sulphation of zirconium dioxide resulted in the surface modification shown in Figure 3a,b, whilst the calcinated versus non-calcinated catalyst comparison for recyclability is supplied in Figure S2. The XRD pattern, Figure 3c, shows the presence of the tetragonal phase of zirconium dioxide, given by the reflections at 31°, 50° and 60° two theta, which closely corresponds with the previously reported literature [46]. The surface composition was analysed using EDX, Figure 3d, and revealed a high degree of sulphation was achieved with a surface sulphur content of 4.0 wt.%., which is directly responsible for the levels of acidity during the reaction. This suggests a significant increase in the surface acidity compared to the uncoated ZrO2. The BET surface area, shown in Table 1, was measured at 72 m2/g with a significant external surface area of 53 m2/g and presence of mesopores (supplementary Figures S3 and S4) available for cellulose hydrolysis. The NH3-TPD acidity of fresh SZR was measured to be 0.47 mmol/g (Figure S5), which is comparable with other works with sulphated zirconias [24,47].



The catalyst recyclability is of utmost importance for the low-cost application production of LA with solid acid catalysts. The solid acid catalyst was mechanically separated from the solid residue through a 68 μm sieve which resulted in a 63% catalyst recovery (excluding 12% vs. catalyst contamination). The effects of calcination at 450 °C on catalyst reusability were investigated to understand both the possible catalyst deactivation mechanisms and to evaluate possible non-calcined catalyst recovery processes.



Figure 4 shows the reuse of SZR over three consecutive cycles with (calcinated) and without (uncalcinated) further calcination after the initial thermal treatments described in Section 2.1. The non-calcined SZR experienced a significant drop in LA yields to 25.5% at the third cycle compared with a 42.3% yield with the calcined catalyst. The EDX analysis of the recycled catalysts (Figure S2) shows that the uncalcined catalyst surface has a higher surface carbon content (28.6 wt.%) compared to the calcined catalyst (20.4 wt.%). The increase in the surface carbon content suggests the adsorption of humins and other carbonaceous residues that are thermally stable at 450 °C. Higher-temperature calcination may further reduce the carbon content; however, others studies have found that synthetic humins are thermally robust at higher temperatures with only a 66 wt.% decomposition at 1000 °C [34]. It should also be noted that there was a decrease in the surface sulphur content (1.73–1.95%) compared to 4.3 wt.% in the fresh catalyst, which indicates possible de-sulphation of the catalyst by the trace HCl or selective poisoning of the sulphate groups by humin formation. The amount of Zr leaching due to the presence of HCl was determined using ICP to be <0.1% (Supplementary Table S3), which is comparable to other works using zirconium in deionised water [24]. The deactivation of solid acid catalysts by humin formation can be controlled by the residence time of the reactor which can be partially achieved using continuous reactors [48]. Porous solid acid ZSM-5 has recently been found to be an effective pyrolysis catalyst for synthetic humins at 550 °C [49], as well as a potential catalyst for levulinic acid [18]. Han et al. suggested that solid acid catalysts can catalyse the degradation of lignin-like residues; however, a porous catalyst structure is required to prevent repolymerisation of intermediaries towards char [50]. Moreover, as the minimisation of humin formation is difficult, future work should consider solid catalysts that catalytically degrade the humin residue during calcination or pyrolysis for the development of a more reusable catalyst.




3.3. Solid Residue Characterisation and Possible Applications


The SR weights after each trial were determined assuming no catalyst leaching. The catalyst and solid residue were separated by sieving and correspond to <63 and >125 μm, respectively. The >125 μm fraction contained approximately 21% ZrO2, as identified using XRF and shown in Table 2, indicating significant catalyst contamination despite the high SR separation yield, 79 wt.%. However, on the industrial scale, the catalyst—solid residue—separation can be carried out using more efficient methods such as froth flotation; therefore, as the >125 μm fraction is predominately SR, it can be used to evaluate SR properties.



The SR produced during the catalysis with and without the addition of 10 mM HCl was analysed using X-ray diffraction (XRD) and compared with the raw biomass, as shown in Figure 5. The relative crystallinity of the raw biomass, solid residue from SZR in water medium and 10 mM HCl catalysis was 77.8%, 88.3% and 93.5%, respectively. This strongly suggests that the SZR favourably removes amorphous cellulose, which is in agreement with the effects of other solid acid catalysts in the literature [52]. The addition of 10 mM HCl significantly increases the degradation of amorphous cellulose compared to the water medium, which could be indicative of the role of trace HCl in cellulose depolymerisation. However, the crystallinity index is a relative ratio that cannot determine the absolute effect on both cellulose fractions.



Throughout the work, it is observed that increased catalyst ratios resulted in lower SR yields, and this was especially significant when dilute HCl was added to the reaction medium. At the validated optimum point identified by the RSM model (Supplementary Figure S1), corresponding to 160 °C, 80 min and a 2:1 catalyst-to-biomass ratio with 10 mM dilute HCl, the SR yield was about 58–62 wt.%. The compositional properties of the residues at the optimum point are reported in Table 2. The initially high ash content (36.3%) can be attributed to the catalyst contamination, although the ZrO2 adjusted ash content is still considerably high (14.9%), exceeding previously reported ash contents of other residues. This may indicate that the mild acidic conditions do not extract acid-soluble elements during the process unlike concentrated sulphuric acid, resulting in a higher ash content in the residue. However, the high C/N ratio limits the application of the residue as a soil fertiliser, despite the increase in trace mineral elements. After the catalysis process, the H/C and O/C ratios decreased compared with the raw feedstock, as shown in Supplementary Figure S6. The relative decrease in both H/C and O/C strongly indicates that the feedstock primarily underwent hydrolysis as expected with an acid hydrolysis process. The resulting SR elemental composition was similar to hydrochars produced under non-acidic conditions and could suggest similar applications to that of hydrochars [53].



In order to understand the effect of humin formation compared to homogenous catalysts, the SR from the optimum conditions was compared to BIOFINE-like conditions previously investigated by our group, using SEM, as shown in Figure 6. It can be clearly seen how the carbonaceous spheres (humins) do not form when the reaction runs at the optimum conditions identified by the RSM model. We think the catalyst type is mainly responsible for this phenomenon, as the solid–solid interaction bottleneck for cellulose hydrolysis previously discussed also applies to humin formation. The heterogeneous catalyst reduces the number of active sites available for humin formation and humin growth by aldol polymerization. This was evident in all RSM combinations tested (non-optimum) which confirms this outcome, as there was no significant increase in residue yields at extreme conditions, indicating a minimal solid by-product-forming reaction, where humin deposition appears to shift from the residue towards the catalyst. The lack of structural change from the XRD analysis and lack of an obvious humin solid by-product confirm the previously mentioned high H/C and O/C ratios. This makes it obvious that the solid residue using sulphated catalysts, and possibly most heterogeneous catalysts, is more akin to the degraded biomass than the chars produced using homogenous catalysts such as sulphuric acid (Biofine process).



This significant change in SR by-products will have stark commercial implications for the overall acid catalysis process. Previous studies have looked at harnessing the char-like properties of SR from LA production as a solid fuel or feedstock for pyrolysis. The higher heating value (HHV) was estimated to be 16.2 MJ kg−1, as shown in Table 2, which suggests a possible use as a solid fuel. The increased ash content will, however, significantly reduce the combustion properties. Further, the HHV is significantly lower than the raw feedstock, other hydrochars and synthetic humins, 22, 20–29 and 21–24 MJ kg−1, respectively [34,53]. A more appropriate application could possibly be as a soil amendment to increase soil carbon content and fertility. As previously mentioned, the increased ash and thus mineral contents of the SR could possibly increase the soil buffering capacity as well as providing a supply of available nutrients to promote microbial growth. The modest surface area of 23 m2 g−1 with the presence of larger pores (Table 1 and supplementary Figures S3 and S4) could also potentially promote microbial growth, and the presence of undigested cellulose will provide an energy source for rapid microbial colonisation without the requirement of an extra food source. However, the applicability of the SR as a soil amendment will require further field investigation due to the complex nature of soil amendments.





4. Conclusions


The results from this study indicate that microwave-assisted conversion of lignocellulosic biomass to levulinic acid using sulphated zirconia and trace hydrochloric acid is a promising method. The performed lab-scale experiments showed that an optimum yield of about 63% wt. can be achieved at 160 °C, 80 min and a 2:1 catalyst-to-biomass ratio with 10 mM dilute HCl. The synergistic performance of the sulphated zirconia and hydrochloric acid significantly improved levulinic acid yields compared with that of each individual catalyst. This approach could be applied to a range of heterogeneous catalysts to improve product yields with real lignocellulosic biomass. Further work is required to optimise the trace HCl-to-heterogeneous catalyst ratio, with special regard to the Lewis–Brønsted acid ratio, which may facilitate significant progress in the area of heterogeneous catalysis of real biomass. The solid residue was primarily composed of unreacted biomass and did not undergo any significant transformation, suggesting that heterogeneous catalysis of biomass results in a significant residue compared to that of homogenous catalysts with different possible commercial applications. The development of this catalyst and synergistic approach could significantly reduce catalyst separation costs with minimal effect on the product yields, which will potentially result in the wide-scale commercialization of low-carbon biofuels and biochemicals.
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Figure 1. Formation of levulinic acid from cellulose. 
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Figure 2. LA yield from SZR catalysis of Miscanthus x Giganteus in 10 mL of water or 10 mM HCl with varying catalyst-to-biomass ratios for (a) 60 min; (b) 120 min. 
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Figure 3. (a,b) SEM images of SZR catalyst; (c) XRD pattern of SZR; (d) EDX of SZR. 
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Figure 4. Reusability of the SZR catalyst using uncalcined and calcined at 450 °C catalysts with 0.25 g of Miscanthus x Giganteus in 10 mL of 10 mM HCl at 160 °C at 80 min with a 2:1 catalyst-to-biomass ratio. 






Figure 4. Reusability of the SZR catalyst using uncalcined and calcined at 450 °C catalysts with 0.25 g of Miscanthus x Giganteus in 10 mL of 10 mM HCl at 160 °C at 80 min with a 2:1 catalyst-to-biomass ratio.
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Figure 5. XRD pattern of raw Miscanthus x Giganteus and solid residue produced in deionised water and 10 mM HCl with a 2:1 catalyst-to-biomass ratio at 180 °C for 60 min. 
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Figure 6. Humin deposition on solid residue (SR) between Biofine-like (on the left) and optimum RSM (on the right) conditions. 
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Table 1. BET surface area (SBET), total pore volume (VTOTAL), micropore volume (VMICRO), external surface area (SEXT) and average pore size (D) (calculated from the BET surface area and the total pore volume assuming cylindrical pores (D = 4VTOTAL/SBET)) of Raw SZR and Solid Residue.
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	Sample
	SBET

(m2 g−1)
	VTOTAL

(cm3 g−1)
	VMICRO

(cm3 g−1)
	SEXT

(m2 g−1)
	D

(nm)





	Raw SZR
	72
	0.10
	0.009
	53
	5.6



	Solid Residue
	23
	0.11
	0.005
	13
	19.9
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Table 2. Material characterisation of separated solid residue produced during the optimum conditions of 160 °C for 80 min with a 2:1 catalyst-to-biomass ratio.
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	Value





	Estimated SR Sep. Yield/wt.%
	79.0%



	ZrO2 content/wt.%
	21%



	Ash/%
	36.3%



	ZrO2 adjusted Ash/wt.%
	14.9%



	C/wt.%
	36.8%



	H/wt.%
	4.3%



	O/wt.%
	20.2%



	C/N
	134.00



	H/C
	1.40



	O/C
	0.42



	HHV */MJ kg−1
	16.2







* HHVpredicted = 0.3491(C) + 1.1783(H) + 0.1005(N) − 0.1034(O) − 0.0015(A), where C, H, S, O and A represent the weight percentages of carbon, hydrogen, sulphur, oxygen and ash of the sample, respectively [51].
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