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ABSTRACT
[bookmark: _GoBack]The use of supercritical carbon dioxide (scCO2) to extract valuable lipophilic compounds from miscanthus was investigated and subsequent enzymatic saccharification was carried out to determine the impact of scCO2 extraction on downstream processing of miscanthus. Two miscanthus genotypes (Miscanthus x. giganteus and Miscanthus sinensis) were investigated and characterised. A diverse range of molecules were detected including long-chain hydrocarbons, fatty acids, n-policosanols, aldehydes, wax esters, sterols and steroid ketones.  Quantification data indicates that there is a considerable difference among each species in the quantities of specific compounds. The waxes also exhibited significant differences in melting temperature, thus illustrating the opportunity for utilisation in various applications. In addition to the isolation of valuable chemical compounds, the scCO2 pre-treatment also had a beneficial effect on the downstream processing of the biomass.  The total sugars released after saccharification was found to increase by around 20% when coupled with scCO2 extraction, as compared to untreated samples.
INTRODUCTION
The biorefinery concept is analogous to current petroleum refineries, dealing with the conversion of biomass into a number of added-value products such as chemicals, energy and materials.1 However, the majority of first generation biorefineries utilise only single technologies and focus mainly on feedstocks that are in competition with food and feed.1-2 Recently the uses of wastes, agricultural residues and energy crops have become an important aspect of green chemistry that can be exploited in biorefinery applications.3-8  Miscanthus, a perennial grass, has been extensively grown for energy production. It is a C4 photosynthetic plant and therefore demonstrates high photosynthetic activity, high rates of CO2-fixation, high radiation and utilises water efficiently, thus leading to high rates of growth and productivity.9-12 Research has demonstrated the potential for incorporating miscanthus within a biorefinery framework, whereby chemicals, fuels and materials can be produced, when using this biomass as a feedstock.13-16 Miscanthus side-streams, including waxes, can be exploited for a range of applications. 
Over a century ago paraffin, a by-product residue from the petroleum refining industry, was introduced as an abundant and low cost alternative to natural waxes. It has since been the dominant source of wax.17 A decline in petroleum wax supply coupled with their ever-increasing costs and the switch to ‘greener’ alternative products by consumers has led to new opportunities for renewable natural waxes.18
Traditional organic solvents such as hexane, toluene, dichloromethane (DCM) and chloroform have been used to extract waxes from biomass, but the use of  these is becoming restricted due to a number of human health (toxicological) and environmental issues.19 ScCO2 has shown to be a suitable alternative green solvent for extracting natural products from biomass.20-21 CO2 is a renewable solvent, has low levels of toxicity and is non-flammable. Furthermore, it is cheap and easily recycled.22 The scCO2 extraction of waxes from C3 plants has been well reported.19, 23-26 However, there is very limited work concerning supercritical extraction of waxes from C4 plants.27-28 In addition, only limited work has been conducted with respect to the extraction of molecules from Miscanthus x. giganteus and the extraction solvent utilised in the study was DCM.29 To the best of the authors’ knowledge there is no work investigating scCO2 extraction of waxes from miscanthus. 
This study highlights the advantages of incorporating scCO2 extraction of waxes as an initial step in a miscanthus biorefinery. The scCO2 extraction of waxes was conducted on the leaves and stems of two miscanthus species; Miscanthus sinensis and Miscanthus x. giganteus. The lipophilic constituents of the waxes were identified and quantified in order to identify potential applications for this unutilised resource, which is frequently considered to be an agricultural waste. In addition, saccharification was carried out on the scCO2 extracted miscanthus and compared to untreated and ethanol-washed miscanthus in order to investigate potential additional benefits of scCO2 extraction on the biomass. This allowed for the assessment of any beneficial effect on the amount of sugars released during saccharification after using scCO2 to extract waxes. It was thought that the extraction of waxes in this way opens the biomass structure and facilitates enzymatic hydrolysis of the polysaccharide components.
MATERIALS AND METHODS
Materials and Sample preparation
Samples of leaves and stems from two miscanthus species (Miscanthus x. giganteus genotype HO118 and Miscanthus sinensis genotype H0121) were collected from the WUR-PB collection of miscanthus. Collection of the shoots occurred on the 5th November 2010 from a field nursery set up at Wagenin University in 2003. The shoots were taken from numerous fully-grown multi-tillered plants. The leaves and stems were separated and subsequently dried at 70 oC using a forced-air oven until constant weight was achieved. A Glen Creston Ltd. cutting mill with a 1 mm grate was used to mill the miscanthus biomass. The MG stem and leaf dry matter content was 39.2% and 35.2% respectively while those for the MS stem and leaf were 40.2% and 38.9% respectively.
Supercritical Fluid Extraction (SFE)
Supercritical Fluid Extraction of miscanthus samples was conducted according to the method as previously reported in the literature.30 The optimal conditions (pressure and temperature) were selected following an optimisation study (factorial experimental design) whereby different extractions were carried out at varying pressures (80, 240, 325, 350 and 400 bar) and temperatures (40, 50 and 60 oC). The optimal conditions were found to be 350 bar and 50 oC at 40 g min-1 CO2. DCM was utilised in this study to ensure that all the lipids were removed from the separator in order to get an accurate % yield. However, the use of non-green solvents is not required for collection of extracts on an industrial scale. A method for the recovery of waxes on a lab-scale that does not require the use of DCM will be presented in future work by the authors.
Preparation, pre-treatment and saccharification of Miscanthus x. giganteus samples 
Preparation, pre-treatment and saccharification of Miscanthus x. giganteus samples were conducted according to the method previously reported in the literature.31 

Wax analysis methods
Derivatization and HT-GC (and HT-GC-MS) procedures for wax analysis were conducted according to a previously published methodology. 28 DSC analysis was conducted according to a previously published  method.27 The standard deviation (errors) in the quantification data have been calculated based on three replicates.
RESULTS AND DISCUSSION
Supercritical extraction of waxes from M. x. giganteus and M. sinensis
A 2x2 factorial experimental design was conducted on the leaves of MG to identify the optimal conditions (pressure and temperature) leading to the highest % yield of wax from miscanthus biomass (see supplementary information). Various different temperatures and pressures were investigated and it was found that the optimal conditions were 350 bar and 50 oC.  The leaves and stems of two miscanthus species were investigated; M. x. giganteus (MG) and M. sinensis (MS). The % extraction yield of wax from the stems and leaves of MS and MG (by scCO2 extraction) may be viewed in Figure 1. 

Figure 1. % crude yields of waxes extracted from MS and MG stems and leaves. (MS – miscanthus sinensis, MG – miscanthus giganteus).
Figure 1 highlights large wax contents in the leaves of both MG and MS, when compared to the stems. This is not surprising as the leaf surface area to volume ratio is much higher, meaning that the risk of water loss via transpiration and mechanical damage is similarly much greater than the stems. Therefore, higher wax content is found in the leaves to minimise these risks.
ScCO2 extractions of MG leaf exhibited the highest wax yields (1.96 ±0.03%), while leaves of MS were found to be 1.59 ±0.1%. The opposite was observed in the stems, whereby the largest quantities of wax were obtained from the MS stems (0.46 ±0.04%) when compared to the MG stems (0.38 ±0.03%).  Soxhlet extractions were also undertaken using heptane. Although the % crude yields were higher (% yields of: MS stem 0.69%, MS leaves 3.03%, MG stem 0.52% and MG leaves 3.35%), the % composition of compounds identified was lower due to the large number of unwanted co-extractives obtained using heptane (due to the lower selectivity of conventional organic solvents).  
Table 1. Quantification data of the lipophilic compounds found in the waxes from MS and MG (in μg/g-1 of biomass). MS – miscanthus sinensis MG – miscanthus giganteus.

	Compounds
	MS ScCO2
	MG ScCO2

	
	Stems
	Leaves
	Stems
	Leaves

	Pentanoic acid (C5H10O2)
	0.8 ±0.3
	2.3 ±0.3
	0.4
	3.2 ±0.7

	Hexanoic acid (C6H12O2)
	5.1 ±0.3
	5.1 ±0.3
	7.6
	12.8 ±1.8

	Heptanoic acid (C7H14O2)
	0.9 ±0.2
	1 ±0.3
	1.2 ±0.1
	2 ±0.8

	Octanoic acid (C8H16O2)
	2.6 ±0.8
	7 ±0.7
	2.4 ±0.1
	8.3 ±1.1

	Nonanoic acid (C9H18O2)
	2.8 ±0.4
	4.3 ±1.1
	4.2 ±0.1
	10.4 ±1.1

	Decanoic acid (C10H20O2)
	2.4 ±0.9
	18.5 ±1.7
	1.7
	15.9 ±2.1

	Dodecanoic acid (C12H24O2)
	9.2 ±0.6
	128.1 ±12.3
	5.1 ±0.2
	124.4 ±13.8

	Tetradecanoic acid (C14H28O2)
	7.4 ±0.5
	74.9 ±4.7
	5.2
	86.4 ±7.5

	Pentadecanoic acid (C15H30O2)
	5.9 ±1.2
	7.5 ±0.9
	8.5 ±0.2
	16.9 ±2.1

	Hexadecanoic acid (C16H32O2)
	165.5 ±5.7
	307.5 ±35.7
	169 ±1.6
	464.6 ±47.6

	Heptadecanoic acid (C17H34O2)
	4.2 ±0.3
	15.5 ±7.9
	8.7 ±0.1
	13.4 ±0.4

	Octadecanoic acid (C18H36O2)
	18.6 ±1.2
	94.3 ±13.1
	15.4 ±0.1
	88.5 ±7.6

	Nonanoic acid (C19H38O2)
	3.3 ±1.1
	18 ±2.4
	2.4
	19.1 ±3.4

	Eicosanoic acid (C20H40O2)
	11 ±1
	99.9 ±16.3
	12.8 ±0.5
	85.3 ±6.4

	Heneicosanoic acid (C21H42O2)
	3.7 ±0.4
	8.1 ±0.7
	7.1 ±0.1
	10.6 ±2.1

	Docosanoic acid (C22H44O2)
	9.1 ±3.3
	39.1 ±1.8
	16.8 ±0.1
	44.3 ±7.4

	Tricosanoic acid (C23H46O2)
	7.1 ±2
	25.8 ±2.3
	20.8 ±0.2
	35.5 ±6.4

	Tetracosanoic acid (C24H48O2)
	7.4 ±2.7
	35.3 ±5.8
	29.5 ±0.4
	60.7± 12.6

	Pentacosanoic acid (C25H50O2)
	2.7 ±0.5
	13.9 ±1.8
	16.8 ±0.1
	24.4 ±2.6

	Hexacosanoic acid (C26H52O2)
	17.8 ±0.7
	10.4 ±2.5
	2.9 ±0.1
	69.4 ±27.2

	Octacosanoic acid (C28H56O2)
	TR
	TR
	TR
	TR

	Tricontanoic acid (C30H60O2)
	TR
	TR
	TR
	TR

	Dotriacontanoic acid (C32H64O2)
	TR
	TR
	TR
	TR

	Total saturated fatty acids
	287.5 ±24.1
	916.5 ±112.6
	338.5 ±4
	1196.1 ±154.7

	
	
	
	
	

	9-hexadecenoic acid (C16H30O2)
	1.6 ±0.3
	-
	0.9
	15.1 ±2.2

	9-octadecenoic acid (C18H34O2)
	6.6
	4.6 ±2.2
	1.1 ±0.1
	8.7 ±1.4

	9,12-Octadecadienoic acid (C18H32O2)
	64.9 ±0.1
	213.6 ±17.4
	1.8 ±0.1
	48.2 ±1.8

	9,12,15-Octadecatrienoic acid (C18H30O2)
	90.1
	87 ±10.1
	1.7 ±0.1
	27.1 ±4.9

	Total unsaturated fatty acids
	160.7 ±0.1
	305.2 ±29.7
	4.6 ±0.3
	99.1 ±8.1

	
	
	
	
	

	Heptanedioic acid (C7H12O4)
	-
	-
	1.2 ±0.1
	-

	Octanedioic acid (C8H14O4)
	0.9 ±0.2
	-
	0.9 ±0.1
	3 ±0.2

	Nonanedioic acid (C9H16O4)
	10.2 ±4
	5.1 ±1.7
	21.5 ±0.5
	26 ±7.7

	Decanedioic acid (C10H18O4)
	1 ±0.3
	-
	1.5
	-

	Total saturated difatty acids
	12.1 ±4.5
	5.1 ±1.7
	25.1 ±0.7
	29 ±7.9

	
	
	
	
	

	Docosanol (C22H46O)
	1.7 ±0.1
	12 ±2.6
	0.9
	6.5 ±2.5

	Tetracosanol (C24H50O)
	1.4 ±0.1
	9.1 ±3.7
	2.3 ±0.2
	13.6 ±3.7

	Hexacosanol (C26H54O)
	6.3 ±0.4
	16.2 ±0.1
	12.7 ±0.1
	31.5 ±7.4

	Octacosanol (C28H58O)
	26.4 ±2.4
	54.2 ±1.6
	210.2 ±1.4
	227.7 ±9.6

	Triacontanol (C30H62O)
	84.3 ±0.8
	138.5 ±23.6
	36.6 ±0.8
	157.8 ±20.5

	Dotriacontanol (C32H66O)
	17.1 ±0.9
	319.4 ±45.6
	29.3 ±0.4
	356 ±119.3

	Total saturated fatty alcohols
	137.2 ±4.7
	549.4 ±77.2
	292 ±2.9
	793.1 ±163

	
	
	
	
	

	Tetracosanal (C24H48O)
	-
	14.3 ±3.4
	1.8 ±0.1
	7.2 ±1.2

	Hexacosanal (C26H52O)
	11.6 ±0.8
	24.7 ±1
	18.2 ±0.3
	50.8 ±12.5

	Octacosanal (C28H56O)
	49.2 ±8.1
	121.2 ±12.3
	206.7 ±0.1
	498.3 ±55.6

	Triacontanal (C30H60O)
	64 ±3.4
	124.9 ±61
	35.4 ±1.3
	311.7 ±71.5

	Total saturated fatty aldehydes
	124.8 ±12.3
	285.1 ±77.7
	262.1 ±1.8
	868 ±140.8

	
	
	
	
	

	Pentacosane (C25H52)
	4.9 ±0.4
	25.8 ±4.5
	13.6 ±0.2
	34.4 ±1.1

	Heptacosane (C27H56)
	11.2 ±0.1
	82 ±5.1
	15.8 ±0.2
	175.7 ±10.1

	Octacosane (C28H58)
	-
	14.2 ±2.4
	2.9 ±0.2
	20 ±2.4

	Nonacosane (C29H60)
	16.7 ±0.9
	120.7 ±5.9
	8.1 ±0.1
	215.9 ±16.9

	Hentriacontane (C31H64)
	17.9 ±2.2
	158.4 ±0.7
	21.9 ±0.7
	169.8 ±6.7

	Triatriacontane (C33H68)
	6.1 ±1.3
	63.1 ±1.4
	7.7 ±0.7
	63.8 ±11.7

	Total hydrocarbons
	56.8 ±4.9
	464.2 ±20
	70 ±2.1
	679.6 ±48.9

	
	
	
	
	

	Campesterol (C28H48O)
	73.5 ±1.2
	117.9 ±19.1
	25.7 ±0.5
	165.3 ±15

	Stigmasterol (C29H48O)
	78.3 ±2.3
	73.4 ±20.7
	45 ±0.4
	135.6 ±12.6

	β-Sitosterol (C29H50O)
	140.2 ±5
	387.7 ±45.7
	57.8 ±0.6
	311.3 ±21.5

	Total sterols
	292 ±8.5
	579 ±85.5
	128.5 ±1.5
	612.2 ±49.1

	
	
	
	 
	

	Stigma-4-en-3-one (C29H48O)
	37.3 ±2.8
	85.7 ±2.9
	21.6 ±0.6
	55 ±12.2

	Stigmastan-3,6-dione (C29H48O2)
	24 ±3.3
	67.4 ±20.4
	22.6 ±0.9
	81.1 ±27.6

	Total steroid ketones
	61.3 ±6.1
	153.1 ±23.3
	44.2 ±1.5
	136.1 ±39.8

	
	
	
	
	

	Wax ester 38 (C38H78O2)
	3 ±0.2
	64.6 ±20.4
	1.4
	4.5 ±0.3

	Wax ester 40 (C40H82O2)
	9.8 ±0.9
	36.3 ±7.3
	5.2
	11.8 ±2.8

	Wax ester 41 (C41H84O2)
	0.9 ±1.5
	-
	0.6 ±0.2
	4.5 ±1.1

	Wax ester 42 (C42H86O2)
	31 ±2.3
	23 ±5.3
	24.4 ±0.2
	24.2 ±1.2

	Wax ester 43 (C43H88O2)
	6.9 ±0.6
	14.9 ±4.3
	10.7
	16.6 ±5.8

	Wax ester 44 (C44H90O2)
	83.8 ±11.2
	28.7 ±1.6
	143.1 ±0.3
	72.2 ±2.6

	Wax ester 45 (C45H92O2)
	8.4 ±1.2
	14.3 ±0.3
	9.4 ±0.1
	14.5 ±0.4

	Wax ester 46 (C46H94O2)
	36.4 ±7.1
	60.8 ±9.4
	28 ±0.1
	50.5 ±7.3

	Wax ester 47 (C47H96O2)
	5.7 ±1
	12.9 ±0.9
	4.1
	12.6 ±2.1

	Wax ester 48 (C48H98O2)
	37.8 ±9.2
	110.7 ±1
	27.7
	76.1 ±6.4

	Wax ester 49 (C49H100O2)
	5 ±1.5
	11.9 ±1.5
	3.8
	10.4 ±1.5

	Wax ester 50 (C50H102O2)
	19.8 ±6.2
	65.3 ±9
	12.5
	34.7 ±4.4

	Wax ester 51 (C51H104O2)
	3.9 ±1.6
	8.6 ±2.8
	4.1
	7.8 ±2.1

	Wax ester 52 (C52H106O2)
	13.7 ±5.2
	46 ±25.4
	9.6 ±0.1
	31 ±9.1

	Wax ester 53 (C53H108O2)
	TR
	3.6 ±6.2
	2.5
	TR

	Wax ester 54 (C54H110O2)
	7.4 ±3.1
	24.1 ±13.1
	7.9
	16.7 ±11

	Wax ester 55 (C55H112O2)
	TR
	TR
	-
	TR

	Wax ester 56 (C56H114O2)
	11.5 ±1.1
	31.4 ±10.4
	11.5 ±1.7
	19.6 ±8.5

	Wax ester 58 (C58H118O2)
	TR
	17 ±1.4
	TR
	19.8 ±4.2

	Wax ester 60 (C60H122O2)
	-
	TR
	-
	TR

	Total wax esters
	285 ±53.9
	574.1 ±120.3
	306.5 ±2.7
	427.5 ±75.7

	
	
	
	
	

	2-Pentadecanone-6,10,14-trimethyl (C18H36O)
	49 ±18.3
	264.2 ±124.7
	19.3 ±0.9
	597.6 ±60.1

	Phytol (C20H40O)
	2.2 ±1.4
	359.5 ±15.2
	3.3
	26.5 ±4.9

	Total ‘other’ compounds
	75.2 ±19.7
	623.7 ±139.9
	21.3 ±0.9
	624.1 ±65



The identification and quantification of the various families of compounds constituting the waxes was conducted via GC and GC-MS (Figure S1). Table 1 illustrates the various lipophilic molecules present in the leaf and stem extracts of the two species. A large, diverse range of molecules were detected (varying in both structure and molecular weight); including long-chain hydrocarbons, fatty acids (saturated and unsaturated), n-policosanols, aldehydes, wax esters, sterols and steroid ketones. Although there is a similarity in the types of molecules found in each extract (as shown by GC-MS), quantification data indicates that there is a considerable difference in the quantities of specific compounds among each species. 
Numerous odd-chained hydrocarbons (C25 – C31) were detected in all waxes from MS and MG. Octacosane (C28) was also identified in minute amounts. For all waxes, the predominant hydrocarbons were found to be nonacosane (C29) and hentriacontane (C31). n-Alkanes could be used in insecticides as they are known to act as semiochemicals in plant-insect interactions.32 In a previous study in which DCM was used to extract waxes from the bark and core of MG, the sole hydrocarbon detected was heptacosane indicating that scCO2 can extract a greater variety of n-alkanes.
A large range of saturated fatty acids was detected in each extract having chain lengths of C5 – C32.  Even-chain length fatty acids were dominant.  However, odd-chain fatty acids were identified albeit in significantly smaller quantities.  In both the stem and leaf extracts, MG had the highest amount of saturated fatty acids. The most abundant fatty acid in all extracts was found to be palmitic acid (hexadecanoic acid), while stearic acid (octadecanoic acid), myristic acid (tetradecanoic acid) and lauric acid (dodecanoic acid) were also found in considerable amounts. Interestingly, unusually high quantities of lauric acid were found in the leaf extracts of both MS and MG (second highest amount in the leaf extracts following palmitic acid). Saturated fatty acids are utilised in a wide array of applications including soaps, detergents, lubricating grease and polishes.33 Previous work on the bark and core of MG has shown saturated fatty acids with chain lengths of C6 – C30, using DCM as the extraction solvent.29 These results are in good agreement with those obtained in  in this current investigation. 
All waxes contained small amounts of dicarboxylic acids; however these differed in type and quantity.  Azelaic acid (nonanedioic acid) was the predominant compound which is a component of plant systemic immunity. Although dicarboxylic acids are quite polar molecules, it has been demonstrated that there is an increase in solubility of these compounds in CO2 once a cross-over pressure has been reached. The pharmaceutical properties of azelaic acid have been well documented, being used effectively in the treatment of comedonal and inflammatory acne.34 Azelaic acid is the only saturated dicarboxylic acid from miscanthus previously reported in the literature.29, 35 Figure 2 indicates the distribution of unsaturated fatty acids in the stem and leaf waxes of MS and MG. Two chain lengths were detected; C16 (C16:1) and C18 unsaturated fatty acids (C18:1, C18:2 and C18:3). It is interesting to note that there are significantly higher amounts of unsaturated fatty acids in the stem and leaf extracts of MS when compared to MG. In the leaf extracts of both species, linoleic acid (C18:2) was the major unsaturated fatty acid detected while in the stem of MS linolenic acid (C18:3) predominated.

Figure 2. Unsaturated fatty acid content in all scCO2 mediated extracts from the various miscanthus samples. (MS – miscanthus sinensis, MG – miscanthus giganteus).
It has been well documented that linoleic acid and linolenic acid have a hypocholesterolemic effect.36-38 Work has shown that diets rich in varied compositions of unsaturated fatty acids lowers the levels of serum cholesterol.39 Diets that are rich in α-linolenic acid have also been found to be effective in cardioprotection.40 Previous work has shown the presence of C16:1, C18:1 and C18:2 in the extracts from the bark and core of MG but no C18:3 was identified.29 
The stem and leaf waxes of both MG and MS had long-chain fatty alcohols (even-chain length) ranging from C22 – C32. Figure 3 shows the three predominant fatty alcohols in the stem and leaf waxes; 1-octacosanol (C28), 1-triacontanol (C30) and 1-dotriacontanol (C32)

Figure 3. Predominant policosanols in MS and MG (scCO2 extraction). (MS – miscanthus sinensis, MG – miscanthus giganteus).
Interestingly, there is a substantial quantity of 1-octacosanol in the stem wax of MG when compared to all other extracts. In fact, the stem wax of MG was the only extract in which 1-octacosanol was the major fatty alcohol. In the leaf extracts of both species, the major alcohol was 1-dotriacontanol while the predominant alcohol in the stem extract of MS was found to be 1-triacontanol. In contrast to the leaves, 1-dotriacontanol was found in the lowest amounts in the stems of both species. The nutraceutical benefits of n-policosanols have been well established with particular relevance to cardiovascular health.41 The application of policosanol therapy has been found to have a beneficial effect in the treatment of conditions such as arteriosclerosis, intermittent claudication and hypercholesterolemia.41-43 In previously published work on extracts from the bark and core of MG, the predominant alcohol detected was 1-octacosanol (25 mg kg-1 of dry plant in the core, 81 mg kg-1 of dry plant in the bark) which is comparable to the stem wax composition of MG. Four other alcohols were detected albeit in minimal quantities.29 Therefore, this demonstrates the dominance of different chain lengths in varying parts of the plant. 
Long-chain fatty aldehydes were also present in the extracts, with chain-lengths varying from C24 – C30. The MG extracts had considerably higher amounts of aldehydes (69 ±0.48 mg g-1 of stem wax, 44 ±7.2 mg g-1 of leaf wax) than the MS extracts (29.8 ±2.7 mg/g-1 of stem wax, 18 ±4.9 mg/g-1 of leaf wax). Octacosanal (C28) was the major aldehyde identified in the extracts (stem and leaf) of MG while triacontanal was the most abundant aldehyde in the MS extracts. Long-chain aldehydes are utilised extensively in the food industry as food flavouring agents.44 
The cyclic compounds detected in the miscanthus wax samples were phytosterols and steroid ketones. The major sterol identified in the extracts was β-sitosterol, with two other sterols (stigmasterol and campesterol) also present.  A larger abundance of sterols were found in the stem extracts from both species (64 ±1.9 mg g-1 of MS stem wax MS, 34 ±0.4 mg g-1 of MG stem wax) than in the leaves (36 ±5.4 mg g-1 of MS leaf wax, 31 ±2.5 mg g-1 of MG leaf wax). Stigma-4-en-3-one and stigmastan-3,6-dione were the steroid ketones found in the waxes, with the former predominating. Consumption of phytosterol-enriched diets leads to a significant decrease in common cancers namely colon, breast, lung and prostate cancers.45-49 Phytosterols have also been shown to reduce the levels of plasma LDL-cholesterol.50 The phytosterol results are comparable to those obtained by DCM extraction, highlighting that β-sitosterol was the dominant sterol in the bark and core of MG.29

Figure 4. Wax ester composition of MS and MG stems and leaves as extracted by scCO2. (MS – miscanthus sinensis, MG – miscanthus giganteus).
A high abundance of wax esters (with chain lengths of up to C58 detected for the stem samples, C60 for the leaf samples) were present in the MS and MG waxes, as shown in Figure 4. The stem extracts (for both MS and MG) had larger amounts of wax esters (55 ±10 mg g-1 of MS wax, 71 ±0.6 mg g-1 of MG wax) than the leaf extracts (32 ±6 mg g-1 of MS wax, 18 ±3 mg g-1 of MG wax). Interestingly, C44 wax ester was the most abundant wax ester for both the MS and MG stem extracts. In the MG stem extract this comprised approximately 53% of the total wax ester composition (37.7 ±0.07 mg g-1 of MG stem wax). C48 wax ester was found to be the major wax ester in both of the leaf extracts. Significant value is given to wax esters due to their use in a vast array of industrial applications, some of which include hard wax polishes, plasticisers, lubriacants and coatings.51 No wax esters were indicated in previous studies.29
A number of additional lipophilic molecules were identified in the wax samples including phytol and 2-pentadecanone-6,10,14-trimethyl.  In the case of the latter, higher quantities were found in the leaf waxes for both species when compared to the stems. Considerably higher amounts of phytol were found in the MS extracts (both leaves and stems) when compared to the MG extracts. Phytol is widely utilised in the fine fragrance industry as well as in other numerous applications, in the home and personal care market52
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Figure 5. DSC thermograms of: A) MS and MG leaf wax B) Beeswax, candelila wax and carnauba wax. (MS – miscanthus sinensis, MG – miscanthus giganteus).
Figure 5A and 5B compare the DSC thermograms of the MS and MG waxes (extracted with scCO2) with waxes that are commercially available (beeswax, candelila wax and carnauba wax). Results indicate considerable differences between the DSC thermograms of each extract (MS and MG waxes) as well as with the commercially available waxes. The DSC thermogram of the MG stem extract was similar to that of the leaf extract with endothermic mimina at 68 oC and 66 oC respectively. These melting profiles are very similar to that of the candelila wax (64 oC). Interestingly, a contrast was observed between the MS extracts and the MG extracts in that there were two distinct melting regions in the former (whereas only one was observed in the MG extracts). In the first melting region, endothermic minima were observed at 60 oC and 67 oC for the stem and leaf waxes respectively while in the second melting point region a sharper peak was observed with a melting maximum at 87 oC for both the leaf and the stem waxes. In this study, the DSC traces obtained for the commercial waxes are similar to previously recorded data in literature.24 Since the melting profiles of the lipophilic extracts are different, this indicates that they could be used in different applications. The MS wax extracts from the stems and leaves have high-melting point waxy constituents (having higher melting profiles than carnauba wax (83oC)) which could enable them to be utilised in applications requiring this characteristic such as polishes for instruments and automobiles. However, future work involves looking at the fractionation and purification of these high-melting waxy constituents for applications testing. The waxes from the MG stem and leaves have melting profiles that make them useful for applications including food, pharmaceuticals and cosmetics. 
In order to determine whether scCO2 extraction was an effective pre-treatment step in a biorefinery, it was important to see what effect the supercritical extraction has on the biomass. Saccharification was conducted on the MG leaves following scCO2 extraction (scCO2-treated) and compared to samples of untreated MG leaves (untreated) and the alcohol-insoluble residue (AIR-treated) of these MG leaves.
Saccharification of M. x. giganteus

Figure 6. Total sugars released from MG after NaOH pre-treatment and saccharification for the untreated, AIR-treated and ScCO2-treated samples compared to a control where no NaOH pre-treatment had taken place. (MG – miscanthus giganteus).
Each biomass sample was subsequently subjected to 0.1 M NaOH treatment before enzymatic hydrolysis to increase the ease with which sugars were released. A control sample (control) of untreated MG leaves, which were not modified with NaOH, was also subjected to saccharification to assess the effectiveness of the NaOH treatment step. The results indicate that extraction of waxy components using scCO2 improved the saccharification efficiency of the biomass (Figure 6). 220 nmols of sugars mg-1 of material were produced for the scCO2 pre-treated sample compared to 180 nmols of sugars mg-1 of the untreated example (the AIR-treated sample produces essentially the same result as the untreated sample, within error). Thus, scCO2 extraction lead to an increase in sugar release of approximately 20% compared to the non-treated and AIR samples. These results suggest that in addition to the benefit of extracting valuable waxes, scCO2 also has a positive effect on the downstream processing of the biomass compared to untreated samples.
Previous work has already demonstrated the advantages of utilising scCO2 as a pre-treatment step for lignocellulosic biomass, improving sugar release.53-54 However, the role of scCO2 in this research was to provide a cheap and nontoxic method for pressurising the system, which was then rapidly released to explosively open up the biomass or as part of a static two solvent system to increase hydrolysis yields. Carrying out dynamic extraction not only helps to increase free sugar content for fermentation but also gives rise to a wide range of high value extractives. This demonstrates the applicability of scCO2 extraction as an important initial step in a miscanthus biorefinery.  
Scanning Electron Microscopy (SEM) of miscanthus biomass following hydrolysis
SEM analysis of the biomass before and after extraction was conducted.  SEM micrographs of the samples indicates that the overall structure of the materials is similar before and after supercritical extraction (figure 7 A and E). However, on further examination at X5000 magnification significant textural differences can be observed post extraction (figure 7 B, D and F), with supercritical treated surfaces being noticeably rougher.  As such the supercritical extracted materials were the only samples where the xylem and phloem are clearly exposed (Supporting information Figure S2).
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Figure 7.  SEM micrographs of A) Untreated MG (X250 magnification), B) Untreated MG (X5000 magnification), C) Ethanol extracted MG (X250 magnification), D) Ethanol extracted MG (X5000 magnification), E) Supercritical extracted MG (X250 magnification), F) Supercritical extracted MG (X5000 magnification). (MG – miscanthus giganteus).
Economic study of scCO2 extraction of waxes from M. x. giganteus
In order to assess the viability of the extraction process, it is important to carry out an economic assessment based on   the scCO2 extraction of waxes from miscanthus. This study was performed using a model by Turton et al, developed to estimate the cost of manufacture (COM) of chemicals.55 This model has been used previously to adequately estimate scCO2 extraction costs of essential oils, resin and fatty acids, as well as for waxes from other biomass.56-59 The COM was calculated using five main costs: the fixed capital investment (FCI), operational labour costs (COL), raw material costs (CRM), utility costs (CUT) and waste treatment costs (CWT) (eq. 1). 
COM = 0.280FCI + 2.73COL + 1.23(CRM + CWT + CUT)   			(1)
The COM for the extraction of waxes from miscanthus is based on a small commercial scCO2 plant normally used to extract spices, essential oils, natural pigments and nutraceuticals.56-59 The annual capacity of a facility this size is ca. 2000 tonnes year-1. The pressure and temperature of the extraction were taken to be 350 bar and 50 oC. The flow rate was taken to be 40 g min-1. A kinetic study (Figure S5 – supplementary information) was carried out in order to identify the ideal extraction time using the flow rate selected. It was found that 40 minutes gave rise to 83% of the total wax extracted and was found to be optimal from an economic perspective. Therefore, in the economic study, the extraction time was taken to be 40 minutes and not four hours (as in the lab-scale study). The results from the kinetic study are very similar to other studies in which the same flow rate was incorporated.58 Furthermore, CO2 is recycled on an industrial scale, meaning that limited CO2 is lost in the process. The supporting information contains a fully detailed breakdown of all the calculations and costs associated with the extraction process.  Four types of calculations were estimated: (i) Cost of extracting from milled miscanthus straw (ii) cost of extracting from pelletised miscanthus straw (iii) cost of extracting from pelletised miscanthus leaves (iv) cost of extracting from pelletised miscanthus leaves followed by combustion of the miscanthus for electricity generation. 
The COM for the scCO2 extraction from milled miscanthus straw was estimated to be around €160 kg-1 of miscanthus straw wax. However, modifying some parameters can lead to improvements in the COM.  In this study, the COM was based on milled miscanthus. In industry, pelletised biomass is normally utilised leading to a threefold increase in biomass loading. A calculation using pelletised miscanthus straw was therefore carried out. Although the CRM and CUT costs increase when pelletised miscanthus straw is utilised, the total COM is reduced to approximately €96 kg-1 of miscanthus straw wax. From the results shown above it was found that there is a higher wax content in the miscanthus leaves when compared to the stem. The third calculation looked at the COM for scCO2 extraction of waxes from the leaves of miscanthus and it was found that the COM reduced significantly to ca. €24 kg-1 of miscanthus leaf wax (due to the wax yield being almost 3 times as much.) 
Finally, as scCO2 extraction is a non-destructive technique, it can be viewed as an initial step in a biorefinery process, with the resultant biomass available for further valorisation. Any additional steps employed would thus lower the COM of the wax produced.  One example of a downstream process following extraction is electricity generation. Herein, cost estimations for the scCO2 extraction of waxes from pelletised leaves and subsequent combustion for electricity generation was conducted. It was found that the COM further reduces to €6 per kg of miscanthus wax.
CONCLUSIONS
This work demonstrated the successful extraction of surfaces waxes from the stems and leaves of miscanthus sinensis and miscanthus giganteus using scCO2. Extractions of MG leaf exhibited the highest wax yields (1.96 ±0.03%), while the opposite was observed in the stems, whereby the largest quantities of wax were obtained from the MS stems (0.46 ±0.04%). A diverse range of molecules were detected including long-chain hydrocarbons, fatty acids (saturated and unsaturated), n-policosanols, aldehydes, wax esters, sterols and steroid ketones.  These molecules may find use in a number of different applications including cosmetics, nutraceuticals, home and personal care products. Although there is a similarity in the types of molecules found in each extract, quantification data indicates that there is a considerable difference among each species in the quantities of specific compounds, as well as families of compounds.  Furthermore, a positive effect was observed when using scCO2 extraction prior to the downstream processing of the miscanthus, thus illustrating its usefulness as a pre-treatment technique prior to saccharification. Enhanced plant digestibility was observed with the scCO2-treated material (ca. 20% increase in sugars released compared to non-treated MG leaves) which may be related to structural changes to the biomass particles, as evident at high magnification in SEM studies.
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This work demonstrates supercritical CO2 extraction of waxes as an effective pre-treatment in a holistic miscanthus biorefinery.
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C38 wax ester	0.05	1.5	3.0000000000000001E-3	0.02	0.05	1.5	3.0000000000000001E-3	0.02	Stem	Leaf	Stem	Leaf	MS	MG	0.6	4.2	0.4	0.2	C40 wax ester	0.2	0.5	3.0000000000000001E-3	0.14000000000000001	0.2	0.5	3.0000000000000001E-3	0.14000000000000001	Stem	Leaf	Stem	Leaf	MS	MG	2.1	2.2999999999999998	1.4	0.6	C42 wax ester	0.5	0.3	5.2999999999999999E-2	0.06	0.5	0.3	5.2999999999999999E-2	0.06	Stem	Leaf	Stem	Leaf	MS	MG	6.7	1.4	6.4	1.2	C44 wax ester	2.4	0.1	6.5000000000000002E-2	0.13	2.4	0.1	6.5000000000000002E-2	0.13	Stem	Leaf	Stem	Leaf	MS	MG	18.2	1.8	37.700000000000003	3.7	C46 wax ester	1.5	0.6	3.5000000000000003E-2	0.37	1.5	0.6	3.5000000000000003E-2	0.37	Stem	Leaf	Stem	Leaf	MS	MG	7.9	3.8	7.4	2.6	C48 wax ester	2	0.1	1E-3	0.33	2	0.1	1E-3	0.33	Stem	Leaf	Stem	Leaf	MS	MG	8.2000000000000011	7	7.3	3.9	C50 wax ester	1.3	0.6	8.9999999999999993E-3	0.22	1.3	0.6	8.9999999999999993E-3	0.22	Stem	Leaf	Stem	Leaf	MS	MG	4.3	4.0999999999999996	3.3	1.8	C52 wax ester	1.1000000000000001	1.6	4.0000000000000001E-3	0.47	1.1000000000000001	1.6	4.0000000000000001E-3	0.47	Stem	Leaf	Stem	Leaf	MS	MG	3	2.9	2.5	1.6	C54 wax ester	0.7	0.8	5.0000000000000001E-3	0.56000000000000005	0.7	0.8	5.0000000000000001E-3	0.56000000000000005	Stem	Leaf	Stem	Leaf	MS	MG	1.6	1.5	2.1	0.9	C56 wax ester	0.2	0.7	0.45600000000000002	0.43	0.2	0.7	0.45600000000000002	0.43	Stem	Leaf	Stem	Leaf	MS	MG	2.5	2	3	1	C58 wax ester 	0.1	0.22	0.1	0.22	Stem	Leaf	Stem	Leaf	MS	MG	1.1000000000000001	1	
mg/g of wax


7.80756085032397	16.474485434339439	9.0727322870180096	4	7.80756085032397	16.474485434339439	9.0727322870180096	4	Untreated	AIR-treated	scCO2-treated	Control	180.68644302196941	175.02172859315709	219.57355165384351	20	
nmols of  sugars/mg of material
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