Sustainable exploitation of Posidonia oceanica balls through an integrated biorefinery approach
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ABSTRACT: This work proposes the integrated exploitation of fibrous balls of seagrass Posidonia oceanica (PO), which annually accumulate along the sandy Mediterranean beaches causing significant management and economic problems. Preliminarily, the organic extractives of PO balls were removed by ethanol and their characterization highlighted the presence of biologically active molecules. The successive alkaline pretreatment allowed the fractionation of the biomass leading to a solid enriched in polysaccharides and a “black liquor” containing the extracted lignin. The butanolysis of the solid enriched in polysaccharides provided a yield up to 52.3 mol% of butyl levulinate (BL), a strategic intermediate and valuable bioblendstock for Diesel. Finally, pure acid insoluble lignin and acid soluble lignin fractions were recovered from the “black liquor”. These were deeply characterised and proposed as UV-blocker and antioxidant agents.
Introduction
[bookmark: _Hlk178677674]In recent years, the production of biofuels and biochemicals from renewable resources is attracting growing interest and waste biomasses should be preferred as feedstock under a sustainability perspective. This is the case of the detritus generated by the marine plant Posidonia oceanica (L.) Delile (PO). PO is endemic to the Mediterranean Sea and forms extensive meadows covering about 12,247 Km2 of the seabed.1 Every year a large quantity of leaves and rhizomes is detached from meadows and deposited along the shore. Detached rhizomes can also aggregate due to waves action generating fibrous balls that are deposited on beaches.2 Despite the ecological importance of PO detritus for coastal environment, this material represents a nuisance since it decreases beach attractiveness, thus expensive removal and disposal activities by coastal municipalities are required.2 However, the valorization of PO detritus to give added-value products can be a valuable solution to these economic issues and can contribute to the development of a novel biorefinery. For these reasons, recently the research has investigated applications of PO detritus as adsorbent material 3 and as feedstock to produce active carbons,4,5 nanocrystals and nanofibers cellulose.6,7 However, to date none of these works have proposed the complete exploitation of PO detritus proposing possible applications for each biomass fraction to maximize the gaining and reduce the wastes, according to the biorefinery concept. On the other hand, the integrated valorization is the main goal of this work that is focused in particular on the However, up to now, PO detritus have not been investigated as feedstock for the synthesis of biofuels, which represent an urgent necessity for the sustainable energy transition. In this regard, the alkyl levulinates (ALs) represent key compounds that have already found applications in blendstock with gasoline. In particular, n-butyl levulinate (BL) is considered one of the most promising ALs thanks to its high energy density, low water solubility, fully renewable origin, adequate physical-chemical properties and ability to reduce the soot and CO emissions.8 BL can be synthesized from the cellulosic fraction of the biomass through one-pot alcoholysis adopting n-butanol as both solvent and reagent.9 This route is more advantageoussmarter than the two-step process involving the biomass hydrolysis to levulinic acid followed by its esterification because the one-pot reaction avoids the contribution of levulinic acid to the medium corrosivity 10 and makes unnecessary its intermediate separation and purification steps.11,12 Moreover, in alcohol medium the formation of the solid by-product (humins), originating from the condensation of reaction intermediates, is reduced, thus allowing higher yields and simplifying the purification stage.130 Also the self-etherification of the alcohol takes place leading to the formation of di-n-butyl ether (DBE), which is not necessarily a by-product because represents a valuable ignition enhancer.141 The mechanism of the cellulose fraction conversion to BL depends on the acidity properties of the adopted catalyst. In fact, when Brӧnsted acid is employed, the mechanism is articulated in three steps: i) depolymerization of cellulose by the rupture of glycosidic bonds and formation of butyl glucoside; ii) dehydration of butyl glucoside to 5-butoxymethyfurfural, and iii) hydration/esterification of 5-butoxymethyfurfural to give equimolar amounts of BL and butyl formate. On the other hand, when a catalyst having both Brӧnsted and Lewis acidities is employed, the isomerization of butyl glucoside to butyl fructoside, catalysed by Lewis acids, takes place, and then butyl fructoside dehydrates to 5-butoxymethyfurfural and the mechanism continues analogously to the previous one.15 The formation of butyl fructoside can speed up the formation of BL and lead to higher selectivity because its conversion is faster than that of butyl glucoside, thus Lewis acidity can be relevant. However, the Brӧnsted sulphuric acid is the most adopted catalyst for the butanolysis of biomass (Table 1), which for a real biomass is more difficult with respect to pure cellulose being mainly hampered by the presence of lignin. 
Table 1. Literature results of lignocellulosic biomass one-pot butanolysis.
	[bookmark: _Hlk179801997]Entry
	Biomass
	Biomass loading (wt%)
	Catalyst loading (wt%)
	T (°C)
	t (h)
	Heating 
	YieldBL (mol%)a
	Ref.

	1
	Softwood Kraft pulp
	0.7
	H2SO4 (29.8)
	117
	3
	Conventional
	59
	16

	2
	Harwood Kraft pulp
	0.7
	H2SO4 (29.8)
	117
	3
	Conventional
	52
	16

	3
	Paper powder
	14.0
	H2SO4 (1.2)
	190
	3
	Conventional
	42
	17

	4
	ADW Eucaliptus nitensb
	14.0
	H2SO4 (1.9)
	183
	2.4
	Microwave
	42
	8


a YieldBL (mol%) = [(molBL/molanhydroglucose unit in biomass)] × 100;  b “ADW” = Autohydrolyzed-delignified wood.
[bookmark: _Hlk178852092]In fact, the complex matrix of lignocellulosic biomass limits the interaction of cellulose with catalyst, particularly when it is a heterogeneous one. Thus, the employment of a homogeneous system as sulphuric acid, which is in addition cheap and strong enough, together with the adoption of biomasses rich in cellulose, as the wastes of papermaking process, or pretreated biomasses as feedstock have been chosen to perform the butanolysis, allowing to reach promising BL yields (Table 1). Noteworthy, it is important to work with diluted sulphuric acid solutions to limit the corrosion problem and the economic issue related to its loss as salt during the neutralization step necessary to recover the pure product and with high biomass loading to produce concentrated streams of product, thus reducing separation and purification costs. However, the highest BL yields reported up to now in the literature have been obtained with concentrated H2SO4 solution and with very low biomass loading (Table 1), which are not sustainable conditions under an industrial scale, thus proving that great efforts are still needed to make feasible the process scale-up and facilitate the biomass conversion. However, due to the biomass recalcitrance, the one-pot synthesis of BL starting directly from waste biomasses has been investigated in few works adopting biomasses rich in cellulose, as the wastes of papermaking process, or pretreated biomasses as feedstock and sulphuric acid, being homogeneous and very cheap, as catalyst.8,12,13 In this sense, the adoption of a pretreatment step can represent a smart solution because it contributes toThe aim of the pretreatment is generally the breaking of lignocellulosic structure, allowing its fractionation and the improvement of cellulose accessibility.18,194,15 In this perspective, the alkaline pretreatment appears very appealing leading to the deconstruction and fractionation of biomass and resulting easily applicable also on industrial scale, involving lower reaction temperature and less corrosive chemicals than acid pretreatment, thus allowing the employment of cheaper and simpler reactorsthe adoption of only water and a cheap base, as NaOH.20,2116 During the alkaline pretreatment, several degradative reactions take place that lead to the removal of lignin, swelling of cellulose and the decrease of its crystallinity, thus fostering the conversion.2217 The removed lignin is solubilized in water as “black liquor” from which a pure lignin can be easily recovered by acid precipitation and employed as feedstock for the synthesis of biofuels, as material in batteries and supercapacitors and as UV light blocker,23,2418,19 thus contributing to the economy of the whole process. Generally, NaOH, KOH, Ca(OH)2 and NH4OH aqueous solutions are employed in the alkaline pretreatment but, among them, NaOH is the most investigated, followed by Ca(OH)2, being cheap, secure to use, easily recoverable from water by precipitation and very effective in lignin removal. In fact, literature results showed that NaOH allowed higher lignin solubilization than Ca(OH)2, mainly due to its stronger basic properties and the limited solubility of Ca(OH)2 in water.25 Moreover, Xu and Chang reported that lignin molecules are negatively charged under alkaline conditions and they can crosslink with Ca2+ ions released by Ca(OH)2 dissociation, thus avoiding extensive lignin solubilization.26 This was also confirmed by morphological characterization of biomass pretreated with NaOH or Ca(OH)2.  In the latter case, small spheres were observed on the biomass fibres, probably due to the redeposition of lignin droplets in the presence of Ca2+, which are not observed when NaOH is employed as alkaline reagent and that can contribute to hamper the following exploitation step.26,27 Thus, due to economic, safety and effectiveness reasons, NaOH was chosen as alkaline reagent in the pretreatment step of the present study.
[bookmark: _Hlk159511283]This work aims at the exploitation of the PO balls components through an integrated approach contemporary solving the economic issue of their accumulation along the beaches. For the first time, the extractives of PO balls were characterized. Then, the fractionation of biomass was performed through the alkaline pretreatment that allowed the recovery of a polysaccharide enriched residue (PER), employed as substrate for the synthesis of BL. The butanolysis was carried out adopting n-butanol as solvent/reagent, H2SO4 as catalyst and the influence of the main reaction parameters was investigated in microwave reactor, due to its heating efficiency.280  The study was performed according to the high gravity approach to obtain final concentrated product streams, thus reducing the purification and isolation costs and increasing the productivity.29,30 1 Finally, acid insoluble lignin (AIL) and acid soluble lignin (ASL) were recovered from the “black liquor”. These lignins, together with the chars recovered from the butanolysis reactions, were characterized to propose their possible applications thus leading, for the first time, to the sustainable and integrated exploitation of the marine detritus PO balls (Figure 1).
[image: ]
Figure 1. Scheme of the integrated biorefinery process proposed in this work.
Experimental Section
Materials
PO balls were collected from a coastal site of the northwestern Italy (Vada, 43°20'63"N 165 10°27'59"E) in April 2023. They were washed with abundant water to remove sand and dirty. Then, they were dried at room temperature for 2 days, ground in a Retsch SM 100 cutting mill and sieved below 1 mm. Sulphuric acid, n-butanol, dodecane, dibutyl ether, sodium hydroxide, gallic acid, ethanol, dimethylsulfoxide (DMSO) and N,O-bis-trimethylsilyl-trifluoroacetamide (BSTFA) were provided by Sigma Aldrich. n-Butyl levulinate was provided by Thermo Scientific Chemicals and Folin-Ciocâlteu reagent was supplied by Titolchimica.
Chemical composition of PO balls
The compositional analysis of PO balls and PER recovered by alkaline pretreatments was carried out according to the standard NREL procedures already reported in our previous work.173
Characterization of extractives
[bookmark: _Hlk178689890][bookmark: _Hlk161735543]The extractives in ethanol recovered at the end of the NREL procedure (5 g of oven-dried PO balls extracted in a Soxhlet apparatus for 24 h with 200 mL of absolute ethanol) were analysed through GC-MS. Before analysis, the sample was derivatized with BSTFA at 60 °C for 30 min and then injected into an Agilent 6890 gas chromatograph equipped with an HP-5MS capillary column and coupled with a 5975 mass spectrometer. The temperature of GC injector was set at 280 °C and oven temperature program was the following: 80 °C isothermal for 2 min, 10 °C/min up to 310 °C, isothermal for 20 min. The mass spectrometer was operated in EI positive mode (70 eV, m/z range 50-600), ion source and quadrupole temperatures were 230 °C and 150 °C, respectively.
[bookmark: _Hlk178696342]Scanning electron microscopy associated with energy-dispersion spectrometry (SEM/EDS) 
The SEM/EDS analysis was performed to investigate the elemental composition of extracted PO balls and a JEOL-6010/LA microscope was adopted working at a distance of 10.5 mm and a voltage of 15 keV.
Butanolysis reaction
The butanolysis reaction was performed under microwave heating adopting a CEM Discover S-class System. 15 mL of n-butanol and the proper amounts of substrate and H2SO4 were added into a 35 mL vessel, that was then closed and magnetically stirred. At the end, the vessel was cooled down and the obtained slurry was filtered under vacuum to recover the liquid fraction and the char, containing both humins and unconverted biomass. The reaction was also performed under conventional heating employing a 60 mL Carius pressure tube. 20 mL of n-butanol and the proper amounts of substrate and H2SO4 were added into the reactor that was sealed, immersed in a thermostated oil-bath and magnetically stirred. At the end, the reactor was cooled down and the obtained slurry was filtered under vacuum to recover the liquid fraction and the char. Substrate and H2SO4 loadings are defined as reported in the Supporting Information.
Quantitative analysis of butanolysis products
[bookmark: _Hlk159842719][bookmark: _Hlk180057466]The liquid fraction recovered by the alcoholysis reaction was analysed through GC-FID. For this purpose, n-dodecane was employed as standard and the GC-FID DANI GC1000 DPC equipped with an HP-PONA capillary column was adopted according to Antonetti et al.8 Each analysis was carried out in triplicate and the reproducibility was within 5 %, expressed as relative standard deviation (RSD). The recovered char was washed with water and then dried at 105 °C for 24 h and weighed. The molar yield of BL and DBE and the mass yield of char are expressed in the Supporting Information.
Analysis of environmental effects
The preliminary analysis regarding the energetic aspects of microwave and conventional heating was performed using the SimaPro software 9.5.01 with Ecoinvent 3.9.1 System Process database. The environmental effects were evaluated in accordance with the principles set out in ISOs 14040 and 14044.31,32 The adopted method for this analysis was Environmental Footprint 3.0 and 1 kg of the extracted PO balls undergoing butanolysis treatment was selected as the functional unit.
Alkaline pretreatment
[bookmark: _Hlk159842478]The pretreatment was carried out in a stainless-steel reactor (150 mL) heated in an oil bath and kept under magnetic stirring. 4 g of extracted PO balls were loaded into the reactor together with 40 mL of NaOH aqueous solution and heated at the desired temperature for 2 h. After alkaline pretreatment, the slurry was filtered under vacuum and the PER was recovered and washed with water until pH=7. Then, it was dried in oven at 60 °C up to constant weight. The chemical composition of PER was analysed according to the NREL protocol. The black liquor was also collected, and the AIL was precipitated by adding H2SO4 until pH=2. AIL was separated by the liquid fraction, which contained the ASL, by centrifugation at 4000 rpm for 5 min. Then, AIL was washed with water and dried in oven at 60 °C up to constant weight. The solubility of biomass, the lignin recovery and the cellulose, hemicellulose and lignin removals were calculated as reported in the Supplementary Information.
FT–IR analysis
Perkin-Elmer Spectrum-Two spectrometer in Attenuated Total Reflectance (ATR) configuration was adopted in the wavenumber range 4000-450 cm-1.
XRD analysis
Extracted PO balls and PER were analysed through a Bruker D2 Phaser diffractometer (30 kV, 10 mA) and their crystallinity index were calculated as previously reported.8
Raman spectroscopy
The chars were analysed by Raman spectroscopy employing a Renishaw inVia confocal micro-Raman coupled with a Leica DLML microscope equipped with an objective 50 ×. The laser line at 532 nm was employed as source. The scattered light was analysed through a spectrometer consisting of a single grating monochromator coupled with a CCD detector and a RenCam 578 × 400 pixels (22 μm × 22 μm). The spectrometer has a spectral resolution of 2.0 cm−1. For each sample, five spectra were acquired at different points.
Elemental analysis
CHNS elemental analysis was performed with a Vario Micro Cube and the oxygen content was calculated by difference: O (%) = 100 % – C(%) – H(%) – N(%) – S(%) – Ash(%). The obtained results allowed to calculate the HHV according to Channiwala and Parikh.3322
Specific surface area analysis
The chars were analysed through ThermoQuest Surface Area Analyzer Qsurf S1 to estimate their specific surface area. The chars were heated at 150 °C for 6 h under nitrogen flow, then cooled down to room temperature and immersed into liquid nitrogen to perform the measurements.
UV-Vis analysis
50 mg/L solution of AIL in DMSO was prepared and analysed using a JASCO V-750 spectrophotometer. The UV−Vis analysis of ASL was performed after preventive neutralization and filtration steps. 
Py/GC-MS
The Py-GC/MS analysis of AIL and dried ASL was carried out with an EGA/PY-3030D microfurnace pyrolyzer coupled with an Agilent 8890 gas chromatograph and a 5977 mass spectrometer according to Mattonai et al.3423 
Purity of AIL
The amount of polysaccharides impurity and ash in AIL were estimated according to the two-step acid hydrolysis protocol reported by Dhara et al.3524
Folin-Ciocâlteu assay of ASL
The sample of AIL was prepared according to Dhara et al.35 whilst the sample of ASL was prepared according to Lawag et al.3625 and both were analysed by a JASCO V-750 spectrophotometer at 750 nm. Preliminarily, a calibration curve with gallic acid was performed, thus the obtained results are expressed as gallic acid equivalents (GAE) that allowed to calculate also the total phenolic content (TPC), as reported in the Supplementary Information.
Results and Discussion
PO balls characterization
The chemical composition of PO balls was investigated and it resulted the following one (wt% on dry matter): glucan 23.7 ± 1.0, xylan 12.9 ± 0.3, arabinan 10.7 ± 0.1, Klason lignin 30.1 ± 2.0, ash 12.4 ± 0.5, extractives in ethanol 3.3 ± 0.2. These results agree with those reported in the literature for the PO balls collected from Tunisia coast,6 evidencing an interesting amount of glucan, but also an elevated amount of Klason lignin, which can increase the biomass recalcitrance towards the conversion. Moreover, even though the PO balls were carefully washed with abundant water, the maritime environment is responsible for the significant amount of ash, already reported for this biomass6 and higher than that observed for the most common terrestrial ones.3726 More in-depth information regarding the nature of ash was ascertained from SEM-EDS analysis of extracted PO balls (Table S1) that evidenced, in addition to the obvious presence of carbon and oxygen, the presence of mainly silicon (3.8 wt%) and calcium (7.2 wt%), probably due to the presence of silicate minerals that can enter into biomass during the growth phase, as proposed in the literature.38 Moreover, other minor elements are present in the extracted PO balls, such as S, Al, Mg, I, Na, Cl, Al, Fe and K, due to their origin from a marine environment. Regarding extractives, dDespite their amount of extractives in ethanol was not very high, they can be interesting because generally these compounds have biological activities. Up to now, no study has investigated the PO balls extractives, thus for the first time their chemical composition has been studied in this work through GC-MS analysis (Table S21).  that revealed the presence of mainly alkanes (# 2, 5, 7, 9, 12, 15), fatty acids (#3, 8, 10, 13), fatty alcohols (# 4, 11, 14, 16), but also of a phenol as 4-hydroxybenzoic acid, which was the most abundant compound. The chromatographic profile showed peaks ascribable to alkanes, fatty acids, and fatty alcohols, as well as glycerol and 4-hydroxybenzoic acid. Among the compounds detected  in the GC-MS profile, those with highest percentage peak areas were glycerol (25%), 4-hydroxybenzoic acid (15%), octadecane (12%), hexadecane (11%), hexadecenoic acid (9%) and eicosane (8%).4-Hydroxybenzoic acid is a known component of PO lignin, mostly present as bound to the syringyl and guaiacyl units by ester bonds.39 The presence of this compound in the extract indicates that a fraction also exists in PO as a free molecule. As reported in the Supplementary Materials, the identified compounds have relevant biological activities as antioxidant, antibacterial, antimicrobial, anti-inflammatory and antiviral. Therefore, the obtained extractives can find relevant applications in cosmetic and pharmaceutical fields after their separation from ethanol, which can be recycled to the extraction of fresh PO balls. A study regarding the effectiveness of these potentialities is in progress. To propose an integrated valorisation of PO balls, the recovered biomass deprived of extractives has been adopted as feedstock for the consecutive butanolysis.
One-pot butanolysis of extracted PO balls
The extracted PO balls were employed as feedstock for the synthesis of BL performed under microwave heating and adopting H2SO4 as catalyst. The influence of the main reaction parameters (temperature, biomass and H2SO4 loadings, reaction time) was investigated and their ranges were chosen based on the available literature.9 
Table 21. Extracted PO balls butanolysis performed under MW heating.
	[bookmark: _Hlk167964234]Run
	T
(°C)
	Biomass loading (wt%)
	H2SO4 loading (wt%)
	t
(min)
	YBL
(mol%)
	[BL]
(g/L)
	YDBE (mol%)
	Ychar
(wt%)

	B1
	170
	5
	1.3
	30
	23.5±1.2
	2.3±0.2
	1.7±0.2
	15.7±0.9

	B21
	180
	5
	1.3
	30
	26.8±1.3
	2.7±0.1
	4.4±0.2
	17.6±0.9

	B32
	190
	5
	1.3
	30
	51.2±2.5
	5.0±0.3
	9.7±0.5
	25.7±1.3

	B43
	200
	5
	1.3
	30
	49.6±2.4
	4.9±0.2
	11.8±0.6
	24.8±1.2

	B5
	210
	5
	1.3
	30
	48.1±2.4
	4.8±0.3
	16.2±0.8
	27.3±1.6

	B64
	190
	10
	1.3
	30
	37.7±1.9
	9.0±0.4
	5.6±0.3
	30.4±1.4

	B75
	190
	14
	1.3
	30
	21.9±1.1
	6.7±0.3
	3.4±0.2
	41.2±2.2

	B86
	190
	14
	2.6
	30
	40.1±2.0
	12.3±0.6
	15.9±0.8
	34.0±1.8

	B97
	190
	14
	3.9
	30
	50.3±2.5
	15.7±0.7
	21.0±1.1
	35.7±1.7

	B108
	190
	14
	5.2
	30
	48.8±2.4
	15.6±0.8
	21.8±1.0
	38.0±2.0

	B119
	190
	14
	3.9
	60
	48.8±2.3
	15.0±0.7
	23.5±1.2
	34.6±1.7

	B120
	200
	14
	3.9
	30
	49.1±2.5
	15.1±0.7
	22.1±1.1
	37.3±1.9

	B131
	180
	14
	5.2
	30
	54.6±2.6
	17.6±0.8
	20.9±1.0
	36.5±1.9

	B142
	170
	14
	5.2
	30
	46.7±2.3
	15.0±0.7
	16.1±0.8
	35.0±1.7

	B153a
	180
	14
	5.2
	180
	56.1±2.7
	18.1±0.9
	26.4±1.2
	42.0±2.0


a Performed in Carius pressure reactor tube.
[bookmark: _Hlk179878401][bookmark: _Hlk179879568][bookmark: _Hlk179879681]The obtained results highlighted that working at low H2SO4 loading (1.3 wt%) the temperature had a relevant role in the butanolysis reaction and temperatures higher than 180 °C were necessary to reach BL yield of about 50 mol% after 30 min (runs B1-B53, Table 21). The temperature of 190 °C resulted the optimal one because the further increase to 200 and 210 °C did not correspond to an improvement of BL yield, but rather caused a significantan increase of the by-product DBE yield and also the formation of solid by-product, according to the literature.40. Despite these reaction conditions led to the promising BL yield of 51.2 mol%, the reached BL concentration was low (5.0 g/L), due to the low biomass loading (5 wt%). Thus, to increment the BL concentration, the substrate loading was increased, according to the high gravity approach, up to 14 wt%, a further increase being not possible due to the fibrous texture of the feedstock that made the stirring inefficient (runs B32, B64 and B75, Table 21). The increase of biomass loading from 5 to 14 wt% had a detrimental effect on the BL yield that went down from 51.2 to 21.9 mol%. Analogously, also the DBE yield decreased at higher biomass loading, whereas the char yield increased. These results can be related to the introduction of growing ash amounts with the adoption of higher loadings. The negative effect of ash on the alcoholysis process has already been reported by Gomes et al.41 who performed the ethanolysis of sugarcane molasses. In fact, despite the elemental composition of ash present in sugarcane molasses is different from that of extracted PO balls, being mainly composed of K, Ca, Cl and S instead of Si, Ca, I and S, both have negatively affected the alcoholysis process27 due to their basic characteristic, causing the partial neutralization of H2SO4 acidity, which resulted no longer sufficient to adequately promote the butanolysis. This is confirmed by the FT-IR analysis of the solid residue recovered from run B75 (not reported), which showed the presence of broad bands characteristic of polysaccharides, thus highlighting their scarce conversion. However, the adoption of high biomass loading is mandatory for the development of an attractive process, thus the extracted PO balls loading of 14 wt% was selected and the H2SO4 loading was progressively increased from 1.3 wt% to 5.2 wt% (runs B75-B108, Table 21). The H2SO4 loading strongly influenced the BL yield and the highest value of 50.3 mol% was achieved working with 3.9 wt%, whilst the further increment to 5.2 wt% did not lead to BL yield improvement, but only to a more advanced formation of by-products, which had a different trend. In fact, the increment of DBE yield was continuous within the whole investigated H2SO4 loading range, whilst the char yield decreased passing from 1.3 to 2.6 wt% due to the efficient improvement of biomass conversion and still limited humins formation, which however became even more important with the further increment of acid loading, as observed by the increase of char yield. The influence of reaction time and temperature was further investigated extending the time to 60 min (run B119, Table 21) and increasing the temperature to 200 °C (run B120, Table 21), working at the same biomass loading (14 wt%) and H2SO4 loading (3.9 wt%). However, under these reaction conditions, the BL yield was not improved. The obtained results highlight that reaction time had negligible influence on the BL and char yields process and, only scarcely favouring the formation of DBE, whereas temperature higher than 190 °C promoted the formation of both DBE and char. Lastly, the influence of temperature was also investigated working with a H2SO4 loading of 5.2 wt% and, based on the previous observations, the temperature was decreased from 190 to 170 °C (runs B108, B131 and B142 Table 21). Noteworthy, the temperature of 180 °C resulted the best one allowing the achieving of the highest BL yield of 54.6 mol% together with the reduction of both DBE and char yields. The obtained BL yield results very promising being higher than the majority ones reported in the literature starting from waste biomasses (Table 1).9 and reached adopting elevated biomass loading that is necessary to produce concentrated BL streams but it is generally unfavorable promoting the formation of humins. However, the employment of microwave heating still faces some problems at industrial scale, especially from an energetic point of view.4228 Thus, the optimized run was replicated in a pressure tube reactor prolonging the reaction time up to 180 min because it is well-known that the conventional heating requires longer reaction time than the microwave one, having a less efficient heating transfer mechanism (run 153, Table 21).8 Analogous BL yield was ascertained under conventional heating, confirming the feasible transition from microwave heating to a conventional reactor simply prolonging the reaction time. However, the DBE and char yields were higher than those reached in microwave reactor, probably due to the longer heating transient time that led to lower product selectivity. A preliminary analysis of their energy efficiency and environmental impact has been performed to better compare the two systems, microwave and conventional ones, from an energy sustainability perspective. For this purpose, the run performed under conventional heating was replicated by employing the same amount of solvent, biomass and catalyst (run 16) adopted for the microwave system. The study was performed on a laboratory scale whose detailed data are reported in Table S3. As reported previously, 1 kg of the extracted PO balls undergoing butanolysis treatment was selected as functional unit and the system boundary was focused on the energetic aspects of the butanolysis process, as shown in Figure 2.            
[image: ]
Figure 2. Flow-sheet of the butanolysis processes with the system boundary considered in this study.
For both technologies (conventional and microwave ones) the electricity low-voltage adopted in Italy was selected as the energy source at the laboratory scale whereas for the conventional system also heat generated by the combustion of natural gas can be considered as energy source, resulting the only process among those investigated capable of benefit directly of this energy source. This is particularly important in the perspective of the butanolysis process on industrial application, being the heat generated from the combustion of natural gas directly available and less harmful respect to electricity. Thus, also this third scenario was considered, keeping constant all the other parameters. The normalized environmental impacts for the 16 method categories of the two butanolysis processes (conventional and microwave ones) adopting electricity low-voltage as energy source are shown in Figure 3A together with the conventional butanolysis using natural gas as energy source. In Figure 3B the same result is represented as single score (weighted and aggregated).
[image: ]
Figure 3. Comparison of Normalized Impact of processing among conventional butanolysis electricity low-voltage, microwave butanolysis electricity low-voltage and conventional butanolysis natural gas: A) for the 16 categories and B) as single score.
As it is possible to appreciate, the environmental impact of microwave butanolysis on the laboratory scale is much lower than that of conventional butanolysis at the same scale (electricity low-voltage), due to the significantly shorter reaction time and lower employed power thus, lower amount of energy is required by the first process, confirming the higher efficiency of the microwave heating respect to the conventional one, as reported in the literature.42 Moving to the scenario of conventional butanolysis adopting natural gas, in the perspective of a real scale-up, the environmental impacts of each category are significantly lower than the corresponding ones of conventional butanolysis adopting electricity low-voltage, the natural gas being less harmful than electricity (Figure 3A). Regarding the processes at the laboratory scale, in both cases (microwave and conventional systems), the categories characterized by the highest share in environmental impact (with different absolute impact values) are the climate change, the eutrophication of freshwater, the ecotoxicity of freshwater, the resource use of fossil type and the resource use of minerals and metals, being adopted the same energy source (electricity low-voltage) (Figure 3B). On the other hand, for the conventional butanolysis adopting natural gas as energy source, less environmental categories show high contribution, including climate change, photochemical ozone formation, ecotoxicity of freshwater, and resource use minerals and metals, in agreement with a different assumed energy source. In conclusion, this preliminary analysis regarding the energetic aspects confirms the lower impact of microwave heating compared to conventional heating, both on the laboratory scale using electricity low-voltage and on a possible industrial scale adopting natural gas as the energy source. At the moment, only a few works have evaluated the environmental impacts associated with the energetic aspects of the alkyl levulinates production and the majority of them have considered the esterification of levulinic acid rather than the one-pot approach investigated in this study.11,12,43,44 Thus for the first time, this work proves the energetic sustainability of microwave heating in BL production, which emerges as a viable option for future industrial development, once the current challenges in scaling up microwave reactors are overcome.42 
These preliminary results are interesting but high H2SO4 loading (5.2 wt%) must be adopted, thus making scarcely sustainable the process and causing relevant corrosion issues. On this basis, the alkaline pretreatment was tested aiming at the biomass fractionation and the reduction of its recalcitrance.
Alkaline pretreatment of extracted PO balls
The alkaline pretreatment was adopted in this work and NaOH was chosen as alkaline reagent, being one of the most efficient in the delignification,4529 and the influence of the most relevant parameters (temperature and NaOH concentration) was investigated. At the end of each run, the biomass solubilization and the amount of cellulose, hemicellulose (xylan and arabinan), lignin and ash in PER was determined (Table S42). Figure 42 shows the trends of the removal of cellulose, hemicellulose and lignin together with the recovery of AIL as a function of NaOH concentration and temperature. 
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Figure 42. Influence of NaOH concentration (A) and temperature (B) on the extracted PO balls alkaline pretreatment. Reaction conditions: biomass/liquid ratio 1/10 wt/vol, reaction time 2 h.
[bookmark: _Hlk168993710]Figure 24A shows that lignin removal increased up to the NaOH concentration of 2.5 wt/vol%. On the other hand, the hemicellulose removal was almost constant (about 13 wt%) in the whole investigated NaOH concentration range, whilst the cellulose removal reached a minimum of 20.7 wt% working at 2.5 wt/vol%. The recovery of AIL was strongly improved increasing the NaOH concentration from 1.0 to 2.5 wt/vol%, due to the improvement of the delignification process, but it decreased at NaOH concentration of 5 wt/vol%, due to the more advanced depolymerization of removed lignin to give soluble oligomers which cannot be precipitated.4630 Thus, the NaOH concentration of 2.5 wt/vol% resulted the best one and it was adopted for the investigation of the temperature influence (Figure 42B). The trends of lignin, cellulose and hemicellulose removals with the increase of temperature were analogous to those previously observed for the increment of NaOH concentration, proving that also high temperatures promoted the delignification and the cellulose removal, whilst they poorly affected the hemicellulose removal within the investigated ranges. The recovery of AIL strongly increased raising the temperature from 110 to 130 °C and it was almost constant working at 150 °C, thus proving that temperature had a milder effect than NaOH concentration on the released lignin depolymerization. In conclusion, 130 °C and NaOH concentration of 2.5 wt/vol% resulted the implemented reaction conditions leading to lignin, hemicellulose and cellulose removals of 41.9, 15.4 and 21.6 wt%, respectively, allowing a recovery of AIL of 28.2 wt%. Despite the higher chemical stability of cellulose than hemicellulose, we achieved a lower removal of this latter for all the tested conditions because the structure of the biomass matrix and the type of linkages between cellulose/hemicellulose/lignin strongly influence the efficiency and selectivity of alkaline delignification.4731 The same trend was observed also by Mnafki et al. who performed the alkaline delignification of PO balls obtaining higher lignin, cellulose and hemicellulose removals (63, 34 and 28 wt%, respectively) than those ascertained in this work.6 Noteworthy, despite a milder delignification was reached, we obtained a lower loss of both polysaccharides, which is a determinant aspect for the development of an integrated biorefinery scheme aiming at the valorisation of each biomass component. The PER recovered from the optimized alkaline pretreatment (PER DP2) was chosen as substrate for the BL synthesis and its chemical composition (run DP2, Table S42) highlighted the enrichment in polysaccharides and a marked decrease of the ash amount respect to the starting biomass. The change of the chemical composition after the alkaline pretreatment was also confirmed by the FT-IR analysis (Figure S1A and S1B). In fact, the spectrum of the extracted PO balls shows bands at 1604 (C=O stretching)32,48 1440 (C-H deformation in methoxyl, methylene, and methyl groups of lignin)33,49 1266 (C-O stretching of alcohols, phenols and ethers)34,50 1152 (C-O-C stretching of polysaccharides)4832 and 1020 cm-1 (C-O stretching of ethers)34,50 which can be identified also in the spectrum of PER DP2, whilst the band at 1598 cm-1, due to the stretching of lignin aromatic ring,5034 disappeared after the alkaline pretreatment. This evidence, together with the decrease of the intensity of band at 1440 cm-1, confirmed the effectiveness of the adopted pretreatment in the lignin removal. To investigate the influence of the alkaline pretreatment on the crystallinity of the feedstock, extracted PO balls and PER DP2 were analysed through XRD (Figure S2). The recorded diffractograms show that the intensities of Gaussian curves corresponding to Miller indices of the crystalline cellulose decreased after the pretreatment and the Gaussian curve due to the amorphous phase became predominant, thus indicating that the crystallinity of the biomass was strongly reduced. This was confirmed by the crystallinity index (CrI) that decreased from 75% to 50%, in agreement with the literature results,5135 proving the occurrence of cellulose swelling that can contribute to the improvement of reactivity. To demonstrate the increased reactivity after the alkaline pretreatment, the runs performed with H2SO4 loadings of 1.3 and 2.6 wt%, that resulted insufficient to achieve the highest BL yield starting from extracted PO balls, were replicated adopting PER DP2 as feedstock (Figure 53). 
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Figure 53. Comparison between the butanolysis of extracted PO balls and PER DP2. Reaction conditions: 190 °C, 30 min, biomass loading of 14 wt%. 
PER DP2 allowed the achievement of higher BL yields with respect to extracted PO balls working with both H2SO4 loadings, thus proving that the alkaline pretreatment really enhanced the reactivity mainly due to the removal of lignin and the cellulose swelling rather than the decrease in the ash amount since the DBE yield, which depends on the reaction conditions, was analogous starting from the two substrates. Noteworthy, the reaction carried out adopting H2SO4 loading of 2.6 wt% led to the BL yield of 52.3 mol%, which was higher than those reported in the literature9 and analogous to the highest obtained starting from extracted PO balls but employing double acid concentration at 180 °C (run B11, Table 21). The possibility of working at lower acid concentration is of paramount relevance because led to lower DBE yield (15.3 instead of 20.9 mol%) and limits the corrosion, thus reducing the equipment costs and simplifying the separation of catalyst under industrial perspective. Together with DBE, also high amount of char is produced as by-product of the butanolysis, probably due to the hemicellulose sugars condensation to give humins, thus strategies aiming at separation and valorisation of also this fraction are under investigation. From an industrial perspective, the separation of BL from the reaction medium is of paramount relevance but it is actually necessary when BL should be marketed as solvent, fragrance, or chemical. In fact, when BL is produced to be employed as bio-fuel its separation could be unnecessary because it was successfully adopted as bio-blendstock of Diesel in mixture with the solvent n-butanol and the by-product DBE, without affecting the engine performance. This bio-blendstock not only allowed the reduction of fossil Diesel amount fuelled within the engine but also of some polluting emissions, such as CO and soot.8 Thus, in this case the easy catalyst neutralization, with NaOH or Ca(OH)2, followed by the separation of char, for example through filtration, and decolorization to remove soluble humins by adsorption with resin and/or activated carbons can be sufficient steps to produce a commercial mixture to be adopted as bio-blendstock. On the other hand, when the BL separation and purification are required, the process scheme is much more complicated still involving steps of neutralization, separation from char and decolorization, in this case followed by a rectification step to separate BL, n-butanol, DBE and water, the latter deriving from both butanolysis and solvent etherification reactions.52 However, the presence of water complicates the recycle of pure n-butanol to the reactor, which is fundamental to make much more economically sustainable the process, due to the formation of an azeotrope, thus an intermediate anhydrification step adopting molecular sieve can be advantageously proposed. 12,53 Nevertheless, the char recovered from the optimized butanolysis reactions, as well as the AIL and ASL deriving from the optimized alkaline pretreatment, were characterised to propose their appropriate applications, thus really developing an integrated process.
Characterization of chars recovered from butanolysis reactions
The chars recovered at the end of the best extracted PO balls and PER DP2 butanolysis reactions were deeply characterised. The FT-IR spectra of chars (Figure S1C and S1D) show the formation of new bands due to oxygenated and furanic/aromatic functionalities respect to the starting feedstocks, thus highlighting the formation of humins and the occurred carbonization. Bands at 1710 and 1600 cm-1, characteristic of C=O stretching of carbonyls, showed the increase of oxygenated functionalities, whilst the bands at 1510 and 798 cm-1, due to the C=C stretching of aromatic/furanic compounds and to the C-H bending of furans, respectively, proved the formation of humins and the increment of aromatic moieties.5436 The bands between 1300-1000 cm-1 indicate the presence of unconverted cellulose173 and their intensities are lower in the spectrum of char from PER DP2 butanolysis, thus confirming its higher reactivity than extracted PO balls. Raman spectra of the two chars were also acquired (Figure S3), showing the characteristic peaks at 1340–1360 cm-1 (D-band) and 1570–1600 cm-1 (G-band), due to the defects and the ordered sp2 carbon plane, respectively. The char recovered by the butanolysis of extracted PO balls appeared homogeneous and was characterized by two signals, approximately at 1380 and 1586 cm-1, assigned to polyaromatic and graphitic carbons, respectively. The char recovered from the PER DP2 butanolysis showed the presence of two different structures, one having the position of both G-band and D-band analogous to those observed for the char of extracted PO balls and another one having the D-band at slightly higher Raman shift, due to a less disordered structure (i.e., a higher graphitization degree). The ultimate analysis was also performed to investigate the degree of carbonization/deoxygenation occurred during the butanolysis reaction starting from extracted PO balls and PER DP2 and to calculate the HHV values (Figure 64). 
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Figure 64. Van Krevelen plot of extracted PO balls, PER DP2 and their corresponding butanolysis-derived chars and lignin deriving from run DP2.
The obtained results confirmed the occurred carbonization of both feedstocks, being the amount of carbon higher for the respective chars. Van Krevelen diagram shows that degradation proceeded mainly through the dehydration path that leads to humins formation and the two recovered chars have similar O/C and H/C molar ratios, which are characteristic of low rank coal and lignite, as observed for other butanolysis-derived chars.173 As consequence of the occurred carbonization, the HHV values were higher for the chars than the respective feedstocks making them promising solid fuel employable within the same process. Alternatively, they can be adopted as starting material for the preparation of adsorbents after a preliminary activation step aiming at the increase of their specific surface area that was lower than 10 m2/g.
Characterization of AIL
The great advantage of alkaline delignification is not only the increment of biomass reactivity, but also the possibility of recovering lignin. The purity of lignin results a crucial aspect to make its applications really feasible, thus the AIL recovered from the best alkaline delignification (run DP2) was characterized. The chemical structure of this lignin was preliminarily analyzed through UV-Vis spectroscopy (Figure S4), which shows the maximum of absorbance at about 280 nm, indicating the presence of non-conjugated phenolic groups mainly of guaiacyl and syringyl units.5537 The chemical structure of lignin was also analyzed through FT-IR spectroscopy (Figure S51) that shows the bands at 3380 cm-1 (stretching of O-H in hydroxyl group), 2934 and 2852 cm-1 (stretching of C-H in CH3 and CH2, respectively), 1460 cm-1 (bending of C-H in CH3 and CH2),  1594, 1508 and 1422 cm-1 (stretching of aromatic ring in lignin structure).3524 The presence of oxygenated groups is indicated by the bands at 1692 cm-1 (stretching of non-conjugated carbonyl groups),3524 1370 cm-1 (in-plane deformation of phenolic -OH), 1322 cm-1 (stretching of C-O in syringyl units) (Shi et al., 2019),5638 and 1226 cm-1 (stretching of C-O bond of ethers and phenols).5739 The syringyl units are responsible for the bands observed at 1126 cm-1 (vibration of C-H), and at 853 and 816 cm-1 (out-of-plane bending of C-H bond of both syringyl and guaiacyl units).3524 Lastly, the band at 1028 cm-1 (stretching of C-O in etheric bonds of polysaccharides) indicates the presence of polysaccharides in the recovered lignin.3524 AIL was also characterised through Py/GC-MS, which was useful to better understand the chemical structure (Table S53). The identified compounds are classified as non-specific (-), holocellulose-specific (H) or lignin-specific (L) pyrolysis products,5840 these latter being the most abundant in the pyrogram. The highest peak belongs to 4-hydroxybenzoic acid (#45) and together with the lignin-specific pyrolysis products #9, #22, #25, #26, #27, #36, #39, #41, #42, #43, #51 and #52 has been already identified in the PO balls extracted lignin, thus confirming the presence of guaiacyl, syringyl and p-hydroxyphenyl units.3941 The presence of 4-hydroxybenzoic acid in the pyrogram of AIL confirms that this compound is mostly present as bound to lignin monomers through ester bonds, as anticipated from the profile of the PO extract. Lignin was analysed also through ultimate analysis that highlighted its resemblance to commercial lignin, being their O/C and H/C molar ratios very close to those reported for reference lignin (Figure 64). To quantitative evaluate the purity of recovered lignin, it was analysed by the two-step acid hydrolysis protocol reported by Dhara et al.,3524 that revealed the presence of negligible amount of arabinan, 1.2 wt% of xylan, 3.1 wt% of glucan, 8.9 wt% of ash and 86.8 wt% of lignin. Thus, the achieved purity is higher than that of the most of lignins recovered by alkaline pretreatment (generally between 40-70 wt%).6,3524 Lastly, the total phenolic content (TPC) of AIL was estimated through the Folin-Ciocâlteu assay, according to the procedure reported by Dhara et al.,35 which showed a value of 49%, according to those reported in the literature for other extracted lignins confirming the elevated amount of phenolic groups in the recovered AIL sample.35and this lignin results suitable for the applications previously mentioned. In conclusion, the ability of the recovered lignin to efficiently adsorb the UV radiation between 250-350 nm, characteristic of UVB radiation considered the main responsible for adverse health effects,59 makes the AIL a potential UV-blocker to be employed for instance in the formulation of sunscreens, considering also its lack of cytotoxicity demonstrated in the literature.60 In fact, several works have already demonstrated the positive effect of extracted lignin when formulated to a low-Sun Protection Factor (SPF) (~1) cream, leading to the increase of SPF up to 15, analogous to the value of a commercial sunscreen lotion.61-64 Moreover, the UV-blocking properties of ASL can also be exploited in the formulation of materials to improve their UV shielding, as required for films in packaging and agricultural mulch, substituting the most common toxic and polluting molecules.65,66 On the other hand, Folin-Ciocâlteu assay highlighted the high amount of phenolic compounds in the AIL structure, which makes it a promising antioxidant. In fact, literature reports that the antioxidant properties depend on the substituents of the aromatic ring and side chain structures, and in particular phenolic hydroxyls tend to increase the lignin antioxidant properties because the oxidation of hydroxyls to phenoxy radicals is the main antioxidant mechanism of lignin.67 This potential application of lignin has already been demonstrated in the literature showing that in some cases it had antioxidant activity higher or similar to that of the commercial antioxidants butylated hydroxytoluene (BHT) and butylated hydroxyanisole (BHA), which are widely used in pharmaceutical, cosmetic, food and plastic industries.60,68,69 Although the performed UV-Vis analysis and Folin-Ciocâlteu assay results allowed us to preliminarily prove the effectiveness of AIL as promising UV-blocker and antioxidant, analyses regarding its in vitro and in vivo activities are now in progress. 
Characterization of ASL
After the lignin precipitation, ASL was also recovered. This fraction has been scarcely investigated in the literature, but its characterization is necessary under the perspective of an integrated biorefinery process. Thus, the liquid solution containing the ASL from run DP2 was analysed through UV-Vis spectroscopy that showed the maximum of absorbance at 255 nm (Figure S65), indicating the presence of conjugated phenolic groups.5537 To better investigate the composition of ASL, it was recovered as solid residue by evaporation of the solvent and analyzed by FT-IR and Py-GC/MS. The FT-IR spectrum (Figure S7) highlights the presence of the characteristic bands of lignin at 3260 cm-1 (stretching of O-H), 1740 cm-1 (stretching of carbonylic and/or carboxylic C=O), between 1600-1418 cm-1 (stretching of aromatic ring in lignin structure), 1370 cm-1 (in-plane deformation of phenolic -OH) and 853 cm-1 (out-of-plane bending of C-H bond of both syringil and guaiacyl units).35 However, also the bands characteristic of sulfate groups at 1112, 636 and 614 cm-1 are present, due to the formation of Na2SO4 during the precipitation of lignin at pH 2. On the other hand, in the pyrogram of ASL aAlmost all identified compounds were either non-specific or lignin-specific pyrolysis products (Table S64).5840 Semi-quantitative composition was performed by calculating the total areas of lignin and holocellulose-specific pyrolysis products, expressing these areas as percentages of the total area. The values indicate that ASL is rich in lignin (43%), being the total integrated percentage area of holocellulose-specific compounds only 0.5% and that of non-specific compounds, including unidentified species, equal to 56.5%. Non-specific compounds are those that cannot be reliably ascribed to either the holocellulose or lignin fraction. They are mostly generated by secondary pyrolysis processes such as rearrangements and multiple dehydration,70 thus it is not possible to establish if they are present as a free molecule in the sample or are generated during the pyrolysis process. Noteworthy, the most intense peak of lignin-specific pyrolysis product is that of 4-hydroxybenzoic acid, as observed for the Py-GC/MS of AIL. Due to the presence of phenolic compounds, the total phenolic content (TPC) of the recovered solution was evaluated through the Folin-Ciocâlteu method that showed the concentration of 866 mgeq. gallic acid/L and the TPC of 24%, a value higher than those reported in the literature for other lignins, which were in the range 13-20%.7142 Thus, based on the obtained results and analogously to AIL, the ASL produced in this work could be proposed as UV-blocker or as antioxidant, thanks to its intense adsorption within UV wavelength range between 200-300 nm, characteristic of UVC radiation, and its elevated concentration of phenolic and polyphenolic compounds. Tests on these possible applications in vitro and in vivo are now in progress. 
Preliminary evaluation of process sustainability
To preliminary evaluate the sustainability of the biorefinery scheme proposed in this work at the laboratory scale, two of the most important green metrics have been considered: the Environmental factor (E factor) and the Process Mass Intensity (PMI).72 The E factor is expressed as the amount of waste produced in the process with respect to the obtained product, thus a higher E factor means a large amount of waste that leads to a much more important negative environmental impact. More recently, two different E factors have been suggested: the simple E factor (sEF) and the complete E factor (cEF). The sEF does not take solvents and water into account, whereas the cEF accounts for all the materials involved in the process, including solvents and water, assuming no recycling. Thus, the true E factor is reasonably comprised between the sEF and cEF and it can be calculated when reliable data for solvent losses are available. However, this information is generally lacking at the laboratory scale and is often assumed in the literature as the 10% of the amount used in the process.72,73 On the other hand, the PMI represents the ratio between the total mass at the input of the process (reagents, catalysts, solvents adopted during the reaction and purification steps, and work-up chemicals) and the mass of the product, thus providing an idea of the efficient employment of raw materials.74,75 To calculate these metrics, we adopted the gate-to-gate boundary conditions at the laboratory scale, thus considering as the starting point the raw material entering the factory gate and as the end point the product leaving it, using 1 kg of PO balls as the basis to calculate the flows. On this basis, Figures S8-S11 report the general scheme of the process and separately the schemes of the process with only the flows considered for the calculation of sEF, cEF and PMI, respectively, as expressed in the Eqs. 14-16 in the Supporting Information. The values obtained for these green metrics are reported in Table 3 (entry 1).
Table 3. E factors and PMI values of the process developed in this work compared to others reported in the literature.
	Entry
	Biomass
	sEF
	cEF
	PMI
	Ref.

	1
	PO balls
	0.5
	25.1
	26.2
	This work

	2
	Paper powder
	0.3
	2.5
	3.5
	17

	3
	ADW Eucaliptus nitensa
	1.0
	24.3
	25.9
	8


a “ADW” = Autohydrolyzed-delignified wood. 
The obtained results confirm the strong influence of solvent loss on the E factor, which increases from 0.5 under the best scenario that does not consider the solvent (sEF), to 25.1 under the worst scenario that considers the complete loss of solvents without their recovery and recycling (cEF). However, both scenarios are not representative of the real situation, but rather give a range within the true E factor is reasonably comprised, which in our case is similar to those of bulk and fine chemicals industries.72 Clearly, introducing solvent recovery and recycling in the process would improve its sustainability, thus we also calculated the cEF assuming the 10% solvent loss, according to the literature.72,73,76 In this case, the cEF resulted equal to 3.1, which agrees with the E factor of bulk chemicals industry and confirms the importance of solvent recycling from an economic and environmental perspective.72 Regarding the obtained PMI value, it is lower than those reported for the pharmaceutical industries, which widely use this metric as a parameter of greenness reaching the lowest value of about 68.77 To the best of our knowledge, no work studying the butanolysis of waste biomasses reports values ​​of these green metrics, thus to compare our process with others reported in the literature, these metrics have been calculated for our previous works involving the one-pot butanolysis of paper powder deriving from the papermaking industry.17 and the butanolysis of autohydrolyzed-delignified Eucalyptus nitens.8 The process related to Eucalyptus nitens is much more similar to the biorefinery scheme developed in our work because the Eucalyptus nitens was subjected to two different pretreatments to be fractionated. In the first pretreatment of autohydrolysis, the xyloligosaccharides, relevant prebiotic agents, were recovered in the liquid phase, then the solid residue was further pretreated through acetosolv process employing acetic acid and water as solvent and HCl as catalyst, thus solubilizing the lignin. Finally, the solid residue enriched in cellulose was adopted as the substrate of butanolysis catalysed by H2SO4. However, in this work the recovery and purification of lignin was not considered, and no lignin applications have been proposed thus, to calculate the metrics, this lignin stream was considered a waste. The obtained values highlight that the one-pot process (entry 2, Table 3) led to the most favourable metrics because a lower number of steps have been considered, thus involving a lower amount of chemicals and solvents than the cascade processes. This is confirmed by the metrics calculated considering only the butanolysis step of our study. In this case, the sEF, cEF and PMI are equal to 0.3, 2.2 and 3.3, respectively, which are completely in agreement with those reported in the literature for the one-pot process.17 However, this approach did not allow the exploitation of each biomass fraction, as required by the biorefinery scheme. This was partly faced in our previous work on the butanolysis of autohydrolyzed-delignified Eucaliptus nitens,8 for which these metrics are very similar to those achieved in the present investigation. However, the lignin separation and purification steps were not considered in our previous works instead, these steps have been performed in this one. Therefore, since the introduction of other steps not only leads to the recovery of a higher amount of valuable products but generally leads also to the use of a greater quantity of chemicals, the metrics of our previous work could change depending on the amount of generated wastes and products and this aspect could be evaluated in the future to better compare the sustainability of our two investigations.
Conclusions
This work developed an integrated biorefinery process for the valorisation of PO balls, which accumulates on the Mediterranean Sea beaches causing management issues. The process involved an extraction step that allowed the recovery of compounds with biological activity and employable in cosmetic. Then, the biomass was fractionated through alkaline pretreatment leading to the production of a polysaccharide enriched residue and a black liquor. The residue was converted into BL, a promising biofuel, achieving the yield of 52.3 mol%, whereas from the black liquor both acid insoluble and soluble lignin fractions, usable in material formulation as UV-blocker and antioxidant, were recovered. The in vitro and in vivo tests to confirm their feasible application are in progress. Moreover, the possibility of shifting the process to a continuous set-up will be investigated focusing on the flow reactor, which is the core of the process. In fact, flow set-up is more desirable than batch one because it requires less time for the start-up and maintenance of the reaction and works with short residence time, thus allowing higher product selectivity, the generation of less waste, and energy saving. However, the pumping of lignocellulosic slurry is not easy due to the high viscosity, particularly at high biomass loading, thus the influence of the main parameters affecting the slurry viscosity as the presence of pretreatment and the biomass particle size will need to be investigated. Lastly, also the cost analysis of BL production at a large scale will be performed to verify if the adoption of a negative value feedstock, as PO balls, and the co-production of marketable products, as extractives and lignin, can influence the BL selling price.
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SYNOPSIS 
The integrated exploitation of Posidonia oceanica balls led to the production of extractives, butyl levulinate, lignin and char.
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