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[bookmark: _Hlk43632139][bookmark: _Hlk43736185]ABSTRACT: An integrated biorefinery approach using spent industrial ginger waste for resource recovery is reported. Valuable products including ginger oil, starch, microfibrillated cellulose (MFC), bio-oil and hydrochar were obtained. Approximately 4% ginger oil, with a profile similar to commercial ginger oil, can be recovered via Soxhlet or Supercritical CO2 + 10%EtOH extraction. The oil-free ginger residues were processed using two microwave techniques: starch, MFC and sugar-rich hydrolysates were firstly gained through hydrothermal microwave processing (120 to 200 oC in water alone), whilst chemical-rich bio-oils and energy-dense hydrochar (20 - 24.5 MJ kg−1) were obtained via conventional microwave pyrolysis (220 to 280 oC). The ginger MFC exhibited increased propensity to form microfibrillated cellulose (as evidenced by Transmission Electron Microscopy) with increasing temperature.  Nanocrystalline cellulose was produced at the highest processing temperature (200 oC). These changes are commensurate with the leaching and decomposition of the amorphous regions within cellulose. The molecules and materials isolated have further downstream applications and, thus, compared to current low value resolution methods (dumping, burning or animal feed), spent industrial ginger waste is a significant resource for consideration within a biorefinery concept. 



1. Introduction
[bookmark: _Hlk43711589][bookmark: _Hlk43711487][bookmark: _Hlk43711152]Ginger (Zingiber officinale), originally derived from Southeast Asia and is now cultivated in a number of countries including India, China, Nepal, and Nigeria, is a flowering plant whose rhizome (ginger root or ginger) is used in food, flavours, fragrances and medicinal products  (Mekonnen et al., 2013; Shahrajabian et al., 2019). In 2016, 3.3 million tonnes of ginger was produced globally (Aly et al., 2019).  Ginger is often processed for its high-value oleoresins and volatile oils (Kou et al., 2018; Lai et al., 2016; Makanjuola, 2017; Palatty et al., 2013).  Ginger oleoresins comprise approximately 20–30% of volatile oil, 10% of fixed oil, 50–70% of pungent resinous matter but only accounts for  4–10% of the total dry weight of the rhizome.  Thus, there is a significant amount (by weight) of spent ginger waste produced from industries such as herbal medicine or beverages (Wiastuti et al., 2016).  This waste is typically sent to landfill, incinerated (Konar et al., 2013) or used as low value animal feed (ginger waste meal) (Eltazi, 2014; Omage et al., 2007). Alternative means of utilisation have been reported, such as the use of ginger wastes as an adsorbent for wastewater treatment (Kumar & Ahmad, 2011); nevertheless, current scenarios for re-utilisation of spent industrial ginger wastes are limited, especially those that seek to explore resource recovery (valorisation) in the forms of chemicals, materials and energy within the context of a biorefinery. 
Microwave (MW) technology is becoming popular for the production of bio-based chemicals and materials (Clark, 2019) compared to conventional heating due to its volumetric heating, rapid extraction ability, energy-efficiency (Kappe, 2004; Luque et al., 2012) and reduced environmental impact (Garcia-Garcia et al., 2019). 
Microfibrillated cellulose (MFC) is a promising biobased material with uses in many different applications (food, membranes, textles etc) due to its excellent properties, for example, light weight, water-binding and high mechanical strength  Nanostructured cellulose can form hydrogels, aerogels and films (Chen et al., 2016; Khanjani et al., 2019; Ye et al., 2019; Zheng et al., 2016). MFC is conventionally obtained from wood fibres of pulp via intensive chemical and physical pretreatment (e.g. microfluidisation, super-grinding, cryocrushing, steam explosion)  (Oliaei et al., 2020; Osong et al., 2016). In previous studies, a novel acid-free microwave hydrothermal treatment (MHT) method was adopted to produce pseudo-nanocellulosic fibrils and/or nanocrystals without any additional chemicals from argi-wastes (e.g. orange peel, pea haulm) (de Melo et al., 2017; Gao et al., 2019).  The MFC produced was similar to conventional MFC exhibiting gel and film forming potential. 
Herein, the valorisation of spent industrial ginger waste as a source of chemicals, materials and (bio)energy in order to establish a preliminary biorefinery concept is reported (Figure 1).  The aims are to i. Recover residual oils (extractives) by Soxhlet (heptane) or supercritical CO2 entrained with 10% ethanol as co-solvent. ii. Explore hydrothermal microwave-assisted processing of the extractive-free residues to ellicit biopolymers such as starch and to produce MFC (and sugar-rich hydrolysates).  The propensity to retain water (water retentioin value and water holding capacity) and ability to form hydrogels will be determined as a possible application area of MFCs iii. Investigate conventional microwave pyrolysis to afford bio-oils and hydrochars in order to ascertain their composition and calorific value as the latter may be used for bioenergy.  iv.  Undertake detailed characterisation via a variety of techniques, for example, IR, GC, GC-MS, HPLC, TEM, TGA, NMR and XRD) that track structural changes in the spent ginger on route to formation of MFC and provide compositional analysis of molecules ellicited.
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Figure 1. Schematic overview of the proposed biorefinery route of spent industrial ginger waste.
2. Materials and methods
Spent industrial ginger waste which had been processed for its essential oils was used in this study. On receipt, the industrial ginger waste was milled (Retsch™ Knife Mill Grindomix GM300), sieved (200 μm) and stored in air-tight containers until further required. The integrity of products was confirmed by a variety of characterisation techniques: TGA, ATR-IR, 13C CPMAS NMR, CHN, WRV, WHC, XRD, SEM and TEM, details of which are given in ESI.

2.1.	Extraction and analysis of ginger oil

Soxhlet extraction was performed on the milled industrial ginger waste (40 g) with heptane (400 mL) for 24 h. The solvent was removed in vacuo to afford to desired extract as ginger oil (1.58 g, 3.95 %), whilst the oil-free residues were allowed to dry (oven, 40 oC) to constant weight and used for microwave pyrolysis and hydrothermal microwave processing as outlined below. 
Supercritical CO2 extraction was carried out on a laboratory scale system (SciMed, Stockport, UK) with an extractor vessel capacity of 1 L in which a basket was placed containing 300 g of milled industrial ginger waste. Cylinders containing food grade liquid CO2 99.8% (BOC, Guilford, UK) were pressurized using a high-pressure Waters P200 pump to a pressure of 350 bar, and flow rate 15 g/min. Where stated, 10% ethanol co-solvent was pumped in, using a Waters 515 HPLC pump. Extraction temperature was 35 °C. The extraction was left to run for 2 hours. The extract was filtered through grade four filter paper (Fisher Scientific, Loughborough, UK). Where no ethanol was used, the extracts contained a water layer which was removed in a separating funnel and final yield recorded. For supercritical CO2 with ethanol extracts, the ethanol was removed from the extracts a in vacuum at 40 °C and 90 mbar and, again, the final yield recorded.
The chemical composition of the extracts was analysed by gas chromatography coupled to a mass spectrometer (GC-MS) for component identification. The extracts were run on an Agilent 7890A connected to a single quadrupole Agilent 5975C MS. The column was a fused-silica capillary DB-5HT (30 m x 0.25 mm x 10 µm) with a carrier gas of helium at 99.99% purity. The initial oven temperature was 50 °C, held for 1 minute, ramped at a rate of 10 °C min-1 to reach a final temperature of 300 °C and held for 4 minutes. Component identification was confirmed by comparing the compound’s mass spectrum to the NIST 2017 database. Component quantification was performed by taking the area of each single peak and dividing by the total area of all identified peaks and the result multiplied by 100.
	
[bookmark: _Hlk43736323]2.2.	Conventional microwave pyrolysis: Bio-oil and char production
The pyrolysis experiments were conducted on a CEM Discover SP microwave reactor with 30 mL borosilicate glass vessel. The oil-free ginger residues (1 g) were subjected to microwave irradiation (95 W) at 220, 240, 260 and 280 oC at 0, 3, 6 and 9 min time intervals. Post pyrolysis, the resultant char was washed with ethyl acetate (10 mL), filtered and dried in an oven (60 oC) for 48 h until constant weight was achieved, whilst the ethyl acetate extract was evaporated in vacuo to afford bio-oil.
Char and bio-oil yields were calculated according to equations 1 and 2, respectively.
Char yield (%) = (mass of char/mass of dried raw material) x 100			(1)
Bio oil yield (%) = (mass of bio oil/mass of dried raw material) x 100		(2)

2.3.	Hydrothermal microwave processing: Starch, microfibrillated cellulose and hydrolysate production

[bookmark: _Hlk43736375]The hydrolysis experiments were carried out using a Milestone SynthWave reactor (1500 W, 2.45 GHz). Oil-free ginger residue (10 g, post Soxhlet extraction)) was mixed with distilled water (350 mL) with a ratio of 1: 35 (w/v) in PTFE vessels (900 mL) and processed at 120, 140, 160, 180 and 200 oC for 30 min (15 min ramping and 15 min holding time).  The resulting slurry was centrifuged (Thermofisher Megafuge 4000R, 20 min at 3000 rpm) and the pellet and supernatant separated.  The pellet was washed with hot water (300 mL, 15 min), hot ethanol (2 x 300 mL, 15 min. each), cold ethanol (300 mL, 15 min, around 20 oC), cold acetone (300 mL, 15 min) and dried (ambient, 24 h) to afford the desired microfibrillated cellulose (MFC). The supernatant was treated with an equal volume of ethanol, stored in a fridge overnight, and resultant precipitate was isolated by centrifugation.  The pellet (precipitate, evidenced as starch – see later) was dried (ambient) until constant weight was achieved and the supernatant (hydrolysate) was stored for sugar analysis via HPLC (see later). The samples were coded as MFC and starch was coded as GS based on the temperature, for example, MFC120 refers the cellulose sample with 120 oC microwave hydrothermal treatment, and GS160 refers to the starch extracted from the hydrolysate from 160 oC treatment.
The yield MFC and GS were calculated according to equations 3 and 4, respectively.
MFC yield (%) = (mass of MFC /mass of dried raw material) × 100		(3)
GS yield (%) = (mass of starch/mass of dried raw material) × 100			(4)
HPLC was used for the determination of compounds in the hydrolysate using a refractive index detector at 55 °C. For levoglucosan, glucose, xylose, and organic acids (lactic) the samples were analysed using an Agilent 1260 equipped with an Agilent Hi-Plex H (300 x 7.7 mm, 8 μm particle size) column, 0.005 M H2SO4 mobile phase, isocratic mode (no gradient), flow-rate of 0.4 mL/min, column temperature of 60 °C, injection volume of 5 μl and a total run time of 35 minutes. Furfural and 5-HMF were analysed using an ACE C18 (250 × 4.6 mm, 5 μm particle size) column with acetonitrile: water (25/75) mobile phase, isocratic mode, 0.8 ml/min flow-rate, column temperature of 30 °C, injection volume of 5 μl and a total run time of 22 minutes.
 
3. Results and Discussion 
3.1. [bookmark: _Hlk43717136]Ginger oil recovery
[bookmark: _Hlk43716710][bookmark: _Hlk43717055]The yield and composition of the ginger oils (as determined by GC-MS) obtained from spent industrial ginger waste via Soxhlet, SC-CO2 and SC-CO2 + 10% EtOH extraction techniques are presented in Table 1. Zingiberene, α-curcumene, β-bisabolene, β-sesquiphellandrene, 6-shogaol, 6-gingerol and 10-shogaol were found to be the major compounds from the spent industrial ginger waste. These are known key molecules present in commercial ginger oil (Munda et al., 2018), thus, immediately representing a potential valorisation opportunity. The SC-CO2 and SC-CO2 + EtOH techniques gave a slightly higher number of different analytes. A range of lower molecular weight compounds were found to be absent in the Soxhlet extracts. It is assumed that they were lost by evaporation during the extraction or in the solvent reduction steps. Depending on the quality/grade of ginger oil and its intended application, its value can range from £100 - 500/kg.
Table 1: The yield and composition of the ginger oils as determined by GC-MS
	Compoundsa
	RT (min)b
	% Areac

	
	
	Soxhlet
	SC-CO2
	SC-CO2 +EtOH

	Essential oil content (%)d
	
	4.00
	2.51
	4.12

	α-Pinene
	6.50
	e
	0.70
	0.81

	Eucalyptol
	7.66
	
	5.28
	2.30

	endo-Borneol
	11.45
	
	1.14
	0.93

	Neral
	13.25
	
	0.44
	0.22

	Geranial
	14.74
	
	5.55
	2.15

	α-Curcumene
	22.17
	9.03
	3.65
	8.72

	Zingiberene
	22.65
	22.65
	8.15
	15.20

	α-Farnesene
	22.89
	2.62
	1.14
	3.09

	β-Bisabolene
	22.99
	4.10
	1.48
	6.10

	β-Sesquiphellandrene
	23.48
	9.28
	4.90
	11.53

	Zingerone
	26.8
	2.28
	3.59
	1.45

	6-Shogaol
	42.59
	7.32
	15.54
	16.80

	6-Gingerol
	44.66
	11.17
	15.83
	12.14

	10-Isoshagaol
	48.27
	2.17
	2.77
	0.96

	10-Shogaol
	49.13
	4.14
	6.02
	2.31

	γ-sitosterol
	54.24
	2.10
	1.50
	 

	a As identified by GC-MS software; names according to NIST 2017 mass spectral library.

	b Retention times 
	
	
	
	

	c Percentage of each component is calculated as peak area of analyte divided by peak area of total ion chromatogram times 100

	d %w/w = percent (weight/weight)
	
	
	

	e not detected
	
	
	
	



3.2.	Microwave pyrolysis
The yields of microwave pyrolysis gas, bio-oil and char with respect to temperature at fixed holding time (9 min) are displayed in Table 2. With increasing temperature (220 oC to 280 oC), the gas yield increased from 9.28% to 15.43%. Yields of oil also increased from 14.06% to 33.38%, with both the gas and oil yields reaching the maximum at 280 oC. Conversely, yields for the chars reduced from 76.66% to 52.19%, due to cellulose and hemicellulose depolymerisation and subsequent, increased volatilisation (including CO, CO2 and H2O) and aromatisation. (Sadaka et al., 2014; Xiong et al., 2019; Zhu et al., 2019). 
Table 2. Yield of microwave-assisted pyrolysis products with respect to temperature
	Operational condition
	
	Yield (%)

	T (°C)
	t (min)
	Gas
	Oil
	Char

	220
	9
	9.28
	14.06
	76.64

	240
	9
	12.32
	25.63
	62.46

	260
	9
	13.73
	29.41
	57.80

	280
	9
	15.43
	33.38
	52.19



3.2.1. Hydrochar characterisation and higher heating value
The calorific value or higher heating value (HHV) of the resultant chars was determined both experimentally and theoretically via bomb calorimetry and elemental analysis, respectively, and are shown in Figure 2 (where GP refers to virgin, non-pyrolysed spent ginger and GCXXXY refers to ginger char (GC), processed at temperature XXX oC for Y minutes). Compared with the original industrial ginger waste (GP, 16.29 MJ kg−1), the calorific value increases upon char formation (20 - 24.5 MJ kg−1) correlating well with the concept of energy densification.
[image: ]
Figure 2. Higher heating value of ginger and its chars from bomb calorimetry (Experimental) and theoretical HHV from CHN calculation (Theoretical). Values are average of duplicate experiments (N=2).
In comparison with other selected biomass char types based on internal and external data (Figure 3) (Xia et al., 2016), it can be observed that most of the HHV of raw biomass types are similar (about 16 - 17 MJ kg−1) therefore ginger char is comparable to other char types. However, these values are for qualitative analysis only as the chars may have been produced by different methods.
[image: ]
Figure 3. HHV of different biomass and their chars.
The van Krevelen diagram for ginger waste and its chars obtained from different pyrolysis conditions is shown in Figure 4. The H/C and O/C ratios can be used as a measure of the degree of carbonisation (Zhang et al., 2018). The O/C ratio describes the polarity and a higher ratio indicates more polar functional groups.  The H/C ratio indicates potential aromaticity in the biochar.    It can be observed that O/C and H/C ratios of ginger residue are around 0.98 and 1.9, respectively. With increasing temperature and residence time, the H/C and O/C ratios both decreased (from 1.23 to 1.01 and 0.58 to 0.42, respectively), suggesting removal of polar surface functional groups to afford aromatic structures (Brewer, 2012). Thus, the carbon content is “concentrated” with harsher conditions resulting in a higher degree of carbonisation (Qambrani et al., 2017). Meanwhile, the simultaneous loss of both hydrogen and oxygen also suggests that the main reaction pathway during the process is dehydration.
[image: ]
Figure 4. van Krevelen diagram for ginger residue and its biochars obtained at different conditions, optimum H/C and O/C ratios of biochar is in yellow area.
Ideally, the optimum H/C and O/C ratios of biochar should be less than about 0.6 and 0.4, respectively (Zambon et al., 2016) (see the yellow area in Figure 4). In this instance the char produced from spent industrial ginger may be classified as a hydrochar with high oxygen functional groups and more alkyl moieties instead of aromatic structures.  Such materials also possess higher nutrient retention capacity than biochars (Dieguez-Alonso et al., 2018). The mechanism of hydrochar or  pseudobiochar (Figure 5) is a variety of complex reactions such as dehydration, deoxygenation, and decarboxylation reactions (Ahmed Khan et al., 2019; Wang et al., 2018).  Hydrochars have several valuable applications in the industrial and environmental fields: soil amelioration, carbon sequestration, bio fuels, and also pollution remediation due to high energy density and carbon content, porous structure and high degree of aromatization (Fang et al., 2018). The formation was further evidenced by thermogravimetric analysis (see ESI, Figure S2) which still shows a significant decomposition fingerprint for (ligno)cellulose, which in an ideal biochar, should be absent.  


Figure 5. Propsed mechanism of hydrochar formation.
ATR-IR analysis (Figure 6) of the chars also supports this notion of a hydro- rather than bio-char. The broad bands centred at approximately 3300 cm-1 are associated with O-H stretching corresponding to hydroxyl moieties in hemicellulose or cellulose. The bands centred at about 2920 cm-1 are due to the symmetric and asymmetric –CH2 and –CH3 stretching belonging to hemicellulose. Two small bands at around 1700 cm-1 and 1600 cm-1 are assigned to C=O stretching and C=C stretching in phenolic esters, lactones, conjugated ketones or quinones which are derived from lignin pyrolysis (Qambrani et al., 2017). The bands at approximately 1620 cm-1 confirm the existence of bonded water in biomass, whilst the bands 1340 cm-1 correlate to aromatic C=C commensurate with lignin (Qambrani et al., 2017). The sharp band centred at 1010 cm-1 is assigned to C–O and C-C stretching in cellulose/ hemicellulose.  The small bands at about 760 cm-1 are likely due to the aromatic C-H in lignin/hemicellulose (Qambrani et al., 2017).
The spectrum of ginger powder shows characteristic lignocellulosic bands (3300 cm-1, 2920 cm-1, 1340 cm-1, 1010 cm-1 and 760 cm-1) due to its main components (cellulose, hemicellulose and lignin) (Saygideger et al., 2005). But during the pyrolysis process, these major bands gradually disappear in the char samples and are substituted by new, smaller bands (1700 cm-1 and 1600 cm-1) which correspond to aromatic structure compounds, indicating that the raw biomass converts to a char which polycyclic aromatic in character through carbonisation and aromatisation processes (Ghani et al., 2013; Wang et al., 2017).
[image: ]
Figure 6. ATR-IR of char varying from 220 to 280 oC with 9 min residence time
3.2.2.	Bio-oil characterisation
Table 3 shows the possible major identified compounds in bio-oils obtained at different temperatures (220, 240, 260 and 280 oC) with same holding time (9 min). The qualified constituents can be classified by functional group: cellulose/hemicellulose derived furanic structures (furfural and 2-furanmethanol) and 3-methyl-1,2-cyclopentanedione, lignin-derived phenolic-like compounds including phenol –methoxy-, cyclopentanol, catechol and 2-hydroxy-5-methylacetophenone (Ghalibaf et al., 2019). Interestingly, some essential oil components (zingerone, shagaol) were still detected which may be due to their thermal stability. 
[bookmark: _Toc37938604]Table 3. Main chemical composition of waste ginger oils obtained with pyrolysis
	Compoundsa
	RT (min)b
	% Areac

	
	
	2209
	2409
	2609
	2809

	Furfural
	3.32
	6.66
	5.82
	5.33
	5.07

	2-Furan-methanol
	3.68
	28.46
	28.40
	32.26
	27.74

	Butyrolactone
	4.73
	5.94
	5.52
	7.04
	7.03

	3-Methyl-1,2-cyclopentanedione
	7.49
	4.61
	5.15
	4.27
	3.59

	Methoxy phenol
	9.23
	2.16
	1.79
	2.14
	2.07

	Cyclopentanol
	9.64
	5.89
	7.63
	5.50
	3.06

	Catechol
	13.04
	0.74
	1.40
	0.39
	2.59

	2-Hydroxy-5-methylacetophenone
	16.58
	1.90
	2.09
	1.03
	0.49

	Zingerone
	26.68
	0.49
	0.34
	0.40
	0.41

	Shagaol
	42.43
	1.36
	0.88
	0.91
	0.04

	a As identified by GC-MS software; names according to NIST 2017 mass spectral library.

	b Retention times 

	c Percentage of each component is calculated as peak area of analyte divided by peak area of total ion chromatogram times 100



Thus, spent industrial ginger waste can be pyrolysed into both aliphatic and aromatic biobased chemicals.  Furanics in particular are interesting as a source of biobased platform molecules for conversion into further molecules of industrial interest such as 5-hydroxymethyl furfural, itaconic acid, furan-2-, 5- dicarboxylic acid (Kucherov et al., 2018; Verma et al., 2017).

[bookmark: _Hlk43642890]3.3.	Hydrothermal microwave processing: MFC and hydrolysate
3.3.1. MFC
MFC was successfully obtained via hydrothermal microwave treatment, meanwhile the MFC from agricultural and/or industrial pea, orange and mango waste were also compared (see Table 4). The pore diametersand specific surface area of these products are all between 2- 50 nm and 1.5-124.0 m2 /g, respectively. The similar results indicate that MFC can be derived from various feedstocks.

Table 4. A comparison of MFC from various biomass types
	Feedstock
	Temp
(°C)
	Reaction time (min)
	L-S ratio
	Pore diameter (nm)
	Surface area (m2 /g)
	Reference

	Ginger
	120–200
	30
	1:35
	16-20
	3.6-13.0
	This paper

	Orange 
	120–200
	25
	1:70
	5-35
	1.5-107.0
	(de Melo et al., 2017) 

	Pea 
	120–200
	30
	1:35
	2-50
	15.0-37.0
	(Gao et al., 2019)

	Mango Peel
	180
	10
	1:20
	9-10
	16.3-124.0
	(Matharu et al., 2016)



The yields and Crystallinity Index (CrI, as determined by 13C CPMAS spectroscopy – see ESI, Figure S3) of the MFC obtained from hydrothermal microwave processing at different temperatures (120 to 200 oC) are shown in Figure 7. The yield decreases from 21.6% to 7.8% with increasing temperature. Conversely, the change in CrI of defibrillated cellulose increases with temperature, exhibiting a rapid rise between 120 to 160 oC. This can be explained by the gradually and selectively removal of hemicelluloses and amorphous cellulose from the lignocellulosic matrix with increasing temperature. After 180 oC, due to the softening of the amorphous cellulose and lignin, the cellulose microfibrils are released via a proton-transfer mechanism (de Melo et al., 2017) and thus, the CrI increases slightly (Δ=2o).
[image: ]
Figure 7. Crystallinity Index (CrI) calculated from solid-state 13C CPMAS NMR data and yield for MFC (N=2). 
The thermograms and DTG of MFC are presented in Figure 8, from which, the composition can be calculated. The mass of moisture/volatiles account for 4-10% of the industrial ginger waste, and the mass of lignocellulose accounts for approximately 70%. The mass of residue appears to remain approximately the same (21-24%) despite different processing temperatures. Three major bands are observed in DTG. The first was due to the moisture and volatiles (4-8.5%) between 30-110°C. The second main band at 240-330 oC is attributed to hemicellulose decomposition. Finally, the third peak between 330-390 °C is associated with the decomposition of cellulose. (Gao et al., 2019; Shankar & Rhim, 2016) Interestingly, the height of the band between 240 to 330 °C starts to reduce with increasing microwave treatment and then can no longer be detected when the MHT temperature reaches 200 °C (blue arrow of DTG in Figure 6). Again, this can be explained by the removal of hemicellulose and amorphous cellulose during MHT. Meanwhile, the main peaks referring to cellulose start to shift to the right (higher decomposition temperatures) with increasing MHT temperature (black arrows in Figure 8), implying that the decomposition temperature of cellulose increased after the MHT,  This correlates well with an increase in the CrI with increasing temperature  (Lengowski et al., 2016; Saygideger et al., 2005). 
[image: ]
Figure 8. TGA thermograms (left) and DTG profiles (right) of MFC at different processing temperatures
The XRD patterns of ginger powder and MFC are presented in Figure 9.  The peaks for crystalline cellulose were observed at 2θ: 16.5°, 22.5° and 34.5° corresponding to Miller Indices of 110, 200 and 004, respectively (Gong et al., 2017). With increasing MHT temperature, the peaks at 22.5° and 34.5° became more intense implying higher crystallinity. This is due to the gradual removal of hemicellulose and amorphous cellulose during the microwave treatment. The additional peaks at 15°, 24.3° and 30° are attributed to insoluble calcium salts (mostly CaC2O4) which exist in plant cell walls and vacuoles (de Melo et al., 2017; Synytsya et al., 2003).
[image: ]
Figure 9. XRD diffractograms of MFC varying from 120 to 200 oC. The cellulose peaks are shown in circular and calcium salts peaks are in red Planes.
The ATR-IR spectra shown in Figure 10 confirms that the cellulose is the main component of the product, with some residual hemicellulose or lignin as the impurities. The broad bands between 3600 cm-1 and 3100 cm-1 correspond to the hydroxyl moieties in the carbohydrate backbone, with the 2920 cm-1 C-H stretch attributed to cellulose/hemicellulose (Azadfar et al., 2015). The absorption bands at about 1745 cm-1 are attributed to the carbonyl groups which confirms the existence of lignin/hemicellulose in the biomass. With the increasing microwave temperature, the intensity of the C=O bands decrease, this is subsequently attributed to the removal of hemicellulose/lignin (Azadfar et al., 2015). The O-H bending vibration at 1635 cm−1 is assigned to the bonded water which existing in the material. Finally, the sharp bands at about 1025 cm-1 correspond to C–O and C-C stretching and confirm the presence of cellulose in resulting product from ginger residue.
[image: ]
Figure 10. ATR-IR of MFC varying from 120 to 200 oC.
TEM images successfully proved defibrillation of cellulose to MFC (Figure 11). Both microfibrils (width = 10-100 nm, length=0.5-10 μm ) and elementary fibrils (3–5 nm in width and a few μm in length) in amorphous and crystalline regions were displayed (Cheng et al., 2015; Zhu et al., 2014). Cellulose nanocrystals (width 5–70 nm and length <500 nm) were observed at 180 oC and above. The formation of MFC and nanocrystals can be explained by the two step Hy-MASS (Hydrothermal Microwave-assisted Selective Scissoring) concept previously discussed (de Melo et al., 2017). Firstly, the non-cellulosic matter and amorphous parts of cellulose are selectively and progressively hydrolysed from the lignocellulosic matrix. Secondly, the softened amorphous cellulose and lignin which are embedded in MFC were released through the proton transfer mechanism (Budarin et al., 2010). Meanwhile, the residual amorphous matter can also be observed in TEM images (grey regions which surround the nanofibrils) (de Melo et al., 2017), and the grey regions seem to reduce with increasing temperature which corresponds to the gradual removal of amorphous cellulose.  The dark grey regions may be pseudo-lignin which is defined “an aromatic material that yields a positive Klason lignin value that is not derived from native lignin” (Hu et al., 2012). As can be seen in Figure 8, the carbonyl band (~1745 cm-1) re-emerges at temperature above 180 oC indicative of pseudo-lignin from decomposition amorphous cellulose (Sannigrahi et al., 2011).
[image: ]
[bookmark: _Hlk7704889]Figure 11. TEM images of MFC (120  to 200 oC) (scale bar = 200 nm). The width of the MFC are labeled.
The water retention value (WRV) of MFC’s produced is presented in Figure 12.  The raw ginger powder has a lower hydration capacity (2-3 g water per g) than the MFC products. It is well known that the insoluble cellulose can hold water by absorbing water in their fibril network through fibre swelling properties (de Melo et al., 2017). Smaller particle size and larger surface area would increase the WRV of cellulose (Gu et al., 2018). The hydrothermal microwave process reduces particle size, increases surface area of the material due to the removal of amorphous matter, thus improving hydration capacity. However, with increasing temperature, amorphous regions were removed and the crystalline cellulose holds less water due to the compact and strongly bonded (via hydrogen bonding) structure, resulting in the more hydrophobic cellulose (Dang et al., 2019). 
[image: ]
Figure 12. WRV of defibrillated cellulose (g of water per g of dry sample) (N=2).
Thus, within the context of a spent ginger waste biorefinery microwave processing produces microfibrillated celluloses with improved water retention capacity compared to the virgin material.  The ability to retain water makes for interesting applications such as hydrogels and/or biobased rheology modifiers for use in food and non-food applications (pharmaceuticals and cosmetics)(Ali & Ahmed, 2018; Caló & Khutoryanskiy, 2015).

3.3.2.	Hydrolysate – starch characterisation
Interestingly, treatment of the hydrolysate with an equal volume of ethanol yielded in the formation of a white precipitate which was confirmed to be starch based on 13C CPMAS NMR evidence (See ESI, Figure S4). The starch yield with respect to microwave processing temperature is shown in Figure 13, which shows an initial increase, peaking at 140 oC (48.6%) before slowly decreasing to 40.2% at 180 oC, followed by a sharp decrease at 200 oC (1.95%).  It is well known that microwave-induced heating can lower the decomposition temperature of biopolymers such as cellulose, hemicellulose and starch by approximately 100 oC.  Thus, as the temperature increases starch is initially leached without any significant decomposition but at 200 oC. Significant decomposition occurs which is also noted by the number and type of compounds detected by HPLC in the hydrolysate. 
[image: ]
Figure 13. Starch yield (%) with respect to processing temperature (N=2).
The 13C CPMAS spectra (ESI, Figure S4) revealed characteristic signals for starch carbons (C1 to C6) in the range110 to 55 ppm (Zhang et al., 2014). The peaks at approximately 20 ppm may refer to acetyl groups present in some polysaccharides (Tai et al., 2017; Zhu et al., 2015). Interestingly, even with the increasing MHT temperature, the signals of starch did not change meaning that the starch retained its strcutural integrity.  
The ATR-IR data also suggests that this precipitate is starch (see ESI, Figure S5).  The common absorption bands of starch were displayed (Lomelí-Ramírez et al., 2014); the broad bands at about 3300 cm-1 are attributed to O-H stretching vibration which referring to hydroxyl moieties in starch; the bands at 2930 cm−1 and 1370 cm-1 are related to C-H stretch, and the peaks located at 1640 cm−1 may refer to bonded water which exists in biomass. Finally, the bands at 1150 cm−1 and 1020 cm-1 are associated with C-O or C-C stretching vibration in starch.
Thus, spent industrial ginger waste is also a source of starch.  Close to 50% by weight of starch can recovered at 140 oC with respect to dry input feedstock. Starch is a commodity chemical with multifarious applications.
3.3.3	Hydrolysates – sugar and small molecule characterisation
The HPLC analyses of the hydrolysate from hydrothermal microwave processing of ginger residues are summarised in Figure 14 a). In general, the yield of sugars (e.g. glucose, xylose) decreased with increasing microwave processing temperature whilst the concentration of levoglucosan, lactic acid, formic acid, acetic acid increased.  5-Hydroxymethylfurfural (HMF) and furfural were observed above 180 °C.  Glucose and xylose were mainly derived from hydrolysis of amorphous cellulose and hemicellulose especially above180 °C.  Glucose itself converted into HMF which was regarded as the major secondary byproduct from glucose degradation whilst  xylose degraded into the furfural.  Small molecule oragnic acids are the final products of biomass depolymerisation (Wu et al., 2015). The conversion pathways are summarised in Figure 14 b. 
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Figure 14. a) Products and sub products from lignocellulosic from ginger waste after MHT;b) conversion pathways to acids.

Thus, the hydrolysate is sugar-rich and rich in platform molecules such as lactic acid, formic acid, acetic acid and furanics. The latter can be further processed to interesting biobased specialty molecules, whereas, the former (providing free small molecule inhibitors) could be explored for their potential as a feedstock for industrial biotechnology.
3.4	Practical implications of this study
The drying process presents several issues – due to its high sugar and moisture content, ginger residues are prone to become a growth medium for bacteria if left undried. Unfortunately, hornification is a major problem in the defibrillation of cellulose. The drying process is one direct reason. In this study, the ginger powder was oven dried which leads to hornification. Thus other drying methods such as freeze-drying should be considered which are unfortunately more expensive. Economically and technically, the implications are that the drying process should ideally be carried out at source, i.e. where the material is generated. Such an implementation would enable the ginger residues to be dried instantly, therefore minimising the timeframe for bacterial growth to set in, and reduce the mass and volume of material to be transported elsewhere, thus reducing any subsequent costs.
On a more positive side, the chemicals used for processing (ethanol and CO2) are recognized, industry-accepted, biobased solvents. They are both approved for use in food production, thereby negating any potential issues of processing both the ginger and residues in the same facility. The main techniques, chopping, microwave heating and supercritical extraction are also routinely used in the food industry, as is freeze drying (as proposed for the drying step). This therefore presents a feasible method for industrial application as the equipment is, for the most part, readily available. The only exception is the microwave heating as the main application in industry is to cook individual food items, rather than process material on a multi-kilogram scale.
However, the microwave technology has been demonstrated succesfully at pilot (20L) scale (Garcia-Garcia et al., 2019) and the microwave generators themselves are commercially available. The implication though is that the introduction of such a processing step would require the construction of a bespoke equipment setup, rather than an ‘off-the-shelf’ item. As such, this would likely present the biggest obstacle in terms of Technology Readiness Level and cost to commercialisation. Planned future work includes trialling this methodology on pilot scale equipment and carrying out more material testing on the products at gram level applications.

4. Conclusions
Spent industrial ginger waste is a potential feedstock for biobased chemicals, materials and (bio)energy elicited via extraction, microwave pyrolysis and hydrothermal microwave processing.  The products and technologies used prove the feasibility of the conceptual model described in Figure 1 and enable resource recovery.
[bookmark: _Hlk43735943]The essential oils recovered comprise known key molecules present in commercial ginger oil, which, depending on the quality/grade of oil and its intended application, can range from £100 to £500/kg in value.  Although, the ratio of O/C and H/C in the chars is still relatively high, it could further be reduced at higher temperature through more complete pyrolysis, indicating that ginger waste can be a potential feedstock for biochar production and bioenergy.  Hydrochars have useful properties including a porous structure, high specific surface area, and abundant functional groups (Cha et al., 2016), for potential applications as soil amendment agents (Yuan et al., 2011), water/air adsorbents (Lee et al., 2016; Shan et al., 2019), catalysts (Dai et al., 2019), and as an energy source (Al Afif et al., 2020).  Pyrolysis oils (bio-oils) produced are rich in both aliphatic and also biobased platform molecules (which are both aliphatic and aromatic).  Furanics are interesting as a source of biobased platform molecules for conversion into further molecules of industrial interest such as 5-hydroxymethyl furfural, itaconic acid, furan-2-, 5-dicarboxylic acid.  Hydrothermal microwave processing, a technology that provides rapid volumetric heating compared to conventional heating (Budarin et al., 2019; Zhang et al., 2017), produces microfibrillated celluloses with improved water retention capacity compared to the virgin material. These materials mimic conventional nanocellulose which is produced via intensive chemical and physical processing of wood pulp.  Meanwhile, according to a previous study, depending on reaction time and temperature, the energy cost during the process  at lab-scale (£10–50/kg MFC) was proved to be ca. 50–30% more efficient than conventional hydrothermal treatment (£19–79/kg MFC) (de Melo et al., 2017), indicating that the microwave technique is technically and economically feasible.
[bookmark: _Hlk43736054]The ability to retain water makes for interesting applications such as hydrogels and/or biobased rheology modifiers for use in food and non-food applications (pharmaceuticals and cosmetics).  Starch and sugars are also produced.  The former has multifarious applications whilst the latter can be used as a feedstock in industrial biotechnology applications for downstream specialty biobased products.
In conclusion, as the global production of ginger increases for specific applications such as ginger oil extraction for flavours, fragrances and medicinal applications, then the volume of spent industrial waste will increase commensurately. This waste (resource) is significant by weight and alternatives to dumping, burning or use as cheap animal feed through chemical valorisation is an exciting proposition.
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