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[bookmark: _Hlk497223652][bookmark: _Hlk497223696][bookmark: _Hlk497223807][bookmark: _Hlk497223893][bookmark: _Hlk497224023]Abstract: Bilberry presscake, a by-product from juice production, contains abundant polysaccharides that can be recovered by thermal treatment. In this research, microwave hydrolysis and extraction were carried out using only water as the processing medium, thus ensuring all products (mainly saccharides) are suitable for food grade status applications. This research aims to propose an approach to fulfil multiple chemicals recovery, including anthocyanins, saccharides, proteins and even inorganic salts. Statistical analysis suggested the conversion of bilberry presscake was accurately predictable (R2 of 0.986 ) from conditions. Of the variables temperature, holding time and solid content, the solid content affects conversion most significantly. A 30-min microwave hydrolysis gives mono-/di- saccharides with a high total yield of 24.9 %, which is more than three times of the yield of a 24 h Soxhlet extraction (7.1 %). The yield of rhamnose is particularly high (10.8 %), most likely as a result of pectin degradation on microwave irradiation. In addition to the lab scale research, pilot scale microwave extractions are carried out with high conversion (especially glucose 4.4 %, xylose 4.0 % and pectin 6.3 %), suggesting the feasibility of low-temperature (95 C) microwave hydrolysis of bilberry presscake for industrial application. With this preliminary study, it is believed microwave hydrolysis offers an efficient and green approach to convert bilberry presscake into value-added products for food industry and biorefinery.
Introduction
Bilberries (Vaccinium myrtillus L.) are a significant wild fruit harvested for numerous applications including cold pressing to produce bilberry juice1. There is intense interest in the health benefits of fresh berry fruit and related products due to their high antioxidant capacity, impact on vision and potential cancer suppression, all of which highly correlate to the content of anthocyanin and other phenolic compounds.2,3 Bilberries are one of the richest dietary sources of anthocyanins,4 thus bilberry juice is often used as a major constituent of functional food and beverages.5 However a by-product of juice production is bilberry presscake, a currently under-utilised resource rich in dietary fibre.6  The presence of cellulose, hemicellulose (mostly xyloglucan) and pectin in the presscake,7,8,9 make it a promising feedstock for use  in the food industry. Additionally, as the presscake retains the fruit skins and remains highly coloured, it contains high levels of anthocyanins, which can be extracted and further processed into healthcare products.10 
Previous studies looking to exploit bilberry presscake mainly focused on the recovery of anthocyanins. Ethanol, acetone and their water mixtures are widely used for the extraction of anthocyanins.11,12,13,14,15 In addition, supercritical carbon dioxide with ethanol as a polar modifier has been investigated as a more environmentally friendly alternative with food grade status, to extract anthocyanins from bilberry presscake.10,15,16  Fidaleo et al13 demonstrated that common food products such as yogurt and condensed milk can be easily fortified with phenolic extracts from bilberry presscake via ethanol extraction. Aaby et al.11 reported that bilberry presscake contained high concentrations of anthocyanins (458 mg 100 g-1) that could be effectively extracted by water.
Compared with the extraction of anthocyanins, the recovery of saccharides offered another path for utilisation of bilberry presscake. As efforts to optimise cold press conditions to give greater anthocyanin content in the juice are constantly underway, the anthocyanin content in bilberry presscake will decrease greatly in the future, however polysaccharide loading will still remain high.7–9 These polysaccharides can degrade into mono- and di-saccharide with thermal treatment. According to Aura6 and Hilz8, bilberry presscake produced abundant glucose, xylose and mannose via hydrolysis by using concentrated sulfuric acid (72 wt%). Thus, the extraction of saccharide appears to be a feasible, economical and promising approach for the valorisation of bilberry presscake. However, to the best of our knowledge, there is still no mature technology and systematic research to convert bilberry presscake into mono-/di-saccharide which is suitable for food grade status applications.
Compared with conventional thermal treatment, microwave-assisted treatment has the characteristics of high efficiency and selectivity, making it an efficient tool in biomass processing and solid waste recycling.17–19 It has dramatic effect on the reaction kinetics20 and reduces overall reaction time substantially.21 Several researches have demonstrated the excellent performance of microwave thermal treatment in recovery of chemicals (mainly anthocyanins) from fresh berry fruit and berry pomace.22,23,24 According to our previous studies, polysaccharide could be effectively degraded via microwave-assisted hydrolysis using diluted acid17 or even just water.19 Thus, microwave hydrolysis is expected to offer an effective approach to obtain low molecular weight chemicals from bilberry presscake. 
In this research, microwave thermal hydrolysis is, for the first time, used in saccharide recovery from bilberry presscake. Rather than focusing only on anthocyanins, the main aim of this study is to design a novel, efficient approach to obtain various value-added products (saccharides, anthocyanins, proteins and even inorganic salts) from bilberry presscake via microwave treatment. Instead of conventional approaches using organic solvents or mineral acids, water, the greenest solvent, is used for the depolymerisation and chemicals recovery of bilberry presscake, making the extracts more suitable for food applications. Statistical analysis using a Box-Behnken design is carried out to optimise the conditions to achieve maximum conversion. Furthermore, in this study, pilot scale microwave extraction is also carried out to compare with lab scale result and discuss the feasibility of industrial application of this study.
Materials and Method
Materials. The bilberry presscake was provided by The Swedish University of Agricultural Sciences. The raw material was placed in an oven at 70 C for 3 days until a constant weight was obtained (70% mass loss through removal of water). The dried bilberry presscake (DBP) contained bilberry fruit (average diameter 1 cm), leaves, stems and bilberry seeds. No further processing was performed on all materials employed in lab scale trials. For pilot scale extraction, bilberry presscake was processed as received without drying (wet bilberry presscake, WBP) but with maceration using a robot coupe blixer 4vv to form a slurry with a maximum particle size of 4 mm diameter.
Glucose, fructose, rhamnose, formic acid and furfural were purchased from Sigma-Aldrich. Levoglucosan and 5-hydroxymethylfurfural (HMF) were purchased from Carbosynth. Xylose was purchased from VWR. Cellobiose was purchased from Fluorochem. Lactic acid was purchased from Wardle. Acetic acid was purchased from Alfa Aesar. Levoglucosenone was purchased from Dextra. 
Acetone, ethanol and heptane were purchased from VWR chemicals. Deionised water was obtained from an internal source in the lab.
Experimental. A CEM Mars 6 microwave reactor (CEM, USA) was used for the experiments. Dried bilberry presscake (DBP) was combined with deionised water (60 mL) at different ratios in microwave vessels prior to microwave hydrolysis. The experimental conditions are outlined in Table 1. (Trial 9r-12r are repeat experiments). Samples were heated to their target temperature, with a set ramping time of 5 min (variable ramping rate).
Table 1 Experimental parameters for microwave hydrolysis of bilberry presscake and the conversion (wt%)
	Trial
	Temp
(C)
	Holding time
(min)
	Solids
(%)
	Conversion
(wt%)*

	1
	80
	0
	1
	14.8

	2
	140
	0
	1
	32.7

	3
	80
	30
	1
	35.6

	4
	140
	30
	1
	44.2

	5
	80
	0
	10
	13.1

	6
	140
	0
	10
	22.9

	7
	80
	30
	10
	21.5

	8
	140
	30
	10
	30.0

	9r
	110
	15
	5.5
	26.9

	10r
	110
	15
	5.5
	33.0

	11r
	110
	15
	5.5
	32.7

	12r
	110
	15
	5.5
	31.0


*equations supporting this data can be found further on in the paper
Following each trial, the samples were filtered to obtain the solid residue and liquid phase for further analysis. The solid residue was weighed (after drying at 105 C) to calculate the conversion as follows:
Mr =m1/m0 ×100%
Mc =100%-Mr
Mr, residue mass, wt%
Mc, conversion, wt%
m1, residue mass, g
m0, mass of the original feedstock, g
The optimum conditions for microwave hydrolysis of bilberry waste presscake to produce a high yield of hydrolysate was investigated according to a Box-Behnken design with 15 runs (3 centre points) as Table 2 and Table 3 (the conditions different from those in Table 1):
Table 2 The factors and the levels of Box-Behnken design
	Factor
	Level

	
	-1
	0
	1

	A: temp (C)
	80
	110
	140

	B: Time (min)
	0
	15
	30

	C: solid content (%)
	1
	5.5
	10


Table 3 Box-Behnken design and the conversion (response value)
	
	Parameters
	Conversion

	Trial
	Temp, 
C (A)
	Holding time,
 min (B)
	Solid,
 % (C)
	Tested
 value, wt% 
	Calculated
 value, wt%

	13
	80
	0
	5.5
	22.2
	20.9

	14
	80
	30
	5.5
	27.3
	27.5

	15*
	80
	15
	1.0
	34.9
	34.9

	16
	80
	15
	10.0
	22.2
	23.9

	17
	110
	0
	1.0
	33.3
	34.3

	18
	110
	30
	1.0
	46.8
	47.1

	19
	110
	0
	10.0
	25.7
	25.0

	20
	110
	30
	10.0
	26.5
	25.2

	21
	110
	15
	5.5
	33.0
	32.1

	22
	110
	15
	5.5
	32.7
	32.1

	23
	110
	15
	5.5
	31.0
	32.1

	24
	140
	0
	5.5
	31.3
	32.3

	25
	140
	30
	5.5
	38.2
	38.8

	26
	140
	15
	1.0
	52.3
	50.9

	27*
	140
	15
	10.0
	30.3
	30.6


* Pressure and temperature traces can be found in Fig. S3
Soxhlet extraction was carried out using a 250 mL round bottom flask (RBF) heated with a heating plate set at 20 ºC above the solvent boiling point.  The Soxhlet apparatus was directly connected to the RBF and a water-cooled condenser (Figure S1). 6 g of the DBP was loaded in a cellulose thimble and carefully placed in the soxhlet extraction chamber. 150 mL of the selected solvent was charged in the RBF with a magnetic stirrer. The system was then assembled and heated for 4 hours (corresponding to roughly 4 to 5 cycles depending on the solvent). In the case of the water extraction the system was left for 24 hours. The samples were filtered to obtain the solid residue and liquid phase for further analysis.
The pilot scale trials were carried out using a modified pyrolysis microwave (Sairem Labotron Pyro, 60K Pyro). The modifications included removal of the existing feed hopper and auger and disconnection of the char collector followed by the installation of a non-metallic double diaphragm pump, stainless steel separation vessel and new hopper and hoses. For each trial, 5 kg of bilberry press-cake (the equivalent of 1.5 kg of dried bilberry press-cake per run) was defrosted, macerated in a robot coupe blixer 4vv and mixed with a total of 12 L de-ionised water to form a slurry with a maximum particle size of 4 mm diameter (chosen due to the solids handling capability of the pump). The slurry was charged in to the microwave and then recirculated for 10 minutes, at 230 L min-1 to ensure a homogeneous mixture. The trials were carried out in triplicate. Microwave power was applied, initially at 1kW for microwave leakage tests to be carried out and then, following safety testing, at 6kW until the target temperature of 95 ⁰C was reached. The bilberry press-cake/water slurry was recirculated at 95 ºC for 60 minutes – 400 mL samples were taken at 30 minute and 60 minute time points from the three trials (Trials P1-30, P1-60, P2-30, P2-60, P3-30, P4-60, respectively).
[bookmark: _Hlk501791309]The elemental analysis (C, H and N content) was obtained from the analytical services offered by Department of Chemistry, University of York, run on an Exeter Analytical Inc. CE-440 analyser (USA).
Thermogravimetric (TG) analysis was performed using a Netzsch STA 409 analyser (Germany). The following parameters were applied: temperature ramp rate 20 K/min, final temperature 600 °C, carrier gas 50 mL / min pure nitrogen.
FTIR data was obtained using a Perkin Elmer FTIR/FTNIR Spectrum 400 analyser (USA). The spectra were acquired between 700 cm-1 and 4000 cm-1 with resolution of 2 cm-1 and scan time of 64 s.
A Jasco V-550 UV/Vis Spectrophotometer was used for anthocyanins content analysis. It is reported25,26,27 that the absorbance of solution at 530 nm is directly in proportion to the concentration of anthocyanins. Therefore, in this research the absorbance at 530 nm is used to roughly reflect the anthocyanin content. 
The mono-, di-saccharides and organic acids of the aqueous phase were analysed using an Agilent 1260 Infinity HPLC (USA) equipped with an Agilent Hi-Plex H (300 x 7.7 mm, 8 µm particle size) column. For levoglucosan, glucose, fructose, xylose, cellobiose, rhamnose and organic acids (lactic, formic, acetic acids), the mobile phase of 0.005 M H2S04, isocratic (no gradient), flow-rate of 0.4 mL min-1, column temperature of 60 °C, refractive index detector at 55 °C, total run time of 35 minutes, injection volume of 5 µL was used. For analysis of furfural, levoglucosenone and 5-HMF, the following parameters were used: ACE C18 (250 x 4.6 mm, 5 µm particle size) column, mobile phase of Acetonitrile: Water (25:75), isocratic (no gradient), flow-rate of 0.8 mL min-1, column temperature of 30 °C, DAD detector at 220 nm, total run time of 22 minutes, injection volume of 5 µL. External standards were prepared for both methods at five concentrations (0.5, 0.75, 1.0, 1.5, 2.0 mg mL-1).
Liquid State 13C NMR spectroscopy results were obtained from Centre for Magnetic Resonance, University of York, using a JEOL ECS 400 NMR Spectrometer (Japan). 5 ml of the hydrolysate was filled in a vial to be dried using rotary evaporator. After drying, 2 ml D2O was added to the vial to prepare the sample for NMR analysis. Number of scans was 8192.
To determine the pectin content in hydrolysate of pilot scale trial (Trial P2-60), 100 mL processed mixture was taken to record the mass. After filtration, the filtrate was taken and twice the volume of ethanol added to precipitate pectin. The mixture was kept at room temperature for 24 h. Then the solid was filtered, washed with hot ethanol and dried. This residue was weighed to calculate pectin yield.
Results and discussion
[bookmark: _Toc485913937]Optimisation of microwave extraction. The conversions are listed in Table 3. Notably, high temperature, long extraction time and low solid content all benefit conversion. According to Table 3, the following variance analysis was made in Table 4:
Table 4 The variance analysis using Box-Behnken design
	Source
	Sum of Squares
	Df
	Mean Square
	F Value
	p-value Prob > F

	
	
	
	
	
	

	Model
	953.70
	9
	105.97
	42.85
	0.0003

	A
	258.90
	1
	258.90
	104.70
	0.0002

	B
	85.54
	1
	85.54
	34.59
	0.0020

	C
	491.57
	1
	491.57
	198.79
	< 0.0001

	AB
	0.85
	1
	0.85
	0.34
	0.5839

	AC
	21.86
	1
	21.86
	8.84
	0.0311

	BC
	39.82
	1
	39.82
	16.10
	0.0102

	A2
	0.34
	1
	0.34
	0.14
	0.7243

	B2
	17.43
	1
	17.43
	7.05
	0.0451

	C2
	33.22
	1
	33.22
	13.44
	0.0145

	Residual
	12.36
	5
	2.47
	
	

	Lack of Fit
	10.04
	3
	3.35
	2.88
	0.2685

	Pure Error
	2.33
	2
	1.16
	
	

	Cor Total
	966.06
	14
	
	
	


The P value of lack of fit was 0.2685>0.05, showing the lacking sources were not significant. The P value of model was 0.0003<0.05, indicating the model was of high significance. The P values of source A (temperature), B (holding time) and C (solid content) were very low, this indicated that the microwave hydrolysis temperature, holding time and solids content all had significant influence. According to the P values, the influences ranked as: solid content>temperature>extraction time.  Most sources had P value lower than 0.05, except AB and A2, so the variance analysis was optimised by excluding AB and A2 in Table S1. The P value of model (<0.0001) was further lowered, showing the model was more significant after optimisation. A quadratic regression equation was made based on Table S1:
Conversion %
=5.5323+0.2849A+0.7617B-0.7784C-0.0173AC-0.0467BC-0.0096B2+0.1493C2
A: temperature
B: extraction time
C: solid content
Equation 1 - Quadratic regression equation
The high R2 of this equation at 0.986%, indicates the degree of error to be minimal. Using the above equation, the calculated conversions are presented in Table 3, showing the predicted and observed conversions to be very similar. Based on statistical software, within the range of the three factors, the following conditions theoretically should produce the highest conversion (55.21%): temperature 140 C, extraction time 30 min, solid ratio 1 %.
[bookmark: _Hlk501789013]Soxhlet Extraction. The Soxhlet extraction results are presented in Table 5. Notably, the polarity of solvent could affect the extraction significantly. More highly polar solvents benefited the extraction of DBP, suggesting that DBP contains less fatty acids, wax esters or oil (usually extractable with low polarity solvent) but more sugars, pigments and phenols (extracted with high polarity solvent). Within 4 h, ethanol extraction could achieve the highest conversion among all organic solvents, whereas heptane, with the lowest polarity, achieved the least. A 24 h Soxhlet extraction using deionised water (Trial SW) was carried out to compare with extraction via microwave hydrolysis. A longer extraction time with water was required to give the same number of fresh solvent cycles as compared to ethanol, acetone and heptane.
Table 5 Soxhlet Extraction of DBP using different solvents
	Solvent
	Polarity28
	Conversion, wt%*

	Acetone
	0.355
	2.8

	Ethanol
	0.654
	6.2

	Heptane
	0.012
	1.8

	Water (Trial SW)
	1.000
	30.5


* Conversion calculated as  in Table 1&3
Microwave extraction. The conversions of microwave trials are listed in Table 1. As suggested in condition optimisation, solid content could affect the conversion significantly. For example, with the same treatment temperature and time, the conversion was still low at 30.0 wt% in Trial 8, whereas it was 44.2 wt% in Trial 4. This indicated that under lab scale conditions without pre-treatments, DBP cannot adequately mix with water, hindering the hydrolysis of the DBP. In addition to solid content, increasing temperature and hydrolysis duration can also increase conversion, which is consistent with condition optimisation. 
[bookmark: _Hlk501794064]Comparing Table 1, and Table 5, it is easy to observe that microwave hydrolysis provides a more efficient approach for DBP hydrolysis than conventional methods. In Trial 4, a 30 min microwave extraction converted 44.2% of feedstock into water soluble compounds, whereas in Trial SW, a 24 h Soxhlet extraction only converted 30.5%, proving microwave hydrolysis is an effective method in waste recycling of DBP. In turn, this fast processing by microwave should result in reduced energy consumption, as has been previously demonstrated in various applications. 29–32

Elemental analysis. The Table 6 shows the elemental content of DPB and the processed residues. DBP contains ~40 wt% of other elements in addition to C, H and N, which were expected to be oxygen and a considerable amount of trace elements, especially K, Ca, P, Mg and Mn.33,34 Trace elements exist in biomass mainly in the form of inorganic salts, of which the concentrations are the highest in peel for fruits.35,36,37 These inorganic salts would preferentially be solubilised in the aqueous phase during the microwave hydrolysis. This observation is most obvious when insufficient mixing of solvent and feedstock occurs, resulting in a lower content of other elements in Trial 5-12r than in Trial 1-4. The higher solid content in Trial 5-12r resulted in a greater degree of compounds from the surface of the DBP being hydrolysed as compared to those from within the fruit. This hypothesis is in agreement with condition optimisation that showed solid content had significant influence on DBP microwave extraction. Therefore, to carry out extraction with high solid contents, pre-processing to homogenise before hydrolysis or more vigorous agitation are necessary to ensure adequate mixing of DBP with the solvent.
Table 6 Element contents of feedstock and residue
	
	C, wt%
	H, wt%
	N, wt%
	Other, wt%

	DBP
	52.20
	6.69
	2.03
	39.08

	1
	51.36
	6.27
	1.97
	40.40

	2
	52.12
	6.21
	2.27
	39.40

	3
	52.81
	6.64
	2.19
	38.36

	4
	52.04
	6.31
	1.39
	40.26

	5
	54.04
	6.62
	2.06
	37.28

	6
	53.28
	6.68
	2.18
	37.86

	7
	54.08
	6.52
	1.64
	37.76

	8
	54.59
	6.50
	2.11
	36.80

	9r
	53.72
	6.51
	2.20
	37.57

	10r
	55.22
	6.71
	2.27
	35.80

	11r
	56.48
	7.22
	2.41
	33.89

	12r
	54.02
	6.65
	1.90
	37.43


Thermal gravity analysis. The differential thermal gravity (DTG) curves of DBP and processed residues are shown in Figure 1. The major peaks of all curves appeared between 350-370 C, which possibly corresponds to the decomposition of cellulose,17,38,39 illustrating after hydrolysis, the processed residues were still polysaccharide-rich materials that can be potentially converted into mono-/di- saccharides using more intensive conditions. The peaks above 400 C correspond to the degradation of lignin.39 As lignin is very recalcitrant to thermal treatment,17 the low temperatures applied in this research (80-140 C), would result in little or no lignin depolymerisation. 
As is shown in Figure 1a, hydrolysis temperature and extraction time could slightly influence the processed residues. The curve of Trial 1 is similar to that of DBP, suggesting minimal hydrolysis take places at low temperature (80 C) and short holding time (0 min). This is in agreement with the very low conversion of 14.8% obtained in Trial 1. When the hydrolysis temperature was increased to 140 C (Trial 2), the DTG trace showed two distinct changes (Figure 1a).  Firstly, between 100 C and 270 C, the mass loss rate was lower than DBP, suggesting that the more easily degradable compounds were significantly less abundant in the solid residue post processing. These thermally labile compounds are likely to be anthocyanins,40 pectin,41 oligosaccharide42 and some fatty acids. Secondly, from 270 C to 390 C, the DTG curve had a sharper peak compared with that of Trial 1, indicating that polysaccharides are the main component in residue., As stated above the peak between 350-370  C corresponds to the degradation of polysaccharide. These changes were even more apparent in the DTG curve of the residue from Trial 4 (Figure 1a), indicating a longer hydrolysis time (30 min) could further enhance the conversion of DBP to water soluble compounds.  Figure 1b shows the influence of solid content on processed residues. Where a lower solid content was used (1 wt%, Trial 4), the residue contained more polysaccharide and less easily degradable compounds than when a higher solids content of 10 wt% was applied (Trial 8). As such, DTG analysis suggests that hydrolysis employing a longer duration, higher temperature and lower solid content results in a greater degree of water-soluble compounds obtained from DBP. However, even using the best condition (Trial 4) the large quantities of polysaccharide remained within the solid residue, depolymerisation of which should be possible with treatment employing more intense conditions.
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Figure 1 The DTG curves of DBP and processed residues in different conditions. a) different temperature and time; b) different solid content.
FTIR. The FTIR spectra of feedstock and processed residues (Figure 2) show no significant difference before and after hydrolysis. The peaks at 1025 cm-1, 2923 cm-1 and 3329 cm-1 are attributed to C-O, C-H and O-H vibration respectively18,43,44 which are all typical peaks of polysaccharide.44 These strong peaks suggested the processed residues after hydrolysis still contained abundant polysaccharides, consistent with the differential thermal gravity analysis. The peak at 1616, 1516 and 1461 cm-1 were attributed to aromatic ring,45,46,47 possibly from lignin.  
The peak at 1745 cm-1 is attributed to carbonyl groups,48 suggesting the presence of organic acids. Of note is the difference of the carbonyl peak between the control Trial SW where it is very sharp and the microwaves Trials 1-4, 8, where it is less prominent, suggesting microwave hydrolysis extracts more organic acids, thus, lowering the content in the resulting residue. This hypothesis was confirmed by HPLC analysis that showed hydrolysate of microwave trials contained more organic acids than conventional extractions.  The peak is stronger in all residues as compared to DBP, which could be due to production of organic acids during hydrolysis.
Figure 2 FTIR spectra of DBP and the processed residues2923
3329
1745
1461
1025
Trial SW
Trial 8
Trial 4
Trial 3
Trial 2
Trial 1
DBP

UV/Vis. The aqueous phase (‘hydrolysate’) post processing was investigated using UV/Vis spectroscopy, HPLC and 13C NMR. Figure 3 shows the absorbance of hydrolysate at 530 nm, which is directly in proportion to the concentration of anthocyanins. The absorbance of hydrolysates of Trial 2 & 3 were much higher than that of Trial 1, indicating that increasing hydrolysis temperature or time results in greater extraction of anthocyanins. However, there was a significant decrease of absorbance in Trial 4. This is very likely caused by degradation of anthocyanins due to the overly intensive conditions. The literature suggests that anthocyanins readily convert to colourless derivatives and subsequently to insoluble brown pigments.40 This was observed in this research: the hydrolysate of Trial 1-3 was a clear purple (with intensity of colour increasing from Trial 1 to 3), whereas the solution of Trial 4 was cloudy caused by the degradation of anthocyanins. 
It is worth noting anthocyanins are water-soluble. A certain volume of anthocyanins is already transferred to juice during cold press. As already stated, improving cold press techniques in the future aims to increase the anthocyanins content in juice, thus lowering the content in the presscake. For fresh bilberry, the anthocyanins content is roughly 3-4 mg g-1,49,50  and would require additional methodologies to isolate, which is outside the scope of this work. Furthermore, in this research it was found the best conditions for high conversion is not in favour of extraction of anthocyanins because of severe decomposition. A two-step hydrolysis could possibly be designed to extract both anthocyanins and saccharide, with mild conditions to extract the former and a second intensive step to give the latter. However, considering the low content of anthocyanins in DBP, this research mainly focused on the conversion of saccharides with a view towards feasibility, economy, efficiency and energy-saving.
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Figure 3 Absorbance of hydrolysate at 530 nm of UV/Vis spectroscopy of different trials
[bookmark: _Toc485913939]HPLC. Table S2 and Figure 4 showed the concentrations and yields of mono-, di-saccharide, organic acids and furan compounds in the hydrolysate. Of note, the repeated runs Trial 9r-12r were very consistent, showing good reproducibility. Table S2 indicates that the yields were much higher in 1 % solid content trials than that of 10 % trials, in keeping with previous observations. However, higher water content results in lower concentrations, perhaps making it less attractive in further applications. The yield and concentration increased with higher temperatures and extended holding times during hydrolysis. Overall, Trial 4 resulted in the highest yields (also the highest conversion as shown in Table 1) for the individual compounds analysed by HPLC - with rhamnose (10.8 wt%), acetic acid (7.5 wt%), formic acid (6.4 wt%) and levoglucosenone (5.4 wt%) yields being particularly high. As a contrast, the yields were much lower in Trial SW, with glucose (2.3 wt%), xylose (2.1 wt%), formic acid (1.3 wt%), acetic acid (1.2 wt%) as high yield compounds. Notably, a 30-min microwave hydrolysis could extract 24.9% of saccharides from DBP, more than 3 times of that in Soxhlet extraction for 24 h (7.1%). Fan has pointed out that polysaccharides can be depolymerised via microwave-assisted hydrolysis using just water,19 which can explain the high yields of mono-/di- saccharide yields obtained in this research.
Of note, the yield of rhamnose was much higher in all microwave trials (4.7-10.8 %) than Trial SW (1.0 wt%). This was perhaps due to the degradation of pectin, as rhamnose is in the backbone of some types of pectin, including rhamnogalacturonan I pectin (RG-I) and rhamnogalacturonan II pectin (RG-II). Compared with conventional heating, microwave hydrolysis appeared to cause more degradation of pectin, resulting in an extremely high yield of rhamnose. Rhamnose is a monosugar with a sweet taste but cannot (or only can partly) be metabolised by human51, thus, it can be hopefully used as a low calorie sweetener. Rhamnose is also a widely accepted clinical test for the determination of intestinal permeability.52  Therefore, rhamnose, considering the high yield, appears to be the most useful and profitable extractive in microwave processing of bilberry presscake in this research.
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Figure 4 The compounds yield and distribution of hydrolysate
In addition to saccharides, the yields of organic acids and furans in Trial 4 were both higher than those of Trial SW. In Trial 4, the high yield of formic acid and acetic acid are 6.42% and 7.52% respectively. This is consistent with FTIR analysis that indicated microwave hydrolysis could extract more organic acids than conventional thermal treatment. Microwave heating is based on the high frequency rotation of polar molecules. Therefore, compounds containing polar groups are more rapidly heated during microwave irradiation.18 The carboxylic acid functionality is highly polar, hence the increase in yields of these compounds under microwave conditions. Additionally, the degradation of monosaccharides can also result in the production of organic acids.19 The high yield of organic acids in turn increases furan yields. This is as furans, such as HMF, are formed in acidic environments via dehydration of saccharides. Compared with microwave trials, the concentration of furans in the hydrolysate of Trial SW was much lower. 
[image: ]
Figure 5 13C NMR spectrum of hydrolysate (Trial 8)
Liquid phase 13C NMR. Figure 5 shows the liquid 13C NMR spectrum of the hydrolysate. The major peaks of resonances between 60 ppm to 105 ppm are attributed to C-O bonds, indicating saccharides were the major compounds in the hydrolysate, for example the C2, C3, C4, C5, C6 (60-80 ppm) and C1 (90-105 ppm) carbons of glucose.53 54 55 The peaks between 35-45 ppm are likely to be attributed to carbon bound to nitrogen, which is consistent with elemental analysis, Table 6, which indicated DBP contained nitrogen (2.03%). This in turn suggests DBP contains nearly 13% protein using a 6.25 nitrogen to protein conversion factor.56 57 The 13C NMR suggested these proteins could potentially be extracted directly or extracted after degradation from the feedstock via microwave hydrolysis.
According to HPLC results, formic acid and acetic acid were the two main products in the liquid phase, however the peaks of carboxyl groups (appears between 160-180 ppm) were missing in the spectrum. This is perhaps because that these acids (bp 100-101 °C formic acid, 117-118 °C acetic acid) were removed via volatilisation in rotary evaporator when preparing the NMR samples. 
Based on the systematic analyses above, a possible progress during microwave hydrolysis is presented in Scheme 1. Depending on the hydrolysis conditions, microwave processing of bilberry presscake can be roughly divided into four stages: 
Stage I: The outer portions of the fruit, which contains abundant mineral elements and anthocyanins, is most easily solubilised and inorganic salts and pigments are extracted first. Due to the existence of anthocyanins and the weak acidic environment of the hydrolysate, the solution at this stage is clear and purple. Most organic compounds are still contained within the residue.
Stage II:  The solid residue from Stage Ⅰ, releases mono-/di-saccharides, pectin and protein into the solution. Monosaccharides (especially glucose and xylose as suggested in the literature6,8)  are the main extractives as the results of degradation of polysaccharides. The mass of residue is relatively stable (40-60 wt% of original mass). Decomposition of anthocyanins already in the hydrolysate results in the aqueous phase darkening and becoming cloudy.
Stage III: Rhamnose is released as a product from pectin degradation (Scheme 2). Saccharides degrade to form organic acids, also giving rise to the formation of furans. Nitrogen containing compounds, presumably as a result of proteolysis, are detected in the hydrolysate. 
Stage IV: The insoluble residue (~40 % of original mass, mainly cellulose and lignin) theoretically decomposes under more intensive conditions (not investigated in this research) and the conversion of saccharides into organic acids and furans continues. 
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Scheme 1 Bilberry extraction progress (four stages depending on the conditions)
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Scheme 2 The degradation of pectin
Pilot scale trials. It is worth noting the ‘extraction conditions’ in Scheme 1 are a combination of solid content, temperature and time, among which solid content has the most significant influence according to condition optimisation. This is because in lab scale trials, DPB and water were simply loaded into microwave without any pre-treatment and with a large particle size (10 mm), resulting in insufficient mixing of solvent and feedstock. However, in pilot scale trials, pre-treatments (as described in Experimental session) were carried out to give a pumpable slurry with a maximum particle size of 4 mm, also ensuring a more homogeneous mixture. With sufficient mixing, high conversion is hopefully achievable at relatively low temperatures (<100 C), which will reduce capital expenditure (CapEx) in terms of equipment due to lower heat and pressure tolerances.  The conversions are presented in Table S3.  The average conversion was 57.55% after 30 minutes of microwave processing at 95 C; this then increased slightly (but not significantly) to 59.49 % after 60 minutes which indicates that longer hold times may not be advantageous. Because of the use of pre-treatment, milder conditions gave higher conversions for pilot scale trials as compared to those of lab-scale trials (Table 1 & 3).  
The HPLC results are presented in Table S4 and a comparison with lab-scale trial (Trial 4) is shown in Figure 6, where it is easy to see for pilot-scale trial the yields of rhamnose, organic acids and furans are lower. According to Scheme 1, this indicates Trial 4 is at Stage III, whereas the pilot scale trial is at Stage II, i.e. with little degradation of pectin or monosaccharides. This is probably due to the lower temperature applied. This is confirmed by the pectin yield in Trial P2-60 being 6.3%. This high yield suggests pectin is perhaps one of main extractives in addition to monosaccharides, especially when low temperature is used. 
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Figure 6 Chemical yields: lab scale vs pilot scale trials
Conclusion and Future work
Microwave hydrolysis offers a powerful tool for chemicals recovery from bilberry presscake. Unlike conventional methods that used organic solvent, in this research water is used in microwave hydrolysis to ensure all extracts are suitable for food grade status applications. Using a Box-Behnken design, a quadratic regression equation with high accuracy was made to predict the conversions. Among the three factors, (temperature, time, solid content) solids content has the most significant influence on conversion. Within the condition ranges of this research, the highest theoretical conversion obtainable is 55.21%.
Microwave extraction shows significant advantages compared with conventional extraction (Soxhlet extraction). A 30-min microwave hydrolysis could achieve high conversion of 44.2%, where for a 24 h Soxhlet extraction only 30.5% was obtained. This indicates a clear advantage in efficiency for microwave thermal hydrolysis. Microwave hydrolysis is effective in extracting mono-/di- saccharides (the highest yield of 24.9%), with rhamnose yield being particularly high (10.7%), which is perhaps caused by the degradation of pectin on microwave irradiation. Thus, rhamnose, considering its high yield, appears to be the most attractive and profitable extractive in microwave processing of bilberry presscake, with potential applications as a sweetener,58 determining intestinal permeability59 and in home and personal care.60
[bookmark: _Hlk497224153]Based on systematic analysis of lab scale experiments, for the first time a scheme is proposed to divide the extraction progress into four stages depending on conditions from mild to intensive. For Stage I-III, the main extractives are: Stage I, anthocyanins, inorganic salts; Stage II, mono-/di-saccharides, pectin; Stage III, rhamnose, organic acids and furans. The residue (40-50 wt% of original mass) of Stage II & III contains abundant polysaccharides/cellulose and lignin that hopefully can be degraded with further treatment (Stage IV). Compounds containing nitrogen are detected in the extractives, which is very likely to be protein and its degradable products. The scheme suggests that, with further optimisation, including multi-step hydrolysis, it is possible to isolate fractions rich in various value-added products from bilberry presscake.
[bookmark: _Hlk497224948][bookmark: _Hlk501794507]Pilot scale microwave extractions were carried out at low temperature (95 °C) due to a modified pyrolysis microwave being employed which has to operate at atmospheric pressure. Due to the pre-treatments, higher conversions are achieved than those of lab scale trials, with major products (average yield over 3 runs) of glucose (3.8%), xylose (3.9%) and pectin (6.3%). The yield of rhamnose is lower than lab-scale extraction due to the low temperature unable to decompose pectin.
Greater correlation between lab and pilot scale work is required in future research, this includes a detailed investigation into pre-treatment with regard to the effect of drying and a 10 mm particle size as compared to wet maceration and a 4 mm particle size on conversion and selectivity. Additionally, large scale microwave hydrolysis at higher temperature and pressure is needed to provide like for like comparisons.
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