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[bookmark: _Hlk495475023]The extraction of xylose, glucose, fructose, and other sugars in different brown juice (BJ) biomasses in a green biorefinery may be used on a large scale for fermentation and biobased production. A comparative study of different BJ obtained in a biorefinery demonstration platform was conducted employing white clover, red clover, grass-clover mixture, alfalfa, festulolium, and ryegrass as feedstock. In the green biorefinery, the biomass was submitted to mechanica wetl fractionation in which a green juice (GJ) and a fiber cake fraction were separated. The protein was extracted from the GJ by using heat precipitation at 85 ˚C and, sent to a decanter centrifugation, where a leaf protein concentrate was separated from the BJ. Total sugar content varied between 29.10 g/L to 10.82 g/L, in BJ from the different feedstocks. Glucose constitutes the carbohydrate with the highest concentration in BJ of festulolium, ryegrass, red clover, and grass-clover feedstock. Among all the remaining carbohydrates in the BJ, xylose is the major sugar in BJ from alfalfa and white clover. However, the highest xylose concentration was in red clover with 7.04 g/L. Ryegrass showed a higher concentration of fructose with 9.17 g/L. In general, fructose was extracted in all the BJ biomasses with quantities up to 4.73 g/L, except alfalfa with 1.81 g/L. Ryegrass and festulolium exhibited a majority concentration with 5.19 and 8.43 g/L of sucrose. Maltose and galactose presented low sugar concentrations and arabinose had the lower concentrations in BJ biomasses. 
  

Introduction

The high demand for protein for animal and human consumption is estimated to almost double worldwide by 2050 due to the increasing human population (United Nations, 2022). The global market requests alternative diets richer in protein such as plant-based protein sources. Soy protein has taken center stage in the market, but it is essential to find more sustainable substitutes and to minimize soybean import dependence. (Henchion et al., 2017). A sustainable crop with high protein yield is green leaf biomass such as legumes and grasses that represent novel protein sources. To employ leaf protein for feed and food purposes, the protein needs to be extracted from the complex leaf matrix. In the protein extraction process, the biomass is initially submitted to wet fractionation, and the fiber cake fraction is separated from the protein-rich green juice. Then, the green juice is submitted to subsequent precipitation to separate the protein from the residual juice, which has been labeled brown juice. Finally, the leaf protein concentrate is dried. The process where the leaf protein concentrate is extracted from the biomass, and two side streams of fiber cake and BJ with potential for multiple applications, is defined as green biorefinery. Green biorefinery is a concept that utilizes diverse types of natural wet biomass feedstocks, including grasses and leguminous, to produce different and valuable products and by-products sustainably (Møller et al., 2021). Many studies describe the advantages of green biorefinery implementation and the generation of byproducts during the process on a laboratory scale. However, when it comes to large-scale production, green biorefinery byproducts such as BJ, which represent a large amount in the process, have not been explored in depth, so studying the process on a larger scale is also compulsory to evaluate their potential applications.

The brown juice has a dry matter content ~ 4.7 % (Andrade et al., 2022), and sometimes BJ reaches up to 15% (Zanin, 1998). BJ constitutes a source of sugars (glucose, xylose, fructose, sucrose among others), oligopeptides, minerals, secondary metabolites, and other nutrients extracted from the leaf protein. Multiple monosaccharides and disaccharides have been found in brown juice. In addition, studies have shown the potential of BJ as fertilizer and presented high antioxidant capacity with flavonoids and phenolic compounds. The analysis reported that the BJ contains B vitamins, riboflavin, nicotinic acid, nicotinamide, biotin, and other components (Barna et al., 2022). BJ can be used in multiple applications, such as methane production using anaerobic digestion (Feng et al., 2021), fermentation medium for microorganisms, including L-lysine production (Thomsen et al., 2004), lactic acid to produce bioplastics, single-celled organisms, and other biotechnology applications (Sakarika et al. 2022). Khoshnevisan has shown that BJ alfalfa could also be used in plant nutrition as fertilizer (Khoshnevisan et al., 2023). In the food industry, d-fructose is considered a sweetener, and it is perceived earlier than sucrose or glucose. The sweetness of fructose blended with sucrose, aspartame, or saccharin is detected to be greater than the sweetness calculated by the individual (Hallfrisch, 1990). 

The present study demonstrates the possibility of valorizing brown juice from herbaceous biomasses rich in sugars like glucose, xylose, and fructose as part of a green biorefining on a large scale, which could be used for different applications such as fermentation of single-celled organisms, sweetener for diabetics in food and beverage, as pharmaceuticals additive, in green chemistry and so on.

Material and Methods
Green biorefinery processes
The biomasses used were grasses and legumes including white clover (Trifolium repens), red clover (Trifolium pratense), alfalfa (Medicago sativa), festulolium, ryegrass (Lolium perenne), and a grass-clover mixture (ForageMax 55) consisted of ryegrass, red fescue, and white clover with a seed content of 65, 25 and 10 %, respectively. 
Figure 1 describes the green biorefinery process at the demonstration platform for research and development located at Aarhus University, Foulum, Denmark. After being harvested in the field, the biomass is transported directly to the biorefinery and processes at a capacity of up to 10 tonnes per hour. The processing at the demo platform involves 1) eliminating foreign physical materials and subsequently maceration of 4-5 cm of particle size, 2) mechanical separation of the biomass by a twin screw press into a green juice and a fiber pulp fraction, 3) heat treatment of the green juice to 85 °C in two heat exchangers with heat recovery to precipitate soluble protein, 4)  and separation of the leaf protein concentrate and brown juice using a decanter centrifuge. The gathered demonstration scale experiments during 2022 were all part of multiple projects pursuing multiple goals of producing LPC, fiber or brown juice for different tests and applications. However samples of the BJ were taken consistently, treated and analyzed in the same way.
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Figure 1: Schematic representation of the production of green biorefining in the Demo platform at Aarhus University.
Carbohydrate content
Brown juice samples were taken in plastic tubes with 12 mL of capacity. The BJ samples were homogenized and centrifuged for 10 min and filtered using a filter of 0.45 μm of pore size. The samples were kept in plastic vials of 2 mL at -20 °C. 
 
The carbohydrate contents from brown juices were estimated in the HPLC equipment using an Agilent system (Agilent Technologies, 1260 Infinity) with an RI detector at 50 °C. As a stationary phase, an Agilent MetaCarb 87P Carbohydrate Column Pb+2 Form (7.8 x 300 mm) was utilized and MilliQ water was used as the mobile phase. A flow rate of 0.4 mL min-1 was maintained throughout the analysis. The column temperature was set at 80 °C. The standard used for the HPLC system included the following sugars such as C6 monosaccharides: glucose, fructose, and galactose; C5 monosaccharides: xylose and arabinose; and disaccharides: sucrose and maltose. A calibration curve was calculated using a mixture of standards using the seven carbohydrates described (curve of 5 points), with a coefficient of determination of 0.998.

Results and Discussion
Sugar concentration of brown juice
Throughout the 2021 season, from May to August, brown juice samples of seventeen batches of festulolium, ryegrass, alfalfa, red clover, white clover, and grass-clover mixture were processed and evaluated. Table 1 specifies the number of experiments for each biomass. 
Table 1: Batches of brown juice biomasses used in season 2021 
	Biomasses 
	Festulolium
	Ryegrass
	Alfalfa
	Red clover
	White clover
	Grass-clover

	No. Batches
	1
	1
	1
	2
	3
	9*

	Harvest date
	16/05/2022
	16/05/2022
	26/09/2022
	09/08/2022
19/09/0022
	23/06/2022 09/08/2002 22/09/2022
	








*See Figure 4.

In Figure 2, the concentration of the seven more abundant sugars and total sugars of the six BJ biomasses is shown. The total sugar content from ryegrass BJ reported a higher total sugar concentration of 29.10 g/L and alfalfa BJ had a lower total sugar content of 10.82 g/L. According to Santamaría-Fernández et al. (2018), BJ from red clover, alfalfa, and grass-clover biomasses at laboratory scale resulted in similar amounts (between 6.8 g/L to 27.8 g/L) of total sugar (glucose, xylose-fructose, cellobiose, and arabinose) than this work. If compared with different plants, like oilseed radish (3.3 g/L of total sugar), it is interesting to notice that in general, the experiments in the present study extracted higher total sugar concentrate using grasses and legumes as raw material. In another research, a mixture of red clover and grass-clover exhibited 27.45 g/kg of total sugar (Martinez et al., 2018); finding similarities with the present work while pointing out that these works were developed on a laboratory scale.

Glucose was found in all the BJ samples and constitutes the carbohydrate with the highest concentration in festulolium, ryegrass, red clover, and grass-clover with similar percentages, as seen in Figure 3. In terms of concentration, BJ from ryegrass obtained up to 11.01 g/L of glucose, being the most extracted compound, as seen in Figure 2. 

Among all the remaining carbohydrates in the BJ coming from different biomasses, xylose is the major sugar in BJ from the legumes of alfalfa and white clover. The highest amount of xylose was found in red clover with 7.04 g/L. In addition, alfalfa showed the highest xylose percentage with 35 % of the total sugar content. No significant differences were observed between white and red clover, with around 30 % and only about 5 % of the total sugar content of the grass-clover mixture corresponding to xylose. Xylose was not detected in the two grasses of festulolium and ryegrass. 


Figure 2: The concentration of mono and disaccharides found in six BJ biomasses. 
Fructose was extracted in all the BJ samples with quantities above 4.73 g/L, except for alfalfa with 1.81 g/L. Ryegrass showed a higher concentration of fructose with 9.17 g/L. 

Festulolium and ryegrass exhibited higher amounts of sucrose with 5.19 and 8.43 g/L, respectively. In terms of percentage, both have a similar composition profile, as seen in Figure 3. Besides, maltose and galactose presented low concentrations in BJ biomasses. It is interesting to notice that a similar concentration of both carbohydrates was found in festulolium, ryegrass, and grass-clover. Red and white clover extracted higher maltose (2.64 g/L) and galactose (0.57 g/L) concentrations, respectively. 

Finally, BJ from- the different biomasses contained a lower concentration of arabinose, from 0.02 to 0.06 g/L, in which red clover presented the highest concentrations. Arabinose was not detected in festulolium and ryegrass. It is positive to find low arabinose values because it could be converted into a microbial inhibitor reducing the fermentation capacity. According to Bákonyi et al. (2020), xylose reported a high value compared to fructose, and arabinose exhibited the lowest concentration in BJ alfalfa, showing a similar tendency in this work. 


Figure 3: The Percentages of mono and disaccharides found in six BJ biomasses. 
Seasonal behavior of sugar 
Figure 4 shows the same grass-clover mixture processed in nine batches from 17 May to 17 August 2022. Total sugar content was reduced from 21.77 to 4.67 g/L throughout the season. It is interesting to notice that from the first to the last month, the sugar concentration decreased more than 4 times. The tendency might be related to the increase in temperature and lower availability of water, according to Jensen K. B., et al. (2014) during spring the sugar content was better than in summer. In the same months, BJ´s carbohydrate content decreased but then increased again when fall began. This demonstrates that the amount of water, clime, and number of harvests have a major influence on the final sugar and should be investigated in depth. 
[image: ]
Figure 4: Total sugar concentration in clover-grass mixes during the season 2022.

Conclusions
In this study, multiple brown juice leaf biomasses were extracted and analyzed on a large scale, during the season 2021 at the demonstration platform located at Aarhus University, Denmark. It was demonstrated that the total sugar of grass-clover brown juice decreased almost four times the sugar concentration, in a total time of 4 months, from May to August. Total sugar content between 29.10 g/L to 10.82 g/L was found, representing an important sugar source for future applications of this sidestream. The major concentrations of glucose, xylose, fructose, and sucrose of BJ from ryegrass, red clover, and festulolium were 11.01 g/L, 7.04 g/L, 9.17 g/L, and 8.43 g/L, respectively. However, it is possible to affirm that glucose, xylose, and fructose are the most important sugar compounds in BJ from green leaf biomasses. Maltose and galactose presented low concentrations in BJ biomasses. Arabinose exhibited lower concentration values, and it was not detected in BJ from festulolium and ryegrass. Due to the similarities in the sugar percentage, it is possible to divide into 3 groups’ sugar profiles:1) alfalfa, red clover, and white clover (legumes), 2) ryegrass and festulolium (grasses), and 3) grass-clover mixture. The use of sugars from brown juice from leaf processing in a green biorefinery represents a real possibility on a large scale for food, biotechnology, pharmaceutical, chemical, and other applications. 
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Sucrose	0	0	0.47484341677020231	1	0	0.16598114380856621	0	0	0.47484341677020231	1	0	0.16598114380856621	Festulolium	Ryegrass  	Red clover	White clover  	Alfalfa    	Grass-clover	5.1923312500000005	8.4299300000000006	0.86266333333333334	2.6355549999999996	1.6614324999999999	1.391340609375	Maltose	0	0	0.66962305071585015	0.35781017341602034	0	0.21820775151197599	0	0	0.66962305071585015	0.35781017341602034	0	0.21820775151197599	Festulolium	Ryegrass  	Red clover	White clover  	Alfalfa    	Grass-clover	0.19817474999999998	0.22377	2.7219899999999999	2.4360299999999997	1.1695627500000001	0.35379376562499998	Glucose	0	0	1.4215957571686846	1.8564876408018487	0	1.4551117340030415	0	0	1.4215957571686846	1.8564876408018487	0	1.4551117340030415	Festulolium	Ryegrass  	Red clover	White clover  	Alfalfa    	Grass-clover	8.1656302499999995	11.01056	10.473026666666666	4.6166149999999995	1.857461	6.8373220624999993	Xylose	0	0	0.13821109145072261	1.0916597330670401	0	0.33681342560244848	0	0	0.13821109145072261	1.0916597330670401	0	0.33681342560244848	Festulolium	Ryegrass  	Red clover	White clover  	Alfalfa    	Grass-clover	0	0	7.0411166666666656	5.8964699999999999	3.8257089999999998	0.71739057812499996	Galactose	0	0	3.3919912293518706E-2	9.5120004205214131E-2	0	0.14194987270086096	0	0	3.3919912293518706E-2	9.5120004205214131E-2	0	0.14194987270086096	Festulolium	Ryegrass  	Red clover	White clover  	Alfalfa    	Grass-clover	0.249727	0.26950000000000002	0.35413775000000003	0.56919000000000008	0.48207450000000002	0.29846371875	Arabinose	Festulolium	Ryegrass  	Red clover	White clover  	Alfalfa    	Grass-clover	0	0	6.0276666666666666E-2	2.6924999999999998E-2	1.5337249999999998E-2	2.2215500000000003E-2	Fructose	0	0	1.6051677486325224	3.3130356861645787	0	0.92971860223420977	0	0	1.6051677486325224	3.3130356861645787	0	0.92971860223420977	Festulolium	Ryegrass  	Red clover	White clover  	Alfalfa    	Grass-clover	6.9047530000000004	9.1675000000000004	5.0881333333333334	4.7256200000000002	1.8107829999999998	6.0503327968749998	
Sugar concentration [g/L]




Glucose	Festulolium	Ryegrass  	Red clover	White clover  	Alfalfa    	Grass-clover	39.427268370152916	37.835337713899669	36.708413842191774	22.453541003980682	17.163178826060118	43.317865164383733	Fructose	Festulolium	Ryegrass  	Red clover	White clover  	Alfalfa    	Grass-clover	33.339196268483803	31.502072418857463	17.240079999502978	21.21565704239633	16.731868095313772	38.669036238978819	Xylose	Festulolium	Ryegrass  	Red clover	White clover  	Alfalfa    	Grass-clover	0	0	29.224711058144813	30.279614073130713	35.350043798210365	5.159630418511286	Sucrose	Festulolium	Ryegrass  	Red clover	White clover  	Alfalfa    	Grass-clover	25.070867941942581	28.96757734888455	4.633158261044513	10.332874127705828	15.351850243384991	8.1966059883701998	Galactose	Festulolium	Ryegrass  	Red clover	White clover  	Alfalfa    	Grass-clover	1.2057922226239888	0.92607674031983489	1.4522243251514868	2.9357492952891473	4.4544304569428474	1.9972367397347177	Maltose	Festulolium	Ryegrass  	Red clover	White clover  	Alfalfa    	Grass-clover	0.95687519679671529	0.76893577803847668	10.506158890074834	12.626157551398764	10.806910415103545	2.4763078254709785	Arabinose	Festulolium	Ryegrass  	Red clover	White clover  	Alfalfa    	Grass-clover	0	0	0.23525362388958701	0.15640690609854216	0.14171816498434719	0.1833176245502689	
Sugar [%]
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