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Abstract:



In this study, an innovative green biorefinery system was successfully developed to process the green biomass into multiple biofuels and bioproducts. In particular, fresh giant miscanthus was separated into a solid stream (press cake) and a liquid stream (press juice) using a screw press. The juice was used to cultivate microalga Chlorella vulgaris, which was further thermochemically converted via thermogravimetry analysis (TGA) and pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) analysis, resulting in an approximately 80% conversion. In addition, the solid cake of miscanthus was pretreated with dilute sulfuric acid and used as the feedstock for bioethanol production. The results showed that the miscanthus juice could be a highly nutritious source for microalgae that are a promising feedstock for biofuels. The highest cell density was observed in the 15% juice medium. Sugars released from the miscanthus cake were efficiently fermented to ethanol using Saccharomyces cerevisiae through a simultaneous saccharification and fermentation (SSF) process, with 88.4% of the theoretical yield.
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1. Introduction


Fossil fuels are the major source for our energy need at present, which currently contribute about 80% of the global energy demand [1]. According to the International Energy Agency (IEA), this demand will be increased by 40% by the year 2035, with fossil fuels contributing 75% [2]. This over dependence and increasing use of fossil fuels in the US and globally serves as a source of worry, as it is predicted to reach a crisis point in the near future [3].



Fossil fuels are also the major source of environmental pollutants and greenhouse gases. Sustainable developments requires the use of renewable biomass-based resources for fuels, chemicals and material production [4]. Renewable biomass resources can be converted to fuels and are a logical choice to replace oil. Considerable attention has been given to lignocellulosic biomass such as agricultural residues and energy crops for biofuel production.



In order to derive full benefits from the use of biomass in the biofuel industry, it is imperative that different byproducts are produced from the feedstock in a way analogous to the petroleum refinery platform. This concept of producing various bioproducts from a single biomass feedstock is known as the biorefinery concept. A biorefinery is a facility that can convert biomass into multiple biofuels, bioproducts, power, and chemicals by integrating various biomass conversion processes [1].



Currently, the biorefinery platform is aimed at replacing the petroleum refineries and reducing the fossil fuel intensity in different production areas [2]. As such, it is vital to investigate and develop biorefinery platforms based on lignocellulosic biomass and improve on their economic potentials to make them competitive with the petroleum refining industry.



One major type of the biorefinery concepts being explored is the green biorefinery. A green biorefinery uses “nature-wet” biomasses such as green grasses as feedstock, and employs a wet-fractionation technology as a first step to isolate the content-substances in their natural form into fiber-rich cake and a nutrient-rich green juice which are then converted by different processes into various products [5,6]. Using the nutrient-rich green juice for products generation eliminates the need for energy intensive drying processes, which could greatly improve the economic viability of this biorefinery platform type.



Using perennial energy grasses as feedstock for biorefinery processes has attracted tremendous attention due to their superior advantages such as broad adaptability, high water and fertilizer use efficiency, and tremendous biomass production. Miscanthus x. giganteus (MxG) is a perennial warm season grass in the sugarcane family that has been identified as a primary biomass crop for development in the US [7].



In order to enhance the versatility of the green biorefinery and increase the economics of the green biorefinery, it is essential to process both the press cake and the press juice into a variety of final products or other intermediary products that could be used as feedstock for further downstream processes [8]. The press cake has been primarily used for production of fodder pellet and biogas [9]. Little or no attention has yet been focused on the utilization of the press cake for biofuel purpose, especially as raw materials for bioethanol production. Bioethanol is by far the most widely used biofuel for transportation worldwide. Bioethanol and bioethanol/gasoline blends have a long history as alternative transportation fuels [10]. Producing bioethanol as a transportation fuel can help reduce CO2 buildup in two important ways: by displacing the use of fossil fuels, and by recycling CO2 that is released when it is combusted as fuel. The efficiency of conversion of biomass to ethanol depends upon feedstock characteristics and composition, pretreatment processes, and the fermentation technologies [11]. Research focus on the use of the press juice is on the increase now. Various uses of juice extracted from biomass have been investigated in the biorefinery platform. For example, the extracted banagrass juice has been used for the cultivation of an edible fungus [12]. Our previous study observed that the cattail juice held great potential as alternative growth media for microalgae and bacteria [13]. The juice from Italian rye grass, clover grass and alfalfa has been used for the production of lactic acids and other value added products [14].



In green biorefinery, wet fractionation technology is used as the first step to separate the juice from the green biomass. Screw press was the most common method used to press the green juice out of the green biomass [14]. Besides the screw press, filter presses, belt presses, centrifuges, Hammer mill, the thermal mechanical dewatering method, simultaneous application of a pulsed electric field, and superimposition of ultrasounds were also used to separate the juice from green biomass [15,16]. However, most of the publications did not provide a detailed description of the fractionation process, such as equipment operation, product recovery rates and analysis. Furthermore, to the best of our knowledge, there has not been any work done so far on the wet fractionation of MxG.



With the aim of overcoming the problems outlined above, the intent of this research is to develop a green biorefinery platform in an economically viable and environmentally sustainable manner, using MxG as a feedstock. Particularly, we separated MxG into pressed cake and juice, and accessed the viability of using the juice to grow microalgae for hydrocarbons production, and using the press cake to produce bioethanol using some biochemical processes. To the best of our knowledge, this use of juice from MxG has not been investigated yet.




2. Materials and Methods


2.1. Miscanthus Harvest and Processing


MxG was harvested from North Carolina A&T State University farm during the early summer in 2015 using a Tanaka TPH 270s-pole hedge trimmer to achieve consistent cuts. The MxG was then shred into smaller size using a DR Wood chipper/shredder (14.50 Pro Manual Start, DR Power Equipment, Vergennes, VT, USA). A Carver press (#2094 Cage Equipment, Carver Inc., Wabash, IN, USA) was used to press and separate the shredded biomass into a green juice liquid fraction and a solid cake fraction, at an optimized force of 30,000 lbs for a residence time of 15 min to allow for effective separation. The green juice was stored in a freezer at −20 °C until use. Then, 100 g of deionized water was added to 50 g of the pressed miscanthus solid cake. The 2:1 mixtures were thoroughly mixed and chopped in a rotary knife mill Grindomix GM 200 (Retsch®, Verder Scientific Inc. Newtown, PA, USA) at a speed of 9000 RPM for 2 min. Subsequent juice separation was conducted using a centrifuge (Centra-GP8R Centrifuge, ThermoIEC, Champaign, IL, USA). The centrifugation was carried out at a rotational speed of 2600 RCF for 10 min at 25 °C. The solid cake was stored in sealable containers at −4 °C for further analysis and downstream processing. Figure 1 illustrates the procedure taken in this work, including mechanical separation, microalgae cultivation, thermochemical processing and bioethanol fermentations.


Figure 1. Flow chart of the integrated generation of bioethanol and hydrocarbons from uses of MxG’ solid and liquid fractions. (SSF: Simultaneous saccharification and fermentation).
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2.2. Biomass Analytical Procedures


The solid fraction and juice fraction of miscanthus after separation were analyzed for minerals (e.g., K, Mg, Ca, Cl, S, P), elemental composition (e.g., C, H, O, N), solids content, ash content, volatile content, and carbohydrates (cellulose, hemicellulose, lignin). Two stages of acid hydrolysis were performed for determining the structural carbohydrates and lignin content on the alfalfa samples according to NREL Ethanol Project Laboratory Analytical Procedure. In addition to chemical analyses, the mass flow of dry matter from the MxG into the juice and solid cake were calculated.



The elemental composition (C, H, O, N) of the solid cake samples was determined using a PE 2400 II CHNS/O analyzer (Perkin Elmer Japan Co., Ltd., Yokohama, Japan). The miscanthus samples were digested with HNO3/HCl in a microwave oven (200 °C, 2 MPa) and analyzed by inductively coupled plasma-optical emission spectroscopy (ICP-OES) (ARL 3560, Waltham, MA, USA) for minerals.



Compounds in MxG juice was determined using LC/MS. The concentration of monomeric sugars, including cellobiose, glucose, arabinose and xylose in all liquid fractions as well as the concentration of ethanol were all determined using a Dionex Ultimate 3000 (UHPLC) (Thermo Fisher Scientific, Bannockburn, IL, USA) equipped with a Shodex Sugar SH 1218 ion exclusion column and a Shodex RI-101 refractive index detector [17]. The samples were analyzed using a UPLC-QTOF-MS system (ACQUITY UPLC-SYNAPT MS, Waters Corp., Milford, MA, USA). An ACQUITY UPLC BEH C18 1.7 μM VanGuard pre-column and an ACQUITY UPLC BEH C18 1.7 μM analytical column were used for the analyses at column temperature of 40 °C and a flowrate of 0.4 (mL/min). The system was operated in both electrospray ionization (ESI) positive (mobile phases: 0.1% formic acid in water and 0.1% formic acid in acetonitrile) and negative modes (mobile phases 1 mM ammonium fluoride in water and acetonitrile) to provide comprehensive coverage. Metabolite annotation for UPLC-QTOF-MS analysis was performed by comparing mass spectra and retention time of each detected signal from the MxG samples to those of reference standards in an in-house library, which contained 500+ endogenous metabolites and plant metabolites.



The mobile phase was 0.01N H2SO4 at a flowrate of 1 mL/min. The temperature of the detector and column were maintained at 50 °C and 75 °C, respectively. All experiments and analyses were performed in duplicate.




2.3. Microalgae Cultivation


Chlorella vulgaris (UTEX 2714), which was obtained from the Culture Collection of Algae at the University of Texas at Austin, was used in this study. The MxG juice was diluted to DI water to prepare 1, 2, 5 and 10% (v/v) juice media. A 10 vol % algal inoculum was used for scaling-up the culture to a larger volume. Microalgae cultivation was carried out in 150 mL Wheaton glass bottles containing 100 mL algal culture (i.e., 90 mL of medium plus 10 mL of algal inoculum) at room temperature and 200 μmol m−2 s−1 continuous cool-white fluorescent light illumination. Agitation of the bottles was carried out manually once daily and the optical density (OD) of the microalgal culture was measured everyday using a Thermo Scientific GENESYS 20 Spectrophotometer (Waltham, MA, USA). A previously established correlation (Equation (1)) between the optical density of this particular C. vulgaris at 680 nm and the cell number was used for analysis [18].


Cell number (cell/mL) = 8 × 106 OD680 + 425,897



(1)







At the end of the microalgal cultivation, the microalgal broth was centrifuged at 2300× g and 20 °C for 15 min. Supernatants were separated, and the collected microalgal cells were dried at 60 °C for 48 h until the sample reached equilibrium moisture content.




2.4. Thermalchemical Conversion Analysis of Microalgae via Py-GC/MS and TGA


The pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) analysis of microalgal biomass was carried out in a Frontier EGA/PY-3030D multi-shot pyrolyzer (Fukushima, Japan), which was coupled with an Agilent 7890A gas chromatography/5975c mass spectrometer (GC/MS) with a DB-5MS capillary column (Santa Clara, CA, USA). For each experiment, the pyrolyzer was pre-heated to desired temperatures of 500 °C, following by dropping approximately 0.3 mg of sample into the pyrolysis part of the reactor. The sample was volatized immediately, giving off pyrolysis products as the vapor, which was injected directly into GC/MS. The compounds were identified by comparison with the mass spectral database of the National Institute of Standards and Technology (Gaithersburg, MD, USA).



Thermogravimetry analysis (TGA) was performed by using a SDT Q600 thermalgravimetric analyzer (TA Instruments, New Castle, DE, USA), in which the sample was heated to 600 °C at a heating rate of 5 °C/min in nitrogen.




2.5. Dilute Sulfuric Acid Pretreatment


A Dionex ASE 350 Accelerated Solvent Extractor (Dionex Corporation, Sunnyvale, CA, USA) was used to do the dilute sulfuric acid pretreatment. A 1% (v/v) sulfuric acid solution was prepared to pretreat the biomass, at a pretreatment temperature of 160 °C for 10 min. Approximately 30 g of blended wet miscanthus was placed into a tared 66 mL Dionex extraction cell containing a glass fiber filter. Then the appropriate number of 150 mL collection vials were weighed and placed onto the ASE system. The extractor passed 60 mL of dilute sulfuric acid solution into each cell containing the biomass. Then the cells were heated to the desired temperature (160 °C) at a heating rate of 25 °C/min, with the temperature maintained for 15 min. After this treatment, 40 mL of the dilute sulfuric acid solution was passed into the cells to rinse the biomass. The resulting extractive and the rinsing solution (total about 100 mL) were collected in the collection vials. The extraction cells were cooled down to 25 °C. The recovered biomass samples were stored in sealable containers and kept at −4 °C for further downstream processing and analyses such as compositional analysis and fermentation.




2.6. Fermentation of MxG Solid Fraction to Produce Ethanol


MxG solid cake was taken through simultaneous saccharification and fermentation (SSF) to produce ethanol using S. cerevisiae microorganisms. For SSF, a pretreated biomass loading of 5 g (wet basis) with a total working volume of 50 mL and a pH adjusted to 4.5 by the addition of 0.05 M citric buffer was used. Wheaton septum glass bottles (125 mL) were used as fermentation reaction vessels. A cocktail of enzymes including cellulose (Novozyme NS 50013) at a loading of 60 FPU/g glucan, hemicellulase (Novozyme NS 22002) at a loading of 2.5 FBG/g glucan and β-glucosidase (Novozyme NS 50010) at 4.5 CBU/g glucan was used for enzymatic hydrolysis. Saccharomyces cerevisiae (ATCC 24858) was then added to the reaction vessel to begin the SSF process.



The fermentation cultures were placed in a rotary shaker and incubated at 35 °C and 200 rpm and grown aerobically. Samples were taken at predetermined intervals (0, 3, 6, 12, 24, 48, 72, and 96 h) and collected by filtering through 0.45-μm nylon membranes for ethanol and sugars analysis by HPLC. Saccharomyces cerevisiae cultured with YM broth was also used for SSF to serve as control and allow for comparison. The ethanol yield was expressed as the percentage of the theoretical yield using the following formula:
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(2)




where Cethanol,f is the ethanol concentration at the end of the fermentation (g/L), Cethanol,i is the ethanol concentration at the beginning of the fermentation (g/L), Cbiomass is the dry biomass concentration at the beginning of the fermentation (g/L), f is the cellulose fraction of the dry biomass (g/g), and 0.568 is the conversion factor from cellulose to ethanol. All experiments were carried out in duplicates.





3. Results and Discussion


3.1. Characteristics of Raw Miscanthus, Miscanthus Cake and Juice


The mechanical press was largely effective in separating freshly harvested MxG into juice and cake with a percentage mass distribution of between 0.5 g/g of liquid and 0.5 g/g of solid [17]. The compositions of the separated MxG solid cake and juice are listed in Table 1. One of the most notable differences between the cake and juice was the significantly lower total solids content of the MxG juice (~0.1%). Differences also existed in the carbohydrates group (cellulose, hemicellulose, lignin) among the cake and juice samples. As expected, the carbohydrates of the cake are higher than those of the juice. This is mainly because the cellulosic fibers are less extractable due to the polysaccharide matrix structure in biomass [13]. The elemental compositions of the two fractions are comparable, with a higher carbon content of the solid cake. MxG has been noted to be a good candidate for bioethanol production due to its high carbon content. The juice fraction showed a higher amount of crude protein content than the solid cake, indicating proteins in the raw miscanthus were likely extracted in to the juice fraction.



Table 1. Characteristics of MxG cake and juice.







	
Group/Specific

	
Miscanthus Cake

	
Miscanthus Juice




	
Total Solids, wt %

	
17.4

	
0.1




	
Ash, % dry matter

	
1.8

	
3.9




	
H2O, wt %

	
82.6

	
99.9




	
Biomass Composition of Dry Matter, wt %




	
Cellulose

	
47.5

	
39.2




	
Hemicellulose

	
36.6

	
19.7




	
Lignin

	
16.5

	
12.3




	
Protein Content

	
2.5

	
5




	
Elemental Composition (%)




	
C

	
48.2

	
37.8




	
H

	
6.6

	
5.2




	
N

	
0.4

	
0.8




	
S

	
0.5

	
1.0




	
Mineral Composition(ppm)




	
Al

	
21.3

	
39.3




	
B

	
52

	
95.3




	
Ca

	
412.3

	
1968.2




	
Cd

	
2.7

	
7.4




	
Cu

	
25.1

	
20.1




	
Fe

	
97.4

	
76.2




	
K

	
5506.6

	
93,083.3




	
Mg

	
1901.3

	
19,658.3




	
Mn

	
30.8

	
251.3




	
Na

	
1301.0

	
487.1




	
Ni

	
7.5

	
5.1




	
P

	
84.2

	
475.7




	
Pb

	
7.0

	
10.3




	
S

	
11.0

	
23.2




	
Zn

	
22.9

	
39.7




	
Si (g/mL)

	
2926.4

	
273.6




	
Mo (g/mL)

	
11.5

	
6.9










According to the ICP analysis, the Calcium (Ca), Potassium (K), and Magnesium (Mg) concentrations of the MxG juice were much higher than the solid cake, while the Sodium (Na) concentrations of The MxG juice was significantly lower than the solid cake. Carbon, Nitrogen and Phosphorus are the three primary nutrients for algae cultivation. Other micronutrients also required include silica, calcium, magnesium, potassium, iron, manganese, sulfur, zinc, copper and cobalt [19].



The LC/MS further confirmed that the MxG juice contains trace amount of amino acids, organic acids, and metabolites, which are good feed supplements for microorganism growth (Table 2).



Table 2. LC/MS analysis of MxG juice.







	
Compound Name

	
Ret Time (min)

	
m/z






	
3-hydroxypropionic acid

	
0.6756

	
89.0




	
7-methylxanthine/3-methylxanthine

	
1.4121

	
167.1




	
Adenine

	
0.8119

	
136.1




	
aminobutyric acid

	
0.6186

	
102.1




	
apigenin/genistein

	
3.332

	
271.0




	
Arginine

	
0.7322

	
175.1




	
azelaic acid

	
2.9221

	
211.1




	
Biotin

	
2.2158

	
227.1




	
caffeic acid

	
2.2282

	
181.1




	
Citrulline

	
0.7176

	
159.1




	
Cytosine

	
0.6817

	
112.1




	
fumaric acid

	
0.5659

	
115.0




	
Genistin

	
2.392

	
433.1




	
gibberellic acid

	
2.7087

	
347.2




	
glucaric acid

	
0.6975

	
233.0




	
gluconic acid

	
0.6487

	
195.0




	
glutamic acid

	
0.8481

	
148.1




	
Histidine

	
0.686

	
154.1




	
Hypotaurine

	
0.5547

	
110.0




	
Hypoxanthine

	
1.0334

	
137.0




	
Leucine

	
1.2646

	
132.1




	
l-tyrosine

	
1.1882

	
182.1




	
m-Couraric acid

	
2.6982

	
167.1




	
Methionine

	
0.9698

	
133.0




	
nicotinic acid

	
0.9439

	
124.0




	
Pantothenate

	
1.6058

	
220.1




	
Paraxanthine

	
1.9946

	
181.1




	
Phenylalanine

	
1.506

	
166.1




	
phosphoenolpyruvic acid

	
0.6185

	
167.0




	
Proline

	
0.7951

	
116.1




	
Riboflavin

	
2.1214

	
377.1




	
succinic acid

	
1.1895

	
119.0




	
Thymine

	
1.413

	
127.0




	
Tryptamine

	
2.0723

	
144.1




	
Tryptophan

	
1.794

	
188.1




	
Uracil

	
0.8922

	
113.0











3.2. Miscanthus Juice as a Nutrition Supplement for Microalgal Growth


Figure 2 shows the growth curves of C. vulgaris in the MxG juice media. As the control, DI-water alone cannot support the algal growth. The solid content of the MxG juice is 0.1 wt %, meaning that the actual solid contents in 1%, 2%, 5%, 10% and 15% juice media were 0.001%, 0.002%, 0.005%, 0.01% and 0.015%, respectively. It was observed that the higher concentration on MxG juice, the higher the microalgal growth rate. The highest cell density was observed in the 15% juice medium. A similar growth pattern was observed in the 1% and 5% juice medium. These results indicate that MxG juice was able to supple the microalgae with the necessary nutrients for its growth. Work done by Rahman et al. (2015), using cattail juice, showed that the cattail juice was similar to proteose medium, which was rich enough to support high-cell-density growth of numerous microalgae strains [18]. Juice extracts from plants therefore hold great potential as alternative growth media for microalgae and bacteria.


Figure 2. Growth curves of C. vulgaris in DI water with MxG juice at room temperature and 600 μmol m−2 s−1 light intensity.
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3.3. Thermochemical Conversion of Microalgae Grown on MxG Juice


C. vulgaris grown on MxG juice contained approximately 64.6% protein, 8.9% carbohydrates and 12.3% lipids (Table 3). Its biochemical and elemental compositions were similar to the same species grown on other media [15].



Table 3. Elemental and composition analysis of microalgae (moisture free basis, % by weight).







	
Composition

	
C

	
H

	
N

	
S

	
Protein

	
Carbohydrates

	
Lipid

	
Volatile Solid

	
Ash






	
Chlorella

	
44.3

	
6.8

	
10.3

	
1.2

	
64.6

	
8.9

	
12.3

	
88.5

	
11.5










TGA study of C. vulgaris used a condition that was similar to slow pyrolysis. Figure 3 shows the Thermogravimetry (TG) and Differential thermogravimetry (DTG) curves of microalgae that exhibited its weight loss characteristics. The decomposition of this microalgal biomass can be divided into two phases. The first phase (T < 180 °C) was moisture removal. The decomposition phase occurred between 180 and 350 °C with a weight loss of 45 wt %. The results indicated that applying the slow pyrolysis process to C. vulgaris might result in a residue yield of 20.1 wt % of the starting material (i.e., the conversion ratio was 79.9 wt %). The possible reasons for the high residue yield are the ash content and the high protein content in feedstock.


Figure 3. Thermogravimetry (TG) and DTG curves of microalgae.
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Py-GC/MS analysis of microalgae C. vulgaris was performed at 500 °C, resulting in over 100 different chemicals (Figure 4). The top 20 pyrolytic products representing 48% (area) of all products are summarized in Table 4. Pyrolysis of microalgae could form a complex organic mixture. The chemicals in the mixture can be generally categorized as fatty acids (such as C16 hexadecenoic acid and C14 tetradecanoic acid), hydrocarbons (like toluene, butane, cresol and octadecane), nitrogenated compounds (such as pyridines, pyrazines, pyrroles, indoles and their derivatives), and oxygenated compounds (organic acids, ketones, furfurals, aldehydes and phenols). Fatty acids are degradation products of microalgal lipids, and C16 and C14 fatty acids are major components. Nitrogenated compounds are derived from microalgal proteins. Although a fair amount of hydrocarbons was produced via pyrolysis of microalgae, the products are still combined with hundreds of other chemicals. To use microalgal pyrolysis bio-oil as the transportation fuel, an upgrading process is still required [20].


Figure 4. Gas chromatography (GC) profiles of pyrolytic products of microalgae.
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Table 4. Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) analysis of microalgae C. vulgaris.







	
Possible Chemical

	
Retention Time

	
Area %






	
Hexadecenoic acid

	
19.18

	
6.83




	
9-Octadecyne

	
18.03

	
6.48




	
9,12,15-Octadecatrienoic acid, (Z,Z,Z)-

	
20.77

	
6.14




	
Methyl 8,11,14-heptadecatrienoate

	
18.89

	
4.55




	
Toluene

	
3.47

	
2.93




	
Acetic acid

	
2.16

	
2.40




	
Methanethiol

	
1.84

	
2.22




	
Butane

	
1.91

	
2.14




	
N,N-Dimethylaminoethanol

	
3.00

	
2.10




	
p-Cresol

	
8.00

	
1.81




	
1H-Indole, 6-methyl-

	
12.37

	
1.67




	
Oleic Acid

	
20.81

	
1.45




	
Indole

	
11.07

	
1.13




	
Tetradecanoic acid

	
17.08

	
0.98




	
Tetradecanamide

	
20.97

	
0.96




	
Octadecane

	
22.86

	
0.96




	
1H-Pyrazole, 1,3,5-trimethyl-

	
5.95

	
0.93




	
Piperidine, 1-(cyanoacetyl)-

	
13.25

	
0.92




	
Butanal, 3-methyl-

	
2.44

	
0.86




	
Butanal

	
2.06

	
0.82











3.4. Effect of Pretreatment on the Cake of Miscanthus X Giganteus


The purpose of the pretreatment was to remove lignin and/or hemicellulose, to disrupt the crystalline structure of cellulose, and to increase the porosity of the material, making it more accessible to enzyme attack [21]. The compositions of miscanthus before and after dilute sulfuric acid pretreatment are given in Table 5.



Table 5. Composition of MxG before and after dilute sulfuric acid pretreatment.







	
Sample

	
Cellulose (%)

	
Hemicellulose (%)

	
Lignin (%)

	
Ash (%)






	
Untreated

	
49.34

	
32.75

	
15.25

	
1.23




	
Pretreated

	
71.8

	
1.27

	
26.83

	
0.52










Untreated MxG contained approximately 49% cellulose, 32.75% hemicellulose, and 15.25% lignin (Table 5). Miscanthus, with its cellulose content of approximately 40% and above, is considered useful for biofuel production [22]. The compositions of the raw miscanthus in the present study is consistent with previous findings reported so far [23].



After dilute sulfuric acid pretreatment, the composition of the biomass changed, with an increase in the cellulose and lignin contents and a decrease in the hemicellulose content the biomass samples. The hemicellulose of biomass decreased from about 32.75% in the untreated samples to approximately 1% in the pretreated samples, indicating almost complete hydrolysis of hemicellulose fraction of the biomass This removal of hemicellulose increases porosity and improves enzymatic digestibility. The complete removal of hemicellulose usually results in a maximum enzymatic digestibility [24], while the increase of the porosity of the sample can cause an increase in the lignin content of the sample. Studies of dilute acid pretreatment show the increase in the lignin content would not affect the ethanol yield and concentration [25,26,27].




3.5. Fermentation of MxG Cake for Ethanol Production


The MxG cake was treated with dilute acid first, and then used to produce bioethanol via a simultaneous saccharification and fermentation (SSF) process. Bioethanol was rapidly produced within the first 24 h, while the concentration of glucose reduced rapidly as well, with the measured xylose concentration remaining stable throughout the period (Figure 5). The production of bioethanol began to level off during the following 72 h, with a continued reduction in glucose concentration and a steadiness of the xylose concentration (Figure 5). The final ethanol yield was 88.4% of the theoretical value. This result suggests that sugars produced from the MxG cake can be efficiently fermented to ethanol.


Figure 5. Ethanol, glucose and xylose profiles during the saccharification and fermentation (SSF) of the MxG cake.
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4. Conclusions


Freshly harvested MxG was fractionated using mechanical press, whereby MxG was separated into a fiber-rich cake and a nutrient-rich juice. The mechanical pressing proved to be very efficient at reducing the solids mass transfer to the juice, resulting in a very low solid content of the juice.



The MxG juice was used to cultivate C. vulgaris in different media. Results showed the juice was highly nutritious and supported the growth of microalgal culture. Thus the juice could be a highly nutritious source for the microorganisms and bacteria. The uses of the MxG juice eliminate the extracted juice as a waste stream within a green biorefinery platform, making the concept more economical and environmentally friendly. Further, microalgae grown with the juice were studied for its thermochemical conversion behaviors via Py-GC/MS and TGA. Pyrolysis of this microalgae might result in approximately 79.9% conversion and a bio-oil containing over 100 chemicals.



The MxG cake was pretreated with dilute acid, and used as the feedstock for ethanol production through SSF using yeasts. Glucose from MxG solid cake can be efficiently fermented to ethanol with 88.4% of the theoretical yield. The dilute acid pretreatment was sufficient for pretreating MxG cake, resulting in very low hemicellulose content and high cellulose content of the pretreated cake.
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