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Abstract 

Among potential alternative liquid fuels, bioethanol is the widest utilized transportation 

fuels and mainly made from grains.  Cellulosic biofuels provide environmental benefits not 

available from grain or sugar-based biofuels and are considered as a solid foundation to meet 

transportation fuels needs in a low-carbon economy, albeit with electrified vehicles and other 

technical advances. The objective of this research was to develop and optimize various 

bioprocessing units to boost cellulosic bioethanol titers and yields in order to accelerate the 

commercialization of cellulosic bioethanol production.  

The results showed high-solids biomass bioconversion (12%, w/v) was inefficient in the 

laboratory rotary shaker. However, a horizontal reactor with good mixing was effective for high 

solids loading (20%, w/v), yielding 75 g/L of glucose. To achieve the minimal economical 

ethanol distillation requirement of 40 g/L, integrated bioprocesses were conducted to boost 

ethanol titers and yields through co-fermentation of starchy grain and cellulosic biomass. The 

maximum ethanol concentration (68.7 g/L) was achieved at the corn flour and hydrothermal-

treated corn stover ratio of 12:12 using raw starch granular enzyme with the ethanol yield of 

86.0%. Co-fermentation of starchy substrate with hydrolysate liquor from saccharified biomass 

was able to significantly enhance ethanol concentration and reduce energy cost for distillation 

without sacrificing ethanol yields. These results indicated integration of first and second 

generation ethanol production could significantly accelerate the commercialization of cellulosic 

biofuel production. Novel technology, modified simultaneous saccharification and fermentation, 

was firstly established to enhance ethanol titers and yields, which achieved high ethanol titers of 

72.3 g/L at high biomass loadings of 30% (w/v) with 70.0% ethanol yield. 
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Abstract 

Among potential alternative liquid fuels, bioethanol is considered as the widest utilized 

transportation fuels.  Cellulosic biofuels provide environmental benefits not available from grain 

or sugar-based biofuels and are considered as a solid foundation to meet transportation fuels 

needs in a low-carbon economy, albeit with electrified vehicles and other technical advances. 

The objective of this doctoral research was to develop and optimize various bioprocessing units 

in order to accelerate the commercialization of cellulosic bioethanol production.  

The results showed high-solids bioconversion (12%, w/v) was inefficient in the 

laboratory rotary shaker. However, using a horizontal reactor with good mixing is effective for 

high solids loading (20%, w/v), yielding 75 g/L of glucose. To achieve the minimal economical 

ethanol distillation requirement of 40 g/L, integrated bioprocesses were proposed to boost 

ethanol titers and yields using starchy grain and cellulosic biomass co-fermentation. The 

maximum ethanol concentration (68.7 g/L) was achieved at the corn flour and hydrothermal-

treated corn stover ratio of 12:12 using raw starch granular enzyme with the ethanol yield of 

86.0%. Instead of simply mixing the starchy grain with cellulosic biomass, four alternative 

integrated designs were proposed to boost cellulosic ethanol titers and yields. Co-fermentation of 

starchy substrate with hydrolysate liquor from saccharified biomass is able to significantly 

enhance ethanol concentration to reduce energy cost for distillation without sacrificing ethanol 

yields. These results indicated integration of first and second generation ethanol production 

could significantly accelerate the commercialization of cellulosic biofuel production. Novel 

technology, modified simultaneous saccharification and fermentation, was firstly proposed to 

enhance ethanol titers and yields, which achieved high ethanol titers of 72.3 g/L at high loadings 

of 30% (w/v) with yields of 70.0%. 
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Chapter 1 - Introduction 

1.1 Problem Statement and Objectives 

As the global population expands and the number of vehicles around the world increases, 

the demand for transportation fuels is expected to increase rapidly [1-3]. In addition, limited 

crude oil reserves and environmental concerns to mitigate greenhouse gas (GHG) emissions have 

driven global research to explore alternatives to fossil fuels and renewable energy [19-21]. 

Among potential alternative liquid fuels, bioethanol is the widest utilized transportation fuels [1, 

4-6]. Bioethanol is a renewable alternative fuel derived from various sustainable feedstocks such 

as sugar-based crops, starch-based crops, and lignocellulosic biomass [4, 6]. In addition, with an 

octane rating of 113, ethanol offers indispensable value as a clean, low-cost octane booster to 

resist engine knocking. Biotechnologies are mature to produce ethanol from sugar and starch-

rich crops in large scales and continued to develop advanced cellulosic ethanol production [1, 6]. 

Currently, biotechnologies are mature enough to produce ethanol from starch-rich grains (1
st
 

generation) such as corn, wheat and sorghum in large scales and continue to advance 

development of cellulosic ethanol production [1, 3, 9]. However, commercial production of 2
nd

 

generation bioethanol from lignocellulosic biomass is still not economically feasible, mainly 

facing challenges of low ethanol titer, low ethanol yield, high enzyme cost, and high water usage 

[6, 8, 9, 14]. For cellulosic bioethanol production, it is challenging to enhance ethanol titer 

without sacrificing ethanol yield due to the complex and recalcitrant structure of lignocellulosic 

biomass [4, 11, 13, 14].  

The goal of this research was to develop integrated strategies to boost cellulosic 

bioethanol titers and yields in order to accelerate the commercialization of cellulosic ethanol 

production. The specific objectives include 1) high-gravity bioconversion of lignocellulosic 
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biomass as a traditional method to enhance ethanol titers, 2) integrated 1st and 2nd generation 

bioethanol production to enhance ethanol titers and ethanol yields, and (3) modified 

simultaneous saccharification and fermentation (mSSF) process with decantation technology to 

boost cellulosic ethanol titers and yields. 

Bioconversion of lignocellulosic biomass to ethanol includes pretreatment, enzymatic 

hydrolysis, fermentation, and distillation for ethanol recovery (Fig. 1). Well-developed 

pretreatments such as dilute acid pretreatment or hydrothermal pretreatment are often 

implemented to improve enzymatic digestibility of cellulose mainly through eliminating most 

hemicellulose intertwined with cellulose [2, 22-24]. Liquid hot water pretreatment is also an 

effective method to disrupt the microstructure of biomass and considered as a green process 

because of less waste disposal and less required post-treatment [22, 25, 26]. Detoxification of 

pretreated biomass is usually beneficial following enzymatic hydrolysis and ethanol fermentation 

as degraded products such as acetic acid, furfural, and hydroxymethyfurfural are generated in 

pretreatment hydrolysates [25, 26]. High ethanol concentration is necessary to reduce capital and 

energy costs as a minimal 40 g/L is required for economical ethanol distillation [7, 10, 27]. 

Common ways to achieve higher ethanol titers are to increase biomass loadings. However, 

there’s a trade-off between ethanol yield and ethanol concentration due to mass transfer 

limitation and accumulated inhibitors [11, 13, 14, 16, 17]. Alternatively, integrating cereal grain 

into cellulosic ethanol production could boost ethanol titers and yields. Through preliminary 

tests, we have proved the co-fermentation process of cereal grain and cellulosic biomass is an 

effective approach to simultaneously boost ethanol titers and yields. Integration of first (cereal 

grain-based) and second (cellulosic biomass-based) generation biofuel production could reduce 

capital cost and accelerate the commercialization of cellulosic ethanol production. 
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Fig. 1. Major processes for cellulosic bioethanol production. 

In addition, a novel process, modified simultaneous saccharification and fermentation 

(mSSF) with decantation technology, which with combined the advantages of both separate 

hydrolysis and fermentation (SHF) and SSF would effectively enhance the ethanol titers and 

ethanol yields. 

 

1.2 Related Current and Previous Research 

1.2.1 Plant 

Cereal crops such as corn, wheat, sorghum are viable feedstocks to produce bioethanol 

via starch fermentation. Starch, tiny white granules, can be isolated from various botanical 

sources such as cereal grains (including maize, wheat, rice, barley, sorghum, oat), roots or tubers 

(potato, sweet potato, cassava, arrowroots, yam), stems (sago palm), fruits like green banana, 

legume seeds (beans, peas, lentils) [28]. Currently, commercial production of starch is mainly 

isolated from maize, wheat, potatoes, cassava and waxy maize while other starch sources are 

commercially available in some areas [28]. In addition, agricultural residues represent the next 

potential feedstock to supplement bioethanol production. Lignocellulosic biomass is mainly 
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composed of cellulose, hemicellulose and lignin, in which the fractions of both cellulose and 

hemicellulose are carbohydrates and thus is a potential source of fermentable sugars.  

1.2.2 Cellulose 

Cellulose is a polymer of glucose with β-1,4 linkage and is found in both the crystalline 

and non-crystalline structure [29]. Properties of cellulose are highly linked to its degree of 

polymerization (DP), which represents the number of glucose monomers that make up one 

polymer molecule. Cellulose is insoluble in water and dilute acid solutions at room temperature, 

but in alkaline solutions, swelling of cellulose occurs and cellulose with low molecular weight 

(DP < 200) was dissolved [29, 30]. Cellulose is a hygroscopic material which can absorb 8 -14% 

moisture under normal atmospheric conditions.  

1.2.3 Hemicellulose 

Hemicellulose, usually consists of 20 to 30% of the biomass of annual and perennial 

plants, are viewed as important renewable resources of fermentable sugars [31].  Hemicelluloses 

isolated from agricultural residues could be potential sources of xylans, which are the linear β-

1,4-linked xylopyranosyl main chains. Xylans are heteopolysaccharides with homopolymeric 

backbone chains of 1,4-linked β-D-xylopyranose units, which contain xylose, arabinose, 

glucuronic acid or its 4-O-ether, and acetic, ferulic and p-coumaric acids [31, 32]. The 

distribution pattern of side chains in heteroxylans which reflects the structure of the polymer 

chains has major influence on their solubility, interactions with other cell wall polymers, 

digestibility of enzymes, rheological properties, and other functional properties [31-33]. The 

extraction methods to isolate hemicellulose could also affect the functional properties. 

Hemicellulose has potential applications in producing biofilms and also in food uses as a 
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thickening agent or substitution for other commercial gums. Hemicelluloses show potentials as 

fermentation feedstock in the production of ethanol, acetone, butanol, and xylitol.  

1.2.4 Lignin 

Lignin is a complex polymer of phenylpropanoid units and its presence in the cell wall 

provides carbohydrate-lignin seal protection, thus, inhibiting enzymatic hydrolysis of 

fermentable sugars [10, 26, 34]. 

1.2.5 Starch 

Starch, tiny white granules consisting of amylose and amylopectin, can be extracted from 

various botanical sources.  

The physical and chemical properties of starch are strongly linked to their biological 

origin and growing environment of various plants. Particle size distribution is one of the main 

factors influence the physico-chemical properties. Potato starch is relatively large oval granule 

compared to other starch such as smaller polygonal granules of maize starch. Wheat starch has a 

unique bimodal particle size distribution while rice starch has its unique property of small 

particle size. 

Starch mainly consists of relatively linear amylose and branched amylopectin. Amylose 

is a predominantly linear 1, 4-α-D-glucan linked, whereas side chains of amylopectin linked to 

the linear chains by 1, 6-α-D-glucan linkage at an interval of every 20 glucose units. Starch, is a 

semi-crystalline material containing alternating crystalline and amorphous regions. Amylose has 

a relatively large molar mass (> 10
6 

g/mol) while amylopectin has a larger molar mass (> 10
7 

g/mol). Amylopectin predominantly contributes to the crystalline region as their outer branches 

are hydrogen bonded together to generate double helices crystallites that are being disrupted 

during gelatinization while the amorphous regions of starch granules are mainly made up of 
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amylose and amylopectin branched points. Amylose and the branching points of amylopectin 

form the amorphous regions while the linear parts of amylopectin are mainly responsible for 

crystalline components in granular starch. Amylopectin is also believed to responsible for 

granule swelling as waxy starch usually swelled much more than normal starch.  

1.2.6 Pretreatment   

Cellulose in native biomass is difficult to digest by enzymes and its sugar yield is usually 

lower than 20%.[35] Pretreatment of biomass feedstocks was used to breakdown barriers and 

open cellulose to make it more accessible for further saccharification conversion. Numerous 

pretreatment methods have been developed to overcome the recalcitrant structure, such as ball 

mill, steam explosion, liquid hot water, dilute acid, lime, ammonia, organic solvent, and ionic 

liquid pretreatments. Challenges in the current pretreatment processes include incomplete 

separation of cellulose and lignin, which could reduce the subsequent enzymatic hydrolysis 

efficiency; formation of inhibitors that affect ethanol fermentation, such as acetic acid from 

hemicellulose, furans from sugar degradation and phenolic compounds from lignin composition; 

high usage of chemicals; energy-intensive processes; and high cost of waste disposal.    

1.2.6.1 Mechanical pretreatment of biomass 

Mechanical pretreatments includes chipping, grinding and milling, which reduce particle 

size and cellulose crystallinity but increase the specific surface area available for enzymatic 

hydrolysis [22, 36]. After chipping, particle size could be reduced to 10 to 30 mm, while milling 

or grinding could reach smaller size in the range of 0.2 to 2 mm [22, 37]. Vibratory ball milling 

was also powerful and efficient in reducing cellulose crystallinity of biomass [2, 37]. Mechanical 

refining could be conducted through three major behaviors, including cutting (size reduction), 

shearing (external fibrillation), and compression (internal fibrillation) [2]. The effectiveness of 
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mechanical pretreatment is highly dependent on the moisture content of the biomass. Knife mills 

and hammer mills are usually used to cut dry biomass, while ball mills and disk mills are suitable 

for dry and wet biomass. Ball mills can reduce particle size and cellulose crystallinity through 

shear and compressive force, but long processing time and high power usage make ball mills 

impractical for industrial application [2]. Disk mills are a continuous process and use shear force 

to disrupt the cell wall structure of biomass, but also have high power consumption. The major 

drawback of mechanical pretreatment is high energy input. Combined mechanical and other 

pretreatments are commonly used to reduce energy consumption and also improve the 

digestibility of treated biomass.   

1.2.6.2 Biomass pretreatment at low pH 

Acid pretreatments promote hydrolysis and improve fermentable sugar yield by removing 

hemicellulose during pretreatment and the most commonly used acid is sulfuric acid (H2SO4). 

Dilute sulfuric acid pretreatment showed great potential as a cost-effective pretreatment and had 

received extensive research attention over the years [22]. Reaction temperature in dilute acid 

pretreatment ranged from 140 to 160 °C while acid levels of sulfuric acid is in the range of 0.5 to 

2% (w/w). The yield of reducing sugars through enzymatic hydrolysis is mainly influenced by 

acid concentration, reaction temperature, and reaction time. Acid hydrolysis releases 

oligosaccharides and monosaccharides but also results in the formation of degradation products 

such as aldehydes. In order to reduce the decomposition of the sugars, the hydrolysis time of 

biomasses should be strictly controlled.  

Hydrothermal pretreatment is an eco-friendly process as only water is used as reaction 

medium without chemicals addition, which is usually processed at relatively high temperatures 

(140 – 220 °C) under mild acidic conditions [22, 38, 39]. At room temperature, the 
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corresponding pH of water is 7.0. However, as the temperature and pressure of saturated liquid 

water increases, pH of water decreases until reaching a minimum point of 5.6 at around 250 °C 

[22]. The concentration of hydronium ions increases as pH of water drops, which enhances the 

ability to catalyze acid reactions 25 times stronger than at room temperature [22]. During 

hydrothermal pretreatment, the hydronium ions released by water depolymerizes hemicellulose 

from plant cell wall to form acetic acids, improving enzymatic accessibility to cellulose and thus 

enzyme-catalyzed hydrolysis yields of fermentable glucose [39].  

1.2.6.3 Biomass pretreatment at high pH 

Alkaline pretreatment is conducted at lower temperature and pressure as compared to 

acid pretreatment. Alkali pretreatment can be carried out at ambient conditions, but it usually 

takes longer time in terms of days rather than hours or minutes and requires neutralization of the 

treated biomass slurry. Sodium hydroxide and calcium hydroxide are commonly used as 

reactants in alkali pretreatments. Alkali pretreatment is effective to remove the lignin fraction 

from biomass, thus exposing the remaining polysaccharides. The use of an alkali results in 

cellulose swelling and partial decrystallization of cellulose [5, 8, 36, 37]. Sodium hydroxide 

could effectively attack the lignin and hemicellulose linkage by cleavage of the ether and ester 

bonds in the lignin-carbohydrate complexes [2]. Sodium hydroxide can also effectively cleave 

the ester and carbon-to-carbon bonds in lignin molecules. Ammonia pretreatment has also 

received considerable research focus and was found extremely effective for herbaceous and 

agricultural residues, but not well suited for woody biomass [22]. Ammonia fiber explosion 

(AFEX) and ammonia recycle percolation (ARP) are widely studied in ammonia pretreatments. 

AFEX is a process of biomass exposed to liquid ammonia at high temperature and pressure for a 

period of time and suddenly released the pressure, while ARP is the process of aqueous ammonia 
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passing through biomass at elevated temperatures with recycling ammonia. Ammonia-based 

treatments of biomass have been studied extensively due to its easy recovery, non-corrosiveness 

and non-toxicity [2, 22]. Alkaline pretreatment is more effective for lignin removal as alkaline 

reagents interact with the lignin. The major effects of ammonia-based pretreatment include the 

removal or alteration of lignin, increased surface area and pore size, and decrystallization of 

cellulose structure [2].  In aqueous pretreatment of biomass, it could cause biomass swelling and 

result in significant morphological change. ARP employs a fixed bed reactor operated in the 

flow-through mode to remove soluble lignin portion. It is highly effectively for lignin removal 

(>80%) as it can minimize the re-polymerication and re-precipitation of soluble lignin onto the 

surface of biomass. In the AFEX process, biomass is reacted with liquefied anhydrous ammonia 

at elevated temperature (60 to 120 °C) and rapidly released into atmosphere after treatment. The 

lignocellulosic structure was disrupted once upon the expansion of the liquid ammonia trapped in 

the biomass, resulting in the reduction of cellulose crystallization, partial dissolution of 

hemicellulose and depolymerization of lignin [22]. The AFEX process has some disadvantages 

of high pressure requirement and high energy input for ammonia recovery. 

1.2.6.4 Biomass pretreatment by ionic liquid  

Ionic liquid pretreatment is an effective method to improve enzymatic digestibility [7, 40, 

41]. The application of ionic liquids (salts composed of anions and cations) to biomass 

pretreatment has its unique properties as these solvents have low melting point and are fluid at 

room temperature. Their properties are defined by a broad range of anions and cations, of which 

the anion has a primary effect on water miscibility and the cation has a minor effect. The 

thermodynamic and physicochemical properties of the ionic liquid are determined by its specific 

combination of the anion and cation [41]. Ionic liquid pretreatment is suitable for a wide range of 
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biomass feedstocks and was proved to decrease the recalcitrant structure of biomass including 

efficient biomass dissolution, reduced cellulose crystallinity and lignin content in the pretreated 

biomass, and thus improving the enzymatic saccharification yields. Lignocellulosic biomass is 

completely or partial solubilized in ionic liquids at relatively high temperatures (>130 °C) and 

could be separated by adding an antisolvent such as water to the biomass and ionic liquid 

mixture. 

1.2.6.5 Biomass pretreatment by organic solvent 

Organosolv pretreatment is a process of using aqueous organic solvents as reaction 

medium to fractionate the major biomass components, of which cellulose and lignin are usually 

recovered as precipitated solid streams while hemicellulose and sugar degradation products are 

dissolved into a water-soluble fraction [42]. Orgonosolv pretreatment could obtain high-purity 

cellulose with negligible degradation. Organosolv pretreatment is able to obtain a clean lignin 

component from biomass, while the lignin is usually burned as an energy source in other 

pretreatment processes. High-quality lignin can be upgraded to high-value chemicals for many 

industrial applications, such as plasticizes for concrete construction, specific adhesives, resins for 

coating and high-performance brakes. Ethanol is a commonly used organic solvent and using 

acid or alkaline catalysts to assist in the delignification process. Other solvents and catalysts such 

as methanol, acetone, acetic acid, and formic acid were tested for organosolv pretreatment. A  

two-step process involving dilute-acid presoaking and aqueous-ethanol organosolv pretreatment 

of Miscanthus x giganteus yielded a solid residue with 95% initial glucan recovery, of which 

98% was converted to glucose after 48 h of enzymatic saccharification, and 73% initial xylan 

recovery as well as 71% lignin recovery as ethanol organosolv lignin [43].  
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1.2.7 Hydrolysis 

Hydrolysis of biomass includes acid hydrolysis and enzymatic hydrolysis.  Acid 

hydrolysis of biomass using aqueous acid solution such as sulfuric acid or through solid acid 

catalysts could break down the long glucose chains. Acid hydrolysis process is more technically 

mature, however they have greater environment and personal risks. Sugar yield is usually less 

than 60% by conventional acid-catalyzed processes.  The Scholler process using 0.5 wt% 

sulfuric acid solution at 170 °C for 45 min was able to achieve 50% fermentable sugar yield. 

Solid acid catalysts for transformation of cellulose into glucose were also studied as it had 

advantages of easily separation and efficient solid catalysts recycling over aqueous acid 

hydrolysis. Enzymatic hydrolysis of biomass is superior to acid hydrolysis due to its good 

selectivity and high fermentable sugar yields.  

1.2.8 Fermentation 

Ethanol concentration and titer are interchangeable term in this dissertation. Enzymatic 

hydrolysis of pretreated biomass is effective at low solid loadings (<10%, w/v), but the 

conversion efficiency decreases markedly at higher solid loadings[11, 14]. From the economic 

and environmental standpoints, high-gravity bioconversion is superior to low-solid loadings as 

enhanced fermentable sugars and less water usage are preferred [7]. High ethanol concentration 

is necessary to reduce capital and energy costs as a minimum of 40 g/L is generally required for 

economical ethanol distillation [7, 12, 13, 17]. Fermentation of treated cellulosic biomass alone 

was not able to reach this goal and one common approach to achieve higher ethanol titers is to 

increase the amount of biomass loadings (> 8wt% glucan loading), so-called high-gravity 

processing. However, it is also known that fermentable sugars yield normally decreases as solids 

loadings increase due to the problems like mass transfer limitations or accumulated inhibitors by 
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degraded products that subsequently occur, which results in decreased fermentation yield [7, 11, 

13, 14, 16, 17]. Jorgensen et al. [13] utilized a reactor system with excellent mixing capability 

that was able to liquefy and saccharify pretreated wheat straw up to 40% (w/w) solids loading 

and obtained the highest ethanol concentration of 48 g/L at the 35% (w/w) solids loading but 

with relatively low and unacceptable ethanol yield, less than 50%. Xue et al. also reported 

similar results of reduced biofuel yields due to accumulated recalcitrant oligosaccharides at high-

solids loading [44]. Thus, it is challenging to effectively hydrolyze and ferment cellulosic 

biomass at high solids loading.  
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Chapter 2 - High gravity enzymatic hydrolysis of hydrothermal and 

ultrasonic pretreated big bluestem with recycling prehydrolysate 

water 

 

This chapter has been published as a peer-reviewed research paper in the Journal of 

Renewable Energy. 2017. 114: 351-356. 

 

2.1 Abstract  

Enhancing sugar concentration and minimizing water consumption are key objectives for 

future cellulosic biofuel economics. To achieve those objectives, high-solids loading 

pretreatment and enzymatic hydrolysis (up to 20%, w/v) were studied. Big bluestem was selected 

and combined hydrothermal and ultrasonic treatment without chemicals addition was carried out 

in this study. Optimal high-solids loading pretreatment (16%, w/v) was identified in the 

ultrasonic reactor at 200 °C for 30 min. High-solids enzymatic hydrolysis (12%, w/v) was 

inefficient in the laboratory rotary shaker. However, using a horizontal reactor with good mixing 

is effective for high solids loading (20%, w/v), yielding 75 g/L of glucose. Minimum water to 

detoxify pretreated biomass while maintaining high sugar yields was 10 mL/g, which reduced by 

50% as compared to the conventional washing process for steam-treated wheat straw. Recycling 

pretreatment liquor to treat the next batch of biomass proved to be feasible without affecting the 

sugar yields.   
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2.2 Introduction 

Biofuel, a sustainable and renewable energy source, has a strong impact to relieve the 

burden in over-consumption of petroleum-based fuels and chemicals, consequently reducing 

global carbon dioxide (CO2) emission and also dependence on foreign oil imports [1,2]. As the 

global population expands and the production of vehicle around the world increases, the 

demands to produce transportation fuels increase rapidly. Among numbers of potential 

alternative fuels, bioethanol is considered as the widest utilized transportation fuels [1,3].  

Bioethanol is a renewable alternative fuel derived from various sustainable feedstocks such as 

sugar-based crops (sugarcane, sweet sorghum, sugar beet, etc.), starch-based crops (wheat, corn, 

cassava, grain sorghum, etc.), cellulosic biomass (agricultural residues such as corn stover or 

wheat straw, herbaceous biomass such as switchgrass, big bluestem, miscanthus, woody biomass 

such as polar, etc.). 

Lignocellulosic biomass is considered as a desirable alternative to currently used 

petroleum-based energy sources due to its abundant availability and no competition with food 

[4]. Big bluestem (Andropogon gerardii), a dominant warm-season (C4) perennial native grass, 

consists as much as 80% of the plant biomass in the Midwestern grasslands of North America 

[5]. Although big bluestem is not commonly considered as a traditional cellulosic biomass such 

as switchgrass and corn stover, it offers many economic benefits, including more biomass yields, 

greater ability to grow with low input and increase ecosystem biodiversity [6,7]. 

The process of converting lignocellulosic biomass to ethanol mainly consists of 

pretreatment, hydrolysis, fermentation and distillation. Pretreatment is a critical process to break 

down the recalcitrant structure of cellulosic biomass in order to improve biomass enzymatic 

digestibility [8,9]. Hydrothermal pretreatment is an eco-friendly process as only water is used as 
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reaction medium without chemicals addition, which is usually processed at relatively high 

temperatures (140 – 220 °C) under mild acidic conditions [10, 11]. At room temperature, the 

corresponding pH of water is 7.0. However, as the temperature and pressure of saturated liquid 

water increases, pH of water decreases until reaching a minimum point of 5.6 at around 250 °C 

[9]. The concentration of hydronium ions increases as pH of water drops, which enhances the 

ability to catalyze acid reactions 25 times stronger than at room temperature [9]. During 

hydrothermal pretreatment, the hydronium ions released by water depolymerizes hemicellulose 

from plant cell wall to form acetic acids, improving enzymatic accessibility to cellulose and thus 

enzyme-catalyzed hydrolysis yields of fermentable glucose [10]. Ultrasonic pretreatment is a 

mechanical process equipped with heating source, in which biomass structure is disrupted by 

cavitational bubbles. During ultrasonic pretreatment, microbubbles are developed in local 

hotspots and then collapsed to release a huge amount of energy which may cause the melting of 

the crystalline structure of biomass as reactive radicals (
•
HO and 

•
H) can be formed at the 

moment of bubble collapse [12]. Compared with other thermochemical conversion technologies, 

such as acid and alkaline pretreatments, ultrasonic pretreatment is conducted without chemical 

agents and does not require severe conditions. Another advantage is that ultrasound-treated 

biomass can be converted into sugar and fermented to ethanol without additional pH adjustment 

and formation of inhibitors in chemical reactions during the pretreatment process. 

High-solids loadings (≥15% , w/w) of pretreatment and hydrolysis processes towards 

lignocellulosic ethanol is superior to lower-solids loading, including concentrated fermentable 

sugars, potential enhanced ethanol titers and reduced capital and energy costs [13]. This process 

is environmentally friendly as it minimizes water usage and waste disposal. In order to meet the 

minimum ethanol concentration (>40 g/L) for industrial distillation process, at least 15% (w/w) 
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solids is required for enzymatic hydrolysis [13-16]. However, high-solid pretreatment and 

hydrolysis could result in poor mass transfer, increased slurry viscosity and increased inhibitors 

concentration [17].  

High gravity enzymatic hydrolysis of high-solids pretreated lignocellulosic biomass 

envisions great potential in improving the process economics through enhanced fermentable 

sugars and ethanol yields [18]. Unfortunately, limited data are available for high loading 

pretreatment and enzymatic hydrolysis of lignocellulosic biomass. The objective of this research 

was to study the effect of high-solids loading pretreatment and enzymatic hydrolysis on sugar 

yields. Combined hydrothermal and ultrasonic treatment was used in this study. Furthermore, 

this study explored possibility of minimizing water usage and waste water disposal, including 

reduced water consumption for detoxification after pretreatment and recycling pretreatment 

liquor to treat next batch of biomass. 

2.3 Materials and methods 

2.3.1 Materials 

Big bluestem, is a dominant warm-season (C4) perennial native grass planted mostly in 

the Midwestern grasslands of North America. One big bluestem ecotype (Fults population) 

which was harvested in Carbondale, IL in 2013 was used for this study. After grinding into < 1 

mm particle size with a cutting mill (SM 2000, Retsch Inc., Newton, PA, U.S.), the sample with 

<7% moisture content was sealed in a plastic bag and stored at room temperature. The chemical 

composition of big bluestem was determined according to the National Renewable Energy 

Laboratory (NREL) procedure as shown in Table 1. In the NREL procedure, samples were first 

subject to sulfuric acid (72%) treatment for 60 min at 30 °C and then hydrolyzed by dilute acid 

(4%) at 121 °C for another 60 min. After acid hydrolysis, carbohydrate including cellulose and 
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hemicellulose was converted monosaccharide, which was measured by high-performance liquid 

chromatography (HPLC). Lignin consists of acid insoluble and acid soluble lignin. Acid 

insoluble lignin was weighed from the solid after oven heating overnight at 105 °C (the weight 

of acid insoluble lignin and ash) and then at 575°C for at least 6 hrs to measure the ash content. 

All chemicals used for this research were purchased from Sigma Chemical Co. (St. Louis, MO). 

2.3.2 Hydrothermal and ultrasound pretreatment 

The primary objective of pretreatment is to increase cell wall porosity and accessibility of 

plant cell wall surfaces to cellulolytic enzymes. Hydrothermal and ultrasonic pretreatment was 

carried out in a laboratory ultrasonic reactor (Ultrasonic High-Pressure Chemical Reactor, 

Columbia International). The stainless steel reactor has a total volume of 200 mL and is heated 

by an electric heater. The recommended maximum input volume is 150 mL as some space is left 

for slurry expansion. After weighted biomass samples were introduced into the reactor and the 

target temperature was set, the reactor was heated at a rate of round 4 °C min
 -1

. At the time of 

reaction temperature reached the target temperature, it was set as Time 0, so Time 30 min means 

after the reaction temperature reached the target temperature and maintained at this temperature 

for 30 min. Based on preliminary experimental results, reaction temperature ranged from 180°C 

to 200°C were able to achieve high fermentable sugar yields, thus, the reaction temperature from 

180°C to 200°C was used for this study. Ultrasound treatment was applied based on determined 

process conditions and the ultrasonic pattern was set at 5 seconds on and then 5 seconds off. 

After the treatment was complete, the ultrasonic reactor was removed from the electric heater 

and placed into room temperature water to cool down to 50 °C within 5 min. The slurry was 

vacuum filtered using Whatman Paper (No. 4). Water insoluble solid was washed thoroughly 

with water and collected for composition analysis and enzymatic hydrolysis to evaluate the 
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pretreatment effect. Distilled water was used to wash the pretreated solids after pretreatment. The 

pretreated solids was not dried as drying will destroy the open pores generated by the 

pretreatment process and consequently result in lower sugar yields. 

2.3.3 Enzymatic saccharification 

Enzymatic saccharification of pretreated biomass to evaluate the pretreatment effect was 

carried out at 4% solid loadings (grams dry weight per 100 ml) in 50 mM sodium acetate buffer 

solution (pH 5) with addition of 0.2 g/L to prevent microbial contamination. An enzyme 

complex, Accellerase 1500 is an enzyme complex including cellulose and β-glucosidase 

[Endoglucanase activity: 2,200–2,800 CMCU/g (1 CMCU unit of activity liberates 1 lmol of 

reducing sugars, expressed as glucose equivalents) in 1 min under specific assay conditions of 

50°C and pH 4.8]. Accellerase 1500, was generously provided by DuPont Industrial Biosciences 

(Rochester, NY, U.S.) and applied to this study at the recommended dosage (0.5 mL/g 

cellulose)[19]. Flasks were incubated at 50 °C in a rotary shaker (Model I2400, New Brunswick 

Scientific Inc., Edison, NJ, U.S.) with the speed of 140 rpm. Supernatants were extracted after 

72-hr enzymatic hydrolysis to analyze sugar concentration by HPLC. All reactions were 

performed in duplicate. Glucose yield was calculated as follows: 

Glucose yield (%) =
𝑅𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑠𝑢𝑔𝑎𝑟 𝑎𝑚𝑜𝑢𝑛𝑡

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑠𝑢𝑔𝑎𝑟 𝑎𝑚𝑜𝑢𝑛𝑡 𝑖𝑛 𝑟𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠
  * 100% 

2.3.4 Statistics 

Analysis of variance and pairwise comparisons for the means using the Tukey adjustment 

were performed with SAS (SAS Institute, Inc., Cary, NC, USA). Means values and standard 

deviation from the duplicated experiments are reported.  
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2.4 Result and discussion 

2.4.1 Biomass composition before and after treatment 

Structural sugars and lignin consist of the major composition of herbaceous grasses. The 

chemical composition of big bluestem used in this study fell into the range of many varieties of 

big bluestem reported by Zhang et al. [20]. Raw big bluestem used in this study contained 36.6% 

cellulose, 30.6% hemicellulose and 18.2% lignin while the hemicellulose of treated biomass 

significantly reduced to 5.8%, consequently enhanced cellulose (58.6%) and lignin (31.2%) 

composition (Table 2.1). This is probably due to the acetic acids hydrolyzed from hemicellulose 

upon the liquid hot water treatment. Modified structure of biomass tremendously improved the 

enzymatic digestibility of cellulose as compared to untreated biomass. Hydrothermal 

pretreatment might alter the lignin position, but rarely reduced the lignin content of biomass, 

which was suspected to bind or deactivate the enzymes’ accessibility to cellulose and as a cost of 

requiring adding more cellulolytic enzymes [21]. 

 

Table 2.1 Chemical composition of untreated and treated biomass used in this experiment. 

Composition Untreated big bluestem (%, db) Treated big bluestem (%, db)
1
 

Cellulose 36.6±0.51 58.6±0.65 

Hemicellulose 30.6±0.56 5.8±0.58 

Lignin 18.2±0.6 31.2±0.43 

Ash 4.64±0.78 0.8±0.81 

1
(The pretreatment condition was 200 °C and 30 min residence time). Values are means ±SD 

(standard deviation). 
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2.4.2 Effect of hydrothermal pretreatment on glucose yields  

Hydrothermal pretreatment was applied to big bluestem using distilled water as medium 

at various temperatures without any chemicals addition. Different treatment conditions (180 °C, 

200 °C, and 220 °C with residence time 0 or 30 min after reached target temperature) were 

carried out to test the hydrothermal effect on glucose yields of big bluestem via enzymatic 

hydrolysis. Both reaction temperature and residence time were found to have a significant effect 

on glucose yields. As shown in Fig. 2.1, hydrothermal pretreated samples at 180 °C achieved 

around 24 % glucose yield. As reaction temperature increased to 200 °C, the glucose yield 

increased to 31.8 %, further increasing reaction temperature to 220 °C resulting in enhanced 

glucose yield of 71.78%. Further, maintaining the reaction temperature for 30 min after reaching 

target temperature could benefit to additional increased glucose yields, increased from 24 to 

38.7% for 180 °C, 31.8 to 71.01% for 200 °C, and 71.78 to 89.16% for 220 °C. Perez et al. [22] 

also showed that reaction temperature and time had a significant effect on sacchrification yields 

of hydrothermal pretreated wheat straw.  

Combined with the enhanced kinetic energy in the slurry at high temperatures, the rate of 

depolymerization reactions that open the complex cell wall structure are significantly increased 

during hydrothermal pretreatment. Hemicellulose which is the most sensitive to relatively high 

temperatures among the three polymers of plant cell walls, a branched heterogeneous 

carbohydrate, consists mainly of xylose, arabinose, glucose and mannose that varies depending 

on plant resource. The acetyl group of hemicellulose is easily hydrolyzed into acetic acid upon 

heated, the acids dissolve into water and result in more acidic solution. 
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Fig. 2.1 Enzymatic hydrolyzed cellulose to glucose of hydrothermally treated big bluestem (8% 

solid loading). Values re the averages of the duplicated experiments and standard deviations 

were in the range of 0.19-0.79 of the mean. 

 

2.4.3 Effect of combined ultrasound and hydrothermal pretreatment 

on glucose yields  

Hydrothermal pretreatment is an effective and environmental-friendly process to improve 

the accessibility of enzymes to cellulose and subsequently the fermentation yield. Van Walsum 

et al. [23] reported that simultaneous saccharification and fermentation of hydrothermal 

pretreated sugarcane bagasse at 220 °C for 2 min achieved 90% ethanol yield at the enzyme 

loadings of 15 FPU/g. Ultrasonic pretreatment is also a clean technology to process the 

lignocellulosic biomass and it was combined with hydrothermal pretreatment to test their effect 

on glucose yields of big bluestem. As shown in Fig. 2.2, it is a clearly demonstrated that the 

combined thermal and ultrasonic reaction improved the glucose yields of big bluestem. However, 
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the combined reaction was not effective to increase glucose yield at high temperatures (i.e. 200 

°C and 220 °C). It seems that hydrothermal pretreatment at higher temperatures may be strong 

enough to break down the recalcitrant structure to achieve high glucose yield (i.e. 89.16% for 

samples treated at 220 °C for 30 min). One hypothesis is that the particle size used in this study 

is relatively small (< 1 mm) and the microstructure of biomass is relatively easy to be disrupted 

so that hydrothermal pretreatment only is sufficient to gain high hydrolysis yield. 

 

Fig. 2.2 Enzymatic hydrolyzed cellulose to glucose of combined ultrasonic and hydrothermal 

treated big bluestem (8% solid loading). Values re the averages of the duplicated experiments 

and standard deviations were in the range of 0.32-0.55 of the mean. 

 

2.4.4 Effect of high-gravity hydrothermal pretreatment on glucose yields  

Pretreatment occupies a significant portion of the total cost of the whole cellulosic 

bioethanol production process and water is critical to the pretreatment process by reducing the 

slurry viscosity and improving mass transfer and solvent diffusion [13]. Although advanced 
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pretreatment technology has been developed at relatively low-solids loadings (5-10% solids) and 

achieved high conversion yields of fermentable sugars, it is important to develop efficient and 

clean technologies at high solids concentration to lower the production cost. Pretreatment at 

high-solids loading could enhance sugars concentration and reduce water and energy 

consumption, which is considered as a more cost-effective process. However, high-gravity 

pretreatment induces some challenges such as limited mass transfer, increased slurry viscosity 

and accumulation of inhibitory compounds which have the potential to reduce the subsequent 

enzymatic hydrolysis and fermentation efficiency. 

In this research, the solids loading was tested from 8 to 20% (w/v) and its enzymatic 

hydrolysis yield was investigated. Water washing was carried out to detoxify the pretreated 

biomass. As shown in Fig. 2.3, the glucose yield of pretreated biomass at 200 °C for 30 min 

increased as solids loading increased from 8 to 16% (w/v), however, as it further increased to 

20% (w/v), the glucose yield reduced slightly as compared that of 16% solid content (84.13 % 

vs. 81.13%, w/v). More hemicellulose hydrolyzed during pretreatment at higher-solids loadings 

which resulted in lower pH could help explain the enhanced glucose yields. However, it seemed 

to be a threshold of optimum solids loading for the reactor used in this study as over-loading 

might result in poor mass transfer. Note, the pretreatment process was carried out without the aid 

of mixing and it may explain why the optimum solids loading was limited to 16% (w/v) as 

compared to other studies which reported much higher solids loading pretreatment (up to 30%, 

w/w) [24]. The following experiments were carried out using 16% (w/v) solids loading to 

pretreat biomass.   



28 

 

Fig. 2.3 Enzymatic hydrolyzed cellulose to glucose of hydrothermally treated big bluestem at 

various pretreatment solid loading (the pretreatment condition was to heat 30 min at 200 °C). 

Values re the averages of the duplicated experiments and standard deviations were in the range 

of 0.05-0.76 of the mean. 

 

2.4.5 Effect of solids loading enzymatic hydrolysis on glucose yields 

High gravity bioconversion offers benefits such as improved water usage efficiency of 

the process and lower industrial distillation costs [18,25]. By increasing the solid loadings, the 

final sugar concentration and consequently ethanol titer will be higher [14,17]. However, the 

mixing of biomass in laboratory rotary shaker is insufficient and generally limited to 10% solids 

loading [14]. Enzymatic hydrolysis at 4% (w/v) achieved 77.7% glucose yield (Fig. 2.4), but it 

reduced as solids loading increased. It was also confirmed by this study that glucose yield at 12% 

solids (w/v) was significantly less than at 4% solids (w/v) under laboratory rotary shaking. 

Adequate mixing is required to obtain sufficient cellulolytic enzymes and biomass 

interaction to avoid areas with concentrated sugars which would inhibit the enzymes, especially 
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during the high-solids loading hydrolysis process [14, 26]. Advanced bioreactors are needed to 

ensure the sufficient mixing of substrate and enzymes, the low energy consumption and the low 

stress to the enzymes and yeast cells [25]. Enzymatic saccharification of higher solids loading 

(up to 20%, w/v) was tested using a horizontal reactor with mixing (Parr Instrument Co., Moline, 

IL). At the same solids loading (12%, w/v), the glucose yield from the horizontal reactor (85.6%) 

was significantly higher than laboratory rotary shaker (68.9%). Increasing the solids loading to 

16 and 20% (w/v), the glucose yield reduced to 76.8 an 72%, respectively. However, the glucose 

concentration was increased from 58.4 g/L to 65.2 g/L and 74.5 g/L, respectively. The maximum 

glucose titer achieved in this study was 74.5 g/L at 20% (w/v) solids loading, which was slightly 

lower than proposed minimum glucose titer (80 g/L) for industrial distillation economics [16,17]. 

Further increase in solids loading has a potential to meet this requirement, but there’s a trade-off 

between the glucose titer and glucose yield as the glucose yield gradually decreased as the solids 

loading increased while the glucose concentration generally increased as the solids concentration 

increased [14]. Instead, bovine serum albumin and other protein treatments prior to enzymatic 

hydrolysis were found to effectively reduce adsorption of cellulose and especially beta-

glucosidase on lignin which subsequently improved the enzymatic digestibility of cellulose and 

potentially reduce the enzyme loadings [27]. In addition, optimized enzyme cocktails could be a 

feasible way to boost the glucose concentration as Accellerase 1500 supplemented with 

Novozyme 188 was shown to achieve the glucose concentration of above 80 g/L at solids 

loading of 20.3% [17]. 

The end-product inhibition of cellulolytic enzymes by concentrated sugars at the final 

stage of hydrolysis was believed to be one of the main reasons for reduced saccharification 

yields [18]. Thus, simultaneous saccharification and fermentation (SSF) could be performed to 
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overcome this problem. Another method to increase sugar yield is to adjust the feeding 

strategies, similar to gradual feeding pretreated biomass to surpass enzymatic saccharification 

limitations [15].  

 

Fig. 2.4 Enzymatic hydrolysis of hydrothermally treated big bluestem at different solid loadings.  

(The line with dots represents the glucose titer; the pretreatment condition was to heat 30 min at 

200 °C and water-washed at 10 mL/g after pretreatment; solid content of 4–12% was conducted 

with the laboratory rotary shaker while 12*–20% was conducted with the horizontal reactor). 

Values re the averages of the duplicated experiments and standard deviations were in the range 

of 0.05-0.82 of the mean. 

 

2.4.6 Water consumption for detoxification after pretreatment 

After pretreatment, water is usually required to wash the treated biomass to remove the 

inhibitors (such as acetic acid, furfural and hydroxymethylfurfural), especially after pretreatment 

at high-solids loadings, otherwise, they may affect the downstream processes such as enzymatic 

hydrolysis and subsequent fermentation [28]. The slurry containing 3.3 g/L acetic acid and 145 

mg/L furfural was strong enough to inhibit the fermentation process [29].  
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Reducing the amount of water used for detoxification could increase water usage 

efficiency and reduce the waste water disposal, which is an essential way to reduce the overall 

production cost. However, a lot of published studies didn’t provide the exact amount of water 

used to wash the biomass after pretreatment. Our goal is to quantify the minimum amount of 

water necessary to wash the hydrothermally pretreated biomass without affecting enzymatic 

hydrolysis and subsequent fermentation yield. For unwashed biomass (16%, w/v) pretreated at 

200 °C for 30 min, glucose yield (76.87%) was significantly lower than those from washed 

biomass (Fig. 2.5). For washed biomass, the glucose yield increased to 78.22% and 83.2% when 

washing water consumed per unit biomass were 5 mL/g and 10 ml/g, respectively. Further 

increasing amount of washing water did not significantly enhance the glucose yield. Therefore, 

we recommended that based on this hydrothermal pretreatment condition, 10 mL/g (washing 

water per unit biomass) is sufficient to achieve high glucose yield after enzymatic hydrolysis. As 

compared to the claimed water per unit biomass at 20 kg/kg in a conventional washing process 

for steam-treated wheat straw and 40 kg/kg for dilute acid treated grass, the consumed washing 

water after pretreatment in this study was reduced by 50 and 75%, respectively [20,30]. Another 

study reported using deionized water at water-to- solid ratio of 15:1 to wash steam-explosion 

pretreated corn stover [17]. The following experiments were carried out using 10 mL/g to wash 

pretreated biomass.   
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Fig. 2.5 Enzymatic hydrolyzed cellulose to glucose of water washed big bluestem after 

hydrothermal pretreatment (the pretreatment condition was to heat 30 min at 200 °C and16% 

solid loading). Values re the averages of the duplicated experiments and standard deviations 

were in the range of 0.17-0.71 of the mean. 

 

2.4.7 Effect of recycling pretreatment liquor on glucose yields  

Most of current biomass conversion process just focuses on the recovery of glucose from 

cellulose instead of total fermentable sugars, and the sugars from hemicellulose may lose during 

disposal of pretreatment liquors.  Petersen et al. [24] showed that pretreatment liquors could be 

used to soak and soften the biomass before pretreatment process. In this study, we used 

pretreatment liquor as recycling water for biomass treatment to reduce water usage and save 

post-waste water treatment cost. The result showed that slight increment in glucose yield (85.76 

vs. 83.2%) was obtained when using previous pretreatment liquor to treat subsequent batch of 

biomass (Fig. 2.6). This result indicates that there has an advantage of using use recycling water 

for biomass pretreatment. In addition, pretreatment liquor could be utilized for yeast propagation 



33 

to improve its adaption and fermentation performance. The sugars present in pretreatment liquor 

can be used as carbon source for cell growth which reduces the sugar consumption from 

cellulose, thereby, it may increase ethanol fermentation efficiency and ethanol yield.  

 

Fig. 2.6 Enzymatic hydrolyzed cellulose to glucose of hydrothermally treated big bluestem using 

pretreatment liquors.  (The pretreatment condition was to heat 30 min at 200 °C and water 

washed at10 mL/g after pretreatment and 16% solid loading). Values re the averages of the 

duplicated experiments and standard deviations were in the range of 0.21-0.64 of the mean. 

 

2.5 Conclusions 

Producing concentrated sugars and reducing water usage are critical elements to 

commercialize cellulosic ethanol production. Hydrothermal pretreatment at higher temperatures 

was strong enough to disrupt the recalcitrant structure and increase enzymatic digestibility of 

cellulose while the addition of ultrasound to hydrothermal pretreatment can significantly 

improve sugar yields at low temperature treatment. High gravity pretreatment brings benefits 

such as enhanced sugars concentration and reduced water and energy consumption, meanwhile 
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facing the challenges of poor mass transfer, high slurry viscosity and accumulated inhibitory 

compounds.  The mixing capability of reactor is critical to enzymatic hydrolysis. With a 

laboratory rotary shaker, only 69% of glucose yield was achieved at 12% solids loading (w/v), 

while a horizontal reactor with good mixing achieved 86% of glucose yield. Even at 20% solids 

loading, 72% glucose yield and around 75 g/L glucose titer were achieved with a horizontal 

reactor. The minimum water necessary to wash the hydrothermally pretreated biomass reduced 

by 50 and 75% as compared to steam-treated wheat straw and dilute acid treated grass, 

respectively, without sacrificing enzymatic hydrolysis and subsequent fermentation. Recycling 

prehydrolysate water was found to be a potential alternative approach to save water usage and 

reduce wastewater disposal. 
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Chapter 3 - Integrating starchy substrate into cellulosic ethanol 

production to boost ethanol titers and yields 

 

This chapter has been published as a peer-reviewed research paper in the Journal of 

Applied Energy. 2017. 195: 196-203. 

 

3.1 Abstract 

Starchy grains as current major feedstocks for bioethanol production are competing with 

food supply; therefore, lignocellulosic biomass was pursued as an alternative feedstock for 

bioethanol production due to its high availability and low price. Commercial production of 

second-generation bioethanol from lignocellulosic biomass is still under development as 

significant challenges of low fermentation efficiency, low ethanol titers, high enzyme cost, and 

high water usage remain to be addressed. In this research, sugar-rich substrates such as starchy 

grains were integrated into cellulosic ethanol production, which could boost ethanol titers and 

ethanol yields. The substrates with various ratios of corn flour and hydrothermal treated corn 

stover (4:12; 8:8; 12:4; 12:12) were evaluated on the ethanol concentration and ethanol yield via 

simultaneous saccharification and fermentation. Ethanol concentration and ethanol yield 

decreased with increasing amounts of treated corn stover in the mixtures. The maximum ethanol 

concentration (68.7 g/L) was achieved at the corn flour and corn stover ratio of 12:12 using raw 

starch granular enzyme with the ethanol yield of 86.0%, whereas the maximum ethanol yield was 

obtained at the corn flour and corn stover ratio of 12:4 as it contained higher amounts of corn 

flour. All the ethanol concentrations from various mixtures of corn flour and corn stover were 

higher than 37.9 g/L from the control with 100% of treated corn stover (16%, w/v). 
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Saccharification and fermentation processes were optimized to reduce energy cost and the 

optimized process was able to complete ethanol fermentation within 48 h. 

Keywords: Starch, Biomass, Pretreatment, Co-fermentation, Ethanol yield, Ethanol 

concentration 

3.2 Introduction 

Bioethanol used to fuel vehicles can reduce our dependence on fossil fuels and net 

greenhouse gas emissions [1, 2]. Biotechnologies are mature enough to produce ethanol from 

starch-rich grains in large scales and continue to advance development of cellulosic ethanol 

production. Currently, commercial production of second-generation bioethanol from 

lignocellulosic biomass is still not economically feasible, mainly facing challenges of high 

enzyme cost, high water usage, low ethanol titer and low ethanol yield [3, 4]. Enhancing ethanol 

titer without sacrificing ethanol yield challenges the production of cellulosic ethanol due to the 

complex and recalcitrant structure of lignocellulosic biomass [5].  

To effectively convert lignocellulosic biomass into biofuel, pretreatment is usually 

required to disrupt the complicated interconnected structure of cellulose, hemicellulose and 

lignin [6-8]. Raw lignocellulosic biomass such as agricultural residues usually contains 25-35% 

cellulose, 20-30% hemicellulose and 25-35% lignin [1, 9], in which hemicellulose is more likely 

to depolymerize upon heat or acidic conditions, while cellulose and lignin are more resistant to 

thermal decomposition [7-10]. Well-developed pretreatments such as dilute acid pretreatment or 

hydrothermal pretreatment are often implemented to improve enzymatic digestibility of cellulose 

mainly through eliminating most hemicellulose intertwined with cellulose [7, 8]. Consequently, 

the amount of cellulose in the pretreated biomass could be increased to around 50-60% as 
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compared to raw materials, which would have the potential of producing concentrated sugars and 

higher ethanol titers [11, 12]. Liquid hot water pretreatment is also an effective method to disrupt 

the microstructure of biomass and considered as a green process because of less waste disposal 

and less required post-treatment [13, 14]. Detoxification of pretreated biomass is usually 

beneficial following enzymatic hydrolysis and ethanol fermentation as degraded products such as 

acetic acid, furfural and hydroxymethyfurfural are generated in pretreatment hydrolysates [13, 

14]. Multiple products through fermentation of acetone pretreated sweet sorghum bagasse (SSB) 

at 180 °C for 60 min were able to obtain 78g butanol, 35g acetone, 12g ethanol, 28g acetic acid, 

and 6g butyric acid per kg of SSB input [15]. 

High gravity enzymatic hydrolysis of pretreated biomass is superior to low-solids 

loadings as enhanced fermentable sugars and less water consumption are preferred from the 

economic and environmental standpoints [16]. High ethanol concentration is necessary to reduce 

capital and energy costs as a minimum of 40 g/L is generally required for economical ethanol 

distillation [4]. Fermentation of treated cellulosic biomass alone was not able to reach this goal 

and one common approach to achieve higher ethanol titers is to increase the amount of biomass 

loadings (> 8wt% glucan loading), so-called high-gravity processing. However, it is also known 

that fermentable sugars yield normally decreases as solids loadings increase due to the problems 

like mass transfer limitations or accumulated inhibitors by degraded products that subsequently 

occur, which results in decreased fermentation yield. Jorgensen et al. [17] utilized a reactor 

system with excellent mixing capability that was able to liquefy and saccharify pretreated wheat 

straw up to 40% (w/w) solids loading and obtained the highest ethanol concentration of 48 g/L at 

the 35% (w/w) solids loading but with relatively low and unacceptable ethanol yield, less than 
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50%. Thus, it is challenging to effectively hydrolyze and ferment cellulosic biomass at high 

solids loading.  

Grains such as corn, sorghum and wheat usually have starch content of more than 70%, 

with much more fermentable sugars than cellulosic biomass. In addition, large-scale ethanol 

production from starch-rich or sugar-rich substrates is well established around the world, 

including corn grain-based bioethanol production in the U.S. and sugarcane-based ethanol 

production in Brazil [18]. Cereal crops for biofuel production lead to argument of the increasing 

food prices and security of food supply, but biofuels derived from cellulosic biomass such as 

agricultural residues provide positive impacts and without competing with human food [19]. 

Integration of first and second generation biofuel production could reduce the capital cost and 

accelerate the production of cellulosic ethanol [20-22]. Integrated first and second generation 

ethanol production was mainly applied to sugarcane as byproduct of abundant sugarcane bagasse 

was available after sugar juice extraction at the plant [21, 22]. In addition, co-fermentation of 

cellulosic biomass and grains was utilized to generate fermentative hydrogen [20] and for 

efficient pentose utilization in acetone-butanol-ethanol production [23]. Co-fermentation of 

biomass and grains or sugar juice was able to increase fermentable sugar concentration [24], 

consequently enhance ethanol concentration which could lower the downstream distillation cost 

[4]. 

Corn and corn stover were selected as representative feedstocks in this study. Corn flour 

was treated separately with two different hydrolyzing enzymes to generate fermentable sugars 

with or without the step of starch gelatinization. To the best of our knowledge, this is the first 

paper to evaluate the raw starch granular enzyme for co-fermentation of biomass and grain 

mixtures. Liquid hot water was used to pretreat corn stover without any additions of chemicals. 
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Mixtures of pre-saccharified corn slurry and hydrothermally pretreated corn stover at various 

ratios were subjected to simultaneous saccharification and fermentation (SSF) at high solid 

loadings and their effects on ethanol titers and ethanol yields were evaluated. The objective of 

this study was to utilize more cellulosic biomass but less starchy substrate in the co-fermentation 

process. With the addition of starch, the final ethanol concentration was able to meet the 

minimum of 40 g/L which is generally required for economical ethanol distillation [4]. High 

solid loadings (up to 24%, including 12% biomass and 12% grain) were tested in this study. 

Further experiments were carried out to optimize the processing conditions to achieve high 

ethanol titers and high ethanol yields. 

3.3 Materials and methods 

3.3.1 Materials 

Corn grain and corn stover were harvested at a local farm (Manhattan, KS). After grinding 

into <1 mm particle size with a cutting mill (SM 2000, Retsch Inc., Newton, PA, USA), corn 

stover was sealed in a plastic bag and stored at room temperature. Corn grain was ground into 

flour using a UDY cyclone sample mill with a 1.0 mm screen (Fort Collins, CO). The starch 

content of corn grain (73%, db) was analyzed following the Megazyme assay procedure with 

Total Starch assay kit (K-TSTA, Megazyme, Bray, Ireland) according to AACC Approved 

Method 76-13.01 [25]. Corn stover was subjected to warm water (50°C) extraction to generate 

water insoluble solids (WIS). The chemical composition of corn stover was determined 

according to the National Renewable Energy Laboratory (NREL) procedure as shown in Table 1 

[26]. In the NREL procedure, corn stover was first subjected to warm water (50 °C) extraction to 

generate water insoluble solids (WIS), then samples were treated with sulfuric acid (72%) at 30 

°C for 60 min and hydrolyzed by dilute acid (4%) at 121 °C for another 60 min. After acid 
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hydrolysis, carbohydrates including cellulose and hemicellulose were converted to 

monosaccharide, which was measured by high-performance liquid chromatography (HPLC). 

Lignin consists of acid insoluble and acid soluble lignin. Acid insoluble lignin was weighed from 

the solid after oven heating overnight at 105 °C (the weight of acid insoluble lignin and ash) and 

then at 575°C for at least 6 h to measure the ash content. All chemicals used for this research 

were purchased from Sigma Chemical Co. (St. Louis, MO). 

3.3.2 Hydrothermal pretreatment 

The primary objective of pretreatment is to open the recalcitrant structure and increase 

enzymatic accessibility to plant cell wall surfaces. Hydrothermal pretreatment was carried out in 

a Parr reactor (Parr Instrument Co., Moline, IL). The stainless steel reactor has a total volume of 

1 L and is heated by an electric heater. The recommended maximum input volume is 750 mL as 

some space is reserved for slurry expansion. After weighted biomass samples were introduced 

into the reactor and the target temperature was set, the reactor was heated at a rate of 

approximately 6 °C min
 -1

. At the time reaction temperature reached the target temperature 

(200°C), it was maintained at this temperature for 30 min. After the treatment was complete, the 

reactor was removed from the electric heater and placed into room temperature water to cool 

down to 50 °C within 5 min. Then the slurry was vacuum filtered using Whatman Paper (No. 4). 

Pretreated biomass was washed thoroughly with water and collected for composition analysis 

and enzymatic hydrolysis to evaluate the pretreatment effect. 

3.3.3 Enzymes 

Liquefying enzyme, α-amylase (Liquozyme; Novozymes) and saccharifying enzyme, 

glucoamylase (Spirizyme
®
 Fuel; Novozymes) were used to hydrolyze starch into glucose 
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monomers. A comparative study using granular starch hydrolyzing enzyme (STARGEN
TM

 002; 

Genencor) was carried out without the need for starch gelatinization or liquefaction. Enzyme 

dosage was applied as recommended by the manufacturer without further optimization. 

Cellulolytic enzymes Accellerase 1500, was generously provided by DuPont Industrial 

Biosciences (Rochester, NY, USA) and applied to this study at the recommended dosage (0.5 

mL/g cellulose). 

3.3.4 Enzymatic saccharification  

In Case 1, weighted corn flour was poured into clean 250 mL flasks and mixed with 

preheated (60 to 70°C) broth (containing 1.0g KH2PO4 and 200 µL high-temperature α-amylase, 

Liquozyme, 240 KNU/g, ≈ 1.26 g/mL, per liter) into each flask (20 µL of Liquozyme per flask). 

The flasks were transferred to a rotary water bath with shaking speed of 180 rpm and 70°C for 

liquefaction. The temperature of the water bath was raised to 90°C in 35 to 40 min and then kept 

for 90 min. The pH of the mashes was adjusted to around 4.2 with 2N HCL after liquefied 

mashes were cooled to room temperature (25°C). Next, 100 µL of Spirizyme (750 AUG/g, ≈ 

1.15 g/mL) was added into each flask and sealed for enzymatic saccharification. Flasks were 

incubated at 50°C placed in a rotary shaker (Model I2400, New Brunswick Scientific Inc., 

Edison, NJ, USA) with the speed of 150 rpm. Supernatants were extracted by filtration after 24 

and 48-hr enzymatic hydrolysis to analyze glucose concentration by HPLC. All reactions were 

performed in duplicate. Glucose yield was calculated as follows: 

Glucose yield (%) =
𝑅𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑠𝑢𝑔𝑎𝑟 𝑎𝑚𝑜𝑢𝑛𝑡

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑠𝑢𝑔𝑎𝑟 𝑎𝑚𝑜𝑢𝑛𝑡 𝑖𝑛 𝑟𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠
  * 100% 

In Case 2, weighted corn flour was poured into clean 250 mL flasks and the pH of the 

mashes was adjusted to around 4.2 with 2N HCL after distilled water addition. Granular starch 
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hydrolyzing enzyme (STARGEN
TM

 002; Genencor) was added into each flask. This enzyme is 

distinctly different from enzymes applied in Case 1 as it can attack the whole starch granules 

without the cooking step. Flasks were incubated at 50°C placed in a rotary shaker (Model I2400, 

New Brunswick Scientific Inc., Edison, NJ, USA) with the speed of 150 rpm. Supernatants were 

extracted by filtration after 6 and 24-hr enzymatic hydrolysis to analyze glucose concentration by 

HPLC. Glucose yields were compared to that of Case 1 from conventional liquefaction and 

saccharification enzyme system with a cooking step. 

3.3.5 Simultaneous saccharification and fermentation  

After enzymatic hydrolysis of corn flour, hydrothermally pretreated corn stovers were 

added to each flask according to calculated weight. Various mixtures of saccharified corn flour 

and pretreated corn stover (referred as Mixture A, B, and C) were used as substrates in SSF with 

a total water insoluble solids (WIS) content of 16% (represents 16 g solids per 100 mL liquor). 

The WIS ratios of corn flour and corn stover mixtures were 4:12 (Mixture A), 8:8 (Mixture B), 

12:4 (Mixture C), and pure pretreated corn stover (16% WIS) was used as control. Mixture 12 

and 12* represented the ratio of corn flour to corn stover was 12:12. SSF experiments were 

performed using Accellerase 1500, and applied at the recommended dosage (0.5 mL/g cellulose). 

Yeast (Red Star Ethanol Red, Lasaffre, Milwaukee, WI, USA), S. cerevisiae, was activated 

before inoculation by weighing 1.0 g of active dry yeast into 19 mL of culture broth (containing 

20 g of glucose, 5.0 g of peptone, 3.0 g of yeast extracts, 1.0 g of KH2PO4, and 0.5 g of 

MgSO4•7H20 per liter and autoclaved at 121°C for 20 min) and incubating at 38°C at 200 rpm 

for 30 min. The activated yeast culture had a cell concentration of around 10
9
 cells/mL of broth. 

The simultaneous saccharification and fermentation process started when 1.0 mL of activated 

yeast culture and 0.3 g of yeast extract were added into each flask and sealed with an S-shaped 
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airlock. Fermentation was conducted at 38°C in a rotary shaker operating at 150 rpm for 72 h. 

The fermentation process was monitored by measuring the weight changes of each flask as CO2 

escaped during fermentation [27]. Supernatants were extracted by filtration after 24, 48 and 72 h 

SSF to analyze ethanol concentration by HPLC. One gram of starch or cellulose could be 

hydrolyzed into 1.11 g of glucose and that 1 g of glucose could stoichiometrically be converted 

into 0.511 g of ethanol during fermentation.  

Ethanol fermentation efficiency (%) =
𝐴𝑐𝑡𝑢𝑎𝑙 𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 
  * 100% 

3.3.6 Experimental design 

The experimental procedure is shown in Fig. 1. Various mixtures of corn flour and corn 

stover were tested in this study. In Case 1, corn flour was liquefied by α-amylase and then 

saccharified with glucoamylase for 48 hr. Then the entire slurry was subjected to SSF with the 

addition of hydrothermally pretreated corn stover. In contrast, granular starch hydrolyzing 

enzyme was used in Case 2 without the liquefaction step and corn flour mash was saccharified 

for 24 hr. Then the following step of SSF was the same as Case 1 mentioned above. Case 3 was 

designed to optimize the processes of Case 1 without the pre-saccharification step.  
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Fig. 3.1 Flow chart of experimental designs 

 

3.3.7 Statistics 

            Analysis of variance and pairwise comparisons for the means using the Tukey adjustment 

were performed with SAS (SAS Institute, Inc., Cary, NC, USA). Means values from the 

duplicated experiments are reported.  

 

3.4 Results and discussions 

3.4.1 Hydrothermal pretreatment of corn stover  

Agricultural residues, such as corn stover, mainly consist of cellulose, hemicellulose and 

lignin. The chemical composition of raw corn stover used in this study contained 33.8% 

cellulose, 25.7% hemicellulose and 16.8% lignin while the hemicellulose of hydrothermally 
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treated biomass significantly reduced to 5.4%, consequently enhanced cellulose (50.5%) and 

lignin (32.0%) composition (Table 3.1). This is likely due to weak acids like acetic acid 

hydrolyzed from hemicellulose as a result of the high temperature water treatment (200 °C for 30 

min). Biomass solid recovery after treatment was 61.3% as most water soluble solids were 

dissolved and most hemicellulose was decomposed, meanwhile relatively high cellulose 

recovery (91.5%) was achieved in this study. Modified structure of biomass opened more 

accessible pathways to cellulolytic enzymes as compared to untreated biomass. Hydrothermal 

pretreatment could relocate the lignin component, but failed to decrease the lignin content of 

biomass, which had a negative effect on the enzymatic digestibility of cellulose as lignin could 

bind enzymes and consequently more cellulolytic enzymes might be needed [28-30]. 

Table 3.1 Chemical composition of untreated and treated biomass used in this experiment. 

Composition Cellulose  

(%, db
c
) 

Hemicellulose 

(%, db) 

Lignin 

(%, db) 

Mass 

recovery  

(%) 

Cellulose 

recovery  

(%) 

Untreated corn stover
a
         33.8±0.45 25.7±0.55 16.8±0.4  

 

61.3±0.8 

 

 

91.5±0.5 

Treated corn stover
b
 

50.5±0.16 5.4±0.02 32.0±0.5 

a
 Numbers do not sum to 100% since other minor components, such as ash, are not included.  

b 
The pretreatment condition was 200 °C and 30 min residence time.  

c 
db means dry basis.  

3.4.2 Enzymatic saccharification of starch in the corn flour and corn stover 

mixtures  

In Case 1, corn flour was cooked for starch gelatinization and followed by starch 

liquefaction using thermostable α-amylase. Then with the addition of glucoamylase, the liquefied 

slurry was cleaved to glucose and the viscosity of the slurry was significantly reduced after 
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enzymatic saccharification [31]. This saccharification process is widely applied in corn-based 

ethanol production as the rapid glucose release could ensure fast fermentation and reliable 

ethanol production [32]. Saccharification of starchy substrate is usually faster and typically 

completed within 48 h as shown in Fig. 3.2a. However, saccharification and fermentation of 

cellulosic biomass requires longer time due to different glycosidic linkages as shown in Fig. 

3.2b. In Fig. 3.2a, Mixtures A, B, and C, containing 4 g, 8 g, and 12 g corn flour, respectively, 

were completely saccharified within 24 h and leveled off to 48 h. Further experiments could be 

carried out to minimize the saccharification time. Fig. 3.2 shows that glucose concentration 

increased as the amount of corn flour content in the slurry increased, ranging from 64.1 to 166.8 

g/L, whereas Fig. 3.3 shows that glucose yield of 24-h saccharification decreased as corn four 

content increased, ranging from 98.6 to 85.7% due to higher viscosity at high solid loadings [31]. 

In Case 2, corn flour was liquefied and saccharified by raw starch granular enzyme 

without the cooking process, which could reduce unit operation costs and lower energy input per 

unit ethanol production. Shorter saccharification of corn flour (6 and 24 h, Fig. 3.4a) was 

conducted in order to save processing time and consequently improve processing efficiency.  

Mixture A with 4 g corn flour and 12 g biomass was completely saccharified within 6 h while 

longer time was needed to complete the saccharification process for Mixtures B and C with high 

corn flour content, as shown in Fig. 3.4a, glucose concentration continued to increase after 6-h 

sacchrification. Glucose concentrations after 24-h saccharification were 60.2, 94.5, and 122.1 

g/L in Mixture A, B, and C, respectively, which were lower than that of Case 1. Saccharification 

yield followed the same trend as Case 1 that saccharification yield decreased as the amount of 

corn four in the slurry increased, ranging from 96.4 to 78.3% (Fig. 3.5), which was less than that 

of Case 1. It also indicated that saccharification process by granular starch hydrolyzing enzyme 
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was much slower as compared to using α-amylase and glucoamylase in Case 1. The results were 

consistent with another study applying granular starch hydrolyzing enzyme to hydrolyze grain 

sorghum and sweet sorghum juice mixture [33]. 

 

 

Fig. 3.2 (a) saccharification of corn flour and (b) simultaneous saccharification and fermentation 

of pre-saccharified corn flour and pretreated corn stover (using α-amylase + glucoamylase in 

Case 1). Ratios of corn flour and corn stover mixture: A (4:12); B (8:8); C (12:4); Control (0:16). 
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Fig. 3.3 Saccharification yield of corn flour and simultaneous saccharification and fermentation 

of pre-saccharified corn flour and pretreated corn stover (using α-amylase + glucoamylase in 

Case 1). Ratios of corn flour and corn stover mixture: A (4:12); B (8:8); C (12:4); Control (0:16).  
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Fig. 3.4 (a) saccharification of corn flour and (b) simultaneous saccharification and fermentation 

of pre-saccharified corn flour and pretreated corn stover (using granular starch hydrolyzing 

enzyme in Case 2). Ratios of corn flour and corn stover mixture: A (4:12); B (8:8); C (12:4); 

Control (0:16).  

 

 

 

Fig. 3.5 Saccharification yield of corn flour and simultaneous saccharification and fermentation 

of pre-saccharified corn flour and pretreated corn stover (using granular starch hydrolyzing 

enzyme in Case 2). Ratios of corn flour and corn stover mixture: A (4:12); B (8:8); C (12:4); 

Control (0:16). 
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3.4.3 Simultaneous saccharification and fermentation of corn flour and corn stover 

mixture 

For simultaneous saccharification and fermentation (SSF), hydrothermal pretreated corn 

stover, enzyme Accellerase 1500 and activated yeast culture were added to pre-saccharified corn 

flour slurry. The mixtures with different ratios of corn flour and corn stover were fermented for 

ethanol production. Pure hydrothermal pretreated corn stover (16%, w/v), referred as control, 

showed slow saccharification in first 24 h with a fermentation rate of only 0.2 g/L/h, while from 

24 to 48 h, the fermentation process accelerated with the rate of 1.3 g/L/h and continued to 

ferment in the last 24 h (Fig. 3.2b). The final ethanol concentration after 72-h fermentation was 

37.9 g/L, which is slightly lower than the economical ethanol distillation requirement of 40 g/L. 

However, for Mixtures A, B, and C of Case 1 (Fig. 3.2b), with the exiting glucose from 

enzymatic saccharification of corn flour, the fermentation rates in the first 24 h were much 

higher (1.7 to 2.2 g/L/h) than that of the control. The fermentation process became slower from 

24 to 72 h fermentation and ethanol yield increment was not significant from 48 to 72 h. Final 

ethanol titers of Mixtures A, B, and C slurry were 45.7, 50.5, and 55.4 g/L, respectively, which 

were significantly higher than the control sample (37.9 g/L). The final ethanol concentration 

increased as corn flour content increased, whereas it decreased as the corn stover content 

increased. This occurred mainly due to higher sugar content in corn flour compared to corn 

stover (73% starch in corn vs. 51% cellulose in pretreated corn stover) and also likely because 

starch was relatively easy to hydrolyze by enzymes compared to cellulose with β-glycosidic 

bonds and ethanol conversion efficiency from starch alone was above 90% of theoretical yield 

[34].  
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In Case 2 as shown in Fig. 3.4b, the ethanol fermentation process followed the same trend 

as Case 1 with the fermentation rates of 1.4 to 2.2 g/L/h in the first 24 h and the final ethanol 

titers reached 44.8, 50.3, and 56.0 g/L for Mixtures A, B, and C, respectively, which were 

significantly higher than that of the control sample (37.9 g/L). Although the saccharification 

process by raw starch granular enzyme of Case 2 was slower than that of Case 1 (data not 

shown), the final ethanol concentrations after SSF of corn flour and corn stover mixtures in Case 

1 and 2 were comparable (Table 3.2). This result demonstrated the advantages of utilizing raw 

granular starch enzyme which eliminated the cooking process, while achieving higher ethanol 

yield than that from conventional ethanol production, thus, reduced energy consumption and 

capital input can be obtained [35]. 

The SSF yield of the control experiment, pure hydrothermal pretreated corn stover (16%, 

w/v), was 86.8%. The maximum fermentation yield (92.2%) was obtained from Mixture B of 

Case1 as compared with 87.7% for Mixture A and 91.5% for Mixture C (Fig. 3.3). For Case 2, 

the maximum fermentation yield of 93.5% was obtained from Mixture C, which had the highest 

corn flour content (12%) (Fig. 3.5). To consider the optimal ratio of corn flour and cellulosic 

biomass and with the focus on cellulosic biomass-based ethanol production, the Mixture A (4:12) 

and Mixture B (8:8) were more favorable in future industrial application as more cellulosic 

biomass was used and the final ethanol titer was above the minimal distillation requirement (40 

g/L) [4]. Particularly, the higher fermentation yield from Mixture B was worthy to further 

explore and can be potentially applied in commercial ethanol production, which would be 

discussed in the next section.  

In addition, higher solid content was tested to further boost ethanol titer while 

maintaining high ethanol yield. The ratio of corn flour to corn stover (12:12), referred as Mixture 
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12 was tested using raw starch granular enzyme from Case 2. As shown in Fig. 3.6, glucose 

concentration soared rapidly to 140.5 g/L during the first 24-h enzymatic saccharification of corn 

flour slurry and then dropped to 16.5 g/L after 24-h fermentation, while ethanol concentration 

increased from 0 to 50.1 g/L. Significantly higher final ethanol titer (65.2 g/L) was achieved 

from the Mixture 12 (12: 12) as compared with the ethanol titer of 50.3 g/L in Mixture B (8: 8) 

(Table 3.2), whereas ethanol fermentation efficiency decreased from 91.2% to 84.8% as total 

solid content increased from 16% (Mixture B) to 24% (Mixture 12) [17]. 

 

Table 3.2 Simultaneous saccharification and fermentation ethanol yield (%) and final 

concentration (g/L) of corn flour and corn stover mixture. 

  

Samples 

 Case 1  Case 2  Case 3 
 Efficiency (%) Ethanol (g/L)  Efficiency (%) Ethanol (g/L)  Efficiency (%)  Ethanol (g/L) 

Control
1
  86.8a

2
  37.9a     

Mixture A  87.6a  45.7b  86.5a  44.8a    

Mixture B  92.2b  50.5c  91.2b  50.3b  93.8  50.7 

Mixture C  91.5b  55.4d  93.5b  56.0c    

Mixture 12     84.8a  65.2d    

Mixture 12
*     86.0a  68.7e    

1
Mixtures of corn flour and corn stover were: A (4:12); B (8:8); C (12:4); Control (0:16); 

Mixture 12 and 12* represented the ratio of corn flour to corn stover was 12:12. 
2Column means with the same letter are not significantly different at the 0.05 level. 
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Fig. 3.6 Simultaneous saccharification and fermentation of pre-saccharified corn flour and 

pretreated corn stover mixture (Mixture 12 means the ratio of corn flour to corn stover was 

12:12; using granular starch hydrolyzing enzyme in Case 2). Straight line indicates the addition 

of pretreated corn stover and activated yeast culture, which also represents the starting point of 

simultaneous saccharification and fermentation of the mixture. 

 

3.4.4 Optimization of saccharification and fermentation processes  

As shown in Fig. 3.1 of Case 1, corn flour was first liquefied by α-amylase and then 

saccharified by glucoamylase before subjecting to the fermentation process with the addition of 

pretreated corn stover. To optimize the process, SSF of mixtures of liquefied corn slurry and 

pretreated corn stover were tested without the pre-saccharification process. Results showed that 

the same fermentation rate of 1.9 g/L/h in the first 24 h and final ethanol titer of 50.7 after 72-h 

fermentation were achieved in Case 3 (Fig. 3.7), which were comparable to those in Case 1. The 

SSF process was complete within 48 h (Fig. 3.7). This simplified SSF process using liquefied 

corn slurry and pretreated corn stover had advantages of reduced processing time and energy 

saving [35]. 
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Raw starch granular enzyme requires reaction temperature above 48 °C to improve 

hydration and increase saccharification rate than that of simultaneous saccharification and 

fermentation at 38 °C. For the mixture of corn flour and corn stover, the higher reaction 

temperature also promoted the liquefaction and saccharification of pretreated corn stover by 

cellulolytic enzymes. Because of this, the mixture of corn flour and pretreated corn stover was 

first subjected to enzymatic saccharification at 50 °C for 6 h with the addition of corresponding 

enzymes before lowering the temperature to 38 °C, then initiating the SSF process for 72 h. 

Slurry of Mixture 12* (12 g corn flour and 12 g pretreated corn stover) was tested following the 

procedure mentioned above and the result is shown in Fig. 3.8. After the first 6-h 

saccharification, significant amounts of glucose were released from the corn and corn stover 

mixture, reaching the concentration of 69.3 g/L, and continued to increase to 78.2 g/L at 24 h. 

Ethanol fermentation rate was slow during the first 24 h and a majority of ethanol was generated 

during the second 24 h, reaching the ethanol concentration of 67.6 g/L at 48 h, then slightly 

increasing to 68.7 g/L at 72 h. Ethanol fermentation efficiency (86.0%) and ethanol titer (68.7 

g/l) obtained from Mixture 12* were higher than 84.8% and 65.2 g/L from Mixture 12 (Table 

3.2). 

Similar experiments of co-fermentation were conducted by Erdei et al. [18] using 

mixtures of wheat straw and wheat meal at low solid loading (5%) while our study was carried 

out at high solid loading (up to 24% solid loading) and achieved much higher ethanol 

concentration of 68.7 g/L. Co-fermentation of lignocellulosic residues from commercial furfural 

production and corn kernels was found to significantly increase ethanol concentration and 

achieved ethanol titer of 73.1 g/L with the mixtures of 7.5% furfural residues and 14.5% corn 
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kernels, of which corn starch significantly contributed to the enhanced ethanol concentration 

[24].  

Integration of first and second generation ethanol production could facilitate the 

introduction of second-generation ethanol production from lignocellulosic biomass. A positive 

net value was reported in the techno-economic analysis of integrated ethanol production from 

grain and straw with the fermentation residues used for biogas generation [36]. Integrating the 

well-established sucrose-to-ethanol techniques with the enzymatic hydrolysis of lignocellulosic 

biomass such as the exiting sugarcane bagasse and leaves showed great potential to reduce the 

minimum ethanol selling price (MSEP) through improved plant energy efficiency and heat 

integration [37]. Co-fermentation of cellulosic biomass with starchy substrate offers an efficient 

and novel approach to significantly enhance low-concentrated cellulosic ethanol which will 

encounter in the bioprocessing of cellulosic biomass alone. Enhanced ethanol concentration 

could lower the downstream distillation cost, which would accelerate the commercialization of 

cellulosic ethanol production. In addition, co-fermentation of cellulosic biomass with cereal 

grains such as corn or sorghum can be easily adopted by the existing grain-based ethanol 

industry [38, 39]. 

Mass balance of Mixture 12* was conducted and shown in Fig. 9 as an example. Twelve 

gram, dry basis (db) corn flour and 12 g (db) treated corn stover were added into a 250 mL flask 

with 0.1 mL Stargen
TM

 002 and 3.03 mL Accellerase 1500. Calculated amount of water (58.48 

mL) was also added to make liquor volume of 100 mL and the whole slurry was saccharified at 

50 °C in a rotary shaker with the speed of 150 rpm. Then the SSF process with the addition of 1 

mL activated yeast culture and 0.3 g yeast extract was conducted at 38 °C. After 72 h 

fermentation, 7.23 g ethanol was obtained, equivalent to 86% theoretical ethanol yield. 
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Fig. 3.7 Simultaneous saccharification and fermentation of liquefied corn flour and pretreated 

corn stover (using α-amylase + glucoamylase in Case 1). The ratio of corn flour to corn stover 

was 8:8 in Mixture B.  
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Fig. 3.8 Simultaneous saccharification and fermentation of corn flour and pretreated corn stover 

mixture (Mixture 12* means the ratio of corn flour to corn stover was 12:12; using granular 

starch hydrolyzing enzyme in Case 2). Mixture of 12 g corn flour and 12 g corn stover was 

added to a 250 mL flask with 100 mL liquors from Time 0 and saccharified at 50 °C for 6 h. 

Straight line indicates activated yeast culture, which also represents the starting point of 

simultaneous saccharification and fermentation of the mixture. 

 

 

 

Fig. 3.9 Mass balance of ethanol production using corn flour and hydrothermal treated corn 

stover mixture. 
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3.5 Conclusions 

Producing concentrated sugars and reducing water usage are key elements to accelerate 

cellulosic ethanol commercialization. However, fermentation of cellulosic biomass alone usually 

resulted in low ethanol titer and low ethanol yield as demonstrated in this study that only 37.9 

g/L of final ethanol concentration was obtained even with high solids loading of 16% (w/v). In 

contrast, with the addition of starchy substrate into cellulosic ethanol production, final ethanol 

concentration was significantly improved, reaching final ethanol titers of 44.8, 50.3, and 56.0 g/L 

from the Mixtures A, B, and C, respectively. The ethanol yield from mixtures of corn flour and 

hydrothermal treated corn stover was higher than that of pure corn stover and also increased as 

increasing amounts of corn flour were added. Ethanol yields of co-fermentative of biomass and 

grain mixtures using raw granular starch enzyme without the cooking process were comparable 

to conventional ethanol production using α-amylase and glucoamylase, which could save capital 

and energy cost. The highest ethanol concentration (68.7 g/L) was obtained from Mixture 12* 

with the ethanol fermentation efficiency of 86.0%, although the highest ethanol fermentation 

efficiency was obtained from Mixture C as it contained a higher amount of corn flour. SSF of 

corn flour and treated corn stover mixtures were optimized to improve fermentation efficiency 

and to complete ethanol fermentation within 48 h. Future experiments could be conducted to test 

the mixture with even higher solids content by using fermenter with powerful mixing capability.   
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Chapter 4 - Integrated bioethanol production to boost low-

concentrated cellulosic ethanol without sacrificing ethanol yield 

 

This chapter has been published as a peer-reviewed research paper in the Journal of 

Bioresource Technology. 2018. 250: 299-305. 

 

4.1 Abstract 

Four integrated designs were proposed to boost cellulosic ethanol titer and yield. Results 

indicated co-fermentation of corn flour with hydrolysate liquor from saccharified corn stover was 

the best integration scheme and able to boost ethanol titers from 19.9 to 123.2 g/L with biomass 

loading of 8% and from 36.8 to 130.2 g/L with biomass loadings of 16%, respectively, while 

meeting the minimal ethanol distillation requirement of 40 g/L and achieving high ethanol yields 

of above 90%. These results indicated integration of first and second generation ethanol 

production could significantly accelerate the commercialization of cellulosic biofuel production. 

Co-fermentation of starchy substrate with hydrolysate liquor from saccharified biomass is able to 

significantly enhance ethanol concentration to reduce energy cost for distillation without 

sacrificing ethanol yields. This novel method could be extended to any pretreatment of biomass 

from low to high pH pretreatment as demonstrated in this study.  

 

Keywords: Starch; lignocellulosic biomass; pretreatment; co-fermentation; high ethanol 

concentration 
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4.2 Introduction 

    Limited crude oil reserves and environmental concerns to mitigate greenhouse gas 

emissions have driven global research to explore alternatives to fossil fuels and renewable 

energy [1]. Bioethanol is one of the solutions and has been used to fuel vehicles, which could 

reduce our reliance on fossil fuels, meanwhile reducing the net greenhouse gas emissions [2]. 

First generation ethanol production from starchy grain and sugar-rich crops has been 

commercialized at large scales while second generation cellulosic ethanol production has not yet 

been fully commercialized [3]. 

Lignocellulosic plant is the most abundant and renewable biomass with substantial 

worldwide production, including agricultural residues such as corn stover and wheat straw, 

forestry wastes such as wood chips, dedicated energy crops such as switchgrass, and organic 

municipal solid waste, which makes it an indispensable feedstock for the production of 

commercialized biofuels and renewable chemicals [4, 5].  

The majority of current global ethanol production is derived from starch-based crops (e.g. 

corn, wheat, and sorghum) or sucrose-rich materials (e.g. sugarcane, sugar beet) as they can be 

efficiently hydrolyzed to fermentable sugars, and directly used for fermentation [3]. However, 

cellulosic ethanol production is not economically viable, and it is limited by biomass 

recalcitrance due to the complex intertwined structure of cellulose, hemicellulose and lignin 

which inhibits enzyme accessibility [6, 7]. A key challenge for cellulosic ethanol 

commercialization is the low ethanol titer and low fermentation efficiency [8, 9]. Achieving high 

cellulosic ethanol titers and ethanol yields is still under development.  

Through the biological conversion pathway, pretreatment, enzymatic hydrolysis and 

fermentation are the three major steps for ethanol production from lignocellulosic biomass [7, 
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10]. To effectively convert lignocellulosic biomass into biofuels, pretreatment is usually required 

to break the lignin seal, disrupt the crystalline structure of cellulose and to increase surface area 

of the cellulose, rendering the polysaccharides more susceptible to enzyme hydrolysis [11, 12]. 

Raw lignocellulosic biomass like agricultural residues usually contains 25-35% cellulose, 20-

30% hemicellulose and 25-35% lignin [2], in which hemicellulose is relatively easy to 

decompose upon subjection to heat or acidic conditions, while cellulose and lignin are more 

resistant to thermal decomposition [12-14]. Various pretreatment methods, including dilute acid 

pretreatment, hydrothermal pretreatment and alkaline pretreatment, were studied to improve the 

enzymatic saccharification efficiency of lignocellulosic biomass [12]. Dilute acid and 

hydrothermal pretreatments are well developed and applied to improve enzymatic digestibility of 

cellulose by eliminating most hemicellulose linked with cellulose [12]. Consequently, the 

cellulose content of treated biomass could be greatly increased to approximately 50-60% and be 

highly exposed to enzymes [14]. Hydrothermal pretreatment is an effective method to disrupt the 

microstructure of biomass and is considered as an environmentally-friendly process because it 

requires less waste disposal and less post-treatment as compared to acid and alkaline 

pretreatments [15, 16]. Detoxification of treated biomass is essential to the subsequent enzymatic 

hydrolysis and fermentation processes as degraded products such as acetic acid, furfural and 

hydroxymethyfurfural, are generated in pretreatment hydrolysates, which could deactivate the 

enzyme and even kill microorganism [17-20].  

High gravity bioconversion (> 15% biomass loading) is superior to low-solid loadings as 

enhanced fermentable sugars and less water usage are preferred from the economic and 

environmental standpoints [21, 22]. High ethanol titer has the advantage of reducing capital and 

energy costs as a minimum ethanol concentration of 40 g/L is generally required for economical 
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ethanol distillation [9, 23]. One common way to obtain higher ethanol titers is to increase the 

amount of biomass loadings (> 8% glucan loading), so-called high-gravity processing [22, 24, 

25]. However, fermentation efficiency usually decreases as biomass loading increases due to 

limited mass transfer or accumulated inhibitors of degraded products [26]. Jorgensen et al. 

(2007) used a reactor system with sufficient mixing capability that was able to saccharify high 

solid loadings of treated wheat straw (up to 40% , w/w) and achieved the highest ethanol 

concentration of 48 g/L at the 35% (w/w) solid loadings but with relatively less-promising 

ethanol yield of less than 50%. Their results proved that fermentation of cellulosic biomass at 

high solid loadings was a great challenge. Xue et al. also reported similar results of reduced 

biofuel yields due to accumulated recalcitrant oligosaccharides at high-solids loading [20]. 

The integration of first and second generation biofuel production originated from the 

sugarcane industry as byproduct of excess sugarcane bagasse is available after sugar juice 

extraction at the processing facility [27, 28]. In a similar way, integration of cellulosic ethanol 

production with existing starch-based ethanol facilities could reduce the capital cost and 

accelerate its commercial production if some key challenges could be solved. Grains such as 

corn, sorghum and wheat usually have a high starch content (>70%), and have much more 

fermentable sugars than cellulosic biomass [29, 30]. In addition, large-scale ethanol productions 

from starch-rich grains are well-established in the USA [8, 31, 32]. Limited research has been 

conducted in the co-fermentation of cellulosic biomass and grains to produce bioethanol. Yang et 

al. (2015) studied co-fermentation of hemicellulose and grain to efficiently utilize pentose in 

acetone-butanol-ethanol production. Co-fermentation of cellulosic biomass and grains was also 

utilized to generate fermentative hydrogen [31]. 
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Here, we propose integrated designs (integration of first and second generation ethanol 

production) to boost low cellulosic ethanol concentration without sacrificing ethanol yields. Two 

completely separate ethanol production processes could be optimized individually and combined 

together via liquid transfer. The integration process would result in accumulated sugars and 

consequently enhanced ethanol titers, thus, the downstream distillation cost would be reduced. 

To the best of our knowledge, this is the first paper to study the co-fermentation of starchy grains 

with hydrolysate liquor separated from saccharified biomass instead of the whole saccharified 

biomass slurry, which could help to reduce solid loadings during fermentation, and increase mass 

and heat transfer and enzyme activities. Corn and corn stover were selected as representative 

feedstocks in this study. Various pretreatment methods, including hydrothermal, acid, and 

alkaline, were applied to improve the enzymatic digestibility of biomass.  Co-fermentation of 

corn flour and treated corn stover mixture was conducted according to the proposed integrated 

designs (Fig. 4.1) and the final ethanol concentration and ethanol yield were evaluated. The 

performances of two distinct enzymes for starch hydrolysis (amylase and glucoamylase, and raw 

starch granular enzyme) were also compared in the co-fermentation process. 

4.3 Materials and methods 

4.3.1 Materials 

     Corn grain and corn stover were harvested at the Kansas State University Research 

farm (Manhattan, KS). After grinding into <1 mm particle size with a cutting mill (SM 2000, 

Retsch Inc., Newton, PA, USA), corn stover was sealed in a plastic bag and stored at room 

temperature. Corn grain was ground into corn flour using a UDY cyclone sample mill with a 1.0 

mm screen (Fort Collins, CO). The starch content of corn grain (73%, db) was analyzed 

following the Megazyme assay procedure with Total Starch assay kit (K-TSTA, Megazyme, 
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Bray, Ireland) according to AACC Approved Method 76-13.01. The chemical composition of 

corn stover was determined according to the National Renewable Energy Laboratory (NREL) 

procedures as shown in Table 4.1 [33]. In the NREL procedure, biomass was treated with 

sulfuric acid (72%) at 30 °C for 60 min and hydrolyzed by dilute acid (4%) at 121 °C for another 

60 min. After acid hydrolysis, carbohydrates including cellulose and hemicellulose were 

converted into monosaccharide, which was measured by high-performance liquid 

chromatography (HPLC) (Shimadzu, Kyoto, Japan) equipped with an RCM monosaccharide 

column (300×7.8 mm) (Phenomenex, Torrance, CA) and a refractive index detector (RID10A, 

Shimadzu, Kyoto, Japan). The mobile phase was 0.6 mL・min
-1

 of double-distilled water, and 

the oven temperature was 80℃. Lignin consists of acid insoluble and acid soluble lignin. Acid 

soluble lignin was measured using a UV-Visible spectrophotometer. Acid insoluble lignin was 

weighed from the solid after oven heating overnight at 105 °C (the weight of acid insoluble 

lignin and ash) and then at 575°C for at least 6 h to measure the ash content. All chemicals used 

for this research were purchased from the Sigma-Aldrich Co. (St. Louis, MO). 

4.3.2 Hydrothermal pretreatment  

   The primary objective of pretreatment is to open the recalcitrant structure and increase 

enzymatic accessibility to plant cell wall surfaces. Hydrothermal pretreatment was carried out in 

a Parr reactor (Parr Instrument Co., Moline, IL). The stainless steel reactor vessel has a total 

volume of 1 L and is heated by an electric heater. The recommended maximum input volume is 

750 mL as some space is reserved for slurry expansion. After biomass samples were introduced 

into the reactor and the target temperature was set, the reactor was heated at a rate of 

approximately 6 °C min
 -1

. At the time when reaction temperature reached the target temperature 
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(200°C), the reactor was maintained at this temperature for 30 min. After the treatment was 

complete, the reactor was removed from the electric heater and placed into room temperature 

water to cool down to 50 °C within 5 min. The slurry was then vacuum filtered using Whatman 

Paper (No. 4). Pretreated biomass was washed thoroughly with water and collected for 

composition analysis and enzymatic hydrolysis to evaluate the pretreatment effect. All 

pretreatment experiments were conducted at solid loadings of 16%.    

4.3.3 Acid and alkaline pretreatment 

   Acid and alkaline pretreatments were carried out using the same Parr reactor. In acid 

pretreatment of biomass, sulfuric acid (1%, w/v) was used as the reaction medium and reaction 

temperature was maintained at 140 °C for a period of 60 min. In alkaline pretreatment of 

biomass, sodium hydroxide (1%, w/v) was used as the reaction medium and reaction temperature 

was maintained at 120 °C for a period of 60 min. After the treatment was complete, the reactor 

was removed from the electric heater and placed into room temperature water to cool down to 50 

°C within 5 min. Then the slurry was vacuum filtered using Whatman Paper (No. 4). Pretreated 

biomass was washed thoroughly with water and collected for composition analysis and 

enzymatic hydrolysis to evaluate the pretreatment effect. All pretreatment experiments were 

conducted at 16% solid loadings.    

4.3.4 Enzymatic saccharification 

4.3.4.1 Enzymatic preparation 

   Liquefying enzyme, α-amylase (Liquozyme) and saccharifying enzyme, glucoamylase 

(Spirizyme
®
 Fuel) were generously provided by Novozymes (Franklinton, NC, USA) for 

hydrolyzing starch into glucose monomers. Comparative study using raw starch granular enzyme 
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(STARGEN
TM

 002; DuPont Industrial Biosciences, NC, USA) was carried out without the 

requirement of starch gelatinization or liquefaction. Enzyme dosage described in the following 

section was applied as recommended by the manufacturer without further optimization. 

Cellulolytic enzymes Accellerase 1500, was generously provided by DuPont Industrial 

Biosciences (Rochester, NY, USA) and applied to this study at the recommended dosage (0.5 

mL/g cellulose).  

4.3.4.2 Enzymatic hydrolysis 

    In enzymatic hydrolysis of corn flour, weighted corn flour was poured into clean 250 

mL flasks and mixed with preheated (60 to 70°C) broth (containing 1.0g KH2PO4 and 200 µL 

high-temperature α-amylase, Liquozyme, 240 KNU/g, ≈ 1.26 g/mL, per liter) into each flask (20 

µL of Liquozyme per flask). The flasks were transferred to a rotary water bath with shaking 

speed of 180 rpm and 70°C for liquefaction. The temperature of the water bath was raised to 

90°C in 35 to 40 min and then kept for 90 min. The pH of the mashes was adjusted to around 4.2 

with 2N HCL after liquefied mashes were cooled to room temperature (25°C). Next, 100 µL of 

Spirizyme (750 AUG/g, ≈ 1.15 g/mL) was added into each flask and sealed for enzymatic 

saccharification.        

Another enzyme treatment using raw starch granular enzyme was conducted to hydrolyze 

starch as compared to the enzymes mentioned above. The procedures were modified as the 

cooking process could be eliminated. Weighted corn flour was poured into clean 250 mL flasks 

and the pH of the mashes was adjusted to around 4.2 with 2M HCL. Raw starch granular enzyme 

(100 µL) was added into each flask. This enzyme is distinctly different from those enzymes 

applied above as it can attack the whole starch granules without the cooking step. Flasks were 

sealed and incubated at 50°C placed in a rotary shaker (Model I2400, New Brunswick Scientific 
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Inc., Edison, NJ, USA) with the speed of 150 rpm for 6 h. Next, 1.0 mL of activated yeast culture 

and 0.3 g of yeast extract were added into each flask and sealed with an S-shaped airlock to 

initiate the simultaneous saccharification and fermentation process conducted at 30°C in a rotary 

shaker operating at 150 rpm for 72 h. The fermentation process was monitored by measuring the 

weight changes of each flask as CO2 escaped during fermentation [34]. The following analytical 

process was the same as mentioned above. All reactions were performed in duplicate. 

In enzymatic hydrolysis of treated corn stover, water insoluble solids (8 and 16%, w/v) 

was added to flasks to perform enzymatic hydrolysis using Accellerase 1500, and applied at the 

recommended dosage (0.5 mL/g cellulose). Flasks were incubated at 50°C placed in a rotary 

shaker (Model I2400, New Brunswick Scientific Inc., Edison, NJ, USA) at the speed of 150 rpm. 

Supernatants were extracted by filtration after 72-h enzymatic hydrolysis and stored for further 

experiments at 4°C. Glucose concentration was measured by HPLC. All reactions were 

performed in duplicate. Glucose yield was calculated as follows: 

Glucose yield (%) =
𝑅𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑠𝑢𝑔𝑎𝑟 𝑎𝑚𝑜𝑢𝑛𝑡

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑠𝑢𝑔𝑎𝑟 𝑎𝑚𝑜𝑢𝑛𝑡 𝑖𝑛 𝑟𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠
  * 100% 

4.3.5 Simultaneous saccharification and fermentation  

    Activated yeast culture (1.0mL) and yeast extract (0.3 g) were added into each flask 

with enzymes, which was sealed with an S-shaped airlock to initiate the SSF process conducted 

at 38°C in a rotary shaker operating at 150 rpm for 72 h. Yeast (Red Star Ethanol Red, Lasaffre, 

Milwaukee, WI, USA), S. cerevisiae, was activated before inoculation by weighing 1.0 g of 

active dry yeast into 19 mL of culture broth (containing 20 g of glucose, 5.0 g of peptone, 3.0 g 

of yeast extracts, 1.0 g of KH2PO4, and 0.5 g of MgSO4•7H20 per liter and autoclaved at 121°C 

for 20 min) and incubating at 38°C at 200 rpm for 30 min. The activated yeast culture had a cell 

concentration of approximately 10
9 

cells/mL of broth. Supernatants were extracted by filtration 
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after 72-h fermentation and stored for further experiments at 4°C. Ethanol concentration was 

measured by HPLC. All reactions were performed in duplicate. Ethanol yield was calculated as 

follows: 

Ethanol fermentation efficiency (%) =
𝐴𝑐𝑡𝑢𝑎𝑙 𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 
  * 100% 

4.3.6 Experimental design 

    Four integrated designs of first and second generation ethanol production are shown in 

Fig. 1. In design A and B, corn flour (30%) was subjected to EH and SSF, respectively, then the 

liquid portion was separated and mixed with pretreated corn stover to perform co-fermentation 

process. Alternatively, in design C and D, pretreated corn stover was subjected to EH and SSF, 

respectively, and then the liquid part was separated and mixed with corn flour to perform co-

fermentation process.  

4.3.7 Statistics 

     Analysis of variance and pairwise comparisons for the means using the Tukey 

adjustment were performed with SAS (SAS Institute, Inc., Cary, NC, USA). Means values from 

the duplicated experiments are reported.  
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Fig. 4.1 Flow charts of integrated design. 
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4.4 Results and discussions 

4.4.1 Composition change of corn stover  

   Corn stover as a major agricultural residue consists mainly of cellulose, hemicellulose 

and lignin. The chemical composition of raw corn stover used in this study contained 33.8% 

cellulose, 25.7% hemicellulose and 16.8% lignin while the hemicellulose of hydrothermally 

treated biomass significantly reduced to 5.4%, consequently enhanced cellulose (50.5%) and 

lignin (32.0%) composition (Table 4.1). This is due to weak acids like acetic acid hydrolyzed 

from the acetyl group of hemicellulose upon hot water treatment (200 °C for 30 min). Similar 

effects of treated biomass were observed on acid treated corn stover with reduced hemicellulose 

content of 6.8% and enhanced cellulose content of 43.4%. In contrast, the lignin content of 

alkaline treated corn stover was significantly reduced from 16.8 to 9.9% and as a result, the 

cellulose content was increased to 40.9%. 

 

Table 4.1 Chemical composition of untreated and treated corn stover. 

Composition  Cellulose  

(%, db) 

Hemicellulose  

(%, db) 

Lignin 

(%, db) 

Raw corn stover
1
  33.8±0.5a

5
 25.7±0.6a 16.8±0.4a 

Hydrothermal-treated corn stover
2
  50.5±0.2b 5.4±0.02b 32.0±0.5b 

Acid-treated corn stover
3
  43.4±0.1c 6.8±0.6b 24.3±0.2c 

Alkaline-treated corn stover
4
  40.9±0.7c 20.4±0.8c 9.9±0.2d 

1 
Numbers do not sum to 100% since other minor components, such as ash, are not included.  

2 
Pretreatment condition was 200 °C for 30 min with 16% solid loadings. 

3 
Pretreatment condition was 140 °C for 60 min with 1% (w/v) NaOH and 16% solid loadings. 

4 
Pretreatment condition was 120 °C for 60 min with 1% (w/v) H2SO4 and 16% solid loadings. 

5Column means with the same letter are not significantly different at the 0.05 level. 
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4.4.2 Biomass saccharification and fermentation efficiency: low vs. high solid 

loadings  

    High gravity bioprocessing is superior to low solid loadings as it offers benefits such as 

improved water efficiency of the process and reduced ethanol distillation cost [21, 24]. It is a 

common way to increase the solid loadings so that the fermentable sugar concentration and 

consequently ethanol titer will be higher. However, sufficient mixing is required to obtain 

adequate enzymes and cellulose interaction to avoid areas with concentrated sugars which would 

inhibit the activity of enzymes, especially during the high-solids loading hydrolysis process [21].  

There’s a trade-off between the glucose concentration and glucose yield. In general, glucose 

concentration increases as the solids loading increases, but glucose yield decreases as the solid 

loading increases [25]. Glucose concentration of hydrothermal treated corn stover increased from 

42.0 to 77.1 g/L as the solid loadings increased from 8 to16% (w/v). However, glucose yield 

reduced from 92.7 to 85.1% as the solid loadings increased (Table 4.2). Subsequently, ethanol 

titer and ethanol yield followed the same trend. Higher ethanol titer (36.8 g/L) was achieved at 

the higher solid loadings of 16% (w/v), but ethanol yield was reduced to 79.6% as compared to 

86.0% at the solid loadings of 8% (w/v). Thus, increasing biomass loading alone is not an 

economically feasible way to enhance ethanol concentration as fermentation efficiency 

decreased.  

     Even at high solid loading of 16% (w/v), the ethanol concentration obtained was only 

36.8 g/L, which was still lower than the minimum ethanol concentration of 40 g/L required for 

economical distillation process [8, 23]. Low ethanol titer is a key challenge that limits cellulosic 

ethanol commercialization [9]. Here, we propose integrated designs as a novel solution to 

enhance cellulosic ethanol concentration without sacrificing ethanol yields (Fig. 4.1).  



79 

Table 4.2 Hydrothermal-treated corn stover sacchrification and fermentation yields at low and 

high solid loadings. 

Biomass loading 

(%) 

 Glucose titer    

(g/L) 

 Glucose yield 

(%) 

 Ethanol titer 

(g/L) 

 Ethanol yield 

(%) 

8     42.0±0.1a
1
  92.7±0.3a  19.9±0.3a  86.0±1.2a 

16     77.1±0.9b  85.1±0.9b  36.8±0.6b  79.6±1.2b 

1Column means with the same letter are not significantly different at the 0.05 level. 

4.4.3 Integrated designs of first and second generation ethanol production 

     Four integrated schemes of first and second generation ethanol production were 

proposed in order to boost low-concentrated cellulosic ethanol because 40 g/L is the minimal 

ethanol concentration required for economical distillation. Ethanol concentration of only 19.9 

g/L was obtained at the biomass loading of 8% (w/v), however, with the integrated processes; 

ethanol concentration was significantly improved and met the distillation requirement as shown 

in Table 4.3. The high ethanol concentration of integrated designs was mainly contributed from 

highly fermentable starch in corn flour. In both design A and B, significant amounts of residual 

glucose were observed after co-fermentation due to the inhibitory effect of high sugar content in 

saccharified corn flour or high ethanol concentration of fermented corn flour. This phenomenon 

was also reported in the co-fermentaion of wheat straw and wheat meal mixtures [35]. High 

moisture content of pretreated corn stover (around 60 to 70%) would lower the sugar 

concentration when it mixed with hydrolysate liquor separated from saccharified corn flour. This 

was another main cause of lower ethanol concentration in design A and B as compared to design 

C and D (Table 4.3). Among four integrated designs, design C achieved the highest ethanol 

concentration of 123.2 g/L. Therefore, this design was further investigated and discussed in the 

following session with higher biomass loading (16%, w/v), various pretreated biomass, and two 

distinct starch hydrolyzing enzymes.  
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Table 4.3 Co-fermentation of corn flour (30%, w/v) and hydrothermal treated corn stover (8%, 

w/v) mixtures after 72 hr. 

Integrated design  Ethanol concentration (g/L) Glucose residues (g/L) 

A  82.54±2.5a
1
 18.37±1.8 

B  66.58±3.8b 39.72±2.6 

C  123.2±1.8c N/O 

D  120.2±2.3c N/O 
1Column means with the same letter are not significantly different at the 0.05 level. 

4.4.4 Co-fermentation of corn flour with juice extracted from saccharification of 

pretreated corn stover 

     Hydrothermal treated corn stover was first subjected to enzymatic saccharification at 

two water insoluble solid loadings (8 and 16%, w/v) according to design C. After 

saccharification, hydrolysate liquor was separated by filtration and mixed with corn flour to 

perform SSF process. Fermentation with 30% corn loading was selected to represent industrially-

relevant processing conditions [36]. Two enzyme treatments (starch enzymes including α-

amylase and glucoamylase vs. granular starch enzyme) for starch hydrolysis were also compared 

in this high-gravity fermentation. 

After enzymatic saccharification of treated corn stover, glucose concentration of 77.1 g/L 

was obtained at 16% solid loadings and 42.0 g/L at 8% solid loadings (Table 4.2). Hydrolysate 

liquor (77.1 g/L and 42.0 g/L) was mixed with corn flour (30% corn flour) to perform high-

gravity SSF and the fermentation performance is shown in Fig. 4.2. In the first 24-h 

fermentation, the ethanol level was much higher at corn flour mixed juice extracted from low 

biomass loading (8%). The fermentation process accelerated from 24 to 48 h and continued 

throughout the last 24 h. The performance of granular starch enzyme in high-gravity ethanol 

fermentation was not as good as using α-amylase and glucoamylase (Fig. 4.2 and Table 4.4). 

This was probably because granular starch enzyme for starch hydrolysis was not effective at high 
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solid loadings (30%). The maximal ethanol yield (130.2 g/L) was achieved at corn flour mixed 

with corn stover hydrolysate liquor separated from high solid loading (16%) using α-amylase and 

glucoamylase. As shown in Table 4, it can be noticed that there are some residual glucose from a 

corn flour mixed with juice extracted from high solid loading (16%) after 72-h fermentation. 

This was probably due to the relative high ethanol concentration (16.5% v/v). With this method, 

low cellulosic ethanol can be significantly enhanced and able to meet the minimum ethanol 

concentration of 40 g/L required for economical distillation process [9]. 

Erdei et al. had conducted similar co-fermentation studies of steam-pretreated but 

unwashed wheat straw with saccharified wheat meal and obtained the highest ethanol 

concentration of about 60 g/L, which was much lower than the results in this study (130.2 g/L) 

[35]. As we know, cellulose is a hygroscopic material which can absorb 8 -14% moisture under 

normal atmospheric conditions [37]. After hydrothermal treatment, lignocellulosic biomass may 

contain as high as 60% moisture content even after separation using centrifuge [38]. Adding the 

wet treated biomass to saccharified wheat meal as demonstrated by Erdei et al. would dilute the 

sugar concentration of saccharified wheat meal and consequently reduce the ethanol 

concentration after co-fermentation. In contrast, co-fermentation of starchy substrate with 

hydrolysate liquor separated from saccharification of treated biomass is able to greatly enhance 

ethanol concentration.   
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Fig. 4.2 Simultaneous saccharification and fermentation of corn flour (30%) and juice extracted 

from saccharification of hydrothermal treated corn stover. SB is saccharified biomass; CF is corn 

flour; SE is starch enzyme (amylase and glucoamylase), and GSE is granular starch enzyme. 

 

The integration of first and second generation biofuel production is critical to accelerate 

the commercialization of cellulosic biofuel production and improve the overall process 

economics [23, 39]. Liquid extraction from saccharification of pretreated biomass functions as a 

bridge to connect the first and second generation bioethanol production and this unique method 

was proved in this study to significantly increase cellulosic ethanol concentration without 

sacrificing ethanol yield as compared to traditional method of increasing biomass loadings, 

consequently reducing downstream distillation cost. In addition, two separate ethanol production 

processes could be optimized independently and combined via the bridge mentioned above to 

boost ethanol concentration. In this study, hydrolysate liquor separated from saccharified 

biomass were co-fermented with 30% (w/v) corn flour, which is normal solid loading for current 
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dry-grind ethanol fermentation. Another advantage of integrated process was that lower amount 

of corn flour could be applied to co-Fermentaion process since the final ethanol concentration 

was high enough to meet the distillation requirement and indeed the lower amount of corn flour 

could minimize certain problems of high viscosity and enhance mass or heat transfer.       

   Co-fermentation of corn flour with hydrolysate liquor separated from saccharification 

of treated corn stover to boost ethanol titers was also tested on various pretreated biomass from 

low to high pH pretreatment to compare with hydrothermal treatment. After saccharification of 

acid and alkaline treated corn stover at 8% biomass loading, hydrolysate liquor was separated by 

filtration and mixed with corn flour (30% solid loadings) to perform SSF process. After 

enzymatic saccharification of treated corn stover at 8% solid loadings, glucose concentrations of 

38.2 and 35.9 g/L were obtained from acid and alkaline treated corn stover, respectively, which 

is below the minimum ethanol concentration of 40 g/L required for economical distillation 

process if fermented to ethanol [9]. However, with the method of co-fermentation of corn flour 

(30% solid loadings) mixed with hydrolysate liquor, ethanol titers were significantly improved 

and reached the levels of 114.5 and 111.6 g/L for acid and alkaline treated corn stover, 

respectively (Table 4.5). The ethanol concentration from acid and alkaline treated biomass are 

lower than that from hydrothermal treated biomass (123.2 g/L) but it is still significant higher 

than 40 g/L required for industrial distillation. In addition, this result indicates that the co-

fermentation technology also could be applied to other pretreated biomass.  
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Table 4.4 Fermentation yields of corn flour (30%) with extracted juice. 

Substrates/Enzymes 

 

 Ethanol 

concentration 

(g/L) 

Fermentation 

efficiency 

 (%) 

Glucose  

residues 

(g/L) 

              30% CF +SE 
 

106.3±3.0a
1
 90.2±0.5a N/O 

8% SB +30% CF +SE 
 

123.2±3.1b 96.5±0.7b N/O 

16% SB +30% CF+SE 
 

130.2±2.9c 90.3±0.4a 11.5±0.3 

              30% CF +GSE 
 

95.6±2.7a 81.1±1.2a 15.3±0.6 

8% SB +30% CF +GSE 
 

114.9±1.4b 93.4±0.4b 0.8±0.1 

16% SB +30% CF +GSE 
 

120.0±2.8c 83.9±1.3c 7.7±0.2 
1Column means with the same letter are not significantly different at the 0.05 level. 

SB is saccharified biomass; CF is corn flour; SE is starch enzyme (amylase and glucoamylase); 

GSE is granular starch enzyme; and N/O means below the detection limit. 

 

Table 4.5 Glucose yield after saccharification of treated corn stover and ethanol yield after co-

fermentation of corn flour (30%) mixed with extracted juice. 

Sample 

 Glucose titer 

 (g/L) 

Ethanol titer 

(g/L) 

Hydrothermal-treated corn stover 
 42.0±0.1a

1
 123.2±3.1a 

Acid-treated corn stover  38.2±0.5b 114.5±0.7b 

Alkaline-treated corn stover 
 35.9±0.2c 111.6±0.4b 

1Column means with the same letter are not significantly different at the 0.05 level. 

Enzymatic saccharification of treated corn stover was conducted at 8% (w/v) solid loadings 

4.5 Conclusions 

Co-fermentation of corn flour with hydrolysate liquor from saccharification of 

hydrothermal-treated corn stover boosted ethanol titer from 19.9 to 123.2 g/L and from 36.8 to 

130.2 g/L when solid loading increased from 8 to 16%, respectively, which could significantly 

reduce the energy cost for ethanol distillation. In addition, the co-fermentation of corn flour with 

hydrolysate liquor from saccharification of low biomass loading (8%) reached ethanol 
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concentration of 123.2 g/L. This method could substitute the traditional method of increasing 

biomass loading to enhance ethanol concentration and be used as a novel solution to boost low-

concentrated cellulosic ethanol without sacrificing ethanol yields. 
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Chapter 5 - Modified simultaneous saccharification and 

fermentation to enhance bioethanol titers and yields 

 

This chapter has been published as a peer-reviewed research paper in the Journal of Fuel. 

2018. 215: 647-654. 

 

5.1 Abstract 

To maintain our society’s sustainability with respect to people, prosperity, and the planet, 

we must produce liquid transportation fuels such as bioethanol on the renewable basis at a 

competitive price to petroleum-based fuels. The major challenges to commercialize cellulosic 

biofuels are low fermentation efficiency, low ethanol titer, and lack of technology to fully utilize 

the byproduct from bioconversion process such as lignin which has been underutilized. To 

overcome these technical barriers, we have proposed a novel design to fully utilize each 

component of lignocellulosic biomass for biofuels and bio-chemicals production, which involves 

green technologies such as hydrothermal and organosolv pretreatments to produce a cellulose-

rich solid with good recovery of clean lignin after solvent recycling for improvement of plant 

protein-based adhesives as well as xylose remained in the aqueous phase for furfural 

upgradation. The focus of this study, as a part of the whole biorefinery concept, is to develop 

modified simultaneous saccharification and fermentation (mSSF) to enhance ethanol titers and 

yields, which combines the advantages of both separate hydrolysis and fermentation (SHF) and 

simultaneous saccharification and fermentation (SSF) via unique decantation process. The mSSF 

achieved higher ethanol concentration of 58.5 g/L and ethanol yield of 83.5% as compared to the 

traditional SSF process (49.9 g/L and 71.1%) at the biomass loadings of 20% (w/v). The mSSF 

also enabled higher ethanol titers of 72.3 g/L at higher loadings of 30% (w/v) with yields of 



90 

70.0%. As compared to published high-gravity fermentation, ethanol concentration of 72.3 g/L 

achieved in this study was the highest one in the lab-scale process, which proved that the 

proposed mSSF was an effective process to increase ethanol titers without sacrificing ethanol 

yields. The improved ethanol titers and yields would significantly lower the distillation cost and 

accelerate the commercialization of cellulosic biofuel production. 

Keywords: Lignocellulosic biomass; pretreatment; SSF; SHF; high ethanol concentration 

5.2 Introduction 

      Limited resources of crude oil and environmental concerns for mitigating greenhouse 

gas emissions have driven global research to explore renewable and sustainable biofuels and bio-

chemicals. As the global population expands and the number of vehicles around the world 

increases, the demand for transportation fuels is expected to increase rapidly [1]. Among 

potential alternative liquid fuels, bioethanol is considered as the widest utilized transportation 

fuels [1]. Bioethanol is a renewable alternative fuel derived from various sustainable feedstocks 

such as sugar-based crops, starch-based crops, and lignocellulosic biomass. Biotechnologies are 

mature to produce ethanol from sugar and starch-rich crops in large scales and continued to 

develop advanced cellulosic ethanol production [2]. Currently, commercial production of 

bioethanol from lignocellulosic biomass is still not economically feasible, mainly facing the 

technical barriers of low ethanol yield and low ethanol concentration, high enzyme cost, and high 

water consumption [3, 4].   

Lignocellulosic biomass is the most abundant and renewable resource with the 

sustainable worldwide production, including agricultural residues, forestry wastes, dedicated 

energy crops, and organic municipal solid waste, which represents an indispensable feedstock for 

the production of commercialized biofuels and renewable chemicals [5, 6]. Lignocellulosic 
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biomass is mainly composed of cellulose, hemicellulose, and lignin, in which the fractions of 

both cellulose and hemicellulose are polysaccharides and thus is a potential source of 

fermentable sugars [7]. For the biological conversion pathway, a typical process is usually 

required to sufficiently convert structural sugars of plant cell wall to bioethanol: pretreatment, 

enzymatic hydrolysis, fermentation, and distillation. Cellulose in native biomass is difficult to 

digest by enzymes and its sugar yield is usually lower than 20% [8]. Pretreatment of biomass 

feedstocks was used to breakdown the structural barrier and make cellulose more accessible for 

subsequent saccharification process. Numerous pretreatment methods have been developed to 

overcome the recalcitrant structure, such as super-size reduction mill, steam explosion, liquid hot 

water (LHW), dilute acid, lime, ammonia, organic solvent, and ionic liquid pretreatments [9-12]. 

Challenges in the current leading pretreatment processes include incomplete separation of 

cellulose and lignin, which could reduce subsequent enzymatic hydrolysis efficiency; formation 

of inhibitors that affect ethanol fermentation, such as acetic acid from hemicellulose, furans from 

sugar degradation and phenolic compounds from lignin decomposition; low-concentrated 

fermentable sugars; low fermentation efficiency at high solids loading; high usage of chemicals 

and energy-intensive processes and also high cost of waste disposal [8, 13].  

Hydrothermal pretreatment is an environmentally friendly process as water is used as a 

reaction medium without any addition of chemicals, which is processed at relatively high 

temperatures (140–220°C) under mild acidic conditions. Hot water cleaves hemiacetal linkages 

and liberates acetic acids during pretreatment, which facilitates the breakage of ether linkages in 

biomass [8]. LHW pretreatment is more effective on agricultural residues and hardwood, but not 

efficient for softwood species. LHW pretreatment of wheat straw achieved 80% hemicellulose-

derived sugar recovery and 91% enzymatic hydrolysis of cellulose [14]. LHW pretreatment has 
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the capability of handling large particle size as the particles are usually broken apart during 

treatment, therefore, LHW pretreatment reduces the energy cost for particle reduction. The 

drawback of pretreatments such as hydrothermal pretreatment and acid pretreatment is that 

significant amount of lignin was retained in the pretreated biomass, which was found to bind 

enzymes and consequently increase enzymes costs [15]. 

Organosolv pretreatment is a process of using aqueous organic solvents as reaction 

medium to fractionate the major biomass components, of which cellulose and lignin are usually 

recovered as precipitated solid streams while hemicellulose and sugar degradation products are 

dissolved into a water-soluble fraction. Organosolv pretreatment is able to obtain a clean lignin 

component from biomass, while the lignin is usually burned as an energy source in other 

pretreatment processes [16]. Ethanol is a commonly used organic solvent and using acid or 

alkaline catalysts to assist in the delignification process. A  two-step process involving dilute-

acid presoaking and aqueous-ethanol organosolv pretreatment of Miscanthus x giganteus yielded 

a solid residue with 95% initial glucan recovery, of which 98% was converted to glucose after 48 

h of enzymatic saccharification, and 73% initial xylan recovery as well as 71% lignin recovery as 

ethanol organosolv lignin [17].  

Achieving high ethanol concentration is as critical as obtaining high ethanol conversion 

efficiency because the minimum ethanol concentration of 40 g/L is required for economical 

ethanol distillation [4]. Traditional method to reach high ethanol concentration is to increase the 

amount of biomass loadings (>16wt%), so-called high-gravity processing. However, ethanol 

yields usually decrease as biomass loadings increase due to poor mass transfer and accumulated 

inhibitors [18, 19]. An advanced bioreactor capable of handling high solids loading is needed to 
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ensure sufficient mixing of substrate and enzymes, low energy input and low stress to enzymes 

and yeast cells [20]. 

      Enzymatic saccharification of treated biomass conducted separately from the 

fermentation step is referred to as separate hydrolysis and fermentation (SHF), while enzymatic 

saccharification of cellulose performed in the presence of the fermentative microorganism is 

referred to as simultaneous saccharification and fermentation (SSF) [8]. SSF is superior to SHF 

in terms of reduced amount of reactors and low risk of contamination, however, yeast recycling 

is very difficult when using SSF, in addition, the optimal temperatures for enzymes (50 °C) and 

yeasts (30 °C) are different, which indicates the conditions used in SSF cannot be optimal for 

both enzymes and yeast [21]. We proposed a new design of modified SSF (mSSF) with a focus 

on enhancing ethanol concentration as a part of the whole biorefinery process are shown in Fig. 

5.1. Details of mSSF scheme are also shown in Fig. 5.1. Treated biomass is first subjected to 

SHF in one large-volume fermenter at the optimal conditions for enzymes and then the 

saccharified liquor (low-concentrated sugars) is decanted to small-volume fermenters with the 

addition of another set of treated biomass to perform SSF. SSF as a traditional method to 

produce ethanol will be conducted and compared to our proposed design [22]. 

In the proposed biorefinery concept, the hemicellulose component is hydrolyzed by hot 

water and used to generate furfural, which has been successfully produced in a commercial scale 

[23, 24], thus, conversion of hemicellulose to furfural is not the focus of this study. Lignin 

extracted through organosolv treatment exhibits high purity and more active functional groups 

[16]. Soy protein adhesives (SPA) have shown great potentials to replace petroleum-derived 

phenol-formaldehyde or urea-formaldehyde resins commonly used for wood adhesives, while 

water resistance of SPA can’t compete with phenol formaldehyde and isocyanate-based 
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adhesives for exterior applications [25, 26]. In contrast, lignin has an aromatic and cross-linked 

structure and can react with soy protein to form protein-lignin polymer which improves the wet 

adhesive strength due to the hydrophobic property of lignin [27-29]. As a part of the whole 

biorefinery process, solvent-extracted lignin will be reacted with soy protein to form protein-

lignin polymers as bio-adhesive and the adhesive performance of protein-lignin adhesives will be 

evaluated, particularly the wet strength as compared to protein only and commercial Kraft lignin 

in separate subsequent studies. 

To the best of our knowledge, we are the first to propose this novel integrated process 

(mSSF) to enhance ethanol concentration without sacrificing ethanol yield at the time of writing. 

Thus, for this study, we aim to optimize hydrothermal and organosolv pretreatment conditions 

for achieving the highest ethanol yield and test the integrated process for enhancing ethanol 

concentration.  

5.3 Materials and methods 

5.3.1 Materials 

      Switchgrass was harvested at the Kansas State University Research farm (Manhattan, 

KS). After grinding into <1 mm particle size with a cutting mill (SM 2000, Retsch Inc., Newton, 

PA, USA), the switchgrass samples was sealed in a plastic bag and stored at room temperature. 

The chemical composition of switchgrass was determined according to the National Renewable 

Energy Laboratory (NREL) procedure as shown in Table 1 [30]. In the NREL procedure, 

switchgrass was first subjected to warm water and ethanol extraction, and then samples were 

treated with sulfuric acid (72%) at 30 °C for 60 min and hydrolyzed by dilute acid (4%) at 121 

°C for another 60 min. After acid hydrolysis, carbohydrates including cellulose and 

hemicellulose were converted to monosaccharide, which was measured by high-performance 
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liquid chromatography (HPLC) (Shimadzu, Kyoto, Japan) equipped with an RCM 

monosaccharide column (300×7.8 mm) (Phenomenex, Torrance, CA) and a refractive index 

detector (RID10A, Shimadzu, Kyoto, Japan). The mobile phase was 0.6 mL・min
-1

 of double-

distilled water, and the oven temperature was 80℃. Lignin consists of acid insoluble and acid 

soluble lignin. Acid insoluble lignin was weighed from the solid after oven heating overnight at 

105 °C (the weight of acid insoluble lignin and ash) and then at 575°C for at least 6 h to measure 

the ash content. All chemicals used for this research were purchased from Sigma Chemical Co. 

(St. Louis, MO). 

5.3.2 Hydrothermal pretreatment 

     The primary objective of pretreatment is to open the recalcitrant structure and increase 

enzymatic accessibility to plant cell wall surfaces. Hydrothermal pretreatment was carried out in 

a Parr reactor (Parr Instrument Co., Moline, IL). The stainless steel reactor with the helical mixer 

has a total volume of 1 L and is heated by an electric heater. The recommended maximum input 

volume is 750 mL as some space is reserved for slurry expansion. After weighted biomass 

samples were introduced into the reactor and the target temperature was set, the reactor was 

heated at a rate of approximately 6 °C min -1. At the time reaction temperature reached the target 

temperature (200°C), it was maintained at this temperature for 30 min [31]. After the treatment 

was complete, the reactor was removed from the electric heater and placed into room 

temperature water to cool down to 50 °C within 5 min. Then the slurry was vacuum filtered 

using Whatman Paper (No. 4). Pretreated biomass was washed thoroughly with water and 

collected for composition analysis and enzymatic hydrolysis to evaluate the pretreatment 

performance. All hydrothermal pretreatment experiments were conducted at 16% solid loadings.    



96 

5.3.3 Organosolv pretreatment 

     Organosolv pretreatment was carried out using the same Parr reactor. Aqueous ethanol 

(80%, v/v) was used as reaction medium and reaction temperature was maintained at 170 °C for 

a period of 60 min [17, 32, 33]. After the treatment was complete, the reactor was removed from 

the electric heater and placed into room temperature water to cool down to 50 °C within 5 min. 

Then the slurry was vacuum filtered using Whatman Paper (No. 4). Pretreated biomass was 

washed thoroughly with water and collected for composition analysis and enzymatic hydrolysis 

to evaluate the pretreatment performance. All Organosolv pretreatment experiments were 

conducted at 10% solid loadings.    

5.3.4 Enzymatic saccharification  

      The pretreated biomass was added to flasks to perform enzymatic hydrolysis using 

Accellerase 1500 provided by DuPont Industrial Biosciences (Rochester, NY, USA), and applied 

at the recommended dosage (0.5 mL/g cellulose) [34]. Accellerase 1500 is an enzyme complex 

including cellulose and b-glucosidase (Endoglucanase activity: 2,200–2,900 CMC U/g (1 CMC 

U unit of activity liberates 1 lmol of reducing sugars, expressed as glucose equivalents) in 1 min 

under specific assay conditions of 50 °C and pH 4.8). Flasks were incubated at 50°C placed in a 

rotary shaker (Model I2400, New Brunswick Scientific Inc., Edison, NJ, USA) with the speed of 

150 rpm. Supernatants were extracted by filtration after 72-h enzymatic hydrolysis and stored for 

further experiments at 4°C. Glucose concentration was measured by HPLC. All experiments 

were performed in duplicate. Glucose yield was calculated as follows: 

Glucose yield (%) =
𝑅𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑠𝑢𝑔𝑎𝑟 𝑎𝑚𝑜𝑢𝑛𝑡

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑠𝑢𝑔𝑎𝑟 𝑎𝑚𝑜𝑢𝑛𝑡 𝑖𝑛 𝑟𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠
  * 100% 
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5.3.5 Simultaneous saccharification and fermentation  

     Simultaneous saccharification and fermentation (SSF) of treated biomass was used as 

control. The pretreated biomass was added to flasks using Accellerase 1500, and applied at the 

recommended dosage (0.5 mL/g cellulose). 1.0 mL of activated yeast culture and 0.3 g of yeast 

extract were added into each flask and sealed with an S-shaped airlock to initiate the SSF process 

conducted at 38°C in a rotary shaker operating at 150 rpm for 72 h. Yeast (Red Star Ethanol Red, 

Lasaffre, Milwaukee, WI, USA), Saccharomyces cerevisiae, was activated before inoculation by 

weighing 1.0 g of active dry yeast into 19 mL of culture broth (containing 20 g of glucose, 5.0 g 

of peptone, 3.0 g of yeast extracts, 1.0 g of KH2PO4, and 0.5 g of MgSO4•7H2O per liter and 

autoclaved at 121°C for 20 min) and incubating at 38°C at 200 rpm for 30 min. The activated 

yeast culture had a cell concentration of around 10
9
 cells/mL of broth. Supernatants were 

extracted by filtration after 72-h fermentation and stored for further experiments at 4°C. Ethanol 

concentration was measured by HPLC. All experiments were performed in duplicate. 

Ethanol fermentation efficiency (%) =
𝐴𝑐𝑡𝑢𝑎𝑙 𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 
  * 100% 

5.3.6 FT-IR analysis 

     The FTIR spectra of corn stover before and after pretreatment were measured in a 

scattering mode. Each spectrum was averaged with 32 scans at a resolution of 4 cm
-1

 in the 

wavenumber range of 400-4000 cm
-1

. OMNIC 6.1a software (PerkinElmer Corp., Shelton, CT, 

USA) was used to determine peak positions and intensities. 

5.3.7 Experimental design 

      A biorefinery concept of fuels and chemicals production from biomass is shown in 

Fig. 5.1. Biomass was first treated by hydrothermal pretreatment to release hemicellulose 
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component for furfural production, following by organosolv pretreatment to extract lignin 

component. Then treated biomass is subjected to the modified SSF (mSSF) process to perform 

enzymatic hydrolysis in a large fermenter and subsequently the saccharified liquor (low-

concentrated sugars) is decanted to small-volume fermenters with the addition of another set of 

treated biomass to perform SSF. Solvent-extracted lignin as proposed in this study will be used 

to react with soy protein to form protein-lignin polymers as bio-adhesive. After fermentation, the 

broth was distilled to evaporate ethanol for product recovery and solid residues could be used as 

solid fuel to generate heat and energy needed for the whole process. 

 

Fig. 5.1 Biorefinery concept with modified simultaneous saccharification and fermentation 

(mSSF). The first part (blue) focuses on the pretreatment optimization to achieve maximal 

ethanol yield; the second part (purple) aims to enhance ethanol concentration via decantation 

technology, separate hydrolysis and fermentation (SHF), and SSF; and the last part (green) 

represents lignin extraction and its application for bio-adhesives.   
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5.3.8 Statistics 

     Analysis of variance and pairwise comparisons for the means using the Tukey 

adjustment were performed with SAS (SAS Institute, Inc., Cary, NC, USA). Means values and 

standard deviations from the duplicated experiments are reported.  

5.4 Results and discussion 

5.4.1 Compositional changes of switchgrass  

     Energy crop, such as switchgrass, mainly consist of cellulose, hemicellulose and 

lignin. The chemical composition of raw switchgrass used in this study contains 35.4% cellulose, 

26.9% hemicellulose, and 17.0% lignin while the hemicellulose in hydrothermally treated 

biomass tremendously reduced to 5.9%, consequently increased cellulose content to 51.8% and 

lignin content to 35.8% (Table 5.1). This is likely due to weak acids such as acetic acid released 

from acetyl groups attached to hemicellulose as a result of hot water treatment (200 °C for 30 

min). Structure modification by hydrothermal pretreatment could reduce biomass recalcitrance 

and make it more accessible to cellulolytic enzymes as compared to untreated biomass [35]. 

Hydrothermal pretreatment could relocate the lignin component, and generate carbohydrate-

derived pseudo-lignin, which might retard cellulose bioconversion as lignin could bind enzymes 

and consequently more cellulolytic enzymes might be needed [36, 37]. The disadvantage of 

hydrothermal pretreatment is that significant amount of lignin was retained in the pretreated 

biomass, and mostly used as low-valued heating source [15]. In addition, valorization of 

byproduct lignin plays a significant role in the commercialization of cellulosic biofuels. After 

ethanol pretreatment, the cellulose content was further increased to 65.2%, whereas lignin 

content reduced significantly from 35.8% to 19.8% and slight reduction of hemicellulose content 

was achieved.  Enhanced cellulose content of hydrothermal and ethanol treated biomass would 
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result in increased amount of fermentable sugar and consequently higher ethanol concentration, 

which would lower the downstream distillation cost [4].  

Table 5.1 Chemical composition changes of switchgrass after treatment. 

 

Composition 

 Cellulose 

(%, db) 

Hemicellulose 

(%, db) 

Lignin 

(%, db) 

Lignin recovery 

(%) 

Raw switchgrass  35.4±0.2 26.9±0.3 17.0±0.2 100 

Hydrothermal-treated 

switchgrass
a
 

 51.8±0.5 5.9±1.2 35.8±0.4 133±1.5 

Hydrothermal and ethanol-

treated switchgrass
b
 

 65.2±0.2 4.7±0.2 19.8±0.9 48.7±1.2 

a
Pretreatment condition was 200 °C for 30 min; 

b
Pretreatment condition was 170 °C for 60 min at ethanol concentration of 80% (v/v). 

 

      Hydrothermal and dilute acid pretreatments usually result in significant degradation 

of hemicellulose to soluble furans and insoluble products, which were found to highly interact 

with residual lignin component to form pseudo-lignin complexes [37]. Xylan derived-pseudo-

lignin was formed at moderate severe pretreatment conditions and the resultant insoluble 

degradation products can significantly inhibit cellulose hydrolysis [37]. Raw switchgrass used in 

this study contains 17% lignin while the lignin content of hydrothermal treated biomass 

increased to 35.8% with the lignin recovery of 133% (Table 5.1). This could be due to the above 

mentioned pseudo-lignin products generated during the hot water pretreatment. Followed by 

ethanol treatment, significant amounts of lignin were dissolved in ethanol solvent, leading to 

residual lignin recovery of only 48.7% (Table 5.1). Organic solvent extraction process was an 

efficient tool to utilize the byproduct lignin and consequently enhance fermentable sugar content 

of treated biomass, which would eventually improve the overall process economics [38-40].  
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5.4.2 Glucose yield and concentration of hydrothermal and organosolv treated 

switchgrass  

    Enzymatic hydrolysis yield of hydrothermal treated switchgrass in this study 

significantly increased to 78.4% at 8% (w/v) biomass loadings as compared to untreated 

biomass. With the following ethanol treatment, glucose yield further increased to 87.9% at the 

same biomass loadings (Fig. 5.2). Meanwhile, enzymatic hydrolysis of  hydrothermal and 

organosolv treated sample improved glucose concentration from 35.8 g/L to 50.4 g/L as 

compared to hydrothermal treated only sample (Fig. 5.2). Therefore, ethanol pretreatment not 

only utilized the lignin byproduct which hydrothermal treatment failed to remove, but also 

improved the bioconversion of cellulose and enhanced the fermentable sugar content. 

     Hydrothermal pretreatment is an effective method to improve the digestibility of 

biomass. At room temperature, the corresponding pH of de-ionized water is 7.0, while as the 

temperature and pressure of saturated liquid water increases, pH of de-ionized water decreases to 

a minimum point of 5.6 at approximately 250 °C [8]. During LHW pretreatment, the hydronium 

ions released from water decompose hemicellulose fractions of plant cell wall to generate acetic 

acids which assists in the structure disruption and thus enzyme-catalyzed hydrolysis of 

fermentable sugars. LHW pretreatment had been applied to remove up to 80% of the 

hemicellulose and subsequently enhance enzymatic digestibility of treated biomass such as corn 

fiber and sugarcane bagasse [3].  

      Lignin is a complex and cross-linked polymer of phenolic monomers, which consists 

of aliphatic and aromatic compounds. Organic solvent as an effective agent to dissolve lignin 

could improve the bioconversion of lignocellulosic biomass. Ethanol is a commonly used 

organic solvent and using acid or alkaline catalysts to assist in the delignification process. High 
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cellulose-to-glucose conversion yield of 97% within 48h was achieved in the ethanol 

organosolv–treated Lodgepole pine killed by mountain pine beetle [33]. Other solvents and 

catalysts such as tetrahydrofuran, methanol, acetone, acetic acid, and formic acid were tested for 

organosolv pretreatment. Tetrahydrofuran is a water miscible solvent with low boiling point of 

66°C. Tetrahydrofuran is also a low viscosity solvent which can be derived from biomass 

through upgradation of furfural [16]. A novel pretreatment using tetrahydrofuran as a solvent 

obtained 95% theoretical yield of fermentable sugars from corn stover while using low enzyme 

loading at only 2 mgenzyme g
-1

 (Accellerase1500, DuPont Industrial Biosciences, Palo Alto, CA) 

based on the mass of glucan in the raw material [15].  

 

 

Fig. 5.2 Glucose yield and concentration of treated switchgrass. Column represents glucose 

concentration and line represents glucose yield. Error bar represents one standard deviation. 
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5.4.3 High-gravity fermentation of hydrothermal and organosolv treated 

switchgrass via mSSF  

     High-gravity bioconversion provides benefits such as improved water-use efficiency 

and reduced distillation costs as increased ethanol concentration due to high biomass loadings 

[31, 41]. High ethanol concentration is desired to reduce capital and energy costs and a minimum 

of 40 g/L is generally required for economical ethanol distillation [4]. One common approach to 

achieve higher ethanol titers is to increase the biomass loadings (> 8wt% glucan loading), so-

called high-gravity bioconversion. However, it is also known that ethanol yield usually decreases 

as solid loadings increase due to the problems such as mass transfer limitations or accumulated 

inhibitors by degraded products that subsequently occur, which results in reduced fermentation 

efficiency [31]. As found in this study (Fig. 5.3), ethanol titer increased from 58.5 to 72.3 g/L as 

the biomass loading increased from 20 to 30% (w/v), however, ethanol yield decreased from 

83.5 to 70.0% as increasing biomass loadings. 

     A novel process technology of mSSF was proposed in this study with the goal of 

increasing ethanol titers without sacrificing ethanol yields. The mSSF process was designed as 

the integration of SHF in one large-volume fermenter and SSF in several small-volume 

fermenters (Fig. 5.1). For instance, at laboratory scale, first of all, 30 g biomass is loaded into a 

large-volume flask containing 300 mL buffer solution to perform enzymatic saccharification 

according to the SHF process which is at the optimal condition for the enzymes (50 °C). Then 

once the saccharification is complete, the liquid portion containing fermentable sugars is 

transferred equivalently into 3 small-volume flasks (each contains 100 mL liquid) to conduct the 

SSF process (30 °C) with the addition of another set of biomass (10 g). Overall, a total of 20% 

(w/v) biomass loading is fermented in the mSSF process, consisting of two separate 10% (w/v) 
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biomass loading processes to result in increased ethanol titers as well as high ethanol yield. 

Likewise, a total of 30% (w/v) biomass loading is fermented in the mSSF process which consists 

of two separate 15% (w/v) biomass loading processes. Results showed that the ethanol titers of 

58.5 g/L and 72.3 g/L were obtained at the biomass loadings of 20% and 30% (w/v), respectively 

(Fig. 5.3). Meanwhile, high ethanol yields of 83.5% and 70.0% were achieved at the biomass 

loadings of 20% and 30% (w/v), respectively. As compared to published high-gravity 

fermentation, ethanol concentration of 72.3 g/L achieved in this study was the highest one in the 

lab-scale process (Table 5.2), which proved that the proposed mSSF was an effective process to 

increase ethanol titers without sacrificing ethanol yields. With more advanced bioreactor capable 

of handling high solids loading, further increment of ethanol concentration can be expected. 

 

Fig. 5.3 Ethanol yield and concentration of treated switchgrass. Column represents glucose 

concentration and line represents glucose yield. Error bar represents one standard deviation. 
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Table 5.2 Comparisons of high-gravity fermentation. 

Material Pretreatment Solid loading 

(%) 

Fermentation 

Process* 

Ethanol 

Yield (%) 

Ethanol 

Titer (g/L) 

Reference 

Switchgrass Hydrothermal & 

ethanol 

20 mSSF 83.5 58.5 this study 

Switchgrass Hydrothermal & 

ethanol 

30 mSSF 70.0 72.3 this study 

Corn stover Steam explosion 20 SSF 77.2 59.8 [18] 

Corn stover Ionic liquids 34.2 Fed-batch SSF 74.8 41.1 [4] 

Eucalyptus Autohydrolysis 15.6 SSF 95.0 50.2 [19] 

Spruce Steam explosion 

with acids 

20 Fed-batch SSF 53.0 40.0 [42] 

*SSF: simultaneous saccharification and fermentation; mSSF: modified simultaneous 

saccharification and fermentation; Fed-batch SSF: fed-batch simultaneous saccharification and 

fermentation. 

5.4.4 SSF vs. modified SSF 

    Especially at high solids loadings, the mixing challenges and problems such as poor 

mass transfer and accumulated inhibitor will become more severe. mSSF process as an effective 

strategy can minimize those issues as solid residues are separated and only liquid with 

hydrolyzed sugars transferred into next fermenters, thus, the sugar concentration will be doubled, 

whereas solid loadings remain low for high ethanol yields as compared to the traditional SSF 

process. It was also demonstrated in this study that mSSF enabled higher ethanol concentration 

of (58.5 g/L) with the ethanol yield of 83.5% as compared to the SSF process (49.9 g/L and 

71.1%) at the biomass loadings of 20% (w/v) (Fig. 5.4). It proved that mSSF as a novel 

processing technology proposed in this study can function as effectively as the commonly 
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recognized fed-batch SSF process and even slight improvement could be obtained. At higher 

solid loadings, the superior performance of mSSF process could be more obvious. 

 

Fig. 5.4 Simultaneous saccharification and fermentation of treated switchgrass. Column 

represents glucose concentration and line represents glucose yield. Error bar represents one 

standard deviation. 

5.4.5 Modified SSF vs. Hybrid SSF 

    SSF is a widely used process for production of ethanol from lignocellulose. The major 

benefits of performing the enzymatic hydrolysis together with the fermentation, instead of in a 

separate step after the hydrolysis, are the reduced end-product inhibition of the enzymatic 

hydrolysis, and the reduced equipment costs.  mSSF with pre-hydrolysis, referred as hybrid SSF, 

was believed to improve the SSF performance as the pre-hydrolysis was conducted at favorable 

conditions (temperature and pH) for the enzymes [43]. 

Detailed process description of mSSF was mentioned in the above section, hybrid SSF 

was the same procedure as mSSF except inclusion of the pre-hydrolysis at 50 °C for 6 h before 

the SSF process at 30 °C initiated. Comparisons between mSSF and hybrid SSF were conducted 
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at two biomass loadings of 20% and 30% (w/v). No significant differences in ethanol 

concentrations between mSSF and hybrid SSF (58.5 vs. 58.7 g/L) were observed at the 20% 

(w/v) biomass loading (Fig. 5.5). In contrast, slight improvement of ethanol concentration (75.3 

g/L) via hybrid SSF was achieved at the 30% (w/v) biomass loading as compared to mSSF (Fig. 

5.5). This was probably due to different biomass loadings, at the lab-scale process of this study, 

issues such as poor mass transfer and accumulated inhibitor occur at relatively high biomass 

loadings, e.g. higher than 20% biomass loadings. 

 

 

 

 

 

 

 

 

 

 

 

 

5.4.6 FT-IR Analysis 

      FT-IR analysis was used to investigate the chemical structure change during 

pretreatment (Fig. 5.6). The region of 4000-1800 cm
-1

 has only two major bands, which 

corresponds the O-H and C-H groups, respectively. The peak near 3337-3330 cm
-1

 represents 

free OH stretching, and the peak intensity had a significant increase after the pretreatment, 

indicating that hydrogen bonds between cellulose and hemicellulose as well as cellulose and 

lignin were disrupted and more OH of cellulose became exposed in the form of free state [44]. 

  

Fig. 5.5 Modified and hybrid simultaneous saccharification and fermentation. Column represents 

glucose concentration and line represents glucose yield. Error bar represents one standard 

deviation. 
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This is in accordance with our expectation because the hydrogen bond is a special intra- and 

intermolecular force, different from the covalent bond which needs a high-energy intensity to 

disrupt, and is easy to be disrupted with an intermediate- or low- energy intensity. The band 

position at 2917-2900 cm
-1

 is attributed to C-H stretching [45], and the peak almost had no 

changes after the LHW pretreatment. This is mainly because hydrogen bonds are the major 

linkages between hemicellulose and cellulose, thus no affecting the C-H of cellulose. However, 

the peak had an increased intensity after the ethanol pretreatment, indicating that cellulose and 

lignin were connected by covalent bonds such as ester and ether bonds etc., and the methyl and 

methylene portions of cellulose were exposed after the removal of lignin through the ethanol 

pretreatment. Compared to the two peaks discussed above, the peaks in fingerprint region (1800-

900 cm
-1

) are complex and a result of various vibration modes in carbohydrates and lignin, which 

is the focus of our attention. The peak at 1731 cm
-1

 represents the acetyl and uronic ester groups 

connected to branched chains of hemicellulose [45, 46], and disappeared after the LHW 

pretreatment, indicating the acetyl and uronic groups were cleaved from hemicellulose. The pH 

value of sugar liquor after the LHW pretreatment decreased by approximately 3.5, further 

proving the removal of the acetyl and uronic groups from hemicellulose. Compared to raw and 

LHW pretreated biomass, the ethanol pretreated biomass had an increased peak intensity in the 

1602 cm
-1

 band position assigned to the aromatic skeletal vibration and C=O stretching of 

lignin[47]. The peak intensity in the 1513 cm
-1

 and 1315 cm
-1

 positions assigned respectively to 

the C=C and C-O vibrations of lignin side chains also increased [48, 49]. The increase of all 

three peak intensity indicated that the splitting of lignin aliphatic side chains connected with 

cellulose and hemicellulose occurred after the pretreatment. The peak in the 1232 cm
-1

 assigned 

to C-O-H deformation and C-O stretching of phenolics disappeared after the pretreatment, 
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indicating that the solubilization of phenolics and remotion of esters from biomass [50]. The 

increase of the peak intensity in 1200 cm
-1

 indicated an increased contribution from 2nd
 OH 

group, which was accompanied by the development of doublet peaks at 1056 and 1031 cm
-1

 

assigned to the aliphatic OH group [51]. The peak in 1158 cm
-1

 attributed to the antisymmetric 

C-O-C and β-1,4-glycosyl linkage appeared in the raw and pretreated biomass [52]. The peak in 

the 896 cm
-1

 is the characteristic of β-glycosidic linkages between the sugar units [53]. 

 

Fig. 5.6 Structural changes in treated materials. LHW represents liquid hot water treatment; 

LHW+E represents liquid hot water and ethanol treatment. (This part was conducted by co-

author of this paper, Jun Li.) 

 

5.5 Conclusions 

     Fully utilizing each component of lignocellulosic biomass for biofuels and bio-

chemicals production is key element towards successful commercialization of cellulosic biofuels. 

The proposed novel biorefining concept utilizes hemicellulose for furfural production and 

enables high ethanol titer and high ethanol fermentation efficiency as well as utilization of 

solvent-extracted lignin for value added product such as bio-based adhesive. A new design of 

mSSF with the core of enhancing ethanol concentration was proposed as a part of the whole 
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biorefinery process. An ethanol titer of 72.3 g/L (equivalent to an overall yield of 70.0%) was 

obtained using mSSF of hydrothermal and organosolv treated switchgrass at biomass loading of 

30% (w/v), which was the highest among the published results to the extent of our knowledge. 

mSSF with decantation process enabled the bioconversion process at high solid loadings. As a 

result, achieved high ethanol concentration will lower the downstream distillation cost for 

product recovery. The results in this study indicated high ethanol titer and ethanol yield as well 

as byproduct utilization through the proposed biorefining process could significantly accelerate 

the commercialization of cellulosic biofuel production. 
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Chapter 6 -  Conclusions and future work 

6.1 Conclusions 

Integration of cellulosic ethanol production and existing starch-based ethanol facilities 

could accelerate the commercialization of lignocellulosic ethanol production. High gravity 

bioconversion is superior to low-solid loadings but fermentation efficiency usually decreases as 

increasing biomass loadings due to limited mass transfer or accumulated inhibitors of degraded 

products. Fermentation of cellulosic biomass alone usually resulted in low ethanol titer and low 

ethanol yield as demonstrated in this study that only 37.9 g/L of final ethanol concentration was 

obtained even with high solids loading of 16% (w/v). The highest ethanol concentration (68.7 

g/L) was achieved at the corn flour and corn stover ratio of 12:12 using raw starch granular 

enzyme with the ethanol yield of 86.0%. Alternatively, co-fermentation of starchy substrate with 

juice extracted from saccharification of treated biomass was able to significantly enhance ethanol 

concentration without scarifying ethanol yields. Co-fermentation of corn flour mixed with juice 

extracted from enzymatic saccharification of hydrothermal treated corn stover boosted the 

ethanol titer from 19.9 to 123.2 g/L and from 36.8 to 130.2 g/L at the saccharification solid 

loadings of 8 and 16%, respectively, which could significantly reduce the energy cost of ethanol 

distillation. In addition, Low concentrated glucose (42.0 g/L) at the low solid loadings of 8 % but 

high sugar yield (92.7%) was able to meet the minimum ethanol concentration of 40 g/L required 

for economical distillation process after co-fermentation with corn flour as proved in this study 

to reach ethanol concentration of 123.2 g/L. This novel method could be further extended to any 

treated biomass from low to high pH pretreatment as demonstrated in this study. 

The major challenges to commercialize cellulosic biofuels are low fermentation 

efficiency, low ethanol titer, and lack of technology to utilize the byproduct lignin. A novel 
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process was designed to fully utilize lignocellulosic biomass for biofuels and bio-chemicals 

production, which involves green technology such as hydrothermal and organosolv pretreatments 

to produce cellulose-rich solids with good recovery of clean lignin for improvement of plant 

protein-based adhesives as well as xylose for furfural upgradation. Modified simultaneous 

saccharification and fermentation (mSSF) was developed as part of the whole biorefinery 

process, which combines the advantages of both separate hydrolysis and fermentation and SSF 

via unique decantation technologies. The mSSF processing technology enabled to achieve the 

highest cellulosic ethanol titer of 75.3 g/L (73.0%, yield) at biomass loadings of 30% (w/v) 

among the published results to the extent of our knowledge.  

6.2 Future Work 

(1) High gravity bioprocessing, including pretreatment, hydrolysis and fermentation, is a 

trend to produce high concentrated product with reducing water usage. However, subsequent 

issues such as poor mass transfer, high slurry viscosity and accumulated inhibitory compounds 

remain to be addressed. Alternative pretreatment or effective bio-detoxification methods are 

needed to minimize the generation of degradation products. Advanced bioreactor with superior 

agitation is also needed to improve the mass transfer and reduce biomass precipitation. 

(2) Integration of first and second generation feedstocks is a cost-effective and energy-

saving method to boost cellulosic ethanol titers and yields. The quality of fermentation residues 

is remained to further examination, including protein, fiber and carbohydrate contents. 

(3) A bio-refinery concept to utilize each component of biomass is desired to improve the 

economics. Lignin, as a fermentation by-product, still remains a major challenge and opportunity 

which needs further research to explore its usage, especially its subunits such as phenol 

compounds can be used as building block for many chemicals.     


