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 Renewable fuels are essential to environmental sustainability, economic 

competitiveness, air and water quality, and national energy security for a transportation 

sector that is almost totally dependent on petroleum. Cellulosic biomass is the only 

natural resource from which liquid organic fuels can be made sustainably on a large scale 

due to its abundance, widespread geographic availability, and low cost. In order to reduce 

the capital and operating costs of cellulosic biorefineries, consolidated bioprocessing 

(CBP) has been identified as a powerful biotechnology platform that combines enzyme 

production, saccharification, and fermentation, into a single unit operation using 

microorganisms capable of enzyme production and sugar-to-fuel fermentation. Although 

much research has been devoted to obtaining microorganisms able to achieve high sugar 

conversion, conservation of the available sugars proves to be an equal challenge in light 

of the preceding pretreatment step where the greatest sugar losses may occur. However, 

research devoted to the study of pretreatment with organism-free enzyme systems may 
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not be applicable to CBP as organism-mediated hydrolysis operates by a different 

mechanism than free enzyme cocktails. Thus, studies which combine real biomass, 

pretreatment, and CBP are vital to establishing commercially successful bioconversion 

systems. In order to determine synergies between pretreatment, feedstock, and CBP, 

various studies were expounded through a diversity of feedstocks, pretreatment methods, 

and biocatalysts. These studies included: (1) sugar release optimization for C. 

thermocellum CBP and free, fungal enzymes across hydrothermal pretreatment severity 

for Populus, (2) characterization of Populus natural variants by comparing biological 

catalysts while applying a suite of characterization techniques to the biomass, and (3) 

evaluation of a newly developed pretreatment method, co-solvent enhanced 

lignocellulosic fractionation (CELF), through comparison with dilute sulfuric acid 

pretreatment across multiple feedstocks and biological catalysts while aligning our results 

with insights from ultrastructure characterization. Contrasting sugar release from 

pretreated biomass by C. thermocellum CBP and fungal enzymes was used as a means of 

evaluating synergy resulting in reduced recalcitrance while biomass characterization 

informed of structural properties potentially indicative of low recalcitrance. By 

considering real biomass under industrially relevant process scenarios, we develop 

fundamental knowledge towards the design of superior bioconversion systems and 

improved sugar yields. 
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1.1 The Critical Need for Sustainable, Renewable Liquid Fuels 

 Energy storage in the form of chemical bonds is one of nature's most primitive 

and profuse sources of energy. Combustion of organic compounds, primarily fossil fuels, 

for the purpose of converting chemical energy into heat and work has enabled widespread 

development of electricity, transportation systems, and most products of the modern 

world [1]. With an ever growing energy demand, fossil fuel burning has come at the cost 

of rising atmospheric levels of CO2 that cause global climate change due to the 

"greenhouse effect." This phenomena was recognized as early as 1824 by Fourier [2] 

with the prediction that  increased CO2 was causative of an  increase in temperature as 

pioneered by Arrhenius in 1896 [3]. Aside from raising the average surface temperature 

of the earth, elevated amounts of atmospheric CO2 have led to ocean acidification by the 

formation of carbonic acid, a rising sea level due to glacial melting, and greater instances 

of natural disasters globally [4]–[6]. Yet more than 80% of the world's energy 

consumption continues to come from a limited supply of fossil fuels (The World Bank, 

2014)
*
 due to its high energy density, relatively low cost, and presence of an intensive 

infrastructure developed around its use. Without a universal system in place to either 

reduce or recycle the amount of CO2 produced, sustainable liquid fuels, i.e., fuels which 

are carbon neutral in terms of their terrestrial-atmospheric carbon flux, that can be 

renewed and easily substituted for petroleum are urgently needed.    

                                                 
*
 Data, Fossil Fuel Energy Consumption (% of Total). Available at 

http://data.worldbank.org/indicator/EG.USE.COMM.FO.ZS/countries 
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1.2 Lignocellulosic Biomass is the Best Option for Renewable Liquid Fuels 

 In addition to sustainability and renewability, alternative liquid fuels must be 

available at a large enough scale to sustain global demand and still come from a 

competitively priced, non-food based resource in order to survive as a viable industry. 

With this in mind, lignocellulosic biomass is the only resource from which liquid organic 

fuels can be produced. A particularly promising platform on which to base using 

cellulosic biomass takes advantage of the rich content of high molecular weight 

polymeric 6-carbon and 5-carbon sugars contained within the plant cell wall that can be 

broken down into monomeric sugars for fermentation to ethanol and other fuels.  

 To highlight the importance of obtaining sugar from a stable, competitively priced 

raw feedstock, the rack selling price (the price which refiners sell their products to 

clients) of corn-based ethanol and gasoline in dollars per gallon and the cost of corn, 

mixed hardwood sawtimber, and pine (softwood) sawtimber in dollars per gallon of 

ethanol from 1988 to 2013 are shown in Figure 1.1 (see Appendix, section 1.7, for 

supporting calculations). For much of the past 25 years, the price of ethanol has eclipsed 

that of gasoline due to the high cost of corn, whereas the prices of pine and mixed 

hardwoods have remained stable at a much lower cost. Introduction of non-food based 

“energy crops", such as a hardwood like poplar and grasses like miscanthus and 

switchgrass, for fuels production would create lower cost feedstocks in addition to 

creating a market for waste resources like corn stover, grass clippings, and other residues 

to be sold as a commodity. Additionally, using a low cost feedstock would allow for a 

large margin between raw material cost and fuel selling price, leaving room for 
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processing costs to fluctuate as the technology is moved from bench to commercial-scale 

[7].    

  

Figure 1.1 Selling price and feedstock cost of various renewable and non-renewable energy resources from 

1988-2013. The price of gasoline
†
, petroleum

‡
, and ethanol

§
 is in $/gal and that of corn

**
 and hardwood and 

pine sawtimber
††

 is in $/gal ethanol. Price is given in nominal U.S. dollars. 

 Not only is biomass inexpensive compared to present fuel feedstocks, it is also 

widely and abundantly available. The U.S. alone produces nearly 500 million dry tons of 

biomass a year between forestland and agricultural resources, biomass, and waste 

resources with a capacity to produce over 1 billion dry tons of biomass annually 

sometime between the year 2022 and 2030 [8], [9].  This is enough biomass to replace up 

to 30% of the current petroleum consumption in the U.S. These projections take into 

account future production of biomass from energy crops such as giant miscanthus, 

                                                 
†
 U.S. Energy Information Administration, Total Energy, Monthly Energy Review, 2014. Available at 

http://www.eia.gov/totalenergy/data/monthly/index.cfm 
‡
 The World Bank, Data, GEM Commodities, 2014. Available at http://data.worldbank.org/data-

catalog/commodity-price-data 
§
 Nebraska Energy Office, Ethanol and Unleaded Gasoline Average Rack Prices, 2014. Available at 

http://www.neo.ne.gov/statshtml/66.html 
**

 U.S. Department of Agriculture Economic Research Service, Feed Grains Database. Available at 

http://www.ers.usda.gov/data-products/feed-grains-database/feed-grains-custom-query.aspx#.U-

GCY_ldV8F 
††

 North Carolina State University, Extension Forestry Historic Prices. Available at 

http://forestry.ces.ncsu.edu/historic-prices/ 
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sorghum, poplar, eucalyptus, and switchgrass among others that have the ability to be 

grown on a diversity of land with a wide range of soil quality and annual rainfall. 

Considering the use of millions of tons of biomass from forest and agricultural industries 

for fuel is highly applicable to countries of vast, diverse landscapes such as America, 

however, this same model could easily be downscaled for application to countries with 

poor growing conditions and limited available biomass, technology, and infrastructure, 

such as much of Africa, in order to serve the developing world with an independent, 

sustainable source of energy [10], [11].    

1.3. Challenges of Releasing Sugar from Lignocellulosic Plant Cell Walls 

 Unlike corn-based ethanol production which utilizes starch, a water soluble 

carbohydrate that can easily be removed from the corn kernel and broken down into 

glucose by the enzyme amylase, lignocellulose is insoluble and requires a diverse set of 

cellulase and hemicellulase enzymes to break apart the reticular matrix of cellulose, 

hemicellulose, pectin, and non-fermentable polymer components such as lignin that 

encase the overall structure. Not only is biomass composition complex, it also varies 

greatly between natural plant groups (e.g., gymnosperm vs. angiosperm, woody vs. 

herbaceous), species, and sub-populations within a species as a result of a variety of 

factors including genetic variation, growth location, and environmental stress factors such 

as rainfall, temperature, soil conditions, etc. However, chemical composition alone 

cannot fully characterize the cell wall structure. Other attributes, such as polysaccharide 

and lignin average molecular weights and molecular weight distributions, the degree of 

hemicellulose chain substitution, chemistry of xylan substitution, lignin functionalization, 
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cellulose crystallinity, and nanocomposite microstructure (which includes porosity, pore 

volume distribution, cell wall thickness, cell type, etc.) contribute to the physical and 

chemical properties that comprise biomass. A process suitable for biofuel production 

must be flexible enough to accommodate these differences in feedstock features.  

 A second aspect of biomass heterogeneity to consider is that biomass continually 

changes during processing, making the plant cell wall not only complex, but also a 

moving target. This is particularly evident during biological saccharification, as biomass 

breaks down differently based on the amount and type of enzymes present in addition to 

how the biomass was processed prior to hydrolysis. Therefore, considering the overall 

process in the context of a particular feedstock is important to understanding the 

challenges involved in releasing sugar from the cell wall.  

1.4. Lignocellulosic Ethanol Process Overview: Pretreatment and Biological 

Deconstruction 

 In order to effectively breakdown cell wall polysaccharides into soluble sugars, 

biomass processing has been designed to maximize biological digestibility of the solids 

while minimizing sugar loss at the lowest cost. After size reduction by chipping and 

milling, biomass must generally be subjected to either a physical or chemical 

pretreatment to open the cell wall structure by breaking cross-links and removing soluble 

sugars and removing or modifying lignin so that enzymes can access the cellulose fibers 

and hemicellulose matrix. After pretreatment, biomass polysaccharides are converted to 

individual sugars by enzymatic hydrolysis and then metabolized to biofuels (e.g., ethanol) 

by fermentation. When these two latter steps are performed separately, the process is 
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referred to as separate hydrolysis and fermentation (SHF), however, when these two 

biological operations are combined, the process is referred to as simultaneous 

saccharification and fermentation (SSF). For SHF or SSF, cellulase and hemicellulase 

enzymes must be added to the system following their onsite production by organisms 

such as the fungi Trichoderma reesei or by purchasing them from a commercial supplier. 

However, the cost of enzyme production alone has been estimated to contribute $0.68 to 

$1.47 per gallon of ethanol produced [12], making saccharification economically taxing 

and squandering process viability.  

 Due to the high processing costs of producing enzymes aerobically, consolidated 

bioprocessing (CBP) has emerged as a biotechnology path based on utilizing a single 

organism capable of both enzyme production and fermentation [13], [14], thus 

eliminating the need for added enzymes and streamlining multiple processing steps into a 

single unit operation, significantly reducing costs. A process overview is given in Figure 

1.2 highlighting the conventional approach and the ideal case scenario using CBP for 

biofuels production.  

 

Figure 1.2 Biofuel process flow diagram contrasting traditional (a) and CBP (b) bioconversion systems  
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 For CBP to be successful, two main challenges must be overcome: (1) effective 

saccharification of lignocellulose that results in (2) high titers and yields of ethanol.  

Presently, no single organism has been found, or constructed through genetic 

engineering, which is able to do both these tasks at the same time well. Thus, two 

approaches have been developed for CBP organism selection: the native strategy and the 

recombinant strategy [15]. The native strategy utilizes an organism with the natural 

ability to hydrolyze lignocellulose, such as Clostridium thermocellum or 

Caldicellulosiruptor bescii; however, wild type strains of these organisms produce either 

very little or no ethanol. In the native approach, much research has been invested in 

engineering genetic tools appropriate for these organisms in order to increase ethanol 

titers and yields. The recombinant strategy takes the opposite approach by first starting 

with an ethanogenic host, such as Saccharomyces cerevisiae or Zymomonas mobilis, with 

genetic work focused on developing cellulase and hemicellulase systems which can be 

produced in these organisms and externally secreted into the fermentation solution, 

eliminating the need to add enzymes.  

 Between the two competing challenges of effective lignocellulose hydrolysis and 

high ethanol production, the greatest challenge in developing cellulosic ethanol remains 

to be the former, i.e., plant cell wall recalcitrance, as sufficient ethanol production has 

been proven manageable with genetic modifications. Therefore, the native approach has 

been seen as most favorable for biomass conversion as it addresses the greater challenge 

of biomass recalcitrance first by utilizing an organism that already has an efficient and 
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comprehensive enzyme system and the innate ability to direct enzyme production to 

effectively digest the substrate [16].  

 Following pretreatment and biological digestion is product recovery. In this step, 

ethanol is separated from the fermentation broth by means of distillation combined with 

highly selective molecular sieve adsorption to recover up to 99.5% purity ethanol [17]. In 

addition, the recalcitrant residue that remains after biological digestion, comprised of 

primarily lignin and unconverted sugars, could be utilized as a combustible energy source 

to fuel boilers for steam and electricity production to support the energy requirements of 

the overall conversion process with excess power exported into the grid [17].  

1.5. Research Focus 

 Despite the many attributes which make biomass an astute choice for next 

generation biofuels, the major barrier to taking advantage of its potential is high 

processing costs due to the inherent recalcitrant nature of plants which prevents effective 

removal and conversion of the available polysaccharides to fermentable sugars. 

Technoeconomic evaluations have shown that the three most expensive components of 

the conversion process are (1) feedstock purchase cost, (2) pretreatment, and (3) 

biological deconstruction which includes hydrolysis, fermentation, and cellulase 

production [7], [17], [18] . On the other hand, sensitivity analyses have shown the factors 

which most greatly influence reducing ethanol selling price, next to plant capacity, are: 

feedstock cost, glucan and xylan content, and cellulase enzyme cost [18]. However, with 

the cost of cellulosic biomass equivalent to petroleum at about $20/barrel, one would 
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expect feedstock costs to be dominant for a commodity product. Therefore, with 

conversion being the major hindrance to low cost cellulosic ethanol, improved 

pretreatment and biological conversion systems must be at the forefront of research 

efforts.  

 Unfortunately, the development of improved feedstocks may not offer much help 

to directly reduce feedstock cost, as price will most likely be driven down by maturation 

of the biorefining industry and economies of scale. However, since feedstock cost makes 

up approximately 1/3 of the total cost of ethanol production [7], attention should be given 

to the use of improved plants which offer high sugar content and low recalcitrance either 

through selection of natural variants, which possess these qualities, or through genetic 

alterations. Thus, feedstock development can indirectly impact cost by potentially 

requiring less severe pretreatment and lower enzyme loadings. Incorporating the use of 

low recalcitrant feedstocks into the overall process will be necessary for gauging how 

pretreatment and sugar release are influenced by changes to the plant cell wall structure 

in choice feedstocks. Additionally, characterization of the chemical composition and 

structure of such plants will offer special insights as to what particular properties make 

them advantageous.    

 Although feedstock development offers obvious benefits towards lowering 

processing costs by reducing recalcitrance, the greatest advances in developing the 

cellulosic ethanol industry will come from reducing the cost of the two most expensive 

process steps: pretreatment and biological conversion. Additionally, these processes 
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directly impact two of the leading factors which have the greatest potential effect on the 

selling price of ethanol, sugar content and enzyme cost, as pretreatment has the ability to 

increase enzymatic digestibility of the solids while controlling the degree of sugar loss 

while the type of biological digestion system chosen determines if external enzymes are 

required. If a CBP system is chosen, ideally, there should be no added enzyme cost; 

however, in a SHF or SSF scenario where enzymes are needed, the dose required for 

effective saccharification is dependent on the feedstock choice as well as the pretreatment 

method.  

 Consistent with the need for development of reduced recalcitrant feedstocks along 

with pretreatment and biological conversion processes which accomplish high sugar 

conversion at a low cost, the research presented in this thesis will focus on understanding 

interactions between pretreatment and biological conversion using lignocellulosic 

feedstocks with attention on the study of low recalcitrant natural variants.  More 

specifically, the deconstruction performance of C. thermocellum CBP will be compared 

to that by traditional fungal cellulase hydrolysis, which would be used in SHF or SSF 

configurations, using pretreated substrates to validate that CBP is indeed a process 

improvement over conventional free enzyme hydrolysis in terms of increased sugar 

release. Throughout this thesis, combinations of feedstocks, pretreatments, and biological 

catalysts (either C. thermocellum CBP or fungal enzymes) will be applied to compare 

process performance, determine if novel synergies exist among these components, and 

understand features that impact recalcitrance by measuring chemical and material 

properties of biomass solids left after pretreatment, CBP, and enzymatic hydrolysis. In 
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pursuing these objectives, this thesis makes a novel contribution towards the ultimate 

goal of reducing lignocellulosic processing costs to support development of a 

commercially viable cellulosic ethanol industry.   

1.6. Thesis Organization  

 In this thesis, Chapter 2 begins with a base case study that directly compares C. 

thermocellum with fungal cellulases for deconstruction of solids produced by 

hydrothermal pretreatment of a recalcitrant natural variant Populus feedstock, BESC 

standard Populus provided by the BioEnergy Science Center (BESC), over a range of 

pretreatment severities. In addition, this study closely follows sugar recovery and applies 

material balances for each pretreatment to determine the maximum possible sugar release 

from Populus by each digestion system while also investigating the role of pretreatment 

temperature and its effects on subsequent biological deconstruction. To build on the 

results of Chapter 2, Chapter 3 compares deconstruction of two additional Populus 

feedstocks identified as low recalcitrant natural variant lines, BESC 876 and SKWE 24-2, 

to results with standard Populus. All three Populus variants were hydrothermally 

pretreated at optimal conditions established in Chapter 2 to compare the effect of 

feedstock diversity within a given genus on C. thermocellum fermentation and fungal 

enzymatic digestion. To identify ultrastructure biomass features that may be indicative of 

reduced recalcitrance, a host of analytical methods and tools were applied to the solids in 

order to tease out features of the plant cell wall that hindered complete removal of the 

polysaccharides. 
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 Chapters 4-6 focus on applying CBP and free fungal enzymes to solids resulting 

from pretreatment of Populus and corn stover by a novel technology developed at UCR 

called Co-solvent Enhanced Lignocellulosic Fractionation (CELF) and by a conventional 

dilute sulfuric acid approach. CELF pretreatment employs a single-phase solution of 

tetrahydrofuran (THF) with aqueous dilute sulfuric acid to achieve high hemicellulose 

sugar yields comparable to those from dilute sulfuric acid pretreatment alone but with 

much higher lignin removal. The effects of these pretreatments on each feedstock were 

evaluated at the macro-level by determining digestibility of the pretreated solids by 

biological deconstruction and at the micro-level by cellulase adsorption, lignin 

characterization, and microscopy to gain additional insight. Unlike Chapters 2 and 3 

which focus on a single feedstock and pretreatment method, Chapters 4-6 shift to 

examining the relationship between feedstock, pretreatment method, and biological 

catalyst, and synergies among these three to enhance biomass conversion. Chapter 4 

highlights pretreatment details including material balances, sugar recovery, and 

compositional changes that occurred for each feedstock in addition to digestion profiles 

for C. thermocellum CBP and fungal enzymes, the latter being at low, economical 

enzyme doses. Chapters 5 and 6 focus strictly on structural characterizations of corn 

stover and Populus, respectively, and the resulting solids after pretreatment and partial 

digestion by C. thermocellum (fermentations carried out to 50% of the maximum glucan 

plus xylan release). These chapters include lignin analysis by our BESC partner at the 

University of Tennessee for the relative abundance of monolignol subunits, average 

molecular weights, and molecular weight distributions. In addition, cellulase adsorption 
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profiles were constructed to investigate enzyme accessibility and enzyme-substrate 

affinity. To evaluate the effect of these pretreatments on the overall cell wall structure, 

BESC partners at the National Renewable Energy Laboratory (NREL) applied 

transmission electron microscopy (TEM), confocal scanning laser microscopy (CSLM), 

and stereomicroscopy to corn stover and Populus solids to provide visual evidence to 

support physical and measured observations. These investigations all serve the ultimate 

goal of Chapters 5 and 6 which is to understand structural factors responsible for 

differences in sugar release, that is to say, recalcitrance, reported for pretreatment and 

biological digestion in Chapter 4.  

 To conclude, Chapter 7 highlights significant findings and general conclusions 

that were drawn through the research reported in this thesis. In addition, 

recommendations are offered for future pretreatment and consolidated bioprocessing 

research that can further advance overcoming biomass recalcitrance as the key obstacle to 

low cost biological conversion of cellulosic biomass to ethanol and other products.  
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1.7. Appendix 

Assumptions and calculations for Figure 1.1:  

 1 bushel of corn yields 2.7 gallons of ethanol
‡‡

 or 1 metric ton of corn  yields 

106.29 gallons of ethanol 

 1 metric dry ton of hardwood or pine sawtimber yields 74.67 gallons of ethanol 

 Raw biomass sugar composition: 47.2% glucan and 15.8% xylan (45% glucose 

and 15% xylose)   

 95% sugar yield for glucose and xylose 

 85% theoretical yield of glucose and xylose to ethanol 

 

 

 

 

 

 

 

                                                 
‡‡

How Much Ethanol Can Come From Corn". National Corn Growers Association. Tues. 05 Aug. 2014 

 <http://www.cie.us/documents/HowMuchEthanol.pdf> 
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Chapter 2. Effect of hydrothermal pretreatment severity and 

temperature on Populus digestion by fungal cellulase and C. 

thermocellum CBP for liquid fuel production shows CBP to be 

advantageous 
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2.1 Introduction 

 In an effort to overcome biomass recalcitrance for the purpose of making 

alternative fuels, processing of lignocellulosic feedstocks has been designed around 

making cell wall polysaccharides accessible to enzymes for conversion to sugars [1]. 

Thus, biomass is first pretreated (Stage 1) to fractionate and partially hydrolyze the cell 

wall, followed by biological digestion (Stage 2) where enzymes complete hydrolysis and 

the resulting sugars are fermented to fuel, either simultaneously or in tandem [2]. In order 

to produce solids amicable to biological deconstruction, a multitude of pretreatment 

strategies have been developed and explored using a variety of approaches including 

physical size reduction, treatment with solvents or catalysts at elevated temperatures and 

pressures, or different reactor configurations [3]. While pretreatment is seen as a method 

of breaking down the cell wall to render enzymes access to the sugars within, one 

parameter often overlooked is sugar loss, with few studies giving a thorough 

investigation of the fate of sugars during pretreatment [4]–[6]. While the resulting 

pretreated solids can be highly digestible to enzymes, careful attention must be given to 

the conditions and methods of the pretreatment so as to minimize loss of sugars by means 

of chemical degradation, particularly with respect to hemicellulose sugars [7], or make 

drastic cell wall alterations which could result in decreased biological sugar yields [8]. At 

the same time, mild conditions which conserve the raw sugars may render solids 

unreactive. Both cases should be avoided.   

 In addition to attaining high Stage 1 and 2 sugar yields, overall processing costs 

must be taken into consideration to be competitive with gasoline [9]. Thus, to eliminate 
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dependence on the use of expensive, externally added fungal enzymes, consolidated 

bioprocessing (CBP) has been proposed and extensively developed with the potential to 

significantly reduce costs by using an enzyme-producing organism to hydrolyze and 

ferment sugars to ethanol [10], [11]. C. thermocellum is one native cellulolytic organism 

that has been shown to be particularly effective in saccharification of lignocellulose [12]–

[15]. While the ability of C. thermocellum to consume pure cellulose substrates has been 

well established, few studies have compared C. thermocellum and fungal enzymes using 

pretreated biomass [16]–[18]. When pretreated substrates are used, details regarding the 

effect of Stage 1 on both sugar release and degradation are either not evaluated or not 

reported [19]. Instead, Stage 2 sugar release is highlighted as a basis for gauging overall 

process performance. Thus, any Stage 1 sugar loss that occurs while transforming the raw 

biomass into such digestible solids is often overlooked altogether.  

 In this study we evaluate a potentially low cost process by combining C. 

thermocellum fermentation with a batch, hydrothermal pretreatment which had no added 

chemicals aside from water. Populus was chosen as the feedstock as it was more 

recalcitrant than grasses or agricultural residues, making it a good candidate to test the 

robustness of C. thermocellum's enzyme system.  In addition, pretreated solids were 

incubated with fungal enzymes at two different doses to directly compare prescribed 

enzyme cocktails to CBP digestion. Stage 2 glucan yields and conversions were reported 

up to 168 hours for each system, respectively, in addition to Stage 1 glucan and xylan 

release. From these measurements, optimal hydrothermal pretreatment conditions were 

determined for each biological catalyst system based on the maximum glucan plus xylan 
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release in Stages 1 and 2 as a function of pretreatment severity. Stage1 plus Stage 2 sugar 

release was normalized to a basis of 100 grams of glucan plus xylan in the raw biomass 

in order to establish a reference for determining process feasibility that was based on the 

total available sugar. Stage 1 glucan and xylan losses were reported while material 

balances were closed to affirm sugar recoveries and pretreatment optimization with 

confidence. Lastly, pretreatment temperature effects were evaluated by decreasing 

reaction temperature for a given pretreatment severity to understand the role of 

temperature on biological digestibility.  

2.2 Materials and Methods 

2.2.1 Substrates 

BESC standard Populus (Populus trichocarpa) was provided by the BioEnergy 

Science Center (BESC) through Oak Ridge National Laboratory (ORNL, Oak Ridge, 

TN). BESC standard Populus was received chipped with a moisture content of less than 

10 w/w %. Populus was knife milled (Thomas-Wiley Laboratory Mill, Model 4, Thomas 

Scientific, Swedesboro, NJ) to a particle size of less than 1 mm using a 1 mm size screen. 

All material that passed through the screen was collected, mixed together, divided into 1 

gallon size bags, and stored at -20ºC. Microcrystalline cellulose powder, Avicel
®
 PH-101, 

was purchased from Sigma-Aldrich (St. Louis, MO) and stored at room temperature.  
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2.2.2 Pretreatment 

 Pretreatments were performed in a 1 L Hastelloy reactor (Parr Instrument 

Company, Moline, IL) equipped with a pressure gauge, thermocouple (Type K, Omega 

Engineering, Inc., Stamford, Connecticut), impeller, and electric motor (Pacific Scientific 

Automation Technology Group (Kollmorgen), Radford, VA). The reactor was heated to 

the desired temperature by lowering it via a chain hoist into a fluidized sand bath (Model 

SBL-2D, Techne, Princeton, NJ ) maintained at 350-375ºC depending on the final 

reaction temperature. The contents were mixed at 180 rpm. The time for the reactor to 

heat up was recorded as the time for the temperature in the reactor to rise from ambient to 

within 2°C of the target temperature, the accuracy limit of the thermocouple. The reaction 

temperature was maintained by raising and lowering the reactor near the surface of the 

sand bath. The reaction was stopped by transferring the reactor to a room temperature 

water bath with the cool-down time being the time for the reactor contents to cool from 

the target temperature to 80°C.  

 The pretreated solids and resulting liquor were separated by vacuum filtration. 

Pretreatment liquor was collected and stored at -20ºC. Filtered solids were collected, 

weighed, and stored at -20ºC to prevent microbial degradation and subsequent 

compositional changes over time. Moisture content was determined by oven drying for 

determining pretreatment solids yield. 

 Hydrothermal pretreatments were run at 5 w/w % solids loading with a total 

weight of 750-800 g. Biomass was soaked for a minimum of approximately 4 hours prior 

to the reaction in deionized water.  
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2.2.3 Enzymatic hydrolysis 

Enzymatic hydrolysis was performed according to the procedure "Enzymatic 

Saccharification of Lignocellulosic Biomass" put forth by the National Renewable 

Energy Laboratory (NREL, Golden, CO) [20]. Fungal cellulase cocktail Accellerase® 

1500 (DuPont Industrial Biosciences, Wilmington, DE; protein concentration ~86 mg/ml) 

was used at various loadings on a basis of mg protein/g glucan in the raw or pretreated 

biomass. Protein concentration was determined using a Pierce
TM

 BCA protein assay kit 

(ThermoFisher Scientific, Pittsburgh, PA). Reactions were carried out in 125 mL flasks 

with a working volume of 50 mL at 50°C and 150 rpm for up to 7 days in Multitron 

shakers (Model AJ125; Infors-HT, Laurel, MD, USA). 50 mM sodium citrate buffer was 

added to maintain the reaction pH at 5.0 ± 0.1. 0.2g/L sodium azide was added to prevent 

microbial growth. Avicel
®
 PH-101 was used as a substrate control to benchmark enzyme 

activity. Enzyme blanks without substrate were incubated with samples to determine the 

amount of sugar, if any, that was present in the enzyme solution.  

2.2.4 Anaerobic digestion/ consolidated bioprocessing 

Clostridium thermocellum strain DSM 1313 was obtained from Dr. Lee Lynd’s 

laboratory at Dartmouth College (Hanover, NH). Seed inoculum was prepared from a 

single batch of a single-colony isolate of exponential phase C. thermocellum cultured on 

MTC medium [21] and Avicel
®
 PH-101 at 60°C and 180 rpm. The chemicals used for 

preparing the media were obtained from Sigma-Aldrich (St. Louis, MO) or Fisher 

Scientific (Pittsburgh, PA). The seed inoculum batch was divided into 4 mL aliquots and 

stored at -80ºC. Freezer stocks were cultured on Avicel
®
 PH-101 at a concentration of 5 g 
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glucan/L using MTC medium (less trace elements and yeast extract) with an inoculum 

concentration of 2 v/v %. Transferred freezer stock cultures were used to inoculate 

experimental samples of either biomass or cellulose loaded at 5 g glucan/L with a 

working volume of 50 mL. Avicel
®
 PH-101 controls were run alongside biomass samples 

to affirm cell viability of the inoculum. A viable inoculum was capable of ~90% glucose 

yield, or ~80% solids yield, in 24 hours at 60°C and 180 rpm for 2 v/v % inoculum grown 

on 5 g/L Avicel
®
 PH-101. This growth standard maintained consistent 24 hour glucose 

and solids yields over the course of 4 years. Glucose yield was calculated as the grams 

glucose in solution after 24 hours relative to the grams glucose equivalent initially loaded, 

and solids yield was calculated as the grams solids dry weight after 24 hours relative to 

the grams solids dry weight initially loaded. To calculate the solids dry weight after 24 

hours, the entire fermentation contents were collected, washed (via vortexing as 

described later in this section), and oven dried.    

All cultures and media were prepared in serum bottles, plugged with a butyl 

rubber stopper (Chemglass Life Sciences, Vineland, NJ), and sealed with an aluminum 

crimp. To make the contents of the bottle anaerobic, the headspace was flushed with 

nitrogen gas and then evacuated using a compressor (model ABF63 4B 7RQ, ATB, 

Vienna, Austria) for 45 seconds each. The flush/evacuation cycle was repeated 15 times. 

Biomass and substrates were sterilized by autoclaving and media were sterilized by 

autoclaving or filter sterilization (0.22 μm filter, Millipore, Billerica, MA) for heat 

sensitive compounds. Bottle fermentations were maintained at a pH of 7.0 using MOPS 

buffer. Samples were taken at 12 or 24 hour intervals for 7 days.    
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Fermentation residues were collected for structural polysaccharides and lignin 

quantification by centrifuging the entire reactor contents at 2,800 rpm, removing the 

broth for HPLC analysis, and washing the solids 3 times with 50 mL (a total of 150 mL) 

of deionized water, vortexing the solids and water between washings. Residual solids 

were dried and weighed prior to structural polysaccharide and lignin quantification to 

determine the total weight loss. 

2.2.5 Structural sugars and lignin quantification  

A Waters HPLC, separations module e269 with refractive index detector 2414, 

(Milford, MA) was operated with a 50 mM sulfuric acid solution eluent and an Aminex 

HPX-87H column (Bio-Rad, Hercules, CA) for separation of cellobiose, glucose, xylose, 

arabinose, formate, lactate, acetate, levulinic acid, ethanol, 5-HMF, and furfural. A 

minimum of two to five replicates was run for each analysis. 

Solid samples from raw, pretreated, and CBP biomass solid residues were 

analyzed for structural sugars and lignin contents according to NREL procedure 

"Determination of Structural Carbohydrates and Lignin in Biomass"[22]. Wheat straw 

(RM 8494) or Eastern Cottonwood (RM 8492) Whole Biomass Feedstock from the 

National Institute of Standards and Technology (NIST, Gaithersburg, MD) was run with 

each composition analysis as a standard reference material. If less than 300 mg of solids 

remained after fermentation, the procedure was scaled down according to the available 

sample weight.  
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Liquid samples from the pretreatment liquor, enzymatic hydrolysis reaction 

solution, and fermentation broth were analyzed for soluble sugar monomers and 

oligomers by HPLC. To analyze sugar monomers, 30 μl of 10 w/w % sulfuric acid 

solution was added to 1 mL enzymatic hydrolysis and fermentation liquid samples to stop 

enzymatic reactions, vortexed, and centrifuged to remove solids and cell debris prior to 

analysis. To quantify soluble oligomers, post hydrolysis was performed on these liquid 

samples as outlined in NREL procedure, "Determination of Structural Carbohydrates and 

Lignin in Biomass." 

2.2.6 Sugar release calculation 

Sugar release refers to the amount of sugar solubilized from the solid biomass into 

the liquid by enzymatic digestion or consumed by the organism during fermentation. For 

the case of either biological catalyst, polysaccharide hydrolysis was generalized as: 

 

                                                  (1) 

 

or, more simply,  

 

    
 
        (2) 

 

where   is the total amount of insoluble polysaccharides originally present in the biomass 

given in terms of sugar monomer equivalent and   is the total amount of soluble sugar 
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monomer that results from hydrolysis. The subscripts (s) and (l) refer to solid and liquid, 

respectively. It is assumed that sugar does not degrade during biological deconstruction, 

and B, therefore, does not react further.  

For free, fungal enzymatic hydrolysis, sugar release was calculated as the percent 

sugar yield     , defined as the amount of sugar released by enzymes into solution at 

time t relative to the amount of sugar originally present prior to enzymatic hydrolysis: 

 

      
             

       
       (3) 

 

where n represents an amount of sugar in grams as either a polysaccharide, nA, or 

monomer nB, and t represents time. Sugar release by C. thermocellum produces a variety 

of products, some of which cannot be readily measured, thus, its performance was 

calculated in terms of polysaccharide percent conversion,     , which was defined in 

terms of the amount of polysaccharide that was removed from the solid between time t=0 

and t, relative to the original amount of polysaccharide present in the solids at time t=0: 

 

       
             

       
         

     

       
     . (4) 

 

Note that the conversion is defined only in terms of nA, the amount of insoluble 

polysaccharide in the solid, while the yield is defined in terms of both nA and nB, the 

amount of sugar monomer found in the liquid. When a low solids loading is used, as is 



  

27 

 

the case with this research, we can assume that end-product inhibition of the enzymes by 

sugars is negligible. Because we found that fungal enzymes completely hydrolyze 

dissolved polysaccharides to sugar monomers with no accumulation of oligomers, 

calculating digestion by yield is appropriate as both nA and nB, are measurable. However, 

since a CBP organism performs both hydrolysis and fermentation, the sugars released 

into solution are also consumed, therefore, nB is not quantifiable. Measuring conversion 

for C. thermocellum is the more appropriate route for calculating reaction progress as nA 

is the only measurable quantity and also the only term required in equation (4).   

Yield and conversion are related through selectivity,  , as follows: 

 

     . (5) 

 

 However, for a linear reaction which forms only a single product, as in equation (2),  

 

      (6) 

 

and,  

   .  (7) 

 

Thus, yield and conversion are equivalent in the case of biological deconstruction of 

biomass with no sugar degradation. The only variance between yield and conversion is 

how the reaction progress is measured: either by sugar appearance in the liquid or 
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polysaccharide disappearance from the solid, for yield and conversion, respectively, 

relative to the amount of polysaccharide originally present in the solid. In order to 

compare saccharification by enzymatic hydrolysis directly to that by fermentation, the 

single term, sugar recovery,  , can be explicitly defined as: 

 

     .  (8) 

 

Here R is considered to be either yield or conversion depending on the biological system 

applied. 

2.2.7 Stage 1 sugar material balance calculation 

Glucan and xylan material balances were applied around the pretreatment step, 

Stage 1, to validate the yields calculated and determine the fraction of the sugars lost to 

degradation. The generalized total material balance for pretreatment can be expressed as: 

 

             
   

           
   

             ,  (9) 

 

where   and   are the amounts of glucan and xylan in the raw biomass, respectively, and 

  ,   , and    are the amounts of glucan, xylan, and sugar degradation products present 

after pretreatment, respectively, in grams. The subscripts (s) and (l) indicate the solid and 

liquid phase, respectively. For a glucan or xylan only material balance, equation 9 was 

modified to contain only the relevant terms. The sugar degradation products can be 
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calculated as the sum of individual compounds that resulted from glucan and xylan 

degradation:  

 

  
                          

 

   

 

 

where    is the amount of an individual degradation product in equivalent mass of 

glucan/xylan, and n is the total number of degradation products quantified. In this study, 

the individual degradation products quantified were levulinic acid, formic acid, 5-HMF, 

and furfural. Pretreated solids were analyzed for structural polysaccharides while 

pretreatment liquors were analyzed for oligosaccharides, monomers, and degradation 

products to account for the total amount of glucan and xylan in the raw biomass prior to 

pretreatment.  

2.2.8 Stage 2 sugar material balance calculation 

 Stage 2 material balances were done similar to that of Stage 1: 

             
   

           
   

       , (11) 

however, now   and   are the amounts of glucan and xylan in the pretreated biomass, 

respectively, and    and    are the amounts of glucan and xylan present after biological 

digestion, or Stage 2, respectively, in grams. The subscripts (s) and (l) indicate the solid 

and liquid phase, respectively. 
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2.2.9 Severity factor calculation 

 The severity factor,      , was used to combine the effects of pretreatment 

temperature and time into a single parameter to effectively compare pretreatments across 

different temperatures. The severity factor was defined as:  

              
     

     
  ,  (12) 

where   was time in minutes and   was temperature in°C as defined elsewhere [23]. 

2.3 Results and Discussion 

2.3.1 Raw and hydrothermal pretreated Populus characterization 

 Populus was hydrothermally pretreated, using water only, over a range of 

pretreatment severity factors from 3.8-4.7 to produce six distinct pretreated solids. The 

severity factor parameter was used as defined by Abatzoglou et al., 1992 (see section 

2.2.9). After pretreatment, the solid-liquid slurry was separated by vacuum filtration 

where the resulting liquid, or liquor, was removed from the pretreated solids in 

preparation for washing to remove entrained, solubilized sugars prior to biological 

deconstruction. The washed solids were then used as the substrate for enzymatic 

hydrolysis and fermentation by C. thermocellum to gauge the effect of increasing 

pretreatment severity on sugar release. The goals of this study were to determine the 

optimal hydrothermal pretreatment for Populus and find the maximum sugar release with 

respect to each biological catalyst. The optimal pretreatment was defined as the 

conditions that gave the highest Stage 1 plus Stage 2 glucan and xylan release relative to 

the amount of glucan and xylan in the raw biomass, where Stage 1 was pretreatment and 
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Stage 2 was biological deconstruction with Recovery in between which included solids 

and liquid separation and washing. A summary of this process is given by Figure 2.1.    

 

Figure 2.1 Experimental set-up indicating pretreatment to be Stage 1, solid/liquid separation and washing 

to be Recovery, and C. thermocellum fermentation or enzymatic hydrolysis to be Stage 2.   

 

 While severity factor can be used to directly compare pretreatments of different 

temperatures, it is well known that temperature effects are not completely negligible, with 

notable implications on Stage 1 sugar and solids yields, solids composition, the amount 

of degradation products generated, and overall digestibility of the solids produced, thus 

resulting in potential changes to Stage 2 yields and/or conversions [24]. Therefore, all 

pretreatments were performed at a temperature of 200°C from 7.2 to 57.0 minutes as 

shown in Table 2.1 to mitigate any bias due to changes in temperature. The percent 

compositions of the major components in the raw and pretreated solids are provided for 

each material.    
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Table 2.1 Populus Percent Solids Composition and Hydrothermal Pretreatment 

Conditions  

Populus Type 
Composition (%) 

Glucan Xylan Lignin 
Untreated Raw 48.0 17.4 22.1 

Hydrothermal 

Pretreated  

Temperature 

(°C) Time (min) Severity Factor, log R
0
 

   
200 7.2 3.8 63.0 6.1 24.5 
200 11.4 4.0 65.1 5.5 25.3 
200 14.4 4.1 65.6 5.2 26.7 
200 22.7 4.3 66.8 4.2 28.2 
200 36.0 4.5 69.0 3.1 27.7 
200 57.0 4.7 69.4 2.4 27.8 

Standard deviation for all values is ± 1-2%, which is the error associated with repeatability of the procedure 

for determining structural sugars and lignin  
 

 As the pretreatment severity factor increased, the percent glucan and lignin 

content in the solids also increased while the percent xylan content decreased due to 

hydrolysis and solubilization. The solids composition, given on a basis of grams per 100 

grams of raw Populus, as shown in Figure 2.2, provided a slightly different way of 

understanding how pretreatment affected the raw biomass. Here, the pretreatment solids 

yield, that is, the difference in the amount of solids before and after pretreatment relative 

to the original amount of solids on a dry weight basis, was the sum of glucan, xylan, 

lignin, and other compounds that could not be quantified by NREL procedure 

"Determination of Structural Carbohydrates and Lignin in Biomass." Other compounds 

included ethanol extractives, ash, nitrogen, and acetyl groups.   
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Figure 2.2 Raw and pretreated Populus solids composition measured in grams on a basis of 100 grams of 

raw biomass.  

 

 Again, we see the amount of xylan in the solid was greatly reduced by 

hydrothermal pretreatment, with the greatest removal for the higher pretreatment 

severities. The fraction of components which could not be quantified was removed from 

the solids as pretreatment severity increased. The original amount of glucan was largely 

maintained in the solids, even at high severity factors. After pretreatment, Populus 

retained more than 95% of the glucan originally present in the raw biomass for the 

highest severity factor tested, 4.3. As for lignin, about 10-15% of the amount in the raw 

Populus was extracted during pretreatment. More lignin was not necessarily removed at 

the higher pretreatment severities; rather the overall removal fluctuated between 10% and 

15%.   

 To build confidence in our characterization of the solids composition, which is 

essential to understanding how pretreatment would later influence enzymes and CBP, we 
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needed to affirm that: (1) the sugar missing from the solids could be accounted for in the 

pretreatment liquor and (2) the sum of the glucan and xylan in the pretreated solids and 

liquor was equal to the amount of glucan and xylan in the raw solids. Thus, glucan and 

xylan material balances were performed for each pretreatment condition to this end. 

Figure 2.3 shows the amount of glucan, xylan, and sugar (glucan and xylan) degradation 

products quantified in the solids and pretreatment liquor after hydrothermal pretreatment 

on a basis of 100 grams of glucan plus xylan in the raw Populus. With the glucan and 

xylan content of the raw Populus normalized to 100 grams, the amount of glucan, xylan, 

and glucan/xylan degradation products (levulinic acid, formic acid, 5-HMF, and furfural 

on a basis grams glucan or xylan, depending on which sugar they originated from) 

resulting from pretreatment should have theoretically summed to a total of 100 grams 

assuming all major degradation products were quantified. Figure 2.3 highlights that as 

pretreatment severity increased, fractions of glucan and xylan were hydrolyzed to the 

point of solubility; however, as expected, glucan was more resistant to solubilization than 

xylan. As the glucan content in the solids decreased, glucan appeared in the liquid in the 

form of glucose and glucoooligomers. By contrast, as the amount of xylan in the solids 

decreased with increasing pretreatment severity, the amount of xylose and xylooligomers 

in solution also decreased as these sugars were readily broken down to form furfural, 

leveulinic acid, and formic acid.  
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Figure 2.3 Stage 1 glucan (G) and xylan (X) material balances for Populus given by the grams of glucan, 

xylan, and their respective degradation products measured in the solids (s) and pretreatment liquor (l) 

resulting from hydrothermal pretreatment at 200°C for severity factors of 3.8-4.7 adjusted to a basis of 100 

grams of glucan plus xylan in the original raw Populus. The sugar degradation products measured in the 

pretreatment liquor included levulinic acid, formic acid, 5-HMF, and furfural on a basis grams glucan or 

xylan depending on which sugar they originated from. 

 

 Table 2.2 reflects the loss of xylan to degradation products in the percent recovery 

values. While glucan recovery remained at nearly 100% for all pretreatment severities, 

xylan recovery ranged from 87% at severity factor 3.8 to as little as 19% at severity 

factor 4.7. Although xylan recovery between the solid and liquid phase was lower than 

glucan recovery across all severities, material balances were closed to near 100% for both 

sugars at the lower severities. Xylan material balances were closed to between 99-100% 

for severity factors 3.8-4.1 as quantification of the major degradation products (on a basis 

of grams of xylan) accounted for the missing xylan. However, as severity climbed, xylan 
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material balance closures suffered as not all the degradation products could be accounted 

for, most likely due to further chemical decomposition to unknown compounds. While 

the chemical reaction pathways for formation of primary and secondary sugar 

degradation products have been established, further decomposition of the resulting 

compounds has not been well documented in literature, thus making quantification of 

these compounds, and thus, closing material balances, a challenge at higher pretreatment 

severity. Overall, glucan plus xylan material balances were closed to 99% for severity 

factors 3.8-4.1, greater than 95% for severity factor 4.3, and near 90% for severity factors 

4.5 and 4.7. Total sugar material balance closure remained between 90-100% despite 

lower xylan closure due to the fact that xylan made-up only a small fraction of the total 

sugar, especially at higher severities.   

Table 2.2 Stage 1 Glucan and Xylan Material Balance Closure and Recovery for 

Hydrothermal Pretreated Populus  

Pretreatment Severity Factor, log R
0 

Material Balance Closure* (%) Recovery** (%) 
Glucan Xylan Glucan + Xylan Glucan Xylan Glucan + Xylan 

3.8 99 100 99 99 87 95 
4.0  99 99 99 99 83 95 
4.1 100 99 99 99 82 95 
4.3 100 83 96 100 63 90 
4.5 99 67 91 99 37 82 
4.7 100 60 89 98 19 77 

* Includes glucan, xylan, and their degradation products in pretreatment liquor and pretreated solids 

**Includes glucan and xylan only in pretreatment liquor and pretreated solids 
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2.3.2 Hydrolysis of hydrothermal pretreated Populus by fungal enzymes and C. 

thermocellum fermentation 

 The pretreated Populus solids were digested by a fungal cellulase cocktail at a 

loading of 15 and 65 mg/g glucan in the pretreated biomass and C. thermocellum at an 

inoculum loading of 2% (v/v) for 168 hours at their respective optimal operating 

conditions to compare the rate and extent of deconstruction as a function of time and 

pretreatment severity. A low solids loading of 5 g glucan/L or approximately 7.5-8.5% 

(w/w) solids on a dry basis, as glucan and moisture content varied for each substrate, was 

used to prevent end-product inhibition of the fungal enzymes by sugars that accumulated 

in solution and to mitigate mixing and mass transfer limitations that occur at a high solids 

loading [25]–[27].  The Stage 2 C. thermocellum CBP glucan conversions and enzymatic 

hydrolysis glucan yields for pretreated Populus as a function of time is provided in Figure 

2.4.  
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Figure 2.4 Stage 2 C. thermocellum CBP conversions (a) and enzymatic hydrolysis glucan yields for 65 

mg protein/g glucan (b) and 15 mg protein/g glucan (c) as a function of time for Populus pretreated at 

severity factors of 3.8-4.7 at 200°C. Protein loadings were based on glucan content in the pretreated 

biomass. Fermentations were sampled at 24, 48, 120, and 168 hours and enzymatic hydrolysis reactions 

were sampled at 12, 24, 48, 120, and 168 hours.  

 

The terms glucan conversion and glucan yield represent the same value, that is, the 

amount of glucan released from the solid from the time the reaction began relative to the 

amount of glucan present at the start of the reaction. The difference between yield and 

conversion lies in the method used to calculate the amount of glucan released from the 

solid: for yield, the amount of glucan that appears in the liquid is measured, and for 
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conversion, the amount of glucan that disappeared from the solid is measured. Because 

glucan can be consumed by secondary reactions, as is the case for saccharification by 

CBP organisms which goes on to ferment glucose to ethanol, conversion must be used in 

place of yield. Additional details regarding conversion and yield are summarized in 

section 2.2.6. The equivalence of measuring reaction progress by yield and conversion is 

shown in Figure 2.5 where glucan release from enzymatic hydrolysis was measured by 

quantifying glucan in solution (yield) as well as the difference in the glucan content of 

the solids before and after hydrolysis while accounting for the total weight loss 

(conversion). 

 

Figure 2.5 Stage 2 glucan, yield, and material balance closure for enzymatic hydrolysis at 65 and 15 mg 

protein/g glucan in the pretreated biomass after 24 and 48 hours of hydrolysis using Populus pretreated at 

200°C for 22.7 minutes (severity factor 4.3). Error was reported as the standard deviation of triplicate 

measurements.   

 

In addition, Figure 2.5 shows the Stage 2 glucan material balance (the sum of the glucan 

in the solids and glucan in the liquid relative to the original amount of glucan in the 
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solids) which were closed to 100% ± 5%. Both low and high enzyme doses resulted in 

equivalent values for glucan yield and conversion after 24 and 48 hours of hydrolysis. 

Minor differences between the values were within the standard deviation of the 

measurement which was taken as the average of triplicate measurements. While 

conversion was measured for C. thermocellum and yield for enzymatic digestion, the 

term "release" will be used to speak of these two systems comparatively throughout the 

remainder of the text.   

 Figure 2.4 clearly shows that C. thermocellum was capable of the greatest sugar 

release from Populus for all pretreatment severities tested after 120 hours. The maximum 

glucan conversion was approximately 95%, occurring at a severity of 4.7 after 168 hours. 

The maximum glucan yield from enzymes was approximately 70% and 26% for 65 and 

15 mg protein/g glucan, respectively, after 168 hours. The maximum glucan release for 

the higher enzyme loading (65 mg protein/g glucan) occurred at a severity of 4.7; 

however, for the moderate enzyme loading (15 mg protein/g glucan) the maximum yield 

was attained using a severity factor of 4.1. For the moderate enzyme loading we observed 

that as pretreatment severity increased beyond 4.1, yields began to drop off with the 

lowest glucan yield resulting from the highest severity factor at only 16% in 168 hours. 

Thus, milder pretreatments resulted in the greatest glucan yield for hydrothermal 

pretreated Populus when applying a 15 mg protein/g glucan enzyme dose, a trend 

opposing that which was observed for the higher enzyme dose and digestion by C. 

thermocellum. Similar trends have been observed in literature for moderate dose 

enzymatic digestion (10 FPU/g glucan or ~ 20 mg protein/g glucan at 20 g glucan/L 
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solids loading) of hydrothermal flowthrough pretreated corn stover, Populus, and 

bagasse, where glucan conversion of the solids decreased at increasing pretreatment 

severity for all three feedstocks [28]. There is no clear explanation as to why decreased 

hydrolysis occurs at high severity for the moderate enzyme dose. However, one 

hypothesis is that this occurs as a result of non-productive enzyme binding to non-

carbohydrates which would lower the effective enzyme dose. In this case, the total 

amount of protein in solution would be more relevant than the added enzyme 

concentration as a majority of the protein may be inhibited and not actively working.    

 Additionally, Figure 2.4 shows that C. thermocellum became increasingly 

advantageous to use over enzymes at higher severities as more sugar was released by C. 

thermocellum than by enzymes for solids undergoing prolonged pretreatment. Thus, 

while less xylan could be recovered at these higher pretreatment severities, there was a 

greater pay-off in sugar release by increasing pretreatment severity when using C. 

thermocellum over fungal enzymes. However, when hydrolysis times of 48 hours or less 

were considered, the high enzyme loading became more advantageous because of the fast 

initial rate of glucan release. While rate is an important parameter that must be optimized 

for industrial processing, the maximum extent of conversion, or percent theoretical yield, 

is considered to be the limiting factor in biomass conversion as larger fermentors can be 

used to compensate for long hydrolysis times while improving native enzyme systems 

proves to be a more scientifically taxing challenge.  



  

42 

 

2.3.3 Determination of optimal hydrothermal pretreatment conditions at 200°C for 

Populus by fungal enzymes and C. thermocellum fermentation 

 

 While Stage 2 sugar release profiles provide information on the rate of hydrolysis 

as well as give an understanding to the overall digestibility of the solids that result from 

pretreatment, it does not create an accurate picture of how well the overall process can 

extract and recover the available sugar in the raw feedstock. For example, although 

pretreatment may produce highly digestible solids, resulting in excellent rate and yield, a 

significant amount of sugar may have been lost to degradation during processing. Thus, 

relating Stage 2 sugar release back to the original amount of sugar present should be of 

primary importance seeing that the selling price of ethanol from biomass refining is 

largely dependent on raw feedstock cost [29], [30]. Therefore, using the raw Populus as a 

point of reference, the original amount of glucan and xylan present in Populus solids was 

tracked from the raw, untreated biomass through Stage 1 and Stage 2. The results are 

shown in Figure 2.6 where Stage 1, 2, and 1 plus 2 (1+2) glucan (G), xylan (X), and 

glucan plus xylan (G+X) release for each biological digestion system was evaluated as a 

function of pretreatment severity. The sugar release values in Figure 2.6 were normalized 

to the amount of glucan plus xylan in the raw Populus to capture the grams of glucan and 

xylan that were solubilized in each Stage, rather than a percent sugar release. 
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Figure 2.6 Stage 1 and Stage 2 glucan (G), xylan (X), or glucan plus xylan (G+X) release normalized to 

the amount of G+X available in the raw Populus as a function of hydrothermal pretreatment severity for 

digestion by C. thermocellum with an inoculum loading of 2% (v/v) (a) or fungal cellulase at 65 mg 

protein/g glucan (b) and 15 mg protein/g glucan (c) after 168 hours. Maximum available G, X, and G+X in 

the raw Populus is noted in b.  

 Several insights pertaining to the influence of hydrothermal pretreatment on the 

hydrolysis of Populus can be drawn from Figure 2.6. First, while higher severity resulted 

in improved Stage 2 (G+X) for both C. thermocellum CBP and the high dose of fungal 

enzymes (also seen in Figure 2.4a and 2.4b, Stage 2 glucan conversion and yield, 

respectively), higher severity did not translate to an overall increase in total sugar release 

(Stage 1+2 (G+X)). Pretreatment beyond a severity of 4.3 resulted in a decline in the 

overall total sugar release (Stage 1+2 (G+X)) for C. thermocellum and the higher enzyme 

loading due to accelerated degradation of Stage 1 (X) accompanied by a lack of a 

significant enough increase in Stage 2 (G+X)  to compensate for the Stage 1 (X) losses. A 

more rapid decline in the overall sugar release was observed for the moderate enzyme 

dose which occurred at a severity of 4.1. Unlike the previous case described, the sudden 

decline in overall sugar release for the moderate enzyme dose was a result of a decreasing 
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Stage 2 (G+X) at severities 4.3-4.7, in addition to the previously mentioned decline in 

Stage 1 (X).  

 From these observations, optimal pretreatment conditions were established by the 

Stage 1+2 (G+X) sugar release curve for each biological catalyst system. For C. 

thermocellum, the optimal hydrothermal pretreatment occurred at a severity of 4.3 with 

approximately 80% of the available glucan and xylan in the raw biomass solubilized, as 

shown in Figure 2.6a. Fungal enzymes did not give as clear optimal pretreatment severity 

as both severity 4.1 and 4.3 resulted in approximately 64% Stage 1+2(G+X) release for 

the high enzyme dose (Figure 2.6b) and a severity of 3.8-4.1 resulted in 35-37% for the 

moderate enzyme dose (Figure 2.6c).   

 Additionally, Figure 2.6 shows how Stage 2 (G+X) climbed most rapidly for C. 

thermocellum, again illustrating that the CBP system was most influence by hydrothermal 

pretreatment in its ability to solubilize sugars compared to fungal enzymes. The enzyme 

systems were less effective on hydrothermal Populus overall, and depending on the 

loading that was used, resulted in dramatically reduced hydrolysis and altered 

optimization conditions. The results of Figure 2.6 demonstrated that by combining C. 

thermocellum CBP with the appropriate pretreatment conditions, hydrothermal pretreated 

Populus gave improved sugar release compared to the use of costly enzymes that, even at 

very high loadings, could not achieve the same level of hydrolysis. Here we see that both 

pretreatment conditions and biological catalyst have a significant impact on the 

conclusions made about the potential of hydrothermal pretreated Populus as an effective 

feedstock for biomass conversion. 
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2.3.4 The effect of pretreatment temperature on Stage 1 and Stage 2  

 The effect of temperature on pretreatment severity was investigated by 

performing hydrothermal pretreatment of Populus at select severities while reducing the 

temperature 20°C, from 200°C to 180°C, in order to evaluate how the change in 

temperature affected both Stage 1 and Stage 2 processing. The severity factors 3.8, 4.0, 

and 4.1 were used for this analysis as lower pretreatment severities gave better material 

balance closure, thus providing greater confidence in the results. Pretreatment conditions 

are provided in Table 2.3. Stage 1 was characterized by determining solids composition 

and performing material balances and quantifying recovery for glucan, xylan, and glucan 

plus xylan, as shown in Table 2.3, followed by Stage 2 digestion to evaluate how the 

lowered pretreatment temperature affected sugar release by CBP and fungal enzymes.  

Table 2.3 Low Temperature (180°C) Hydrothermal Pretreated Populus Summary  

Pretreatment Conditions Composition (%)* 
Material Balance 

Closure (%) ** 
Recovery (%) 

Temperature 

(°C) 
Time 

(min) 

Severity 

Factor, 

log R
0 

Glucan Xylan Lignin Glucan Xylan 
Glucan 

+ Xylan 
Glucan Xylan 

Glucan 

+ Xylan 

180 27.8 3.8 61.2 6.2 25.1 98 100 99 98 92 97 
180 44.1 4 63.3 5.2 25.8 98 103 99 98 91 96 
180 58.0 4.1 64.4 5.0 25.4 100 102 100 99 87 96 

* Standard deviation for all values is ± 1-2%, which is the error associated with repeatability of the 

procedure for determining structural sugars and lignin 

**standard error was considered to be closure ± 5% due to composition error 

 

The average percent composition of Populus pretreated at 180°C was lower in glucan 

content compared to the solids pretreated at 200°C, while having nearly the same xylan 

and lignin content; however, all differences were within the standard error of the 
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measurement of 1-2%.  Material balances for glucan and xylan were closed to 100% ±5% 

and glucan recovery ranged from 98-99% as was possible for the higher temperature 

severity pretreatments. The main difference between the solids from higher and lower 

temperature severity conditions was that pretreatment at 180°C resulted in higher xylan 

recovery and lower amounts of sugar degradation products in solution. The increased 

conservation of xylan and decreased amount of degradation productions can be seen in 

Figure 2.7 which gives the breakdown of glucan, xylan, and sugar degradation products 

resulting from Stage 1, low temperature severity pretreatment.  

 

Figure 2.7 Stage 1 glucan (G) and xylan (X) material balances for Populus given by the grams of glucan, 

xylan, and their respective degradation products measured in the solids (s) and pretreatment liquor (l) 

resulting from hydrothermal pretreatment at 180°C for severity factors of 3.8-4.1 adjusted to a basis of 100 

grams of glucan plus xylan in the original raw Populus. The sugar degradation products measured in the 

pretreatment liquor included levulinic acid, formic acid, 5-HMF, and furfural on a basis grams glucan or 

xylan depending on which sugar they originated from. 
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The pretreated solids were once again incubated with C. thermocellum and fungal 

enzymes at the respective high and moderate enzyme loadings of 65 and 15 mg protein/g 

glucan for 168 hours. The glucan conversion and yields for Stage 2 are shown in Figure 

2.8. As with the pretreatments at 200°C, C. thermocellum gave the highest glucan release 

after 120 hours over moderate and high doses of fungal enzymes for Populus pretreated 

at 180°C. A decline in the percent glucan conversion occurred for all systems and 

severities at 180°C compared to 200°C. Yet, C. thermocellum was less affected by the 

change in pretreatment temperature than were fungal enzymes.  
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Figure 2.8 Stage 2 C. thermocellum CBP conversions (a) and enzymatic hydrolysis glucan yields for 65 

mg protein/g glucan (b) and 15 mg protein/g glucan (c) as a function of time for Populus pretreated at 

severity factors of 3.8-4.1 at 180°C. Protein loadings were based on glucan content in the pretreated 

biomass. Fermentations were sampled at 24, 48, 120, and 168 hours and enzymatic hydrolysis reactions 

were sampled at 12, 24, 48, 120, and 168 hours.  

 To compare glucan release between pretreatment temperatures for a given 

severity, Figure 2.9 summarizes the finding of Figure 2.8 and Figure 2.4, showing the 

percent relative decrease in glucan release in Stage 2 due to changing the pretreatment 

temperature from 200°C to 180°C.  
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Figure 2.9 Relative decreases in Stage 2 glucan release as a result of changing pretreatment temperature 

from 200°C to 180°C for C. thermocellum CBP and enzymatic hydrolysis using 65 mg protein/g glucan in 

the pretreated biomass and 15 mg protein/g glucan in the pretreated biomass after 168 hours for Populus 

pretreated at severity factors of 3.8-4.1.  

 

 In reducing the pretreatment temperature while keeping the severity factor 

constant, we anticipated that glucan release would decrease as temperature effects are not 

truly negligible. And while our hypothesis was correct, Figure 2.9 shows that C. 

thermocellum was much less affected by the temperature shift than were fungal enzymes, 

especially as severity increased from 3.8 to 4.1. For solids produced at severity 4.1, C. 

thermocellum achieved nearly the same conversion for pretreatments run at either 200°C 

to 180°C. Since lower pretreatment temperatures gave greater sugar recovery, employing 

a CBP system over and enzyme or SSF system may have the potential for reduced 
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temperature pretreatments to claim higher sugar recovery with unchanged Stage 2 sugar 

release.    

2.4 Conclusions 

 While Populus is considered a more recalcitrant feedstock compared to 

agricultural residues or grasses, batch hydrothermal pretreatment performed at 200°C for 

22.7 minutes, a severity factor of 4.3, was capable of releasing 80% of the total available 

glucan and xylan in the raw Populus (Stage 1+2 (G+X)) when hydrolyzed by C. 

thermocellum for 168 hours. Conversely, free cellulase preparations could only achieve a 

maximum of 64% Stage 1+2 (G+X) at the high enzyme loading of 65 mg protein/g 

glucan. At this severity, only 90% of the glucan plus xylan could be recovered due to 

xylan losses to degradation in Stage 1; thus, when the Stage 1 sugar loss was considered, 

C. thermocellum achieved close to 90% total sugar release of the maximum theoretical 

possible. From Stage 2 glucan release (Stage 2 (G)), we determined that C. thermocellum 

and the 65 mg/g glucan enzyme loading responded favorably to increased pretreatment 

severity, while the moderate enzyme dose of 15 mg/g glucan released less sugar for 

severities 4.3-4.7 than it did for those at 3.8-4.1. It was hypothesized that this may be the 

result of non-productive enzyme binding; however, additional experimentation would be 

required to investigate this further.    

 Lowering pretreatment temperature from 200°C to 180°C for severities 3.8, 4.0, 

and 4.1, resulted in greater xylan recovery in Stage 1. While fungal enzyme Stage 2 (G) 

was negatively impacted by the decreased temperature at these severities for both high 

and moderate doses, C. thermocellum was less affected with less than a 5% decrease in 
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Stage 2 (G) for severities 4.0 and 4.1 when pretreatment temperature was reduced. These 

results suggest that higher severity pretreatments performed at 180°C or lower should be 

investigated with C. thermocellum to see if the optimal pretreatment conditions could be 

established at temperatures lower than 200°C.  

 In this study we found C. thermocellum to be a robust biological catalyst that was 

highly sensitive to pretreatment, responding to each increase in severity with greater 

sugar release than fungal enzymes, and was less affected by using lower temperature 

pretreatments than organism-free digestion systems. Because of C. thermocellum's 

dampened response to pretreatment temperature, we hypothesize that C. thermocellum 

has the potential to be used with even lower temperature hydrothermal pretreatments for 

increased Stage 1 sugar conservation. In summary, evaluating multiple pretreatment 

conditions and biological catalysts for a single feedstock demonstrated the importance of 

pretreatment optimization, biological catalyst selection, and the effect of enzyme dose in 

determining how to maximize sugar release from biomass for conversion to fuels.  
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changes of Populus variants following pretreatment and 
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3.1 Introduction 

 Continuous operation of a commercial scale biomass conversion process would 

require sourcing biomass from multiple locations consisting of a variety of species and/or 

genuses for a given crop in order to generate a sufficient amount of raw feedstock [1]. 

While relative differences in recalcitrance are known for greatly differing types of plants, 

such as grasses versus woods [2], [3], the effects of diversity within a crop on overall 

conversion for a given process is not well established. In this study, the effect of plant 

line selection and crop variance on carbohydrate sugar release was investigated to better 

understand the challenges faced by commercial refineries and further improve 

processing. In comparing plant lines, our goal was to determine how crop variance 

influenced final conversion and potentially identify the attributes that made one plant 

more favorable than another.  

 One particularly promising renewable energy crop consists of species or hybrids 

from the genus Populus due to its high sugar content, fast growth, low field maintenance 

due to regeneration from stump sprouts, short-rotation harvest cycles, and relative ease of 

digestion with respect to other woods [4], [5]. To evaluate the influence of feedstock 

diversity within the Populus genus, natural variants associated with reduced recalcitrance, 

SKWE 24-2 and BESC 876, were selected and compared to the highly recalcitrant BESC 

standard line which was used as the base case Populus feedstock throughout this thesis. 

Both SKWE 24-2 and BESC 876 carried naturally occurring mutations in the 5-

enolpyruvylshikimate-3-phosphate (EPSP) synthase gene making it function as a 
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transcriptional regulator for many enzymes involved in lignin biosynthesis and amino 

acid production.  

 The three types of Populus, BESC standard, SKWE 24-2, and BESC 876, were 

hydrothermally pretreated at 200°C and 22.7 minutes. These conditions were found 

optimal for achieving maximum sugar release by both C. thermocellum and fungal 

enzymes at 65 mg protein/g glucan of pretreated biomass using BESC standard as 

reported in Chapter 2. Following pretreatment, each line was incubated with a 

commercial preparation of fungal cellulases and C. thermocellum consolidated 

bioprocessing (CBP) to evaluate how each biocatalyst was impacted by the lines. Both 

moderate and high enzyme doses were applied of 15 and 65 mg protein/g glucan in the 

pretreated biomass, respectively. To catalog how these properties changed throughout 

processing, untreated, hydrothermal pretreated, and residual Populus solids post 

biological digestions were characterized. Biomass material composition, pretreatment 

solids yield, pretreatment material balances, and sugar release by each biological catalyst 

were determined. Additionally, ultrastructure features of the raw, pretreated, and 

biological residual Populus were determined to identify plant cell wall structures and 

chemistry hindering attainment of complete release of glucose and other cell wall 

carbohydrates. The following properties were evaluated: cellulose crystallinity, cellulose 

accessibility by two methods: water retention value (WRV) and Simons' staining (SS), 

glycome profiling, cellulose, hemicellulose, and lignin degree of polymerization/ 

molecular weight, and lignin 
13

C-
1
H HSQC NMR spectra (2-D NMR) for determining 

relative abundance of monolignol subunits. Cell wall properties were evaluated in light of 
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the sugar release results to see if structural attributes were revealing of reduced 

recalcitrance for easier identification of favorable plant lines and to potentially give 

insight into the mechanistic workings of enzymes and C. thermocellum by contrasting the 

properties of their residues.  

3.2 Materials and Methods 

3.2.1 Substrate 

 BESC standard, BESC 876, and SKWE 24-2 Populus (Populus trichocarpa) were 

provided by the BioEnergy Science Center through Oak Ridge National Laboratory 

(ORNL, Oak Ridge, TN). BESC standard Populus was received de-barked and chipped 

with a moisture content of less than 10 w/w %. BESC 876 and SKWE 24-2 were received 

as logs freshly cut from trees grown in Clatskanie, OR. The logs were de-barked and 

chipped. Populus was knife milled (Thomas-Wiley Laboratory Mill, Model 4, Thomas 

Scientific, Swedesboro, NJ) to a particle size of less than 1 mm using a 1 mm size screen. 

All material that passed through the screen was collected, mixed together, divided into 1 

gallon size bags, and stored at -20ºC. Microcrystalline cellulose powder, Avicel
®
 PH-101, 

was purchased from Sigma-Aldrich (St. Louis, MO) and stored at room temperature.  

3.2.2 Overview of materials and methods 

 For the raw and hydrothermal pretreated Populus lines, solids material 

composition, pretreatment solids yield, pretreatment material balances, and sugar release
†
 

                                                 
†
 Sugar release is defined as either conversion or yield depending on the catalyst system. For the complete 

definition of sugar release, see materials and methods of Chapter 2, section 2.2.6. 
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by each biological catalyst were determined. The following ultrastructure features of raw 

and pretreated Populus were determined: cellulose crystallinity, cellulose accessibility by 

two methods: water retention value (WRV) and Simons' staining (SS), presence of 

carbohydrates and relative binding strength by glycome profiling, cellulose, 

hemicellulose, and lignin molecular weight/degree of polymerization, and lignin 
13

C-
1
H 

HSQC NMR spectra (2-D NMR) for determining relative abundance of monolignol 

subunits. In addition, cellulose, hemicellulose, and lignin molecular weight/degree of 

polymerization and lignin 2-D NMR were evaluated for CBP and enzymatic hydrolysis 

residues after 50% glucan plus xylan release.  

 The following experiments, assays, and calculations were done as described in the 

materials and methods of Chapter 2: pretreatment (section 2.2.2), enzymatic hydrolysis 

(section 2.2.3), anaerobic digestion by consolidated bioprocessing and C. thermocellum 

culture viability validation (section 2.2.4), structural sugars and lignin quantification 

(section 2.2.5), sugar release calculations (section 2.2.6), and Stage 1 material balance 

calculations (section 2.2.7). Additional materials and methods for the following were 

summarized in literature: lignin functionalization as determined by 
13

C-
1
H HSQC NMR 

[6], [7], lignin molecular weight [8], cellulose and hemicellulose molecular weights [9], 

cellulose crystallinity [10], and glycome profiling [11].  

3.2.3 Simons' staining 

 Raw and pretreated Populus natural variants were compared using a modified 

Simons' staining method carried out using Direct Orange 15 (CAS: 1325-35-5) and 
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Direct Blue 1 (CAS: 2610-05-1) which were generously donated by Pylam Products 

Company, Inc. (Tempe, Arizona). Direct Orange 15 was filtered through EMD
®
 

Millipore
®
 Amicon

®
 ultrafiltration apparatus using a 30,000 KDa cutoff poluethersulfone 

membrane (EMD
®

 Millipore
®

). The concentration of filtered dye was determined by 

drying three replicates of 1 ml filtered dye for 24 hours and recording the initial and final 

weight. Direct Blue was used as-is from a stock solution of 10 mg/ml. The filtered orange 

and blue dyes were mixed so that the final concentration of each dye in the mixture was 

10 mg/ml. Serial dilutions were made from the stock solution of mixture of dyes to obtain 

the calibration curve with absorbance in the range of 0.2 to 0.7 in accordance with Beer-

Lambert-Bouguer's law. 100 mg of undried substrate was added to a 20 ml serum vial. 1 

ml of phosphate buffer (0.3 M, pH 6.8), 1 ml of 1% NaCl solution, and 1 ml 

of dye mixture was added to the vial and the final volume was made to 10 ml using 

deionized Milli-Q water. The vials were capped and shaken at 200 rpm in an incubator 

(Multitron Infors
®

HT Biotech, Laurel, MD) for 24 hours at 60°C. The dye concentrations 

in solution after equilibrium were measured on Spectramax
®
 M2e UV/VisPlate Reader 

(Molecular Devices, Sunnyvale, CA) equipped with SoftMax
®
 Pro data acquisition 

software in a Costar
®
 UV 96 well plate at 410 nm and 600 nm. Absorbance of a water 

blank was taken into account for correction to the sample absorbance. Three replicates for 

each sample in a 96 well plate were kept for measurements. The dye adsorbed on 

substrate and maximum orange to blue dye adsorption ratios were calculated from the 

concentration of remaining dyes in solution at equilibrium. 
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3.2.4 Water retention value 

 A modified version of TAPPI Useful Method UM 256 [12] was applied for 

determination of water retention value (WRV) for raw and hydrothermal pretreated 

Populus natural variants. Procedure for WRV was carried out in ultrafiltration devices 

(EMD Millipore
®
 Ultrafree-CL Product# UFC40SV25) with a volume of 2 ml and 

Durapore
®
 PVDF membrane with a pore size of 5 µm. Three replicate ultrafiltration 

tubes were kept for each biomass sample. Also, three replicates of Avicel
®
 PH-101 were 

kept for a comparison with biomass samples. First, moisture content of samples was 

determined using a halogen moisture analyzer ((HB43-S; Mettler Toledo, Columbus, 

OH). The ultrafiltration tubes were dried at 40°C for 12 hours and then the filter inserts 

were weighed. This wass the empty tube weight (W1). Then, based on the moisture 

content, approximately 90 mg of biomass on a dry basis of never-dried sample was 

loaded into tared tube inserts. The filter inserts were then inserted in collection tubes of 

the ultrafiltration devices. 2 ml of milli-Q water was then added to the filter inserts and 

water saturated samples allowed to soak for 12 hours at room temperature. The devices 

were then spun in a moving bucket centrifuge (Allegra X-15R, Beckman Coulter, 

Fullerton, CA) at exactly 900 g for 30 minutes at 21°C. The tube inserts were weighed 

after centrifugation. This was the wet weight (W2). The devices were then dried at 105°C 

in a gravimetric oven (Model# 6520, Thermo Electron Corp. Marietta, OH) for 12 hours. 

Dried devices were allowed to cool in a desiccator for 15 minutes and weighed. This was 

the dry weight (W3). Water retention value is defined as the ratio of mass of water 

retained in the sample after centrifugation to the mass of dry sample after centrifugation. 
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WRV = 
     

     
   

3.3 Results and Discussion 

3.3.1 Experimental overview 

 The experimental approach is summarized in Figure 3.1. Populus was processed 

by hydrothermal pretreatment, or Stage 1, followed by separation of the solids and liquid 

prior to washing the solids with room temperature deionized water before feeding them to 

C. thermocellum or fungal enzymes in Stage 2. The Populus residues noted in Figure 3.1 

were the solids that remained after Stage 2. Raw, pretreated, and residual Populus solids 

were characterized to determine composition, molecular weight of cellulose, 

hemicellulose and lignin, cellulose crystallinity, and the presence and binding affinity of 

a comprehensive carbohydrate profile. The composition and mass of the Stage 1 

(pretreatment) and Stage 2 (biological conversion) liquids were measured to complete 

material balances and determine sugar and metabolite concentrations.  
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Figure 3.1 Overview of experimental characterization of deconstruction of three natural variant Populus 

lines. Raw Populus was processed by hydrothermal pretreatment (Stage 1) followed by biological 

deconstruction (Stage 2) with either C. thermocellum or fungal enzymes. The chemical compositions of all 

streams were measured along with ultrastructure analysis of raw, pretreated, and biological residual solids. 

  

 As shown in Figure 3.2, low recalcitrant Populus lines, SKWE 24-2 and BESC 

876, were selected based on prior work by Bhagia et al. (unpublished). In this study, the 

recalcitrance of 22 natural variant Populus lines was measured in terms of total Stage 2 

glucan plus xylan yields from 24 hours of enzymatic hydrolysis using 75 mg protein of 

cellulase and 25 mg protein of xylanase. Hydrothermal pretreatment was applied to each 

variant at a severity factor, i.e., combination of pretreatment temperature and time [13], 

of 3.6 at temperatures of 140, 160, and 180°C to determine if pretreatment temperature 

affected sugar yield trends across the Populus lines. From this work, BESC 876 and 

SKWE 24-2 were chosen to represent a low recalcitrant variant from paralog 1 and 2, 

respectively, of the gene EPSP for comparison with BESC standard Populus, which was 

identified to be the most recalcitrant natural variant of the 22 lines tested. Thus, these 

samples provided a range of low and high recalcitrant Populus for this study.  
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Figure 3.2 Low recalcitrant natural variant Populus lines, BESC 876 and SKWE 24-2, were selected based 

on total glucan plus xylan released in Stage 2 from 22 natural variant Populus lines after hydrothermal 

pretreatment at a severity factor (logR0) of 3.6 for 140, 160, and 180°C. Stage 2 enzymatic hydrolysis was 

performed for 24 hours using 75 mg cellulase protein and 25 mg xylanase protein per gram glucan in raw 

biomass. The 22 lines had known mutations within the gene EPSP that has been identified to have a role in 

the direction of lignin biosynthesis in the plant cell wall, in either paralog 1 or paralog 2. Comparators 

made up the control group since no true standard could be used in this study. The lines that gave the highest 

total sugar (glucan + xylan) yields from paralog 1 and 2 were BESC 876 and SKWE 24-2, respectively 

(Bhagia et al., unpublished data). 

 

 In Chapter 2, the optimal hydrothermal pretreated conditions for BESC standard 

Populus were determined to be 200°C and 22.7 minutes, corresponding to a severity 

factor of 4.3, when combined with either 65 mg protein/g glucan of fungal cellulase 

enzymes or C. thermocellum CBP. Therefore, for this study, the three selected Populus 

variants were hydrothermally pretreated under these conditions and incubated with 15 

and 65 mg protein/g glucan of fungal cellulase Accellerase®1500 or wild type C. 
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thermocellum for seven days at their respective optimal incubation conditions to 

determine maximum sugar release.  

3.3.2 Overview of pretreatment and biological digestion of Populus natural variants 

 The compositions and cellulose crystallinity for untreated and hydrothermally 

pretreated solids are summarized in Table 3.1. Raw BESC standard had slightly higher 

glucan content than SKWE 24-2 or BESC 876 but nearly identical xylan and lignin 

contents. Overall, material composition and cellulose crystallinity did not vary 

significantly among lines before or after pretreatment. As a result, these properties were 

not considered to be indicators of reduced recalcitrance.  

Table 3.1 Populus Solids Composition and Cellulose Crystallinity   

Populus Type 

Composition (%) 
Cellulose Crystallinity 

(%) 
Glucan  

(± 1.0) 

Xylan 

(±0.5) 

Lignin 

(±1.0) 

Raw 

BESC Standard 48.0 17.4 22.1 55.3 

BESC 876 42.8 16.6 23.5 54.5 

SKWE 24-2 44.3 17.4 22.4 51.6 

Hydrothermal 

Pretreated  

(200°C-22.7 min) 

BESC Standard 66.8 4.2 28.2 62.3 

BESC 876 67.0 3.1 29.8 63.0 

SKWE 24-2 67.1 3.1 28.1 60.8  

  

 The content of glucan, xylan, Klason lignin, and other compounds (such as ash, 

extractives, acetyl content, and nitrogen) based on 100 grams of raw Populus and solids 

yield are reported in Figure 3.3. Because the values are normalized, the solids yield for 

the pretreated Populus lines is interpreted as the height of the bar, or the total grams of 

solids in the pretreated biomass per 100 grams of raw biomass. BESC 876 and SKWE 

24-2 showed slightly lower solids yields than BESC standard after hydrothermal 
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pretreatment at 200°C for 22.7 min; however, this was partially due to the fact that these 

lines initially had lower amounts of glucan, xylan, and lignin than BESC standard. 

 

Figure 3.3 Tracking mass of glucan, xylan, Klason lignin, and other compounds in raw Populus natural 

variants to pretreated solids on a basis of 100 grams of each variant.  

 Figure 3.4 reports the distribution of glucan, xylan, and their degradation products 

between the liquid and solid fractions from hydrothermal pretreatment on the basis of 100 

grams of glucan plus xylan in the respective untreated Populus variant. These material 

balances revealed that hydrothermal pretreatment of BESC 876 and SKWE 24-2 

degraded more sugar to 5-HMF, furfural, levulinic acid, and formic acid than BESC 

standard. Despite more sugar degradation products being measurable in the pretreatment 

liquor for low recalcitrant natural variants, the three Populus lines gave approximately 

the same recovery of glucan plus xylan monomers and oligomers for the combined solid 

and liquid streams from pretreatment. This observation suggests that there were likely 

additional degradation products that could not be quantified by the assays employed, 
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resulting in lower xylan mass balance closures while maintaining equivalent recoveries. 

The fact that xylan material balances added up to less than 100% had less effect on the 

overall glucan plus xylan material balance than glucan since xylan made up only a 

quarter of the initial sugar compared to glucan which made up the remaining three 

quarters. The xylan mass balance closure in Table 3.2 was highest for SKWE 24-2, 

followed by BESC 876 and BESC standard, respectively. Material balances were closed 

to 100% ± 5% which was within reasonable error. Overall sugar (glucan plus xylan, 

monomers and oligomers) recovery was approximately 90% of that originally present for 

the three Populus lines as reported in Table 3.2. 
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Figure 3.4 Stage 1 glucan (G) plus xylan (X) material balances based on 100 grams of glucan and xylan in 

each raw Populus variant for liquid (l) and solid (s) streams produced by hydrothermal pretreatment of 

Populus natural variants at 200°C for 22.7 minutes. The sugar degradation products measured in the 

pretreatment liquor included levulinic acid, formic acid, 5-HMF, and furfural and were adjusted to the 

corresponding amounts of glucan or xylan based on the appropriate stoichiometry
‡
.  

 

Table 3.2 Stage 1 Glucan and Xylan Material Balances and Recoveries 

Populus Type 
Material Balance Closure* (%) Recovery** (%) 

Glucan Xylan Glucan + Xylan Glucan Xylan Glucan + Xylan 

Hydrothermal 

Pretreated  

BESC Standard 100 83 96 100 63 90 

BESC 876 101 95 99 100 60 89 

SKWE 24-2 100 86 96 99 61 88 

* Includes glucan, xylan, and their degradation products in pretreatment liquor and pretreated solids 

**Includes glucan and xylan only in pretreatment liquor and pretreated solids 

 

                                                 
‡
Formic acid had the potential to form from either glucan or xylan, however it was assumed to come from 

xylan since xylan degradation was predominant while glucan degradation was minimal. 
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 To determine recalcitrance of pretreated variants to deconstruction by fungal 

enzyme versus organism-mediated hydrolysis, the solids were washed and fed to Stage 2, 

biological digestion. The 168 hour Stage 2 enzymatic hydrolysis yields and C. 

thermocellum conversion profiles are shown in Figure 3.5 for the three hydrothermal 

pretreated Populus lines. From Figure 3.5, it is seen that C. thermocellum achieved the 

highest sugar release from the pretreated solids for all variants given sufficient time. In 

particular, C. thermocellum removed 95% of the available Stage 2 glucan and xylan after 

120 hours for SKWE 24-2 and BESC 876 compared to approximately 86% for BESC 

standard. By comparison, the higher enzyme dose of 65 mg of protein/ g glucan in 

pretreated biomass was capable of only 90, 85, and 69% yield, respectively. While C. 

thermocellum was able to release the greatest amount of sugar, the benefit to utilizing 

such a large enzyme dose was that it achieved faster initial hydrolysis rates. However, 

this advantage was lost when enzyme loadings were reduced to 15 mg of protein/ g 

glucan in the pretreated biomass. It is important to recognize that these enzyme loadings 

would cost approximately $3.00 and $0.75 per gallon of ethanol produced, respectively— 

far more than can be justified for a process catalyst. 

 Although the BESC standard appeared to be initially more digestible by the CBP 

system, BESC 876 and SKWE 24-2 realized higher final sugar release than from BESC 

standard for both enzyme loadings and for CBP, proving these variants were indeed 

lower recalcitrant lines. In comparing Figure 3.5a and b, it can be seen that sugar release 

from SKWE 24-2 and BESC 876 were similar for fungal enzyme and organism digestion 

systems, while BESC standard suffered more dramatic reductions in glucan plus xylan 
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yields for a fungal enzyme loading of 65 mg of protein/g glucan in the pretreated biomass 

compared to C. thermocellum. At the lower enzyme loading of 15 mg protein/g glucan, 

only 23% of glucan and xylan in BESC standard was converted to sugars compared to 

more than 50% from the low recalcitrant variants after 168 hours.  
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Figure 3.5 Stage 2 C. thermocellum CBP glucan plus xylan conversions (a) and enzymatic hydrolysis 

glucan plus xylan yields for a cellulase loading of 65 mg protein/g glucan in the pretreated biomass (b) and 

15 mg protein/g glucan in the pretreated biomass (c) as a function of time for Populus natural variants 

hydrothermal pretreated at a severity factor of 4.3 (200°C and 22.7 minutes). Protein loadings were based 

on glucan content in the pretreated biomass. Fermentations were sampled at 24, 48, 120, and 168 hours and 

enzymatic hydrolysis reactions were sampled at 12, 24, 48, 120, and 168 hours. 

 To determine overall process performance, Stage 1 plus Stage 2 glucan and xylan 

release was determined for each Populus line and biological catalyst after 168 hours 

reaction time. These results are presented in Figure 3.6. Again, we see C. thermocellum 
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to be most effective at digesting the Populus lines with a near 85% overall glucan plus 

xylan release for SKWE 24-2 and BESC 876 compared to 80% for BESC standard. 

These results are again normalized to grams per 100 grams of glucan and xylan in the raw 

biomass to highlight the goal of conserving and converting of all raw sugars, primarily 

those from glucan and xylan. Figure 3.6 demonstrates that applying plant genetics to 

rationally select feedstocks with naturally reduced recalcitrance can improve overall 

sugar release as appropriate crop line selection resulted in a significant 5% improvement 

in glucan and xylan release for Stage 1 and Stage 2 combined. It may be possible to 

further increase total sugar release by reducing pretreatment temperature while 

maintaining a constant severity, thus increasing pretreatment time, as demonstrated to be 

favorable for conserving Stage 1 xylan in Chapter 2, section 2.3.4.  

 

Figure 3.6 Amount of glucan (G) and xylan (X) released from solids during pretreatment (Stage 1) and 

biological digestion (Stage 2) for fungal enzymes and C. thermocellum after 168 hours. Sugar release was 

normalized to 100 grams of glucan plus xylan in the raw biomass for each respective Populus variety. 
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3.3.3 Structural and chemical characterization of raw and pretreated Populus solids and 

biological residues 

 A suite of characterization methods were applied to the raw, pretreated, and 

biological residue Populus solids to search for changes in Populus features capable of 

relating recalcitrance to feedstock, pretreatment, or biological catalyst. WRV and SS 

were measured to determine changes in cellulose accessibility that resulted from 

hydrothermal pretreatment, with the results given in Figure 3.7. Cellulose accessibility is 

an attribute that has been strongly linked to reduced recalcitrance as hydrolysis is not 

possible if enzymes are unable to access cellulose fibrils [14]. While the WRV showed 

BESC 876 and SKWE 24-2 to have greater accessibility than BESC standard post-

pretreatment, dye adsorption showed no distinguishable differences among the lines 

before or after pretreatment. Both methods showed pretreatment increased accessibility 

for all variants as pretreatment removed much of the xylan and some of the glucan and 

lignin. However, only the WRV method was able to make a clear distinction between the 

accessibility of low and high recalcitrant variants as Figure 3.7a shows a higher WRV 

was associated with the pretreated BESC 876 and SKWE 24-2 and lower WRV with 

pretreated BESC standard. Without pretreatment, WRV could not clearly differentiate the 

low recalcitrant lines. The WRV of the low recalcitrant variants increased more after 

pretreatment than BESC standard, an observation again consistent with these variants 

being more digestible during Stage 2. 
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Figure 3.7 The effect of hydrothermal pretreatment on cellulose accessibility of natural variant Populus 

lines as measured by water retention value (a) and dye adsorption via Simons' Staining method (b).  

 To more thoroughly characterize how pretreatment affected the variants, the raw 

and pretreated Populus lines were subjected to glycome profiling (GP), with the result 

shown in Figure 3.8. GP identified which sugars were present in the structure and the 

relative binding strength of these sugars to the cell wall by removing sugars through a 

series of six chemical extractions of increasing severity. The particular extraction that 

removes sugar provides a measure of how tightly that sugar was bound or entrenched 
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within the matrix. The solids obtained during each extraction were stained with 

fluorescently labeled monoclonal antibodies targeting a specific sugar epitope [11]. The 

detailed heat map of sugar content paired with relative binding strength provided a 

copious amount of information with respect to cell wall chemistry for raw and pretreated 

Populus natural variants.  
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Figure 3.8 Glycome profiles for raw and hydrothermal pretreated Populus natural variant lines resulting 

from subjecting samples to chemical extractions of oxalate, carbonate, 1M KOH, 4M KOH, chlorite, and 

4M KOH post chlorite (PC), listed in order of increasing severity, followed by treating with monoclonal 

antibodies to determine the presence of various sugar epitopes. Sugars present in later extractions indicated 

greater recalcitrance while brighter and dark regions indicated a higher and lower quantity of bound 

antibodies, respectively. The key for sugar type is listed along the right side. The amount of solids 

recovered after each extraction is given as a bar chart at the top of the figure in units of mg material 

recovered/gram cell wall. 

  

 Figure 3.8 provides several important insights for the raw Populus lines. First, 

oxalate and carbonate extractions removed more pectic backbone and pectic 

arabinogalactan epitopes from raw SKWE 24-2 than from BESC standard. Similarly, the 
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oxalate extraction removed more of the same epitopes from raw BESC 876 than from 

BESC standard. Overall, the pectic backbone and pectic arabinogalactan epitopes were 

easier to remove from raw SKWE 24-2 than raw BESC 876. Overall, GP showed that the 

cell wall of the two untreated, low recalcitrant natural variants was more loosely bound 

than that of the raw BESC standard. In observing the lines after pretreatment, a 

significant amount of the sugars that could be characterized were removed, as noted by 

the absence of sugar epitopes in the dark regions of Figure 3.8. SKWE 24-2 and BESC 

876 were notably different from BESC standard in how they were affected by 

hydrothermal pretreatment. SKWE 24-2 and BESC 876 had complete removal of the 

xyloglucan structures after pretreatment, while BESC standard did not. This explains the 

large amount of degradation products quantified for the low recalcitrant lines as soluble 

xylan is readily degraded at elevated temperatures in the presence of an acid catalyst.  

 The results of GP suggest that complete removal of xyloglucan was essential for 

high sugar release from hydrothermal pretreated Populus by fungal enzymes and C. 

thermocellum. Figure 3.8 also implies that the pretreatment severity could be reduced for 

SKWE 24-2 and BESC 876 in that nearly all cell wall sugars other than glucan were 

removed during pretreatment. This result has important implications in that reducing 

pretreatment severity would both reduce operating costs and sugar losses.  

  GP showed SKWE 24-2 to contain the most loosely bound sugars, followed by 

BESC 876, and then BESC standard.  Overall, this information suggested that one could 

accurately predict the relative recalcitrance of these lines in their untreated and pretreated 

states based on GP alone. However, because understanding the heat maps requires a 
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reasonable amount of interpretation, such clear conclusions may not always be possible, 

especially as the number of variants to analyze increases. Thus, it is important to validate 

GP by Stage 2 sugar release data to affirm its accuracy as a basis for drawing conclusions 

about recalcitrance.  

 Figure 3.9 shows cellulose and hemicellulose number average degree of 

polymerization (DPn) for the raw, pretreated, enzyme hydrolyzed, and C. thermocellum 

digested Populus samples. Cellulose and hemicellulose DPn were both greatly reduced 

after pretreatment with only minor to no reduction in the values after enzymatic 

hydrolysis at 65 mg protein/g glucan (EH) or deconstruction by C. thermocellum (CBP). 

The two low recalcitrant lines showed greater reduction in cellulose and hemicellulose 

DPn than BESC standard after pretreatment. Likewise, these lines also had greater 

reductions in cellulose DPn after enzyme or C. thermocellum hydrolysis than BESC 

standard. While C. thermocellum performed better than enzymes in Stage 2 digestion in 

that it released more sugar after 120 hours, no distinction could be made between 

enzymatic and CBP residues despite terminating hydrolysis for both catalysts at 50% 

glucan and xylan release. Thus, cellulose and hemicellulose DPn did not provide insights 

into how these two catalyst systems differ. Cellulose and hemicellulose weight average 

degree of polymerization (DPw) values were also evaluated; however, similar trends were 

observed for all samples and Populus lines as for DPn.  
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Figure 3.9 Cellulose (a) and hemicellulose (b) number average degree of polymerization (DPn) for raw and 

pretreated Populus, and enzymatic hydrolysis (EH) and C. thermocellum CBP (CBP) residues after 50% 

glucan plus xylan release. Enzymatic hydrolysis was carried out using 65 mg protein/g glucan in the 

pretreated biomass.    

 Likewise, lignin number average and weight average molecular weight, Mn and 

Mw, respectively, and polydispersity index (PDI), which is the ratio of  Mw to Mn, were 

determined for the raw, pretreated, and digested Populus solids, with the results presented 

in Figure 3.10. Lignin Mn and Mw were reduced after hydrothermal pretreatment and 

further dropped after enzymatic and C. thermocellum digestion as shown in Figure 3.10a 

and b, respectively. Greater reductions to lignin Mn and Mw occurred for the low 

recalcitrant lines compared to BESC standard. It was interesting that Mn and Mw moved 

toward one another for the pretreated, low recalcitrant Populus lines, thus resulting in a 
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lower PDI, relative to their raw state, compared to BESC standard which had no change 

in lignin PDI after pretreatment. Furthermore, the greatest drop in PDI was observed for 

SKWE 24-2 followed by BESC 876 and lastly BESC standard which had no change (see 

Figure 3.10c). This result points to hydrothermal pretreatment forming a greater amount 

of low molecular weight lignin for SKWE 24-2 and BESC 876 compared to BESC 

standard. A shift to lower molecular weight lignin after pretreatment of the low 

recalcitrant lines correlated positively with the results of hydrolysis in having greater 

glucan plus xylan release in Stage 2. Thus, shorter lignin chains may be favorable for 

attaining effective hydrolysis by either free, fungal enzymes or C. thermocellum 

fermentations. 

 Comparing lignin Mn, Mw, and PDI for fungal cellulase and C. thermocellum 

residues shows that C. thermocellum produced consistently lower values across all lines. 

Thus, C. thermocellum was able to reduce lignin molecular weight better than enzymes. 

This may point to faster release of soluble hemicellulose fractions with bound lignin or of 

lignin alone by breaking cross-links. Although neither the fungal enzyme cocktail nor C. 

thermocellum is known to directly digest lignin,  a recent study reported that an unknown 

enzyme produced by C. thermocellum released coumaric acid, a cell wall cross-linking 

component capable of binding to both hemicellulose and lignin, from switchgrass and 

bagasse [15].  Identification of this enzymatic activity could explain why C. 

thermocellum reduced lignin molecular weight more than fungal enzymes.    
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Figure 3.10 Lignin number average molecular weight (a), weight average molecular weight (b), and 

polydispersity index (c) for raw and pretreated Populus and enzymatic hydrolysis (EH) and C. 

thermocellum CBP (CBP) residues after 50% glucan plus xylan release. Enzymatic hydrolysis residues 

were prepared using a loading of 65 mg protein/g glucan in the pretreated biomass.    

 Lignin functionalization was characterized by quantification of the relative 

abundance of the monolignol subunits syringyl (S), guaiacyl (G), and p-hydroxybenzoate 
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(PB) for raw, pretreated, and biological residues of the Populus lines. Figure 3.11 shows 

that SKWE 24-2 and BESC 876 had a higher lignin S/G than BESC standard for raw, 

pretreated, and EH/CBP residues. Comparing biological catalysts, we see that across all 

three variants, lignin S/G was higher for residues produced by C. thermocellum than by 

enzymes. Figure 3.12 shows that pretreatment reduced the amount of PB in all Populus 

lines, with the lowest PB quantities being in pretreated and biological residues of SKWE 

24-2 and BESC 876. From this, greater removal of the PB lignin subunit may be 

beneficial to increasing Stage 2 hydrolysis by either free fungal enzymes or C. 

thermocellum.  

 

Figure 3.11 Lignin syringyl to guaiacyl ratio (S/G) was characterized for raw, pretreated, and biological 

residues. Enzymatic hydrolysis (EH), carried out using a loading of 65 mg protein/g glucan of pretreated 

biomass, and C. thermocellum CBP (CBP) reactions were stopped at 50% glucan plus xylan release.  
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Figure 3.12 The relative abundance of p-hydroxybenzoate (PB) monolignol subunits was determined for 

raw, pretreated, and biological residues. Enzymatic hydrolysis (EH), carried out at a loading of 65 mg 

protein/g glucan of pretreated biomass, and C. thermocellum CBP (CBP) reactions were stopped at 50% 

glucan plus xylan release.  

 

3.4 Conclusions 

 In this study, we demonstrated that screening for reduced recalcitrance Populus 

can be an effective route to improving hydrolysis by both fungal enzymes and C. 

thermocellum after hydrothermal pretreatment. Additionally, C. thermocellum proved to 

be a substantially better catalyst than a commercial cellulase cocktail, even at excessive 

loadings of 65 mg protein/g glucan in the pretreated biomass. While C. thermocellum 

excelled in digesting the highly recalcitrant BESC standard, resulting in over 90% Stage 

2 glucan plus xylan conversion, utilizing low recalcitrant lines SKWE 24-2 and BESC 

876 increased conversion to 95% of the available glucan and xylan in the pretreated 

solids.   
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 To determine the structural and chemical properties of Populus that made SKWE 

24-2 and BESC 876 less recalcitrant than BESC standard, raw and pretreated solids were 

subjected to a series of characterization assays.  GP showed the low recalcitrant natural 

variants to have an overall looser cell wall, with greater pectic backbone and pectic 

arabinogalactan epitope removal from the untreated solids in earlier extractions than from 

BESC standard. Additionally, GP of the pretreated Populus solids showed complete 

removal of xyloglucan structures within the cell wall from both BESC 876 and SKWE 

24-2 but not from BESC standard. Complete removal of xyloglucan is hypothesized to 

contribute to reduced recalcitrance of these lines in Stage 2 hydrolysis. The ratio of Mn 

and Mw, i.e., PDI, for lignin and WRV revealed that hydrothermal pretreatment increased 

lignin fractionation and accessible surface area, respectively, for the low recalcitrant 

variants more than for BESC standard. Additionally, pretreatment caused a greater 

reduction in lignin S/G for these lines than for BESC standard. Thus, PDI, WRV, and 

lignin S/G were useful markers for predicting the enhanced performance by the low 

recalcitrant lines compared to BESC standard. Composition (glucan, xylan, and lignin), 

accessibility measurements by Simons’ staining, cellulose crystallinity, and cellulose, 

hemicellulose, and lignin molecular weights, either before or after pretreatment, did not 

show significant variances among lines that would help predict differences in 

recalcitrance.  

 Structural data was also measured for the Populus varieties to determine if 

differences in the characteristics could explain why C. thermocellum achieved higher 

Stage 2 sugar release than fungal enzymes. Lignin characterization provided the greatest 
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insights in this regard as C. thermocellum achieved greater reductions in lignin molecular 

weight than fungal enzymes. From this result, it is hypothesized that C. thermocellum 

may have the ability to fractionate lignin more efficiently than free, fungal enzymes, 

thereby reducing the obstruction of lignin to microbial action.  

  Lastly, we would like to reiterate that the hydrothermal pretreatment conditions 

applied in this study were chosen based on prior results with BESC standard Populus, as 

described in Chapter 2. Thus, the lower recalcitrance of natural variants SKWE 24-2 and 

BESC 876 could allow reductions in hydrothermal pretreatment temperature and/or times 

while still achieving equivalent or greater Stage 1 plus 2 sugar (glucan plus xylan) release 

when coupled with C. thermocellum fermentation. Such an outcome would be valuable 

for reducing pretreatment costs. It would also be productive to determine if other 

pretreatment strategies could be optimized to achieve even better results with these, or 

other, variants. In summary, this study demonstrates how crop selection based on overall 

process performance can be an effective approach to overcoming biomass recalcitrance to 

sugar release when paired with the appropriate biological catalyst and pretreatment 

method.  
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Chapter 4. Synergy between biocatalyst and novel 

pretreatment eliminates expensive enzymes for biofuels 

production 
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4.0 Abstract  

 Conversion of plant biomass to sugars for renewable fuels production requires 

hydrolysis of the diverse and complex matrix of polysaccharides which make up 

lignocellulose. In alleviating biomass recalcitrance, there exists a central trade-off 

between high sugar yields and cost competitiveness. Hydrolyzing polysaccharides has 

traditionally required high enzyme loadings with prohibitive costs. Although harsh 

pretreatment of biomass can reduce enzyme loadings, sugar degradation increases at high 

severity while enzyme costs are still too high. We present a process with near theoretical 

sugar yields that does not require adding external enzymes. By combining recently 

invented Co-solvent Enhanced Lignocellulosic Fractionation (CELF) pretreatment with 

the native cellulolytic anaerobe, Clostridium thermocellum, complete sugar conversion 

was achieved in 48 hours from two very different feedstocks: Populus, a hardwood, and 

corn stover, an agricultural grass residue. For the first time, sugar release for these 

pretreated feedstocks was compared between fungal enzymes and C. thermocellum 

revealing a unique synergy between CELF and C. thermocellum not possible with fungal 

enzymes.  

4.1 Introduction 

 Global climate change due primarily to combustion of fossil fuels motivates the 

development of renewable forms of energy with reduced life-cycle greenhouse gas 

(GHG) emissions with a specific focus on reducing net CO2 release, the major GHG 

contributor [1], [2]. Photosynthesis by plants producing terrestrial lignocellulosic biomass 

is responsible for the largest flux of atmospheric carbon sequestration, as CO2 and water 



  

90 

 

are used to generate structural sugars, cellulose and hemicellulose, and non-

carbohydrates, namely lignin, for synthesis of the plant cell wall [3]. Utilizing the sugars 

and carbon contained in woody, herbaceous, and agricultural resources as a feedstock for 

liquid fuels production provides a long-term, sustainable approach to replace finite fossil 

fuel reserves. A report produced by the U.S. Department of Energy determined that the 

U.S. has the capacity to generate 0.6-1.6 billion dry tons of biomass annually between 

2017 and 2030 from non-grain based biomass feedstocks such as forest, agricultural, and 

energy crops at an average price of approximately $60/dry ton or less [4], [5]. This would 

be enough biomass to produce up to about 160 billion gallons of ethanol a year at a 

production cost of less than ~$3/gallon with a projected cost of less than ~$1.5/gallon as 

the industry matures towards an n
th

 plant scenario [6]–[8]. According to the U.S. Energy 

Information Administration, the annual market for finished motor petroleum products 

within the U.S. is currently ~100 billion gallons a year. Thus, because the heat of 

combustion for ethanol is about 64% that of gasoline, ~155 billion gallons of ethanol 

derived from lignocellulosic biomass could conceivably displace the entire gasoline fuel 

supply. Overall, lignocellulosic biomass stands out as the least expensive, most widely 

available non-food renewable means of producing liquid energy to replace petroleum on 

a large enough scale to sustain the immense national and, even greater, global demand.  

 Since the mid 1800's, biomass has been used as a means of producing fuel, yet 

despite more than 150 years of development, the cost of polysaccharide saccharification 

remains high due the inherit recalcitrance of the plant cell wall to degradation via 

chemical, physical, or biological means [9]. Fungal enzymes from Trichoderma reesei 
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have historically been used to break down the cell wall. However, the cost of enzymes 

from T. reesei are staggeringly high, with cost estimates of ~$0.70-$1.50 per gallon of 

ethanol produced based on an enzyme loading of ~20 mg protein/g glucan for various 

saccharification efficiency and ethanol yield scenarios using corn stover [10]. The 

amount of enzyme required for the same ethanol yields from most other cellulosic 

feedstocks are estimated to be even higher. Altering biomass pretreatment methods or 

conditions can reduce enzyme loadings, however sugar yields are often sacrificed in the 

process of producing a readily hydrolyzable solid due to xylose degradation [11]. To 

overcome this problem, consolidated bioprocessing (CBP) has been proposed as a path 

for eliminating the need for added cellulase enzymes all together by using a cellulolytic 

organism capable of both enzyme production and fermentation to the desired end-

product(s) [12]–[14]. The economics could be further improved if the CBP enzyme 

system is active enough to still achieve high sugar yields with mild, or ideally no, 

pretreatment.  

 Because of the large diversity in biomass plant cell wall structure, it is unlikely 

that removing pretreatment all together would be universally effective, especially for 

more recalcitrant feedstocks such woody biomass. Furthermore, because many feedstocks 

respond differently to pretreatment, pretreatment conditions must often be optimized to 

yield high sugar saccharification. Thus, much research has been devoted to evaluating a 

wide range of feedstocks and pretreatment methods and conditions, along with 

integration of a biological catalyst, to achieve the highest final product yields at the 

lowest cost [15], [16]. Beyond these practical considerations, to truly understand the 
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complex mechanism of cell wall decomposition through multiple processing steps, 

feedstocks, pretreatments, and biological catalysts must be evaluated in unison. 

 In this study, interactions among feedstock, pretreatment, and biocatalyst were 

evaluated based on application of two pretreatment methods to the woody and herbaceous 

feedstocks, Populus and corn stover, respectively: a novel, tetrahydrofuran (THF) based 

co-solvent enhanced lignocellulosic fractionation (CELF) pretreatment [17] and a more 

traditional dilute sulfuric acid (DSA) pretreatment. Effectiveness was judged based on 

ease of biological deconstruction by either a cell-free, fungal enzyme cocktail derived 

from T. reesei over a range of enzyme loadings or an organism mediated, C. 

thermocellum CBP fermentation without enzyme supplementation to understand how 

feedstock, pretreatment, and biological conversion interact in overcoming recalcitrance. 

CELF and DSA pretreatment methods were chosen to (1) evaluate how adding THF to a 

DSA  pretreatment (CELF pretreatment consists of a mixture of THF and DSA solution) 

of Populus and corn stover impacted results compared to use of just DSA and (2) 

determine if the newly developed CELF method and CBP could accomplish even greater 

synergies than previously shown for combination of CELF pretreatment of corn stover 

with low fungal enzymes loadings [18]. Populus and corn stover were selected because of 

their differences in recalcitrance, composition, and overall cell wall structure, and to 

represent the range of feedstocks that might be encountered commercially. Through this 

research, our goal was to learn how pretreatment affects sugar yields from each 

feedstock, determine how sugar release from different biological catalyst systems 

responded to both pretreatment methods and feedstocks, and identify possible synergies 
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between feedstock and processing. For the first time, we compare performance of 

traditional, non-complexed fungal enzymes at economical loadings directly to that of the 

consolidated bioprocessing organism C. thermocellum using biomass that displays 

marked differences in recalcitrance and pretreatments with distinctive features to 

effectually determine how these two biocatalyst systems respond in realistic process 

scenarios.  

4.2 Materials and Methods 

4.2.1 Substrates 

BESC standard Populus (Populus trichocarpa) and corn stover, Zea mays, were 

provided by the BioEnergy Science Center (BESC) through Oak Ridge National 

Laboratory (ORNL, Oak Ridge, TN), and the National Renewable Energy Laboratory 

(NREL, Golden, CO), respectively. BESC standard Populus was received chipped with a 

moisture content of less than 10 w/w %. Corn stover had a moisture content of less than 

10 w/w %. Both were knife milled (Thomas-Wiley Laboratory Mill, Model 4, Thomas 

Scientific, Swedesboro, NJ) to a particle size of less than 1 mm using a 1 mm size screen. 

All material that passed through the screen was collected, mixed together, divided into 1 

gallon size bags, and stored at -20ºC. Microcrystalline cellulose powder, Avicel
®
 PH-101, 

was purchased from Sigma-Aldrich (St. Louis, MO) and stored at room temperature.  

4.2.2 Pretreatment 

 Pretreatments were performed in a 1 L Hastelloy reactor (Parr Instrument 

Company, Moline, IL) equipped with a pressure gauge, thermocouple (Type K, Omega 
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Engineering, Inc., Stamford, Connecticut), impeller, and electric motor (Pacific Scientific 

Automation Technology Group (Kollmorgen), Radford, VA). The reactor was heated to 

the desired temperature by lowering it via a chain hoist into a fluidized sand bath (Model 

SBL-2D, Techne, Princeton, NJ ) maintained at 350-375ºC depending on the final 

reaction temperature. The contents were mixed at 180 rpm. The time for the reactor to 

heat up was recorded as the time for the temperature in the reactor to rise from ambient to 

within 2°C of the target temperature, the accuracy limit of the thermocouple. The reaction 

temperature was maintained by raising and lowering the reactor near the surface of the 

sand bath. The reaction was stopped by transferring the reactor to a room temperature 

water bath with the cool-down time being the time for the reactor contents to cool from 

the target temperature to 80°C.  

 The pretreated solids and resulting liquor were separated by vacuum filtration. 

Pretreatment liquor was collected and stored at -20ºC. Filtered solids were collected, 

weighed, and stored at -20ºC to prevent microbial degradation and subsequent 

compositional changes over time. Moisture content was determined by oven drying for 

determining pretreatment solids yield. 

 Dilute sulfuric acid (DSA), and co-solvent enhanced lignocellulosic fractionation 

(CELF) pretreatments were run at 5-10 w/w % solids loading with a total weight of 750-

800 g. Biomass was soaked for a minimum of approximately 4 hours prior to the reaction 

to allow the catalysts to penetrate. Biomass was soaked overnight for CELF 

pretreatments. For DSA and CELF pretreatments, untreated biomass was soaked in 0.5 
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w/w % dilute sulfuric acid solution and a 50:50 (v:v) mixture of THF: dilute sulfuric acid 

solution (0.5 w/w %), respectively.   

4.2.3 Additional materials and methods  

 The following experiments, assays, and calculations were done as described in the 

materials and methods of Chapter 2: enzymatic hydrolysis (section 2.2.3), anaerobic 

digestion by consolidated bioprocessing and C. thermocellum culture viability validation 

(section 2.2.4), structural sugars and lignin quantification (section 2.2.5), sugar release 

calculations (section 2.2.6), Stage 1 material balance calculations (section 2.2.7) 

4.3 Results and Discussion 

4.3.1 DSA and CELF pretreatment  

Populus and corn stover were pretreated by DSA and CELF pretreatment to 

characterize the effect of THF on DSA pretreatment and to determine the extent of 

feedstock and pretreatment interactions with regard to sugar yields and biomass 

recalcitrance in downstream biological digestion. Figure 4.1 provides a flow chart 

illustrating the process steps used in this study, in which pretreatment is Stage 1 and 

fungal enzymatic digestion or CBP fermentation is Stage 2. It is important to note that the 

pretreated solids were washed prior to biological digestion which was carried out at low 

solids loading to mitigate end-product inhibition. 
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Figure 4.1 Material flow chart for pretreatment followed by biological processing. 

 

Raw and pretreated biomass solids composition, Stage 1 sugar material balances, Stage 1 

sugar recovery, and Stage 2 sugar release profiles for fungal enzymes and C. 

thermocellum were evaluated to determine feedstock, pretreatment method, and 

biological catalyst interactions in reducing recalcitrance.  

The pretreatment temperatures and times employed in this study were chosen to 

maximize overall Stage 1 plus Stage 2 total sugar (glucose and xylose) yields from each 

feedstock-pretreatment-enzymatic hydrolysis combination (optimization data not 

presented here). Temperatures of 150°C and 160°C and a time period of 15-25 minutes 

were applied based on prior experience in optimizing dilute sulfuric acid and CELF 

pretreatments. As shown in Table 4.1, pretreatment was carried out with either 0.5% 

(w/w) sulfuric acid or with a 1:1 volumetric ratio of THF to 0.5% (w/w) sulfuric acid 

solution. Table 4.1 also lists the pretreatment temperatures and times and enzyme 

loadings applied in subsequent hydrolysis of the washed pretreated solids to give the 

highest total Stage 1 plus Stage 2 sugar yields for each feedstock.  
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Table 4.1 CELF and DSA Pretreatment Conditions for Populus and Corn Stover 

Biomass 

Type 

Pretreatment 

Method 

H
2
O: THF 

(v:v) 

[H
2
SO

4
]     

(w/w % ) 

Temperature 

(°C) 

Time 

(min) 

Enzyme Loading Used 

for Optimization 

(mg protein/g glucan) 

Populus  
DSA  1:0  0.5  160  25  

100 
CELF  1:1  0.5  160  15  

Corn Stover  
DSA  1:0  0.5  160  20  

15 
CELF  1:1 0.5 150  25  

The optimal DSA pretreatment conditions required that Populus be pretreated 5 

minutes longer than corn stover at the same temperature (160°C, 25 minutes and 160°C 

and 20 minutes, respectively) while the optimal CELF pretreatment conditions for 

Populus required a slightly higher temperature but less time compared to corn stover 

(160°C, 15 minutes and 150°C, 25minutes, respectively). Because Populus is more 

recalcitrant than corn stover, the enzyme loading for digestion of pretreated Populus had 

to be increased to 100 mg of protein/g glucan while 15 mg/g glucan was sufficient for 

enzymatic hydrolysis of the pretreated corn stover solids to attain high yields.  

As summarized by the data in Table 4.2 for raw and pretreated biomass solids, 

compositional changes between the raw and pretreated biomass resulted from 

solubilization of the hemicellulose fraction and lignin extraction for both corn stover and 

Populus. In particular, the composition of DSA pretreated solids showed removal of 

92.4% and 90.2% of the xylan from Populus and corn stover, respectively. However, as 

reflected by the lignin content in Table 4.2, most of the lignin remained in the DSA 

treated solids as less than 2% was removed from either feedstock. On the other hand, the 

enhanced glucan content resulted from over 90% of the glucan remaining in the biomass 
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solids following DSA pretreatment. While not much lignin was removed by batch DSA 

pretreatment, literature suggests that as lignin reaches its glass transition temperature, a 

portion melts and coalesces to form what has been termed "lignin droplets" or "lignin 

globules" which then redeposits and collects within the cell wall and at the cell wall 

corners [22]–[24]. In addition, while the lignin content may be largely left untouched, 

fractionation can occur with even mild pretreatments such as hydrothermal or dilute acid, 

exposing cellulose fibrils and enabling better enzyme accessibility resulting in improved 

digestion [25].  

In a manner very similar to DSA, CELF pretreatment also reduced the xylan 

content significantly, with 89.5% and 95.4% removal from Populus and corn stover, 

respectively, resulting in the values shown for CELF in Table 4.2. However, unlike DSA 

that left high amounts of lignin in the pretreated solids, CELF pretreatment removed 

82.6% and 75.6% of the Klason lignin from Populus and corn stover, respectively, to 

give a much lower lignin content in the pretreated solids.  CELF, like DSA, retained most 

of the glucan in either biomass material, with over 90% of the original glucan left in 

CELF pretreated solids. When the latter was coupled with high hemicellulose and lignin 

removal, the CELF solids composition in Table 4.2 was much higher in glucan content 

than for DSA pretreated solids.  For both DSA and CELF pretreatments, the percent 

removal of xylan and lignin was consistent between feedstocks despite differences in raw 

biomass composition.  
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Table 4.2 Compositions of Populus and Corn Stover Before and After DSA and CELF 

Pretreatments 

Biomass Type Glucan (%) Xylan (%) Klason Lignin (%) Other (%) 

Populus 

Raw 46.8 15.9 21.8 15.5 

DSA 64.0 1.8 31.6 2.6 

CELF 85.5 3.3 7.5 3.7 

Corn Stover 

Raw 36.1 28.5 14.5 20.9 

DSA 54.1 4.9 25.6 15.4 

CELF 74.8 3.1 8.3 13.8 

Standard deviation for all values was within ± 2%, which was the error associated with repeatability of the 

procedure for determining structural sugars and lignin 

 

While the biomass solids composition before and after pretreatment reported in 

Table 4.2 informs how the biomass solids fraction was altered by each pretreatment, this 

data provides no information on the fate of sugars transferred to the liquid. Therefore, 

material balances were applied to follow the fate of glucan and xylan during Stage 1 and 

determine how much of each sugar was captured in the liquid and how much was lost to 

the formation of degradation products. In addition to evaluating the effectiveness of each 

pretreatment-feedstock combination in conserving these two sugars, material balances 

also validate the analytical measurements employed to determine each sugar yield, 

affirming that sugars originally present in the raw biomass could be accounted for after 

pretreatment. Sugars captured in the liquid or left in the solids could potentially be 

converted into desired fermentative products downstream while those lost to degradation 

ultimately hurt targeted yields as well as introduce inhibitors that could interfere with 

downstream operations. Accordingly, Figure 4.2 follows the fate of glucan and xylan in 

the solids and liquid fractions that result from DSA and CELF pretreatments on the basis 



  

100 

 

of 100 grams of glucan and xylan in the raw Populus and corn stover. The sugar and 

degradation values shown were adjusted to equivalent masses of glucan and xylan based 

on the appropriate stoichiometry. Overall, Figure 4.2 shows that DSA and CELF 

pretreatments realized similar recovery of glucan and xylan but that CELF achieved 

somewhat higher recovery of sugars in solution. 

 
Figure 4.2 Measured amounts of glucan and xylan in grams in (a) Populus and (b) corn stover for the 

solids (s) and pretreatment liquor (l) resulting from DSA and CELF pretreatments adjusted to a basis of 100 

grams of glucan plus xylan in the original raw Populus or corn stover. The liquid fraction includes the 

degradation products levulinic acid, formic acid, 5-HMF, and furfural quantified in the pretreatment liquor. 

 

As shown in the last column of Table 4.3, overall material balances for glucan and 

xylan, which included their degradation products, following DSA pretreatment of 

Populus and corn stover were 100% and 95%, respectively, while for CELF, the overall 

material balances were 101% and 98%, respectively. Thus, overall glucan plus xylan 

material balances were closed to 100% ± 5%, providing a high level of confidence in the 

accuracy of the sugar recovery values in Table 4.3. Table 4.3 also allows us to examine 
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how much of the original glucan and xylan could be accounted for as potentially useful 

sugars in the liquid and solid resulting from each pretreatment. On this basis, glucan 

recovery was greater than xylan recovery across pretreatment method and feedstock due 

to xylan being more readily hydrolyzed, dissolved, and degraded [11], [26]. Furthermore, 

this data showed that CELF pretreatment appeared to achieve slightly higher glucan and 

xylan recovery than DSA pretreatment, although the differences fell within the margin of 

error. Recovery of glucan plus xylan together was higher for Populus with more than 

98% of the overall sugar content recovered between the solid and liquid phase with CELF 

pretreatment and over 97% with DSA pretreatment. For corn stover, approximately 93% 

and 95% of the total glucan plus xylan was recovered with DSA and CELF pretreatment, 

respectively. Thus, the presence of THF did not have a negative effect on sugar 

conservation.  

 

Table 4.3 Stage 1 Glucan and Xylan Recoveries and Mass Balance Closures (Solid + 

Liquid) for DSA and CELF Pretreatments 

Biomass 

Type 

Pretreatment 

Method 

Glucan 

Recovery* (%) 

Xylan 

Recovery* (%) 

Glucan + Xylan 

Recovery* (%) 

Mass Balance 

Closure** (%) 

Populus 
CELF 100.4 92.3 98.4 101 

DSA 99.2 91.3 97.2 100 

Corn Stover 
CELF 97.6 92.3 95.2 98 

DSA 94.6 91.0 93.0 95 

* Includes only glucan or xylan and not degradation products 

**Includes glucan and xylan plus their degradation products 

 

4.3.2 Hydrolysis of pretreated solids by fungal enzymes and consolidated bioprocessing 

 To understand the roles that pretreatment method (Stage 1) and biological 

conversion (Stage 2) can play in reducing biomass recalcitrance, the four types of 

pretreated biomass solids described in Table 4.2 were incubated with fungal enzymes at 
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loadings of 2, 5, and 15 mg of protein/g glucan based on the glucan content in raw 

biomass. These enzyme loadings have projected costs on the order of $0.10, $0.25, and 

$0.75/gallon of ethanol, respectively [10]. The same source of pretreated solids was 

subjected to breakdown by C. thermocellum at a low solids loading (5 g glucan/L) for up 

to 168 hours. The total glucan plus xylan released as a function of Stage 2 incubation 

time for each of the pretreated solids described in Table 4.2 and the two biological 

digestion systems are presented in Figure 4.3. Figure 4.3 provides the following unique 

insights into the effects of feedstock, pretreatment method, and biological catalyst on 

recalcitrance: 

 

Figure 4.3 Release of glucan plus xylan from Stage 2 hydrolysis of solids produced by CELF pretreatment 

of corn stover (a) and Populus (b) and DSA pretreatment of corn stover (c) and Populus (d) by fungal 

enzymes at loadings of 2, 5, and 15 mg of protein/g glucan in the pretreated biomass and C. thermocellum 

(2% v/v inoculum) for up to 168 hours (7 days). Because C. thermocellum fermentation of CELF pretreated 

Populus and corn stover solids was complete in 48 hours, the 120 and 168 hour time points for these cases 

are simply extensions of the sugar release at 48 hours. Stage 2 glucan plus xylan release is calculated from 

the yield of sugars for enzymatic hydrolysis and conversion of glucan plus xylan for C. thermocellum CBP 

as noted in the materials and methods section.  
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 First, Figure 4.3 points out that C. thermocellum achieved greater and faster 

glucan plus xylan release
§
 than the lower, more economical doses of fungal enzymes (2-5 

mg protein/g glucan in raw) irrespective of pretreatment method, feedstock selection, or 

hydrolysis time. As shown in Figure 4.3b and d, Populus displayed the greatest difference 

in digestion between C. thermocellum and the lower fungal enzyme doses. In fact, 

compared to a fungal enzyme loading of 2 mg protein/g glucan, C. thermocellum 

increased the amount of sugar released 7-fold after 48 hours with CELF pretreated 

Populus and more than 12-fold after 168 hours with DSA pretreated Populus. For 

pretreated corn stover solids, Figure 4.3a and c show that C. thermocellum released 1.2 

and 1.9 times the amount of sugar than 2 mg protein/g glucan of fungal enzymes after 

168 hours for CELF and DSA pretreated corn stover, respectively. An enzyme loading of 

5 mg protein/g glucan and C. thermocellum could both achieve virtually 100% sugar 

release from CELF pretreated corn stover, although the time required to do so increased 

from 48 hours for the latter to 168 hours for fungal enzymes.  

 A second important result was that organism-mediated saccharification was as 

effective as, or more effective than, the highest fungal enzyme loading applied of 15 mg 

protein/g glucan, depending on feedstock selection. Similar to the comparison of results 

for C. thermocellum to those for low enzyme doses, the greatest difference in sugar 

release between the higher enzyme dose and C. thermocellum was found for Populus, 

which is known to be the more recalcitrant feedstock. These differences were expected 

                                                 
§
 Sugar release is defined as either conversion or yield depending on the catalyst system. For the complete 

definition of sugar release, see materials and methods of Chapter 2, section 2.2.6. 
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for Populus and corn stover with fungal enzymes [16]; however, C. thermocellum 

released approximately the same amount of sugar from both CELF and DSA pretreated 

corn stover after 48 hours. While fungal enzyme performed as expected for Populus, the 

sugar released by C. thermocellum greatly exceeded that of fungal enzymes at higher 

loadings for both CELF and DSA methods, even after 168 hours. 

 A third point from comparing the two biological catalyst systems was that while 

the performance of fungal enzymes was greatly affected by feedstock as expected from 

the literature, C. thermocellum was not. In particular, although hydrolysis by fungal 

enzymes of solids produced by leading pretreatments with diverse features has shown 

Populus to be inherently more recalcitrant than corn stover, the difference in recalcitrance 

of Populus and corn stover was much less apparent with C. thermocellum. That is to say, 

the differences in sugar release between Populus and corn stover saccharification was 

magnified when enzymes were applied but minimized for C .thermocellum fermentations. 

For the case of DSA pretreatment, C. thermocellum and the high dose of fungal enzymes 

(15 mg/g glucan) were able to digest pretreated corn stover equally well, releasing 

approximately 85% of the total sugar after 168 hours, as shown in Figure 4.3c. However, 

for DSA pretreated Populus solids, as shown in Figure 4.3d, the amount of sugar released 

by enzymatic hydrolysis fell to 28%, about a 67% drop in sugar release compared to DSA 

pretreated corn stover. On the other hand, sugar release by C. thermocellum fell only 

~17% relative to that from DSA pretreated corn stover to a value of 71%.  Thus, although 

sugar release by C. thermocellum from DSA pretreated Populus dropped compared to 
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that of corn stover, the effects were much less pronounced compared to the negative 

impact of switching from corn stover to Populus with enzymes.  

 A similar observation can be made from the results for biological deconstruction 

of solids produced by CELF pretreatment of the same feedstocks. In particular, for CELF 

pretreated corn stover, digestion by the high dose of fungal enzymes and C. thermocellum 

both achieved a nearly theoretical sugar release of ~100% in 48 hours as shown in Figure 

4.3a. However, at the high enzyme loading, sugar release from solids produced by CELF 

pretreatment of Populus, shown in Figure 4.3b, was only 62% in 48 hours and less than 

88% after 168 hours. On the other hand, sugar release by C. thermocellum was unaffected 

by switching feedstocks in that after 48 hours the same sugar release was realized from 

solids produced by CELF pretreatment of Populus and corn stover. Thus, saccharification 

by C. thermocellum was much less impacted by changing from a herbaceous to woody 

feedstock than were fungal enzymes for application of either DSA or CELF 

pretreatments.  

 While interpreting the effects of hydrolysis from a biological perspective is 

complex, looking more closely at the influence of the pretreatment method provides an 

additional level of insight into the multidimensionality of recalcitrance. Comparing the 

results of Figures 4.3a and b to 4.3c and d for DSA and CELF pretreatments showed a 

fourth point: CELF pretreatment resulted in higher sugar release compared to DSA 

regardless of the feedstock or biological catalyst. Whether enzymes or C. thermocellum 

were applied to pretreated Populus or corn stover solids, CELF pretreatment enabled 
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higher sugar release in a shorter time frame. In fact, we found CELF to be unique and 

unlike DSA in that its application to either feedstock resulted in no distinction between 

the rate or extent of digestion by C. thermocellum as complete conversion of glucan and 

xylan was attained in 48 hours for both.  

 Comparing the performance of DSA and CELF pretreatments highlights how 

pretreatment has the potential to greatly influence conclusions drawn about factors that 

control recalcitrance. For example, although DSA pretreated Populus had greater 

resistance to deconstruction by both enzymes and C. thermocellum compared to DSA 

pretreated corn stover, application of CELF pretreatment resulted in the biological 

catalyst having a more predominant role than feedstock in governing recalcitrance as C. 

thermocellum was able to consume 100% of the available sugars from CELF pretreated 

Populus or corn stover. Thus, CELF pretreatment generated an apparently “agnostic 

feedstock” from the perspective of C. thermocellum digestion, resulting in a unique 

synergy between CELF and C. thermocellum not found for application of fungal enzymes 

or for solids produced by DSA pretreatment. Combining CELF pretreatment with C. 

thermocellum CBP suggests that feedstock recalcitrance is affected by processes that alter 

biomass characteristics such as accessible surface area, pore volume, unproductive 

adsorption on lignin, and enzyme effectiveness that can be altered favorably by 

application of appropriate conditions and the choice of biocatalyst. 
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4.4 Conclusions 

 Although recalcitrance is an inherent physiological property of biomass, 

pretreatment and biological processing can reduce the difficulty of deconstructing 

biomass into sugars.  In this study, we demonstrate that feedstock characterization must 

be contextualized in terms of the effects of pretreatment and biological deconstruction to 

have a comprehensive understanding of obstacles to alleviating biomass recalcitrance, 

draw meaningful conclusions about recalcitrance, and discern synergistic interactions. In 

particular, we found that augmenting dilute sulfuric acid pretreatment with the green co-

solvent THF coupled with biological deconstruction by C. thermocellum achieved near 

theoretical Stage 1 plus Stage 2 glucan and xylan release from Populus and corn stover. 

Although increasing fungal enzyme loadings to 15 mg protein/g glucan enabled sugar 

yields comparable to that by C. thermocellum from DSA pretreated corn stover, the 

projected cost of such high loadings would be on the order of $1.00/gallon of ethanol 

produced. For DSA and CELF pretreated Populus, an enzyme dose greater than what was 

applied in this study would be needed to achieve the same sugar release as C. 

thermocellum, but such high enzyme loadings are expected to be prohibitively expensive 

for a commercial biomass to ethanol process. The solids from CELF pretreatment of corn 

stover proved very digestible in that an enzyme dose of 5 mg/g glucan was sufficient to 

reach ~98% total sugar yields in 120 hours. However, the glucan plus xylan yield 

dropped to ~40% after 168 hours for solids produced by CELF pretreatment of Populus.  

Thus, while low enzyme doses may be sufficient to fully hydrolyze low recalcitrant 

grasses and agricultural residues following an effective pretreatment, the same enzyme 
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dose may not be nearly as effective with hardwood feedstocks. Unlike enzymes, 

combining C. thermocellum with CELF pretreatment proved to be highly unique and 

synergistic as C. thermocellum was able to digest ~100% of CELF pretreated Populus 

and corn stover solids in just 48 hours. The CELF-CBP system was able to conserve and 

fully hydrolyze glucan and xylan for the combined Stage 1 and Stage 2 operations for a 

hardwood and an agricultural residue without externally added enzymes, making CELF 

combined with C. thermocellum CBP a potentially highly advantageous approach for 

applications with multiple, diverse feedstocks.  
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Chapter 5. Insights into co-solvent enhanced lignocellulosic 

fractionation (CELF) and dilute sulfuric acid (DSA) 

pretreatment and C. thermocellum digestion of corn stover by 

cellulase adsorption, lignin characterization, and microscopy
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5.1 Introduction 

 Overcoming biomass recalcitrance is key to successful deployment of biomass 

conversion to liquid fuels. However, due to the complex nature of the plant cell wall, 

building an understanding of the mechanisms behind recalcitrance through the study of 

biomass ultrastructure serves to empower the design of better pretreatment methods and 

processing technology which are urgently needed [1]. Thus in this chapter, biomass 

ultrastructure was examined by various assays and techniques to better understand the 

impact of co-solvent enhanced lignocellulosic fractionation (CELF) and dilute sulfuric 

acid (DSA) pretreatments and consolidated bioprocessing (CBP) on corn stover features 

and their role in enzymatic and CBP digestion.  

 In Chapter 4 of this thesis, CELF pretreatment was shown to be highly synergistic 

when paired with Clostridium thermocellum CBP as Populus and corn stover, two 

feedstocks with greatly differing patterns of recalcitrance, were completely hydrolyzed 

(100% glucan plus xylan release) in 48 hours. Furthermore, only in applying CELF with 

CBP did Populus and corn stover behave similarly in terms of rate and extent of sugar 

conversion. This synergy could not be replicated by fungal cellulases or DSA 

pretreatment. To expound these results, raw, CELF/DSA pretreated, and CBP digested 

residual corn stover samples were analyzed by various methods in an effort to (1) develop 

a more detailed understanding of the CELF-CBP synergy and (2) gain insight as to why 

the synergy occurred, with particular interest in the novelty of CELF as a pretreatment 

method.  
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 As described in Chapter 4, the main difference between CELF and DSA 

pretreatment was the use of Tetrahydrofuran (THF) to make up 50% of the pretreatment 

solution. Because THF extracts and dissolves lignin and causes significant depletion of 

lignin from the cell wall during pretreatment with a sulfuric acid catalyst [2], [3], lignin 

was extensively characterized through analysis of molecular weight distributions and the 

relative amount of monolignol subunits for raw, pretreated, and CBP residue corn stover. 

Additionally, cellulase adsorption to CELF and DSA pretreated corn stover was 

measured as a function of the concentration of free cellulase in the bulk solution to 

construct cellulase adsorption isotherm curves. These curves were used to asses a 

combination of properties including the openness of the cell wall structure and enzyme 

affinity to the biomass surface. Lastly, microscopy was applied to the raw, pretreated, and 

CBP residual corn stover. Stereoscopy was used to characterize macroscopic properties 

and overall appearance of the corn stover, while confocal scanning laser microscopy 

(CSLM) and transmission electron microscopy (TEM) were employed to determine cell 

wall structural features including cell wall thickness and morphology, location and 

mobility of lignin, and deconstruction mechanisms.  

5.2 Materials and Methods 

5.2.1 Overview of materials and methods 

 Corn stover was obtained from the National Renewable Energy Laboratory 

(NREL) as described in Chapter 4, section 4.2.1, and prepared accordingly. Raw and 

pretreated corn stover and residues after anaerobic digestion using the organism 
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Clostridium thermocellum (CBP residue) were prepared for analysis. DSA and CELF 

pretreatments and CBP were performed according to methods described in Chapter 4, 

sections 4.2.2, and Chapter 2, section 2.2.4, respectively. CBP residues were recovered 

from fermentation at 50% glucan plus xylan conversion to obtain enough solids for 

characterization.  

5.2.2 Cellulase adsorption 

 Cellulase adsorption on the pretreated biomass substrate was performed at 4°C in 

50 mM citrate buffer (pH 4.8) as described in the literature [4]. Cellulase C2730 (from T. 

reesei ATCC 26921, protein content 40 mg/mL, Sigma-Aldrich) was used to determine 

the adsorption isotherm. A range of enzyme concentrations from 0.01 to 2.0 mg of 

protein/mL (corresponding to 0.5 mg to 100 mg protein/g solids) were added in 50 mM 

citrate buffer (pH 4.8) with the substrates suspended at 2% (w/v) consistency. The 

mixture was incubated at 4°C for 2.5 hours with 15 minute shaking intervals to reach 

equilibrium. The protein content in the supernatant was determined for the free cellulases 

by the Bradford assay using bovine serum albumin, or BSA, as the protein standard [5]. 

The adsorbed cellulases were calculated by taking the difference between the initial 

cellulase protein content and the free cellulase protein content in the supernatant. The 

classical Langmuir adsorption isotherm was applied to characterize cellulase adsorption 

on both CELF and DSA pretreated biomass substrates in solution. In this case, the surface 

concentration of adsorbed enzymes (Γ) was given by the equation: 

  
 max  

    
, 



  

115 

 

where Γ is the amount of bound enzyme (mg/g substrate), Γmax is the surface 

concentration of protein at full coverage (mg/g substrate), K is the binding affinity 

constant (mL/mg), and C is the free protein concentration in the bulk solution (mg/mL) 

[6].  

5.2.3 Heteronuclear single quantum coherence (HSQC) 2D-NMR of lignin and relative 

monolignol subunit abundance determination  

 Samples were freeze dried and extracted with an ethanol:toluene mixture (1:2, 

v/v) via a Soxhlet apparatus before analysis. The lignin samples were isolated by 

dioxane:water (96:4, v/v) extraction after ball-milling with a Retsch PM 100 planetary 

mill and cellulolytic enzymes treatment. The lignin samples obtained were dissolved in 

DMSO using a Shigemi tube and subjected to NMR analysis with a 400-MHz Bruker 

Advance-III spectrometer. HSQC experiments were carried out at a 11-ppm spectra width 

in F2 (
1
H) dimension with 2048 data points, 190-ppm spectra width in F1 (

13
C) 

dimension with 256 data points, 0.5-s pulse delay, and a 
1
JCH coupling constant of 145 

Hz. 128 or 320 scans were employed depending on the sample concentration. The central 

solvent peak (δC 39.5 ppm; δH 2.5 ppm) was used for chemical shift calibration. NMR 

data was processed using the TopSpin 2.1 (Bruker BioSpin) and MNova (MestreLab 

Research) software packages. 

5.2.4 Imaging by stereoscopy, CSLM, and TEM   

 Pretreated biomass and the resulting residual biomass after C. thermocellum CBP 

(CBP residue) were imaged by stereoscopy, confocal scanning laser microscopy (CSLM), 
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and transmission electron microscopy (TEM). For stereomicroscopy, biomass particles 

were examined without further processing. Images were captured on a Nikon SMZ1500 

stereomicroscope with a Nikon DS-Fi1 CCD camera operated by a Nikon Digital Sight 

system (Nikon Instruments, Melville, NY) [7].  

 Prior to CSLM or TEM imaging, biomass samples were processed using 

microwave processing. Briefly, samples were fixed for 2 x 6 min (with variable power) in 

2.5% gluteraldehyde buffered in 0.1 M sodium cacodylate buffer (EMS, Hatfield, PA) 

under vacuum. The samples were dehydrated by treatment with increasing concentrations 

of acetone for 1 min at each dilution (15%, 30%, 60%, 90%, and 3x 100% acetone). After 

dehydration, the samples were infiltrated with LR White resin (EMS, Hatfield, PA) by 

incubating at room temperature (RT) for several hours to overnight in increasing 

concentrations of resin (30%, 60%, 90%, 3 X 100% resin, diluted in ethanol). The 

samples were transferred to capsules and the resin polymerized by heating to 60°C 

overnight. LR White embedded samples were sectioned to ~60 nm with a Diatome 

diamond knife on a Leica EM UTC ultramicrotome (Leica, Wetzlar, Germany). Sections 

were collected on 0.5% Formvar coated slot grids (SPI Supplies, West Chester, PA).  

 For CSLM, semi-thin (300 nm) sectioned samples were positioned on glass 

microscope slides and stained with 0.1% acriflavine, a fluorochrome for lignin detection.  

Images were captured using a 40X 1.3NA Plan Fluor lens on a Nikon C1 Plus 

microscope (Nikon, Tokyo, Japan), equipped with the Nikon C1 confocal system, 

operated via Nikon’s EZ-C1 software, and using 488 nm laser excitation. To execute 
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TEM, ultra-thin (60 nm) sections placed on grids were post-stained for 6 min with 2% 

aqueous uranyl acetate and 3 min with 1% KMnO4 for 10 min to selectively stain lignin. 

Images were captured with a 4 mega-pixel Gatan UltraScan 1000 camera (Gatan, 

Pleasanton, CA) on a FEI Tecnai G2 20 Twin 200 kV LaB6 TEM (FEI, Hilsboro, OR). 

Additional details regarding preparation, microscopy execution, and image capture, 

curating, processing, and analysis  for CSLM and TEM are described elsewhere [8]. 

5.3 Results and Discussion 

5.3.1 Cellulase adsorption on pretreated corn stover 

 Cellulase adsorption on CELF and DSA pretreated corn stover, CELF-CS and 

DSA-CS, respectively, was measured as a function of increasing cellulase concentration 

over a range of 0.01 to 2.0 mg of protein/mL, as shown in Figure 5.1. CELF-CS had 

greater cellulase adsorption than DSA-CS at the high and low ends of the enzyme 

concentration range. While a few intermediate loadings showed DSA pretreatment gave 

higher adsorption than CELF pretreatment, nonlinear regression fitting of the data to the 

Langmuir adsorption model showed that solids from CELF pretreatment had greater 

enzyme adsorption than solids from DSA pretreatment.   
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Figure 5.1 The amount of cellulase adsorbed to CELF and DSA pretreated corn stover measured as a 

function of free cellulase in solution for protein concentrations of 0.01 to 2 mg/mL. Curve fitting was done 

using the Langmuir adsorption model. 

 The parameters derived from the Langmuir model of maximum cellulase 

adsorbed, Γmax, and the binding affinity constant, K, are given in Table 5.1. The binding 

affinity constant, K, is indicative of enzyme affinity to the substrate. CELF-CS had  a 

higher value of maximum amount of enzyme adsorbed, Γmax, than DSA-CS with values 

of 28.0 and 21.4 mg cellulase/g biomass, respectively. This matches well with the results 

of Chapter 4 which showed greater hydrolysis of solids from CELF-CS than DSA-CS for 

cellulase loadings of 2, 5, and 15 mg protein/g glucan as well as for digestion by C. 
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thermocellum. It is interesting to note that DSA-CS had a higher K value than CELF-CS 

(2.6 and 1.6 mL/mg, respectively), or greater affinity for the cellulase cocktail. While 

DSA-CS showed greater enzyme affinity in terms of Γmax, we see that CELF-CS 

absorbed a greater amount of enzyme. The ability for CELF-CS to absorb more cellulase 

is perhaps because of the high lignin removal during pretreatment which is likely to cause 

an increase in accessible surface area for enzyme binding, despite having a lower affinity 

for cellulase compared to DSA-CS.  

 Aligning these results with the hydrolysis curves presented in Chapter 4 (see 

Figure 4.3) suggests that the total amount of enzyme adsorbed is more important than 

cellulase-substrate affinity when hydrolyzing corn stover. Another way to picture this is 

that the ability for enzymes to access and bind to cellulose limits hydrolysis of pretreated 

corn stover. Therefore, while DSA pretreatment removed nearly all hemicellulose from 

corn stover and had a higher enzyme affinity, CELF pretreatment removed both 

hemicellulose and lignin resulting in greater enzyme adsorption and faster, more 

complete hydrolysis by both enzymes and C. thermocellum.   

Table 5.1 Langmuir Parameters from Cellulase Adsorption on CELF and DSA Pretreated 

Corn Stover 

Pretreatment Method 
Maximum Cellulase Adsorbed, Γmax 

(mg/g biomass) 

Binding Affinity Constant, K 

(mL/mg) 

CELF 28.0 1.6 

DSA 21.4 2.6 
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5.3.2 Characterization of corn stover lignin 

 The relative abundance of the major monolignol subunits, syringyl (S), guaiacyl 

(G), and p-hydroxybenzoate (PB), was determined by HSQC NMR, with the amounts of 

these subunits as well as the ratio of S to G (S/G) and the ratio of p-coumarate (pCA) to 

ferulate (FA) (pCA/FA) given in Table 5.2 for fresh and processed corn stover.  

Table 5.2 Relative Abundance of Syringyl (S), Guaiacyl (G), and p-Hydroxybenzoate 

(PB) Lignin Subunits and the Ratio of S to G (S/G) and p-Coumarate (pCA) to Ferulate 

(FA) (pCA/FA) in Extractive-Free Corn Stover Samples 

Corn Stover Sample S (%) G (%) PB (%) S/G pCA/FA 

Raw 51.2 48.2 0.6 1.06 5.74 

CELF Pretreated 63.4 30.9 5.8 2.06 13.21 

DSA Pretreated 55.1 41.7 3.2 1.32 12.92 

CBP Residue of CELF 65.9 31.2 2.9 2.11 13.08 

CBP Residue of DSA 59.7 37.1 3.2 1.61 14.32 

  

 As seen in Table 5.2, the pretreatment of corn stover resulted in changes to the 

composition of lignin. Both CELF and DSA pretreatment increased the fraction of S and 

PB lignin and reduced the amount of G lignin. These changes were more prominent for 

CELF-CS than for DSA-CS. CELF-CS also had a higher S/G than DSA-CS relative to 

raw corn stover at 2.06 and 1.32, respectively. CBP further increased the S/G for either 

type of pretreated corn stover; still again, CELF-CBP residues resulted in the highest 

overall S/G at 2.11 while DSA-CBP residues had a value of 1.61. The S/G value has for 

some time been thought to be an indicator of recalcitrance for potentially identifying 

promising feedstocks as well as understanding cell wall decomposition. However, both 

reducing and increasing S/G after pretreatment have been linked to improved hydrolysis 

depending on a number of properties including biomass type, pretreatment method, total 



  

121 

 

lignin content, and cell wall chemical composition [9]–[12]. For CELF and DSA 

pretreatment of corn stover and for CBP digestion, an increase in S/G proved to be 

favorable.    

 Lignin number average (Mn) and weight average (Mw) molecular weights for raw, 

pretreated (CELF and DSA), and CBP digested (CELF-CBP and DSA-CBP) corn stover 

are shown in Figures 5.2 and 5.3, respectively. While acid insoluble lignin (Klason 

lignin) only made up approximately 8.3% of the CELF-CS solids compared to 25.6% for 

the DSA-CS solids, the lignin that remained in the solids after pretreatment was analyzed. 

Both pretreatment methods lowered the lignin molecular weights compared to the raw 

corn stover; however, CELF pretreatment caused a significantly greater reduction to 

lignin Mw whereas DSA was responsible for only a minor reduction relative to raw corn 

stover. Lignin Mn was only slightly reduced by either pretreatment method. In comparing 

Mn and Mw, we see that CELF pretreatment produced smaller fragments of lignin than 

did DSA pretreatment, which is consistent with our understanding of THF's ability to 

fractionate lignin.   

 C. thermocellum digestion by CBP further reduced lignin Mn for both CELF-CS 

and DSA-CS, with greater reduction of DSA-CS. Interestingly, the lignin Mw of CELF-

CS was not altered by C. thermocellum, while CBP caused a nearly 20% reduction to that 

of DSA-CS after 50% glucan plus xylan conversion. Although C. thermocellum is not 

believed to be highly active at specifically hydrolyzing lignin, a recent report suggests 

that C. thermocellum secretes at least one enzyme capable of releasing coumaric acid, a 

cross-linking component between lignin and carbohydrates [13], while anaerobic 
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digestion of other cross-linking compounds is known to occur. Likewise, studies of 

bovine rumen have shown solubilization of lignin-carbohydrate complexes from grass by 

anaerobic microorganisms [14], yet there is little understanding as to the mechanism 

responsible for this behavior. Because CELF pretreatment removed more than 75% of the 

K-lignin from corn stover, the lignin that remained in the biomass after pretreatment 

would be expected to be the most recalcitrant, and as such, not easily removed by the 

action of C. thermocellum. On the other hand, DSA-CS left a significant amount of the 

original lignin in the solid, albeit likely in an altered form. Thus, as C. thermocellum 

hydrolyzed sugars, lignin-carbohydrate complexes could be more readily removed.   

 
Figure 5.2 Lignin number average molecular weight (Mn) in g/mol for raw, CELF and DSA pretreated, and 

CBP residue (CELF-CBP and DSA-CBP) corn stover solids. Digestion by CBP was carried out to 50% 

glucan plus xylan conversion for both CELF and DSA pretreated corn stover.    
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Figure 5.3 Lignin weight average molecular weight (Mw) in g/mol for raw, CELF and DSA pretreated, and 

CBP residue (CELF-CBP and DSA-CBP) corn stover. Digestion by CBP was carried out to 50% glucan 

plus xylan conversion for both CELF and DSA pretreated corn stover.    

 The relationship between Mw and Mn is captured by the polydispersity index 

(PDI), a ratio of Mw to Mn, as shown in Figure 5.4. The PDI describes polymer chain 

length or molecular weight distribution, thus informing the degree of non-uniformity in a 

sample. A monodisperse sample, comprised of polymers of a single molecular weight, 

would cause Mw to equal Mn, resulting in a PDI of one. However, in polymer samples 

with a variety of molecular weights, the distribution broadens and consequently PDI 

increases. Figure 5.4 shows CELF pretreatment reduced the lignin PDI of raw corn stover 

while DSA pretreatment increased it. Thus, CELF pretreatment did not remove lignin 

uniformly, but instead moved the lignin molecular weight distribution closer to unity, 

preferentially removing the higher molecular weight fractions, as seen in Figure 5.3. DSA 

pretreatment caused a minor change to the lignin molecular weights and therefore also 

had little impact on PDI overall. It is clear that the addition of THF to DSA solution 
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during pretreatment aids in the removal of not just lignin but selectively removes high 

molecular weight lignin.     

 Figure 5.4 shows that CBP did not have a significant effect on the lignin PDI for 

either CELF-CS or DSA-CS. The lignin PDI for the CELF-CBP and DSA-CBP residues 

were relatively constant compared to the CELF and DSA samples, respectively. Thus, the 

ratio of Mw to Mn was essentially maintained constant during anaerobic digestion. As 

seen in Figure 5.2 and 5.3, the lignin molecular weights for CELF-CBP were not 

drastically different from that of the CELF sample. As such, PDI was constant. However, 

the lignin molecular weights for DSA-CBP samples were lower than that for the DSA 

sample. Thus, while lignin molecular weight dropped with CBP digestion, both number 

average and weight average distributions were lowered at the same rate, leading to a 

constant PDI for DSA and DSA-CBP samples. Therefore, lignin was uniformly 

solubilized by C. thermocellum irrespective of molecular weight for DSA-CS.  

 



  

125 

 

 
Figure 5.4 Lignin polydispersity index (PDI) for raw, CELF and DSA pretreated, and CBP residue (CELF-

CBP and DSA-CBP) corn stover. Digestion by CBP was carried out to 50% glucan plus xylan conversion 

for both CELF and DSA pretreated corn stover.  

   

5.3.3 Imaging of corn stover 

 Raw, milled corn stover was imaged by stereoscopy, CSLM, and TEM, as shown 

in Figure 5.5, to serve as a control set of micrographs. Stereoscope images showed the 

range of particle size, shape, and color. A 1 mm particle size screen was used to mill the 

corn stover, as evident by the size and shape of the particles. The CSLM micrographs 

show largely intact regions of tissue with some degree of fractionation, likely from 

milling, with uniform cell wall thickness. The TEM micrographs show cell walls that are 

full and intact. Lignin is evenly distributed in homogeneous, parallel layers seen as thin 

black lines running through the cell wall with occasional collections of high density 

lignin appearing as black spots.  
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Figure 5.5 Control micrograph images of raw, milled corn stover from stereoscopy, CSLM, and TEM 

showing biomass particles at the tissue, cellular, and organelle scale, respectively. CSLM micrographs 

show oblique cross sections of tissue at a scale of 50 μm while TEM shows two adjacent cell walls (top) 

and the intersection of three cell walls, known as a cell corner, (bottom) at a scale of 1 μm. Tissue was 

stained with KMnO4 for TEM images to show the location of lignin which is shown by dark regions.  

 DSA-CS and CBP residues of DSA-CS after incubation with C. thermocellum 

were imaged by stereoscopy, CSLM, and TEM as presented in Figure 5.6, 5.7, and 5.8, 

respectively. The stereoscope images in Figure 5.6 show the range of particles size for 

DSA pretreated solids before and after incubation with C. thermocellum CBP. These 

pictures reveal that DSA-CS and the respective CBP residues were similar in overall 

appearance. However, the particle size range of the fermentation residue appeared 

slightly lower with a new class of fines emerging among the larger particles of biomass 

indicating dislocation of the grass tissue.  
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Figure 5.6 Stereoscope images of DSA pretreated corn stover and CBP residues of DSA pretreated corn 

stover after incubation with C. thermocellum and recovered at 50% glucan plus xylan conversion.  

 In Figure 5.7, CSLM micrographs provided evidence of minor dislocation and 

fracturing during DSA pretreatment. Further fragmentation was visible for CBP residues 

along with increased transparency of the cell walls indicating loss of mass and increased 

void space.  
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Figure 5.7 CSLM images of DSA pretreated corn stover and CBP residues of DSA pretreated corn stover 

after incubation with C. thermocellum and recovered at 50% glucan plus xylan conversion. Micrographs 

are of oblique tissue cross sections. 

TEM micrographs of corn stover fiber cell walls and cell corners depicted lignin 

coalescence in the middle lamella and cell wall corners due to migration from the 

secondary cell wall during DSA pretreatment, as shown in Figure 5.8. Lignin coalescence 
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was clearly evident through KMnO4 treatment of the tissue which stained lignin black. A 

study of lignin droplet formation during dilute acid pretreatment of corn stover rind 

through scanning electron microscopy (SEM) and TEM imaging identified the black, 

coalescent structures as lignin by electron dispersive spectroscopy and (EDS) and NMR 

analysis [15], thus verifying our interpretation. Additional lignin coalescence was visible 

in the cell lumen likely due to extrusion from the secondary cell wall through areas of 

delimitation. TEM micrograph images of CBP residues of DSA-CS displayed evidence of 

"cleared zones" or areas where cellulose was fully digested, particularly in the primary 

cell wall (Figure 5.8, top right). This is seen by areas light in color, appearing faded due 

to the lack of cellulose content. It appears that CBP caused further lignin migration as 

lignin was increasingly localized in the middle lamella. Additionally, CBP residues 

showed evidence of surface erosion, with tearing from the cell wall surface through the 

secondary cell wall breaking open the cell (Figure 5.8, bottom right).  
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Figure 5.8 TEM images of DSA pretreated corn stover and CBP residues of DSA pretreated corn stover 

after incubation with C. thermocellum and recovered at 50% glucan plus xylan conversion. Micrographs of 

fiber tissue show two adjacent cell walls (top) and the intersection of three cell walls, known as a cell wall 

corner, (bottom) at a scale of 1 μm. Tissue was stained with KMnO4 to show the location of lignin which is 

shown by dark regions. 

 

 CELF-CS and residues of CELF-CS after incubation with C. thermocellum were 

imaged by stereoscopy, CSLM, and TEM, as shown in Figure 5.9, 5.10, and 5.11, 
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respectively. The stereoscope images in Figure 5.9 reveal the range of particle size for 

CELF pretreated solids before and after incubation with C. thermocellum CBP. The CBP 

residue was lighter in color with a distinct change in texture and size compared to CELF 

pretreated solids. A new class of fines became visible with fiberization of the larger 

particles indicating extensive dislocation of the tissue by C. thermocellum. In Figure 5.10, 

CSLM micrographs of CELF-CS show a significant amount of delamination, dislocation, 

and fracturing of the cell wall. CBP residues show further cell wall deconstruction. In 

some areas, cell structure was completely lost due to extensive digestion (Figure 5.10, top 

right) while other sections displayed a loss of the cellular matrix resulting in free standing 

cells (Figure 5.10, bottom right).  

 Figure 5.11 presents TEM micrographs of the cell walls and cell corners of 

CELF-CS before and after digestion by CBP. The low stain density of Figure 5.11 

provides evidence of lignin removal. The TEM micrographs of CELF-CS revealed a 

loose morphology and increased delamination. The soft edges of the primary and 

secondary cell walls indicated delamination and loose, splayed fibers made accessible 

through CELF pretreatment. CBP residues of the CELF-CS showed evidence of surface 

erosion with high accessibility into the cell wall from the middle lamella compared to 

DSA-CS cell walls due to high lignin removal. CBP residues also showed relocalization 

and accumulation of lignin outside the secondary cell wall, concentrating in the cell 

lumen, and outside the primary cell wall, in the middle lamella of cell corners. This was 

particularly interesting as fermentation residues of DSA-CS showed lignin to have 

migrated in the opposite direction towards the middle lamella. Additionally, while lignin 
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coalescence was evidence in both CELF and DSA fermentation residue, the lignin in 

CELF fermentation residues was collected in larger, denser semi-spherical structures.  

 

 

Figure 5.9 Stereoscope images of CELF pretreated corn stover and CBP residues of CELF pretreated corn 

stover after incubation with C. thermocellum fermentation and recovered at 50% glucan plus xylan 

conversion.  
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Figure 5.10 CSLM images of CELF pretreated corn stover and CBP residues of CELF pretreated corn 

stover after incubation with C. thermocellum and recovered at 50% glucan plus xylan conversion. 

Micrographs are of transverse (top) and oblique (bottom) tissue cross sections. 
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Figure 5.11 TEM images of CELF pretreated corn stover and CBP residues of CELF pretreated corn stover 

after 50% glucan plus xylan conversion. Micrographs show two adjacent cell walls (top) and the 

intersection of three cell walls, known as a cell wall corner, (bottom) at a scale of 1 μm. Tissue was stained 

with KMnO4 to show the location of lignin which is shown by dark regions. 

 

 Through microscopy, significant variations in cell wall morphology and modes of 

decomposition were identified in DSA and CELF pretreated corn stover, before and after 

C. thermocellum digestion. Imaging shows that DSA and CELF pretreatment altered the 
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cell wall structure differently, in turn, affecting how C. thermocellum acted to digest the 

biomass. CELF pretreatment was responsible for significantly more cell wall fracturing 

than DSA pretreatment in addition to extensive lignin removal, delamination, and 

dislocation which were not observed for DSA pretreatment. For DSA pretreatment, TEM 

micrographs displayed lignin migration to the middle lamella, especially in cell corners, 

where it associated to form droplet-like structures with still further relocation and 

coalescence after fermentation. In other studies, lignin droplets deposited on the surface 

of various forms of pure cellulose resulted in slower hydrolysis by fungal enzymatic 

digestion using lignin derived from dilute acid pretreated corn stover rind and 

hydrothermal pretreated Populus [16], [17]. It has been hypothesized that the decrease in 

hydrolysis is caused by non-specific binding of enzymes to lignin, cellulose surface 

blockage, or a combination of the two [17]. Here, TEM micrographs suggest that a 

similar mechanism was responsible for DSA-CS having less sugar release during 

hydrolysis compared to CELF-CS. In particular, because CELF pretreatment removed a 

large portion of the lignin, the middle lamella and cell corners were left open, providing 

free access to enzymes. In addition to lignin removal, the number of defects introduced to 

the cell walls during CELF pretreatment were likely responsible for greater enzyme 

accessibility and a higher total amount of bound enzyme to corn stover than when treated 

by DSA pretreatment. From these factors, the overarching implication of CELF 

pretreatment on corn stover was a more hydrolyzable solid then that produced by DSA 

pretreatment.    
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5.4 Conclusions 

 In studying sugar release during pretreatment and biological digestion, we learn 

the fate of sugars and overall solids hydrolyzability. However, to understand how these 

two processes work together to overcome recalcitrance, further analysis of the cell wall 

was required. In Chapter 4, CELF pretreatment was shown to be more efficacious with C. 

thermocellum fermentation for Populus and corn stover than with fungal enzymes or 

DSA pretreatment. To divulge why this occurred, corn stover solids were characterized to 

better understand factors that determine recalcitrance including accessibility, lignin 

content, and cell wall structure after pretreatment and CBP fermentation.    

 CELF pretreatment rendered corn stover more accessible to enzymes through high 

lignin removal, increased fractures to the cell wall, and cellulose dislocation and 

delamination, as shown by cellulase adsorption isotherms and CSLM and TEM, 

respectively. As a result, CELF-CS was able to adsorb a greater maximum amount of 

cellulase on its surface, Γmax, than DSA-CS despite having a lower enzyme affinity, K. In 

addition, quantification of the relative amounts of lignin monomer subunits and 

molecular weights showed CELF-CS had a higher lignin S/G and greater reduction in 

high molecular weight lignin, respectively, than for DSA-CS. As a result, C. 

thermocellum was able to deconstruct CELF-CS more efficiently. TEM and CSLM 

micrographs provided evidence suggesting that C. thermocellum digested CELF-CS 

solids in a unique way compared to DSA-CS. CELF-CBP residues displayed extensive 

cell wall deconstruction, loss of the cell wall matrix, and lignin migration from the 

secondary cell wall to the cell lumen whereas DSA-CBP residues displayed a far more 
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intact cellular matrix and lignin coalescence in cell corners and middle lamella. It is 

hypothesized that the lack of lignin in the cell corners and middle lamella provided a 

means for C. thermocellum to tunnel through the cell matrix to reach and digest cellulose. 

In addition, the CELF-CS lignin molecular weights were not greatly affected during 

fermentation, thus pointing out that the lignin in these samples, while minimal, did not 

require substantial cleavage of lignin-carbohydrate cross-links for C. thermocellum to 

access the cellulose fibrils.  

 Through the diverse characterization approach reported here, the performance 

results presented in Chapter 4 were directly tied to changes in cell wall features to reveal 

likely sources of recalcitrance. Key parameters influencing corn stover deconstruction 

during anaerobic digestion included the total amount of cellulase adsorbed and enzyme 

accessibility which were largely controlled through lignin location within the cell wall, 

total content, chemistry, and molecular weight. The prominent relationship between 

lignin and recalcitrance highlights the significance of CELF pretreatment in its ability to 

reduce the obstacle that lignin presents to rapid and complete sugar release.     
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Chapter 6. Insights into co-solvent enhanced lignocellulosic 

fractionation (CELF) and dilute sulfuric acid (DSA) 

pretreatment and C. thermocellum digestion of Populus by 

cellulase adsorption, lignin characterization, and microscopy
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6.1 Introduction 

 Overcoming biomass recalcitrance is key to successful deployment of biomass 

conversion to liquid fuels. However, due to the complex nature of the plant cell wall, 

building an understanding of the mechanisms behind recalcitrance through the study of 

biomass ultrastructure serves to empower the design of better pretreatment methods and 

processing technology which are urgently needed [1]. Thus in this chapter, Populus 

ultrastructure was examined by applying various assays and techniques to better 

understand the impact of co-solvent enhanced lignocellulosic fractionation (CELF) and 

dilute sulfuric acid (DSA) pretreatments and consolidated bioprocessing (CBP) on 

Populus features and their role in enzymatic and CBP digestion.  

 In Chapter 4 of this thesis, CELF pretreatment was shown to be highly synergistic 

when paired with Clostridium thermocellum CBP as Populus and corn stover, two 

feedstocks with greatly differing patterns of recalcitrance, were completely hydrolyzed 

(100% glucan plus xylan release) in 48 hours. Furthermore, only in applying CELF with 

CBP did Populus and corn stover behave similarly in terms of rate and extent of sugar 

conversion. This synergy could not be replicated by fungal cellulases or DSA 

pretreatment. To expound these results, raw, CELF/DSA pretreated, and CBP digested 

residual Populus samples were analyzed by various methods in an effort to (1) develop a 

more detailed understanding of the CELF-CBP synergy and (2) gain insight as to why the 

synergy occurred, with particular interest in the novelty of CELF as a pretreatment 

method.  
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 As described in Chapter 4, the main difference between CELF and DSA 

pretreatment was the use of Tetrahydrofuran (THF) to make up 50% of the pretreatment 

solution. Because THF extracts and dissolves lignin and causes significant depletion of 

lignin from the cell wall during pretreatment with a sulfuric acid catalyst [2], [3], lignin 

was extensively characterized through analysis of molecular weight distributions and the 

relative amount of monolignol subunits for raw, pretreated, and CBP residue Populus. 

Additionally, cellulase adsorption to CELF and DSA pretreated Populus was measured as 

a function of the concentration of free cellulase in the bulk solution to construct cellulase 

adsorption isotherm curves. These curves were used to asses a combination of properties 

including the openness of the cell wall structure and enzyme affinity to the biomass 

surface. Lastly, microscopy was applied to the raw, pretreated, and CBP residual 

Populus. Stereoscopy was used to characterize macroscopic properties and overall 

appearance of the Populus, while confocal scanning laser microscopy (CSLM) and 

transmission electron microscopy (TEM) were employed to determine cell wall structural 

features including cell wall thickness and morphology, location and mobility of lignin, 

and deconstruction mechanisms.  

6.2 Materials and Methods 

6.2.1 Overview of materials and methods 

 BESC standard Populus (Populus trichocarpa) was obtained from Oak Ridge 

National Laboratory (ORNL) as described in Chapter 2, section 2.2.1, and prepared 

accordingly. Raw and pretreated Populus and residues after anaerobic digestion using the 
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organism Clostridium thermocellum (CBP residue) were prepared for analysis. DSA and 

CELF pretreatments and CBP were performed according to methods described in Chapter 

4, sections 4.2.2, and Chapter 2, section 2.2.4, respectively. CBP residues were recovered 

from fermentation at 50% glucan plus xylan conversion to obtain enough solids for 

characterization.  

6.2.2 Cellulase adsorption 

 Cellulase adsorption on the pretreated biomass substrate was performed at 4°C in 

50 mM citrate buffer (pH 4.8) as described in the literature [4]. Cellulase C2730 (from T. 

reesei ATCC 26921, protein content 40 mg/mL, Sigma-Aldrich) was used to determine 

the adsorption isotherm. A range of enzyme concentrations from 0.01 to 2.0 mg of 

protein/mL (corresponding to 0.5 mg to 100 mg protein/g solids) were added in 50 mM 

citrate buffer (pH 4.8) with the substrates suspended at 2% (w/v) consistency. The 

mixture was incubated at 4°C for 2.5 hours with 15 minute shaking intervals to reach 

equilibrium. The protein content in the supernatant was determined for the free cellulases 

by the Bradford assay using bovine serum albumin, or BSA, as the protein standard [5]. 

The adsorbed cellulases were calculated by taking the difference between the initial 

cellulase protein content and the free cellulase protein content in the supernatant. The 

classical Langmuir adsorption isotherm was applied to characterize cellulase adsorption 

on both CELF and DSA pretreated biomass substrates in solution. In this case, the surface 

concentration of adsorbed enzymes (Γ) was given by the equation: 

  
 max  

    
, 
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where Γ is the amount of bound enzyme (mg/g substrate), Γmax is the surface 

concentration of protein at full coverage (mg/g substrate), K is the binding affinity 

constant (mL/mg), and C is the free protein concentration in the bulk solution (mg/mL) 

[6].  

6.2.3 Heteronuclear single quantum coherence (HSQC) 2D-NMR of lignin and relative 

monolignol subunit abundance determination  

 Samples were freeze dried and extracted with an ethanol:toluene mixture (1:2, 

v/v) via a Soxhlet apparatus before analysis. The lignin samples were isolated by 

dioxane:water (96:4, v/v) extraction after ball-milling with a Retsch PM 100 planetary 

mill and cellulolytic enzymes treatment. The lignin samples obtained were dissolved in 

DMSO using a Shigemi tube and subjected to NMR analysis with a 400-MHz Bruker 

Advance-III spectrometer. HSQC experiments were carried out at a 11-ppm spectra width 

in F2 (
1
H) dimension with 2048 data points, 190-ppm spectra width in F1 (

13
C) 

dimension with 256 data points, 0.5-s pulse delay, and a 
1
JCH coupling constant of 145 

Hz. 128 or 320 scans were employed depending on the sample concentration. The central 

solvent peak (δC 39.5 ppm; δH 2.5 ppm) was used for chemical shift calibration. NMR 

data was processed using the TopSpin 2.1 (Bruker BioSpin) and MNova (MestreLab 

Research) software packages. 

6.2.4 Imaging by stereoscopy, CSLM, and TEM   

 Pretreated biomass and the resulting residual biomass after C. thermocellum CBP 

(CBP residue) were imaged by stereoscopy, confocal scanning laser microscopy (CSLM), 
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and transmission electron microscopy (TEM). For stereomicroscopy, biomass particles 

were examined without further processing. Images were captured on a Nikon SMZ1500 

stereomicroscope with a Nikon DS-Fi1 CCD camera operated by a Nikon Digital Sight 

system (Nikon Instruments, Melville, NY) [7].  

 Prior to CSLM or TEM imaging, biomass samples were processed using 

microwave processing. Briefly, samples were fixed for 2 x 6 min (with variable power) in 

2.5% gluteraldehyde buffered in 0.1 M sodium cacodylate buffer (EMS, Hatfield, PA) 

under vacuum. The samples were dehydrated by treatment with increasing concentrations 

of acetone for 1 min at each dilution (15%, 30%, 60%, 90%, and 3x 100% acetone). After 

dehydration, the samples were infiltrated with LR White resin (EMS, Hatfield, PA) by 

incubating at room temperature (RT) for several hours to overnight in increasing 

concentrations of resin (30%, 60%, 90%, 3 X 100% resin, diluted in ethanol). The 

samples were transferred to capsules and the resin polymerized by heating to 60°C 

overnight. LR White embedded samples were sectioned to ~60 nm with a Diatome 

diamond knife on a Leica EM UTC ultramicrotome (Leica, Wetzlar, Germany). Sections 

were collected on 0.5% Formvar coated slot grids (SPI Supplies, West Chester, PA).  

 For CSLM, semi-thin (300 nm) sectioned samples were positioned on glass 

microscope slides and stained with 0.1% acriflavine, a fluorochrome for lignin detection.  

Images were captured using a 40X 1.3NA Plan Fluor lens on a Nikon C1 Plus 

microscope (Nikon, Tokyo, Japan), equipped with the Nikon C1 confocal system, 

operated via Nikon’s EZ-C1 software, and using 488 nm laser excitation. To execute 
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TEM, ultra-thin (60 nm) sections placed on grids were post-stained for 6 min with 2% 

aqueous uranyl acetate and 3 min with 1% KMnO4 for 10 min to selectively stain lignin. 

Images were captured with a 4 mega-pixel Gatan UltraScan 1000 camera (Gatan, 

Pleasanton, CA) on a FEI Tecnai G2 20 Twin 200 kV LaB6 TEM (FEI, Hilsboro, OR). 

Additional details regarding preparation, microscopy execution, and image capture, 

curating, processing, and analysis  for CSLM and TEM are described elsewhere [8]. 

6.3 Results and Discussion 

6.3.1 Cellulase adsorption on pretreated Populus 

 Cellulase adsorption on CELF and DSA pretreated Populus, CELF-POP and 

DSA-POP, respectively, was measured as a function of increasing cellulase concentration 

over a range of 0.01 to 2.0 mg of protein/mL as shown in Figure 6.1. CELF-POP had 

greater cellulase adsorption than DSA-POP for the tested enzyme concentration range. 

The Langmuir adsorption model was applied to the data by nonlinear regression to give 

the curves shown in Figure 6.1.   
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Figure 6.1 The amount of cellulase adsorbed to CELF and DSA pretreated Populus measured as a function 

of free cellulase in solution for protein concentrations of 0.01 to 2 mg/mL. Curve fitting was done using the 

Langmuir adsorption model. 

 The parameters derived from the Langmuir model of maximum cellulase 

adsorbed, Γmax, and the binding affinity constant, K , are given in Table 6.1. The binding 

affinity constant, K, is indicative of enzyme affinity to the substrate. CELF-POP had a 

higher value of maximum amount of enzyme adsorbed, Γmax, than DSA-POP with values 

of 24.0 and 15.7 mg cellulase/g biomass, respectively.  Additionally, CELF-POP had a 

higher K value, or greater affinity for cellulase, than DSA-POP (1.5 and 1.3 mL/mg, 

respectively). The ability for CELF-POP to absorb more cellulase is perhaps a result of 
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the lignin removal that occurred during pretreatment resulting in increased accessible 

surface area for enzyme binding while the high enzyme affinity was more likely a result 

of changes to the chemistry of cell wall either through xylan or lignin removal. This 

matches well with the results of Chapter 4 which showed significantly greater hydrolysis 

of solids from CELF-POP than DSA-POP for cellulase loadings of 2, 5, and 15 mg 

protein/g glucan as well as for digestion by C. thermocellum. 

 While comparing DSA and CLEF pretreated corn stover in Chapter 5, the 

maximum cellulase adsorbed was found to be predominant over the binding affinity 

constant in terms of assessing digestibility. A similar result is seen for DSA and CELF 

pretreated Populus. While the binding affinity constant, K, was similar between DSA-

POP and CELF-POP, the maximum cellulase adsorbed was 53% greater for CELF-POP 

than for DSA-POP.  Aligning these results with the hydrolysis curves presented in 

Chapter 4 (see Figure 4.3), in addition to the results of Chapter 5 (see Table 5.1), suggest 

that the total amount of enzyme adsorbed is more important than cellulase-substrate 

affinity when hydrolyzing pretreated Populus and corn stover. Another way to perceive 

this is that the ability for enzymes to access and bind to cellulose limits the hydrolysis of 

pretreated biomass. Therefore, while DSA pretreatment removed nearly all hemicellulose 

from corn stover and had a higher enzyme affinity, CELF pretreatment removed both 

hemicellulose and lignin resulting in a greater total amount of enzyme adsorbed and 

faster, more complete hydrolysis by both enzymes and C. thermocellum.   
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Table 6.1 Langmuir Parameters from Cellulase Adsorption on CELF and DSA Pretreated 

Populus 

Pretreatment Method 
Maximum Cellulase Adsorbed, Γmax 

(mg/g biomass) 

Binding Affinity Constant, K 

(mL/mg) 

CELF 24.0 1.5 

DSA 15.7 1.3 

6.3.2 Characterization of Populus lignin 

 The relative abundance of the major monolignol subunits, syringyl (S), guaiacyl 

(G), and p-hydroxybenzoate (PB), was determined by HSQC NMR, with the amounts of 

these subunits as well as the ratio of S to G (S/G) given in Table 6.2 for fresh and 

processed Populus. 

Table 6.2 Relative Abundance of Syringyl (S), Guaiacyl (G), and p-Hydroxybenzoate 

(PB) Lignin Subunits and the Ratio of S to G (S/G) in Extractive-Free Populus Samples 

Populus Sample S (%) G (%) PB (%) S/G 

Raw 56.3 29.9 13.8 1.88 

CELF Pretreated 56.5 22.5 21.0 2.51 

DSA Pretreated 67.1 18.2 14.7 3.69 

CBP Residue of CELF 40.2 34.0 25.8 1.18 

CBP Residue of DSA 63.9 21.9 14.2 2.92 

 

As seen in Table 6.2, the pretreatment of Populus resulted in changes to the 

composition of lignin. Both CELF and DSA pretreatment increased the fraction of S and 

PB lignin and reduced the amount of G lignin. These changes were more prominent for 

DSA-POP than for CELF-POP. CELF-POP had a lower S/G than DSA-POP; however, 

both S/G values increased relative to raw Populus at 2.51 and 3.69, respectively. In 

Chapter 5, pretreatment was found to have a similar effect on corn stover (CS), resulting 

in increased lignin S/G, but with CELF-CS resulting in a higher S/G value than DSA-CS. 
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Although the pretreatment of Populus increased lignin S/G, CBP caused a decrease for 

either type of pretreated Populus resulting in a S/G value of 1.18 and 2.92 for CELF-CBP 

and DSA-CBP residues, respectively. One distinct difference between the fermentation 

solids was that CELF-CBP residues had a significant loss of S lignin compared to DSA-

CBP residues. The S/G value has for some time been thought to be an indicator of 

recalcitrance for potentially identifying promising feedstocks as well as understanding 

cell wall decomposition. However, both reducing and increasing S/G after pretreatment 

have been linked to improved hydrolysis depending on a number of properties including 

biomass type, pretreatment method, total lignin content, and cell wall chemical 

composition [9]–[12]. For CELF and DSA pretreatment of Populus, an increase in lignin 

S/G proved to be favorable.  

 Lignin number average (Mn) and weight average (Mw) molecular weights for raw, 

pretreated (CELF and DSA), and CBP digested (CELF-CBP and DSA-CBP) Populus are 

shown in Figures 6.2 and 6.3, respectively. While acid insoluble lignin (Klason lignin) 

only made up approximately 7.5% of the CELF-POP solids compared to 31.6% for the 

DSA-POP solids, the lignin that remained in the solids after pretreatment was analyzed. 

Both pretreatment methods lowered the lignin molecular weights compared to the raw 

Populus; however, CELF pretreatment caused a significantly greater reduction to lignin 

Mw, whereas DSA was responsible for a less substantial drop relative to raw Populus. 

Raw Populus lignin Mn was reduced by more than 25% after applying either pretreatment 

method. In comparing Mn and Mw, we see that CELF pretreatment produced smaller 
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fragments of lignin than did DSA pretreatment, which is consistent with our 

understanding of THF's ability to fractionate lignin.   

 C. thermocellum digestion by CBP further reduced lignin Mn and Mw for both 

CELF-POP and DSA-POP. Although C. thermocellum is not believed to be highly active 

at specifically hydrolyzing lignin, a recent report suggests that C. thermocellum secretes 

at least one enzyme capable of releasing coumaric acid, a cross-linking component 

between lignin and carbohydrates [13], while anaerobic digestion of other cross-linking 

compounds is known to occur. Likewise, studies of bovine rumen have shown 

solubilization of lignin-carbohydrate complexes from grass by anaerobic microorganisms 

[14], yet there is little understanding as to the mechanism responsible for this behavior. 

Because CELF pretreatment removed more than 80% of the K-lignin from Populus, the 

lignin that remained in the biomass after pretreatment would be expected to be the most 

recalcitrant, and as such, not easily removed by the action of C. thermocellum. On the 

other hand, DSA-POP left a significant amount of the original lignin in the solids, albeit 

likely in an altered form [15]. Thus, as C. thermocellum hydrolyzed sugars, lignin-

carbohydrate complexes could be more readily removed. Despite these differences in 

lignin content, C. thermocellum reduced lignin molecular weight to a similar extent for 

both solids.   
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Figure 6.2 Lignin number average molecular weight (Mn) in g/mol for raw, CELF and DSA pretreated, and 

CBP residue (CELF-CBP and DSA-CBP) Populus solids. Digestion by CBP was carried out to 50% glucan 

plus xylan conversion for both CELF and DSA pretreated Populus.    

 

 

Figure 6.3 Lignin weight average molecular weight (Mw) in g/mol for raw, CELF and DSA pretreated, and 

CBP residue (CELF-CBP and DSA-CBP) Populus. Digestion by CBP was carried out to 50% glucan plus 

xylan conversion for both CELF and DSA pretreated Populus.    
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 The relationship between Mw and Mn is captured by the polydispersity index 

(PDI), a ratio of Mw to Mn, as shown in Figure 6.4. The PDI describes polymer chain 

length or molecular weight distribution, thus informing the degree of non-uniformity in a 

sample. A monodisperse sample, comprised of polymers of a single molecular weight, 

would cause Mw to equal Mn, resulting in a PDI of one. However, in polymer samples 

with a variety of molecular weights, the distribution broadens and consequently PDI 

increases. Figure 6.4 shows CELF pretreatment reduced the lignin PDI of raw Populus 

while DSA pretreatment increased it. Thus, CELF pretreatment did not remove lignin 

uniformly, but instead moved the lignin molecular weight distribution closer to unity, 

preferentially removing the higher molecular weight fractions, as seen in Figure 6.3. 

While DSA pretreatment also reduced lignin molecular weights, Mn was reduced more 

than Mw, thus increasing PDI. The increase in PDI for DSA-POP is consistent with the 

known action of DSA pretreatment to fractionate, but not remove, lignin. It is clear that 

the addition of THF to DSA solution during pretreatment aids in the removal of not just 

lignin but selectively removes high molecular weight lignin.     

 Figure 6.4 shows that CBP did not have a significant effect on the lignin PDI for 

either CELF-POP or DSA-POP; however, slight reductions were noted for both CBP 

residues. In Figure 6.2 and 6.3, it can be seen that the lignin molecular weight dropped 

with CBP digestion; however, both number average and weight average distributions 

were lowered at the same rate, leading to a relatively constant PDI for CELF-CBP and 

DSA-CBP samples. Thus, the ratio of Mw to Mn was essentially maintained constant 
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during anaerobic digestion. Therefore, lignin was uniformly solubilized by C. 

thermocellum irrespective of molecular weight or pretreatment method.  

 

Figure 6.4 Lignin polydispersity index (PDI) for raw, CELF and DSA pretreated, and CBP residue (CELF-

CBP and DSA-CBP) Populus. Digestion by CBP was carried out to 50% glucan plus xylan conversion for 

both CELF and DSA pretreated Populus. 

6.3.3 Imaging of Populus 

 Raw, milled Populus was imaged by stereoscopy, CSLM, and TEM as shown in 

Figure 6.5 to serve as a control set of micrographs. Stereoscope images showed the range 

of particle size, shape, and color. A 1 mm particle size screen was used to mill the 

Populus which is evident by the size and shape of the particles present. The CSLM 

micrographs show largely intact regions of tissue with some degree of fractionation, 

likely from milling, with uniform cell wall thickness. The TEM micrographs show cell 

walls which are full and intact. Lignin is evenly distributed in homogeneous, parallel 

layers seen as thin black lines running through the cell wall with occasional collections of 

high density lignin appearing as black spots. 
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Figure 6.5 Control micrograph images of raw, milled Populus from stereoscopy, CSLM, and TEM 

showing biomass particles at the tissue, cellular, and organelle scale, respectively. CSLM micrographs 

show oblique cross sections of tissue at a scale of 50 μm while TEM shows two adjacent cell walls (top) 

and the intersection of three cell walls, known as a cell corner, (bottom) at a scale of 1 μm. Tissue was 

stained with KMnO4 for TEM images to show the location of lignin which is shown by dark regions. 

  

 DSA-POP and CBP residues of DSA-POP after incubation with C. thermocellum 

were imaged by stereoscopy, CSLM, and TEM as presented in Figure 6.6, 6.7, and 6.8, 

respectively. The stereoscope images in Figure 6.6 show the range of particles size for 

DSA pretreated solids before and after incubation with C. thermocellum CBP. These 

pictures reveal that DSA-POP and the respective CBP residues were similar in overall 

appearance; however, the CBP residues were noticeably lighter in color. Additionally, the 

particle size of the fermentation residue appeared slightly reduced with a new class of 
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fines emerging among the larger particles of biomass indicating dislocation of the wood 

tissue.  

 In Figure 6.7, CSLM micrographs provided evidence of minor dislocation and 

fracturing during DSA pretreatment. Lignin coalescence and droplet formation is 

apparent in these micrographs with spherical droplets scattered throughout the images. 

Further cell wall fragmentation was visible for CBP residues. TEM micrographs of 

Populus fiber cell walls and cell corners depicted lignin coalescence in the middle 

lamella and cell wall corners due to migration from the secondary cell wall during DSA 

pretreatment, as shown in Figure 6.8. Lignin coalescence was clearly evident through 

KMnO4 treatment of the tissue which stained lignin black. A study of lignin droplet 

formation during dilute acid pretreatment of corn stover rind through scanning electron 

microscopy (SEM) and TEM imaging identified the black, coalescent structures as lignin 

by electron dispersive spectroscopy and (EDS) and NMR analysis [16], thus verifying 

our interpretation. TEM micrograph images of CBP residues of DSA-POP displayed 

evidence of "cleared zones" or areas where cellulose was fully digested. This is seen by 

areas light in color, appearing faded due to the lack of cellulose content. This is seen in 

both the top and bottom right micrographs of Figure 6.8. From these images, it appeared 

that in digesting cellulose, CBP worked around the remaining lignin in the secondary cell 

wall as lignin can be seen scattered within cleared regions. Additionally, CBP residues 

showed evidence of surface erosion from the cell wall surface.  
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Figure 6.6 Stereoscope images of DSA pretreated Populus and CBP residues of DSA pretreated Populus 

after incubation with C. thermocellum and recovered at 50% glucan plus xylan conversion. 
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Figure 6.7 CSLM images of DSA pretreated Populus and CBP residues of DSA pretreated Populus after 

incubation with C. thermocellum and recovered at 50% glucan plus xylan conversion. Micrographs are of 

oblique tissue cross sections. 
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Figure 6.8 TEM images of DSA pretreated Populus and CBP residues of DSA pretreated Populus after 

incubation with C. thermocellum and recovered at 50% glucan plus xylan conversion. Micrographs of fiber 

tissue show two adjacent cell walls (top) and the intersection of three cell walls, known as a cell wall 

corner, (bottom) at a scale of 1 μm. Tissue was stained with KMnO4 to show the location of lignin which is 

shown by dark regions. 

 CELF-POP and residues of CELF-POP after incubation with C. thermocellum 

were imaged by stereoscopy, CSLM, and TEM, as shown in Figure 6.9, 6.10, and 6.11, 

respectively. The stereoscope images in Figure 6.9 reveal the range of particle size for 
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CELF pretreated solids before and after incubation with C. thermocellum CBP. The CBP 

residue was lighter in color with a distinct change in texture and size compared to CELF 

pretreated solids. An abundance of fine particles were generated creating a gel-like paste 

among the larger particles indicating extensive dislocation of the wood tissue by C. 

thermocellum.  

 In Figure 6.10, CSLM micrographs of CELF-POP show a significant amount of 

delamination, dislocation, and fracturing of the cell wall. CBP residues show further cell 

wall deconstruction. From a distance, it seemed that C. thermocellum smoothed out the 

"rough" appearing cell wall surface created by thorough deconstruction during CELF 

pretreatment (Figure 6.10, top right); however, upon closer examination, blunt, sawtooth-

like sections of the cell wall were removed from the cell lumen side (Figure 6.10, bottom 

right). This was an intriguing mechanism which was not observed for DSA-CBP 

residues. Additionally, the fiber cells of the CELF-CBP residue were oblong rather than 

circular as seen for the raw and pretreated Populus samples. This is likely due do to a 

combination of lignin removal during pretreatment with further structural reductions 

during fermentation, making the cells more amorphous.   

 Figure 6.11 presents TEM micrographs of the cell walls and cell corners of 

CELF-POP before and after digestion by CBP. The low stain density of Figure 6.11 

provides evidence of lignin removal during CELF pretreatment. The TEM micrographs 

of CELF-POP revealed a loose morphology with clearly visible cellulose microfibrils and 

surface erosion. The soft edges of the primary and secondary cell walls indicated 

delamination and loose, splayed fibers made accessible through CELF pretreatment. CBP 
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residues of the CELF-POP showed evidence of surface erosion with high accessibility 

into the cell wall from the middle lamella compared to DSA-POP cell walls due to high 

lignin removal. CBP residues also showed relocalization and accumulation of lignin in 

the middle lamella and in cell corners. Additionally, while lignin coalescence was 

evidence in both CELF and DSA fermentation residue, the lignin in CELF fermentation 

residues was less dispersed and more centralized specifically in the middle lamella. 

Similar to the DSA-CBP residues, CELF-CBP residues show evidence of "cleared" 

regions where C. thermocellum has completely digested the cell wall as indicated by 

bright areas within the primary and secondary cell wall.  
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Figure 6.9 Stereoscope images of CELF pretreated Populus and CBP residues of CELF pretreated Populus 

after incubation with C. thermocellum fermentation and recovered at 50% glucan plus xylan conversion. 
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Figure 6.10 CSLM images of CELF pretreated Populus and CBP residues of CELF pretreated Populus 

after incubation with C. thermocellum and recovered at 50% glucan plus xylan conversion. Micrographs 

are of transverse (top) and oblique (bottom) tissue cross sections. 
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Figure 6.11 TEM images of CELF pretreated Populus and CBP residues of CELF pretreated Populus after 

50% glucan plus xylan conversion. Micrographs show two adjacent cell walls (top) and the intersection of 

three cell walls, known as a cell wall corner, (bottom) at a scale of 1 μm. Tissue was stained with KMnO4 

to show the location of lignin which is shown by dark regions. 

6.5 Conclusions 

 In studying sugar release during pretreatment and biological digestion, we learn 

the fate of sugars and overall solids hydrolyzability. However, to understand how these 

two processes work together to overcome recalcitrance, further analysis of the cell wall 
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was required. In Chapter 4, CELF pretreatment was shown to be more efficacious with C. 

thermocellum fermentation for Populus and corn stover than with fungal enzymes or 

DSA pretreatment. To divulge why this occurred, Populus solids were characterized to 

better understand factors that determine recalcitrance including accessibility, lignin 

content, and cell wall structure after pretreatment and CBP fermentation.    

 CELF pretreatment rendered Populus more accessible to enzymes through high 

lignin removal, increased fractures to the cell wall, and cellulose dislocation and 

delamination, as shown by cellulase adsorption isotherms and CSLM and TEM, 

respectively. As a result, CELF-POP was able to adsorb a greater maximum amount of 

cellulase on its surface, Γmax, than DSA-POP in addition to having a higher enzyme 

affinity, K. In addition, quantification of the relative amounts of lignin monomer subunits 

and molecular weights showed CELF-POP had a lower lignin S/G and greater reduction 

in high molecular weight lignin, respectively, than for DSA-POP. As a result, C. 

thermocellum was able to deconstruct CELF-POP more efficiently. TEM and CSLM 

micrographs provided evidence suggesting that C. thermocellum digested CELF-POP 

solids in a unique way compared to DSA-POP. CELF-CBP residues displayed extensive 

cell wall deconstruction, surface erosion, and lignin migration from the secondary cell 

wall to the middle lamella and cell corners while compartmentally clearing sections of 

cellulose within the cell wall. On the other hand, DSA-CBP residues displayed a far more 

intact cellular matrix and less centralized lignin coalescence in the middle lamella and 

cell corners with lignin droplets scattered throughout the cell wall. It is hypothesized that 
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the high degree of lignin removal in CELF-POP provided a means for C. thermocellum to 

tunnel through the cell matrix to reach and digest cellulose.  

 Through the diverse characterization approach reported here, the performance 

results presented in Chapter 4 were directly tied to changes in cell wall features to reveal 

likely sources of recalcitrance. Key parameters influencing Populus deconstruction 

during anaerobic digestion included the total amount of cellulase adsorbed and enzyme 

accessibility which were largely controlled through lignin location within the cell wall, 

total content, chemistry, and molecular weight. The prominent relationship between 

lignin and recalcitrance highlights the significance of CELF pretreatment in its ability to 

reduce the obstacle that lignin presents to rapid and complete sugar release.     
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7.1 Summary 

 While a significant amount of research has been devoted to evaluating C. 

thermocellum CBP with pure cellulose substrates, less attention has been given to C. 

thermocellum acting on pretreated biomass. In studies that utilize pretreated biomass, 

little if any information is given regarding its impact on the chemistry or cell wall 

structure of the solids. Because pretreatment has the ability to dramatically alter core cell 

wall features, as shown throughout this thesis, simply using pretreated lignocellulosic 

substrates does not automatically prove useful in understanding how CBP organisms can 

efficiently release sugars nor does it aid in characterizing interactions between 

pretreatment and CBP. Additionally, many studies evaluate biological digestion using a 

single set of pretreatment conditions without prior optimization. As seen in Chapter 2, 

severe pretreatment conditions can easily enhance solids digestion but at the cost of 

profuse sugar loss. Thus, without pretreatment optimization, one could receive a skewed 

perception of the effectiveness of the biocatalyst as digestibility may be more influenced 

by significant chemical changes that occurred during pretreatment than by the biocatalyst.    

 While little has been done to characterize CBP in concert with pretreatment, even 

fewer studies have generated data to compare CBP organisms and fungal enzymes on 

pretreated biomass. Fungal enzymes have been the standard approach to produce sugars 

and have been thoroughly studied over several decades. Therefore, it is surprising to find 

that few studies relate CBP to fungal enzymes. Process improvements should be 

measured against a current standard; thus, to gauge true, measured improvements to CBP 

hydrolysis both biological catalysts should be evaluated. In terms of increasing our 
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scientific basis for understanding, such a comparative approach offers the ability to build 

upon existing observations concerning fungal enzymes to make conclusions or formulate 

new hypotheses with regards to CBP.  

 To address these knowledge gaps connecting pretreatment, CBP, and fungal 

enzymes, this thesis takes a holistic approach to build a scientific understanding of how 

biomass conversion systems can reduce recalcitrance through processing (pretreatment 

and biological deconstruction) and analytical methods for determining cell wall chemistry 

and structure. As a result, new perspectives have been introduced. Through careful 

analysis of pretreatment-CBP and pretreatment-enzyme systems, CBP has proven to be 

more powerful for cell wall deconstruction than previously delineated in literature. 

Considering the causal relationship between these processes has demonstrated unique 

strengths and novel synergies of the pretreatment-CBP system that have not been 

observed for fungal enzymes, revealing the importance of pretreatment in the 

development of more robust biological conversion systems.  

7.2 Overview of Key Developments 

 The central motivation behind this thesis was to study CBP in light of 

pretreatment using lignocellulosic substrates in order to better understand how these two 

processes can work together to provide a more adept biomass conversion system. One 

approach to realizing this goal was to compare CBP with fungal enzymes on pretreated 

substrates to develop new insights as to how these systems differ. With respect to sugar 

release, it was found that compared to enzymes, C. thermocellum was: (1) more 
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responsive to hydrothermal pretreatment (Chapter 2), (2) less impacted by lowering the 

pretreatment temperature while maintaining a constant severity factor (Chapter 2), (3) 

less affected by feedstock type/recalcitrance with respect to Populus and corn stover 

(Chapter 4), and (4) less impacted by natural variations in Populus (Chapter 3).  Such 

observations have not been reported in the literature to date as a comparative approach to 

understanding CBP has yet to be adequately divulged. Also, Chapters 2-4 showed that C. 

thermocellum was able to release the same amount of sugar as fungal enzymes at 15 mg/g 

glucan for corn stover, and in cases where Populus was the feedstock, C. thermocellum 

greatly surpassed what could be achieved by enzymes at loadings of up to 65 mg/g 

glucan. To emphasize the magnitude of these results, enzyme loadings this large would 

cost an estimated $0.75 to $3.00/gallon of ethanol produced, respectively [1].  

 In addition to comparing hydrolysis results between CBP and fungal enzymes, 

evaluating a host of pretreatment methods and conditions elucidated how these two 

approaches to biological digestion are able to handle pretreated solids. In Chapter 4, a 

completely novel co-solvent enhanced lignocellulosic fractionation (CELF) pretreatment 

was evaluated for the first time in combination with C. thermocellum and fungal enzymes 

for Populus and corn stover. The results of this study showed that C. thermocellum 

converted approximately 100% of the Stage 2 glucan plus xylan from either feedstock in 

48 hours when using CELF at conditions which resulted in greater than 95% glucan plus 

xylan recovery in pretreatment. Such results were not possible with fungal enzyme 

loadings of 15 mg/g glucan. Complete hydrolysis of solids generated from such diverse 

feedstocks with only 48 hours of fermentation time is a result unlike any other seen to 



  

172 

 

date. These results were best described as a highly unique synergy between CELF 

pretreatment and C. thermocellum CBP. The significance of these results has posed the 

CELF-C. thermocellum combination for promising commercial applications subject to 

evaluations of the cost of CELF pretreatment along with continued trials of CELF with 

other types of feedstock.   

 In a similar way, it was found that even the simplest pretreatment, batch 

hydrothermal, proved capable of sugar release beyond expectations when C. 

thermocellum was employed for the digestion of a recalcitrant Populus line. In Chapter 2, 

C. thermocellum converted upwards of 95% of the Stage 2 glucan in hydrothermally 

pretreated Populus compared to a yield of 70% for 65 mg/g glucan of enzymes after 168 

hours. When sugar release from Stage 1, pretreatment, was also taken into consideration 

and normalized to the glucan and xylan content in the raw Populus, Stage 1 plus 2 glucan 

and xylan release for C. thermocellum was 80% compared to just 64% for the highest 

enzyme dose.  

 To take this a step further, Chapter 3 demonstrated how process optimization can 

be paired with developments by plant biologists through incorporating specially selected 

feedstocks to advance conversion systems. When low recalcitrant Populus variants were 

subjected to optimal hydrothermal pretreatment conditions, the total Stage 1plus 2 glucan 

and xylan release increased to approximately 85% for C. thermocellum (compared to 

80% for high recalcitrant BESC standard) showing that it is possible to further increased 

sugar release by screening for, and applying, high performing feedstocks. Conceptually, 
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these low recalcitrant natural variants could be genetically manipulated to push 

conversion even higher. However, another approach to increasing Stage 1 plus 2 sugar 

recovery would be through reducing pretreatment temperature. Because sugar release by 

C. thermocellum was found to be less affected by reduced pretreatment temperature than 

free enzyme systems for a given severity factor, it would be possible to explore lower 

temperatures for hydrothermal pretreatment. This in turn would increase Stage 1 xylan 

recovery, thus conserving more sugar for Stage 2 digestion. Chapters 2 and 3 showed 

how a low cost pretreatment can be paired with a high sugar content plant, despite its 

relatively high recalcitrance, to obtain sugar release beyond what has been currently 

established in the literature when the appropriate biocatalyst was employed. Again, 

pretreatment takes a central role in bridging the gap between choice of feedstock and 

biological catalyst.  

7.3 The Recalcitrance of Lignocellulose is Complex and Varied 

 In addition to the central motive to build our understanding of coupled 

pretreatment and CBP systems, this work sought to identify key biomass features that 

were responsible for CBP offering such high improvements to sugar release compared to 

conventional enzymatic hydrolysis. A diversity of analytical tools were applied to study 

both structure and chemistry of solids produced by pretreatments and subsequent 

biological conversion. However, while some results proved meaningful, much of the 

characterization results did not contribute new insights. This outcome reinforces the 

notion that recalcitrance is both complex and varied and not easily elucidated. Thus, 

despite multi-institutional collaborations to systematically characterize residues resulting 



  

174 

 

from enzymatic hydrolysis and C. thermocellum CBP, only traces of evidence could be 

found that directly addressed differences in patterns of deconstruction. In Chapter 3, solid 

residues from enzymatic and C. thermocellum hydrolysis after 50% glucan plus xylan 

release, showed C. thermocellum made greater reductions to lignin molecular weight than 

fungal enzymes. This same trend was not observed for cellulose or hemicellulose. 

Therefore one hypothesis for C. thermocellum's improvement over free cellulases is that 

C. thermocellum has the ability to depolymerize lignin more efficiently than enzymes. In 

Chapter 5 and 6, C. thermocellum residues from CELF and DSA pretreated corn stover 

and Populus, respectively, showed reductions to lignin molecular weight as well, 

however, enzymatic hydrolysis residues were not analyzed for comparison. These 

findings support observations of lignin-carbohydrate cross-link degrading enzymes found 

in C. thermocellum which have yet to be specifically identified [2], whereas the less 

prominent reductions to lignin molecular weight by fungal enzymes may be a result of 

fragmented lignin being released as cellulose and hemicellulose are hydrolyzed.   

 While delineating the effect of enzymes from that of CBP through structural 

properties was challenging, finding structural features to predict recalcitrance from either 

the raw or pretreated biomass proved more successful. In comparing the raw and 

pretreated Populus lines in Chapter 3, several parameters were indicative of lines BESC 

876 and SKWE 24-2 being less recalcitrant then BESC standard including: glycome 

profiling (GP), lignin polydispersity index (PDI), lignin syringyl (S) to guaiacyl (G) ratio 

(S/G), and water retention value (WRV). GP showed greater pectic backbone and pectic 

arabinogalactan epitope removal from the cell wall of raw BESC 876 and SKWE 24-2, 
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inferring looser construction of the cell wall. Hydrothermal pretreatment of these samples 

also showed complete removal of xyloglucan structures for the low recalcitrant lines 

while BESC standard had a considerable amount of these epitopes remaining even in 

later extractions. These observations could have been used to accurately predict the 

relative recalcitrance of these lines without further investigation. Another positive 

correlation with greater hydrolysis was lignin S/G, as the raw low recalcitrant lines had a 

higher S/G than the raw BESC standard. However, a higher lignin S/G has been reported 

in literature as both favorable and unfavorable for increased hydrolysis [3], [4], giving 

less confidence in conclusions based on this factor than based on glycome profiling and 

warranting further investigation. Lastly, after pretreatment, BESC 876 and SKWE 24-2 

gave higher WRV and lower PDI values than BESC standard indicating greater cellulose 

accessibility and lignin fractionation, respectively, proving beneficial for downstream 

hydrolysis of these Populus varieties. Overall, while limited biomass features could most 

obviously predict biomass recalcitrance due to the vast complexity of the plant cell wall, 

several qualities were shown to correspond to lower recalcitrance, providing new 

information on what alterations to the structure are beneficial for hydrolysis.   

 In Chapter 5 and 6, the maximum cellulase adsorbed, Γmax, derived from the 

Langmuir enzyme adsorption curves of DSA and CELF pretreated Populus and corn 

stover, while not a physical property per say, was found to correlate positively with 

hydrolysis. In these chapters it was found that CELF pretreated Populus and corn stover 

had nearly identical Langmuir adsorption profiles. This unusual result may explain, in 

part, why C. thermocellum was able to digest both these solids to 100% glucan plus xylan 
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release in only 48 hours. Additionally, stereoscopy, confocal scanning laser microscopy 

(CSLM), and transmission electron microscopy (TEM) micrographs were helpful in 

providing visual evidence of cell wall alterations which supported the results of Stage 1 

and Stage 2 conversion in a way that could not be summed up by ultrastructure 

parameters. While our hope was to come up with a few key physical parameters that 

could be mapped onto recalcitrance, microscopy was found to be more successful in 

explaining how processing altered the cell wall structure. TEM and CSLM in particular 

were able to determine lignin migration, cell wall matrix disintegration, fracturing, 

delaminations, and dislocations responsible for reduced recalcitrance in Populus and corn 

stover. Thus, microscopy proved to be a powerful tool to characterize the complexities of 

the cell wall, as well as changes made to it during pretreatment and CBP, for attaining 

high sugar release.     

7.4 Recommendations of Future Research and Closing Remarks 

 In summary, the results presented in this thesis demonstrate that effectively 

releasing cell wall polysaccharides for conversion to fuels is a vastly complex challenge. 

At the core of this challenge is biomass recalcitrance. To address this challenge, a multi-

pronged approach was taken which considered feedstocks, pretreatment, and biological 

digestion systems, as well as interactions among them, while applying a host of 

characterization tools to identify core features of the biomass that could influence 

recalcitrance. 
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 While the experiments presented in this thesis were carefully planned in order to 

collect a specific data set that would lead to novel contributions, several unexpected 

results led us to ask additional questions. One question of particular interest arose from 

the results in Chapter 2 in which higher severity hydrothermal pretreatment resulted in 

reduced hydrolysis effectiveness at an enzyme dose of 15 mg protein/g glucan. Although 

this observation was reported in a similar study [5], the result was neither emphasized nor 

explained by the authors. The reduction in hydrolysis is an interesting phenomenon that 

was not seen with higher enzymes doses of 65 mg protein/g glucan or with C. 

thermocellum. It was hypothesized in Chapter 2 that the negative effect of high severity 

pretreatment on the moderate enzyme dose may have been caused by non-productive 

binding of enzymes as increased severity leads to increased fractionation, and thus more 

available non-carbohydrate sites to potentially trap or adsorb enzymes. Higher enzyme 

doses may ultimately have similar concentrations of non-productively bound enzyme; 

however, the effects may not be seen because the total amount of enzyme in solution is 

far greater. The question then becomes, does C. thermocellum have equal amounts of 

ineffectively bound enzyme? Does the organism provide a mechanism for releasing 

"stuck" enzymes through its cellulosome? Or perhaps, does C. thermocellum just produce 

more enzymes to compensate for the inhibited enzymes? These questions should be 

addressed as there may be additional advantages to using CBP that are currently 

unknown. Ultimately, elucidating the cause of declining hydrolysis for moderate enzyme 

doses at elevated severity may suggest new avenues to using lower enzyme doses to 

obtain higher sugar yields.  



  

178 

 

 A second question brought out in Chapter 2 was with regards to pretreatment 

temperature. It was found that sugar release by C. thermocellum was only slightly 

reduced when pretreatment temperature was lowered at a constant severity while 

enzymes were greatly affected. Because of this striking contrast in how pretreatment 

temperature affected C. thermocellum versus fungal enzymes, we hypothesized that 

higher severity hydrothermal pretreatments at lower temperatures may result in increased, 

or comparable, Stage 1plus 2 glucan and xylan release as that attained at 200°C. In 

addition, lower temperature (< 180°C), high severity hydrothermal pretreatments should 

be investigated specifically with C. thermocellum to determine if similar Stage 2 glucan 

release could be realized at even lower temperatures in order to further improve upon 

Stage 1 sugar conservation. While we could not answer why fungal enzymes were more 

readily affected by lowering the pretreatment temperature, we hypothesize that a decrease 

in accessibility due to a reduction in fracturing and removal of cell wall carbohydrates 

was responsible.  

 In Chapter 4 it was shown that C. thermocellum converted 100% of the glucan 

and xylan in CELF pretreated Populus and corn stover. Similar to the previous 

suggestion, it would be wise to determine if C. thermocellum could be as effective on 

biomass pretreated at even lower temperatures and/or acid concentrations. Overall, 

research devoted to studying C. thermocellum with pretreatments at more mild conditions 

and with low recalcitrant plant lines should be a focal point of future research given the 

metrics that have been established in this thesis and the demonstrated robustness of C. 

thermocellum.      
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 Beyond questions that arise directly from this thesis are questions related to the 

future direction for biofuels research. To continue to move lignocellulosic biofuels 

technologies forward, there must be a continued connection between plant science and 

processing. Recalcitrance depends on multiple variables that cannot be pinned on any one 

parameter as has been seen in Chapter 3 and is evident throughout literature. Seeking to 

link recalcitrance to physical properties by stacking them up against hydrolysis, one at a 

time, is a one dimensional approach that does not reveal the culmination of multivariable 

interactions which are more likely to be at play than any parameter alone. Thus, 

comprehensive models of biomass structure are needed to develop both multi-linear and 

nonlinear interactions of structural and chemical properties in order to better engineer 

process design.   

 Lastly, this thesis focuses heavily on utilizing a specific experimental design, 

where multiple pretreatments or pretreatment conditions were paired with both organism-

directed and organism-free biological catalysts for diverse feedstocks in order to 

characterize the effects of Stage 1 and Stage 2 sugar release. While seemingly simple, the 

design of these studies is unique to this thesis and significant in terms of what can be 

learned. Overlooking pretreatment characterization strips hydrolysis of any significance 

as there can be no context of relating sugar release back to the original substrate sugar 

content, which is of central importance as feedstock is the largest cost of lignocellulosic 

processing. Similarly, in considering only a single biological catalyst, feedstock, or 

pretreatment, incorrect conclusions can be drawn and synergies overlooked, as 

demonstrated in Chapter 4. Thus, it is highly recommended that more studies combine 
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multiple feedstocks, pretreatments, and biocatalysts with an emphasis on reporting 

pretreatment sugar release and degradation. This is a research direction that would benefit 

academics by providing a basis for comparing hydrolysis results across pretreatment 

methods and feedstocks while supplying the developing cellulosic biofuels industry with 

useful insights to inform the commercialization of superior biomass conversion 

processes.  

 In conclusion, the research presented in this thesis provides an original framework 

for evaluating biomass conversion while emphasizing how physical biomass properties 

are altered during processing and linked to reduced recalcitrance. The results of this work 

point to the essential importance of understanding the role of feedstock, pretreatment, and 

biological catalyst in biomass deconstruction to fermentable sugars as novel synergies 

were identified and improvements to hydrolysis were possible with the right combination 

of these parameters. In applying real biomass under industrially significant conditions, 

this work provides both an experimental design structure as well as original insights to 

support the development of a mature lignocellulosic biorefining industry. 
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