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ABSTRACT 

 

Long- Term Lime Pretreatment of Poplar Wood. (December 2005) 

Rocio Sierra Ramirez, B.S., Universidad de America, Colombia; 

M.S., Universidad de los Andes, Colombia 

Chair of Advisory Committee: Dr. Mark T. Holtzapple 

 

Lignocellulosic biomass (e.g., poplar wood) provides a unique and sustainable resource 

for environmentally safe organic fuels and chemicals. The core of this study is the 

pretreatment step involved in bioconversion processes. Pretreatment is required to realize 

high yields vital to commercial success. The focus of the pretreatment step is to 

methodically change key features of the biomass to favor enzymatic hydrolysis. 

This work assesses the compositional changes due to oxidative and non-oxidative long-

term lime pretreatment of poplar wood (up to 4 weeks of pretreatment) at mild 

temperatures (25˚C to  65ºC), and their effect on the enzymatic yield of glucan and xylan.  

The most important pretreatment yield of lignin was 54 g lignin remaining/100 g lignin 

in raw biomass, and was accomplished for 4-week lime pretreatment at 65ºC in oxidative 

conditions. The corresponding pretreatment yields of glucan and xylan were 85.9 g glucan 

recovered/100 g glucan in raw biomass and 80.2 g xylan recovered/100 g xylan in raw 

biomass respectively.  

For poplar wood oxidatively pretreated with lime for 4 weeks at 65ºC and 

enzymatically hydrolyzed with an enzyme loading of 15 FPU/g glucan in raw biomass 

during a 3-day period, the best overall yields of glucan and xylan, were 80.7 g glucan 

hydrolyzed/100 g glucan in raw biomass and 66.9 g xylan hydrolyzed/100 g xylan in raw 

biomass respectively. The corresponding hydrolysis yields were 94.0 g glucan 

hydrolyzed/100 g glucan in treated biomass and 83.5 g xylan hydrolyzed/100 g xylan in 

treated biomass respectively. 

Because there is a previous study of long-term lime pretreatment of corn stover (Kim, 

2004), the data obtained in this work show the effect of using woody lignocellulose as 

substrate.  
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From the comparison, resulted  that in the case of poplar wood oxidatively pretreated at 

65ºC for 4 weeks, less lignin was removed and more carbohydrates were solubilized, 

however the hydrolysis yield of glucan was almost equal and the hydrolysis yield of xylan 

was higher than the reported by Kim for corn stover oxidatively pretreated at 55ºC for 4 

weeks. The overall yield of glucan resulted lower in the case of poplar wood because of the 

lower pretreatment yield of glucan. Thus, it is important to complete the mass balances 

including an analysis on the pretreatment liquor to determine if the solubilized glucan was 

degraded. 
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CHAPTER I 

INTRODUCTION 

 

Over the last 25 years, depletion of global fossil fuels, increasing energy demand, 

progressive environmental quality decay, and national security concerns have motivated 

research into renewable, domestic sources of fuels and chemicals to replace petroleum.    

Lignocellulosic biomass (e.g., poplar wood) provides a unique and sustainable resource 

for environmentally safe organic fuels and chemicals. Furthermore, due to its abundance 

and immense potential, the conversion of lignocellulosic biomass to ethanol is considered 

one of the most important uses of biomass as an energy source in the United States (DOA, 

Office of Energy Efficiency and Renewable Energy; Kheshgi et al., 2000; Colin, 2003; 

Eaglesham et al., 2000; Lightfoot, 2004; Ranney and Mann, 1994; Smil 1994; Spath and 

Mann, 2004). 

Ethanol produced from biomass would be of great benefit to the transportation sector, 

where about two thirds of U.S petroleum is consumed (Wyman, 1999). Futhermore “no 

major infrastructure barriers exist” for producing over 5 billion gallons of ethanol in the 

United States each year (Reynolds, 2002; Mosier et al., 2005). 

 

1.1. Poplar wood as a renewable energy source 

 

Forestry is a major industry encompassing nearly 559 million acres in publicly and 

privately held forest lands in the continental United States (USDA, 1997). Nearly 16 

million cubic feet of roundwood are harvested and processed annually to produce sawlogs, 

paper, veneers, composites, and other fiber products (USDA, 1998).  

The extensive forest acreage and roundwood harvest generate logging residues and 

provide the potential to harvest non-merchantable wood for energy. Additionally, 

processing wood into fiber products creates substantial quantities of mill residues that 

could potentially be used for energy. However, because primary mill residues are clean, 

concentrated at one source, and relatively homogeneous, nearly 98% of all residues genera- 

________________________________ 

This thesis follows the style and format of Bioresource Technology. 
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ted in the United States are currently used as fuel or to produce other fiber products (Walsh, 

2000). Dedicated energy crops are currently not produced in the United States, but they 

could be if sold at a price that ensures the producer a profit at least as high as could be 

earned using the land for alternative uses. The development of dedicated feedstock supply 

systems has focused on several hardwood species, including poplar (Wright, 1994). Hybrid 

poplar is rated among the most promising species for the United States because it easily 

grows on marginal lands requiring minimal fertilization, it may be mechanically harvested, 

it exhibits high growth rates (average 10 to 17 Mg/(ha·yr)), and it is easily propagated from 

either stem cuttings or tissue culture (Wright, 1994; Wayman, 1990). 

 

1.2. Structure of  lignocellulosic biomass 

 

Lignocellulose is the three-dimensional polymeric composite formed by plants as 

structural material. It consists of variable amounts of cellulose, hemicellulose, and lignin. 

Cellulose is a homopolysaccharide with building blocks of glucose molecules connected by 

β-1,4 linkages. The cellulose degree of polymerization (DP) is about 10,000, although 

chemical pulping reduces this greatly. Cellulose molecules form intra- and inter-molecular 

hydrogen bonds that result in highly ordered crystalline cellulose. Cellulose is relatively 

inert to chemical treatment and insoluble in most solvents (Holtzapple, 1993a). 

Hemicellulose is a short, highly branched chain of heteropolysaccharides (DP 100–200) 

built from hexoses (D-glucose, D-mannose, and D-galactose), pentoses (D-xylose, L-

arabionose, and D-arabionse), and deoxyhexoses (L-rhamnose or 6-deoxy-L-mannose and 

rare L-fucose or 6-deoxy-L-galactose). Small amounts of uronic acids (4-O-methyl-D-

glucoronic acid, D-galacturonic acid, and D-glucuronic acid) are also present (Holtzapple, 

1993b). The monosaccharides released upon hemicellulose hydrolysis include a large 

fraction of pentoses. The chemical and thermal stability of hemicellulose is lower than 

cellulose, due to its lack of crystallinity and lower DP. 

Lignin is a phenylpropane-based polymer and is the largest non-carbohydrate fraction 

of lignocellulose. It is constructed of three monomers: coniferyl alcohol, sinapyl alcohol, 

and coumaryl alcohol. Each has an aromatic ring with different substituents. Unlike 

cellulose, lignin cannot be depolymerized to its original monomers. Lignin and 
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hemicellulose form a sheath that surrounds the cellulosic portion of the biomass 

(Holtzapple, 1993c). Lignin protects lignocellulose against insect attack. 

 

1.3. Biomass conversion processes 

 

Using proper processes, lignocellulosic biomass (e.g., poplar wood) can be converted to 

a wide variety of fuels and chemicals. With this purpose, many processes have been 

developed. These include the following: fermentation of sugars and starches, fast pyrolysis, 

direct liquefaction of biomass by thermal processes, and indirect liquefaction of biomass-

derived syngas. The full range is shown in Fig. 1 (Double, 1987). 

A major emphasis in the fermentation industry is ethanol  production (Chadha et al., 

1995; Holtzapple et al., 1999). Fermentation is a biological process in which enzymes 

produced by microorganisms catalyze energy-releasing reactions that break down complex 

organic substrates. Besides ethanol, fermentation can also produce chemicals such as 

carboxylic acids (Blasig et al., 1992; Loescher, 1996) in addition to nearly 40 other 

chemicals and chemical feedstocks (Ladish et al., 1979; Voloch et al., 1985; Landucci et 

al., 1996; Ladish, 2002).  

Lignocellulose fermentation to alcohols requires four major unit operations in either of 

the two currently available approaches: the traditional process and the MixAlco process 

developed by Holtzapple et al., (1997). These two processes are illustrated in Fig. 1.  

In both or these processes, the first step is pretreatment. It is required to realize high 

yields vital to commercial success in biological conversion to ethanol and chemicals 

(Chang et al., 2000; Mosier et al., 2005). It is due to lignocellulose structural 

characteristics, such as its lignin barrier, cellulose crystallinity, and hemicellulose 

acetylation. The goal is to break the lignin seal, remove the acetyl groups, and disrupt the 

crystalline structure of cellulose. After an appropriate pretreatment, the cellulose is more 

accessible to hydrolysis in which fermentable sugars are released. 
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 Fig. 1. Process routes for converting biomass to liquid fuels
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In the traditional process, once pretreatment is completed, cellulase enzyme complexes 

(the system includes β-glucosidase, cellobiase, exoglucanase, and endoglucanase) 

saccharifies carbohydrate polymers into monomeric sugars. This step can alternatively be 

executed chemically by dilute sulfuric or other acids. 

Enzymatic saccharification is advantageous because it is very selective, it can achieve 

high yields, and the formation of inhibitory by-products is avoided. Cellulose hydrolysis 

performed in the presence of fermentative microorganisms is termed simultaneous 

saccharification and fermentation (SSF).  Simultaneous saccharification of both cellulose 

(to glucose) and hemicellulose (to xylose and arabinose) and co-fermentation of both 

glucose and xylose (SSCF) would be performed by genetically engineered microbes that 

ferment glucose and xylose in the same broth. More research is needed to achieve this goal. 

Finally, ethanol is recovered from the fermentation broth by distillation, or distillation 

combined with adsorption.  

In the MixAlco process, after pretreatment, an anaerobic fermentation is performed 

using a mixed culture of microorganisms to produce carboxylic acids. The carboxylic acids 

are converted to their salts in the presence of a CaCO3 buffer. The carboxylate salts are 

then dried, converted to ketones, and further hydrogenated to alcohol fuels. The MixAlco 

process has advantages such as no sterility requirement, adaptability to many feedstocks, 

and no enzyme addition. 

 

1.4. Pretreatments 

 

An effective pretreatment is characterized by several criteria: it avoids the need for 

reducing the size of biomass particles, preserves the cellulose and hemicellulose fractions, 

limits the formation of degradation products that may inhibit fermentative microorganisms, 

minimizes energy demand, is effective on multiple lignocellulose feedstocks, and limits 

costs. Pretreatment has a major influence on the process cost due to its own cost and 

because it directly affects prior and subsequent operations (Wooley et al., 1999; Lynd et al., 

1996). Consequently, over the past 25 years, numerous pretreatment approaches have been 

investigated at many laboratories, universities, and industrial locations. 
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However, the mechanisms by which pretreatments improve lignocellulose digestibility 

are not well understood. In fact, different pretreatments can affect biomass in very different 

ways (Wyman et al., 2005a, 2005b, Aden et al., 2002). Nevertheless, pretreatment 

effectiveness has been correlated with removing hemicellulose and lignin. It is believed 

that pretreatment creates numerous large pores in hardwoods and herbaceous biomass, 

which allows cellulase penetration to the cellulose fibers (Fig. 2). Hemicellulose hydrolysis 

yields mostly xylan, which is soluble in the pretreatment liquid phase.  Lignin 

solubilization is benefical for subsequent hydrolysis, but may also produce derivatives that 

inhibit enzyme activity. Thus, the assessment of a pretreatment technology must include 

not only its ability to remove lignin, but also its potential ethanol yield. 

Currently available pretreatment methods are biological, chemical (cellulose solvents, 

acids or bases), or physical (mechanical size reduction, comminution, steam explosion, 

vibratory ball milling, compression milling, and hydrothermolysis).  

Biological pretreatments employ microorganisms that produce lignin-degrading 

enzymes (ligninase). As lignin is decomposed, cellulose and hemicellulose are released 

from the lignocellulosic matrix. The exploitation of ligninase-producing microorganisms 

has been little developed and faces several hurdles. These include the fact that many 

ligninolytic microorganism grow on the resulting sugars and produce cellulases and 

hemicellulases, thus degrading yields (Brown, 2003). 

Some physical pretreatments (size reduction or comminution) are needed to make 

material handling easier through subsequent steps and increase the surface area of the 

lignocellulosic material to be pretreated by other means. Primary size reduction employs 

hammer mills to produce particles that can pass through 3-mm screen openings (Brown, 

2003). High energy requirements, low yields, and long times requirements are some of the 

drawbacks of mechanical pretreatments. Furthermore, recent research suggests that more 

important than the mechanical disruption, are the chemical changes that occur during 

pretreatment (Mosier et al., 2005). Chemical pretreatments using cellulose solvents (e.g., 

glycerol, dioxane, ozone, phenol, and ethylene glycol) are too expensive to be practical 

when measured against the value of glucose, approximately 5¢/lb (Mosier, 2005). Among a 

vast number of possibilities, a few pretreatments are potentially cost-effective and a brief 

review of them follows: 
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1.4.1. Dilute acid 

 

This pretreatment is also known as prehydrolysis, or acid-catalyzed steam explosion. 

The comminuted biomass is treated with sulfuric acid (~0.5–1.0%) at moderate 

temperatures (~140–190ºC) for 5 to 30 minutes. This pretreatment effectively retains most 

of the cellulose, but hemicellulose is recovered as dissolved sugars. Although little lignin is 

dissolved, data suggest that lignin is disrupted thereby increasing cellulose susceptibility to 

enzymes (Knappert et al., 1981). Nonetheless, dilute acid pretreatment results in costly 

materials of construction, high pressures, neutralization and conditioning of hydrolyzate 

prior to enzymatic hydrolysis, slow cellulose digestion, and non-productive binding of 

enzymes to lignin (Wyman, 1999; Hsu, 1980). 

 

1.4.2. pH-controlled liquid hot water pretreatment 

 

In this pretreatment, high-pressure water penetrates the cell structure of biomass, 

hydrates cellulose, and removes hemicellulose.  The preferred temperature is 180–190ºC. 

The benefit of using just water is that an extraneous reagent is not needed. The goal is to 

minimize degradation by avoiding the formation of monosaccharides that degrade to 

aldehydes during the high-temperature pretreatment. Enzymes can be added at lower 

temperatures for hydrolysis of the resulting cellulose and hemicellulose oligomers (Ladish 

et al., 1983; Lynd et al., 1991; Holtzapple, 1993b; Mosier et al., 1999). 

 

1.4.3. Ammonia Fiber Explosion (AFEX) 

 

In AFEX pretreatment, biomass is treated with liquid anhydrous ammonia at moderate 

temperatures (60–100°C) and high pressure (250–300 psi) for 5 min. Then the pressure is 

rapidly released. In this process, the combined chemical and physical effects of lignin 

solubilization, hemicellulose hydrolysis, cellulose decrystallization, and increased surface 

area, enables nearly complete enzymatic conversion of cellulose and hemicellulose to 

fermentable sugars (Mosier et al., 2005).  In this process, nearly all of the ammonia can be 

recovered and reused whereas the remaining serves as nitrogen source for microbes in 
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downstream processes (Dale et al., 1982).  It is also characterized by high yields and no 

need of neutralization after pretreatment. 

 

1.4.4. Ammonia Recycled Percolation (ARP) 

 

An ammonia solution (~15%) is fed to a column reactor packed with biomass at 

temperatures of 160 to 180ºC and fluid velocity of 1 mL/(cm2·min) with residence times of 

14 min. Aqueous ammonia reacts primarily with lignin (but not cellulose), which causes 

depolymerization of lignin and cleaves lignin-carbohydrate linkages. A large and adjustable 

degree of delignification has been reported in tests with hardwood (Yoon et al., 1995). 

 

1.4.5. SO2 steam explosion pretreatment 

 

SO2 gas is added in the amount of 2–3% to moist biomass chips and heated to 150°C 

for 20 minutes to hydrolyze hemicellulose. The sulfur dioxide rapidly diffuses into biomass 

pores before it is converted into H2SO4, providing superior performance compared to the 

direct use of an acid catalyst.  

 

1.4.6. Lime pretreatment 

 

Calcium hydroxide, water, and an oxidizing agent (air or O2) are mixed with the 

biomass at temperatures ranging from 40 to 150°C for a period ranging from hours to 

weeks.  The major effect is the removal of lignin from the biomass, thus improving the 

reactivity of the remaining polysaccharides. In addition, this pretreatment removes acetyl 

and the various uronic acid substitutions on hemicellulose that lower the accessibility of the 

enzyme to the hemicellulose and cellulose surface (Chang and Holtzapple, 2000; Kaar and 

Holtzapple, 2000). 
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1.5. Background  

 

Acid pretreatment as described before, has been implemented for commercial 

development because it is considered very promising. However, compared with acid 

processes, alkaline processes have shown better possibilities of recovery and/or 

regeneration. The most  widely used bases are urea, sodium, potassium, calcium, and 

ammonium hydroxide. Among all of these, the pretreatment with calcium hydroxide (lime) 

is the least expensive per kilogram of agent. The price of lime, $0.06/kg (Miller, 2001) is a 

third that of the second least expensive alkali, urea.  

Alkali delignification of lignocellulosic biomass is an important part of industrial 

processes known as soda and kraft pulping, and the chemistry of this delignification has 

been extensively discussed (Alén, 2000; Lai, 2001; Klinkle et al., 2002; Kleinert, 1966; 

Montgomery, 1953). Studies in this context show that during oxidative alkali treatment, 

biomass delignification occurs by oxidation of the phenolic groups in lignin. Due to the low 

activity of oxygen, high temperature and pH are required to obtain reasonable rates, but 

carbohydrates in the presence of alkali and oxygen undergo both oxidation and alkaline 

degradation to produce a complex mixture of products.  

Two types of lime treatment that show high total sugar yields have been awarded a US 

Patent (Holtzapple and Davison, 1999) and are currently used in our laboratory, short term 

and long term. Short-term lime pretreatment involves boiling the biomass with a lime 

loading of 0.1 g Ca(OH)2/g dry biomass at temperatures of 85−135oC for 1−3 hours (Chang 

et al., 1997, 1998). This removes approximately a third of the lignin and all the acetyl 

groups from hemicellulose (Chang et al., 2000). Chang et al., (2000) showed that oxidative 

lime pretreatment could be used to pretreat high-lignin biomass. Long-term pretreatment 

involves using the same lime loading at lower temperatures (40−55oC) for 4−6 weeks in the 

presence of air. Kim (2004) showed that long-term pretreatment removes about half of the 

lignin and all the acetyl groups in corn stover. It is important to note that long-term 

pretreatment has the benefit of not requiring an expensive reactor (e.g., stainless steel tank 

that resists high pressure and corrosion). Also, pure oxygen may be replaced by air, thus 

reducing process costs.  
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The performance and economics of the different pretreatment alternatives are hard to 

compare, due to differences in feedstocks tested, chemical analysis methods, and data 

reporting methodologies. A summary of some relevant results on pretreatment of biomass 

is presented in Table 1. 

Improving the understanding of differences among several leading pretreatment 

technologies and the effect of each pretreatment on other operations can facilitate selection, 

reduce commercialization risk, and suggest opportunities for improvements. To achieve 

this goal, it is required to provide comparative performance data on different pretreatments 

using the same source of lignocellulosic biomass and identical analytical methods. 

This project is part of a multi-institutional effort funded by the US Department of 

Energy. The participants and their contributions follow: Auburn University with liquid 

ammonia recycled percolation (ARP) pretreatment, Dartmouth College  with acid catalyzed 

steam-explosion pretreatment, Michigan State University with Ammonia Fiber Explosion 

(AFEX) pretreatment, Purdue University with controlled-pH pretreatment, Texas A&M 

University with lime pretreatment, University of British Columbia with SO2 steam 

explosion pretreatment, Genecor International Inc with enzyme supply, and NREL 

laboratory with feedstock supply and logistical support. 

All of these institutions are members of the biomass refining Consortium for Applied 

Fundamentals and Innovation (CAFI) that has the mission of developing a basic 

understanding of biomass hydrolysis. The overall goal is to provide a single source of 

comparative information that will assist in understanding the unique features and 

performances of leading options for releasing sugars from cellulosic biomass.  

On that basis, the CAFI group collected data using corn stover as a lignocellulosic 

source. Table 2 shows results from this work on sugar yields. It is important to notice the 

homogeneity and thus, comparability of the data summarized in Table 2, as opposed to the 

data shown in Table 1. Consequently, it was possible to draw conclusions with no 

precedent regarding the processes themselves and the economics of the diverse 

pretreatment technologies. Comparative results and economic analysis have been published 

(Wyman et al., 2005a,b; Eggeman and Elander., 2005). 
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Table 1
Effect of several different pretreatment methods on digestibility

Pretreament Effect on 
Pretreatment Biomass Agent loading Time Temperature digestibility (%) References
NH3 Trembling 155 psia at 8.5 h 30 33-51a Millet et al., 1970

aspen 30ºC
SO2 aspen 30 psia at room 2 h 120 9-63b Baker and Millett, 1975

temperature
H2SO4 Poplar 0 to 1.5% 3.6 -12.7 s 162 to 222 21.4 to 74.9c Knappert et al., 1972

NaOH Trembling 0.2 g/g dry bio 1 h 30 11 to 51d Moore et al., 1972
aspen biomass

NH3+H2O2 Hybrid NH3=20 wt% H2O2= 90 min 170 90c Kim and Lee, 1996
poplar 0.28 g/g dry biomass

Steam explosion 10 min 160-260 Kuznetsov et al., 2002
(H2SO4, SO2, CO2)
AFEX 1-2 g NH3/g dry biomass 30 min 90 Holtzapple et al., 1991

Lime Corn Stalks 0.12 g Ca(OH)2/g dry 24 h RTe 5.55 to 85.59f Abou-Raya et al., 1964
biomass

Lime Wheat straw 0.09 g Ca(OH)2/g dry 24 h RTe 54.1 to 61.9g Djajanegara et al., 1964
biomass

Lime Corn stover 0.04 g Ca(OH)2/g dry 336 h 21 53.2 to 54.5g Oliveros et al., 1993
biomass

Lime Bagasse 0.30 g Ca(OH)2/g dry 192 h 20 19.7 to 72.4g Playne, 1984
biomass  
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Table 1
Continued

Pretreament Effect on 
Pretreatment Biomass Agent loading Time Temperature digestibility (%) References
Lime Poplar wood 0.10 g Ca(OH)2/g dry 6 h 160 77c Chang, 1999

biomass
Lime Corn stover 0.10 g Ca(OH)2/g dry 4 weeks 55 91c Kim, 2004

biomass
Lime Barley straw 0.056 g Ca(OH)2/g dry 2160 min RTe 54.8 to 56.9g Owen and 

biomass Nwadukwe, 1980
Lime Barley straw 0.025 g Ca(OH)2/g dry 2160 min RTe 47.6 to 64.5g Wilkinson and

biomass Santillana, 1978
Lime Poplar bark 5.3 to 21.1 g Ca(OH)2/g 3600 min RTe 38.6 to 52.0h Gharib et al., 1975

dry biomass
Lime Soya bean 0.04 g Ca(OH)2/g dry 720 min RTe 35.8 to 41.3i Felix et al., 1990

biomass
a in vitro  dry matter digestibility (IVDMD)
b in vitro  digestibility (IVD)
c Glucose yield
d Reducing sugar yield
e RT=room temperature
f Crude fibre digestion coefficient
g Organic matter digestibility (OMD)
h in vitro  true digestibility (IVTD)
I in vitro  organic matter digestibility (IVOMD)  
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Table 2 
Yields of xylose and glucose for each pretreatment system studied by CAFI followed by 3-day enzymatic hydrolysis with a loading 
of 15 FPU(1)/g glucan in the original corn stover (© Wyman et al., 2005). 
 

Pretreatment Xylose yields Glucose yields Total sugars 
System Stage 1 Stage 2 Total 

xylose 
Stage 1 Stage 2 Total 

glucose 
Stage 1 Stage 2 Combined 

Dilute acid 32.1/31.2 3.2 35.3 3.9 53.2 57.1 36.0/35.1 56.4 92.4/91.5 

Flowthrough 36.3/1.7 0.6/0.5 36.9/2.2 4.5/4.4 55.2 59.7/59.6 40.8/6.1 55.8/55.7 96.6/61.8 

Partial flow 
pretreatment 

31.5/2.8 2.6/2.4 34.1/5.2 4.3/4.2 51.2 55.5/55.4 35.8/7.0 53.8/53.6 89.6/60.6 

Controlled 
pH 

21.8/0.9 9.0 30.8 3.5/0.2 52.9 56.4 25.3/1.1 61.9 87.2 

AFEX  34.6/29.3 34.6/29.3  59.8 59.8  94.4/89.1 94.4/89.1 

ARP 17.8/0 15.5 33.3/15.5 0 56.1 56.1 17.8/0 71.6 89.4/71.6 

Lime 9.2/0.3 19.6 28.8/19.9 1.0/0.3 57.0 58.0/57.3 10.2/0.6 76.6 86.8/77.2 

Stage 1 refers to pretreatment and Stage 2 refers to the enzymatic digestion of the solids produced in pretreatment. The first value 
reported in each column is for total sugars released into solution and the second is for just the monomers released. A single value 
indicates release of only monomers. Yields are defined based on the maximum potential sugars released from the corn stover used of 
64.4 g per 100 grams of dry solids with the maximum potential xylose being 37.7% and the maximum potential yield of glucose 
being 62.3% on this basis.  
(1)See definition of FPU on Appendix J. 
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However, the project is not complete because it lacks data about other lignocellulose 

sources. Expectations for similar performance are extrapolations that cannot be 

substantiated without information. In fact, it would be unrealistic to imply alike results with 

hardwoods such as poplar, because poplar wood is harder to pretreat. 

 

1.6. Objective 

 

The main purpose of this work is to explore the effect of different conditions of long-

term lime pretreatment on the digestibility of poplar wood. Accurate analysis and 

measurements are quite simple in concept; however, they are challenging for biomass, and 

extensive time and care are essential to obtain meaningful information. 

More specifically, this work includes: 

• Preparation and long-term lime pretreatment of the poplar wood provided by 

NREL at 25 (or room temperature), 35, 45, 55 and 65ºC, in both the oxidative 

and the non-oxidative conditions for 1, 2, and 4 weeks. 

• Determination of the composition of the poplar wood before and after 

pretreatment. 

• Determination of the enzymatic digestibility of poplar wood before pretreatment 

and after pretreatment at an enzyme loading of 15 FPU/g glucan in raw biomass 

(See definition of FPU on Appendix J). 

• Mass balances for untreated and  pretreated poplar wood.  

These data are going to be useful to determine the pretreatment condition that maximize 

enzymatic digestibility of cellulose using poplar wood. The data will also become part of 

the bank of data of the CAFI group to make economic analysis possible. Because poplar 

wood is harder to pretreat than most of other abundant agricultural residues (e.g., corn 

stover), the relative merits of each pretreatment will become evident allowing selection of 

the best, most robust pretreatment options. 
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CHAPTER II 

FEEDSTOCK 

 

2.1. Preparation, storage and handling 

 

Hybrid poplar wood (var NM6) is the feedstock for this study. NREL acquired and 

processed it in the following manner: approximately 30 trees of 4–8 inch diameter were 

harvested from private land in Alexandria, MN. The poplar logs were shipped to United 

Wood Products (Longmont, CO) for debarking and chipping.  Chips were then milled by 

Hazen Research Inc. (Golden, CO) using the NREL (National Renewable Energy 

Laboratory)-owned Mitts and Merrill Model 10×12 knife mill (Saginaw, MI) to pass a ¼-

inch round screen.  The milled feedstock was then thoroughly mixed by a cone-and-quarter 

method and was subdivided into 5-gallon pails that were shipped directly to each CAFI 

group member, when requested. After this process, the moisture content of the poplar wood 

was very high (~50%).  

Upon arrival, the biomass was re-packaged into Zip-Loc bags (either completely filled 

or tightly wrapped to reduce evaporation into the headspace), and stored frozen at –20°C. 

When needed, the poplar wood was slowly thawed at room temperature. Then, it was air 

dried to a moisture content less than or equal to 10%, and the particle size was reduced to 

pass 20 to 80 (ASTM) mesh using a knife mill. The biomass was ground and sieved to 

improve its uniformity and to assure reproducibility because the effect of particle size on 

enzymatic hydrolysis sugar yields after lime pretreatment is not important, as long as the 

particle size is lower than 4 mesh (Chang, 1999). There is no information for larger particle 

sizes.  

After grinding and sieving, following the procedure explained in Appendix A, the 

particle size distribution was determined as the weight percentage of solids on each of six 

USA Standard Testing Sieves. The results are shown in Table 3 and Fig. 3. A discussion is 

presented at the end of the chapter. Not all the biomass obtained after grinding and sieving 

was used in pretreatment. Neither the particles retained on the 20 mesh, nor the ones 

passing the 80 mesh were used.  
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Table 3 

Particle size distribution of poplar wood 
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Fig. 3. Average particle size distribution. a) After grinding and sieving. b) Used in 

pretreatment. 

 

Opening designation 

ISO ASTM 

Total 
Average
(%wt) 

Std 
Dev

Average for 
Pretreatment 

(%wt) 
Std 
Dev

<80 <0.180 mm 5.35 3.47   

50-80 0.180–0.300 mm 12.08 1.35 12.94 1.24

40-50 0.300–0.425 mm 23.31 3.06 25.29 2.83

30-40 0.425–0.600 mm 32.79 3.30 35.76 3.19

20-30 0.600–0.850 mm 22.76 2.57 25.33 3.56

>20 >0.850 mm 2.78 1.27   
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The former were discharged to prevent the need of further grinding after pretreatment, 

and before compositional analysis where the particle size is required to be lower than 20 

mesh.The later were not included because very fine particles can produce deviation in the 

compositional analysis due to excessive carbohydrate degradation.  

 

2.2. Composition of poplar wood feedstock 

 

The composition of poplar wood can vary greatly with the particular season and place 

where the crop arises, the part of the tree from which the sample is taken, and the variety of 

poplar, among other factors. Table 4 shows the composition of the poplar wood used in this 

study as measured in our laboratory, as well as the official data reported from NREL 

(National Renewable Energy Laboratory). It is important to compare with NREL, because 

they establish remarkable levels of accuracy due to their highly regarded knowledge and 

finely tuned experience on the analytical procedures involved in compositional analysis 

determination of biomass. 

The methods used to determine each of the components are briefly explained below. A 

more detailed description of each of the experimental procedures is included in the 

corresponding appendixes.  

 

2.2.1. Extractives 

 

These were measured by exhaustive Soxhlet extraction of the biomass using 190-proof 

ethanol as solvent.  Extractives include non-structural component of biomass samples that 

potentially could interfere with the analysis of the sample, and as such, must be removed 

prior to compositional analysis. NREL Standard Method “Determination of Extractives in 

Biomass” was used to quantify the extractives (Appendix B). 

 

2.2.2. Determination of structural carbohydrates and lignin 

 

The procedure uses a two-step acid hydrolysis to fractionate the biomass into forms that 

are more easily quantified. 
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Table 4 

Composition of poplar wood feedstock 

Sample Components 

(g/100 g biomass) 1 2 3 4 5 6 7 8 Average(1)

Std 

Dev NREL(2)

Glucan 41.67 42.18 42.42 43.14 43.29 43.10 44.45 41.46 42.71 0.98 43.80 

Xylan 15.94 15.76 17.61 15.91 16.78 15.68 16.12 15.12 16.12 0.76 14.85 

Mannan 2.79 2.66 2.89 3.81 3.90 3.55 3.75 3.59 3.37 0.50 3.94 

Lignin(3) 24.68 28.00 26.57 29.45 24.40 27.35 27.07 27.50 26.88 1.67 29.12 

Galactan NF NF NF NF NF NF NF NF NF ND 1.27 

Arabinan NF NF NF NF NF NF NF NF NF ND 0.69 

Extractives 3.31 3.31 3.31 3.31 3.31 3.31 3.31 3.31 3.31 ND 3.56 

Ash 1.45 1.28 1.33 1.44 1.45 1.47 1.25 1.36 1.45 0.09 1.07 

Acetyl 3.39 3.18 3.34 3.37 3.14 3.27 3.26 3.27 3.35 0.09 3.62 

TOTAL 93.22 96.38 97.47 100.43 96.28 97.74 99.23 95.61 97.19  101.92 

 

NF: (Not found) The component concentration in the sample was too small to be detected by our  HPLC system. 

ND: No data was taken 

(1) Average of eight samples analyzed in this study. 

(2) Average of five samples analyzed by NREL 

(3) Klason lignin plus acid-soluble lignin 

 



 

 

20

The lignin fractionates into acid-soluble material and acid-insoluble material (Klason 

lignin). The acid soluble lignin is quantified by UV-visible spectroscopy and the insoluble 

lignin is determined by gravimetric analysis. During hydrolysis the polymeric 

carbohydrates are hydrolyzed into monomeric forms, which are soluble in the hydrolysis 

liquid. They are then measured by HPLC. The method is based on NREL Standard 

Procedure “Determination of Structural Carbohydrates and Lignin in Biomass” (Appendix 

C). 

 

2.2.3. Acetyl content 

 

The hydrolysis liquid obtained during the procedure to determine structural 

carbohydrates and lignin, contains acetate. This is quantified by HPLC (Appendix C). 

 

2.2.4. Ash 

 

 It is the organic residue left after dry oxidation at 575°C. The procedure used to 

measure ash is based on NREL Standard Procedure “Determination of Ash in Biomass” 

(Appendix D). 

 

2.3. Results and discussion 

 

The relatively small standard deviation shows that the particle size after grinding and 

sieving was consistently maintained as reported. The greatest particle size fraction is 30–40 

mesh, but there are significant  fractions in the 20–30 and in the 40–50 mesh as well. The 

sizes not used in pretreatment (i.e., > 20 mesh and <80 mesh) are very small fractions in the 

ground material. 

The compositional analysis obtained falls into the expected values within an error of 

3% for the summative mass closure. Due to the relatively high variability between different 

samples inherent to biomass (illustrated by presenting the data of each single experiment in 

addition to the standard deviation), this is an acceptable margin. Consequently, the average 
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values attained in our laboratory were used when needed in all the subsequent calculations 

presented in this work. 

Among carbohydrates, the most deviated value (as compared to NREL data) was that 

obtained for xylan. A plausible explanation for this result is that due to the relative close 

retention times of xylan and galactan  in the Biorad Aminex HPX-87P column (i.e., 13.583 

and 14.350 min respectively), they both may have appeared together in a single peak. This 

is further substantiated running the standards in which the peaks display very close together 

in the base (Fig. 4). Adding xylan and galactan NREL averages, one ends up with the exact 

same value obtained in our laboratory for xylan (i.e., 16.12 g/100 g biomass). 

Lignin, on the other hand, is the component that shows the highest standard deviation 

and the greatest difference with NREL data. The measurements of this component greatly 

depend on several details such as balance calibration (within ±0.1 mg), exact times of 

cooling, if the vessel where the sample is stored had direct contact with skin, etc. Extreme 

care on each single step and permanent monitoring of the balance calibration are required 

to obtain an accurate value. A calibration curve to calculate soluble lignin is suggested.   

The extractives measurement was carefully obtained only once for a relatively large 

sample (8 g). This extractives-free biomass was used as the source for the analysis of the 

eight samples reported in Table 4. This value is very close to NREL data, so no duplicated 

measurements were made. 

 

2.4. Conclusion 

 

The particle size of the poplar wood used in pretreatment was consistently maintained 

between 20 and 80 mesh (ASTM). The greatest weight percentage was 30 to 40 mesh.  The 

composition of the feedstock was obtained within 3% error in the summative mass closure 

and the obtained values were used when needed in the subsequent calculations of this work. 
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a) 

 
b) 

 
Fig 4. Chromatograms to interpreter results on xylan and arabinan concentration. a) All 

carbohydrate components in a single standard. b) Xylan and arabinan appear as a single 

peak. 
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CHAPTER III 

PRETREATMENT  

 

3.1. Experimental  design 

 

It has been shown that strategic variables in lime pretreatment of biomass are 

temperature, time, oxidation, lime concentration, and water loading (Kim, 2004; Chang, 

1999; Granda, 2004). On that basis, the experimental conditions for this study were 

selected as follows: 

 

3.1.1. Oxidizing agent 

 

Air and compressed oxygen are abundant worldwide. Granda (2004) compared them as 

oxidizing agents in long-term lime pretreatment. He reported that both air and pure oxygen  

have an important effect on lime pretreatment, enhancing significantly the delignification 

of lime pretreated bagasse at 57ºC for 2 months, with a minor difference between the two.   

However, this difference could be more important if the temperature is increased 

because the partial pressure of oxygen in the air (thus its concentration) inversely depends 

on temperature. The percentage of diminution of the oxygen concentration in the air at 

temperatures greater than 50°C with respect to the concentration of oxygen in the air at 

25°C was calculated and is presented in Table 5. (The equations used to obtain these results 

are summarized in Appendix E.) 

The concentration of oxygen in the air is only about 15% lower at 57ºC than it would 

be if the air were 25ºC. The decrease of oxygen concentration could be considered small 

for temperatures up to 65ºC (Table 5). Additionally, the economics of the process 

obviously favor oxidation with air. Accordingly, air was selected as the oxidizing agent in 

this study. Its effect was controlled as present or absent. 
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Table 5 

Percentage of decrease of oxygen concentration in the air at temperature T (ºC)  

compared to what it would be if it were 25ºC(*). 

Temperature 
(ºC) 

Saturation
Pressure 

(kPa) 

Vapor 
Pressure 

(kPa) 

Oxygen 
molar 

fraction 

Decrease of 
oxygen 

concentration 
 (%) 

25 3.17 1.901 0.203 0.000 

50 12.35 7.409 0.184 9.352 

55 15.76 9.454 0.177 12.826 

57 17.85 10.709 0.173 14.956 

60 19.94 11.964 0.169 17.086 

65 25.03 15.018 0.158 22.272 

70 31.19 18.714 0.145 28.547 

75 38.58 23.148 0.130 36.076 

80 47.39 28.434 0.112 45.052 

85 57.83 34.698 0.090 55.688 

90 70.14 42.084 0.065 68.229 
 

(*) Saturated air (100% humidity) and standard atmospheric pressure 101,325 Pa. 
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3.1.2. Temperature 

 

Corn stover (Kim, 2004) and bagasse (Granda, 2004) have been pretreated with lime 

for periods of several weeks at temperatures ranging from room temperature (RT) to 57ºC. 

Woody biomass is more recalcitrant to pretreatment than other types of biomass, 

consequently, it necessary to attack the lignin more severely, trying to avoid the 

degradation of carbohydrates as much as possible.  

Increasing the temperature, could be the key to accomplish this purpose. Accordingly, 

the equipment and materials that set out the reactor system, (explained in the next section) 

were carefully tested at 65ºC and this temperature was found experimentally attainable. 

The diminution of the oxygen concentration in the air at 65ºC, calculated as 23% with 

respect to what it would be if the air were at 25ºC (Table 5), was initially presumed 

negligible. The results of experimentation would support or undermine this assumption. 

Therefore, the temperatures studied are the following: 25 (room temperature), 35, 45, 55 

and 65ºC.  

 

3.1.3. Time 

 

Corn stover and bagasse  submitted to one week of lime pretreatment showed important 

delignification (Kim, 2004; Granda, 2004). After this time, the delignification significantly 

slowed. Also, the optimum sugar yields were found at about 4 weeks of oxidative 

pretreatment at 55ºC. Based on this information, four time periods were chosen for this 

study: 0 (or raw biomass), 1, 2 and 4 weeks.  

 

3.1.4. Lime loading and water loading 

 

Lime consumption was found to be less or equal to 0.1 g lime/g dry biomass for 4 

weeks of lime pretreatment in the oxidative condition at 55ºC (Kim, 2004). However, to 

determine accurately the lime consumption, and maintain high pH, a great excess of lime 

was used (i.e., 0.5 g lime/g dry biomass). After pretreatment, the remaining lime was 

titrated with 5-N HCl and the actual lime consumption was calculated. 
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Water loading, on the other hand, has no important effect on lime pretreatment as long 

as it is maintained at least at 9 to 10 g water/g dry biomass. Therefore, this water loading 

was used. The experimental conditions for pretreatment are summarized in Table 6. 

 

3.2. Reactor system 

 

The long-term lime pretreatment of poplar wood was performed in packed-bed reactors, 

made using PVC pipe (diameter 1 in, length 17 in, Fig. 5). To maintain the desired 

operation temperature (i.e., 25, 35, 45, 55, and 65°C) the reactors were jacketed with a 

larger diameter (diameter 2 in, length 15 in) PVC pipe and water was pumped (centrifugal 

pump, ¾ hp, TEEL, USA) from a temperature controlled tank (8-gallon, Nagalene Co, 

USA). 

The temperature control system included the following main parts: a temperature 

controller (PXV3 series Fuji Electric), a thermocouple (KTSS-18G-18, Omega), a heating 

element (1.5 kW, 120 V), and a solid-state relay (RSSDN-25A, Idec Co.). 

Forty of these reactors were attached to a metal frame using clamps. They were 

separated into five groups of eight reactors each, allowing the pretreatment at all 

temperatures, oxidative and non-oxidative run simultaneously (Fig. 6). Compressed air, 

previously scrubbed of carbon dioxide  was  preheated  to  the  reaction  temperature  and 

saturated with air. It was continuously bubbled into four of the eight reactors corresponding 

to each temperature, at a flow rate of about 3.5 mL/min. Compressed nitrogen gas (Praxair 

Co, College Station, TX), previously preheated to the operation temperature and saturated 

with water, was continuously bubbled into the four remaining reactors at a flow rate of 

about 3.5 mL/min. 

To scrub carbon dioxide, the compressed air was passed through a lime-water slurry. 

To preheat and saturate the air and nitrogen, they were passed through a water column 

immersed in the temperature-controlled tank. 

The gasses entered the reactors through an inlet located at the bottom and exited at the 

top. The gas flow was measured using a Fisherbrand 50-mL plastic centrifuge tube, half 

full of water, at the top end.  The flow rate was controlled by clamps in the inlet and was 

measured as number of bubbles in the centrifuge tube per second.  
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                   Table  6  

                   Experimental conditions for pretreatment 

Varible Conditions tested 

Oxidation Air present – Air absent 

Temperature 25, 35, 45, 55 and 65ºC 

Pretreatment time 0 (raw biomass), 1, 2 and 4 weeks 

Lime loading 0.5 g Ca(OH)2/g dry biomass (excess) 

Water loading 10 g water/g dry biomass 
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Fig. 5. Schematic diagram of the lime pretreatment reactor. 

 

 

 

 

 

 



  

29Fig. 6. Schematic diagram of a set of eight reactors in the reactor system for lime pretreatment 
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The diameter of the bubbles was 3.5 mm, thus two to three bubbles per second would 

be about 2.7 to 4.0 mL/min. 

Because there were eight reactors for each temperature, it was possible to run two 

different pretreatment times simultaneously at all temperatures using both oxidative and 

non-oxidative conditions, in two separate reactors (duplicates). Pictures and details of the 

whole reactor system are shown in Fig. 7. 

 

3.3. Pretreatment method 

 

When the reactor system was operating properly (see Appendix F for starting up 

procedure), and the reactor temperature was steady at the desired value, a mixture of 15 g 

of biomass (dry weight), with 7.5 g of lime (calcium hydroxide, certified) and 150 g of 

distilled water was charged into each reactor and the gasses flow rate was adjusted to about 

2.7 to 4.0 mL/min. (i.e., two to three bubbles per second). Regular and consistent 

monitoring of the reactor system was performed during the pretreatment time.  

Once the pretreatment time was completed, the mixture in the reactors was transferred 

to a 1-L centrifuge bottle (Fisherbrand, polyethylene). Distilled water (about 500 mL) was 

used to carefully rinse and move all the solids from the reactor to the centrifuge bottle. 

Future sections will describe how the contents of the centrifuge bottle were treated. 
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                 a) 

 
b) 

 

c) 

 
 

 
 

d) 

 
 
 

e) 

 

Fig. 7. Reactor system. a) Complete system. b) Reactors at 55 and 65ºC were coated with 
insulating material. c) Temperature controller. d) Flow rate of gasses measured as 
bubbles per second. e) Bottle with lime slurry to scrub CO2 in the air. 
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CHAPTER IV 

PRETREATMENT, HYDROLYSIS, AND OVERALL YIELDS 

 

Pretreatment yields, hydrolysis yields, and overall yields will be discussed in the 

following chapters. An illustration of the general definitions of these yields is presented in 

Fig. 8. In general, pretreatment yields specify how much of the component (i.e., lignin, 

glucan or xylan) in the raw biomass was found in the pretreated biomass, thus they assess 

pretreatment. Hydrolysis yields specify how much glucan or xylan present in the pretreated 

biomass was found after saccharification (i.e., enzymatic hydrolysis), thus they assess 

saccharification. Overall yields indicate how much glucan or xylan present in the untreated 

biomass were found after pretreatment and enzymatic hydrolysis, thus they assess the 

combined effect of the two operations.  

More specifically, lignin, glucan, and xylan fractionate during pretreatment generating 

two parts each as illustrated in Fig. 9. In the case of lignin these parts are Al and Cl. In the 

case of glucan one part is Ag + Bg and the other part is Cg. In the case of xylan one part is 

Ax + Bx and the other part is Cx. Other components of biomass are also fractionated into 

two parts (Ao and Co). 

Changes that may occur (if any) in lignin or other components of biomass during 

enzymatic hydrolysis are not assessed, but it is important to account for the two parts in 

which glucan and xylan fractionate during this operation. These are Ag and Bg for glucan 

and Ax and Bx for xylan. Thus, using the nomenclature established in Fig. 9, and the 

general definitions specified above, several yields can be defined as follows: 

 

Pretreatment yield (also named recovery yield of total mass or yield of total solids): 

D
BxBgAoAlAxAgYp

+++++
=≡

biomass raw g 100
biomass pretrated g  

 

Pretreatment yield of lignin: 

ClAl
AlYL +

=≡
biomass rawin lingin  g 100

ntpretreatmeafter  remaininglignin  g  
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 Fig. 8. Schematic definitions of pretreatment yield, hydrolysis yield and overall yield 
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*D: Total dry weight of biomass 

 

Fig. 9. Nomenclature and definition of fractions used to calculate pretreatment yield, 

hydrolysis yield, and overall yield. 

 

 

Ao Co
Remaining after pretreatment    Solubilized during pretreatment

   Al     Cl
               Remaining after   Solubilized during
                pretreament       pretreatment

   Ax    Bx     Cx
         Solubilized  Solubilized
            during  Undigested     during
 enzymatic hydrolysis pretreatment

  Ag     Bg     Cg

         Solubilized  Solubilized
            during    Undigested     during
 enzymatic hydrolysis pretreatment

Glucan

Xylan 

Lignin 

Extrac. 
Acetyl 
Ash 

Xylan recovered after pretreatment 

Glucan recovered after pretreatment 

D*
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Accordingly, the fraction of lignin removed during pretreatment is:  

1- YL
ClAl

Cl
+

=  

 

Pretreatment yield of glucan (cellulose): 

CgBgAg
BgAgYG ++

+
=≡

biomass rawin glucan  g 100
ntpretreatmeafter  recoveredglucan  g  

 

Pretreatment yield of xylan (hemicellulose): 

CxBxAx
BxAxYX ++

+
=≡

biomass rawin  xylan g 100
ntpretreatmeafter  recovered xylan g  

 

Hydrolysis yield of glucan (cellulose): 

BgAg
AgYg +

=≡
biomass in treatedglucan  g 100

hydrolyzedglucan  g  

 

Hydrolysis yield of xylan (hemicellulose): 

BxAx
AxYx +

=≡
biomass in treated xylan g 100

hydrolyzed xylan g  

 

Overall yield of glucan (cellulose): 

CgBgAg
AgY g

T

++
=≡

biomass rawin glucan  g 100
cationsaccharifi andnt pretreatmeafter  obtainedglucan  g  

 

Overall yield of xylan (hemicellulose): 

CxBxAx
AxY x

T

++
=≡

biomass rawin  xylan g 100
cationsaccharifi andnt pretreatmeafter  obtained xylan g  

 

Two important notes follow: 

 

1. Pretreatment yields, hydrolysis yields, and overall yields are related as follows: 



 

 

36

 

gGg
T YYY ×=  

xXx
T YYY ×=  

 

2. The hydrolysis reactions are 

 

[ ] 612625106 OHCOHOHC ⋅→⋅+ nnn  

Cellulose (glucan)                  Glucose 

Mw=162.2                          Mw=180.2 

 

[ ] 51052485 OHCOHOHC ⋅→⋅+ nnn  

Xylan                           Xylose 

Mw=132.1                          Mw=150.1 

 

Thus, monomeric sugars (i.e., xylose and glucose) can be expressed as polymeric 

sugars (i.e., glucan and xylan) using a conversion factor obtained from the hydrolysis 

reactions:  

glucan = glucose
2.180
2.162

×  

xylan = xylose
1.150
1.132

×  

 
These conversion factors are used to express Ag and Ax as polymeric carbohydrates and 

maintain consistency in the definitions of yields, even though they are actually soluble 

(monomeric) sugars. 
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CHAPTER V 

LIME CONSUMPTION 

 

5.1. Lime mode of action 

 
The structure of lignin is modified by the presence of an alkali making it more soluble. 

This modification occurs as follows: first, the lignin is degraded into smaller units by 

cleaving interunit linkages, and then, hydrophilic groups (e.g., OH-) are introduced into the 

polymer and cleaved fragments. 

Alkaline delignification is accompanied to varying extents by degradation of the 

carbohydrate constituents (i.e., cellulose and hemicellulose). One type of reaction that is 

responsible for this degradation (peeling reaction) may lead to considerable losses in sugars 

yield.  The peeling reaction continues in carbohydrates until the introduction of a carboxyl 

group at the reducing end. This stopping reaction stabilizes the carbohydrate against further 

peeling. 

The function of oxygen in delignification operations is to target lignin removal (Fig. 

10). Unfortunately, oxygen delignification reactions are not sufficiently selective to 

preserve the carbohydrate fraction of the biomass.  

The cations Ca+ are deposited in the cellulose matrix in the form of calcium carbonate. 

This statement was confirmed by López (2000) using scanning electron microscopy, X-ray 

microanalysis, Fourier-transform infrared spectroscopy, and thermogravimetric analysis. 

The CO2 for this reaction may come from complete oxidation of cellulose and 

hemicellulose.  

 

5.2. Materials and methods 

 

Lime consumption was determined by neutralization with 5-N certified HCl (Appendix 

G). This procedure is usually very slow, therefore it was necessary to verify that there were 

no further changes in pH for a minimum period of 1 h. The salts obtained due to 

neutralization of the pretreated biomass slurry did not affect subsequent analysis because 
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Fig. 10. The salient chemical structural units associated with lignin in woody tissue. 

(© 2001 IUPAC, Pure and Applied Chemistry 73, 2059–2065) 
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after neutralization the biomass was washed (Appendix G).  During the washing procedure, 

all liquid-phase components were removed. Accordingly, any neutralizing agent whose 

calcium salts are completely soluble in water (e.g., CaCl2) would have been suitable for this 

procedure. Because the lime was loaded in great excess, and the pH after pretreatment is 

very high (≥12), a moderately concentrated strong acid (i.e., 5-N HCl) was preferred. It is 

important to monitor the pH during the washing procedure that follows neutralization, 

because it is possible to observe changes in the pH and further neutralization may be 

required. 

 

5.3. Results and discussion 

 

The results presented here show lime consumption after neutralization and washing 

without checking for pH changes during the washing procedure. It was later found, that the 

pH of the washed biomass may have increased again when washing and more 

neutralization and washing may have been required. Consequently, it appears that in these 

results, the lime consumption was overestimated. 

Lime consumption shows a strong dependence on the pretreatment time, temperature, 

and oxidative condition. In general, more lime was consumed at higher temperatures, in the 

oxidative condition, and for longer periods of pretreatment (Figs. 11 and 12). The highest 

lime consumption was about 0.2 g lime/g dry biomass and was obtained for poplar wood 

pretreated with air at 65ºC and 55ºC for 4 weeks. The rate of lime consumption decreased 

with time. The fastest lime consumption was recorded during the first week of 

pretreatment; after that, the lime consumption slowed. 

The highest lime consumption in the non-oxidative pretreatment was obtained for 4 

weeks of lime pretreatment at 65ºC, and was about 0.1 g lime/g dry biomass. This value is 

half what is obtained for the analogous pretreatment at the oxidative condition, which 

shows the important effect of oxygen in pretreatment. 

Because lime acts as a reactant in the delignification reactions, lime consumption 

should be a rough indication of how much deliginification was achieved (Fig. 13). (The 

variable used to measure delignification is the fraction of lignin removed defined on page  

35).  
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Fig. 11. Lime consumption as a function of pretreatment time and temperature.  

 a) Oxidative. b) Non-oxidative. 
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Fig. 12. Lime consumption along pretreatment time at a) 25, b) 35, c) 45, d)55, and  

e) 65ºC in the oxidative and non-oxidative conditions. 
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Fig. 12. Continued. 
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Fig. 12. Continued 
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Fig. 13. Delignification as a function of lime consumption in the oxidative and  

non-oxidative conditions. 
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However, the relationship between these 2 variables was not very strong and in the non-

oxidative condition, the fraction of lime consumed varied very poorly with fraction of 

lignin removed. For the oxidative condition, the relationship is better but the R-squared is 

low (R2 = 0.51). 

 

5.4. Conclusions 

 

Lime consumption presented a strong, directly proportional dependency on 

pretreatment time and temperature. However, the rate of lime consumption (i.e., the slope 

of the lime consumption vs pretreatment time) decreased with time for all temperatures and 

for oxidative and non-oxidative conditions.  Lime consumption is higher in the oxidative 

conditions for all temperatures. The relationship between lime consumption and extent of 

delignification was not clearly observed. 
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CHAPTER VI 

CHANGES IN COMPOSITION OF POPLAR WOOD CAUSED BY LIME 

 PRETREATMENT 

 
 

6.1. Introduction 
 

A complex mixture of products are produced during the oxidative lime pretreatment of 

biomass (Montgomery 1953; Klinke et al., 2002). Degradation reactions of cellulose and 

hemicellulose may be limited by the formation of D-glucometasaccharinate and D-

xylometasaccharinate, respectively, which terminate or ‘cap’ the reactions. However, there 

is evidence of degradation to carbon dioxide (Klinke et al., 2002). In fact, calcium 

carbonate salts have been found in deposits that modify the surface of bagasse submitted to 

oxidative lime treatment  (López et al., 2000). 

Experiments show that although the degradation reactions are known to occur, sugars 

are acceptably preserved during oxidative lime treatment. Therefore, it has been 

hypothesized that carbonate salts protect cellulose by forming insoluble carbonate deposits 

in the places where there has already been degradation, thus forming a protective layer that 

prevents further attack of carbohydrates (Robert et al., 1968). 

All these reactions and events promote compositional changes in the biomass submitted 

to oxidative lime pretreatment in an extent that is subjected to the type of biomass under 

pretreatment. Indeed, there are data on the difficulty of penetrating  oxygen into wood 

chips as compared to other lignocellulosic sources, such as bagasse (Nagieb et al., 2000; 

Trivedi and Murthy, 1982). 

Consequently, a conscious and complete analysis of the compositional changes during 

long-term lime pretreatment is needed to clarify the effectiveness of this type of 

pretreatment in more recalcitrant  biomass, such as poplar wood. This is task is assessed in 

this section. 
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6.2. Materials and methods 

 

After pretreatment (see pages 23 to 31), the contents of the reactors were transferred to 

a 1-L centrifuge bottle (Fisherbrand, polyethylene). The biomass slurry in the centrifuge 

bottle was neutralized (Appendix G), washed and filtered (Appendix H), and slowly air 

dried for a period of 4 days. The moisture content obtained this way was 12% or less. 

Poplar wood was then submitted to the following analysis:  

1. Determination of recovery yield of total mass (definition on page 32, experimental 

procedure on Appendix H). 

2. Determination of extractives performed by exhaustive Soxhlet extraction (Appendix 

B). 

3. Determination of structural carbohydrates, lignin, and acetyl content realized after a 

two-step acid hydrolysis of biomass followed by UV/vis spectroscopy, gravimetric 

analysis, and HPLC analysis (Appendix C). 

4. Determination of ash (Appendix D). 

A brief explanation of most of these procedures can be found on 24s 24 to 26. A 

detailed explanation is found in the corresponding appendixes. 

 

6.3. Recovery yield of total mass  

 

The equation to calculate the recovery yield of total mass, also known as pretreatment 

yield (Yp) or yield of total solids, was established on page 32. It indicates how much 

biomass was solubilized due to pretreatment. Some of the results are surprisingly low or 

high, which is due to the great variability inherent in biomass (Table 7), however, the 

general tendency is for high temperatures, long pretreatment times, and the presence of an 

oxidative agent to favor solubilization. Overall, the rate of solubilization decreased along 

time at all temperatures and particularly in the oxidative condition.  
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Table 7 

Variation of the recovery yield of total mass with pretreatment time for all 

temperatures, oxidative and non-oxidative condition 

 

     

Pretreatment 
Condition 

Pretreatment time 
(weeks) 

Temperature 
(ºC) Oxidative 1 

 
2 4 

25  Yes 87.29 

 

83.16 74.69 

35  Yes 84.71 

 

84.58 76.84 

45 Yes 76.40 

 

84.92 80.63 

55  Yes 84.13 

 

82.66 71.92 

65  Yes 80.72 

 

66.61 70.56 

25  No 81.59 

 

86.44 86.59 

35  No 85.22 

 

87.71 84.85 

45  No 81.50 

 

87.72 79.70 

55  No 81.33 

 

86.79 75.13 

65  No 79.19 

 

82.79 83.34 
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6.4. Mass balances 

 

The composition of the biomass after pretreatment was determined, as explained 

previously, and summative mass closures were performed for each pretreatment condition. 

The results are summarized in Figs. 14 to 18. The presentation of the results in this format 

has the advantage that all results are easily read at a glance and also that the rate of 

component removal can be drawn as the slope of the lines. 

All components (but ash) solubilized during pretreatment. The extent of solubilization 

depended strongly on the component and the pretreatment conditions. Almost all acetate 

was removed within the first week regardless of the pretreatment condition (the acetyl 

content after 1 or more weeks or pretreatment was < 0.1 g acetyl/100 g raw biomass). Other 

components such as lignin, extractives, glucan, xylan, and mannose were removed slower 

showing the fastest rate of solubilization during the first week (first and second week for 

65ºC oxidative pretreatment) and solubilizing at slower rates after that. 

Analogous pictures are found in previous studies of long-term lime pretreatment  (Kim, 

2004; Granda, 2004) of other types of biomass (i.e., corn stover and bagasse), but 

apparently,  the rate of component removal, particularly lignin during the first week was 

greater. A more in-depth discussion of the results obtained in previous studies compared to 

what was obtained in this study, is found through the remainder of this chapter. 

Delignification models for woody biomass are widely available, however, a comparison 

very meaningful in the context of this study follows: when comparing the delignification 

models of woody biomass (western hemlock wood) treated with sodium hydroxide under 

non-oxidative conditions (Dolk et al., 1989), with those obtained for corn stover (Kim, 

2004), the activation energy and the Arrhenius constant were higher by a factor of about 4 

and 3 respectively. This suggests that alkaline delignification of corn stover is easier to 

achieve than that of poplar wood. A delignification model for poplar wood pretreated with 

biomass would further substantiate or discharge this conclusion. 
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Fig. 14. Summative mass closure for poplar wood pretreated at 25ºC,  a) oxidative, 

b)  non-oxidative. 
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Fig. 15. Summative mass closure for poplar wood pretreated at 35ºC,  a) oxidative, 

b) non-oxidative. 
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Fig. 16. Summative mass closure for poplar wood pretreated at 45ºC,  a) oxidative, 

b) non-oxidative. 



 

 

52

0

20

40

60

80

100

0 1 2 3 4

Pretreatment Time (weeks)

W
ei

gh
t F

ra
ct

io
ns

 o
f C

om
po

ne
nt

s 
   

///
   

   
   

(g
/1

00
 g

 ra
w

 b
io

m
as

s)
   

   
   

///

Glucan

Xylan & Mannan

Ash, Extractives, 
Lignin & Acetyl

Solubilized

a)

 

0

20

40

60

80

100

0 1 2 3 4

Pretreatment Time (weeks)

W
ei

gh
t F

ra
ct

io
ns

 o
f C

om
po

ne
nt

s 
   

///
   

   
   

(g
/1

00
 g

 ra
w

 b
io

m
as

s)
   

   
   

///

Glucan

Xylan & Mannan

Ash, Extractives, 
Lignin & Acetyl

Solubilized

b)

 
Fig. 17. Summative mass closure for poplar wood pretreated at 55ºC, a) oxidative, 

b) non-oxidative. 
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Fig. 18. Summative mass closure for poplar wood pretreated at 65ºC,  a) oxidative, 

b) non-oxidative. 
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6.5. Pretreatment yields of cellulose (YG) and hemicellulose (YX) 

 

The defining equations and nomenclature for these two yields are explained on pages 

32 to 37. glucan and xylan were fully preserved up to the second week of pretreatment 

(first week for 65ºC) in both the oxidative and non-oxidative conditions. After that, 

carbohydrate yields (YG and YX) decreased depending on the oxidative condition as well as 

on temperature. The highest carbohydrates degradation was observed for 4 weeks of 

pretreatment at 55 and 65ºC and in the oxidative condition. In general, cellulose (glucan) 

was more preserved than hemicellulose (xylan). 

The lowest pretreatment yield of glucan (YG) was reported as 86 g glucan 

recovered/100 g glucan in raw biomass and was obtained for poplar wood pretreated for 4 

weeks at 55 and 65ºC in oxidative condition. Kim (2004) reported 93 g glucan 

recovered/100 g glucan in raw biomass for lime pretreated corn stover at 55ºC and in 

oxidative condition. The lowest pretreatment yield of xylan (YX) was reported as 67 g 

xylan recovered/100 g xylan in raw biomass and was obtained for poplar wood pretreated 

for 4 weeks at 55ºC and oxidative condition. Comparing this result with that obtained for 

corn stover lime pretreated at 55ºC and oxidative conditions (Kim, 2004), where the yield 

was 72 g xylan recovered/100 g xylan in raw biomass, no appreciable differences are 

observed. The cellulose and hemicellulose yields of each of the conditions tested in this 

study, are summarized in Figs. 19 to 23. 
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6.6. Delignification 

  

Because the independent variable is time, the slope of the function Pretreatment yield 

of lignin vs pretreatment time is the lignin degradation rate. In all pretreatment cases, the 

fastest lignin degradation rate (i.e., higher slope) was observed during the first week of 

pretreatment, after that, lignin degradation continued at slower rates and more in oxidative 

than in non-oxidative conditions. The effect of temperature on delignification was 

important, and more lignin was removed at higher temperatures. The lignin yields YL 

obtained for all pretreatment conditions are summarized in Fig. 24.  

The greatest pretreatment yield of lignin was observed for the 65ºC oxidative 

pretreatment. It was 54 g lignin remaining/100 g lignin in raw biomass. Kim (2004) 

reported pretreatment yield of lignin in corn stover submitted to 4 weeks of lime 

pretreatment at 55ºC and oxidative condition of about  30 g lignin remaining/100 g lignin 

in raw biomass. This value is a little more than half of the value found in this study. 

Therefore, through these measurements, it is clear that woody biomass is significantly 

harder to delignify than herbaceous biomass. However, lignin removal accounted for most 

of the solubilization in long-term lime pretreatment of poplar wood. Furthermore, the 

recovery yield of total mass (Yp) was linearly related with residual lignin, as shown in Figs.  

25 to 29. 

 

 

 

 

 

 

 

 

 



 

 

56

0

20

40

60

80

100

120

0 1 2 3 4

Pretreatment Time (weeks)

Pr
et

re
at

m
en

t Y
ie

ld
 o

f G
lu

ca
n 

(Y
G

) 
///

/

a)

Oxidative
Non-Oxidative

g 
 g

lu
ca

n
re

co
ve

re
d

10
0 

g 
gl

uc
an

in
 ra

w
 b

io
m

as
s

g 
 g

lu
ca

n
re

co
ve

re
d

10
0 

g 
gl

uc
an

in
 ra

w
 b

io
m

as
s

 

0

20

40

60

80

100

120

0 1 2 3 4

Pretreatment Time (weeks)

Pr
et

re
at

m
en

t Y
ie

ld
 o

f X
yl

an
 (Y

X
)  

  /
///b)

Oxidative

Non-Oxidative

g 
 x

yl
an

re
co

ve
re

d
10

0 
g 

xy
la

n
in

 ra
w

 b
io

m
as

s
g 

 x
yl

an
re

co
ve

re
d

10
0 

g 
xy

la
n

in
 ra

w
 b

io
m

as
s

 
Fig. 19. a) Cellulose and b) hemicellulose yields of poplar wood pretreated at 25ºC. 
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Fig. 20. a) Cellulose and b) hemicellulose yields of poplar wood pretreated at 35ºC. 
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Fig. 21. a) Cellulose and b) hemicellulose yields of poplar wood pretreated at 45ºC. 
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Fig. 22. a) Cellulose and b) hemicellulose yields of poplar wood pretreated at 55ºC. 
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Fig. 23. a) Cellulose and b) hemicellulose yields of poplar wood pretreated at 65ºC. 
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Fig. 24. Fraction of lignin remaining after pretreatement   a) 25,  b) 35,  c) 45,  d) 55,  e) 

65˚C. 
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Fig. 24. Continued 
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Fig. 24. Continued 
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Fig. 25. Calculation of delignification selectivity at 25ºC. a) Oxidative. b) Non-oxidative. 
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Fig. 26. Calculation of delignification selectivity at 35ºC. a) Oxidative. b) Non-oxidative. 
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Fig. 27. Calculation of delignification selectivity at 45ºC. a) Oxidative. b) Non-oxidative. 
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Fig. 28. Calculation of delignification selectivity at 55ºC. a) Oxidative. b) Non-oxidative. 
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Fig. 29. Calculation of delignification selectivity at 65ºC. a) Oxidative. b) Non-oxidative. 
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The slope of the lines in Figs. 25 to 29 represents the delignification selectivity. More 

specifically, delignification selectivity (S) is defined as:  

Y
LS

Δ
Δ

≡  

where ∆L is the decrease in lignin corresponding to ∆Y decrease in yield. 

This slope was calculated in Microsoft Excel® using the linear regression trendline 

option (all equations are presented in the plots). The R-squared values were greater than 

80% in most of the cases, showing good fit with the linear models. 

The delignification selectivity for the oxidative condition increased with temperature 

and showed the greatest value for 65ºC, thus, the delignification selectivity in the oxidative 

contidition may be enhanced by higher temperatures. However, in the non-oxidative 

condition, the selectivity did not show any improvement with increasing temperature (Fig. 

30).  

In Fig. 31, the pretreatment yield of lignin is related to the pretreatment yield of glucose 

and the pretreatment yield of xylose. Data show high variability, however, because the R-

squared value is higher in the case of the pretreatment yield of xylose, a linear model 

appear to be more appropriate than in the case of pretreatment yield of glucose. No 

conclusive statements can be made, because the R-squared values are very small, however, 

a more strong relationship between the pretreatment yield of lignin and the pretreatment 

yield of xylan was expected due to the chemical bonding between lignin and hemicellulose 

in the biomass matrix. Nevertheless, it is clear that the oxidative condition influences more 

both the pretreatment yield of lignin and pretreatment yield of xylan than the non-oxidative 

condition does. 

 

6.7. Repeatability 

 

All the results reported in this chapter were obtained as an average of several 

measurements. At least duplicates taken from the same batch of pretreated material were 

analyzed in different days to assure repeatability. 
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Fig. 30. Selectivity as a function of temperature and oxidative condition. 
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Fig. 31. Relation between pretreatment yield of lignin and pretreatment yield of 

carbohydrates. a) Cellulose case. b) Hemicellulose case. 

 



 

 

72

 Furthermore, in the case of 4-week pretreatment, not only the analytical measurements 

were repeated but also the pretreatment itself in all conditions of oxidation and 

temperatures. 

In the cases were the scales in the graph allow an error bar to be seen, it was plotted. 

For these and all other cases, the averages of the results and their respective standard 

deviation are presented in Appendix L. 

 

6.8. Conclusion   

 

Delignification and sugar degradation were the major contributors to the solubilization 

of  biomass during pretreatment; however, the level of delignification of poplar wood after 

4 weeks of oxidative pretreatment at mild temperatures was small compared to the results 

obtained after 4 weeks of lime pretreatment of other lignocellulose sources (Kim, 2004; 

Granda, 2004). 

The acetyl removal was complete during the first week of pretreatment. The 

preservation of sugars was well accomplished. The impact of these results on the overall 

effectiveness of the long-term lime pretreatment of poplar wood must be determined by 

measuring enzymatic hydrolysis yields. 
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CHAPTER VII 

ENZYMATIC HYDROLYSIS 

 

7.1. Introduction 

 

In the traditional process of converting biomass to ethanol (Fig. 1), the pretreated 

biomass is hydrolyzed through the synergistic action of a complex mixture of enzymes to 

produce soluble monosacharides (glucose, xylose, arabinose, and mannose). 

Several biomass features are considered important in effecting enzymatic digestibility: 

lignin content, the presence of acetyl groups, cellulose crystallinity, degree of 

polymerization, surface area/pore volume of cellulose fiber, and particle size (Converse et 

al., 1990; Sewalt et a.l, 1997; Wong et al., 1988). The focus of the pretreatment step is to 

methodically change these key features favoring enzymatic hydrolysis; however, 

researchers have reported conflicting results regarding the relationship between the features 

mentioned above and enzymatic hydrolysis yields. Attempts have been made to develop 

mathematical models that relate the chemical composition and physical characteristics of 

biomass with its enzymatic yields (Walseth, 1952; Sullivan, 1959; Mansfield et al., 1999; 

Chang and Holtzapple, 2000; Kong et al., 1992; Lee and Fan, 1982 O’Dwyer, 2005; Zhu, 

2005). Unfortunately, even though these studies have been conducted since the 1950s, there 

is not a conclusive, uniform result available. 

The effectiveness of a pretreatment is often reported in terms of enzymatic digestibility 

rather than in terms of the chemical composition and physical characteristics of the biomass 

after pretreatment. Accordingly, this study includes exploratory research of enzymatic 

hydrolysis of long-term lime pretreated poplar wood as a tool to assess the pretreatment 

performance. 

Efficient hydrolysis of lignocellulosic biomass requires the cooperative action of three 

types of enzymes collectively termed “cellulase”: cellobiohydrolases (1,4-β-D-glucan 

cellobiohydrolase, exoglucanase), endoglucanases (endo-1,4-β-D-glucan 4-

glucanohydrolase), and cellobiase (β-glucosidase). According to the widely accepted view, 

cellobiohydrolases act as exoglucanases, releasing cellobiose as the main product by 

attacking both the reducing and the non-reducing ends of the cellulose chain, 
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endoglucanases cleave glycosidic bonds randomly along the cellulose chains, producing 

new binding sites for the cellobiohydrolases, and β-glucosidase hydrolyzes cellobiose to 

glucose and removes glucosyl residues from the nonreducing end of the soluble 

cellooligosaccharides (Medve et al., 1998; Srishdsuk et al., 1998). 

 

7.2. Materials and methods  
 

After pretreatment, in all conditions specified in Table 6, the biomass was neutralized 

(Appendix G), washed (Appendix H), and stored wet in the freezer at –20ºC. This biomass 

and the untreated biomass were the substrates for the enzymatic hydrolysis. The enzyme 

used, provided by NREL, was Spezyme ® CP Genecor® Cellulase,  lot # 301-04075-054. 

It had an average activity of 59 FPU/mL as measured by NREL Standard Procedure 

“Measurement of Cellulase Activities”  (FPU is defined on Appendix J) 

Genecor International Inc., the company that produces the enzyme, reported enzyme 

activity of 82 GCU/g (minimum), where GCU stands for Genecor Cellulase Units. Their 

assay measures the amount of glucose released during the incubation of enzyme solution 

with a specified type of filter paper at 50ºC in 60 minutes and is compared against an 

internal standard. 

Also, NREL reported that the enzyme has a protein content of 123 mg/mL measured 

using the BCATM protein assay which is a detergent-compatible formulation based on 

bicinchoninic acid (BCA) for the calorimetric detection and quantification of protein. 

 According to Coward-Kelly et al. (2003), the NREL assay used to measure enzyme 

activity lacks of precision due to inhibition of the enzyme by cellubiose. Thus, it is 

necessary to use a 0.5-mL supplemental cellobiase loading during this experiment to 

relieve cellobiose inhibition. This method is important because it allows accurate 

comparisons between enzyme cocktails with inherently different activity; however, it is not 

a standard used assay. Based on this assay, the true enzyme activity was measured as 92 

FPU/mL. To maintain uniformity with other members of the CAFI group, this last value 

was not used in any calculation and is referred to here for comparison purposes only.  
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The enzyme loading to make comparable data among all members of the CAFI group 

was chosen to be 15 FPU/g glucan in the raw biomass.  

In addition to Spezyme, β-glucosidase (Novozyme 188) activity 284 CBU/g 

(determined by Novo Nordisk Biochem) was added to complete the hydrolysis of 

cellobiose in an excess  loading of 60 CBU/g cellulose. 

The procedure to perform enzymatic hydrolysis was based on NREL Standard Method 

“Enzymatic saccharification of lignocellulosic biomass.” A brief explanation follows: The 

appropriate amount of thawed substrate was mixed with sodium citrate buffer and 

antibiotics (tetracycline and cycloheximide) to prevent changes in pH and to avoid 

microbial growth, respectively. Water was added to complete 10 mL of mixture and it was 

preheated at 50ºC in a rotary incubator (Amerex Instruments Inc, Laffayette, CA). The 

required quantity of enzymes to achieve a loading of 15 FPU/g glucan in raw biomass and 

60 CBU/g glucan was added to the preheated mixture and the enzymatic hydrolysis 

occurred for a period of 72 hours. The concentration of glucan and xylan was measured by 

HPLC analysis using Aminex HPX-87P column (BioRad USA) and RI detector 

(Schambeck, SFD GMBH). The details on this procedure are in Appendix I. 

 

7.3. Total yield and hydrolysis yield 

 

 The overall yields and hydrolysis yields have already been defined as (see Fig. 9 

and pages 35 and 36):  

Overall yield: 

YT
g CgBgAg

Ag
++

=   and   YT
x CxBxAx

Ax
++

=  

 

Hydrolysis yield: 

 Yg BgAg
Ag
+

=   and  Yx BxAx
Ax
+

=  
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They are related with the pretreatment yields of glucan and xylan (YG and YX  

respectively) as:  gGg
T YYY ×=   and  xXx

T YYY ×= . 

 

7.4. Results and discussion 
  

Conditions of the pretreatment such as time, oxidation, and temperature strongly 

affected the biomass enzymatic digestibility. Glucan and xylan hydrolysis yields 

consistently increased with time and temperature and were more significant for the 

oxidative condition. The results are summarized in Figs. 32 to 35. 

Figs. 36 to 41 show results for overall yields. Increase of temperature increased the 

yields, but for the overall yield of xylan almost no difference was observed between the 

oxidative and non-oxidative condition up to 55ºC. The effect of the oxidation was 

important for the overall yield of xylan at 65ºC and for all the overall yields of glucan. The 

most important overall yield of glucan was 80.7 g glucan hydrolyzed/100 g glucan in raw 

biomass (equivalent to a hydrolysis yield of 94.0 g glucan hydrolyzed/100 g glucan in 

treated biomass) and was obtained for the 4-week pretreatment at 65ºC and oxidative 

condition. Kim (2004) reported an overall yield of 91.3 g glucan hydrolyzed/100 g glucan 

in raw biomass for corn stover lime pretreated in oxidative condition for 4 weeks at 55ºC. 

Therefore, the results obtained in this study show that poplar wood is more recalcitrant than 

corn stover. This low hydrolysis yields result because a significant amount of lignin was 

not removed in the lime pretreatment.  

Presumably, the presence of large amounts of lignin interfere with the direct physical 

contact between enzyme and cellulose required to effectively accomplish enzymatic 

hydrolysis. However, the tendency is for digestibility to increase with pretreatment time 

and temperature. The rate is still significant because the slope in the plots of enzymatic 

hydrolysis yield vs pretreatment time is high. Consequently, further study must be 

completed for longer pretreatment times and higher temperatures. 

For xylan, the most important overall yield was 66.9 g xylan hydrolyzed/100 g xylan in 

raw biomass (equivalent to a hydrolysis yield of 83.5 g xylan hydrolyzed/100 g xylan in 

treated biomass) and was obtained for the 4-week pretreatment at 65ºC and oxidative 

condition.  
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Fig. 32. Hydrolysis yields of a) glucan and b) xylan for  pretreated poplar wood in 
oxidative and non-oxidative conditions at 25ºC. 
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Fig. 33. Hydrolysis yields of a) glucan and b) xylan for  pretreated poplar wood in 
oxidative and non-oxidative conditions at 35ºC. 
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Fig. 34. Hydrolysis yields of a) glucan and b) xylan for  pretreated poplar wood in 
oxidative and non-oxidative conditions at 45ºC. 
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Fig. 35. Hydrolysis yields of a) glucan and b) xylan for  pretreated poplar wood in 
oxidative and non-oxidative conditions at 55ºC. 
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Fig. 36. Hydrolysis yields of a) glucan and b) xylan for  pretreated poplar wood in 
oxidative and non-oxidative conditions at 65ºC. 

 
 
 
 



 

 

82

0

20

40

60

80

100

0 1 2 3 4
Pretreatment Time (weeks)

O
ve

ra
ll 

Y
ie

ld
 o

f G
lu

ca
n 

(Y
  T

g ) 
   

///

Oxidative
Non-Oxidative

g 
gl

uc
an

hy
dr

ol
yz

ed
10

0 
g 

gl
uc

an
in

 ra
w

 b
io

m
as

s
g 

gl
uc

an
hy

dr
ol

yz
ed

10
0 

g 
gl

uc
an

in
 ra

w
 b

io
m

as
s

a)

 

0

20

40

60

80

100

0 1 2 3 4

Pretreatment Time (weeks)

O
ve

ra
ll 

Y
ie

ld
 o

f X
yl

an
 (Y

  T
x )

 //
 

Oxidative
Non-Oxidative

b)

g 
xy

la
n

hy
dr

ol
yz

ed
10

0 
g 

xy
la

n
in

 ra
w

 b
io

m
as

s
g 

xy
la

n
hy

dr
ol

yz
ed

10
0 

g 
xy

la
n

in
 ra

w
 b

io
m

as
s

 
Fig. 37. Overall yields of a) glucan and b) xylan for  pretreated poplar wood in 
oxidative and non-oxidative conditions at 25ºC.  
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Fig. 38. Overall yields of a) glucan and b) xylan for  pretreated poplar wood in 
oxidative and non-oxidative conditions at 35ºC. 
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Fig. 39. Overall yields of a) glucan and b) xylan for  pretreated poplar wood in 
oxidative and non-oxidative conditions at 45ºC. 
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Fig. 40. Overall yields of a) glucan and b) xylan for  pretreated poplar wood in 
oxidative and non-oxidative conditions at 55ºC. 
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Fig. 41. Overall yields of a) glucan and b) xylan for  pretreated poplar wood in 
oxidative and non-oxidative conditions at 65ºC. 
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Interestingly, Kim (2004) reported a lower overall yield of 51.8 g xylan hydrolyzed/100 

g xylan in raw biomass for corn stover lime pretreated in oxidative conditions for 4 weeks 

at 55ºC. 

 

7.5. Conclusion 

The enzymatic digestibility (glucan and xylan yields) of long-term lime pretreated 

poplar wood is directly related to pretreatment variables such as time, oxidative condition, 

and temperature. The optimum pretreatment condition has not yet been determined, but it is 

expected to be a high-temperature, oxidative condition with pretreatment time of more than 

4 weeks.   
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CHAPTER VIII 

CONCLUSION AND FUTURE STUDIES 

 

Long-term lime pretreatment of poplar wood was evaluated at  25, 35, 45, 55, and 65ºC 

and pretreatment times of 0, 1, 2, and 4 weeks in oxidative and non-oxidative conditions.  

In general, oxidative pretreatment showed more sugar degradation but also more lignin 

removal than non-oxidative pretreatment. Xylan was less preserved than glucan and xylan 

degradation was more related with lignin removal. The most important pretreatment yield 

of lignin was 54 g lignin remaining/100 g lignin in raw biomass, and was accomplished for 

the 4-week lime pretreatment at 65ºC and oxidative conditions. The corresponding 

pretreatment yield of glucan was 85.9 g glucan recovered/100 g glucan in raw biomass and 

pretreatment yield of xylan was 80.2 g xylan recovered/100 g xylan in raw biomass. A 

lower pretreatment yield of xylan was observed for 4-week pretreatment at 55ºC. It was 

67.6 g xylan recovered/100 g xylan in raw biomass. 

The 3-day enzymatic hydrolysis, assessed with an enzyme loading of 15 FPU/g glucan 

in raw biomass, showed the most important overall yield and hydrolysis yield of glucan for 

the 4-week pretreatment at 65ºC.  The results were 80.7 g glucan hydrolyzed/100 g glucan 

in raw biomass corresponding to 94.0 g glucan hydrolyzed/100 g glucan in treated biomass 

respectively. The overall and hydrolysis yields of xylan for the same pretreatment condition 

were 66.9 g xylan hydrolyzed/100 g xylan in raw biomass and 85.3 g xylan hydrolyzed/100 

g xylan in treated biomass respectively. 

It is important to compare all these results with the results obtained in the study 

performed by Kim (2004) on corn stover, because in both of these studies, the biomass was 

submitted to the same pretreatment and the same assays and methodology of reporting 

results were used. The comparison is very meaningful and help to understand the 

adaptability of long-term lime pretreatment to different feedstocks. In the case of poplar 

wood, it was required more severe conditions of pretreatment, since it is harder to 

delignify, this feature motivated an increase of temperature up to 65ºC  in opposition to a 

highest temperature of 55ºC in the corn stover case. 

 For corn stover lime pretreated at 55ºC in oxidative conditions, Kim (2004) reported a 

higher overall yield of glucan (91.3 g glucan hydrolyzed/100 g glucan in raw biomass) and 
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a lower overall yield of xylan (51.8 g xylan hydrolyzed/100 g xylan in raw biomass). The 

corresponding hydrolysis yields were 91 g glucan hydrolyzed/100 g glucan in treated 

biomass and 52 g xylan hydrolyzed/100 g xylan in treated biomass respectively. This corn 

stover had a pretreatment yield of lignin of about 30 g lignin remaining/100 g lignin in raw 

biomass, pretreatment yield of glucan  93 g glucan recovered/100 g glucan in raw biomass 

and pretreatment yield of xylan  75 g xylan recovered/100 g xylan in raw biomass. (Table 

8).  

More lignin was removed and less carbohydrates were degraded during pretreatment in 

the corn stover case, ending with the same pretreatment yield as in the case of poplar wood 

where less lignin was removed but more carbohydrates were degraded.  

Interestingly, the hydrolysis yields of glucan were not very different, and the results in 

the case of poplar wood are very promising because it is shown that even though the lignin 

content is still very high, the hydrolysis can be performed in an acceptable extend.  

However, the overall yield of glucan is significantly lower for poplar wood. The 

difference is due to the low pretreatment yield of glucan in the poplar wood case, however 

it is not known if the glucan solubilized during pretreatment is still useful (not degraded). 

Very high yields of xylan were observed for poplar wood. Consequently, long-term lime 

pretreatment of poplar wood shows promising for woody biomass such as poplar wood, but 

it is necessary to include in the mass balances the carbohydrates solubilized in the 

pretreatment liquor to conclude if the overall yields are higher. Additionally the following 

studies must be performed: 

1. Find an optimum condition of pretreatment evaluated in terms of maximum 

digestibility of cellulose. To accomplish this goal, it is necessary to  

a) Pretreat poplar wood for longer times, because the cellulose yields have 

been shown to still increase at appreciable rates. 

b) Pretreat poplar wood at little higher temperatures (e.g., 75ºC). 

c) Pretreat other batches of poplar wood for comparison. 

2. The effect of cellulase was evaluated at only one enzyme loading. It is necessary to 

determine the effect of cellulase and hemicellulase loadings on sugar yields from 

hemicellulose and cellulose to define the best conditions. 
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3. Develop models to relate digestibility of cellulose and hemicellulose to chemical 

and physical characteristics of pretreated poplar wood. 

4. Define conditions for hydrolysis and fermentation methods to realize high yields of 

ethanol from hemicellulose. 
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Table 8 

Comparation between this study and a previous  study on long term pretreatment of corn 

stover (Kim, 2004).  

See explanations and definitions of yields on pages 32 to 36 

(1) A lower pretreatment yield of xylan was observed at 55ºC. The value was 67.6 g xylan 

recovered/100 g xylan in raw biomass. 

 

 

 

 

 

 

4-week Long-Term Lime Pretreatment in oxidative 
conditions 

65ºC 55ºC 

Feedstock Poplar wood Corn Stover 
Recovery yield of total mass (Pretreatment yield, Yp) 71 70 
Pretreatment yield of lignin (YL) 
g lignin remaining/100 g lignin in raw biomass 

55 30 

Pretreatment yield of glucan (YG) 
g glucan recovered/100 g glucan in raw biomass 

86 93 

Pretreatment yield of xylan (YX) 
g xylan recovered/100 g xylan in raw biomass 

80(1) 75 

Hydrolysis yield of glucan (Yg) 

g glucan hydrolyzed/100 g glucan in treated biomass 
94 97 

Hydrolysis yield of xylan (Yx)  
g xylan hydrolyzed/100 g xylan in treated biomass 

85 75 

Overall yield of glucan (YT
g) 

g glucan hydrolyzed/100 g glucan in raw biomass 
81 91 

Overall yield of xylan (YT
x) 

g xylan hydrolyzed/100 g xylan in raw biomass 
67 52 
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APPENDIX A 

DETERMINATION OF PARTICLE SIZE DISTRIBUTION IN THE FEEDSTOCK 

 

This procedure is based on the NREL standard procedure “Preparation of Samples for 

Compositional Analysis.” The purpose is to convert a variety of biomass samples into a 

uniform material suitable for compositional analysis in a reproducible way, and determine 

the particle size distribution along the way. 

 

1. Dry 

 

  The biomass material is spread out on a long rectangular stainless steel pan. It is 

allowed to air-dry (conditioning air) in a hood (controlled air velocity 100 ft/min) prior to 

any milling. Do not pile the material deeper than 5 cm. Turn the material at least once per 

day to ensure even drying. After at least 4 days of drying, measure the solids content of the 

biomass sample following NREL “LAP Determination of Total Solids in Biomass” 

(Appendix J). If the moisture content is less than 10% and the subsequent measurements of 

the moisture content report a change in weight of less than 1% in 24 h, the biomass can be 

considered dried. 

 

2. Mill 

 

Feed the air-dried biomass into the knife mill and mill until the entire sample passes 

through the 2-mm screen in the bottom of the mill. Let the mill cool down between batches 

because the heat generated in the process may damage the sample.  

 

1. Sieve 

 

 Stack the sieves in the following order, starting at the bottom: the bottom pan, 80, 50, 

40, 30, and 20-mesh sieve. Place the milled biomass in the 20-mesh sieve. The sample 

should be no more than 7 cm deep in the 20-mesh sieve. The milled sample may be 
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processed in batches if necessary. Place the cover on the sieve stack and secure the stack in 

the sieve shaker. Shake the sieves for 15 ± 1 min. 

 

The fraction retained on the 20-mesh sieve (+20 mesh fraction) should be milled and 

sieved again or stored separately to weigh. The fraction retained on the 30 to 80+mesh 

sieve (-20/+80 mesh fraction) should be retained for compositional analysis. The material 

in the bottom pan is the fines (-80 mesh) fraction. Retain this material for ash analysis. It is 

not used in any other pretreatment or analytical procedure. 

 

2. Collect 

 

Each mesh fraction is separated into appropriate vessels and labeled as  

W+20, for particles retained on the 20 mesh  

W-20, for particles that pass the 20 mesh and are retained on the 30 mesh 

 W-30, for particles that pass the 30 mesh and are retained on the 40 mesh 

W-40, for particles that pass the 40 mesh and are retained on the 50 mesh 

W-50, or W+80 for particles that pass the 50 mesh and are retained on the 80 mesh 

W-80, for particles that pass the 80 mesh or fines. 

 

3. Weigh and record 

 

All mesh fractions are weighed to the nearest 0.1 g. Determine the moisture content 

taking small samples of each fraction and using NREL Standard Procedure “Determination 

of Total Solids in Biomass” (2004) (Appendix J). 

  

6. Combine 

 

 Combine all of the -20/+80 mesh by pouring all the -20/+80 mesh fractions into the 

same pan used to dry the biomass and mix it carefully by hand for 30 minutes. 
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7. Calculate 

 

Use the following equation to determine the weight fractions (example for the fraction 

that passes the 20 mesh): 

Fraction 100
WCWCWCWCWCWC

WC
%

808040302020

20
20 ×⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+++++

=
−+−−−+

−
−  

where WC-i represents the weight fraction that passes mesh i, corrected by its moisture 

content. 
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APPENDIX B 

EXTRACTIVES IN BIOMASS 

 

This procedure is based on the NREL standard procedure “Determination of extractives 

in biomass.” It has two purposes: quantify extractives for compositional analysis and 

remove non-structural material (ethanol soluble) from poplar wood prior to analysis to 

prevent interference with later analytical steps. Ethanol-soluble material includes 

chlorophyll, waxes, or other minor components. Historically, ethanol-benzene has been 

used to extract waxes, fats, some resins, and portions of wood gums. Soxhlet extraction 

with 190-proof ethanol has been found to be an effective, non-toxic alternative to 

extractions employing benzene.  

 

1. Preparation 

 

Determine the moisture content of the sample (NREL Standard Procedure 

“Determination of Total Solids and Moisture in Biomass”) (Appendix J) and dry boiling 

flasks in a 105 (± 5)°C drying oven for a minimum of 15 hours.  

After cooling in a desiccator, add boiling stones to the boiling flask, label it, and record 

its oven-dry weight (ODW) to the nearest 0.1 mg. Add 6–8 g of sample to a labeled 

cellulose extraction thimble (single thickness, Whatman®) and record the weight to the 

nearest 0.1 mg. The height of the biomass in the thimble must not exceed the height of the 

Soxhlet siphon tube. Assemble the Soxhlet apparatus and insert the thimble into the 

Soxhlet tube. 

 

2. Analyze the sample for ethanol extractives 

 

 Add 190 (±5 mL) 190-proof ethyl alcohol to the tared ethanol receiving flask. Place 

the receiving flask on the Soxhlet apparatus. Adjust the heating mantles to provide a 

minimum of 6–10 siphon cycles per hour and reflux for 16–24 hours. When reflux time is 

complete, turn off the heating mantles and allow the glassware to cool to room temperature. 

Remove the thimble and transfer the extracted solids, as quantitatively as possible, onto 
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cellulose filter paper in a Buchner funnel. Wash the solids with approximately 100 mL of 

fresh 190–proof ethanol. Allow the solids to dry using vacuum filtration or air dry. 

Combine any solvent from the Soxhlet tube with the solvent in the receiver flask. 

 

3. Remove solvent from the extractives 

 

 Use a rotary evaporator equipped with a water bath set to 40 (± 5)°C and a vacuum 

source. The vacuum source should be sufficient to remove solvent without extreme 

bumping. Continue to remove solvent until all visible solvent is gone. Place the flask in a 

vacuum oven at 40 (±2)°C for 24 hours. Cool to room temperature in a desiccator. Weigh 

the flask or tube and record the weight to the nearest 0.1 mg.  

 

4. Calculate 

 
Use the following equation to obtain the extractives content: 

 

% Extractives 100
ODW

WFWFR
×

−
=  

 

where 

WFR   = Weight of the flask plus residue 

WF = Weight of the flask 

ODW = Weight of the sample corrected by its moisture content (or dry weight) 
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APPENDIX C 

DETERMINATION OF CARBOHYDRATES, LIGNIN AND 

ACETYL CONTENT IN BIOMASS 

 

This procedure is based on the NREL standard procedure “Determination of Structural 

Carbohydrates and Lignin in Biomass (2004)”. The purpose is quantify the following 

components of biomass: cellobiose, glucose, xylose, galactose, arabinose, mannose, lignin 

(insoluble lignin and soluble lignin), and acetic acid. 

 

1. Sample preparation 

 

Determine the moisture content of the sample according to NREL Standard Procedure 

“Determination of Total Solids and Moisture in Biomass” (Appendix J). The moisture 

content must be 10% or less, otherwise further air drying is necessary prior running this 

procedure. The particle size must be in the range –20/+80 mesh. Deviation to a larger or 

smaller particle size may result in bias in both the lignin and the carbohydrates content. It is 

also important to have the sample extractives free, running the procedure “Extractives in 

biomass” explained in Appendix B before this procedure. 

 

2. Crucibles preparation 

 

Filtering crucibles (25-mL, porcelain, medium porosity, Coors #60531 or equivalent) 

are necessary in this procedure. An appropriate number of filtering crucibles must have 

been prepared at least one day before running this procedure. The preparation of the 

crucibles starts by ignition of the crucibles in a muffle furnace at 575 (±25) °C for a 

minimum of 4 hours. After ignition, the crucibles must be removed from the furnace 

directly into a desiccator. Let them cool for exactly 1 h and weigh them to the nearest 0.1 

mg and record this weight. Place them back in the furnace and ash to constant weight 

defined as less than ± 0.3 mg change in the weight upon 1 h of reheating. The correct 

preparation of the crucibles and permanent supervision of the calibration of the analytical 

balance during the weighing, are fundamental to obtain an accurate, consistent result. 
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3. Preparation of the samples for the calibration curve 

 

 The calibration curve samples may be prepared either in advance or after running this 

procedure, but they have to be ready for the analysis of carbohydrates in the HPLC. They 

are a series of sugar solutions of known concentration that are run in the HPLC to obtain 

the respective area. The results are then used to calculate an unknown concentration of 

sugars given an area. 

The range of the concentration of the calibration standards, for poplar wood is 

suggested as 0.1, 0.5, 1, 2, 3, 4, 5 mg/mL for  D-cellobiose, D-(+)glucose, D-(+)xylose, and 

D-(+)mannose. The samples for the sugar calibration curve may be prepared in a large 

batch that is stored frozen. Thaw and vortex frozen standards prior to use. 

 

4. Concentrated acid hydrolysis 

 

 Weigh 0.3 (± 0.01) g of the sample and place it into a labeled 16×100 mm test tube and 

record the weight to the nearest 0.1 mg. Run the NREL Standard Procedure “Determination 

of Total Solids in Biomass” (Appendix J) at the same time, to accurately measure the 

percent solids for correction. Add 3.00  (±0.01 mL) of 72% sulfuric acid to each pressure 

tube. Place the pressure tube in a water bath set at 30 (±3)°C and incubate the sample for 60 

(± 5) minutes. Using a Teflon stir rod, stir the sample every 5 to 10 min without removing 

the sample from the bath.  

 

4. Sugar Recovery Standards (SRS) preparation 

 

 The sugar recovery standards is a set of sugars that are used to correct for losses due to 

destruction of sugars during dilute acid hydrolysis. For poplar wood, SRS should include 

D-(+)glucose, D-(+)xylose, and D-(+)mannose. SRS sugar concentrations should be chosen 

to most closely resemble the concentrations of sugars in the test sample (i.e., for a sample 

with 43%  of glucan, 15% of  xylan and 3% of mannose, it is necessary to weigh about 
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0.130 g glucose, 0.045 g xylose and 0.009 g mannose). The SRS may be prepared during 

the concentrated acid hydrolysis step. Weigh out the required amount of sugar (to the 

nearest 0.1 mg), transfer it to a pressure glass bottle, add 84.0 mL deionized water and 3 

mL of 72% sulfuric acid.  

Immediately shake vigorously and transfer an aliquot of 20 mL into a 50-mL 

Erlenmeyer flask and neutralize this sample as explained below in the section 

“neutralization.”  This will allow the analysis on HPLC of the initial sugar concentration of 

the SRS.  This analysis has two purposes: check the HPLC calibration and avoid errors 

such as balance calibration when comparing SRS concentration before and after dilute 

hydrolysis. 

 

6. Dilute acid hydrolysis 

 

 Once the time for the concentrated acid hydrolysis has elapsed, remove the tubes from 

the water bath and dilute the acid to a 4% concentration by adding 84.00 (±0.04) mL 

deionized water with an automatic burette. Seal the bottles and place them in an autoclave. 

Autoclave the sealed samples and sugar recovery standards for 1 h at 121°C. After that, 

allow the hydrolyzates to slowly cool to room temperature before removing the caps.  

 

7. Acid insoluble lignin analysis 

 

 Vacuum filter the autoclaved hydrolysis solution through one of the prepared filtering 

crucibles. Capture the filtrate in a filtering flask. Transfer an aliquot, approximately 50 mL, 

into a sample storage bottle. This sample will be used to determine acid-soluble lignin as 

well as carbohydrates and acetyl content. Use a minimum of 50 mL of hot deionized water 

to quantitatively transfer all remaining solids out of the pressure bottle into the filtering 

crucible.  Dry the crucible and acid insoluble residue at 105 (±3) °C until a constant weight 

is achieved, minimum overnight, better 24 hours or more. Remove the samples from the 

oven and cool in a desiccator. As accurately as possible, record the weight of the crucible 

and dry the residue to the nearest 0.1 mg. Place the crucibles and residue in the muffle 

furnace at 575 (±25) °C for 24 (±6) hours. Carefully remove the crucible from the furnace 
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directly into a desiccator and cool for exactly 1 h. Weigh the crucibles and ash to the 

nearest 0.1 mg and record the weight. Place the crucibles back in the furnace and ash to a 

constant weight.  

 

8. Acid  soluble lignin analysis 

 

 It must be performed within 6 h of hydrolysis on a UV-Visible spectrophotometer 

(background, deionized water) using the hydrolysis liquor aliquot obtained after vacuum 

filter the autoclaved hydrolysis solution. Measure the absorbance of the sample at 320 nm 

on a UV-Visible spectrophotometer. Using deionized water dilute the sample as necessary  

(a dilution factor of 3 is recommended) to bring the absorbance into the range of 0.2–1.0, 

recording the dilution. Record the absorbance to three decimal places.  

 

9. Carbohydrates analysis 

 

 Transfer 20 mL of the hydrolysis liquor obtained after the filtering step to a 50-mL 

Erlenmeyer flask. Use calcium carbonate to neutralize each sample to pH 5–6. Allow the 

sample to settle and decant off the supernatant. The pH of the liquid after settling will be 

approximately 7. Centrifuge the sample to eliminate the calcium carbonate, and prepare the 

sample for HPLC analysis by passing the decanted liquid through a 0.2-µm filter into an 

autosampler vial. Seal and label the vial. Analyze the calibration standards, SRS before and 

after hydrolysis, and samples by HPLC using a Biorad Aminex HPX-87P column equipped 

with the appropriate guard column. HPLC conditions follow: 

Injection volume: 20 µL 

Mobile phase: HPLC grade water, 0.2 µm filtered and degassed 

Flow rate: 0.55 mL/min 

Column temperature: 85°C 

Detector temperature: room temperature  

Detector: refractive index 

Run time: 20 minutes 
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If cellobiose and oligomeric sugars are detected in levels greater than 3 mg/mL, 

incomplete hydrolysis occurred and fresh samples should be hydrolyzed and analyzed. 

Peaks before cellobiose may indicate high levels of sugar degradations products in the 

previous sample, which indicates over hydrolysis. All samples from batches showing 

evidence of over-hydrolysis should have fresh samples hydrolyzed and analyzed. 

 

10. Acetyl content 

 

Prepare 0.01-N sulfuric acid for use as a HPLC mobile phase. (278 µl concentrated 

sulfuric acid in a 1-L volumetric flask, bringing to volume with HPLC grade water). Filter 

this mobile phase through a 0.2-µm filter and degas before use. Prepare a series of 

calibration standards containing acetic acid in a range of 0.005 to 0.5 mg/mL. Prepare the 

sample for HPLC analysis by passing a small aliquot of the liquor through a 0.2-µm filter 

into an autosampler vial. Seal and label the vial. Analyze the calibration standards, CVS, 

and samples by HPLC using a Biorad Aminex HPX-87H column equipped with the 

appropriate guard column. HPLC conditions follow: 

Sample volume: 50 µL 

Mobile phase: 0.01-N sulfuric acid, 0.2-µm filtered and degassed 

Flow rate: 0.55 mL/min 

Column temperature: 65°C 

Detector temperature: room temperature 

Detector: refractive index 

Run time: 45 minutes 

 

11. Calculations 

 

Acid-insoluble lignin: 
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( ) ( ) 100
ODW

WCWCAWCWCRAIL % ×
−+−

=  

 

where: 

%AIL =  Percentage of acid insoluble lignin 

WCR =  Weight of crucible plus residue 

WC =  Weight of crucible 

WCA =  Weight of crucible plus ash 

ODW =  Dry weight of the sample (or weight corrected by moisture content) 

 

Acid-soluble lignin 
 

100
ODW11.4

DF87UVASL % ×
⋅

⋅⋅
=  

 
where: 
 
%ASL =  Percentage of acid insoluble lignin 

UV =  Average UV-Vis absorbance of the sample at 320 nm 

DF =  Dilution factor 

ODW =  Dry weight of the sample (or weight corrected by moisture content) 

The  values 87 and 11.4 stand for volume of the filtrate and absorptivity of poplar wood at 

320 nm, respectively 

 

% Total Lignin= % AIL+ % ASL 

 

Percentage of recovery of SRS 

 

B

A

SRS
SRS

PR =  

 

where: 
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PR =  percentage of recovery of SRS 

SRSA =  Concentration of sugar as measure by HPLC before dilute acid hydrolysis 

SRSB =  Concentration of sugar as measure by HPLC after dilute acid hydrolysis 

 

 

Concentration of carbohydrates: 

 

10ODWPR
87ACC

C HPLC
i ⋅⋅

⋅⋅
=  

 

where: 

Ci = Concentration of Sugar i 

CHPLC = Concentration of Sugar i as given by HPLC 

PR = Percentage of recovery of SRS 

AC = Anhydro correction to calculate the concentration of polymeric sugars from 

the corresponding concentration of monomeric sugars. It is 0.88 for glucose 

and mannose and 0.9 for xylose. 

ODW =  Dry weight of the sample (or weight corrected by moisture content) 

The values 87 and 10 stand for volume of the sample and conversion units factor, 

respectively. 

 

Acetate content 

 

 

100
ODW

0.68387C
ACE % AHPLC ×

⋅⋅
=  

 

CAHPLC =  Concentration of acetic acid as given by HPLC 

ODW =  Dry weight of the sample (or weight corrected by moisture content) 

The values 87 and 0.683 stand for volume of the sample and conversion factor from acetic 

acid to acetate respectively. 
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APPENDIX D 

DETERMINATION OF ASH IN BIOMASS 

 

This procedure is based on the NREL standard procedure “Determination of Ash 

Biomass.” The purpose is to measure the amount of inorganic material in biomass, either 

structural or extractable, as part of the total composition. 

 

1. Preparation of materials and samples 

 

 Determine the moisture content of the samples using the NREL Standard Procedure 

“Determination of Total Solids and Moisture in Biomass” (Appendix J) at the time when 

the sample is weighed.  Label the appropriate number of crucibles (ashing crucibles, 50-

mL, porcelain) with a porcelain marker and place them in the muffle furnace at 575 (±25) 

°C for a minimum of 4 hours. Remove the crucibles from the furnace directly into a 

desiccator. Cool for exactly 1 h. Weigh the crucibles to the nearest 0.1 mg and record this 

weight.  Place the crucibles back into the muffle furnace at 575 (± 25)oC and dry to 

constant weight. 

 

2. Ignite and ash 

 

 Weigh 0.5 to 2.0 g, to the nearest 0.1 mg, of the sample into the tared crucible. Record 

the sample weight. Using a burner and clay triangle with stand, place the crucible over the 

flame and let the sample burn until no more smoke or flame appears.  Place the crucibles in 

the muffle furnace at 575 (± 25) oC for 24 (± 6) hours. When handling the crucible, protect 

the sample from drafts to avoid mechanical loss of sample. Carefully remove the crucible 

from the furnace directly into a desiccator and cool for exactly 1 h. Weigh the crucibles and 

ash to the nearest 0.1 mg and record the weight. At 575 (± 25) °C ash to constant weight.  
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3. Calculations 

 

100
ODW

WCWCAAsh % ×
−

=  

 

where 

%Ash =  Percentage of ash 

WCA =  Weight of the crucible plus ash 

WC =  Weight of the crucible 

ODW =  Dry weight of the sample (corrected by moisture) 
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APPENDIX E 

EQUATIONS TO CALCULATE OXYGEN CONCENTRATION IN THE AIR  

AT TEMPERATURE T 

 

 

)(TPvPPa −=  

P
PaYA =  

AO YY ⋅= 21.0
2

 

 

where: 

Pa = Partial pressure of air  

Pv(T) =  Pressure of saturated vapor at temperature T 

P =  Atmosferic pressure 

YA =  Molar fraction of dry air in the air at temperature T 

YO2 =  Molar fraction of oxygen in the air 
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APPENDIX F 

STARTING UP PROCEDURE FOR THE PRETREATMENT  

REACTOR SYSTEM 

 

The purpose of this procedure is to bring the reactor system to operating conditions. 

The steps are summarized as follows: 

 
1. Fill water into the water tank. Nearly full level is recommended. 

2. Turn on the centrifugal pump to circulate water. Refill sufficient water into the tank 

to maintain a nearly full level. 

3. Check for leaks in the system and correct them as needed. 

4. Turn on the temperature controller to heat up the circulating water to the set 

temperature. 

5. Operate the whole system to reach a steady state. Steps 1 through 5 can be omitted 

in the case of pretreatment at 25ºC. 

6. Transfer a mixture of 15.0 g dry weight of the raw biomass and 7.5 g of calcium 

hydroxide and 110 mL of water to the reactors using a funnel. Use 40 mL of 

distilled water to rinse the spatula and the container of the mixture and transfer all 

remnants to the reactor. 

7. Tightly cap the reactor and connect the bubble indicator (previously  filled with 20 

− 25 mL of distilled) to measure the gas flow rate. 

8. Slowly open the appropriate valve to supply nitrogen for non-oxidative 

pretreatment or air for oxidative pretreatment. Confirm bubble formation in the 

bubble indicator. Adjust the gas flow rate to achieve at 2 – 3 bubbles/second using 

clamp placed in the inlet tube at the bottom of the reactor. 

9.  Regularly check gas flow rate, seals, water levels in the cylinder filled with water 

and in the tank, and working temperatures in all reactors. 

10.  After the pretreatment time has elapsed, remove the reactors and cool down to 

room temperature. 
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APPENDIX G 

 NEUTRALIZATION OF LIME AFTER PRETREATMENT 

 

This procedure has a double purpose: determine the lime consumption during 

pretreatment and neutralize the sample to render it ready for analytical procedures that may 

be affected for pH.  

 

1. Preparation of the sample 

 

 Once the pretreatment time is elapsed, let the reactor cool to room temperature, 

transfer its contents to a 1-L centrifuge bottle, using distilled water to rinse and move all 

the material as completely as possible. The volume of slurry in the bottle after this step is 

about 750 mL. 

 

2. Procedure 

 

 Set up titration apparatus (buret, clamp, magnetic stirrer and a well-calibrated pH 

meter).  Place a magnetic bar into the centrifuge bottle containing pretreated biomass slurry 

and place the bottle on the magnetic stirrer. Dip the pH probe inside of the bottle to 

measure the pH of the slurry. Fill 5-N HCl solution in the buret and clamp it over the 

bottle. Record the volume (Vi). Slowly drop the acid into the bottle up to the end point (pH 

7.00). Provide enough time (≥ 1 h) to ensure the pH of the slurry is stabilized. Record the 

volume left in the buret (Vf). Be prepared to continue the neutralization after a few washes 

as explained in appendix H. 

 

3. Calculation 

 

 Use the following equation to determine the lime consumption during pretreatment: 

22 Ca(OH)
fiHCl2

ca(OH) M
1000

)V(VN
HClmol2

Ca(OH)mol1W ×
−⋅

×=  

where,  
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WCa(OH)2 =  The amount of lime, Ca(OH)2, unreacted (g) 

NHCl =  Normality of HCl solution  

Vi –Vf  =  Total volume of HCl solution to titrate the biomass slurry (mL) 

MCa(OH)2  =  Molecular weight of Ca(OH)2, 74.092 g/mol 
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APPENDIX H  

WASHING BIOMASS PROCEDURE AND RECOVERY YIELD OF TOTAL MASS 

 

This procedure is run immediately after the neutralization of the sample. Its purpose is 

to eliminate the pretreatment liquor from the sample. The weight loss of biomass due to 

pretreatment (recovery yield of total mass) is also determined. 

 

1. Preparation of materials 

 

Dry a plastic container (about 500 mL capacity) and Whatman 934/AH glass fiber filter 

paper (particle retention = 1.5 µm, Fisher Scientific Co., Pittsburgh PA) in a 45ºC oven for 

24 h or longer. Let them cool in a dessicator. Record their weights to the nearest 0.1 mg.  

 

2. Washing 

 

 After neutralizing the sample as explained in the Appendix G, continue stirring for 15 

min. Centrifuge the water/poplar wood mixture at 4000 rpm for 15 min. A vacuum 

filtration apparatus should be set up before hand using a Buchner funnel and one of the pre-

dried/pre-weighed filter papers. After centrifuging, carefully decant the water into the 

Buchner funnel with vacuum filtration. Decant as much water as possible being careful not 

to lose much solids. Fill the centrifuge bottle with 750 mL of fresh distilled water. Observe 

the filtrate color. Stir, centrifuge, decant, and fill the centrifuge bottle with fresh distilled 

water as many times as necessary until the filtrate becomes clear. If it takes too long to 

filter, replace the old filter with one of the other previously dried-and-weighed filter papers. 

It is very important to measure the pH of the washed biomass during the stirring step. It 

has been observed that no matter how carefully the neutralization has been done, the pH 

increases again  and further neutralization may be required. 

 

 

 

3. Determination of weight loss 
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After completing the washing, transfer all the poplar wood from the centrifuge bottle to 

the prepared 500-mL container. Transfer all the solids as quantitatively as possible to the 

container using water. Dry the biomass and the filter papers at 45ºC for 24 h or longer. 

Cool the biomass and filters in a desiccator until they reach room temperature. Weigh them 

and record the values to the nearest 0.1 mg. After subtracting the weight of the containers 

and filter paper, the net weight of the poplar wood is obtained (W2). Immediately after, 

using about 0.3 – 0.5 g of this 45ºC-dried washed biomass, determine the moisture content 

as described in the NREL Standard Procedure “Determination of Total Solids and Moisture 

in Biomass”  (Appendix J) (X2). 

  

( )
)1(

1

11

22

XW
XWY

−×
−×

=  

where 

Y  = Total yield, g treated bagasse/g untreated bagasse 

W1  = Weight of the washed raw biomass before pretreatment 

X1  = Moisture content of the washed and air dried raw biomass  (W1), g H2O/g total 

weight 

W2  =  Weight of the 45ºC-dried poplar wood in the 500-mL container and filter papers 

X2  =  Moisture content of the 45ºC-dried biomass (W2), g H2O/g total 45ºC-dried 

weight. 
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APPENDIX I 

ENZYMATIC HYDROLYSIS 

 

This procedure is based on the NREL standard procedure “Enzymatic Saccharification 

of Lignocellulosic Biomass.” The purpose is to determine the maximum extent of 

digestibility possible after the enzymatic saccharification of cellulose from untreated or 

pretreated lignocellulosic biomass. 

 

1. Determination of biomass and enzyme quantity 

 

 Determine the moisture content of the samples using the NREL Standard Procedure 

“Determination of Total Solids and Moisture in Biomass.” (Appendix J) in advance. Also, 

measure glucan content of the sample according to the method described in Appendix C 

prior to this analysis. The recovery yield of total mass must be known beforehand. The 

enzyme activity should be measured to assure good conservation during the storage (use 

NREL Standard Procedure “Measurement of Cellulase Activities”). Using these data, 

calculate the amount of biomass equivalent to 0.1 g of glucan in raw biomass as follows: 

 

TSG
.B

⋅
=

10  

where: 

B =  Biomass to be weighed 

G =  Glucan fraction in the treated biomass 

Y =  Percentage of recovery yield of total mass 

TS =  Solid fraction in the sample (equivalent to 1 minus moisture content) 

 

Also calculate the amount of enzyme to be added as: 

 

EA

EL
Y

1E G

⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

=

0.1
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E1 = Amount of enzyme to be added 

EL = Enzyme loading = 15 FPU/g glucan in raw biomass 

EA = Enzyme activity 

YG = Pretreatment yield of glucan 

 

2. Preparation of citrate buffer and the sample 

 

 Citrate buffer is prepared as follows: dissolve 210 g of citric acid monohydrate in 1000 

mL of distilled water, then adjust the pH to 4.5 by adding NaOH. Before running this 

procedure, make sure the biomass has been neutralized and washed since deviations in the 

pH (too acidic or alkaline) affect the enzymatic hydrolysis yields greatly. 

Weigh B g of biomass into  a labeled 20-mL glass scintillation vial.  Add sodium citrate 

buffer (5 mL, 0.1 M, pH 4.8), tetracycline (40 µL, 10 mg/mL in 70% ethanol), 

cycloheximide (30 µL, 10 mg/mL in distilled water) and an amount of distilled water (W), 

HPLC grade, equal to  

 

W=5–B-E1-E2  

 

where B and E1 were defined before and E2 is the required amount of cellobiase to obtain 

60 CBU/g. This is to bring the volume in the vial to 10 mL (after adding enzymes). 

Measure the pH in the vials and adjust to 4.8 with either a saturated solution of sodium 

hydroxide or acetic acid as necessary. Close the vials and preheat them in a rotary 

incubator (Amerex Instruments Inc, Lafayette, CA) at a speed of 105 rpm and a 

temperature of  50ºC for 1 h. The vials should be held in the incubator at a minimum angle 

of 45º to assure good mixing. 
 
3. Enzymatic hydrolysis 

 

 Take the vial briefly out of the incubator, add the enzymes, both at a time and place the 

vial back in the incubator. Record the time. If more than a sample is run in a batch, it is 
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advisable to add the enzymes at specific intervals of time between the samples, 30 s to 1 

min are recommended. 

 

5. Analysis 

 

 Once the enzymatic hydrolysis time has elapsed, take the samples out of the incubator 

in the same order as the enzyme was applied and with the same interval of time between 

the samples. Put the closed vials in a boiling water bath to denature the enzymes and let 

them heat for 15 min. Place the vials in a mixture of ice and water and let them cool down 

for 10 min. 

 Transfer the vials contents to labeled 15-mL centrifuge tubes and centrifuge for 10 min 

at 4000 rpm to eliminate the solid residue. Dilute the decanted liquid (if necessary) with 

distilled water (HPLC grade) recording the dilution factor. Prepare the sample for HPLC 

analysis by passing the decanted diluted liquid through a 0.2-µm filter into an autosampler 

vial. Seal and label the vial. Analyze calibration standards (to prepare calibration standards 

use guidelines in Appendix C) and samples by HPLC using a Biorad Aminex HPX-87P 

column equipped with the appropriate guard column. HPLC conditions follow: 

Injection volume: 20 µL, dependent on concentration and detector limits 

Mobile phase: HPLC grade water, 0.2-µm filtered and degassed 

Flow rate: 0.55 mL/min 

Column temperature: 85°C 

Detector temperature: Room temperature 

Detector: refractive index 

Run time: 35 minutes 

  

5. Calculations: 

0.1
AC10C

digestion  % HPLC ⋅⋅
=  

 

where: 

CHPLC = Concentration of the sugar as given by HPLC in g/mL 
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AC = Anhydro correction to calculate the concentration of polymeric sugars from 

the corresponding concentration of monomeric sugars. It is 0.88 for glucose 

and mannose and 0.9 for xylose. 

The values 10 and 0.1 stand for volume of the sample and grams of cellulose added, 

respectively. 
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APPENDIX J 

DEFINITION OF FPU 

 

FPU stands for “filter paper units” per milliliter of original (undiluted) enzyme solution 

and are the units to measure enzyme activity using Whatman No. 1 filter paper strips as 

substrate. For quantitative results the enzyme preparations must be compared on the basis 

of significant and equal conversion. The value of 2.0 mg of reducing sugar as glucose from 

50 mg of filter paper (4% conversion) in 60 minutes has been designated as the intercept 

for calculating filter paper cellulose units (FPU) by IUPAC. Thus, the procedure involves 

finding a dilution of the original enzyme stock such that a 0.5 mL aliquot of the dilution 

will catalyze 4% conversion in 60 minutes and then calculating the activity (in FPU/mL) of 

the original stock from the dilution required. According to Ghose (1987), the required 

calculations are based on the International Unit (IU), more specifically: 

1 IU = 0.1 µmol min-1 of substrate converted 

 = 1 µmol min-1 of  “glucose” (reducing sugars as glucose) formed during the 

hydrolysis reaction 

 = 0.18 mg min-1 when product is glucose 

 

The absolute amount of glucose released in the FPU assay at the critical dilution is 2.0 

mg (equivalent to 2/0.18 µmol). This amount of glucose was produced by 0.5 ml enzyme in 

60 min, i.e., in the FPU reaction: 

2 mg glucose = 
605.018.0

2
××

 µmol min-1 ml-1 = 0.37 µmol min-1 ml-1 (IU ml-1) 

Therefore, the estimated amount of enzyme (=critical enzyme concentration= ml ml-1) 

which releases 2.0 mg glucose in the FPU reaction contains 0.37 units, and: 

1ml units
glucose mg 2.0 release ion toconcentrat enzyme

0.37FPU −≡  

This last one is the defining equation for FPU. The purpose of the procedure is to 

accurately find the denominator. 
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APPENDIX K 

DETERMINATION OF MOISTURE CONTENT IN BIOMASS 

 

This procedure is based on the NREL standard procedure “Determination of Total 

Solids and Moisture in Biomass.” The purpose is to measure the amount of water and other 

components volatilized at 105ºC present in a biomass sample. 

 

1. Procedure 

 

Accurately weigh a predried aluminum foil weighing dish to the nearest 0.1 mg and 

record this weight (WD). Thoroughly mix the sample and then weigh 1 to 5 grams (±0.1 

mg) into the weighing dish. Record the weight of the sample plus the weighing dish 

(WWS). Place the sample into a convection oven at 105°C (± 3)°C and dry to constant 

weight (±0.1% change in the amount of moisture present upon 1 h of reheating). It is 

advisable to dry at least 24 h. Remove the sample from the oven and place in a desiccator; 

cool to room temperature. Weigh the dish containing the oven-dried sample to the nearest 

0.1 mg and record this weight (WDS). All the samples must be run in replicate (duplicates, 

at minimum). 

 

2. Calculation 

100
WDWWS
WDWDS1Moisture% ×

−
−

−=  

 

All the abbreviations used in this equation are explained in the text under “Procedure”. 

 

Conversely, the total solids content of the sample is calculated as: 

 

% Total Solids 100
WDWWS
WDWDS

×
−
−

=  or   % Total solids= 1 – Moisture content 
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APPENDIX L 

EXPERIMENTAL DATA FOR MASS BALANCES 

 

Carbohydrates and lignin composition was analyzed at least twice for poplar wood 

taken from the same pretreated batch. In the 4-week pretreatment case, the pretreatment 

was repeated at all conditions and then analyzed in duplicates. Extractives and ash were 

measured only once, and acetyl content was <0.1 g/100 g treated biomass in all cases. 

 

 

SAMPLE 
1-WEEK 

PRETREATMENT  
2-WEEK  

PRETREATMENT  
4-WEEK 

PRETREATMENT 

GLUCAN (g/100 g treated biomass) 

 AVERAGE STDEV  AVERAGE STDEV  AVERAGE STDEV 

25 A 46.62 0.34  44.18 1.91  39.11 2.43 

25 N 46.16 0.13  46.16 2.62  47.29 1.64 

35 A 47.09 0.15  47.10 0.33  41.71 4.51 

35 N 46.46 0.86  47.61 1.68  47.66 1.34 

45 A 47.43 0.40  47.61 0.33  49.87 0.35 

45 N 47.63 1.51  48.83 1.85  48.15 0.96 

55 A 47.78 1.00  47.97 0.56  44.16 1.01 

55 N 42.81 2.15  48.62 1.35  48.50 0.11 

65 A 45.67 1.47  42.96 1.72  43.35 2.80 

65 N 46.38 1.71  50.38 1.31  48.66 0.24 

         

XYLAN (g/100 g treated biomass) 

25 A 16.10 0.34  15.15 1.17  12.29 0.32 

25 N 16.40 0.50  16.46 0.73  15.92 0.78 

35 A 15.69 0.37  15.62 0.63  12.65 0.83 

35 N 16.19 0.07  17.47 0.01  15.89 0.82 

45 A 15.62 0.30  16.03 0.48  14.15 0.43 

45 N 16.71 0.09  16.34 0.64  16.28 0.41 

55 A 15.58 0.24  15.58 0.50  12.84 0.26 

55 N 15.64 1.32  16.16 0.36  16.58 0.28 

65 A 15.14 0.18  13.30 0.42  13.43 3.58 

65 N 16.46 0.22  16.27 1.19  16.58 0.31 
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SAMPLE 
1-WEEK  

PRETREATMENT  
2-WEEK  

PRETREATMENT  
4-WEEK  

PRETREATMENT 

LIGNIN (g/100 g treated biomass) 

25 A 23.94 0.30  23.72 2.24  22.21 0.09 

25 N 23.61 0.09  24.13 1.59  27.38 0.18 

35 A 23.93 0.73  24.32 3.20  24.71 0.22 

35 N 24.93 1.77  24.77 1.75  27.28 0.23 

45 A 25.10 1.62  23.66 1.38  25.30 0.40 

45 N 23.41 0.01  26.43 3.49  26.64 0.25 

55 A 23.50 0.00  22.35 2.20  23.85 0.07 

55 N 25.00 2.40  27.60 0.04  25.03 0.12 

65 A 23.16 0.31  21.64 0.42  20.04 0.01 

65 N 21.32 3.35  26.04 1.14  28.02 1.09 

         

MANAN (g/100 g treated biomass) 

25 A 2.73 0.02  3.30 0.29  2.74 0.34 

25 N 2.73 0.02  3.42 0.02  3.24 0.03 

35 A 2.53 0.10  3.24 0.34  2.70 0.00 

35 N 2.41 0.08  3.12 0.02  2.33 0.08 

45 A 2.47 0.08  3.22 0.00  2.67 0.16 

45 N 2.18 0.04  3.39 0.83  1.68 0.15 

55 A 2.14 0.10  2.76 0.02  2.05 0.26 

55 N 1.19 0.16  2.21 0.37  1.57 0.01 

65 A 1.61 0.03  2.60 0.19  2.01 1.32 

65 N 0.99 0.11  1.98 0.39  1.52 0.20 

         

ASH (g/100 g treated biomass) 

25 A 1.33   1.19   1.22  

25 N 1.33   1.17   1.22  

35 A 1.67   1.30   1.23  

35 N 1.70   1.47   1.22  

45 A 1.70   1.61   1.18  

45 N 0.82   1.56   1.17  

55 A 1.77   1.09   1.24  

55 N 1.19   0.91   1.27  

65 A 1.46   1.22   1.35  
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SAMPLE 
1-WEEK 

 PRETREATMENT  
2-WEEK 

 PRETREATMENT  
4-WEEK 

PRETREATMENT 

ASH (g/100 g treated biomass) 

65 N 1.46   1.16   1.41  

         

EXTRACTIVES (g/100 g treated biomass 

25 A 1.89   1.19   0.54  

25 N 1.37   1.87   1.35  

35 A 1.71   1.46   1.44  

35 N 1.71   1.46   1.44  

45 A 1.35   2.10   1.44  

45 N 1.71   1.46   1.37  

55 A 1.71   1.46   1.44  

55 N 1.71   1.46   1.44  

65 A 1.05   0.67   1.95  

65 N 2.92   1.46   1.98  
The number in the name of the sample indicates the temperature in degrees celcius and the 

N stands for non-oxidative pretreatment, whereas the A stands for oxidative pretreatment 

(air). 
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