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 This dissertation has focused on lignin byproducts that result from the alkali 

processing of wheat straw. The first study evaluated the application of “standard” 

lignin quantification methods for summative analyses of alkali-based processes. Mass 

closure during NaOH processing at 25, 50, and 75°C of wheat straw was evaluated 

using the acid insoluble lignin (AIL) and acid soluble lignin (ASL) assays (per U.S. 

National Renewable Energy Laboratory guidance). In general, a fraction of the water 

and ethanol soluble extractives of straw measure as lignin, hereafter termed artifactual 

lignin. Actual AIL recovered from the alkali insoluble fraction resulting from alkali 

processing (AP) of extractive free wheat straw (EFS) at 25, 50 and 75°C was 64, 48, 

and 34% of the AIL in the original wheat straw, respectively. The percent 

overestimation of AIL in the insoluble phase from AP of native wheat straw (NS) 

decreased with increasing pretreatment severity. The trend was that the higher the 



 
     
   
severity of AP the lower the artifactual AIL in the insoluble phase. Summation of the 

AIL and ASL data indicated alkali processing resulted in a loss of both actual and 

artifactual AIL in both the soluble and insoluble phases. The amount of lignin loss in 

such processes was a function of the severity of the process.   

The second study focused on the recovery of wheat straw lignin via 

precipitation from alkali extract liquor (AEL). Lignin recovery is important due to 

lignin’s potential for subsequent value-added processing. In this work, wheat straw 

was treated with 5% NaOH at 50°C for 5 h to produce AEL. Lignin recovery from 

AEL, quantified as precipitated solids, acid insoluble lignin (AIL), and acid soluble 

lignin (ASL), was evaluated over a range of pH (1.5 to 7), temperature (4° to 70 °C), 

supplemental salts (0 to 2.5M) and presence/absence of hemicellulose. Lignin 

recovery, measured as ash-adjusted solids, generally increases as pH decreases. 

Temperature does not appear to significantly affect rates or extents of solids recovery 

at low pH; at neutral pH, increased temperature increased rates of precipitation but had 

minimal to no effect on extent of lignin recovery following a one hour precipitation 

period. At neutral pH and moderate temperature, ionic strength significantly affects 

solids recovery. Increased ionic strength increases rates and extents of lignin 

precipitation. Hemicellulose interferes with rates of lignin precipitation and appears to 

co-precipitate. Structural implications of these results are considered. 

The aim of the third study was to determine the feasibility of using lignin-rich 

fractions of alkali processed wheat straw as “functional dietary fibers” based on their 

in vitro bile acid binding capacity. Bile acid binding capacity is important in this 



 
     
   
context because of the documented relationship between fecal excretion of bile acids 

and serum cholesterol levels. In this study, wheat straw (WS), alkali extracted solids 

(AES), enzyme saccharification residues (ESR), and alkali lignin (AL) were used to 

determine bile acids (cholic acid, glycocholic acid, and taurocholic acid) binding 

capacities. Bile acid adsorption was determined by measuring the partitioning of bile 

acids between the solid phase (fiber) and the liquid phase (phosphate buffer, pH 6.5) at 

37°C. In general, bile acid associated with the different wheat straw fractions but the 

extent of association was not proportional to lignin content as hypothesized. Among 

the bile acids tested, cholic acid showed the best correlation between amount adsorbed 

and lignin content. AES, ESR, and AL all had higher bile acid binding capacities than 

WS. Bile acid adsorption to AL ranged from 2 to 29 μmol bile acid per gram substrate, 

with cholic acid and taurocholic acid showing the highest and lowest adsorption 

capacities, respectively. A contributing factor limiting alkali lignin-bile acid 

association was determined to be electrostatic repulsion based on experiments of 

evaluation the importance of ionic strength and cation addition. Chemical modification 

of lignin-associated carboxyl groups of AL using a carbodiimide reagent was 

attempted to address the electrostatic repulsion issue. Chemical modification of the 

alkali lignin (MAL) significantly increased its bile acid binding capacity. Bile acid 

binding by the MAL was in the range of 48 to 54 μmol bile acid per gram substrate. 

The combined results from this study demonstrate the potential of using a major food 

processing/production byproduct, i.e. wheat straw AL, as a “functional dietary fiber’ 

for bile acid sequestration. 



 
     
   

 
 
 
 
 
 
 
 
 
 

©Copyright by Tiraporn Junyusen 
December 12, 2013 
All Rights Reserved 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 

 



 
     
   

Wheat Lignin as a Functional Dietary Fiber Component  

by 

Tiraporn Junyusen 

 

 

 

A DISSERTATION 

Submitted to 

Oregon State University 

 

 

 

in partial fulfillment of  
the requirements for the 

degree of 
 

Doctor of Philosophy 

 

 

 

Presented December 12, 2013 
Commencement June 2014 

 
 

 



 
     
   
Doctor of Philosophy dissertation of Tiraporn Junyusen on December 12, 2013 

 

 

 

APPROVED: 

 

Major Professor, representing Food Science & Technology 

 

 

Head of the Department of Food Science & Technology 

 

 

Dean of the Graduate School 

 

 

 

 

I understand that my dissertation will become part of the permanent collection of 
Oregon State University libraries. My signature below authorizes release of my 
dissertation to any reader upon request. 
 

 

Tiraporn Junyusen, Author 



 
     
   

ACKNOWLEDGEMENTS 
 

 

First of all, I would like to express my deepest gratitude to Dr. Michael H. 

Penner, who is my major advisor for his guidance, understanding, and tremendous 

encouragement. His extensive knowledge, logical and systematic thinking have always 

been of great value to me. Without him, my dissertation would never have been 

complete. I would like to express deeply grateful to my co-major advisor, Dr. Lisbeth 

M. Goddik, for her encouragement and understanding throughout my study. Besides 

my advisor, many appreciations are for my thesis committees, Dr. Christine Kelly, Dr. 

Victor L. Hsu, and Dr. Russell E. Ingham. 

 Much thankfulness to the Office of Higher Education Commission (Thailand) 

for giving me a full scholarship throughout my Ph.D. study in the United States. I am 

also grateful to Dr. Sanguansri Charoenrein, who is my mentor, for her mental 

support. Many thanks to all my friends, FST graduate students and department staffs 

in the Department of Food Science and Technology for their supporting and friendship 

throughout my study at OSU.  

Last but not least, I would like to give my special gratitude to my beloved 

parents, my sister, my brothers, Dr. Payungsak Junyusen, and Junteerat Junyusen for 

their honest love, understanding, and mental support.   

 

 

 



 
     
   

CONTRIBUTION OF AUTHORS 

 

Dr. Michael H. Penner and Dr. Lisbeth M. Goddik were involved with 

experimental design, data interpretation and writing of manuscripts.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
     
   

TABLE OF CONTENTS 

 

Page 

1.   INTRODUCTION ........................................................................................  1 

2.   LITERATURE REVIEW .............................................................................  7 

2.1   STRUCTURE OF LIGNOCELLULOSIC BIOMASS ...................  7 

2.2   CHEMISTRY OF LIGNIN STRUCTURE ....................................  8 

2.3   REACTIVITY OF LIGNIN ............................................................  12 

2.3.1   Alkali-catalyzed reaction .................................................       13 

2.3.2   Acid-catalyzed reaction ....................................................       15 

2.4   DETERMINATION OF LIGNIN ...................................................  16 

2.4.1   Acid insoluble lignin (AIL) ..............................................       19 

2.4.2   Acid soluble lignin (ASL) ................................................  21 

2.5   ISOLATION OF LIGNIN ..............................................................  21 

2.5.1   Kraft pulping ....................................................................       22 

2.5.2   Sulfite pulping ..................................................................       22 

2.5.3   Soda pulping ....................................................................       23 

2.5.4   Mild alkali processing ......................................................       23 

2.6   MODIFICATION OF LIGNIN.......................................................  25 

 

 

 



 
     
   

TABLE OF CONTENTS (Continued) 

 

Page 

2.7   UTILIZATION OF LIGNIN...........................................................  26 

2.7.1   Bile acid adsorption..........................................................       27 

2.7.2   Heterocyclic aromatic amines adsorption ........................  28 

2.7.3   Antioxidants .....................................................................  28 

2.7.4   Films .................................................................................  29 

2.8   BILE ACIDS ...................................................................................  30 

3.   INTERPRETATION OF AIL- AND ASL- BASED SUMMATIVE  
ANALYSIS APPLIED TO ALKALI PROCESSING OF  
LIGNOCELLULOSICS ................................................................................  34 

 
3.1   ABSTRACT ....................................................................................  35 

3.2   INTRODUCTION ..........................................................................  36 

3.3   METERIALS AND METHODS ....................................................  40 

3.4   RESULTS AND DISCUSSIONS ...................................................  43 

4.   PARAMETER EFFECTS ON STRAW LIGNIN RECOVERY FROM  
ALKALI LIQUORS .....................................................................................  66 

 
4.1   ABSTRACT ....................................................................................  67 

4.2   INTRODUCTION ..........................................................................  68 

4.3   METERIALS AND METHODS ....................................................  72 

4.4   RESULTS AND DISCUSSIONS ...................................................  76 

 



 
     
   

TABLE OF CONTENTS (Continued) 

 

Page 

5.   EVALUATION AND CREATION OF LIGNIN-RICH WHEAT STRAW 
PREPARATIONS AS FUNCTIONAL FIBER COMPONENTS ................       100 

 
5.1   ABSTRACT ....................................................................................  101 

5.2   INTRODUCTION ..........................................................................  103 

5.3   METERIALS AND METHODS ....................................................  106 

5.4   RESULTS AND DISCUSSIONS ...................................................  111 

6.   GENERAL CONCLUSION .........................................................................  132 

7.   BIBLIOGRAPHY .........................................................................................  134 

8.   APPENDICES 

APPENDIX A .........................................................................................  143 

APPENDIX B .........................................................................................  150 

   

 

 

 

 

 

 

 



 
     
   

LIST OF FIGURES 

 

Figure                     Page 

2.1   Plant cell wall arrangement of cellulose, hemicelluloses, and lignin .........  8 

2.2   The three basic monolignols in lignin polymers .........................................  10 

2.3   The predominant linkages in lignin polymers .............................................  11 

2.4   Functional groups of lignin .........................................................................  12 

2.5   A tentative chemical structure of wheat straw lignin ..................................  14 

2.6   Lignin/phenolic-carbohydrate complex from corn cell walls and its 
cleavage with alkali treatment .....................................................................  15 

 
2.7   A two-step acid hydrolysis of biomass .......................................................  20 

2.8   Goals of alkali pretreated on lignocellulosic materials ...............................  24 

2.9   Amide bond formation mechanism using carbodiimide and carboxylic 
acid compound .............................................................................................   26 

 
2.10 The normal enterohepatic circulation of bile acids .....................................  33 

3.1   Scheme for mass closure analyses of lignin as AIL and ASL after water/ 
alkali processing (AP) in native (a) and extractive free (b) wheat straw ....  55 

 
3.2   Percent AIL recovered of original wheat straw, native wheat straw, AP 

extractive free wheat straw, and AP native wheat straw .............................  57 
 
3.3   Percent ASL recovered of original wheat straw (true ASL), native wheat 

straw, AP extractive free wheat straw, and AP native wheat straw ............  58 
 
3.4   Percent overestimation of AIL due to the presence of extractives in 

native wheat straw. Different letters of each column (lowercase and 
capital letter) represented the difference among conditions at p<0.05 ........  59 

 
3.5   Comparison of % lignin based on dry-weight biomass between EFS and 

AP-EFS at 25, 50, and 75°C for 5 h ............................................................  60 



 
     
   

LIST OF FIGURES (Continued) 

 

Figure                     Page 

3.6   Comparison of % lignin (based on dry-weight biomass) (A) summing 
independent solid & liquid phase measurements versus (B) a single 
measurement of solid-liquid composite samples. Paired t-test indicated 
each A-B pair has no significant difference at p<0.05.................................  61 

 
3.7   Comparison of % lignin (based on dry-weight biomass) between EFS and 

WP-EFS and WP-NS at 50°C for 5 h ..........................................................  62 
 
3.8   Flow chart of mass balance from alkali treatment of wheat straw. (a) 

wheat straw was Soxhlet extracted before alkali treatment, (b) wheat 
straw was directly treated with alkali. AIL was presented in g per 100 
gram dry-weight wheat straw ......................................................................  63 

 
4.1   Flow chart of preparation of alkali extraction liquor (AEL) from alkali 

processed wheat straw .................................................................................  86 
 
4.2   Experimental scheme for assessing the role of pH and temperature in 

lignin precipitation from hemicellulose-free alkali extract liquor ...............  87 
 
4.3   Experimental scheme for assessing the role of hemicellulose in lignin 

preparation from alkali extract liquor ..........................................................  88 
 
4.4   Experimental scheme for assessing the role of ionic strength in lignin 

precipitation from hemicellulose-free alkali extract liquor .........................  89 
 
4.5   Percent solids recovered relative to original biomass (blue column, left 

axis) and percent ash-free solid relative to theoretically available lignin 
(red line, right axis) in alkali extract liquor as a function of pH at different 
temperatures following a 1 h precipitation period. Different lowercase 
letters represent different pH-dependent lignin recovery at the given 
temperature (p<0.05) ...................................................................................  90 

 
4.6   Percent ash-free solid relative to theoretically available lignin, 

quantifiable total lignin, quantifiable AIL, and quantifiable ASL relative 
to theoretically available total lignin, AIL, and ASL, respectively in alkali 
extract liquor as a function of pH at 40°C following a 1 h precipitation 
period ...........................................................................................................  91 



 
     
   

LIST OF FIGURES (Continued) 

 

Figure                     Page 

4.7   Flow chart of mass balance from alkali treatment of wheat straw. Lignin, 
carbohydrate, and ash recovered are presented in g per 100 gram dry-
weight wheat straw ......................................................................................  94 

  
4.8   Percent ash-free solid, quantifiable total lignin, quantifiable AIL, and 

quantifiable ASL relative to theoretically available lignin in alkali extract 
liquor as an effect of presence/absence of hemicellulose (HC) on lignin 
precipitated at pH 1.5 ...................................................................................  96 

 
4.9   Percent solids recovered relative to original biomass. Solids were 

prepared from hemicellulose-free alkali extract liquor as a function of 
ionic strength at pH 7, 40°C following a 1 h precipitation period ..............  98 

 
5.1   Flow chart of preparation of lignin-rich fractions from alkali processed 

wheat straw ..................................................................................................  119 
 
5.2   Cholic acid (CA), glycocholic acid (GCA), and taurocholic acid (TA) 

adsorption to cholestyramine and cellulose .................................................  121 
 
5.3   Cholic acid (CA) adsorption to lignin-rich fractions from alkali processed 

wheat straw ..................................................................................................  122 
 
5.4   Glycocholic acid (GCA) adsorption to lignin-rich fractions from alkali 

processed wheat straw .................................................................................  123 
 
5.5   Taurocholic acid (TA) adsorption to lignin-rich fractions from alkali 

processed wheat straw .................................................................................  124 
 
5.6   Bile acids adsorption to lignin-rich fractions from alkali processed wheat 

straw (AL, alkali lignins; ESR, enzyme saccharification residues; AES, 
alkali extracted solids; WS, wheat straw) ....................................................  125 

 
5.7   Bile acids adsorption isotherms to lignin-rich fractions from alkali 

processed wheat straw. Curves generated by Langmuir adsorption model .  126 
 
5.8   Effect of additional CaCl2 and NaCl on solubility of bile acids. (a) cholic 

acid, (b) glycocholic acid, (c) taurocholic acid ...........................................  127 



 
     
   

LIST OF FIGURES (Continued) 

 

Figure                     Page 

5.9   Effect of additional CaCl2 and NaCl on taurocholic acid adsorption to 
alkali lignin ..................................................................................................  128 

 
5.10 FTIR spectra of alkali lignin (AL) and modified alkali lignin (MAL) .......  129 
 
5.11 Bile acid adsorptions (μmol per gram substrate) to alkali lignin (AL) and 

modified alkali lignin (MAL) at bile acid concentration ranged from 
0.25-2.5 mM (A) and at bile acid concentration 2.5 mM (B) ......................  130 

 
5.12 Bile acids adsorption (μmol per gram lignin) to alkali lignin (AL) and 

modified alkali lignin (MAL) ......................................................................  131 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
     
   

LIST OF TABLES 
 
 

Table                     Page 

2.1   Chemical composition of agricultural residues. Values are presented as 
percentage of dry-weight residues ...............................................................  9 

 
2.2   Proportions of monolignols in plants ..........................................................  10 
 
2.3   Chemical structures of bile acids ................................................................  32 
 
3.1   Wheat straw composition. All values are calculated as percent dry-

weight of original biomass; mean (SD) .......................................................  56 
 
3.2   Percent AIL retained in each alkali processed wheat straw fractions. All 

values are presented as grams recovered per 100 gram original dry-
weight wheat straw; mean (SD) ...................................................................  64 

 
3.3   Comparison of solubility factors between solids phase of AP-NS in 

alkali solution and in Soxhlet water ............................................................  65 
 
4.1   Effect of pH on composition of lignin preparations precipitated from 

hemicellulose-free alkali extract liquor at 40°C ..........................................  92 
 
4.2 Composition of ethanol precipitated from alkali extract liquor at 25°C for 

1 h ..................................................................................................................  93 
 
4.3 Effect of presence/absence of hemicellulose (HC) on composition of 

lignin preparations precipitated at pH 1.5 from alkali extract liquor ............  95 
 
4.4 Composition of ethanol precipitated from AEL using H+ exchange resin 

lowering pH ...................................................................................................  97 
 
4.5 Effect of ionic strength on composition of lignin preparations precipitated 

at pH 7, 40°C for 1 h from hemicellulose-free AEL using resin treatment 
pH adjustment. NaCl was introduced to increase Na+ to 1.25 and 2.50 M ...  99 

 
5.1 Composition of lignin-rich fractions from alkali processed wheat straw. 

All values are presented as grams recovered per 100 gram original dry-
weight wheat straw; mean (SD) ....................................................................  120



 
 

WHEAT LIGNIN AS A FUNCTIONAL DIETARY FIBER 

COMPONENT  

 

CHAPTER 1 

 

INTRODUCTION 

 

 A growing global demand for energy and decreasing petroleum sources have 

encouraged the development of alternative energy options that can replace fossil fuels. 

Wood, grass, and agricultural residues are lignocelluloses that are promising 

alternative energy resources. These are the most abundant renewable biomass at 

approximately 200 billion metric tons annually (Himmel et al. 2007, Zhang et al. 

2007, Dimmel 2010). Research programs have focused on transforming 

lignocellulosic biomass into bio-energy and value-added bio-based products, such as 

bio-oil (Yuan and Sun 2010). Sources of lignocellulosic biomass from major 

agricultural crops like corn, wheat, barley, oats, rice, sorghum, and sugar cane produce 

an estimated 1.5 billion metric tons of residues each year (Kim and Dale 2004). 

Conversion of lignocellulosic biomass obtained from non-food plants, such as 

agricultural and forest residues, into bio-energy and bio-based products does not 

compete with the production of food crops (Hu and Ragauskas 2012). In the USA, 

wheat straw is the second major feedstock for ethanol production. Wheat straw is a 
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good example of a low-value high-volume agricultural residue that can be used as a 

biorefinery feedstock material (Clark et al. 2006, Yuan and Sun 2010).   

Cellulose, hemicellulose, lignin, and pectin are approximately 90% of the dry-

weight of most plant materials. The presence of lignin in lignocellulosic biomass leads 

to recalcitrance, which refers to the ability of plant materials to resist or prevent plant 

cell destruction from microbial, enzymatic, and chemical interference. Recalcitrance 

limits the use of lignocellulosic biomass and reduces its economically viable 

conversion into value-added products. In addition, structural heterogeneity and the 

complexity of cell walls also contributed to the recalcitrance of lignocellulose 

(Himmel et al. 2007, Kumar et al. 2009, Yuan and Sun 2010). Typically, the first step 

of the conversion of lignocellulosic materials to bio-products is a pretreatment to 

remove lignin and hemicellulose, reduce the crystallinity of cellulose, and increase the 

porosity of materials. Different pretreatment methods have been studied for different 

biomasses to maximize the utilization of all major cellulose, hemicellulose, and lignin 

components. The advantage of pretreatment is not only to improve sugar yields with 

enzymatic hydrolysis and to increase cost effectiveness but to efficiently produce high 

value co-products (Mosier et al. 2005, Sun and Cheng 2002).  

Alkali pretreatment is the prevalent method used by several industries for 

delignification, hemicellulose removal, cellulose crystallinity reduction, and plant 

fiber. Sodium, potassium, calcium, and ammonium hydroxides are applicable alkali 

agents; however, sodium hydroxide (NaOH) has been studied the most (Kumar et al. 

2009). NaOH has long been used in paper and pulp processing for woody and non-
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woody plants (Hurter and Byrd 2001). NaOH also plays an important role in the 

ruminant animal feed industry as it improves the rate of biomass digestibility by 

swelling and enhancing the surface area of plant cell walls for easier enzymes 

accessibility (Lagerstrom and Nilsson 1980, Pigden and Bender 1978). NaOH is used 

to fractionate the major structural components of biomass. In such operations, nearly 

all of the cellulose component of the feedstock remains in the solid phase, while a 

significant portion of the lignin along with much of the hemicellulose is extracted into 

the liquid phase. The extent of lignin extraction is dependent on the severity of the 

treatment. Lignocellulosic biomass processing is usually focused on the utilization of 

the carbohydrate fraction of these two phases. However, economically viable 

processes will likely involve the value-added processing of all major components. 

Lignin is one such major component. However, a significant challenge for lignin 

research is the difficulty of determining lignin content. 

Several lignin determination methods have been reported, but no method 

provides an accurate measurement for lignin quantification (Hatfield and Fukushima 

2005). This is why it is important to consider an appropriate measurement method that 

can accurately represent and quantify the lignin in different biomass samples. Klason 

lignin and acid detergent lignin methods have been compared and it was found that 

Klason lignin method give a more accurate quantification of the total lignin (Hatfield 

et al. 1994, Jung et al. 1999). However, the application of the Klason lignin method is 

not appropriate for the determination of lignin values in plant-based food products, 

especially in dietary fiber due to suberin and cutin contamination (Bunzel, Schussler 
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and Saha 2011). A nongravimetric acetyl bromide assay was developed to a quickly 

and easily predict total lignin concentrations; however, it can be problematic for 

selecting an appropriate standard for the development of calibration curves for each 

sample type (Fukushima and Kerley 2011, Hatfield et al. 1999). Klason, acid 

detergent, potassium permanganate, and acetyl bromide lignin methods are most 

commonly used for determining lignin values in different plant samples. When these 

methods were compared, lignin yields differed depending on each plant sample 

(Fukushima and Hatfield 2004). Recently, the standard analytical methods for 

measuring lignin content in various plants as published by TAPPI and NREL are acid 

insoluble lignin (AIL) and acid soluble lignin (ASL). AIL and ASL methods are not 

suitable for sample containing extractives (Sluiter et al. 2010). Rather these methods 

are used to quantify the remaining lignin content in solids fraction after chemical 

treatments of non-removal extractives biomass (McIntosh and Vancov 2011, Janker-

Obermeier et al. 2012, Pedersen, Viksoe-Nielsen and Meyer 2010).  

Lignin is a promising ecofriendly renewable material pertinent to many bio-

based productions. Large quantities of lignin will likely be available in the future. Not 

only paper and pulp industries produce large quantities of lignin byproducts, but 

bioethanol production from lignocellulosic biomasses also has the potential to yield of 

lignins. However, the conversion of lignin into higher value products would be 

challenging due to its complex structures and lack of good information about chemical 

and physical properties of lignin. The utilization of lignins is mainly based on their 

functionalities, such as dispersing, binding, emulsifiers, and sequestrants (Calvo-
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Flores and Dobado 2010, Lu and Ralph 2010). Lignin byproducts can be potentially 

converted into bio-based products as following; syngas products such as methanol and 

ethanol, liquid and gaseous hydrocarbons such as benzene, phenols such as phenol and 

substitute phenols, oxidized products such as vanillin and vanillic acid, and 

macromolecules such as carbon fiber and activated carbon materials (Calvo-Flores and 

Dobado 2010, Fellows, Brown and Doherty 2012, Lu and Ralph 2010, Notley and 

Norgren 2009). In the wood adhesive industry, it is well known that an application of 

lignin derivatives is to replace phenol for phenol-formaldehyde resin. Lignosulfonates, 

lignin byproducts from sulfite pulping, are most commonly used for making lignin-

based adhesives (Lu and Ralph 2010). Non-wood lignins, such as Alcell® and alkali 

wheat straw lignin, have been used to improve the water resistance properties of 

starch-based films for packaging. Alkali wheat straw lignin has also showed the 

potential to reduce the glass transition temperature of starch/glycerol films (Lepifre et 

al. 2004a, Lepifre et al. 2004b, Lora and Granit 2002). Many researches have studied 

the chemical properties of lignins based on theirs polyphenol aromatic structure. 

Lignin is a free-radical scavenger and can be considered as natural antioxidant 

(Dizhbite et al. 2004, Garcia et al. 2012, Kim, Cho and Han 2013, Nunez-Flores et al. 

2013, Pan et al. 2006, Wen et al. 2013). Moreover, it is demonstrated that lignin 

efficiently adsorb heterocyclic aromatic amines to prevent the absorption in the human 

digestive system (Funk et al. 2006). Lignin also contributes to the adsorption of bile 

acids (Meunier-Goddik and Penner 1999, Sayar, Jannink and White 2006, Dongowski 
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2007, Cornfine et al. 2010); however, some studies have disproved a major character 

of lignin in bile acid adsorption (Funk et al. 2008, Barnard and Heaton 1973).     

This dissertation has focused on lignin byproducts that result from the alkali 

processing of wheat straw. In the first study, the quantification of the effects of alkali 

processing on lignin required, among other things, an ability to do mass closure 

analyses that considered both the soluble and insoluble phase. In the second study, 

effect of environmental parameters on lignin recovery from alkali extract liquor were 

investigated. Lignin recovery was quantified as acid insoluble lignin (AIL) and acid 

soluble lignin (ASL). The factors considered to possibly effect lignin recovery were 

pH, temperature, the presence of hemicellulose, ionic strength, solvent, and 

liquid/solid ratio. This dissertation has also focused on the chemistry of lignin and its 

fiber-related functionality, including sterol binding.  
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CHAPTER 2 

 

LITERATURE REVIEW 

 

2.1 STRUCTURE OF LIGNOCELLULOSIC BIOMASS  

The cell wall of a lignocellulosic biomass consists mostly of three structural 

organic compounds; cellulose, hemicellulose, and lignin that make up more than 80% 

of total dry-weight, as shown in Fig. 2.1. Cellulose is linear homopolymer of β-1,4 

linked D-glucose units and is the most abundant natural polymer in a biomass. 

Hemicellulose is the second most abundant organic polymer in a biomass. Unlike 

cellulose, hemicellulose are branched heterogeneous sugar polymers (Xu 2010). 

Lignin is the third most abundant organic non-carbohydrate polymer after cellulose 

and hemicellulose. It is a phenolic polymer comprised of phenylpropanoid units (Xu 

2010, Buranov and Mazza 2008, Fellows, Brown and Doherty 2012). In addition to 

cellulose, hemicellulose, and lignin, a biomass also consists of proteins, waxes, free 

sugars, and insoluble ash. A biomass composition is dependent on plant species, plant 

parts, and growth conditions. The chemical compositions of several agricultural 

residues are shown in table 2.1 (Xu 2010).  
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2.2 CHEMISTRY OF LIGNIN STRUCTURE  

The term lignin is derived from the Latin word meaning wood “lignum”, which 

was first introduced by Schulze in 1865 (Sarkanen and Ludwig 1971). Lignin plays an 

important structural role in supporting plant stems and helps them to withstand the 

forces of wind and gravity. Lignin also helps stems transport water and provide a 

barrier against microbial attack (Iiyama, Lam and Stone 1994, Xu 2010). Lignin in 

cell walls is usually referred to as protolignin in order to differentiate it from several 

isolated lignins. The overall structures of protolignins are not yet completely defined 

due to their complicated chemical compositions and linkages between lignin units that 

are specific to plant species. The development of lignin chemistry has recently 

Cellulose 

Lignin 

Hemicellulose 

Fig. 2.1. Plant cell wall arrangement of cellulose, hemicelluloses, and lignin (Adapted 
from US department of energy http://www.lbl.gov/Publications/YOS/Feb/index.html 
accessed on 10.07.13). 
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exposed the chemical structure of isolated lignin more accurately. Lignin is an 

amorphous natural polymer derived from three basic aromatic alcohols (monolignols), 

namely, p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol, which are the 

building blocks of phenylpropanoid units (Sarkanen and Ludwig 1971). The oxidative 

phenolic coupling reactions of these monolignols generate interunit linkages of 

monolignols to build lignin polymers. The units in lignin polymers are called p-

hydroxyphenyl (H), guaiacyl (G), and syringyl (S) (Fig. 2.2) (Buranov and Mazza 

2008, Dimmel 2010). However, the definition of a lignin polymer has been expanded 

beyond the lignification of three monolignols to potential compounds that present as 

monomers and radically couple to form structures with phenylpropanoid polymers 

(Ralph 1999). Hydroxycinnamic acids (p-coumaric, ferulic, and sinapic acids) are 

examples of such compounds (Iiyama and Lam 2001). 

 

Table 2.1. Chemical composition of agricultural residues. Values are presented as 
percentage of dry-weight residues (Xu 2010). 
 

Agricultural 
residues 

Water-
solubles Cellulose Hemicelluloses Lignin Ash 

Wheat straw 4.7 38.6 32.6 14.1 5.9 
Rice straw 6.1 36.5 27.7 12.3 13.3 
Rye straw 4.1 37.9 32.8 17.6 3.0 
Maize stems 5.6 38.5 28.0 15.0 4.2 
Bagasse 4.0 39.2 28.7 19.4 5.1 
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Different lignin compositions depend on the plant species and structural tissues 

of an individual plant. Lignins have been categorized into three main groups; softwood 

lignin, hardwood lignin, and grasses or herbaceous lignin. Softwood lignin 

predominantly consists of a guaiacyl unit. Hardwood and herbaceous lignin mostly 

consist of guaiacyl and syringyl units, however, herbaceous lignin also contains 

significant amounts of p-hydroxyphenyl, as presented in table 2.2 (Brunow and 

Lundquist 2010, Notley and Norgren 2009).   

 

Table 2.2. Proportions of monolignols in plants (Notley and Norgren 2009). 

 p-Coumaryl alcohol Coniferyl alcohol Sinapyl alcohol 
Softwood <5 >95 Trace amounts 
Hardwood 0-8 25-50 46-75 

Grasses 5-33 33-80 20-54 
  

 

Fig. 2.2. The three basic monolignols in lignin polymers (Adapted from (Buranov 
and Mazza 2008, Dimmel 2010). 
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It has been proposed that wood lignin and herbaceous lignin differ in their 

ratios of monolignols and bonding patterns (Adler 1977, Iiyama, Thi and Stone 1990, 

Mongeau and Brooks 2001, Sun et al. 1997b). The predominant intermolecular 

linkages of lignin polymer are arylglycerol-β-aryl ether [β-O-4], phenylcoumaran or 

cyclic benzyl aryl ether [β-5 (α-O-4)], biphenyl [5-5], pinoresinol [β-β (α-O-γ)], 

diarylpropane [β-1], and diphenyl ether [4-O-5], as shown in Fig. 2.3 (Brunow and 

Lundquist 2010, Dence and Lin 1992, Iiyama and Lam 2001).  

 

 

 

The main chemical functional groups in lignin include hydroxyl, methoxyl, 

carbonyl and carboxyl groups in different amounts depending on plant species and 

extraction methods (Fig. 2.4 and Fig. 2.5) (Gosselink et al. 2004). Lignin is covalently 

associated with hemicellulose and cellulose. In herbaceous lignin, hydroxycinnamic 

acids are bonded to lignin polymer. Ferulic acids bridge etherified lignin and esterified 

Fig. 2.3. The predominant linkages in lignin polymers (Adapted from (Ralph et al. 
2004). 
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polysaccharides, while p-coumaric acids are mainly ester-linked to the lignin at 

aliphatic γ position. Lignin is also directly ether-linked to hydroxyl groups of 

arabinoxylan and ester-linked to carboxyl groups of glucuronoxylan, as shown in Fig. 

2.5. These functional groups and linkages can be degraded by chemical treatments 

which contribute to the reactivity of lignin (Iiyama et al. 1994, Lai 2001, Lawther, Sun 

and Banks 1996a, Lu and Ralph 1999, Scalbert et al. 1986). 

  

 

 

2.3 REACTIVITY OF LIGNIN  

The major contributors to lignin depolymerization are susceptibility of ester 

and ether linkages to chemical treatments. The most susceptible bond relative to 

scission in the intramolecular lignin is β-O-4 linkage which is also the most 

predominant bond (Dimmel and Gellerstedt 2010). Intermolecular lignin units are 

mainly esterified at γ position to p-coumaric acid and at α position to 4-O-methyl-D-

Fig. 2.4. Functional groups of lignin (Dimmel 2010). 
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glucurono-D-xylan. The units are also etherified at α position to ferulic acid and 

polysaccharides (Lai 2001).  

 

2.3.1 Alkali-catalyzed reaction 

It is well known that a lignin intramolecular unit has two major types of aryl 

ether structures an etherified phenolic unit, and an etherified non-phenolic unit, as 

shown in Fig. 2.5.  Typically, alkali delignification reactions include the cleavage of 

phenolic α-O-4 and β-O-4 linkages, cleavage of non-phenolic β-O-4 linkages, and 

cleavage of aliphatic carbon-carbon linkages at β- and γ-position that releases 

formaldehyde into alkali solution (Gellerstedt and Lindfors 1984, Lai 2001). However, 

an etherified non-phenolic unit is more resistant than an etherified phenolic unit to 

alkali hydrolysis (Brunow and Lundquist 2010). The small lignin fragments may 

further recondense generating alkali stable carbon-carbon linkages (Dimmel and 

Gellerstedt 2010). 
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Polysaccharides, phenolic acids, and lignin units are released into alkali 

solution by the cleavages of alkali-labile ester and ether linkages between 

intermolecular plant cell wall structures, as shown in Fig. 2.6. The functional groups 

of lignin promote lignin depolymerization and dissolution during alkali treatments (Ko 

and Lai 2001, Scalbert and Monties 1986). 

 

Fig. 2.5. A tentative chemical structure of wheat straw lignin (Adapted from (Sun, 
Lawther and Banks 1997b). 
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2.3.2 Acid-catalyzed reactions 

Acid insoluble lignins (AIL) result from the depolymerization and 

condensation reactions of lignin polymers during acid treatments. Under strong acid 

conditions, lignin polymers are depolymerized by the cleavage of β-O-4 linkage 

releasing small lignin fragments, and the cleavage of aliphatic carbon-carbon linkages 

at β- and γ-position releasing formaldehyde (Yasuda, Fukushima and Kakehi 2001, Lai 

2001). The formaldehyde is possibly further condensed with aliphatic or aromatic 

carbons to form insoluble condensation products (Lai 2001). Previous studies support 

that released lignin units are further condensed with other lignin units, including 

carbohydrate degradation products, such as HMF and furfural, to yield the stable 

Fig. 2.6. Lignin/phenolic-carbohydrate complex from corn cell walls and cleavage 
during an alkali treatment (Adapted from (Buranov and Mazza 2008).  

 

 

 

Alkali treatment 

Lignin polymer Ferulic acid Coumaric acid Arabinoxylan  
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polymeric insoluble residues during acid treatment (Matsushita et al. 2004, Yasuda 

and Ota 1986). Yasuda et al. (2001) reported that acid soluble lignin (ASL) is 

primarily generated from the dissolution of low molecular weight lignin units and the 

hydrophilic degradation of lignin-carbohydrate complexes after acid hydrolysis. ASL 

units are further condensed to form acid insoluble residues. The degradation of 

extractives (solvent extractable compounds) may be dissolved become low molecular 

weight products during an acid treatment and cause an overestimation of lignin 

concentration (Sannigrahi et al. 2011).  

Under diluted acid treatment, the depolymerization of polysaccharides is 

completely hydrolyzed to become monosaccharides. The ASL units are continually 

condensed and become acid insoluble residues. Extractives can form additional lignin-

like compounds (Sannigrahi, Ragauskas and Miller 2008). It has been reported that 

cutin and suberin, which have similar aliphatic and aromatic structures to lignin, forms 

acid insoluble residues under acid hydrolysis (Bunzel et al. 2011).  

 

2.4 DETERMINATION OF LIGNIN  

Several lignin determination methods have been reported, but it is generally 

recognized that all current methods have at least some limitations for lignin 

quantification. In light of this, it is important to consider those limitations with respect 

to lignin quantification under different scenarios. Hatfield and Fukushima (2004 and 

2005) have grouped lignin quantification methods as applied to herbaceous biomass 

into four categories: noninvasive, indirect, solubilization of lignin, and direct. 
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Noninvasive methods include those based on UV, FTIR, and NMR spectroscopy. 

Major limitations of the spectrophotometric methods include the limited solubility of 

lignin preparations. And the high amount of interfering substances non-lignin phenolic 

compounds. An example of an indirect method of lignin quantification is potassium 

permanganate oxidation, which estimates lignin content based on the amount of 

permanganate consumed during oxidative reactions. A limitation to this method, 

which is characteristic of the indirect methods, is cross reactivity – in this case the 

oxidation of non-lignin components. An example of a “solubilization method” is that 

based on the use of acetyl bromide. Treatment with acetyl bromide causes the lignin to 

dissolve; the dissolved lignin is then quantified spectrophotometrically. A limitation of 

this approaches that of choosing an appropriate standard for the development of a 

calibration curve. Direct methods of lignin quantification include those based on 

dissolution of non-lignin components followed by gravimetric determination of the 

lignin remaining in the insoluble. Methods giving values for acid detergent lignin 

(ADL), and acid insoluble lignin (AIL) all fall within this category. In each case 

sulfuric acid is used as the hydrolyzing/dissolving reagent. ADL procedures first treat 

the biomass a relatively low concentration of acid at high temperature, followed by 

treatment with a high acid concentration at relatively low temperature. In contrast, 

AIL measurements first treat with concentrated acid at low temperature followed by 

low concentration of acid at high temperature. Due to the dissolution of lignin during 

ADL treatments, this method has the potential to underestimate lignin content. AIL is 

thought to maybe overestimate lignin concentrations due to the formation of artifactual 
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lignin, particularly if samples contain high amounts of protein and extractives. It has 

been suggested that the AIL method will give more accurate lignin values if the 

extractives are removed before analysis and protein is taken into account (Hatfield et 

al. 1994, Hatfield and Fukushima 2005, Jung et al. 1999). Removal of extractives and 

accounting for protein content do not appear to totally correct for the presence of 

artifactual lignin. It has been discussed that the AIL content of acid-treated biomass is 

often higher than that of the starting materials due to the condensation of degraded 

polysaccharides to generate lignin-like compounds that measure as lignin, this is 

referred to as artifactual lignin or “pseudo-lignin” (Li, Henriksson and Gellerstedt 

2007, Sannigrahi et al. 2011). The use of AIL methods for lignin quantification of 

plant-based food products is also questionable due to the potential of cutin and suberin 

compounds measuring as lignin, thus giving an overestimation of lignin content. Some 

lignin fractions presumably dissolve in the acid solutions used in the AIL method and 

hence are not in the solids fraction and, thus, do not measure as lignin (Bunzel et al. 

2011, Bunzel and Ralph 2006). Dissolved lignin is accounted for in these procedures 

by taking a simple UV absorbance measurement of the acid solvent. The lignin 

accounted for in this way is termed acid soluble lignin (ASL). ASL measurements are 

potentially erroneous due to the presence of non-lignin, UV-absorbing, interfering 

compounds in the acid solvent, such as degradation products of carbohydrates. An 

additional problem in the ASL method is the selection of an appropriate extinction 

coefficient for calculating lignin concentration (assuming Beer’s law is obeyed 
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(Hatfield and Fukushima 2005). Measured AIL and ASL values are often combined to 

give an estimate of total lignin. 

AIL- and ASL-based methods have become the standard analytical methods 

for measuring lignin content in plant materials, as published by TAPPI and NREL. As 

mentioned previously, the AIL/ASL methods include two acid treatment (72%H2SO4, 

30°C, 1 h and 4% H2SO4, 121°C, 1 h). The chemical nature of the AIL residue 

actually quantified in this protocol is not well known (Bunzel et al. 2011, Sannigrahi 

et al. 2011). The chemical structure of AIL is at least partially dictated by the 

depolymerization and condensation reactions that the biomass undergoes during the 

acid treatments. In 72%H2SO4 treatment, depolymerized lignin can recondense with 

degraded carbohydrates (Yasuda and Ota 1986, Matsushita et al. 2004). The majority 

of AIL is expected to be unhydrolyzed solids (Sluiter et al. 2010). The ASL is the acid 

soluble lignin fraction resulting from the two-stage acid hydrolysis of the extractive-

free biomass (http://www.nrel.gov/biomass/glossary.html). Total lignin is often 

defined as the sum of AIL and ASL. The total lignin value is expected to be based on 

native lignin content plus any artifactual lignin that might be generated. 

 

2.4.1 Acid insoluble lignin (AIL) 

The AIL method isolates lignin by using acid hydrolysis to solubilize structural 

carbohydrates of the lignified materials. The remaining lignin-rich residues can be 

determined gravimetrically after taking into account acid insoluble ash and acid 

insoluble protein (Sluiter et al. 2010).  The chemical structure of AIL is generated by 
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lignin depolymerization and condensation reactions (Yasuda et al. 2001). The protocol 

for analytical hydrolysis uses a strong sulfuric acid at 72% w/w, 30°C for 1 hour, 

followed by dilution acid 4% w/w, 121°C for 1 hour, as protocol shown in Fig. 2.7. It 

has been suggested that biomass containing extractives, which are materials soluble in 

either water or ethanol including non-structural compounds, are not appropriate for 

this method because they can form lignin-like compounds during hydrolysis resulting 

in an overestimation of lignin values (Sluiter et al. 2008, Sannigrahi et al. 2008). 

Therefore, it is recommended that the biomass extractives are removed with a two step 

extraction process of water followed by ethanol extraction prior to analysis (Sluiter et 

al. 2005). 

 

 

Fig. 2.7. A two-step acid hydrolysis of biomass (Adapted from Sluiter et al. 2008).  
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2.4.2 Acid soluble lignin (ASL)  

 A two step acid hydrolysis of biomass fractionates lignin into acid insoluble 

residues and acid soluble lignin. The ASL is a low molecular weight lignin which is 

solubilized in the acid hydrolysis solution. The ASL can be measured by UV-Vis 

spectroscopy. The recommened wavelength and absorptivity constants of biomasses 

are presented in Laboratory Analytical Procedure (Sluiter et al. 2008).  

 

2.5 ISOLATION OF LIGNIN   

The efficiency of alkali treatment on a lignocellulosic biomass can generally be 

affected by alkali concentration, temperature, and time. Chemicals commonly used for 

alkali treatment are sodium hydroxide (NaOH), calcium hydroxide (Ca(OH2)), and 

ammonium hydroxide (NH4OH), among others (Hu and Ragauskas 2012). The 

mechanism of alkali hydrolysis is believed to be the cleavage of ester bonds that 

crosslink lignin with other structural components, such as hemicellulose, as shown in 

Fig. 2.8. Alkali treatment causes swelling of cell wall structures, which increases the 

accessible surface area, and the separation structural carbohydrate from lignin (Sun 

and Cheng 2002). Previous studies have considered several methods for the recovery 

of lignin from alkali extract liquor. Acid precipitation is the most common such 

method; it uses strong mineral acids H2SO4, H3PO4, and HCl to lower the pH to such 

an extent the lignin precipitates; the precipitate is then recovered by centrifugation 

(Minu, Jiby and Kishore 2012). A similar approach to lignin recovery is based on 

using CO2 as the acidification agent (Wallmo et al. 2009). Ultrafiltration is a method 



 
     
   

22 

used to separate lignin based on molecular weight (Toledano et al. 2010). Electrolytic 

methods have also been proposed for recovering organics from alkali liquors during 

alkali neutralization (Ghatak 2008, Lora, Caro and Cloutier 2005). The following 

sections contain summaries of commonly used processing methods for lignin 

recovery. 

 

2.5.1 Kraft pulping 

Kraft pulping is a process used to isolate lignin from cellulose fibers in woody 

and non-woody biomass. It is the most commonly used for paper making. This process 

uses a cooking liquor (white liquor) that contains sodium sulfide (Na2S) and sodium 

hydroxide (NaOH) at elevated tempartures (160-170°C). Acid precipitation is used to 

recover lignin that has been delignifed into black liquor. Sulfide ions in the alkali 

cooking liquor favored the cleavage of the β-aryl ether linkages present in lignin 

polymers producing lower molecular weight lignin fragments (Chakar and Ragauskas 

2004). Lignin carbon-carbon bonds can also be formed from condensation reactions 

that yield strong, complex lignin structures. Kraft lignin is mainly hydrophobic and 

contains thiol group (R-SH). Most kraft lignin is burned as a fuel to produce power in 

pulp and paper industry (Chung and Washburn 2013).  

 

2.5.2 Sulfite pulping 

Sodium, calcium, or magnesium sulfite (Na2SO3, CaSO3, MgSO3) are used in 

the sulfite pulping process at high temperature (120-150°C) to isolate lignin from 
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wood chips for the pulp and paper industry. Sulfonic acids favored the cleavage of α 

and β- ether linkages and solubilized sulfite lignin into aqueous solutions. Sulfite 

lignin contains sulfur in the form of lignosulfonate used as a fuel for the industry  

(Chung and Washburn 2013, Alen 2000). Lignosulfonate has both hydrophobic and 

hydrophilic properties. The molecular weight of lignosulfonate is greater than Kraft 

lignin (Calvo-Flores and Dobado 2010).  

 

2.5.3 Soda pulping 

Soda pulping process is the most relevant and widely used process for the 

delignification of non-woody plants, such as wheat straw, bagasses and hemp. In this 

process, the concentration of 13-16% sodium hydroxide (NaOH) is used at high 

reaction temperatures (140-170°C). The reaction favors the cleavage of α-ether bond. 

The addition of an antrahydoroquinone/antraquinone catalyst causes the cleavage of β-

O-4 linkages. The absence of sulfur compounds differs the chemical structure of soda 

lignin from Kraft and sulfite lignin (Chung and Washburn 2013).  

 

2.5.4 Mild alkali processing 

Lignin from straw and grass can be isolated with mild alkali treatment at room 

temperature. Whereas wood lignin requires more severe concentration of alkali 

treatment condition and higher temperatures. Lawther et al. (1996) yielded up to 84% 

of alkali-soluble lignins from straw during mild alkali treatment at room teperature. 

Therefore, it has been recommended to use straw and grass lignin for structural studies 
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because of the lower chemical modification of lignin structures from mild alkali 

treatment (Lu and Ralph 2010). Several alkali treatment conditions (concentrations, 

types of alkali used, temperature, and time) were compared for the extraction of straw 

alkali lignin. The result showed that more severe of alkali treatments increased alkali 

soluble lignin yields (Sun, Lawther and Banks 1995, Sun, Lawther and Banks 1997a, 

Sun, Lawther and Banks 1996b). The mild alkali treatment of straw and grass also 

results in less sugar degradation. Recovered alkali lignin by one step acid precipitation 

retains higher amounts of nonlignin components, such as polysaccharides. Sun et al. 

(1997a) has attempted to reduce polysaccharides in isolated lignin fractions by 

developing a two-step precipitation method. Lignin was separated by lowering pH to 

1.5 after hemicellulose removal by adding 5 volumes of 95% ethanol into the mild 

alkali extract liquor.  Straw alkali lignin has an average molecular weight of 1000-

2000 Da (Sun, Lawther and Banks 1997c, Lawther, Sun and Banks 1996b) 

 

Fig. 2.8. Goals of alkali pretreated on lignocellulosic materials (Adapted from(Mosier 
et al. 2005). 
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2.6 MODIFICATION OF LIGNIN  

 Carbodiimide (RN=C=NR’) is unsaturated compound that has been widely 

used in organic synthesis reaction, and it has been used for peptide synthesis and for 

the modification of proteins and polysaccharides in aqueous systems (Nakajima and 

Ikada 1995). The most frequently used water soluble carbodiimide is N-[3-(dimethyl-

amino)propyl]-N’-ethylcarbodiimide (EDC) (Podlech 2004). The formation of amide 

under mild conditions, such as pH 5.0 at room temperature, results from reaction 

between carboxylic acids and amines in the presence of carbodiimides, as shown in 

Fig 2.9. The main advantage of this modification method is simply that the reagent can 

be directly added into a mixture of the carboxylic acids and amines (Nakajima and 

Ikada 1995, Montalbetti and Falque 2005). However, it has been reported that an 

excess of carbodiimide can generate an undesired product, stable N-acylurea 

(Nakajima and Ikada 1995). O-acylisourea is an intermediate compound from the 

reaction between carbodiimide and carboxylic acid. This intermediate can then 

directly react with the amine to obtain the desired amide and the by product urea. Side 

reactions of the intermediate compound may yield both desired and undesired 

products. The O-acylisourea can react with an extra carboxylic acid to produce a 

symmetric carboxylic anhydride that can readily react with amine to give the desired 

amide. However, in the absence of amine, O-acylisourea can rearrange to form stable 

N-acylurea, which is an undesired byproduct (Montalbetti and Falque 2005). 
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2.7 UTILIZATION OF LIGNIN  
 

Recently, the use of non-woody plants as renewable fiber sources for paper, 

bioethanol, and other industries has increased. A consequence of these application 

processes, undesirable extracted lignin, are available to use as raw material for new 

industrial applications (Garcia et al. 2009, Hurter and Byrd 2001). However, most 

these undesirable extracted lignin are directly burned for energy recovery. The 

conversion of these lignins into higher value products would increase the efficiency 

utilization of lignin. Non-woody lignins have been evaluated as functional fibers for 

food manufacturing. The uses for lignin in food industry are considered as follows. 

 

 

 

Fig. 2.9. Amide bond formation mechanism using carbodiimide and carboxylic acid 
compound (Adapted from (Montalbetti and Falque 2005). 
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2.7.1 Bile acid adsorption 

 Bile acids are biosynthesized from cholesterol in the liver. The adsorption of 

bile acid to dietary fiber prevents its reabsorption and may increase the excretion of 

bile acid. This mechanism stimulates additional bile acid synthesis to stabilize bile 

acid levels which lowers blood cholesterol. Several dietary components have been 

studied for their bile acid binding capacities (Sayar et al. 2006, Dongowski 2007, 

Drzikova et al. 2005, Story, White and West 1982). The results showed that the 

adsorption of bile acid was related to the compositions of dietary fiber, such as β-

glucan and lignin, which promoted the binding capacity of bile acid (Sayar et al. 2006, 

Drzikova et al. 2005). The role of lignin on bile acid adsorption indicated that the 

hydrophobicity of lignin contributed to increase of bile acid adsorption (Story and 

Kritchevsky 1976). Alkali treated dietary fiber increased the bile acid binding 

capacity. It was indicated that lignin structures were degraded by alkali processing that 

exposed lignin substructures resulting in increased binding sites for bile acids 

(Cornfine et al. 2010). Bile acid adsorption was used as a probe to observe the changes 

in the surface area of non-cellulose fractions of lignocellulose. The results showed that 

non-cellulose residues with lignin-rich fractions showed relatively high bile acid 

adsorption capacity (Meunier-Goddik and Penner 1999). However, the results of 

several studies contradicted the role of lignin in bile acid adsorption (Barnard and 

Heaton 1973, Funk et al. 2008). Nonlignified and artificially lignified maize cell walls 

were used to test bile acid adsorption capacity. It was implied that lignin concentration 

and composition did not affect adsorption  (Funk et al. 2008). 
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2.7.2 Heterocyclic aromatic amines adsorption 

 Heterocyclic aromatic amines are a hydrophobic group of carcinogens usually 

found in heated protein-rich food like grilled meat. The adsorption of heterocyclic 

aromatic amines to dietary fiber may prevent their absorption by the small intestine 

and bioactivation in the liver. It has been studied that dietary fibers, especially those 

containing lignin or suberin, help to adsorb heterocyclic aromatic amines. The 

hydrophobicity of lignin may improve the adsorption of hydrophobic carcinogens 

(Ferguson et al. 1993, Harris et al. 1996, Ferguson and Harris 2001). Funk et al. 

(2006) have investigated the role of fiber lignification and feruloylation on the 

adsorption of relevant heterocyclic aromatic amines in food. It was found that 

increased lignin concentration adsorb more heterocyclic aromatic amines, especially 

more hydrophobic lignin types. However, feruloylation had no effect on the adsorption 

of heterocyclic aromatic amines. 

 

2.7.3 Antioxidants 

 Polyphenols are aromatic compound that contain one or more hydroxyl group. 

It is well known that polyphenols have the potential to be effective antioxidants. 

Lignin is a phenolic polymer composed of phenylpropane units with three precursors 

aromatic alcohols, namely p-coumaryl, coniferyl, and sinapyl alcohols (Buranov and 

Mazza 2008). Several studies have indicated lignins can be used as antioxidants in the 

food industry. Nunex-Flores et al. (2013) have studied the antioxidant capacity of fish 

gelatin films containing sulfur-free water insoluble lignin. Lignin was shown to be an 
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efficient antioxidant and not harmful to normal human cells when used in the 

preparation of active food packaing of biomaterial. Autohydrolysis, organosolv and 

ultrafiltrated soda apple tree pruning lignins were found to be efficient antioxidants 

comparable with natural and commercial antioxidants (Garcia et al. 2012). Pan et al 

(2006) have investigated the antioxidant activity of organosolv ethanol hard wood 

lignins. Results indicated that the functional groups and molecular weight of lignin 

played an important role on antioxidant activity. High antioxidant activity was found 

in lignin prepared at an elevated temperatures for a longer time period resulting in 

more phenolic hydroxyl groups, less aliphatic hydroxyl groups, lower molecular 

weights, and narrow polydispersity. In addition, Dizhbite et al. (2004) indicated that 

the non-etherified phenolic hydroxyl groups, ortho-methoxyl groups, hydroxyl groups 

and the double bonds between carbon atoms in the aliphatic side chain help to increase 

the activity of radical scavenger. The polydispersity of lignin was shown to affect the 

antioxidant efficiency of extracted lignins. The narrow polydispersity of lignin 

increased the antioxidant of lignin. 

 

2.7.4 Films 

 Non-wood lignins have potential as functional fibers. A starch-based plastic 

material for packaging is one application for lignin in the food industry. Starch films 

have very poor water resistance. Acell® wheat straw lignin added to starch based 

films improved plasticity and water resistance properties of the films (Lora and Granit 

2002). For the used in packaging, the most advantage properties of lignin are the 
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partial miscibility of hydrophobic phenolic compounds with the starch bases, 

amphiphilic structures adsorbed at air/water interfaces, and potential cross-linkages 

between hydrophilic starch-rich and hydrophobic lignin-rich bases (Baumberger 

2002). Lepifre et al. (2004) exposed alkali lignin incorporated with a starch-based film 

to electron beam irradiation doeses of 200 kGy and 400 kGy to investigate the 

structure and reactivity of alkali lignin. This study indicated that condensation 

products of ferulic acid to irradiation can potentially increase compatibility of 

starch/lignin. A study on gelatin films containing sulfur-free water insoluble lignin 

recognized the effect of plasticity on increased light barrier properties that could 

prevent ultraviolet-induced lipid oxidation (Nunez-Flores et al. 2013).  

 

2.8 BILE ACIDS  

 Bile acids are water soluble steroid acids. The primary bile acids are cholic 

acid (CA) and chenodeoxycholic acid (CDCA) which are synthesized in the 

hepatocytes of the liver from cholesterol. Bile acids are considered strongly cytotoxic 

to liver and gallbladder. The primary bile acids are conjugated to amino acids glycine 

and taurine, refered to as bile salts, that are then stored and concentrated in the 

gallbladder (>300 mM) (Stamp and Jenkins 2008). The conjugated bile acids play an 

important role in facilitating the digestion and absorption of dietary lipids and fat-

soluble nutrients. They act as natural detergents when secreted into the upper small 

intestine (Stamp and Jenkins 2008, Dowling 1973). Conjugated bile acids are then 

reabsorbed mainly in the ileum by an active transport mechanism through the liver, 
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which corrects about 95% of the total bile acids in circulation (Dowling 1973). 

Conjugated primary bile acids are deconjugated in the colon by bacterial enzymes. 

Primary bile acids are then converted into secondary bile acids that are returned to 

liver as the chemical structures shown in table 2.3. This circulation of bile acids is 

refered to the normal entrohepatic circulation (Fig. 2.10). Bile acids are secreted into 

the intestine daily at 20-30 grams per day. They are excreted in the faeces at about 5% 

or 200-600 mg per day (Stamp and Jenkins 2008, Chiang 2009, Federici 2008).   

  Bile acids synthesis uses 200-600 mg per day of the 800-100 mg per day of 

cholesterol sysntized in body which is equivalent to faecal loss. (Federici 2008, 

Sharma 2012). Since cholesterol is a precursor of bile acids, the removal of bile acid 

from enterohepatic circulation increases bile acid synthesis which in sequence 

consumes cholesterol to stabilize bile acid levels. This utilization of cholesterol to 

synthesize bile acids lowers overall blood cholesterol levels. The elimination of bile 

acid can be achieved by preventing bile acid re-absorption in the lower intestine, 

hence increasing faecal bile acid excretion. A practical way to test the cholesterol 

lowering effects of bile acid synthesis is to test the binding capacity of bile acid in 

vitro with dietary compoents (Sayar et al. 2006). 
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Table 2.3. Chemical structures of bile acids (adapted from Sardella et al. 2012) 

 

 

 

 

Type  Compound name % in bile R1 R2 R3 

Primary  Cholic acid <1 OH OH OH 

Conjugated  
Glycocholic acid 

Taurocholic acid 

30 

10 

OH 

OH 

OH 

OH 

NHCH2CO2H 

NHCH2CH2SO3

H 

Primary  Chenodeoxycholic acid  <1 OH H OH 

Conjugated 

Glycochenodeoxycholic 

acid 

Taurochenodeoxycholic 

acid 

30 

10 

OH 

OH 

H 

H 

NHCH2CO2H 

NHCH2CH2SO3

H 

Secondary Deoxycholic acid1 <1 H OH OH 

Conjugated 
Glycodeoxycholic acid 

Taurodeoxycholic acid 

15 

5 

H 

H 

OH 

OH 

NHCH2CO2H 

NHCH2CH2SO3

H 

Secondary  Lithocholic acid2 -    

Conjugated 
Glycodeoxycholic acid 

Taurodeoxycholic acid 

- 

- 

H 

H 

H 

H 

NHCH2CO2H 

NHCH2CH2SO3

H 

 

 
1,2 Cholic acid and chenodeoxycholic acid are dehydroxylated by intestinal bacteria become deoxycholic 
acid and lithocholic acid, respectively. 
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Fig. 2.10. The normal enterohepatic circulation of bile acids (BA) (Adapted from 
Dowling 2005). 
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3.1 ABSTRACT  

This study evaluated the application of “standard” lignin quantification 

methods for summative analyses of alkali-based processes. Mass closure during NaOH 

processing at 25, 50, and 75°C of wheat straw was evaluated using the acid insoluble 

lignin (AIL) and acid soluble lignin (ASL) assays (per U.S. National Renewable 

Energy Laboratory guidance). In general, a fraction of the water and ethanol soluble 

extractives of straw measure as lignin, hereafter termed artifactual lignin. Actual AIL 

recovered from the alkali insoluble fraction resulting from alkali processing (AP) of 

extractive free wheat straw (EFS) at 25, 50 and 75°C was 64, 48, and 34% of the AIL 

in the original wheat straw, respectively. The percent overestimation of AIL in the 

insoluble phase from AP of native wheat straw (NS) decreased with increasing 

pretreatment severity. The trend was that the higher the severity of AP the lower the 

artifactual AIL in the insoluble phase. Summation of the AIL and ASL data indicated 

alkali processing resulted in a loss of both actual and artifactual AIL in both the 

soluble and insoluble phases. The amount of lignin loss in such processes was a 

function of the severity of the process.   
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3.2 INTRODUCTION 

Several lignin determination methods have been reported, but it is generally 

recognized that all current methods have at least some limitations for lignin 

quantification. In light of this, it is important to consider those limitations with respect 

to lignin quantification under different scenarios. Acid insoluble lignin (AIL) is a 

method of lignin quantification based on dissolution of non-lignin components 

followed by gravimetric determination of the lignin remaining in the insoluble. AIL is 

thought to maybe overestimate lignin concentrations due to the formation of artifactual 

lignin, particularly if samples contain high amounts of protein and extractives. It has 

been suggested that the AIL method will give more accurate lignin values if the 

extractives are removed before analysis and protein is taken into account (Hatfield et 

al. 1994, Hatfield and Fukushima 2005, Jung et al. 1999). Removal of extractives and 

accounting for protein content do not appear to totally correct for the presence of 

artifactual lignin. It has been discussed that the AIL content of acid-treated biomass is 

often higher than that of the starting materials due to the condensation of degraded 

polysaccharides to generate lignin-like compounds that measure as lignin, this is 

referred to as artifactual lignin or “pseudo-lignin” (Li et al. 2007, Sannigrahi et al. 

2011). The use of AIL methods for lignin quantification of plant-based food products 

is also questionable due to the potential of cutin and suberin compounds measuring as 

lignin, thus giving an overestimation of lignin content. Some lignin fractions 

presumably dissolve in the acid solutions used in the AIL method and hence are not in 

the solids fraction and, thus, do not measure as lignin (Bunzel et al. 2011, Bunzel and 
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Ralph 2006). Dissolved lignin is accounted for in these procedures by taking a simple 

UV absorbance measurement of the acid solvent. The lignin accounted for in this way 

is termed acid soluble lignin (ASL). ASL measurements are potentially erroneous due 

to the presence of non-lignin, UV-absorbing, interfering compounds in the acid 

solvent, such as degradation products of carbohydrates. An additional problem in the 

ASL method is the selection of an appropriate extinction coefficient for calculating 

lignin concentration (assuming Beer’s law is obeyed (Hatfield and Fukushima 2005). 

Measured AIL and ASL values are often combined to give an estimate of total lignin. 

AIL- and ASL-based methods have become the standard analytical methods 

for measuring lignin content in plant materials, as published by TAPPI and NREL. As 

mentioned previously, the AIL/ASL methods include two acid treatment (72%H2SO4, 

30°C, 1 h and 4% H2SO4, 121°C, 1 h). The chemical nature of the AIL residue 

actually quantified in this protocol is not well known (Bunzel et al. 2011, Sannigrahi 

et al. 2011). The chemical structure of AIL is at least partially dictated by the 

depolymerization and condensation reactions that the biomass undergoes during the 

acid treatments. In 72%H2SO4 treatment, depolymerized lignin can recondense with 

degraded carbohydrates (Yasuda and Ota 1986, Matsushita et al. 2004). The majority 

of AIL is expected to be unhydrolyzed solids (Sluiter et al. 2010). The ASL is the acid 

soluble lignin fraction resulting from the two-stage acid hydrolysis of the extractive-

free biomass. Total lignin is often defined as the sum of AIL and ASL. The total lignin 

value is expected to be based on native lignin content plus any artifactual lignin that 

might be generated. The AIL and ASL methods are commonly used to quantify the 
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lignin content in solid fractions resulting from biomass processing. Such an approach 

was used by Janker-Obermeier et al. (2012) when studying the solubilization of 

hemicellulose and lignin from wheat straw through microwave assisted alkali 

treatment, McIntosh and Vancov (2011) when looking at the optimization of alkali 

treatment for enzymatic saccharification of wheat straw, and Pedersen et al. (2010) 

when assessing yields of monosaccharides and lignin removal from wheat straw after 

treatment with acid and/or alkali catalyst during mild thermal treatments. In each of 

these cases the mass balance data for determining the behavior of lignin was based on 

AIL and/or ASL determinations of the different biomass fractions. A question raised 

by the use of these methods in such studies is whether or not they are directly 

applicable based on the limitations of the methods. 

Alkali processing (AP) is commonly used for the fractionation of 

lignocellulosic materials in many industries. AP of wood has long been used for the 

production of paper and pulp products. Recently, there has been an increase in the use 

of non-wood lignincellulosic in the paper and pulping industries (Hurter and Byrd 

2001). The main sources for non-wood raw materials are agricultural residues such as 

wheat, corn, and rice straw. Wheat straw is the second highest-volume agricultural 

residue available for papermaking in the United States (Yuan and Sun 2010). AP also 

plays an important role in the ruminant animal feed industry. It has been reported that 

the lignin component of straws hinders its digestibility in cattle, sheep, and other 

ruminants (Lagerstrom and Nilsson 1980, Pigden and Bender 1978). Similarly, the 

lignin content of lignocellulosics has ben inversely related to their digestibility by 
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microorganisms and isolated enzyme systems. AP of biomass is thought to increase its 

digestibility through disruption of intermolecular interactions that lead to plant cell 

wall swelling and, thus, increase in enzyme accessible surface area. AP is also 

considered among the most relevant “pretreatment” options for enzyme-based 

lignocellulose-to-sugar platform processes. In this application, as in others, AP is used 

to fractionate the major components of biomass. In such operations, a portion of the 

lignin along with much of the hemicellulose is extracted into liquid phase. The extent 

of lignin extraction is dependent on the severity of the treatment.   

Currently, there is interest in the effects of alkali on lignocellulose 

components, particularly on lignin. The quantification of alkali effects on lignin 

requires, among other things, an ability to do mass closure analyses that give 

consideration to both soluble and insoluble phase. The aim of this study was to 

evaluate the general applicability of using the standardized (as prescribed the National 

Renewable Energy Laboratory, NREL) “Acid Insoluble Lignin” (AIL) and “Acid 

Soluble Lignin” (ASL) assays for determining the effects of alkali processing on 

wheat straw lignin. The primary focus was on the ability to do mass balance/closure 

analyses following alkali processing, taking into account AIL and ASL measurement 

for both the solid and liquid phases. The inherent of the work is to better understand 

the limitations for using AIL and ASL values for the quantification of lignin when 

considering mass balance/closure parameters associated with the alkali-based 

processing of herbaceous feedstocks. 
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3.3 MATERIALS AND METHODS 

3.3.1 Materials 

 The vegetative parts (stems and leaves) of mature wheat straw were obtained 

from Hyslop Farm of Oregon State University, Corvallis, OR. Air-dried raw materials 

was knife milled to pass a 2 mm (Retsch GmbH, Germany). Milled straw was stored 

in a sealed clear glass jar at room temperature prior use. Moisture content of milled 

wheat straw was determined from the weight loss after drying at 105°C to constant 

weight (5 h) in a convection oven. All chemicals used were of analytical grade.  

 

3.3.2 Compositional analyses 

 The composition of wheat straw was determined followed the standard 

analytical methods issued by National Renewable Energy Laboratory (NREL). Wheat 

straw was extracted in a Soxhlet apparatus with water for 24 h followed by extraction 

with 95% ethanol for 24 h. Extractives were determined gravimetrically after vacuum 

oven drying the extractives-containing extractants at 40°C for 24 h (Sluiter et al. 

2005). Extractives-free wheat straw was hydrolyzed in two steps (72% w/w H2SO4 at 

30°C for 1 h followed by 4% w/w H2SO4 at 121°C for 1 h) (Sluiter et al. 2008). 

Hydrolysis was vacuum filtered using a glass gooch crucible (10-15 µm pore size).  

The acid insoluble residues (AIR) were dried at 105°C 5 h. AIL was determined 

gravimetrically while accounting for the ash and protein content of the AIR. The 

filtrate was then divided into two parts, one was directly analyzed ASL concentration 

by UV-Visible spectrophometer at 320 nm, second was neutralized with CaCO3 
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before sugars analysis using a HPLC system (Shimadzu model Prominence UFLC, 

Columbia, MD) equipped with Aminex HPX-87P column and deashing guard column 

(Bio-Rad Laboratories, Hercules, CA), a refractive index detector (RID model RID-

10A). Ash and protein content were determined as decribed by Sluiter et al. 2005 and 

Hames et al. 2008. 

 

3.3.3. Alkali processing wheat straw 

The flow chart Fig. 3.1 (scheme a: native wheat straw and b: extractive free 

wheat straw) showed mass closure analyses of lignin. Native and extractive free wheat 

straw were treated with water or 1% (w/v) NaOH at 25, 50, and 75°C for 5 h in a 

shaking water bath (3% solid loading). The slurry was then vacuum filtered using a 

glass gooch crucible (10-15 µm pore size). The water/alkali extracted solid was 

neutralized by washing with water. The alkali extractable liquor wasneutralized using 

6 M HCl then freeze-dried for further a two step hydrolysis.  

 

3.3.4 Statistical analysis 

Experiments were done in triplicate on three separate occaions, except those 

evaluating protein were done in duplicate on thwo separate occasion. All results were 

calculated as mean ± SD in mass percent of dry weight of original wheat straw. Paired 

t-test was used to compare the AIL and ASL values between the sum of the 

independently determined for the solid and the liquid fractions and combined the 

solid-liquid composite samples for each temperature. One-way analysis of variance 
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(ANOVA) was conducted on the results from the AIL and ASL analyses among 

original (native, extractive free) wheat straw and AP wheat straw at different 

temperatures. The analysis was based on Tukey-Kramer multiple comparisons at 95% 

confidence level. Statistical calculations were done using RStudio version 3 (2009-

2011 RStudio, Inc., MA). 
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3.4 RESULTS AND DISCUSSION 

The composition of the wheat straw used in this study is presented in Table 

3.1. The values were determined following National Renewable Energy Laboratory 

(NREL) “Laboratory Analytical Procedures” (see methods). These protocols call for 

the removal of “extractives” prior to lignin quantification as “acid insoluble lignin” 

(AIL) and “acid soluble lignin” (ASL). A major objective of this paper is to 

communicate the relative importance of extractives when considering the lignin 

content of processed/pretreated straws.  Extractives are typically removed from native 

lignocellulosic feedstocks prior to lignin quantification because their presence is 

associated with artificially high lignin values; the increase occurring as a result of the 

production of “artifactual” or “pseudo-lignin” during the rather harsh assay protocol. 

The extent of lignin overestimation due to the presence of extractives in native wheat 

straw is demonstrated in Fig. 3.2 & 3.3, which contains quantitative lignin data 

obtained from assays of native straw (NS) and the same native straw following 

“extractives” removal (“extractive-free” straw, EFS). The presence of extractives 

increased measured AIL and ASL values by approximately 29% and 100%, 

respectively.  The increase in measured AIL values for native lignocellulosics due to 

the presence of extractives in well documented (Thammasouk, Tandjo and Penner 

1997, Sluiter et al. 2010) and this anomaly is typically avoided when measuring the 

lignin content of such feedstocks (as in the NREL method).  In contrast, the relative 

importance of considering extractives or extractive-like compounds when dealing with 

processed lignocellulosics does not appear to be recognized. The emphasis throughout 
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this paper is, therefore, on that topic - using alkali processed wheat straw as a 

representative example. 

 Percent recoveries of AIL from NS and EFS, with and without alkali 

processing (AP) of various degrees of severity, are presented in Fig. 3.2.  Percent 

recovery in this case is relative to the AIL content determined using the NREL-

specified protocol (i.e., measured on EFS). The data includes lignin recovery values 

for alkali processed native straw (AP-NS) and alkali processed extractive free straw 

(AP-EFS). For reference, values typically reported for biomass conversion focus on 

alkali processing of native lignocellulosics (e.g., straw), which would be analogous to 

AP-NS (McIntosh and Vancov 2011, Pedersen et al. 2010, Janker-Obermeier et al. 

2012). The data of Fig. 3.2 shows that, when considering the effect of alkali 

processing on the lignin content of native straws, the sum of AIL measured in the 

soluble and insoluble phases exceeds that in the original straw. The relative 

overestimations, presumably due to the presence of extractives, are presented in Fig. 

3.4. The percent overestimation is calculated directly from the measured AIL contents 

of the soluble and insoluble phases from corresponding AP-NS and AP-EFS 

(correspondence is with respect to treatment temperatures; see appendix A-1, A-2 and 

A-3).  At each temperature, the percent overestimation is greater for alkali-soluble 

AIL, although the overestimation of AIL in both the solid and liquid fractions is 

significant. Interestingly, the percent overestimation of AIL in the solid phase 

decreased with increasing pretreatment severity (comparing otherwise equivalent 

alkali treatments at 25oC, 50oC, and 75oC treatments). This trend suggests there is a 
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decrease in the production of alkali-insoluble artifactual lignin as the severity of the 

alkali pretreatment increases. The absolute values for AIL in the solid phase of AP-

EFS show greater dissolution/fragmentation of true AIL as the severity of the 

treatment increases; the extent of AIL dissolution over the conditions tested in this 

study reached ~66% (that value is reflected in the 34% recovery for the AP-EFS at 

75oC). The trend of increasing AIL dissolution with increasing severity of alkali 

treatment is generally recognized (Dimmel and Gellerstedt 2010), although previous 

data is typically derived from values which include both the true and artifactual AIL 

remaining in the solid phase – so reported values are expected to represent minimum 

values for extents of AIL dissolution.  For example, the underestimate of AIL 

dissolution for the 50oC pretreatment of this study would be ~17% if one bases the 

calculation on the sum of true and artifactual AIL in the solid phase of AP-NS.  In 

considering this data it is worthwhile to recall that “AIL” is “acid insoluble lignin” and 

that the “soluble AIL” referred to in this work is the non-ash, non-protein solids that 

measure as AIL but which are soluble at the conditions of the alkali pretreatment (i.e., 

base soluble lignin). 

 Techno-economic and life-cycle assessments of lignocellulose processing 

schemes clearly benefit from appropriate mass balance data. The results summarized 

above point out the difficulty in obtaining meaningful mass balance data for the lignin 

fraction of feedstocks when doing mild alkali processing. At a minimum, such data are 

to be interpreted cautiously.  In many studies purporting to follow feedstock 

macrocomponent fractionation the amount of AIL in the liquid phase is not actually 
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measured; it is calculated as the difference in AIL in the starting material (measured 

on extractive-free straw) and the AIL in the pretreated solids (measured with retained 

extractives present) (Gupta and Lee 2010, Janker-Obermeier et al. 2012, Pedersen, 

Johansen and Meyer 2011, McIntosh and Vancov 2011).  In these cases, by default, 

the sum of AIL in the liquid and solid phases will be 100%, but the interpretation of 

such data is highly speculative.  The data in Fig. 3.2 showing greater AIL in the AP-

NS versus the correspondingly treated AP-EFS clearly indicates extractives are 

converted to compounds that measure as AIL during the alkali treatment. Hence, 

measurements of AIL in the solid fraction of AP-NWS provide overestimates of the 

percent of original AIL retained in the solid phase during alkali processing (see 

example in preceding paragraph). This inaccuracy may be important in several 

scenarios; one in particular is when trying to correlate rates of saccharification and 

lignin content of pretreated solids. There are a multitude of such studies, covering 

many fields (e.g., McIntosh and Vancov (2011). The emphasis of these studies is 

typically the solid phase resulting from the alkali processing; this is due to the relative 

importance of the cellulose in such feedstocks, which is essentially all recovered in the 

solid phase following mild alkali processing. In this study, that corresponds to the AP-

WS solid phase. 

A unique aspect of this study is the quantification of lignin fractions following 

pretreatment of EFS, thus providing measurements of the effect of alkali on AIL and 

ASL content without the associated complications due to the presence of extractives.  

The data of Fig. 3.5 shows that all of the alkali treatments resulted in a decrease in 
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AIL (based on comparison of the sum of AIL in the combined soluble and insoluble 

phases of treated samples with the amount of AIL in EFS). The decrease ranged from 

~17% at 25oC up to ~26% at 75oC; recall that in the presence of extractives (i.e., AP-

NS samples) the same alkali pretreatments resulted in increases in the corresponding 

AIL values (Fig. 3.2).  These results are with respect to total AIL (sum of AIL in 

soluble and insoluble phase) and, thus, are not to be confused with the amount of AIL 

in pretreated residues. When considering AIL content of pretreated residues (i.e., 

alkali-insoluble AIL), there is a decrease in AIL associated with processing either NS 

or EFS; in these cases it is the magnitude of the decrease that differs with and without 

consideration of extractives (see discussion above).   

The potential for production of artifactual AIL from non-AIL components is 

clear. This raises the question, among others, of whether lignin quantification 

determined through independent measurements of the soluble and insoluble phases 

will equal the value obtained via a single measurement of the combined solid and 

liquid phases. In the latter scenario the solid and liquid phases are not separated 

following the alkali treatment; lignin content is measured on this sample prior to phase 

separation (see methods for details). The data summarized in Fig. 3.6 shows the two 

methods give similar values, although the AIL content for the composite sample was 

consistently higher than the sum of that obtained by measuring the solid and liquid 

phases independently. The extent of the differences decreased with increasing 

treatment severity.  
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The primary focus of this study is the role of artifactual lignin in the 

quantification of AIL and ASL in alkali processed straws. To gain perspective on this 

topic, it is interesting to quantify the lignin content of straw fractions resulting from a 

non-alkali treatment of similar time and temperature (i.e., water processing at 50oC, 5 

hr.).  In this case, the treatment is similar in nature to the analytical protocol used to 

remove extractives prior to measuring the lignin content of the native lignocellulosics 

(e.g., NS). Figure 3.7 summarizes the results from this experiment; this data was 

obtained through independent quantification of the lignin in the soluble and insoluble 

phases resulting from water processing. The AIL content of the water processed native 

straw (WP-NS) increased as anticipated based on the results from the corresponding 

alkali treatments but the increase in AIL content of the water-insoluble phase was 

larger than may have been predicted based on the fact that the water treatment was 

similar to the method used to remove extractives. Recall that the analytical definition 

of “extractives” is those solids that transfer to the soluble phase as a result of 24 hr 

sequential water and 95%-ethanol extractions in a Soxhlet-type extractor (Sluiter et al. 

2008).  The temperature of the extracting water in such a system is typically in the 

range of 65-70oC. A conclusion from this experiment is that the temperature/time 

differences for extractives determination (~67oC/24 hr) and the water processing as 

reported here (50oC/5 hr) are sufficient to render the “extractives” solubility and/or 

AIL-reactivity significantly different (compare AIL content of EFS and WP-NS).  In 

support of this the AIL content of the soluble phase resulting from the WP-NS is low 

relative to the corresponding value for the solids obtained from the analytical Soxhlet 
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extraction (water extraction, the 95% ethanol extraction removes only 15% relative to 

the water extraction). It is interesting to compare the AIL content of NS with the total 

AIL of the WP-NS.  In both cases the extractives are present during the analyses, the 

difference being the extractives are combined with the other components during the 

analysis of the NS while a portion of the extractives are removed from the other 

components during the analysis of the WP-NS. Separation the components results in a 

significant decrease in the measured AIL values. This result indicate that artifactual 

lignin is not just the result of extractives reacting amongst themselves, but that there 

are reactions between extractives and non-extractive components that lead to 

compounds that measure as AIL.    

Results presented to this point document complications associated with using 

the standard AIL method for monitoring lignin fractionation during biomass 

processing. The major issue relates to the fact that AIL is defined by an empirical 

analytically method. When assaying native lignocellulosic biomass for AIL the 

protocol specifies removal of extractives prior to analysis to avoid the production of 

artifactual lignin (note that “extractives” are themselves also analytically defined). 

However, in the majority of cases where the AIL protocol is applied to processed 

lignocellulosics to determine the extent of AIL removal from the solid residue, the 

original and/or newly generated extractives are not accounted for (the authors of this 

paper are not aware of any studies in which the extractives content of processed 

lignocellulosics are accounted for during subsequent AIL measurements). This 

inattention to the importance of extractives in processed biomass is likely due to the 
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assumption that the extractives in the original feedstock are removed from the solids 

residue due to the processing itself (in most cases researchers are interested in the AIL 

content of the solids recovered from lignocellulose processing).   

The practice of accounting for extractives in one assay (original feedstock) and not the 

other (processed feedstock) can lead to significant errors in estimates of AIL 

fractionation. The data of Fig. 3.8 and Table 2 illustrates the nature of the error and a 

method to circumvent the problem.   

In the experiments depicted in Fig. 3.8 two parallel processes were compared. 

In the first case (Fig. 3.8a), extractives were removed from the straw prior to alkali 

processing such that none of the original extractives were present to confound 

subsequent analyses. In this case the EFS was treated with the aqueous-alkali solution 

and the resulting solids (AP-EFS) were analyzed for AIL content either (i) directly or 

(ii) after “extractives” removal (i.e., extractives removal from AP-EFS).  With respect 

to “ii”, the analytical protocol for measurement of extractives was applied to the AP-

EFS residue even though extractives had been removed prior to the alkali treatment. It 

is clear from comparison of the AIL values measured in “i” and “ii” that the presence 

of treatment-generated extractives impacted the AIL measurement. Hence, the 

treatment itself generated compounds that measure as “extractives” and these 

extractives, if present during the AIL measurement, generate artifactual AIL. The 

latter property is analogous to the behavior of components in the extractives obtained 

from the native wheat straw. For reference, the amount of extractives in the AP-EFS 

was 7.5% of the treated solids, which corresponds to approximately 5.1% of the 
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straw’s original solids.  It is important to consider the nature of the “processing 

treatment” and the “analytical extractives protocol” when evaluating the likelihood of 

a processing treatment generating a solid residue which contains extractives (note the 

extractives of the native straw and the treatment-generated extractives have the same 

analytical definition). Table 3.3 compares the physicochemical conditions of the 

analytical protocol and the processing treatment used in this experiment.  Only the 

water extraction phase of the analytical protocol is presented because, in the present 

case, there were no further solids obtained in the analytical ethanol extraction (recall 

the analytical protocol for “extractives” is a sequential water then 95% ethanol 

extraction). The physicochemical conditions of the extraction, e.g. time, temperature, 

pH, ionic strength, solvent, etc., are important because they are expected to affect 

solubility. Suffice it to say that if the processing treatment had exactly the same 

physicochemical parameters as the analytical protocol then, by definition, there would 

be no extractives in the solid residue (assuming one separates the liquid phase from 

the solid phase prior to analyzing the solid residue).  In the present case the treatment 

liquor is of higher pH and ionic strength, of lower temperature, and the extraction time 

is shorter.  This difference in conditions lead to the situation where “extractives” were 

associated with the insoluble residue following the processing treatment. Processing 

treatments involving liquid phases having different physicochemical characteristics 

will likely yield solids with differing amounts of “extractives”.  

In the second case depicted in Fig. 3.8 (Fig. 3.8b), native straw was processed 

using the same treatment conditions as used in Fig. 3.8a and the recovered solids (AP-
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NS) were assayed before and after application of the analytical extractives protocol. In 

this case, the extractives were present during the alkali processing and only those that 

were soluble in the treatment liquor were removed prior to analysis. This experimental 

approach appears to be the most common among biomass conversion researchers. As 

may be predicted form the previously presented data, the measured amount of AIL 

retained in the solid phase is higher for this experimental approach than for either of 

the approaches depicted in Fig. 3.8a. This can be rationalized by focussing on the 

extractives that are not soluble in the treatment liquor and measure as AIL and/or the 

possibility that during the treatment itself some extractives are converted to 

components that measure as AIL.  It is particularly informative to consider the result 

obtained when the AP-NS was first subjected to the analytical extractives protocol and 

then assayed for AIL content.  In this case, the measured AIL content was essentially 

the same as that measured for the AP-EFS which had been subjected to the analytical 

extractives protocol. Since the later had no extractives present during the treatment, it 

argues that AIL was not generated from extractives as a result of the processing 

treatment per se; rather, the vast majority of the artifactual AIL in the AP-NS is 

generated during the AIL assay itself. These results provide evidence suggesting 

extractives (those originally present in the straw as well as those generated during the 

processing treatment) should be removed post treatment in order to obtain a more 

accurate measure of AIL content.  In this case, the term “accurate” is used in the sense 

that the AIL content of the processed straw should be determined following the same 

protocol as used for the native straw, i.e., in the absence of extractives.  Comparison of 



 
     
   

53 

the two AIL values for the solids of Fig. 3.8b shows the value for AIL measured in the 

presence of extractives is approximately 160% that measured in the absence of 

extractives.  This difference may be magnified when translating the results into 

percent of original AIL retained in the treated solids, as is commonly done since lignin 

content is typically inversely related to ease of cellulose saccharification (McIntosh 

and Vancov 2011, Pedersen et al. 2010). The data obtained by measuring the AIL 

content of the AP-NS residue directly indicates ~25% of the AIL is removed from the 

solids fraction due to the alkali treatment; the corresponding data obtained through 

measurement of the AIL content of the AP-NS after first removing the residue’s 

extractives indicates ~53% of the AIL is removed from the solids fraction due the 

same alkali treatment.  The recommendation emanating from these experiments is that 

the extractives content of processed/treated lignocellulosic feedstocks is to be 

considered when evaluating the consequential fractionation of lignin. 

In this paper we have focused on AIL rather than ASL due to the perceived 

relevance of the former with respect to overall feedstock recalcitrance. However, data 

for ASL has been included in each of the tables presented and one can evaluate it as 

we have done for the AIL fraction.   

AIL and ASL are the most common measures of lignin content reported in 

lignocellulose processing research. For the reasons explained above, the discussion in 

this paper has focused on AIL.  Important questions pertaining to the use of AIL 

remain, “What is AIL?”, “What is the structural difference in true versus artifactual 
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AIL?”, and “Is there a correlation between artifactual AIL and biomass recalcitrance 

as there is between true AIL and biomass recalcitrance?”.   
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a 

b 

Fig. 3.1. Scheme for mass closure analyses of lignin as AIL and ASL after water/ 
alkali processing (AP) in native (a) and extractive free (b) wheat straw  
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Table 3.1. Wheat straw composition. All values are calculated as percent dry-weight 

of original biomass; mean (SD).  

Components % Dry-weight basis 

Total extractives 18.2 (0.43) 

  Water extractivesa 
  Ethanol extractivesa 

15.7 (0.41) 
2.53 (0.13) 

Total ligninb 14.1 (0.08) 

  Acid insoluble lignin 
  Acid soluble lignin 

13.2 (0.09) 
0.91 (0.01) 

Total carbohydratesb 56.6 (0.52) 

  Glucan 
  Xylan 
  Galactan 
  Arabinan 
  Mannan 

32.8 (0.46) 
19.7 (0.25) 
1.02 (0.03) 
2.70 (0.01) 
0.36 (0.02) 

Protein 2.26 (0.12) 

Ash 6.61 (0.05) 
 

a Wheat straw was extracted with water for 24 h followed by 95% ethanol for 24 h 
b Analysis from extractive free wheat straw 
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25°C 50°C 75°C 

Conditions 

Fig. 3.2. Percent AIL recovered of original wheat straw, native wheat straw, AP 

extractive free wheat straw, and AP native wheat straw. (AP was done by treated 

wheat straw with 1% (w/v) NaOH at 25, 50, and 75°C for 5 h. AIL was determined 

by gravimetrically acid insoluble residues corrected for ash and protein after a two 

step hydrolysis). 

EWS NS AP-EFS AP-NS AP-EFS AP-NS AP-EFS AP-NS 
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Fig. 3.3. Percent ASL recovered of original wheat straw (true ASL), native wheat 

straw, AP extractive free wheat straw, and AP native wheat straw. (AP was done 

by treated wheat straw with 1% (w/v) NaOH at 25, 50, and 75°C for 5 h. ASL was 

measured using UV-Vis spectroscopy at 320 nm of hydrolysate after a two steps 

hydrolysis. 

25°C 50°C 75°C 

Conditions 

EFS NS AP-EFS AP-NS AP-EFS AP-NS AP-EFS AP-NS 
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AP-NS  

Alkali soluble Alkali insoluble

Fig. 3.4. Percent overestimation of AIL due to the presence of extractives in native 

wheat straw. Different letters of each column (lowercase and capital letter) 

represented the difference among conditions at p<0.05. (Native wheat straw was 

treated with 1% (w/v) NaOH at 25, 50, and 75°C for 5 h. AIL was determined by 

gravimetrically acid insoluble residues corrected for ash and protein after two step 

hydrolysis of AP native wheat straw). 
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AP-EFS 25°C AP-EFS 50°C AP-EFS 75°C 

Fig. 3.5. Comparison of % lignin based on dry-weight biomass between EFS and 

AP-EFS at 25, 50, and 75°C for 5 h. 
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AP-NS 25°C AP-NS 50°C AP-NS 75°C 
EFS NS 

Fig. 3.6. Comparison of % lignin (based on dry-weight biomass) (A) summing 

independent solid & liquid phase measurements versus (B) a single measurement 

of solid-liquid composite samples. Paired t-test indicated each A-B pair has no 

significant difference at p<0.05. 
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Fig. 3.7. Comparison of % lignin (based on dry-weight biomass) between EFS and 

WP-EFS and WP-NS at 50°C for 5 h. 

(*no solid recovered in water soluble WP-EFS)  

Water insoluble Water soluble Water insoluble Water soluble 
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NS 
Soxhlet (18.7% solid removal) 

Dry-weight 100g 
AIL NS 17.0 g 
AIL EFS 13.2 g 

EFS 
Dry-weight 81.3g 

AP 25°C (17.1% solid removal) 

AP-EFS 
solid 

AP-EFS 
liquid 

Soxhlet (7.5% solid removal) 

Solid Liquid 

DW 67.4g 
AIL 8.1g 

DW 13.9g 
AIL 2.5g 

DW 5.1g 
AIL -- 

DW 62.3g 
AIL 6.1g 

NS 
AP 25°C (26.7% solid removal) 

AP-NS 
solid 

AP-NS 
liquid 

Soxhlet (13.1% solid removal) 

Solid Liquid 

DW 73.3g 
AIL 9.9g 

DW 26.7g 
AIL 4.4g 

DW 9.6g 
AIL -- 

DW 63.7g 
AIL 6.2g 

Dry-weight 100g 
AIL NS 17.0 g 
AIL EFS 13.2 g 

a b 

Fig. 3.8. Flow chart of mass balance from alkali treatment of wheat straw. (a) wheat 

straw was Soxhlet extracted before alkali treatment, (b) wheat straw was directly 

treated with alkali. AIL was presented in g per 100 gram dry-weight wheat straw. 

Note: DW is dry-weight. 
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Table 3.2. Percent AIL retained in alkali processed wheat straw fractions. All values 

are presented as grams recovered per 100 gram original dry-weight wheat straw; mean 

(SD).  

      

Processing % AIL base on original WS 

NS 17.0 (0.14) 
EFS 13.2 (0.09) 
AP-NS 25°C 9.9 (0.17) 
AP-EFS 25°C 8.1 (0.10) 
AP-NS solid, then Soxhlet 6.1 (0.34) 
AP-EFS solid, then Soxhlet 6.2 (0.38) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
     
   

65 

Table 3.3. Comparison of solubility factors of AP-NS from alkali processing and 

Soxhlet extraction 

Solubility Factor AP-NS 
Alkali solution 

AP-NS 
Soxhlet water 

pH 13.0 7.0 
Ionic strength High Low 
Solvent used NaOH Water 
Temperature 25°C 67°C 
Time 5 h 24 h 
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4.1 ABSTRACT 

The present study is focused on recovery of wheat straw lignin via 

precipitation from alkali extract liquor (AEL). Lignin recovery is important due to 

lignin’s potential for subsequent value-added processing. In this work, wheat straw 

was treated with 5% NaOH at 50°C for 5 h to produce AEL. Lignin recovery from 

AEL, quantified as precipitated solids, acid insoluble lignin (AIL), and acid soluble 

lignin (ASL), was evaluated over a range of pH (1.5 to 7), temperature (4° to 70 °C), 

supplemental salts (0 to 2.5M) and presence/absence of hemicellulose. Lignin 

recovery, measured as ash-adjusted solids, generally increases as pH decreases. 

Temperature does not appear to significantly affect rates or extents of solids recovery 

at low pH; at neutral pH, increased temperature increased rates of precipitation but had 

minimal to no effect on extent of lignin recovery following a one hour precipitation 

period. At neutral pH and moderate temperature, ionic strength significantly affects 

solids recovery. Increased ionic strength increases rates and extents of lignin 

precipitation. Hemicellulose interferes with rates of lignin precipitation and appears to 

co-precipitate. Structural implications of these results are considered. 
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4.2 INTRODUCTION 

Cellulose, hemicellulose, lignin, and pectin are approximately 90% of the dry-

weight of the most plant materials. The presence of lignin in lignocellulosic biomass 

leads to recalcitrance, which refers to the ability of plant materials to resist or prevent 

plant cell destruction from microbial, enzymatic, and chemical interference. 

Recalcitrance limits the use of lignocellulosic biomass and reduces its economically 

viable conversion into value-added products (Himmel et al. 2007, Kumar et al. 2009, 

Yuan and Sun 2010). Various “pretreatment” methods have been recognized to 

overcome the limitations of the utilization of lignocelluloses, e.g. physical (steam/ 

autohydrolysis), chemical (alkali, dilute acid), and biological pretreatments. The aim 

of the pretreatment process is to remove lignin and hemicellulose, reduce the 

crystallinity of cellulose, and increase the porosity of materials (Kumar et al. 2009, 

Mosier et al. 2005).   

Alkali pretreatments are used to improve the conversion of lignocellulosic 

biomass to bio-products and to increase cost effectiveness. Sodium, potassium, 

calcium, and ammonium hydroxides are applicable alkali agents; however, sodium 

hydroxide (NaOH) has been studied the most (Kumar et al. 2009). Dilute NaOH 

treatment causes swelling in plant fibers, which leads to an increase in internal surface 

area, a decrease in the crystallinity of cellulose, disruption of structural linkages 

between lignin and carbohydrates, and modification of lignin structures resulting in 

increased lignin solubilization and condensation (Sun and Cheng 2002, Hendriks and 

Zeeman 2009). Many researchers have compared the effects of alkali pretreatment on 
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several lignocellulosic biomasses. Previous studies have shown the efficacy of dilute 

NaOH pretreatments of wheat straw with respect to lignin removal  and enhanced 

enzymatic digestibility of cellulose (Pedersen et al. 2011, McIntosh and Vancov 

2011). Chen et al. (2007) reported lignin removal up to 85% when using a 2% NaOH 

pretreatment at 121°C/15 psi for 60 min on agricultural straws and hays. Chen and co-

workers (2009) compared the performance of chemical pretreatments using either, 

1.5% H2SO4, 10% NH4OH, 2% NaOH, or 4% Ca(OH)2, on lignin removal and 

enzymatic digestibility of the cellulose component of pretreated corn stover. NaOH 

significantly increased lignin removal to almost 74% which also enhanced the 

cellulose accessibility and digestibility. Gupta and Lee (2010) investigated a combined 

dilute NaOH/H2O2 pretreatment of hybrid poplar residues resulting in the increased 

delignification and glucan digestibility. Xu and Cheng (2011) successfully attempted 

to improve the cost-effectiveness of alkaline pretreatments of switchgrass by using a 

combination of NaOH and Ca(OH)2 at ambient temperature.  

An approach to enhancing the reactivity of the carbohydrate content of 

lignocellulosic materials in biorefinery applications is component fractionation using 

low severity alkaline-aqueous treatments. During such treatments nearly all of the 

feedstock cellulose remains in the solid phase while a significant portion of the 

hemicellulose and lignin are transferred to the liquid phase. Lignocellulose biomass 

processing is usually focused on the utilization of the carbohydrate fraction of these 

two phases. However, economically viable processes will likely involve value-added 

processing of all major components. Lignin is one such major component. Hence, it is 
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imporatnat to determine the character of the lignin solubilized during alkali 

processing.   

In the paper and pulp industries, lignin is considered a low-value byproduct; it 

is typically directly burned for energy recovery (Calvo-Flores and Dobado 2010, 

Toledano et al. 2010). In an effort to improve the economics of such industries, 

considerable research has been directed toword the development of value-added 

products from lignin. In the future, it is highly likely that the paper and pulp industries 

will not be the major producers of large quantities of lignin byproducts; it will likely 

be the biofuel industries aimed at converting the carbohydrate component of 

lignocellulosic biomass to liquid fuels. In such scenarios, lignin will hopefully become 

a promising ecofriendly renewable material with many applications. However, the 

conversion of lignin into high-value products is challenging due to its complex 

structure(s) and our current lack of understanding about its chemical and physical 

properties (Lu and Ralph 2010).  

The solution properties of lignin are important with regard to many aspects of 

its utilization. In the early stages of lignocellulose processing, solubility properties 

dictate lignin dissolution into the alkali pretreatment liquor and subsequent recovery of 

the lignin from that liquor. Previous studies have considered several methods for the 

recovery of lignin from alkali extract liquor. Acid precipitation is the most common 

such method; it uses strong mineral acids H2SO4, H3PO4, and HCl to lower the pH to 

such an extent the lignin precipitates; the precipitate is then recovered by 

centrifugation (Minu et al. 2012). A similar approach to lignin recovery is based on 
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using CO2 as the acidification agent (Wallmo et al. 2009). Ultrafiltration is a method 

used to separate lignin based on molecular weight (Toledano et al. 2010). Electrolytic 

methods have also been proposed as a means of recovering organics from alkali 

liquors during alkali neutralization (Ghatak 2008, Lora et al. 2005).  

There is general interest in how environmental parameters affect the solubility 

of lignin in alkali processing streams. The current study was designed to provide such 

information; with a particular focus on knowledge that can be used to support the 

development of lignin recovery processes for use duing alkali processing of wheat 

straw. The factors considered in this study include pH, temperature, presence of 

hemicellulose, and ionic strength.  
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4.3 MATERIALS AND METHODS 

4.3.1 Raw materials  

Wheat straw, vegetative parts (stems and leaves) were obtained from Hyslop 

Farm of Oregon State University, Corvallis, OR. The air-dried wheat straw was milled 

to pass a 2 mm sieve (Retsch GmbH, Germany). The milled wheat straw was stored 

under dry condition in a glass jar at room temperature prior use. Moisture content was 

determined from the weight loss after dried at 105°C until a constant weight in a 

convection oven. All chemicals used were of analytical grade. 

 

4.3.2. Compositional Analyses 

The chemical compositions of samples was determined in triplicate following 

National Renewable Energy Laboratory (NREL) standard analytical methods 

(http://www.nrel.gov/biomass/analytical_procedures.html). Briefly, alkali processed 

wheat straw was hydrolyzed in two steps (72% w/w H2SO4 at 30°C for 1 h followed 

by 4% w/w H2SO4 at 121°C for 1 h) for acid insoluble lignin (AIL), acid soluble 

lignin (ASL) and carbohydrate analyses (Sluiter et al. 2008). Hydrolysis was vacuum 

filtered using a glass gooch crucible (10-15 µm pore size).  The acid insoluble residues 

(AIR) were dried at 105°C 5 h. AIL was determined gravimetrically while accounting 

for the ash and protein content of the AIR. The filtrate was then divided into two parts, 

one was directly analyzed ASL concentration by UV-Visible spectrophometer at 320 

nm, second was neutralized with CaCO3 before sugars analysis using a HPLC system 
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(Shimadzu model Prominence UFLC, Columbia, MD) equipped with Aminex HPX-

87P column and deashing guard column (Bio-Rad Laboratories, Hercules, CA), a 

refractive index detector (RID model RID-10A). Ash and protein content were 

determined as decribed by Sluiter et al. 2005 and Hames et al. 2008. 

 

4.3.3 Preparation of alkali extract liquor (AEL) 

AEL was prepared from alkali extraction of wheat straw as the flow chart 

shown in Fig. 4.1. Brifely, wheat straw was treated with 5% (w/v) NaOH at 50°C for 5 

h with constant agitation (3% solid loading). AEL was separated from alkali extracted 

solids through a glass fiber filter. AEL were then stored at 4°C (no longer one week) 

prior to being used further experiments. 

 

4.3.4 Lignin preparation from AEL as a function of pH at different temperatures  

AEL were further fractionated as shown in the flow chart Fig. 4.2. AEL was 

lower to pH 6.0 with 6 M HCl followed by adding 2 vols of 95% EtOH to precipitate 

hemicellulose. After incubation at room temperature for 1 h, it was then centrifuged at 

8,000 rpm for 10 min. The supernatant was rotary evaporated to remove EtOH. The 

solids were recovered by adjusting the pH to between 1.5 - 7 using 6 M HCl and 

incubated at 5 - 70°C for 1 h. The recovered solids were washed with water three 

times before freeze-dried. 
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4.3.5 Lignin preparation from AEL in the presence of hemicellulose 

A flow chart depicting lignin preparation in the presence of hemicellulose is 

shown in Fig. 4.3. The pH of AEL solution was directly lowered to pH 1.5 with 6 M 

HCl without removal of hemicellulose. It was then adjusted to the appropriate volume 

equally starting volume by rotary evaporation before incubated at 5°C for 24 h. Solids 

were separated by centrifugation at 8,000 rpm for 10 min. The recovered solids were 

washed with water three times before freeze-dried. 

 

4.3.6 Lignin preparation from AEL as a function of ionic strength 

A flow chart depicting the experimental approach for lignin recovery as a 

function of ionic strength is shown in Fig. 4.4. The pH of AEL preparations was 

lowered to pH 6.0 using cation exchange resin (AG 50W-X8, Biorad). Hemicellulose 

was then precipitated by the addition of 2 volumes of 95% EtOH and then incubation 

at room temperature for 1 h. Precipitated hemicellulose was separated by 

centrifugation at 8,000 rpm for 10 min. The supernatant was rotary evaporated to 

remove EtOH and then adjusted to the appropriate volume and ionic strength by 

addition of 0, 0.63, 1.25, and 2.5 M NaCl and incubated at 40°C for 1 h. The 

recovered solids were washed with water three times before freeze-dried. 
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4.3.7 Statistical analysis 

All experiments were done in triplicate. All results were calculated as mean ± 

SD in mass percent of dry weight of original wheat straw. One-way analysis of 

variance (ANOVA) was conducted on the results from solids recovered among 

samples. The analysis was based on Tukey-Kramer multiple comparisons at 95% 

confidence level. Statistical calculations were done using RStudio version 3 (2009-

2011 RStudio, Inc., MA). 
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4.4 RESULTS AND DISCUSSION 

4.4.1. Effects of pH and temperature on lignin precipitation 

The experiment was designed to determine the effects of pH and temperature 

on lignin precipitation from hemicellulose-free alkali extract liquor. According to Sun 

and Tomkinson (2001), removal of hemicellulose prior to lignin precipitation results 

in higher lignin recoveries. In this study, hemicellulose was removed from the alkali 

extract liquor (AEL) by dilution with two volumes of 95% ethanol. The pH was then 

adjusted to its final value and precipitates allowed to form for one hour. The one-hour 

precipitation time was based on experiments showing maximum lignin recovery 

(precipitation) had been achieved at this time for hemicellulose-free AEL at all pHs 

and temperature 25°C (data not shown). 

Figure 4.5 shows solids recovered from hemicellulose-free AEL as a function 

of pH (1.5, 4.0, 6.0, and 7.0) at different temperature (5, 25, 40, and 70°C). Total 

precipitate recovered at the high pHs was similar, although the general trend of higher 

precipitate at pH 6 compared to pH 7 was consistent. Reducing the pH further, from 

6.0 to 4.0, resulted in a corresponding significant increase in precipitate at all 

temperatures. It is generally accepted that lignin precipitation is pH dependent, with 

lignin precipitation increasing as pH decreases (Sun, Tomkinson and Bolton 1999, 

Mussatto, Fernandes and Roberto 2007, Garcia et al. 2009). Based on this information, 

lignin recovery is typically done at pH 1.5. However, the data presented herein 

suggests that lignin yield (as recoverable solids) is not significantly different at pH 1.5 
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and pH 4.0. This indicates that lignin recovery can be achieved at the higher pH value 

(4.0), which may be economically advantageous in some applications. 

The results presented in Fig. 4.5 suggest temperature does not affect lignin 

recovery via precipitation at the different pHs. However, recall that lignin recovery 

was based on solids recovered, following separation by centrifugation, after a 1 h 

precipitation period. This result would likely be different if the precipitation time was 

shortened. Visual observations indicated the rate of precipitation was at least 

somewhat temperature dependent; the higher the temperature (5-70°C) the faster the 

rate of precipitation. The physical nature of the precipitate also appeared to be 

dependent; the higher temperature precipitates settling out to a greater extent prior to 

centrifugation. This observabtion is in agreement with the study done by Beaupre et al. 

(1984), which showed that acid precipitation of Kraft lignin was faster at 90°C versus 

50°C. Our results are not in agreement with those of Evstigneev (2011), who reported 

an increase in temperature from 20-80°C resulted in a corresponding increase in lignin 

solubility in aqueous alkali solution. Noubigh et al. (2007) have shown when 

temperature is increased from 20-45°C, phenolic acids, such as gallic acid, ferulic 

acid, vanillic acid, and syringic acid, show an increase in solubility.  

Precipitates obtained at different pH values (1.5, 4.0, and 7.0) were analyzed to 

determine ash-free solids, AIL, ASL and total lignin (AIL + ASL), along with other 

non-lignin components (see table 4.1). These values are reported as percent of 

theoretically recoverable components in Fig. 4.6. Theoretically recoverable amounts 
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are based on the amount of that component anticipated in the AEL, which is itself 

based on the amount in the original straw minus the amount in the alkali extracted 

solids (AES) for each alkli treatment. The total lignin content and percent ash-free 

solids showed the same trend, indicating that quantification of ash-free solids provides 

a reasonable estimate of relative lignin recoveries. However, the ash-free solids 

provides clearly overestimate lignin recovery from AEL compared to actual 

quantification of AIL and ASL. For example, low pH (1.5 and 4.0) lignin recovery 

from AEL based on ash-free solids is greater than 90 percent of the theoretical, while 

the same values based on the sum of aIL and ASL are 70-80 percent. Both ash-free 

solids and total lignin show lignin recovery at the higher pH (7.0) is significantly less 

than at the lower pH. The quantifiable total lignin at pH 1.5, 4.0, and 7.0 was 70, 63, 

and 62% of total solids recovered, or 80, 73, and 47% of theoretically available lignin 

in alkali extract liquor, respectively. The quantifiable lignin at pH 1.5 was comparable 

to reported values in literature. Lawther et al. (1996) has reported lignin yields up to 

84% and 83% of alkali-soluble lignins released in 1.5% NaOH pretreatment followed 

by alkali refining, and atmospheric frefining followed by 1.5% NaOH posttreatment, 

respectively. Fidalgo et al. (1993) report 81% lignin recovery from hemicellulose-free 

AEL (wheat straw was treated with 1 M NaOH at 30°C for 12 h). In current study, 1% 

and 2.8% of the structural carbohydrate in the solids recovered co-precipitated with 

the lignin at pH 1.5 and 4.0, and pH 7.0, respectively. The co-precipitation of 

carbohydrate in this study was comparable to that reported previously (Sun et al. 

1996b, Sun et al. 1997a). The relatively low polysaccharide co-precipitation was 
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expected since a polysaccharide precipitation step, at near neutral pH. In the current 

study, unaccounted for solids, i.e., total solids minus (AIL + ASL + total carbohydrate 

+ ash) made up from 17-22% of the total lignin precipitate. 

In the studies explained above, an ethanol precipitation step was included for 

hemicellulose removal prior to lowering the pH for lignin precipitation. 

Approximately 40% of the total solids extracted into the AEL was precipitated during 

the ethanol treatment. The composition of the ethanol precipitates is shown in table 

4.2. Carbohydrates, presumably hemicellulose xylans based on the high xylan and 

arabinan content, comprised approximately 82% of total ethanol precipitates. This 

corresponds to the precipitation of approximately 85% of the carbohydrate 

theoretically available in the AEL (based on difference in structural carbohydrate 

content of starting material and AES). The value of 85% is to be viewed as a minimum 

since some carbohydrate is degraded during alkali processing (Gupta and Lee 2010). 

The lignin content of the ethanol precipitate suggests that up to 17% of the 

theoretically available lignin in the AEL precipitated with the hemicellulose. This 

value may be considered a maximum due to the nature of the AIL/ASL assay, in 

which a fraction of the extractives and sugars measure as lignin (Thammasouk et al. 

1997, Sannigrahi et al. 2011). Lignin co-precipitation may, to some extent, be the 

result of covalent lignin-hemicellulose complexes which are not completely cleaved 

under the alkali processing conditions used in this study. Under the acid treatment 

used to determine composition, lignin units might condense with carbohydrate 

degradation products, such as HMF and furfural, to yield stable polymeric insoluble 
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residues that could account for the presence of artifactual lignin (Sun, Lawther and 

Banks 1996a, Matsushita et al. 2004). The result was comparable to the report done by 

Lawther et al. (1996), where approximately 16% and 18% of alkali-soluble lignins co-

precipitated with hemicellulose (1.5% NaOH pretreatment followed by alkali refining 

and atmospheric frefining followed by 1.5% NaOH posttreatment, respectively).  

 

Mass balance of straw lignin from alkali treatment 

Mass balance for the major components of the different fractions resulting 

from alkali processing and lignin recovery following hemicellulose precipitation is 

shown in Fig. 4.7. The initial alkali treatment resulted in the dissolution of solids 

approximately 50% (w/w) of the original dry-weight of the wheat straw. The majority 

of the dissolved solids was accounted for as lignin (AIL + ASL), carbohydrate 

(arabinoxylands based on data in table 4.2), ash, and extractives. Solids in the AEL 

were further fractionated by the addition of 2 volumes of ethanol, which resulted in the 

precipitation of approximately 40% (w/w) of the solids in the AEL which was 

primarily hemicellulose (for composition of precipitate refers to table 4.2). The 

“hemicellulose-free” AEL resulting from the ethanol treatment contained 60% of the 

original solids extracted into the alkali (which corresponds to 30% of the original mass 

in the original straw). Upon lowering the pH of this solution to 1.5 approximately 30% 

of the remaining solids precipitated, this corresponds to approximately 9% of the 

original straw solids. The net result is that approximately 9% of the solids in the 
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original straw are recovered in the final lignin preparation. The lignin content of the 

final lignin preparation, calculated as AIL + ASL, is ~ 72% (which corresponds to 6.5 

g of lignin per 100 g of straw starting material). The final yield of lignin corresponds 

to approximately 57% of the original lignin dissolving the alkali treatment and 

approximately 80% of the lignin dissolved in the alkali liquor (AEL) being recovered 

due to precipitation at pH 1.5. 

 

4.5.2. Effects of hemicellulose presence/absence  

Lignin precipitates at basic to neutral pH without hemicellulose removal from 

Kraft processing wood black liquor (Uloth and Wearing 1989, Garcia et al. 2009). 

McIntosh and Vancov (2011) recovered lignin by adjusting alkali liquor to pH 2.0 

without hemicellulose removal prior to lignin precipitation at 65°C for 5 min. In 

contrast our study, when hemicellulose presence AEL was directly lowered to pH 1.5, 

measurable solids were not able to collect at 5, 25, 40, 70, and 90°C for a 1 h 

precipitation period. This might indicate that hemicellulose inhibits lignin 

precipitation at given temperatures and pH value. Large hemicellulose polymers or 

lignin-hemicellulose complexes released into the AEL might prevent lignin structure 

repolymerization. As Wallmo et al. (2009) reported, the filtration resistance of 

precipitated lignin from Kraft processing of hardwood black liquor was lowered when 

hemicellulose was removed prior lignin precipitation.   
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In this part of study, the composition of solids recovered at pH 1.5 at 5°C for 

the 24 h precipitation period from hemicellulose-free and hemicellulose presence were 

compared. There were significant difference in total solids recovered, quantifiable 

lignin, and hemicellulose co-precipitated, as shown in table 4.3. The presence of 

hemicellulose resulted in yielding lignin and hemicellulose co-precipitates 

approximating 35% and 43% of total solids recovered, respectively. However, lignin 

yield in under this condition was 8.5% of the original biomass, which was higher than 

the theoretically available lignin in AEL. This was probably due to carbohydrate 

degradation products generating artifactual lignin during acid hydrolysis as described 

above. The amount of hemicellulose co-precipitates was higher than previous studies. 

Sun et al. (1999) presented that 2.8% of polysaccharides co-precipitated with lignin at 

pH 2.0 from hemicellulose presence black liquor. However, the treatment was more 

severe at 20% KOH at 170°C for 3 h, which indicates that cleavages of linkages 

between lignin and polysaccharides were complete. However, Fidalgo et al. (1993) 

reported that alkali lignin 1 and alkali lignin 2 precipitated at pH 2.0 from 

hemicellulose-free wheat straw alkali liquor (1 and 0.25 M NaOH at 30°C for 12 h) 

that contained polysaccharides contents up to 17.3% and 32.9%, respectively. Scalbert 

et al. (1986) showed lignin recovery at pH 1.0 from hemicellulose presence wheat 

straw alkali liquor (1 M NaOH at 35°C for 2 h) contained 18% polysaccharides. High 

amounts of polysaccharide co-precipitates were probably due to the specific complex 

structure associated with lignin and polysaccharides in wheat straw (Scalbert and 

Monties 1986).  
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4.5.3. Effect of ionic strength on lignin precipitation 

A series of experiments was done to assess the importance of ionic strength 

with respect to lignin recovery from AEL via precipitation. In all of the previously 

described experiments the pH was adjusted using hydrocholic acid (HCl). Hence, the 

resulting neutralized/acidified AEL solutions had relatively high ionic strengths. In 

this section we are describing experiments for which the pH of the AEL was lowered 

using cation exchange resins in the proton form. Hence, the reduction of pH was 

achieved without the production of Na+/Cl-. The initial question addressed in this 

experiment was whether or not changes in ionic strength affected the amount and/or 

composition of ethanol precipitates aimed at hemicellulose removal. Table 4.4 

summarizes the results of such studies in which the pH was lowered by treatment with 

resin and the ionic strength of the resulting solution was increased by the addition of 

different amounts of NaCl. The amount of NaCl added to the neutralized solutions was 

based on the amount of NaCl theoretically present in the HCl-neutralized AEL (NaCl 

concentrations following NaCl supplementation were 0, 0.5-fold, 1.0-fold, and 2.0-

fold the amount of NaCl present in the HCl neutralized AEL; this corresponds to Na+ 

concentration of 0, 0.63, 1.25, and 2.5 M, respectively). Changes in ionic strength did 

not significant effect the amount of carbohydrates recovered as precipitate. The 

amount of lignin co-precipitating with that carbohydrate was low in each case; 

however, the amount recovered in the precipitate corresponding to the lowest ionic 

strength was statistically (p<0.5) lower than that at the higher ionic strengths. 

Differences in the amount of total solids recovered as a result of ethanol addition were 
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not significantly different. The fact that ionic strength does not significantly effect the 

ethanol precipitation step in the lignin recovery process (Fig. 4.4) simplifies the 

interpretation of effects of ionic strength on lignin recovery. 

A series of studies was done to assess the effect of ionic strength on lignin 

recovery from hemicellulose-free and hemicellulose-containing AEL. As in the 

experiments described above, the pH of the AEL was lowered using the cation 

exchange resin in the proton form and the ionic strength subsequently adjusted by the 

addition of HCl. Ionic strength clearly affected the amount of lignin recovered from 

hemicellulose-free AEL at pH 7.0, 40°C (Fig. 4.9). In the absence of supplemental 

NaCl, no precipitate formed. Addition of NaCl, at all of the levels tested, resulted in 

lignin precipitation. The amount of solids recovered at the highest ionic strength was 

approximately 75% of that obtained at pH 1.5 following pH adjustment with HCl. The 

amount of total lignin (AIL + ASL) recovred at 1.25 M Na+ in the resin-based NaCl 

add-back experiments was approximately the same as that obtained under the same 

conditions following pH adjustment with HCl (table 4.1 versus table 4.5), respectively, 

as predicted based on their being at approximately the same ionic strength. The 

impoartance of ionic strength, as demonstrated in this data, is likely due to its role in 

decresing the electrostatic repulsion that, in the absence of cations, limits lignin 

association. This was in agreement with earlier findings. Noubigh et al. (2007) studied 

effect of salt on the solubility of ferulic acid and syringic acid. The study used NaCl, 

KCl, and LiCl concentrations that ranged from 0.5 – 3.5 M at 25°C. The study shows 

that the solubility of ferulic acid and syringic acid decrease when salt concentrations 
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increase. Zhu and Theliander (2011) report that increasing ionic strength by the 

addition of Na2SO4 to an extra Na content 10% and 20% into softwood and hardwood 

black liquors results in increase in lignin precipitation yields.  

 The composition of lignin precipitates from hemicellulose-free AEL from a 

resin treatment pH adjustment followed by additions of NaCl equivalent to 1.25 M and 

2.50 M Na+ values after ethanol removal were determined by a two step hydrolysis as 

shown in table 4.5. There was no significant difference in lignin yields between lignin 

precipitated at these two Na+ levels. The quantifiable lignin precipitated at Na+ values 

of 1.25 M and 2.50 M was 57% and 54% of the total solids recovered or 51% and 53% 

of the theoretically available lignin in AEL, respectively. The carbohydrate co-

precipitate was approximately 2.1 – 2.6% of the total solids recovered. The 

quantifiable lignin and carbohydrate co-precipitates were comparable to solids 

recovered at pH 7.0 40°C for a 1 h precipitation period from a HCl pH adjustment of 

hemicellulose-free AEL.    
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Fig. 4.1. Flow chart of preparation of alkali extraction liquor (AEL) from alkali 

processed wheat straw 
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Fig. 4.2. Experimental scheme for assessing the role of pH and temperature in lignin 

precipitation from hemicellulose-free alkali extract liquor (AEL) 
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Fig. 4.3. Experimental scheme for assessing the role of hemicellulose in lignin 

preparation from alkali extract liquor (AEL) 
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Fig. 4.4. Experimental scheme for assessing the role of ionic strength in lignin 

precipitation from hemicellulose-free alkali extract liquor (AEL) 
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Fig. 4.5. Percent solids recovered relative to original biomass (blue column, left axis) 

and percent ash-free solid relative to theoretically available lignin (red line, right axis) 

in alkali extract liquor as a function of pH at different temperatures following a 1 h 

precipitation period. Different lowercase letters represent different pH-dependent 

lignin recovery at the given temperature (p<0.05). The experimental scheme as shown 

in Fig. 4.2. 
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Fig. 4.6. Percent ash-free solid recovered relative to theoretically available lignin, 

quantifiable total lignin, quantifiable AIL, and quantifiable ASL relative to 

theoretically available total lignin, AIL, and ASL, respectively in alkali extract 

liquor (AEL) as a function of pH at 40°C following a 1 h precipitation period.  
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Table 4.1. Effect of pH on composition of lignin preparations precipitated from 

hemicellulose-free AEL at 40°C. Experimental scheme as Fig. 4.2, solids recovery 

depicted in no. 1. All values are presented as grams recovered per 100 gram original 

dry-weight wheat straw; mean (SD). 

 

 pH 1.5 pH 4.0 pH 7.0 

Solids recovery *a 9.3 (0.61) a 9.4 (0.89) b 6.1 (0.35) 

AIL 6.3 (0.43) 5.7 (0.37) 3.7 (0.03) 

ASL 0.2 (0.01) 0.2 (0.01) 0.1 (0.01) 

Total lignin a 6.5 (0.44) a 5.9 (0.37) b 3.8 (0.02) 

Glucan 0.06 (0.004) 0.06 (0.003) 0.02 (0.001) 

Xylan 0.03 (0.001) 0.03 (0.001) 0.15 (0.013) 

Galactan **nd nd nd 

Arabinan nd nd nd 

Mannan nd nd nd 

Total carbohydrate a 0.09 (0.004) a 0.09 (0.003) b 0.17 (0.013) 

Ash 1.1 (0.30) 1.5 (0.20) 0.8 (0.36) 

Percent of solids accounted for 
AIL + ASL + glycan + ash 

a 83.4 (7.05) a 79.6 (6.11) a 78.2 (5.73) 

*Different lowercase letters on each row indicated significant differences from one another 
(p<0.05). 
**nd : not detected 
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Table 4.2. Composition of ethanol precipitated from AEL at 25°C for 1 h. 

Experimental scheme as in Fig. 4.2. All values are presented as grams recovered per 

100 gram original dry-weight wheat straw; mean (SD). 

 

Component %Original dry-weight 

Ethanol precipitate recovery 19.4 (0.90) 

AIL 1.1 (0.05) 

ASL 0.3 (0.02) 

Total lignin 1.4 (0.05) 

Glucan 0.4 (0.02) 

Xylan 12.6 (0.60) 

Galactan 0.8 (0.05) 

Arabinan 2.1 (0.06) 

Mannan 0.05 (0.01) 

Total carbohydrate 16.0 (0.61) 

Ash 1.0 (0.48) 

Percent of solids accounted 
for AIL + ASL + glycan + ash 95.4 (6.23) 

 

 

 

 



 
     
   

94 

 

Native WS 

5% NaOH, 50°C, 5 h, agitate (80 rpm), 
3% solid loading 

Vacuum filter with glass fiber filter 
(pore size 2.5 μm) 

*Total lignin 14.1  
*AIL 13.2 
*ASL 0.9 

Total carbohydrate 60.2 
Ash 6.6 

Solid 50 g Alkali extracted WS Alkali extractable liquor Solid 50 g 

Total lignin 6.0  
AIL 5.6 
ASL 0.4 

Total carbohydrate 41.4 
Ash 0.5 

 

Lower pH 6.0 
2vols 95%EtoH 

Centrifuge 

**Total lignin 8.1  
**AIL 7.6 
**ASL 0.5 

**Total carbohydrate 18.8 
**Ash 6.1 

 

Solid Liquid Solid 20 g Solid 30 g 

Solid 100 g 

Total lignin 1.5  
AIL 1.3 
ASL 0.2 

Total carbohydrate 16.0 
Ash 1.0 

 
Lignin 

preparation 
Liquid 

Lower pH 1.5 

Centrifuge 

Solid 9 g 

Total lignin 6.5  
AIL 6.3 
ASL 0.2 

Total carbohydrate 0.1 
Ash 1.1 

 

Solid 21 g 

***Total lignin 0.9  
***AIL 0.8 
***ASL 0.1 

***Total carbohydrate 0.03 
****Ash 

 

*Determined from extractive free wheat straw 
**Calculated as the difference in mass of dry-weight wheat straw before and after alkali 
extraction  
***Determined after 4%H2SO4 hydrolysis at 121°C, 1 h 
****Not determined 

Fig. 4.7. Flow chart of mass balance from alkali treatment of wheat straw. Lignin, 

carbohydrate, and ash recovered are presented in g per 100 gram dry-weight wheat 

straw.  
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Table 4.3. Effect of presence/absence of hemicellulose (HC) on composition of lignin 

preparations precipitated at pH 1.5 from AEL. Experimental scheme as shown in Fig. 

4.3. All values are presented as grams recovered per 100 gram original dry-weight 

wheat straw; mean (SD). 
 

        HC-free AEL HC-containing 
AEL 

 40°C 1 h 5°C 24 h 5°C 24 h 

Solids recovery *b 9.3 (0.61) b 8.5 (0.98) a 24.4 (0.99) 

AIL 6.3 (0.43) 6.1 (0.45) 7.9 (0.19) 

ASL 0.2 (0.01) 0.2 (0.01) 0.6 (0.01) 

Total lignin b 6.5 (0.44) b 6.3 (0.44) a 8.5 (0.19) 

Glucan 0.06 (0.004) 0.07 (0.002) 0.25 (0.013) 

Xylan 0.03 (0.001) 0.02 (0.002) 8.86 (0.183) 

Galactan **nd nd 0.23 (0.012) 

Arabinan nd nd 1.04 (0.008) 

Mannan nd nd 0.03 (0.001) 

Total carbohydrate b 0.09 (0.004) b 0.09 (0.002) a 10.41 (0.184) 

Ash 1.13 (0.30) 0.02 (0.001) 0.97 (0.34) 

Percent of solids accounted for 
AIL + ASL + glycan + ash 

a 83.4 (7.05) a 75.1 (5.15) a 83.0 (5.57) 

 
*Different lowercase letters on each row indicated significant differences from one another 
(p<0.05). 
**nd : not detected 
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* * * * 

Fig. 4.8. Percent ash-free solid, quantifiable total lignin, quantifiable AIL, and 

quantifiable ASL relative to theoretically available lignin in alkali extract liquor as 

an effect of presence/absence of hemicellulose (HC) on lignin precipitated at pH 

1.5. * There is no solid recovered. 
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Table 4.4. Composition of ethanol precipitated from AEL using H+ exchange resin 

lowering pH. Experimental scheme as in Fig. 4.4. All values are presented as grams 

recovered per 100 gram original dry-weight wheat straw; mean (SD).  

 

 [Na+] 

 ̴ 0M  ̴ 0.63M  ̴ 1.25M  ̴ 2.50M 

Ethanol ppt recovery *b 18.7 (0.31) a 20.7 (0.13) a 21.1 (0.39) a 21.0 (0.72) 

AIL 0.7 (0.13) 1.2 (0.08) 1.3 (0.12) 1.3 (0.07) 

ASL 0.5 (0.11) 0.5 (0.08) 0.4 (0.05) 0.4 (0.10) 

Total lignin b 1.2 (0.06) a 1.6 (0.01) a 1.7 (0.14) a 1.7 (0.07) 

Glucan 0.4 (0.01) 0.4 (0.03) 0.4 (0.04) 0.4 (0.03) 

Xylan 12.1 (0.77) 12.6 (0.49) 13.0 (0.99) 12.3 (1.57) 

Galactan 0.6 (0.15) 0.6 (0.07) 0.4 (0.21) 0.5 (0.04) 

Arabinan 1.9 (0.08) 2.0 (0.16) 2.0 (0.24) 2.0 (0.19) 

Mannan 0.06 (0.01) 0.07 (0.01) 0.06 (0.01) 0.05 (0.01) 

Total carbohydrate a 15.1 (0.78) a 15.7 (0.52) a 15.9 (1.04) a 15.3 (1.58) 

Ash 0.4 (0.13) 1.0 (0.30) 1.2 (0.32) 2.0 (0.84) 

Percent of solids 
accounted for AIL + 
ASL + glycan + ash 

a 89.3 (5.01) a 88.4 (3.33) a 89.1 (6.08) a 90.4 (10.02) 

 
*Different lowercase letters on each row indicated significant differences from one another 
(p<0.05). 
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Fig. 4.9. Percent solids recovered relative to original biomass. Solids were prepared 

from hemicellulose-free AEL as a function of ionic strength at pH 7, 40°C following a 

1 h precipitation period. * There is no solid recovered. The experimental scheme 

showed in Fig. 4.4. 

  

* 
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Table 4.5. Effect of ionic strength on composition of lignin preparations precipitated 

at pH 7, 40°C for 1 h from hemicellulose-free AEL using resin treatment pH 

adjustment. NaCl was introduced to increase Na+ to 1.25 and 2.50 M. Experimental 

scheme as in Fig. 4.4. All values are presented as grams recovered per 100 gram 

original dry-weight wheat straw; mean (SD). 

 

 [Na+]  

  ̴ 1.25M  ̴ 2.50M 

Solids recovery 7.2 (0.16) 7.9 (1.69) 

AIL 3.9 (0.77) 4.1 (0.39) 

ASL 0.2 (0.03) 0.2 (0.02) 

Total lignin 4.1 (0.73) 4.3 (0.37) 

Glucan 0.04 (0.004) 0.04 (0.004) 

Xylan 0.11 (0.010) 0.17 (0.014) 

Galactan nd nd 

Arabinan nd nd 

Mannan nd nd 

Total carbohydrate 0.15 (0.011) 0.21 (0.014) 

Ash 1.6 (0.45) 2.5 (0.02) 

Percent of solids accounted 
for AIL + ASL + glycan + ash 81.3 (14.7) 89.4 (22.0) 

 
*nd : not detected 
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5.1 ABSTRACT 

The aim of this study was to determine the feasibility of using lignin-rich 

fractions of alkali processed wheat straw as “functional dietary fibers” based on their 

in vitro bile acid binding capacity. Bile acid binding capacity is important in this 

context because of the documented relationship between fecal excretion of bile acids 

and serum cholesterol levels. In this study, wheat straw (WS), alkali extracted solids 

(AES), enzyme saccharification residues (ESR), and alkali lignin (AL) were used to 

determine bile acids (cholic acid, glycocholic acid, and taurocholic acid) binding 

capacities. Bile acid adsorption was determined by measuring the partitioning of bile 

acids between the solid phase (fiber) and the liquid phase (phosphate buffer, pH 6.5) at 

37°C. In general, bile acid associated with the different wheat straw fractions but the 

extent of association was not proportional to lignin content as hypothesized. Among 

the bile acids tested, cholic acid showed the best correlation between amount adsorbed 

and lignin content. AES, ESR, and AL all had higher bile acid binding capacities than 

WS. Bile acid adsorption to AL ranged from 2 to 29 μmol bile acid per gram substrate, 

with cholic acid and taurocholic acid showing the highest and lowest adsorption 

capacities, respectively. A contributing factor limiting alkali lignin-bile acid 

association was determined to be electrostatic repulsion based on experiments of 

evaluation the importance of ionic strength and cation addition. Chemical modification 

of lignin-associated carboxyl groups of AL using a carbodiimide reagent was 

attempted to address the electrostatic repulsion issue. Chemical modification of the 

alkali lignin (MAL) significantly increased its bile acid binding capacity. Bile acid 
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binding by the MAL was in the range of 48 to 54 μmol bile acid per gram substrate. 

The combined results from this study demonstrate the potential of using a major food 

processing/production byproduct, i.e. wheat straw AL, as a “functional dietary fiber’ 

for bile acid sequestration. 
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5.2 INTRODUCTION 

Alkali treatment of lignocellulosic biomass is the prevalent method used by 

several industries for delignification, hemicellulose removal, decreasing in the 

crystallinity of cellulose, and swelling plant fibers. Sodium, potassium, calcium, and 

ammonium hydroxides are applicable alkali agents; however, sodium hydroxide 

(NaOH) has been studied the most (Kumar et al. 2009). NaOH treatment is considered 

among the relevant “pretreatment” options for enzyme-based lignocellulose-to-sugar 

platform processes. In such operations, nearly all of feedstock cellulose remains in the 

solid phase, while a significant portion of the lignin along with much of the 

hemicellulose is extracted into the liquid phase. The extent of lignin extraction is 

dependent on the severity of the treatment. Lignocellulosic biomass processing is 

usually focused on the utilization of the carbohydrate fraction of these two phases. 

However, economically viable processes will likely involve the value-added 

processing of all major components. Lignin is one such major component. However, it 

is challenging to efficiently and cost effectively utilized lignin.   

Lignin is a promising ecofriendly renewable material pertinent to many bio-

based applications. Paper and pulp industries along with bioethanol production from 

lignocellulosic biomasses produce large quantities of lignin byproducts. However, the 

conversion of lignin into higher value products is challenging due to its complex 

structures and lack of good information about chemical and physical properties of 

lignin (Lu and Ralph 2010). The utilization of lignins is mainly based on their 

functionalities, such as dispersing, binding, emulsifiers, and sequestrants (Calvo-
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Flores and Dobado 2010, Lu and Ralph 2010). Research has documented the potential 

use of lignins for multiple uses such as syngas products, benzene, vanillin, activated 

carbon materials and packaging polymers materials (Calvo-Flores and Dobado 2010, 

Fellows et al. 2012, Lu and Ralph 2010, Notley and Norgren 2009).  

There is also evidence that lignin has application potential in food systems. 

Lignin is a free-radical scavenger and can be considered as natural antioxidant 

(Dizhbite et al. 2004, Garcia et al. 2012, Kim et al. 2013, Nunez-Flores et al. 2013, 

Pan et al. 2006, Wen et al. 2013). Moreover, it is demonstrated that lignin efficiently 

adsorb heterocyclic aromatic amines to prevent the absorption in the human digestive 

system (Funk et al. 2006). Lignin also contributes to the adsorption of bile acids 

(Meunier-Goddik and Penner 1999, Sayar, Jannink and White 2006, Dongowski 2007, 

Cornfine et al. 2010); 

Several dietary components have been studied for their bile acid binding 

capacities. In vitro adsorption studies have shown that bile acids are adsorbed by 

dietary fibers (Sayar et al. 2006, Dongowski 2007, Drzikova et al. 2005, Story, White 

and West 1982). The results proposed that bile acid adsorption related to the 

components of fiber such as β-glucan and lignin which promoted binding capacity 

(Sayar et al. 2006, Drzikova et al. 2005). Bile acid adsorption to dietary components 

might increase bile acid excretion and decrease bile acid re-absorption. This 

mechanism stimulates additional bile acid synthesis to stabilize bile acid levels which 

subsequently lowers blood cholesterol.  The role of lignin on bile acid adsorption 

revealed that the hydrophobicity of lignin most likely contributed to increase bile acid 
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adsorptions (Eastwood and Hamilton 1968). High lignin contents correlated well with 

high bile acid binding capacities (Sayar et al. 2006, Hamauzu and Mizuno 2011, 

Meunier-Goddik and Penner 1999, Story and Kritchevsky 1976). However, some 

studies have contradicted the main role of lignin in bile acid binding (Funk et al. 2008, 

Barnard and Heaton 1973). Nonlignified and artificially lignified maize cell walls 

were used to test bile acid adsorption capacity. It was implied that lignin concentration 

and composition did not affect the adsorption  (Funk et al. 2008). 

The aim of the present study was to determine the feasibility of using lignin-

rich fractions of alkali processed wheat straw (including alkali lignins, enzyme 

saccharification residues, alkali extracted solids, and wheat straw) as cholesterol-

lowering “functional fibers” based on theirs in vitro cholic acid, glycocholic acid, and 

taurocholic acid binding capacities. The role of chemistry nature of alkali lignin on 

bile acid binding capacity, as well as using the rational to improve the bile acid 

binding properties of alkali lignin through chemical modification were determined. 

Furthermore alkali lignin was modified with ethylenediamine to improve bile acid 

binding propertis. 
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5.3 MATERIALS AND METHODS 

5.3.1 Chemicals 

Bile acids: sodium cholate hydrate ( ≥ 99%, sigma C6445), sodium 

glycocholate hydrate (≥ 97%, sigma G7132), and taurocholic acid sodium salt hydrate 

(≥ 95%, sigma T9034); cholestyramine resin (sigma C4650); microcrystalline 

cellulose (Avicel PH101, FMC Biopolymer); N-(3-dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (EDC) (sigma E7750); ethylenediamine (sigma 

E1521) were purchased from Sigma-Aldrich (St. Louis, MO). All other chemicals 

used were of analytical grade. 

 

5.3.2 Compositional analyses 

The chemical compositions of samples were determined in triplicate following 

National Renewable Energy Laboratory (NREL) standard analytical methods 

(http://www.nrel.gov/biomass/analytical_procedures.html). Briefly, alkali processed 

wheat straw was hydrolyzed in two steps (72% w/w H2SO4 at 30°C for 1 h followed 

by 4% w/w H2SO4 at 121°C for 1 h) for acid insoluble lignin (AIL), acid soluble 

lignin (ASL) and carbohydrate analyses (Sluiter et al. 2008). Hydrolysis was vacuum 

filtered using a glass gooch crucible (10-15 µm pore size).  The acid insoluble residues 

(AIR) were dried at 105°C for 5 h. AIL was determined gravimetrically while 

accounting for the ash and protein content of the AIR. The filtrate was then divided 

into two parts, one was directly analyzed ASL concentration by UV-Visible 
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spectrophometer at 320 nm, the other was neutralized with CaCO3 before sugars 

analysis using a HPLC system (Shimadzu model Prominence UFLC, Columbia, MD) 

equipped with Aminex HPX-87P column and deashing guard column (Bio-Rad 

Laboratories, Hercules, CA), a refractive index detector (RID model RID-10A).  

 

5.3.3 Preparation of alkali processed wheat straw 

Wheat straw 

Wheat straw was obtained from Hyslop Farm of Oregon State University, 

Corvallis, OR. The air-dried wheat straw was milled to pass a 2 mm sieve (Retsch 

GmbH, Germany). The milled wheat straw was stored under dry condition in a glass 

jar at room temperature prior use.  

Alkali extracted solids  

The flow chart (Fig. 5.1) showed the preparation of lignin-rich fractions from 

alkali processed wheat straw. Wheat straw was treated with 5% (w/v) NaOH at 50°C 

for 5 h under agitating (3% solid loading). Alkali extracted solids were separated from 

alkali extractable liquor through a glass fiber filter. Alkali extracted solids were then 

neutralized by washing with water, after that they were directly freeze-dried for further 

study. 
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Enzyme saccharification residues 

The saccharification procedures followed that outlined by Sophonputtanaphoca 

et al. (2012). Briefly, 5 mL of 0.1 M sodium citrate buffer, pH 4.8 and 0.1 mL of 2% 

(w/v) sodium azide were added to neutralized alkali extracted solids. Water was added 

to the suspension to obtain the total weight 10 g (1.5% solid loading). Cellulase and 

xylanase (30 FPU/g glucan of Accellerase 1500, 2,750 Units/g glucan of Accellerase 

XY, Genencor Enzymes, Palo Alto, CA) were added into the mixture and then 

incubated at 50°C for 24 h in a rotary incubator. The mixtures were then centrifuged at 

10,000 rpm for 15 min to terminate reactions. Enzyme saccharification residues were 

collected and washed three times with 50 mM sodium phosphate buffer pH 6.5 at 

25°C for 1 h in rotary mixer followed by washing three times with water in order to 

remove the residual enzymes (adapted from (Qi et al. 2011). The residues were 

directly freeze-dried for further study.  

Alkali lignins 

 Alkali extractable components were further fractionated shown in the flow 

chart Fig. 5.1. Alkali extractable liquor (AEL) was lower to pH 6.0 using 6 M HCl 

followed by adding 2 vols of 95% EtOH to precipitate hemicellulose. After incubation 

at room temperature for 1 h, it was centrifuged at 8,000 rpm for 10 min. The 

supernatant was rotary evaporated to remove ethanol. The alkali lignins were lowered 

pH to 1.5 using 6 M HCl and incubated at 40°C for 1 h. They were washed with water 

three times before freeze-dried. 
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5.3.4. Bile acids adsorption 

 Bile acids adsorption experiments were performed using cholic acid (CA), 

glycocholic acid (GCA), and taurocholic acid (TA) following the method by 

(Meunier-Goddik and Penner 1999). Ten milligrams of wheat straw, alkali extracted 

solids, enzyme saccharification residues, alkali lignin, cholestyramine, and cellulose 

were suspended in 1 mL of 50 mM sodium phosphate buffer pH 6.5 containing 0.25 

mM – 2.5 mM bile acids. They were then incubated at 37°C for 1 h in rotary 

incubator. Reactions were terminated by centrifugation at 10,000 rpm for 10 min. The 

supernatant was collected. 0.1 mL of supernatant was mixed with 3 ml 72% (w/w) 

H2SO4 and incubated at room temperature for 1 h prior to absorbance measurement at 

318 nm. Bile acid adsorption was calculated as the difference in concentration of the 

control (without substrate) and the samples (with substrate). Wheat straw and alkali 

lignin were washed with sodium phosphate buffer to remove soluble compounds prior 

to bile acid adsorption analysis.  

 

5.3.5 Chemical modification of alkali lignin 

 Washed alkali lignins were chemically modified by carbodiimide reaction. The 

protocol was adapted from (Nakajima and Ikada 1995) methods. Five milligrams 

alkali lignins were dissolved in 1 mL NaOH solution (pH 12.0). pH was lowered to 

6.0 using 6 M HCl. Twenty two μL ethylenediamine and 33 μL 3.3 mM N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) were added into 
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alkali lignin solutions. The pH was adjusted to 5.0. Reactions were performed at room 

temperature for 1 h. The reactions were terminated by centrifugation at 10,000 rpm for 

5 min. The solids were washed with water prior to testing bile acid adsorption. 

 

5.3.6. A Fourier-Transform Infrared (FTIR) Spectroscopic Analysis 

  Infrared (IR) spectra of unmodified and modified alkali lignins were obtained 

from attenuated total reflection (ATR)-FTIR spectrometer (Perkin Elmer, Waltham, 

MA) using Omnic 7.4 software (Thermo Fisher Inc., Waltham , MA). All IR spectra 

were recorded between 800 cm−1 to 4000 cm−1 at 32 scans, 2 cm−1 resolution and 

referenced against air (Sun et al. 2012).  

 

5.3.7. Statistical analysis  

All experiments and analysis were done at a minimum in duplicate. Results 

were expressed as mean values ± SD. One-way analysis of variance (ANOVA) was 

conducted on the results from bile acid adsorption capacity analyses among samples. 

The analysis was based on Tukey-Kramer multiple comparisons at 95% confidence 

level. Statistical calculations were done using RStudio version 3 (2009-2011 RStudio, 

Inc., MA). 
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5.4 RESULTS AND DISCUSSION 

5.4.1 Composition of lignin-rich fractions 

 Alkali extraction was used to fractionate lignin-rich fractions from wheat straw 

as shown in Fig. 5.1. Compositions of wheat straw (WS), alkali extracted solids 

(AES), enzyme saccharification residues (ESR), and alkali lignins (AL) is summarized 

in table 5.1. The major components of WS, AES, and ESR were carbohydrates 

comprising approximately 57%, 82%, and 66% of total solids recovered, respectively. 

High carbohydrate values in AES fraction was expected because structural glucan was 

minimally affected by alkali hydrolysis. AL had the lowest carbohydrates co-

precipitates (1% of total solids recovered). This low carbohydrate content was related 

to the removal of polysaccharides from alkali extractable liquor prior to AL recovery. 

Among lignin-rich fractions, AL had the highest lignin content (70% of total solids 

recovered), followed by ESR (30% of total solids recovered). The lignin content of 

WS was moderate approximately 14% of the original dry-weight. AES had the lowest 

lignin content at 12% of total solids recovered.     

 

5.4.2 Bile acid adsorption to lignin-rich fractions 

Cholic acid (CA), glycocholic acid (GCA), and taurocholic acid (TA) 

adsorption to lignin-rich fractions from alkali processed wheat straw were determined. 

These bile acids were selected for these studies based on their physiological 

significance in human bile (Stamp and Jenkins 2008). Concentrations of bile acids 

used in these studies were below their critical micellar concentrations and ranged from 
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0.25 mM to 2.5 mM, but were within the range of bile acid concentrations in human 

intestine at approximately between 1 mM to 12 mM (Huang and Dural 1995, Stamp 

and Jenkins 2008). In vitro study, bile acid adsorption was performed in a phosphate 

buffer with a pH 6.5 at 37°C for 1 h under a rotary incubator that somewhat mimicked 

the physiological conditions in a human intestine. In order to test the performance of 

the bile acid adsorption protocols, cholestyramine (bile acid sequestrant) and 

microcrystalline cellulose were used as positive and negative controls (Cornfine et al. 

2010, Dongowski 2007).   The results of cholestyramine and cellulose binding studies 

are presented in Fig. 5.2. Bile acids binding of the samples were presented in μmol of 

bile acid bound per gram of substrate. Approximately 90% of bile acids adsorbed to 

cholestyramine for each bile acid concentration. These results are in agreement with 

previous studies (Cornfine et al. 2010, Story and Kritchevsky 1976). In this study 

cellulose bound minimal bile acids which are in accordance with the results by Story 

and Kritchevsky (1976). In the current study, the amount of bile acids bound to lignin-

rich fractions was expected to fall between the amounts of bile acid adsorption to 

cholestyramine and cellulose.  

The in vitro studies showed that CA, GCA, and TA adsorption to lignin-rich 

fractions (WS, AES, ERS, and AL) increased with increased bile acid concentration 

from 25 μmol to 250 μmol per gram of substrate (Fig. 5.3, 5.4, and 5.5). Compared to 

other lignin-rich fractions, CA adsorption to AL was relatively high. At the highest 

CA concentration tested, the CA adsorption was approximately 29 μmol per gram of 

substrate, which was similar to obtain in a previous study by Sayar et al. (2006). ESR 
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adsorbed less CA than AL, while the amounts of CA bound to AES and WS were 

similar at all concentrations. GCA adsorption behavior was somewhat similar to CA 

adsorption to AL, ESR and AES, while WS had the lowest GCA binding. TA 

adsorption to ESR was fairly similar to CA and GCA adsorptions but adsorbed in 

lower quantities to AES and AL. Similar to GCA, TA did not bind to WS. Thus, AL, 

ESR, and AES had moderate bile acid binding abilities compared to the relatively low 

binding ability of WS. Among bile acids, CA adsorbed in higher amounts to lignin-

rich fractions. This may be related to the hydrophobicity of CA. As it has been 

proposed that CA is more hydrophobic than GCA and TA, and hydrophobic 

interactions are essential in binding mechanism (Eastwood and Hamilton 1968). 

Previous studies have reported that high lignin contents correlate well with 

high bile acid binding capacities (Sayar et al. 2006, Hamauzu and Mizuno 2011, 

Meunier-Goddik and Penner 1999, Story and Kritchevsky 1976, Zakis et al. 2006). 

Therefore, in this study, the amounts of bile acid bound to lignin-rich fractions were 

recalculated in μmol per gram of lignin (Fig. 5.6). It was interestingly found that all 

bile acid adsorptions to AL were considered lower than other lignin-rich fractions, 

except, WS had no GCA and TA binding. It was important to note that AL contained 

relatively high lignin contents (70% of total solids recovered). The results given in 

Fig. 5.6 suggest that if the binding of bile acids to lignins was dependent on the bile 

acid-accessibility of the lignin, then AL likely had less bile acid-accessible surface 

area than AES and ESR, thus resulting in its lower bile acid binding capacity. 

Differences in the chemistry of lignin in these lignin-rich fractions may also explain 
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AL’s lower bile acid binding capacity. As supported by a previous study (Cornfine et 

al. 2010)., high amounts of bile acid bound to AES and ESR per gram of lignin would 

suggest that the removal of some components during processing could uncover lignin 

structures contributing to the increase of binding sites for bile acids.  

 

Bile acid adsorption to alkali lignins   

Bile acid adsorption isotherms of AL are presented in Fig. 5.7. Adsorption 

capacities of AL were calculated by fitting the data with the Langmuir adsorption 

model. All bile acids were increasingly adsorbed to AL as bile acid concentrations 

were increased. It has been suggested that bile acid adsorption capacity is possibly 

dictated by chemical natures of lignin and bile acids (Eastwood and Hamilton 1968). 

Previous research has proposed that the hydrophobicity of lignin in dietary fibers most 

likely contributed to increase bile acid adsorptions (Eastwood and Hamilton 1968, 

Sayar et al. 2006, Hamauzu and Mizuno 2011, Huang and Dural 1995). However, in 

this study, the result of TA adsorption to AL did not support the role of lignin in bile 

acid binding. According to AL preparation differed from lignin preparations from the 

previous adsorption studies. Therefore, different chemical natures of these lignins 

might probably influence the bile acid binding capacities. Previous studies have 

revealed the structures of AL using chemical and NMR characterization, AL fractions 

has predominantly β-O-4 aryl ether linkages, phenolic and aliphatic hydroxyl, 

methoxyl, carbonyl and carboxyl groups (Mao, Zhang and Xu 2012, Wen et al. 2013, 

Sun et al. 2012, Gosselink et al. 2004).  
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The order of bile acids adsorption capacity of AL was CA > GCA > TA, which 

corresponds with existing research that showed the importance of polarity on the 

adsorption capacity of bile acids (Eastwood and Hamilton 1968). Increased polarity of 

the bile acids (TA > GCA > CA) resulted in decreased adsorption capacity ( TA < 

GCA < CA) (Eastwood and Hamilton 1968). It has been reported that adsorption is pH 

dependent, as pH impacts the ionizable functional groups of both bile acids and lignin 

(Eastwood and Hamilton 1968). In this study, the negative charges of bile acids and 

AL in buffer (pH 6.5) impacted the adsorption capacity. The electrostatic repulsion 

between bile acids and AL might influence the adsorption capacity of AL. Eastwood 

and Hamilton (1968) suggested that to obtain the maximum adsorption, carboxyl 

groups on lignin must be unionized. Hence, the reduction of electrostatic repulsion 

might positively increase the bile acid adsorption capacity of AL.  

 

5.4.3 Optimization of bile acid adsorption to alkali lignins 

Reduction of electrostatic repulsion 

An experiment was designed to test the effect of cations on the solubility of 

bile acids by measuring the differences in UV absorbance values of bile acids. 

Calcium chloride (CaCl2) and sodium chloride (NaCl) were added to CA, GCA, and 

TA in buffer solution. As shown in Fig. 5.8, additions of 50 mM NaCl did not affect 

the solubility of all bile acids. However, at the same concentration of CaCl2 (50 mM), 

the solubility of CA was affected. Therefore, CA could not be used to determine the 

effect of salts on the bile acid binding capacity of AL. To determine the impact of the 
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ionic strength on bile acid solubility, 150 mM NaCl with ionic strength equivalence to 

50 mM CaCl2, was added to a TA solution (Fig. 5.8C). It was determined that ionic 

strength did not affect TA solubility. Due to the greater electrostatic repulsion between 

TA and AL, TA was chosen to study the binding capacity of AL. 

Effect of CaCl2 and NaCl addition on TA adsorption to AL was shown in Fig. 

5.9. Interestingly, binding capacities of AL were improved with addition of NaCl and 

CaCl2. Addition of 50 mM CaCl2 improved the TA adsorption to AL by 

approximately ten times. Addition of 50 mM and 150 mM NaCl moderately increased 

adsorption capacities of AL by approximately two times and four times, respectively. 

This result suggests that the addition of salts could reduce electrostatic repulsion 

between TA and AL due to the salt ions (Na+/Ca++) shielding charges. In addition, 

increased ionic strength resulted in increased binding capacity. Calcium ions might 

form ionic bridge with ionizable groups of TA and AL resulting in stronger TA 

binding to AL.  

 

Chemically modified alkali lignins 

Based on the data showing impact of electrostatic forces on adsorption, it was 

decided to chemically modify AL using carbodiimide reaction. AL was altered (MAL) 

by reducing the overall negative charge of AL. Less nagtively charged MAL would be 

expected to have higher bile acid adsorption capacity. The modification was based on 

amide formation under mild conditions between carboxylic acids and amines in the 

presence of carbodiimides. Carbodiimide and amine reagents used in this experiment 
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were N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) and 

ethylenediamine (NH2CH2CH2NH2). Structural characterization of AL and modified 

AL (MAL) was compared by IR spectra (Fig. 5.10). The IR spectra of AL showed 

almost all absorption bands comparable to previous studies (Sun et al. 1996b, 

Gosselink et al. 2004). The structural characterization of MAL was obtained by 

determining the N–H and C=O (carboxyl) stretching. A broad absorption band 

between 3,000-3,500 cm-1 found in MAL likely attributed to N–H stretching. 

However, this absorption band overlapped with the band originated from O–H 

stretching found in AL. In addition, the reduction of the C=O (carboxyl group) 

stretching between 1,500-1,700 cm−1 for MAL compared with AL suggested that 

carboxyl groups probably contributed to amide formation. The spectra demonstrate 

that MAL has been modified compared to AL. 

Bile acids adsorption to AL and MAL in μmol per gram of substrate was 

compared in Fig. 5.11. As expected, bile acids binding capacities of MAL were 

dramatically increased, especially TA binding. At highest bile acids concentration (2.5 

mM), bile acid adsorptions to MAL were not significantly different, while adsorption 

to AL varied based on the bile acids (Fig. 5.11B). When presenting the adsorption data 

as μmol per gram of lignin, it was interesting to observe that the three bile acids 

adsorbed relatively similar qauntites to MAL while the bile acid adsorption to AL was 

bile acid dependent (Fig. 5.12). The finding from this study suggests that the 

formation of amide likely reduced negatively charges of carboxyl groups in AL 

resulting in lowering electrostatic repulsion between bile acids and AL. This, in turn, 
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improved bile acid adsorption capacity of MAL. Improvement of bile acid binding 

capacity of MAL in this study was in agreement with previous studies (Dalimova and 

Malikova 2004, Zakis et al. 2006). Aminated lignin, introducing of amines into lignin, 

showed bile acid sorptivities greater than starting lignin. The adsorption activity was 

mainly dictated by specific surface area of aminated lignin (Dalimova and Malikova 

2004). Nitrogen content in the aminated lignin and lignin content correlated well with 

bile acid adsorption capacity (Zakis et al. 2006). This study demonstrates that 

chemical modification of AL is a promising technology that can be utilized to improve 

its use as a functional fiber. 
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Alkali extracted solid 

Native WS 

5% (w/v) NaOH, 50°C, 5 h, agitate (80 rpm), 
3% solid loading 

Vacuum filter through Buchner funnel with glass 
fiber filter (pore size 2.5 μm) 

Add cellulase & xylanase 

Enzyme saccharification 
residues 

Alkali extraction liquor  

Liquid 

Incubate at 50°C, 24 h, 
rotary incubator 

Centrifuge at 10,000 rpm, 15 min Centrifuge at 8,000 rpm, 10 min 

Solid  Liquid 

Freeze dry 

Lower pH ~ 6  w/ 6M HCl 

Add 2 vols 95%EtOH at ~ 25°C, 1 h  

Rotary evaporate at 40°C 

Adjust pH 1.5 w/  
6 M HCl 

Precipitate at 40°C, 1 h 

Wash w/ H
2
O  

Centrifuge at 10,000 
rpm, 15 min 

Solid  Liquid 

Alkali lignin 

Fig. 5.1. Flow chart of preparation of lignin-rich fractions from alkali processed 

wheat straw.  

*WS: wheat straw 

* 
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Table 5.1. Composition of lignin-rich fractions from alkali processed wheat straw. All 

values are presented as grams recovered per 100 gram original dry-weight wheat 

straw; mean (SD).  

 

 Wheat straw 
Alkali 

extracted 
solid 

Enzyme 
saccharification 

residues 
Alkali lignin 

Solids 
recovery 100 50.4 (0.34) 18.1 (0.35) 9.3 (0.61) 

AIL 13.2 (0.09) 5.6 (0.05) 5.0 (0.47) 6.3 (0.43) 

ASL 0.9 (0.01) 0.4 (0.01) 0.3 (0.02) 0.2 (0.01) 

Total lignin 14.1 (0.08) 6.0 (0.08) 5.3 (0.46) 6.5 (0.44) 

Glucan 32.8 (0.46) 32.6 (0.37) 10.3 (0.68) 0.06 (0.004) 

Xylan 19.7 (0.25) 6.9 (0.09) 1.3 (0.12) 0.03 (0.001) 

Galactan 1.0 (0.03) 0.5 (0.03) 0.1 (0.02) **nd 

Arabinan 2.7 (0.01) 1.2 (0.02) 0.2 (0.02) nd 

Mannan 0.4 (0.02) 0.3 (0.05) 0.1 (0.02) nd 

Total 
carbohydrate 56.6 (0.52) 41.4 (0.38) 12.0 (0.69) 0.09 (0.004) 

Ash 6.6 (0.05) 0.5 (0.08) *ND 1.1 (0.30) 

*ND is not determined 
**nd is not detected 
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Fig. 5.2. Cholic acid (CA), glycocholic acid (GCA), and taurocholic acid (TA) 

adsorption to cholestyramine and cellulose. Incubation conditions were 37°C, 1 h, 1% 

substrate, and 0.25-2.5 mM bile acids. Error bars represent standard deviations. 
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Fig. 5.3. Cholic acid (CA) adsorption to lignin-rich fractions from alkali processed 

wheat straw. Incubation conditions were 37oC, 1 h, 1% substrate, and 0.25-2.5 mM 

cholic acid. Error bars represent standard deviations. 
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Fig. 5.4. Glycocholic acid (GCA) adsorption to lignin-rich fractions from alkali 

processed wheat straw. Incubation conditions were 37°C, 1 h, 1% substrate, and 0.25-

2.5 mM glycocholic acid. Error bars represent standard deviations. 
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Fig. 5.5. Taurocholic acid (TA) adsorption to lignin-rich fractions from alkali 

processed wheat straw. Incubation conditions were 37°C, 1 h, 1% substrate, and 0.25-

2.5 mM taurocholic acid. Error bars represent standard deviations. 
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Fig. 5.6. Bile acids adsorption to lignin-rich fractions from alkali processed wheat 

straw (AL, alkali lignins; ESR, enzyme saccharification residues; AES, alkali 

extracted solids; WS, wheat straw). Incubation conditions were 37°C, 1 h, 1% 

substrate, and 0.25-2.5 mM bile acids. Error bars represent standard deviations. 
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Fig. 5.7. Bile acids adsorption isotherms to alkli lignin (AL). Curves generated by 

Langmuir adsorption model. Incubation conditions were 37°C, 1 h, 1% substrate, and 

0.25-2.5 mM bile acids. Error bars represent standard deviations. 
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Fig. 5.8. Effect of addition of CaCl2 and NaCl on solubility of bile acids with higher 

absorbance values indicating higher solubility. (A) cholic acid, (B) glycocholic acid, 

(C) taurocholic acid. Incubation conditions were 37°C, 1 h, 1% substrate, and 0.25-

2.5 mM bile acids. Error bars represent standard deviations. 
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Fig. 5.9. Effect of CaCl2 and NaCl addition on taurocholic acid adsorption to alkali 

lignin. Incubation conditions were 37°C, 1 h, 1% substrate, and 0.25-2.5 mM 

taurocholic acid. Error bars represent standard deviations. 
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Fig. 5.10. FTIR spectra of alkali lignin (AL) and modified alkali lignin (MAL). 
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Fig. 5.11. Bile acid adsorptions (μmol per gram substrate) to alkali lignin (AL) and 

modified alkali lignin (MAL) at bile acid concentrations ranging from 0.25-2.5 mM 

(A) and at bile acid concentration 2.5 mM (B).  Incubation conditions were 37°C, 1 h, 

1% substrate, and 0.25-2.5 mM bile acids. Error bars represent standard deviations. 

Different lowercase letters represent different amouts of bile acid bound to AL 

(p<0.05). 

CA GCA TA 

A 

B 

a 

b 

c 



 
     
   

131 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

0

20

40

60

80

100

0 50 100 150 200 250 300

B
ile

 a
ci

d 
ad

so
rp

tio
n 

(u
m

ol
/g

 li
gn

in
) 

Total bile acids (umol/g substrate) 

MAL-CA

MAL-GCA

MAL-TA

AL-CA

AL-GCA

AL-TA
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modified alkali lignin (MAL). Incubation conditions were 37°C, 1 h, 1% substrate, 

and 0.25-2.5 mM bile acids. Error bars represent standard deviations. 
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CHAPTER 6 

 

GENERAL CONCLUSION 

 

The initial phase of this dissertation research focused on understanding the 

limitations of accepted methods (acid insoluble lignin (AIL) and acid soluble lignin 

(ASL)) for evaluating the fate of wheat straw lignin during alkali processing. The 

emphasis was on quantitvative mass balance questions related to the fractionation of 

the lignin different processing streams. The presence of extractives results in 

overestimation of AIL and ASL values of alkali processing native straw (AP-NS). 

Alkali processing reduces the total AIL content of wheat straw (that not biased by 

extractives). Increasing the severity of alkali processing decreases the bias introduced 

by extractives measuring as AIL. Extractives (originally present in the straw as well as 

generated during the processing treatment) should be removed in order to obtain a 

more accurate measurement of AIL content. AIL and ASL assays are useful for 

monitoring the lignin fraction of wheat straw during alkali processing although, for 

greatest accuracy, the caveats associated with non-lignin components measuring as 

lignin must be considered. 

 In the second phase of this dissertation work the focus was on parameters that 

affect the solubility of alkali lignin, including pH, temperature, presence of 

hemicellulose, and ionic strength. The amount of alkali lignin recovered from 

hemicellulose-free alkali extract liquor (AEL) increases as the pH decreases in the pH 
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ranged from 7 to 1.5. At neutral pH, alkali lignin recovery is lower and extents of 

carbohydrate co-precipitation greater. Temperature does not appear to significantly 

affect rates or extents of alkali recovered from hemicellulose-free AEL at low pH. At 

neutral pH, temperature clearly has an effect on rates of precipitation but seems to 

have little or no effect on extent of solids recovery. Hemicellulose inhibits alkali lignin 

precipitation and co-precipitates in haft amounts that of the lignin. Ionic strength 

clearly affected the amount of alkali lignin recovered from hemicellulose-free AEL at 

neutral pH and moderate temperature. Increased ionic strength increases rates and 

extents of lignin precipitation.  

 The third phase of this dissertation focused on the in vitro bile acid binding 

capacity of wheat straw fractions obtained during alkali processing. The study 

indicates that alkali lignin has only a modest bile acid binding capacity relative to a 

known pharmaceutical bile acid sequestrants (cholestyramine). The extent of bile acid 

binding by alkali lignin is dependent on the chemical nature of the alkali lignin and the 

bile acids. Increasing the ionic strength of the reaction system improves bile acid 

adsorption capacity by alkali lignin, presumably due to a reduction in electrostatic 

repulsion between alkali lignin and bile acids. Chemical modification of the carboxyl 

groups of alkali lignin significantly imporved its bile acids binding capacity. This 

result was anticipated based on the hypothesis that anionic electrostatic repulsion 

limits bile acid-alkali lignin interactions. 

(Xu and Cheng 2011, Chen, Zhao and Xia 2009, Chen et al. 2007)  
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APPENDIX A 

 

Appendix A-1. Percent AIL, ASL and total lignin after a two step hydrolysis of EFS, 

NS, WP-EFS, WP-NS, AP-EFS and AP-NS. WP and AP were done by treated wheat 

straw with water and 1% (w/v) NaOH at 25°C for 5 h, respectively.  All values are 

presented as grams recovered per 100 gram original dry-weight wheat straw; mean 

(SD). 

 

Condition AIL ASL Total lignin 

EFS 13.2 (0.09) 0.9 (0.01) 14.1 (0.08) 

WP-EFS 

Solid 13.0 (0.19) 1.0 (0.06) 14.0 (0.25) 

Liquid *nd nd nd 

Total 13.0 (0.19) 1.0 (0.06) 14.0 (0.25) 

AP-EFS  

Solid 8.1 (0.10) 0.7 (0.04) 9.2 (0.09) 

Liquid 2.5 (0.14) 0.7 (0.01) 3.2 (0.12) 

Total 11.0 (0.17) 1.4 (0.04) 12.4 (0.15) 

NS 17.0 (0.14) 1.8 (0.27) 18.8 (0.16) 

WP-NS 

Solid 15.4 (0.10) 1.3 (0.01) 16.7 (0.10) 

Liquid 0.3 (0.02) 0.9 (0.02) 1.2 (0.02) 

Total 15.7 (0.10) 2.2 (0.02) 17.9 (0.10) 

AP-NS  

Solid 9.9 (0.17) 0.7 (0.01) 10.6 (0.19) 

Liquid 4.4 (0.07) 1.5 (0.04) 5.9 (0.12) 

Total 14.3 (0.18) 2.2 (0.04) 16.5 (0.22) 

*nd: not detected 
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Appendix A-2. Percent AIL, ASL and total lignin after a two step hydrolysis of EFS, 

NS, WP-EFS, WP-NS, AP-EFS and AP-NS. WP and AP were done by treated wheat 

straw with water and 1% (w/v) NaOH at 50°C for 5 h, respectively.  All values are 

presented as grams recovered per 100 gram original dry-weight wheat straw; mean 

(SD). 

 

Condition AIL ASL Total lignin 

EFS 13.2 (0.09) 0.9 (0.01) 14.1 (0.08) 

WP-EFS 

Solid 12.9 (0.17) 0.9 (0.02) 13.8 (0.15) 

Liquid *nd nd nd 

Total 12.9 (0.17) 0.9 (0.02) 13.8 (0.15) 

AP-EFS  

Solid 6.3 (0.06) 0.6 (0.02) 6.9 (0.05) 

Liquid 4.2 (0.13) 0.9 (0.04) 5.1 (0.17) 

Total 10.5 (0.14) 1.5 (0.04) 12.0 (0.17) 

NS 17.0 (0.14) 17.0 (0.14) 1.8 (0.27) 

WP-NS 

Solid 15.2 (0.12) 1.2 (0.03) 16.4 (0.09) 

Liquid 0.5 (0.06) 1.0 (0.01) 1.5 (0.05) 

Total 15.7 (0.13) 2.2 (0.03) 17.9 (0.10) 

AP-NS  

Solid 7.5 (0.08) 0.5 (0.04) 8.0 (0.11) 

Liquid 6.4 (0.29) 1.6 (0.05) 8.0 (0.25) 

Total 13.9 (0.03) 2.1 (0.06) 16.0 (0.28) 

 

*nd: not detected 



 
     
   

145 

Appendix A-3. Percent AIL, ASL and total lignin after a two step hydrolysis of EFS, 

NS, WP-EFS, WP-NS, AP-EFS and AP-NS. WP and AP were done by treated wheat 

straw with water and 1% (w/v) NaOH at 75°C for 5 h, respectively.  All values are 

presented as grams recovered per 100 gram original dry-weight wheat straw; mean 

(SD). 

 

Condition AIL ASL Total lignin 

EFS 13.2 (0.09) 0.9 (0.01) 14.1 (0.08) 

WP-EFS 

Solid 13.1 (0.13) 0.9 (0.01) 14.0 (0.14) 

Liquid *nd nd nd 

Total 13.1 (0.13) 0.9 (0.01) 14.0 (0.14) 

AP-EFS  

Solid 4.5 (0.08) 0.5 (0.04) 5.0 (0.04) 

Liquid 5.3 (0.12) 0.9 (0.02) 6.2 (0.11) 

Total 9.8 (0.14) 1.4 (0.04) 11.2 (0.11) 

NS 17.0 (0.14) 17.0 (0.14) 1.8 (0.27) 

WP-NS 

Solid 15.1 (0.14) 1.1 (0.11) 16.2 (0.10) 

Liquid 0.6 (0.02) 1.0 (0.06) 1.6 (0.16) 

Total 15.7 (0.14) 2.1 (0.12) 17.8 (0.18) 

AP-NS  

Solid 4.9 (0.13) 0.6 (0.05) 5.5 (0.17) 

Liquid 8.7 (0.12) 1.7 (0.06) 10.4 (0.16) 

Total 13.6 (0.17) 2.3 (0.07) 15.9 (0.23) 

 

*nd: not detected 
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Appendix A-4. Comparison of % lignin (based on original dry biomass) in WP-NS 

versus WP-NS added salt. Paired t-test indicated each pair has no significant 

differences at p<0.05. 
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Appendix A-5. Comparison of % AIL, ASL and total lignin after a two step 

hydrolysis of EFS, AP-EFS, NS, AP-NS at 25°C for 5 h with and without further 

Soxhlet extraction of alkali insoluble fraction. All values are presented as grams 

recovered per 100 gram original dry-weight wheat straw; mean (SD). 

 

Condition AIL ASL Total lignin 

EFS 13.2 (0.09) 0.9 (0.01) 14.1 (0.08) 

AP-EFS  Solid 8.0 (0.45) 0.6 (0.01) 8.6 (0.45) 

AP-EFS, Soxhlet Solid 6.1 (0.34) 0.7 (0.04) 6.8 (0.34) 

NS 17.0 (0.14) 17.0 (0.14) 1.8 (0.27) 

AP-NS Solid 9.5 (0.29) 0.7 (0.03) 10.2 (0.29) 

AP-NS, Soxhlet Solid 6.2 (0.38) 0.7 (0.08) 6.9 (0.39) 

  

 

 

 

 

 

 

 

 

 

 



 
     
   

148 

Appendix A-6. Protein recovered in EFS, NS, AIR-EFS and AIR-NS (All values are 

presented as grams recovered per 100 gram original dry-weight wheat straw; mean 

(SD). 

Condition  EFS NS AIR-EFS AIR-NS 

Protein recovered 1.88 (0.04) 2.26 (0.12) 0.51 (0.02) 0.60 (0.06) 
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Appendix A-7. Protein recovered in AIR after AP-EFS and AP-NS (All values are 

presented as grams recovered per 100 gram original dry-weight wheat straw; mean 

(SD). 

Condition 
AP-EFS AP-NS 

25°C 50°C 75°C 25°C 50°C 75°C 

Alkali insoluble  
0.44 

(0.05) 

0.34 

(0.01) 

0.17 

(0.02) 

0.31 

(0.02) 

0.18 

(0.01) 

0.10 

(0.01) 

Alkali soluble 
0.07 

(0.02) 

0.17 

(0.01) 

0.32 

(0.01) 

0.23 

(0.01) 

0.41 

(0.02) 

0.50 

(0.05) 

Total  
0.51 

(0.05) 

0.51 

(0.01) 

0.49 

(0.02) 

0.54 

(0.02) 

0.59 

(0.02) 

0.60 

(0.05) 
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APPENDIX B 

 

Appendix B-1. Composition of alkali extracted solids. All values are calculated as 

percent original dry-weight wheat straw; mean (SD). Alkali treatment condition: 5% 

(w/v) NaOH, 3% solid loading, 50°C, 5 h, 80 rpm shaking. 

 

Component %Original dry-weight 

Solid recovery 50.4 (0.34) 

AIL 
ASL 

5.6 (0.05) 
0.4 (0.01) 

Total lignin 6.0 (0.07) 

 Glucan 
Xylan 

Galactan 
Arabinan 

Mannan 

32.6 (0.37) 
6.9 (0.09) 

0.46 (0.03) 
1.18 (0.02) 
0.30 (0.05) 

Total carbohydrates 41.4 (0.38) 

Ash 0.51 (0.08) 
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Appendix B-2. Structural carbohydrate co-precipitated with lignin and non-structural 

carbohydrate remaining in alkali extract liquor after removal of HC and lignin at 

varies pH precipitation. 

 

 pH 1.5 pH 4.0 pH 7.0 

Structural carbohydrate co-precipitated with lignin precipitate from HC-free alkali 
extract liquor 

Glucan 0.06 (0.004) 0.06 (0.003) 0.02 (0.001) 
Xylan 0.03 (0.001) 0.03 (0.001) 0.15 (0.013) 

Galactan *nd nd nd 
Arabinan nd nd nd 

Mannan nd nd nd 

Total carbohydrate 0.09 (0.004) 0.09 (0.003) 0.17 (0.013) 

Non-structural carbohydrate after remove HC and lignin from alkali liquor 

Glucose 0.0009 0.0003 0.0003 
Xylose  0.0004 0.0001 0.0002 

Galactose nd nd nd 
Arabinose nd nd nd 
Mannose nd nd nd 

**Glucooligomers 0.014 (0.002) 0.013 (0.002) 0.014 (0.002) 
**Xylooligomers 0.005 (0.001) 0.006 (0.001) 0.005 (0.001) 

**Galactooligomers 0.002 (0.001) 0.002 (0.001) 0.003 (0.001) 
**Arabinooligomers 0.005 (0.001) 0.005 (0.001) 0.006 (0.001) 

**Mannooligomers 0.001 (0.000) 0.001 (0.000) 0.002 (0.001) 
Total non-structural 

carbohydrate 
0.027 (0.002) 0.027 (0.002) 0.030 (0.002) 

 
*nd : not detected 
** Oligomers were determined from polymeric forms of additional monosaccharides produced 
after 4%H2SO4 hydrolysis at 121°C, 1 h of HC and lignin removed alkali extract liquor. 
Correction factor of sugar degradation during hydrolysis was applied. 
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Appendix B-3. Percent solids recovered relative to original biomass (blue column, 
left axis) and percent ash-free solid relative to theoretically available lignin (red 
line, right axis) in alkali extract liquor as a function of ionic strength at pH 7, 40°C 
following a 1 h precipitation period. (A) adjust [Na

+
] before EtOH precipitate, (B) 

adjusted [Na
+
] after EtOH precipitate.  



 
     
   

153 

Appendix B-4. Effect of ionic strength on composition of lignin preparations 

precipitated from hemicellulose-free alkali extract liquor at pH 7, 40°C for 1 h. All 

values are presented as grams recovered per 100 gram original dry-weight wheat 

straw; mean (SD).  

 

 Adjusted [Na+] before EtOH ppt Adjusted [Na+] after EtOH ppt 

  ̴ 1.25M  ̴ 2.50M  ̴ 1.25M  ̴ 2.50M 

Solids recovery 7.3 (1.35) 7.2 (1.61) 7.2 (0.16) 7.9 (1.69) 

AIL 3.8 (0.40) 3.1 (0.32) 3.9 (0.77) 4.1 (0.39) 

ASL 0.2 (0.05) 0.2 (0.01) 0.2 (0.03) 0.2 (0.02) 

Total lignin 4.0 (0.34) 3.3 (0.33) 4.1 (0.73) 4.3 (0.37) 

Glucan 0.03 (0.003) 0.03 (0.001) 0.04 (0.004) 0.04 (0.004) 

Xylan 0.20 (0.064) 0.14 (0.014) 0.11 (0.010) 0.17 (0.014) 

Galactan *nd nd nd nd 

Arabinan nd nd nd nd 

Mannan nd nd nd nd 

Total 
carbohydrate 0.23 (0.064) 0.17 (0.014) 0.15 (0.011) 0.21 (0.014) 

Ash 1.7 (0.51) 1.8 (0.39) 1.6 (0.45) 2.5 (0.02) 

Percent of solids 
accounted for 
AIL + ASL + 
glycan + ash 

80.6 (20.2) 72.8 (24.3) 80.8 (14.7) 89.4 (22.0) 

 
*nd : not detected 
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Appendix B-5. Composition of lignin preparations precipitated from (1) 

hemicellulose presence AEL using H+ exchange resin lowering to pH 3, precipitated at 

5°C for 24 h.  (2) Hemicellulose absence AEL using H+ exchange resin lowering to pH 

4.0, precipitated at 40°C for 1 h.  All values are presented as grams recovered per 100 

gram original dry-weight wheat straw; mean (SD). 

  

Component pH 3, HC presence 
24 h 5°C 

pH 4, HC absence  
1 h 40°C 

 [Na+] ̴ 0  [Na+] ̴ 0 [Na+] ̴ 1.25 

Solid recovery 18.1 (2.10)  7.0 (0.39) 8.91 (0.84) 

AIL 6.5 (0.05)  5.9 (0.12) 5.9 (0.09) 

ASL 0.1 (0.01)  0.1 (0.01) 0.1 (0.02) 

Total lignin 6.6 (0.05)  6.0 (0.12) 6.0 (0.10) 

Glucan 0.17 (0.004)  0.05 (0.003) 0.07 (0.010) 

Xylan 7.98 (0.339)  0.05 (0.010) 0.05 (0.016) 

Galactan 0.08 (0.005)  nd nd 

Arabinan 0.75 (0.035)  0.01 (0.001) 0.02 (0.009) 

Mannan 0.02 (0.002)  nd nd 

Total carbohydrate 9.0 (0.341)  0.11 (0.010) 0.14 (0.021) 

Ash nd  nd 0.89 (0.08)  

 15.6 (0.34)  6.1 (0.12) 7.0 (0.10) 

Percent of solids 
accounted for AIL 
+ ASL + glycan + 

ash 

86.2 (11.8)  87.1 (5.9) 79.0 (9.5) 

 

 




