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ABSTRACT 

With the inevitable depletion of petroleum-based resources, there has been an increasing 

worldwide interest in renewable resources such as biomass.  One reason for the current 

approaches being taken to utilize biomass is the difficulty in processing lignocellulosic materials 

and the energy needed for separation of the components.  The three major components of 

biomass are covalently bonded together, which makes dissolution and further separation of the 

three major components difficult and this has been recognized as the grand challenge for biomass 

utilization.   

This dissertation describes research efforts in processing of lignocellulosic biomass 

using ionic liquids (ILs) as solvents.  ILs are salts with melting points below 100 oC, which 

possess many advantage properties.  Cellulose composite fibers have been prepared based on IL 

solution with dispersion of the additives.  Wood and bagasse have been completely dissolved in 

ILs.  Partial separation of the components has been obtained using selected reconstitution 

solvents.  High temperature and fast dissolution was found to be an efficient method for both 

dissolution and separation of biomass components.  Biomass composite fibers can be prepared 

directly from such biomass solutions.  With selected catalysts in solution, improved dissolution 

and separation has been achieved, making the delignification and pulp yield comparable to the 

kraft pulping process.    



 

iii 
 

DEDICATION 

This dissertation is dedicated to my husband Li Ding, my son Terry Haoyang Ding, my 

parents Jimin Sun and Peirong Zhu, and my brother Jie Sun.  Their love and belief in me made 

this possible. 

  



 

iv 
 

LIST OF ABBREVIATIONS AND SYMBOLS 

IL Ionic liquid 

[Cnmim] 1-alkyl-3-methylimidazolium (n = number of carbons in the 
alkyl chain) 

[Amim] 1-allyl-3-methylimidazolium 

[C4mPy] 1-butyl-3-methylpyridinium 

[Bu4P]  Tetrabutylphosphonium 

OAc Acetate 

XS Xylenesulfonate 

[RCH3OPO2] Alkanephosphonate (R: alkyl chain) 

POM Polyoxometalate 

HPAs  Heterpoly acids 

DP Degrees of polymerization 

CRM Cellulose-rich material 

NMMO N-methylmorpholine-N-oxide 

DMSO Dimethyl sulfoxide 

PB Pretreated biomass 

OW Original wood 

Cow Cellulose content in original wood 

Cpw Cellulose content in pretreated wood 

Low Lignin content in original wood 

Lpw Lignin content in pretreated wood 



 

v 
 

LHC Loss of hemicellulose 

PY Pulp yield 

LY Lignin yield 

CY Carbohydrate yield 

LC Loss of carbohydrate  

LL Loss of lignin 

NMR Nuclear magnetic resonance 

SEM Scanning electron microscopy 

TEM Transmission electron microscopy 

ATR Attenuated total reflectance 

MCC Microcrystalline cellulose 

PXRD Powder X-ray Diffraction 

TGA Thermogravimetric Analysis 

GC/MS Gas chromatography/mass spectrometry 

Tg Glass transition temperature 

Mr Remanence magnetization 

Ms Saturation magnetization 

Hc Coercivity 

 

 



 

vi 
 

ACKNOWLEDGEMENTS 

I would like to express my gratitude to my research advisor, Dr. Robin D. Rogers, for 

giving me a chance to join his group and providing guidance, advice, and encouragement during 

the past five years.  He has given me the confidence and ability to think and work 

independently.   

I would also like to acknowledge my committee members Dr. Shane C. Street, Dr. Carolyn 

J. Cassady, Dr. Arunava Gupta, and Dr. Christopher S. Brazel for their valuable suggestions and 

comments.  They are great scientific educators and made me a better prepared chemist.  

I would like to thank Dr. Richard P. Swatloski and Dr. Scott Spear for helping me to start 

my project.  Thanks are also extended to Dr. Mustafizur Rahman, Dr. Ying Qin, Dr. Xinyu 

Jiang, Dr. Xingmei Lu, Mirela L. Maxim, and Weiying Li for working together with me on the 

related projects.  They have been both great colleagues and friends at the same time, making my 

work and life more enjoyable.  I thank Dr. Héctor Rodríguez and Dr. Andreas Metlen for great 

help with writing papers and Dr. Gabriela Gurau, Dr. Marcin Smiglak, and David M. Drab for 

always being there and offering help on my presentations and proposals.  I also thank Dr. Ken 

Belmore for his assistance with NMR characterization, and Dr. Qiaoli Liang for her assistance 

with GC/MS.   

I would like to acknowledge my family and all my friends for their support, love, and faith 

in me.  This research would not have been possible without them. 

  



 

vii 
 

Lastly, I would like to thank The Department of Chemistry and The University of Alabama 

for giving me the opportunity to be here and BASF, North America for initially funding this 

project.  Finally I would like to thank The University of Alabama Graduate Council for 

providing me a fellowship which allowed me to finish my dissertation.   

 



 

viii 
 

CONTENTS 

ABSTRACT ............................................................................................................................... ii 

DEDICATION .......................................................................................................................... iii 

LIST OF ABBREVIATIONS AND SYMBOLS ...................................................................... iv 

ACKNOWLEDGEMENTS ....................................................................................................... vi 

LIST OF TABLES .................................................................................................................. xiii 

LIST OF SCHEMES AND FIGURES .................................................................................... xiv 

CHAPTER 1 INTRODUCTION .............................................................................................. 1 

1.1 Ionic liquids (ILs), what are they really? ................................................ 1 

1.2 Biomass and sustainability ...................................................................... 4 

1.3 Dissolution of cellulose in ILs ................................................................ 7 

1.4 A question of Graneacher: a detective story ......................................... 15 

1.5 If you can easily dissolve cellulose in ILs, what can you do with it? ... 19 

1.5.1 Bioactive supports ................................................................. 21 

1.5.2 Membrane sensors ................................................................. 22 

1.5.3 Cellulose matrices with particulates incorporated ................. 23 

1.5.4 Cellulose/polymer blends ...................................................... 24 

1.5.5 Hydrolysis of cellulose .......................................................... 26 

1.6 Beyond cellulose: other biomacromolecules ........................................ 28 

  



 

ix 
 

1.7 Can ionic liquids dissolve wood? ......................................................... 29 

1.7.1 Wood dissolution in IL .......................................................... 32 

1.7.2 Functionalization of dissolved lignocellulose ....................... 35 

1.8 Conclusions ........................................................................................... 35 

1.9 Acknowledgements ............................................................................... 37 

1.10 Summary of the chapters ...................................................................... 37 

1.11 References ............................................................................................. 40 

CHAPTER 2 MAGNETITE EMBEDDED CELLULOSE FIBERS  
PREPARED FROM IONIC LIQUIDS ............................................................ 47 

2.1 Introduction ........................................................................................... 47 

2.2 Experimental ......................................................................................... 49 

2.2.1 Materials ................................................................................ 49 

2.2.2 Preparation of cellulose fibers ............................................... 49 

2.2.3 Characterization of fibers ...................................................... 51 

2.3 Results and discussion .......................................................................... 53 

2.3.1 Analysis of cellulose fibers without magnetite ...................... 55 

2.3.2 Analysis of magnetite-embedded cellulose fibers ................. 60 

2.4 Conclusions ........................................................................................... 66 

2.5 Acknowledgements ............................................................................... 66 

2.6 References ............................................................................................. 67 

  



 

x 
 

CHAPTER 3 COMPLETE DISSOLUTION AND PARTIAL SEPARATION  
OF WOOD IN THE IONIC LIQUIDS ............................................................ 70 

3.1 Introduction ........................................................................................... 70 

3.2 Experimental ......................................................................................... 74 

3.2.1 Materials ................................................................................ 75 

3.2.2 Wood dissolution and regeneration ....................................... 75 

3.2.3 Characterization of the wood and regeneration materials ..... 78 

3.3 Results and discussion .......................................................................... 79 

3.3.1 Complete dissolution of softwood and hardwood ................. 79 

3.3.2 Evaluation of process variables ............................................. 84 

3.3.3 Regeneration of wood with partial separation ....................... 89 

3.4 Conclusions ......................................................................................... 101 

3.5 Acknowledgements ............................................................................. 102 

3.6 References ........................................................................................... 103 

CHAPTER 4 USE OF POLYOXOMETALATE CATALYSTS IN  
THE IONIC LIQUID TO ENHANCE THE DISSOLUTION AND 
DELIGNIFICATION OF WOOD ................................................................. 107 

4.1 Introduction ......................................................................................... 107 

4.2 Experimental ....................................................................................... 111 

4.2.1 Materials .............................................................................. 111 

4.2.2 Synthesis of [C2mim]4H[PV2Mo10O40] ............................... 112 

4.2.3 Mixing of POM with ILs ..................................................... 112 

4.2.4 Dissolution and delignification with POMs in ILs .............. 113 

4.2.5 Regeneration and separation ................................................ 114 



 

xi 
 

4.2.6 IL/POM recycling ................................................................ 114 

4.2.7 Characterization ................................................................... 115 

4.3 Results and discussion ........................................................................ 115 

4.3.1 Process variables .................................................................. 115 

4.3.2 POM dissolution in ILs ........................................................ 119 

4.3.3 Effect of POM on wood dissolution .................................... 119 

4.3.4 Effect of POM on separation ............................................... 120 

4.3.5 Recovery of IL/POM system ............................................... 132 

4.3.6 Recovered lignin and CRM and potential loss of catalyst ... 133 

4.4 Conclusions ......................................................................................... 136 

4.5 Acknowledgements ............................................................................. 136 

4.6 References ........................................................................................... 137 

CHAPTER 5 DISSOLUTION OF LIGNOCELLULOSIC BIOMASS AND  
PREPARATION OF THE BIOMASS COMPOSITE FIBERS  
USING A HIGHER TEMPERATURE/SHORTER TIME METHOD ......... 140 

5.1 Introduction ......................................................................................... 140 

5.2 Experimental ....................................................................................... 143 

5.2.1 Materials .............................................................................. 143 

5.2.2 Pretreatment of biomass sample .......................................... 144 

5.2.3 Dissolution of biomass and quantification of the residue .... 144 

5.2.4 Regeneration and separation of biopolymers ...................... 145 

5.2.5 Recycle of ILs ...................................................................... 145 

5.2.6 Preparation of composite fibers ........................................... 146 



 

xii 
 

5.2.7 Characterization ................................................................... 147 

5.3 Results and discussion ........................................................................ 149 

5.3.1 Dissolution and regeneration of wood ................................. 149 

5.3.2 Dissolution a of bagasse ...................................................... 152 

5.3.3 NaOH pretreatment .............................................................. 162 

5.3.4 IL recycling .......................................................................... 165 

5.3.5 IL degradation ...................................................................... 166 

5.3.6 Characterization of recovered polymers .............................. 166 

5.3.7 Biomass composite fibers .................................................... 170 

5.4 Summary and Conclusions ................................................................. 179 

5.5 Acknowledgements ............................................................................. 181 

5.5 References ........................................................................................... 182 

CHAPTER 6 CONCLUSIONS ............................................................................................ 185 

 



 

xiii 
 

LIST OF TABLES 

1.1 Selected results for cellulose dissolution in ILs ......................................................... 13 

1.2 Examples of cellulose-based composites prepared from  
IL solution or suspension ............................................................................................ 20 

1.3 Summary of selected results for IL dissolution of biopolymers  
other than cellulose ..................................................................................................... 28 

2.1 Mechanical properties of cellulose fibers ................................................................... 60 

2.2 Magnetic properties of magnetite-embedded cellulose fibers .................................... 65 

3.1 Percentage of dissolved wood relative to the initial wood load (0.5 g) 
in 10 g IL after cooking at 110 °C for 16 h. ............................................................... 85 

3.2 Effect of initial wood load (southern yellow pine sawdust,  
particle size: <0.125 mm) on dissolution in [C2mim]OAc (110 °C; 16 h).. ............... 86 

3.3 Effect of pretreatment on the time required to achieve complete  
dissolution (tcd) of 0.5 g of southern yellow pine sawdust  
(particle size 0.125-0.250 mm) in 10 g of [C2mim]OAc at 110 °C.. .......................... 87 

3.4 Lignin content of original wood and cellulose-rich regenerated materials,  
as determined by the TAPPI methods... ..................................................................... 94 

4.1 CHN and metal content analysis of synthesized POM ............................................. 117 

4.2a Summary of results: Conditions for the delignification trials .................................. 121 

4.2b Summary of results: CRM and recovered free lignin ............................................... 122 

4.2c Summary of results: Lost components ..................................................................... 123 

5.1 Dissolution and recovery of pine .............................................................................. 151 

5.2 Summary of results for dissolution of bagasse ......................................................... 155 

5.3 Quantification of lignin and hemicelluloses removal using  
NaOH aqueous solution pretreatment of pine powder ............................................. 164 

5.4 Composition and mechanical properties of the biomass fibers ................................ 174 



 

xiv 
 

LIST OF SCHEMES AND FIGURES 

SCHEMES 

1.1 Route for production of 5-hydroxymethylfurfural from biomass in an IL  
(adapted from ref. 73c) ............................................................................................... 27 

2.1 Operating conditions of cellulose fiber extrusion set up ............................................ 51 

3.1 Flowchart for the process of dissolution and regeneration of wood in IL.. ................ 90 

3.2 Mass balance for the process of total dissolution of 0.50 g of southern  
yellow pine in 10 g of [C2mim]OAc with subsequent regeneration of 
materials... .................................................................................................................. 95 

4.1 Flowchart of the process of dissolution and regeneration of wood 
in IL with POM as catalyst... .................................................................................... 116 

FIGURES 

1.1 Chemical structures of representative ILs found to dissolve cellulose  
to a significant extent .................................................................................................. 12 

1.2 Heading and first example of the 1934 U.S. patent US 1943176 (top)  
and the original 1932 Swiss patent CH 283446 (bottom) .......................................... 18 

1.3 General composition of wood .................................................................................... 30 

1.4 Possible applications of the three major components from  
lignocellulosic biomass .............................................................................................. 31 

1.5 Flowchart for the process of dissolution and regeneration of wood in the IL 
[C2mim][OAc].85a ....................................................................................................... 34 

2.1 A: Cellulose fiber, B: Magnetite-embedded cellulose fiber ....................................... 54 

2.2 13C NMR spectra of MCC (bottom) and Peach Pulp (top) 
in [C2mim]Cl/DMSO-d6 ............................................................................................ 55 

2.3 SEM images of plain cellulose fibers spun from IL solutions  
of (a) 11.5 wt% MCC, (b) 8.7 wt% Pulp 1, (c) 4.3 wt% Pulp 2,  
and (d) 3.8 wt% Peach Pulp. ...................................................................................... 56 

2.4 Diffractograms of MCC (black solid), Pulp 2 (dash), and  
Peach Pulp (gray) before (left) and after regeneration  
as fibers (right).. ......................................................................................................... 56 



 

xv 
 

2.5 Thermal stability in air of MCC (black solid), Pulp 2 (dash), and  
Peach Pulp (gray) before (left) and after regeneration as fibers (right).. ................... 58 

2.6 Stress-strain curves for plain cellulose fibers spun from solutions of  
MCC (a), Pulp 1 (b), Pulp 2 (c), and Peach Pulp (d)... ............................................... 59 

2.7 SEM images of magnetite-embedded MCC fibers with 0% (a), 10% (b),  
20% (c), and 30% (d) Fe3O4 (all compositions relative to cellulose mass).... ............ 61 

2.8 Diffractograms of pure magnetite (top, e) and MCC (left) and  
Peach Pulp (right) fibers with 0% (a), 10% (b), 20% (c), and 30% (d) Fe3O4  
(all compositions relative to cellulose mass)..... ......................................................... 62 

2.9 TGA curves for MCC fibers with 0% (black solid), 10% (gray), 20% (dash),  
and 30% (dot) Fe3O4 (all compositions relative to cellulose mass)...... ..................... 63 

2.10 Stress-strain curves for MCC (left) and Pulp 1 (right) fibers with 0%  
(black solid), 10% (gray), 20% (dash), and 30% (dot) Fe3O4  
(all compositions relative to cellulose mass)....... .................................................... 64 

2.11 Hysteresis loops of Peach Pulp fibers made with 10% (a), 20% (b),  
and 30% (c) Fe3O4 (all compositions relative to cellulose mass)........ .................... 65 

3.1 1H NMR spectra for original [C2mim]OAc (top) and for [C2mim]OAc 
heated at 110 °C for 48 h (bottom)... .......................................................................... 81 

3.2 13C NMR spectra for original [C2mim]OAc (top) and for  
[C2mim]OAc heated at 110 °C for 48 h (bottom)... ................................................... 82 

3.3 Magnified view of 13C NMR spectra in the range of 50-110 ppm:  
original [C2mim]OAc (top) and [C2mim]OAc heated  
at 110 °C for 48 h (bottom)... ..................................................................................... 82 

3.4 13C NMR spectra of 5 parts of wood (southern yellow pine) in  
100 parts of [C2mim]OAc after dissolution at 110 °C for 16 h (top)  
and for 47 h (bottom)... ............................................................................................... 83 

3.5 13C NMR spectra of biopolymer standards and wood solutions:  
a) Indulin AT; b) xylan; c) MCC; d) oak, e) southern yellow pine;  
and f) southern yellow pine, cooked for 16 h at 110 °C in [C4mim]Cl,  
and then diluted with DMSO-d6.... ............................................................................. 89 

3.6 13C NMR spectra, in [C2mim]OAc/DMSO-d6, of: a) MCC and regenerated 
CRM recovered from the dissolution of b) 0.5 g or c) 0.8 g southern yellow pine  
(particle size <0.125 mm) treated with 10 g [C2mim]OAc for 16 h at 110 °C.... ...... 92 



 

xvi 
 

3.7 FT-IR spectra for ground wood (top spectra), regenerated CRM  
(middle spectra), and undissolved residue (bottom spectra) for  
0.250-0.500 mm a) southern yellow pine and b) red oak.... ....................................... 97 

3.8 FT-IR spectra for a) Indulin AT and b) lignin recovered  
from the dissolved wood by addition of acetone/water (1:1 w/w)  
and subsequent evaporation of acetone.... .................................................................. 98 

3.9 13C NMR spectra of Indulin AT (top) and IL-processed  
lignin (bottom) in DMSO-d6.... .................................................................................. 99 

3.10 Diffractograms of southern yellow pine  
(0.250-0.500 mm particle size; grey) and regenerated CRM  
from the same particle size (black)..... ...................................................................... 100 

3.11 SEM images of (a) ground southern yellow pine, and (b)  
the corresponding regenerated CRM...... .................................................................. 101 

4.1 31P NMR of POMs dissolved in DMSO-d6: acidic POM (bottom),  
and [C2mim]POM (top)...... ....................................................................................... 118 

4.2a Mass balance for trials with different concentrations of  
acidic-POM in [C2mim]OAc.  The four bars add to 100%;  
the first bar representing the CRM is divided into two parts with  
the top part representing lignin and the bottom part representing carbohydrate...... 124 

4.2b Mass balance for trials with different concentrations of  
[C2mim]POM in [C2mim]OAc.  The four bars add to 100%;  
the first bar representing the CRM is divided into two parts with  
the top part representing lignin and the bottom part representing carbohydrate......124 

4.3 Comparison of pulp yield and lignin content (the numbers correspond  
to the trial numbers in Tables 4.1-4.2): 1) no POM), 2) no POM 2nd run,  
3) 0.1% acidic-POM 16 h, 4) 0.2% acidic-POM 16 h, 5) 0.5% acidic-POM 16 h,  
6) 0.5% acidic-POM 2nd run, 7) 1.0% acidic-POM 16 h, 8) 0.1% [C2mim]POM 16 h,  
9) 0.2% [C2mim]POM 16 h, 10) 0.5% [C2mim]POM 16 h,  
11) 1.0% [C2mim]POM 16 h, 12) 1.0% acidic-POM (16+)4 h,  
13) 1.0% acidic-POM 8 h, 14) 1.0% [C2mim]POM (16+)4 h....... ........................... 125 

4.4 Mass balance for trials using recycled [C2mim]OAc or recycled  
acidic-POM/[C2mim]OAc with comparison to fresh [C2mim]OAc  
or 0.5% acidic-POM/[C2mim]OAc.  The four bars add to 100%; the  
first bar representing the CRM is divided into two parts with the top  
part representing lignin and the bottom part representing carbohydrate....... ........... 133 

4.5 FT-IR spectra of 1) the recovered lignin from Trial 1 (no POM),  
2) the recovered lignin from Trial 7 (1% acidic-POM), 3) Indulin AT,  
and 4) acidic-POM...... ............................................................................................. 135 



 

xvii 
 

4.6 FT-IR spectra of 1) the recovered CRM from Trial 1 (no POM),  
2) the recovered CRM from Trial 7 (1% acidic-POM),  
3) microcrystalline cellulose, and 4) acidic-POM...... .............................................. 135 

5.1 Comparison of pulp yield and lignin content after dissolution of pine 
in [C2mim]OAc using different dissolution conditions  
(the numbers corresponds to the trial numbers in Table 1)  
with comparison to the result with 0.5 wt% H5PV2Mo10O40 in the system  
(ref. 23): 1) 110 oC 16 h, 3) 175 oC 30 min. ...... ...................................................... 152 

5.2 Mass balance of bagasse for a) Trials 6-12 (Table 5.2) with different dissolution 
conditions in [C2mim]OAc and b) Trials 9, 13, and 14 (Table 5.2) for  
comparison of the results using recycled [C2mim]OAc or pretreated bagasse.   
The four bars add to 100%; the first bar representing the CRM is divided into  
two parts with the top part representing lignin and the bottom part  
representing carbohydrate.......... .............................................................................. 157 

5.3 Recovery and loss of carbohydrate and lignin with respect to the individual  
polymers by processing bagasse in [C2mim]OAc a) Trials 6-12 in Table 5.2  
and b) Trials 9, 13, and 14 in Table 5.2.  The first and second bars add to 100%;  
the third and fourth bars add to 100%; the third bar representing the total yield  
of lignin is divided into two parts with the top part representing lignin recovered  
in the CRM and the bottom part representing recovered free lignin.......... .............. 161 

5.4 13C NMR spectra of a) bagasse dissolved in [C2mim]OAc  
(Trial 9, 185 oC 10 min) and b) the CRM recovered from Trial 9 
redissolved in fresh IL......... ..................................................................................... 167 

5.5 FT-IR spectra for a) bagasse b) the CRM recovered from Trial 9 (185 oC 10 min)  
c) the CRM recovered from Trial 6 (110 oC 16 h), and d) MCC.   
The vertical solid line marks 1731 cm-1 corresponding to the carbonyl group  
in lignin or hemicellulose with other characteristic peaks of lignin marked by  
vertical dashed lines (1593 cm-1, 1509 cm-1, and 1327 cm-1)....... ............................ 168 

5.6 SEM images at 300x for fibers made from a) bagasse dissolved in  
[C2mim]OAc at 185 oC for 10 min, b) pine with 15% NaOH for 4 h  
then dissolved in [C2mim]OAc at 175 oC for 30 min........ ....................................... 172 

  



 

xviii 
 

5.7 Stress strain curves for fibers made from original or treated biomass resources  
(the numbers corresponds to the trial numbers in Table 4): 20) 3.33% oak  
dissolved at 175 oC for 30 min, 22) 5% bagasse dissolved at 185 oC for 10 min,  
24) 3% pulp DP 1056 dissolved at 90 oC for 30 min, 26) 5% pine  
dissolved in [C2mim]OAc at 175 oC for 30 min, 27) 5%CRM from pine (Trial 3) 
dissolved at 90 oC for 2 h, 28) 5% treated pine (10% NaOH for 2 h)  
dissolved at 175 oC for 30 min, 29) 5% treated pine (10% NaOH for 4 h)  
dissolved at 175 oC for 30 min, 30) 5% treated pine (10% NaOH for 6 h) dissolved  
at 175 oC for 30 min, 31) 5% treated pine (15% NaOH for 4 h) dissolved  
at 175 oC for 30 min........ ......................................................................................... 177 

5.8 Comparison of pulp yield and lignin content (the numbers corresponds to  
the trial numbers in Table 1-2): 1) pine, 110 oC 16 h, 3) pine, 175 oC 30 min,  
6) bagasse, 110 oC 16 h, 7) bagasse, 165 oC 10 min, 8) bagasse, 175 oC 10 min, 
9) bagasse, 185 oC 10 min, 10) bagasse, 195 oC 10 min, 11) bagasse, 185 oC 5 min, 
12) bagasse, 185 oC 15 min, 13) pretreated bagasse, 185 oC 10 min,  
14) bagasse, 185 oC 10 min with recycled [C2mim]OAc........ ................................. 180 

 



 

1 
 

 
 
 
 
 
 

CHAPTER 1 

INTRODUCTION 

 
Taken in part from a review paper: N. Sun, H. Rodríguez, M. Rahman and R. D. Rogers “Ionic 
liquid strategies aimed at utilization of lignocellulosic biomass for chemicals and energy” 
submitted as a feature article to Chem. Commun.  

1.1 Ionic liquids (ILs), what are they really? 

We wish to start this article with a discussion of ionic liquids (ILs) in general, not so much 

for what they are or how they are currently defined, but to set the stage for why an ‘ionic liquid 

way of thinking’ is leading to disruptive technologies in a variety of fields.  Ever since a NATO 

Advanced Research Workshop entitled “Green Industrial Applications of Ionic Liquids” was 

held (Crete, Greece, April 12-16, 2000), ILs have more or less generally been defined as salts 

which melt below 100 °C, with some further suggesting that they must be “composed entirely of 

ions”.1  These definitions were further ingrained in the community by the broad increase in 

elegant physical and theoretical chemistry and thermodynamics aimed at determining the 

properties of ‘pure’ ILs, where such distinctions were clearly important and relevant.  The view 

of what is and what is not an IL, however, now seems jealously guarded and yet it appears to us 

that the progress in the field has not resulted so much from what an IL is, but rather how it 

changes our perception of the chemistry and changes the way we tackle difficult problems. 
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Today, a growing number of authors cite a 1914 paper by P. Walden2 which reports the 

preparation and melting point of ethylammonium nitrate (among other salts) with such comments 

as “salts meeting the definition of an IL have been known since 1914” or “ILs have been known 

since 1914”, and even “the field of ILs started with Walden”.  This is in spite of the fact that 

such protic species exist in quite complex equilibria with, among others, neutral species (and 

thus not fitting some of the more restrictive IL definitions).3  It is true that Walden reports a 

‘salt’ with a melting point below room temperature fitting some current definitions of an IL, but 

what is the identity of the species in the liquid state of that salt and is it fair to say ‘ionic liquids’ 

have been known since 1914 (or earlier)? 

Much of the more recent progress in the field of ILs, has arisen from the rather simple 

observation that ILs, because they are salts, will always have at least two components, anion and 

cation.  This immediately distinguishes how we view ILs from molecular compounds where 

one typically considers only a single molecule and any interactions with or modifications to that 

molecule affect the entire entity.  ILs, on the other hand, offer independent design control by 

either simple choice of different ions or by independent modification of cation or anion.4  They 

can exhibit interactions with another moiety via cation or anion or both, and indeed theoretical 

chemistry is even suggesting that a pure IL can exhibit different microenvironments within the 

liquid.5  These added levels of complexity have challenged our thinking and understanding, 

essentially forcing us to think differently when contemplating IL chemistry or technology.   

In addition, ILs have been embraced by scientists and engineers from a very broad spectrum 

of disciplines and interests.  Those working in the IL field have had to learn how to 

communicate with other fields and vice-versa.  This cross-fertilization has itself led to a 

flowering of not only more scientific curiosity, but genuinely new scientific insight and potential 
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technological impact.  The result has been a very active field over the last decade, in which the 

different backgrounds of researchers and the incredible versatility of ILs have combined to and 

led to a deeper knowledge of the substances themselves and to a broad spectrum of potential 

applications, from syntheses of fine chemicals to usage in space.6 

The primary interest at the beginning of the IL field burgeoning was the interesting set of 

physical properties readily available, such as non-volatility, non-flammability, thermal stability 

and wide liquid range, which pointed to the use of ILs as neoteric solvents in reaction and 

separation processes.7  By choosing or modifying ions, improvements in the physical properties 

of ILs needed for specific tasks were achieved, and this was quickly followed by the 

development of advanced materials through the preparation of ILs with specific chemical 

properties.4a  More recently, and further exploiting the inherent tunability of these liquid salts, 

the biological properties have even been considered as primary targets in the synthesis of new 

ILs, which may open a door to new technology in high added value areas such as the 

pharmaceutical industry.8,9   

We believe ILs are indeed platforms for transformational technologies, but not necessarily 

because of what they are and certainly not because of the way some choose to define them, but 

because of how they challenge our thinking.  We will illustrate this here as we explore aspects 

of ‘ionic liquids’ and ‘green chemistry’, an area perhaps more than any other where ILs have 

been misunderstood and overgeneralized both pro and con. 

The 2000 NATO meeting set the IL field firmly on a course containing a ‘green chemistry’ 

theme, although with sometimes confusing and conflicting results.  The conference produced 

the outcome:1  
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“Combined with green chemistry, a new paradigm in thinking about 

synthesis in general, ionic liquids provide an opportunity for 

science/engineering/business to work together from the beginning of the 

field’s development.” 

This was meant to encourage the field to consider green aspects and impacts as the work 

progressed, rather than after a technology was ready to be implemented.  Unfortunately, this 

connection with green chemistry led to gross overgeneralizations by proponents and opponents 

to the field with broad, unquantified (or indeed unqualified) statements such as “Ionic liquids are 

green” and “Ionic liquids are toxic”.  In reality, for such a broad class of materials defined by a 

melting point and having salt-like character, it must be obvious that no IL will have all of the 

properties one now sees published as ‘generic’ properties of ILs; especially ‘greenness’.   

Nonetheless, there may still be a major role for ILs to play in future sustainability, if the 

field will use the intended emphasis on green chemistry as a guiding principle in exploring where 

ILs may have significant technological impact.10 

1.2 Biomass and sustainability 

Since the term “sustainable development” was coined in the Brundtland Report,11 the idea 

of sustainability has evolved and acquired universal significance, even with a major presence in 

the design of policies at personal, private, governmental, and international levels.  Sustainable 

development is based on the three interconnected pillars of economic development, social 

responsibility, and environmental protection, across all scales, from local to global.12  In this 

context, the appropriate treatment of the binomial constituted by technology and the environment 

is of key relevance to chemists.  For a technological change within the framework of 

sustainability to be compatible, there are three fundamental aspects to address: a) efficient use, 
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reducing significantly the amount of feedstock required per unit of product; b) renewable 

resources, trying to exploit Nature’s flow and cycles, and preserving the natural capital; and c) 

industrial ecology, implying the elimination of residues by means of reutilization, recycling and 

reprocessing, as well as by expanding the useful life of products.   

These postulates led, in the 1990s, to the reinterpretation of the sustainability of science 

advancement, which resulted, for instance, in the rapid development of green chemistry.  

Through its twelve principles, 13  green chemistry guides the work of chemists towards 

environmentally-benign chemistry, from a pollution and hazard prevention perspective, and is 

integral to sustainability.  The efficient use of renewable resources, the minimization of harm, 

preventing climate change, the protection of employees, capital growth, etc., are all elements 

within the paradigm of green chemistry, assembled across the three pillars of sustainability.   

Lignocellulosic biomass is a permanent and woefully underutilized source of renewable 

feedstock with the principal renewable biopolymer forms being cellulose, hemicellulose and 

lignin.  The full potential of the biopolymers has not been fully exploited partially due to the 

historical shift towards petroleum-based feedstocks from the 1940s.14  Another reason is the 

recalcitrant nature of biomass, with a limited number of common solvents in which the 

biopolymers are readily soluble, and the inability to easily modify natural polymer properties.  

This has made accessing many of these materials expensive and chemically wasteful.15   

A facilitated and more efficient access to natural biopolymers, and subsequent enabling of a 

fuels or materials technology platform based on renewable sources, is a major step towards 

sustainability and is now generally recognized as a worldwide goal.  The clean separation of the 

major components of lignocellulosic biomass (cellulose, lignin, and hemicellulose), using a 

viable and environmentally-friendly method without loss of quality of the products, has been 
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explicitly recognized by the U.S. Department of Energy as a grand challenge.10  Such a 

technology would allow the development of processes using the pure biopolymers as feedstocks, 

rather than the raw biomass itself whose composition changes depending on such critical 

variables as type of biomass and the weather during the growing season.    

To separate cellulose from lignocellulosic biomass, the most prevalent process is still 

chemical pulping, which accounts for more than 70% of worldwide production of pulp.  

Chemical pulping includes the kraft, sulfite, soda, and organosolv processes, among which kraft 

pulping accounts for 80% of chemical pulping.15  In kraft pulping, an aqueous solution of 

caustic sodium hydroxide and sodium sulfide with pH >12 is used to extract lignin from the 

wood in large chemical digesters.  Even after pulping, bleaching is required to remove the 

residual lignin.16  Moreover, the odor from sulfur compounds, high water use, and the large 

plant size (which creates a high cost for transporting lignocellulose) are additional problems 

associated with this process.  The search for better pulping processes led to the development of 

several organosolv methods including Organocell (methanol), Acetosolv (acetic acid) and Milox 

(peroxyformic acid), capable of producing pulp with properties near those of kraft pulp.16  The 

problems for organosolv methods are the high operation cost and the recovery of expensive 

solvent at the high temperatures and pressures required in the processes.17   

It is in this context, that perhaps ILs have the potential to make a transformational or 

disruptive change and do so in a manner which could be considered ‘green’.  Not necessarily 

because the ILs themselves are green, but because they might be able to do something which 

precious few other systems can: dissolve biomass directly.  Here we describe some of the 

milestones that have been achieved in this long-term attempt at chemicals and energy 
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sustainability.  We also discuss potential roadblocks along the way and a variety of strategies 

which perhaps should not be pursued at all. 

We should point out that this article is primarily our personal journey through this field, and 

while we will discuss relevant highlights in the scientific literature, we will emphasize our own 

work in the field, some of which is as yet unpublished.  We hope that the many excellent 

researchers currently working in this field will not be offended if their work is not cited here, but 

continue to push the frontiers of our understanding in this arena. 

1.3 Dissolution of cellulose in ILs  

Our first experience with interactions of ILs and biomass arose from a question asked us by 

a company interested in chitin: Could ILs remove all traces of remaining color from 

pre-processed langostino shells, such that the chitin could be sold as ‘food grade’?18  In our 

initial survey of ILs for this application, we found that indeed the red to pinkish color of the 

shells could be removed, but we also noted in the process that the chitin was quite efficiently 

swelled in the process.  We were curious about the direct extraction or dissolution of the chitin 

itself at this point, however, the ILs we were studying at that point were not sufficient to obtain 

reasonable results.  (We did, however, recently report that, by using a much more basic anion in 

the IL, chitin indeed could be directly dissolved and extracted from crustacean shells.19) 

From our interest in green chemistry and renewable resources, and our knowledge of the 

similarities between chitin and cellulose, we began an investigation into the interactions of ILs 

with pure cellulose.  Chitin may be described as cellulose with one hydroxyl group on each 

monomer replaced by an acetylamine group.  Both biopolymers are difficult to dissolve in 

conventional solvents because of the strong hydrogen bonding between the polymers and the 

combination of amorphous and crystalline regions, however, chitin should be more difficult to 
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dissolve than cellulose.  We thus initiated a program to study whether any of the ILs which 

efficiently swelled chitin might also swell, or hopefully dissolve, cellulose.  

As the most abundant biopolymer on Earth, cellulose is a polysaccharide consisting of 

linear chains of several hundred to over ten thousand (1→4) linked D-glucose units (Figure 

1.1a).20  The chains are hydrogen bonded in both parallel and anti-parallel manner, which 

imparts more rigidity to the structure, and a subsequent packaging of bound-chains into 

microfibrils forms the ultimate building material of Nature.  This is the main reason for the lack 

of suitable solvents for cellulose, which has precluded the full exploitation of the potential of 

cellulosic materials.   

Traditional cellulose processing techniques in the industry often involve the use of caustic 

chemicals with a significant amount of toxic waste generation.  Even the use of the pulp 

cellulose in fiber production requires a chemical and energy intensive process, known as the 

Viscose process.  This process, accounting for 95% of annual cellulose fiber production 

volumes,21 uses alkali and CS2 to react with cellulose to form soluble cellulose xanthate, then 

cellulose is regenerated by treatment with H2SO4, liberating CS2 and H2S, neither 

environmentally-friendly nor sustainable.  A ‘greener’ alternative for this large ton-scale 

process would be warmly welcome (or perhaps is desperately needed!). 

In 2002, we published (including a rather unfortunate typographical error in the title!) the 

results of our initial studies indicating that cellulose can be directly dissolved in specific ILs 

without pretreatment and easily regenerated by precipitation upon addition of water or other 

common solvents without severe degradation of the cellulose.22  Of the ILs we studied, the best 

results were obtained for 1-butyl-3-methylimidazolium chloride ([C4mim]Cl), which constituted 
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the first IL of reference for us and other groups in further studies on the dissolution of cellulose 

in ILs. 

The dissolved cellulose could be regenerated in a variety of forms, such as flocs, films, 

beads, etc., by addition of a cellulose antisolvent which is soluble with the IL.  We 

hypothesized at the time that the basicity of the anion, and its ability to accept hydrogen bonds, 

thus disrupting the interpolymer attractions in cellulose, was the main factor to be considered in 

the ‘design’ of ILs to dissolve cellulose.  The use of such anions resulted in primarily 

hydrophilic salts, and therefore the regeneration of cellulose from the IL solution was simply 

carried out by the addition of water to the solution.  As a further proof of true dissolution, the 

dissolved cellulose was reconstituted in amorphous or cellulose II form, distinct from the native 

cellulose I form.23 

With the help of Professor Guillermo Moyna and his students from the University of the 

Sciences in Philadelphia, we were able to determine the mechanism of cellulose dissolution in 

chloride-based ILs using NMR spectroscopy.24  The study revealed the hydrogen-bonding 

between the carbohydrate hydroxyl groups and the chloride anion of the IL in a 1:1 

stoichiometry, and very little interaction between the IL cation (here, [C4mim]+).  This result 

was corroborated by the study of Hardacre and co-workers, who examined the solvation of 

glucose in 1,3-dimethylimidazolium chloride ([C1mim]Cl).25 

The requirement of hydrogen bonding acceptor ability (or basicity) of the anion has thus far 

been borne out by published experimental work screening ILs with a variety of anions of 

different hydrogen bonding acceptor ability,26 as well as molecular dynamics simulations.27  A 

recent NMR study on cellobiose solvation in 1-ethyl-3-methylimidazolium acetate, 

[C2mim][OAc], suggested that hydrogen bonding is found between hydroxyl groups of 
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cellobiose and both anion and cation of the IL,28 with the relatively small acetate anion favoring 

the formation of a hydrogen bond with the hydrogen atoms of the hydroxyl groups; whereas the 

aromatic protons in the bulky imidazolium cation, especially the ones in the C2 position, prefer 

to associate with the oxygen atoms of the hydroxyl groups.  There is some room for doubt in 

these conclusions based perhaps on insufficient evidence and over interpretation of the shielding 

and deshielding of signals in the NMR spectra of mixtures of the sugar and the IL.  

Nonetheless, the exact role of the cation is still a subject of much conjecture. 

Although likely a major factor in the ability of a salt to dissolve cellulose, the potential for 

hydrogen bonding between hydroxyl groups and anion is not the only factor; the cation appears 

to have an influence as well, although this is not yet entirely understood.  For instance, cellulose 

is reported to be virtually insoluble in 1-alkyl-3-methylimidazolium chlorides ([Cnmim]Cl, with 

n being the number of carbons in the linear alkyl chain) when the alkyl chain is propyl (ca. 

0.5 wt% solubility) or decyl.26b  Moreover, within the series of [Cnmim]Cl ILs, those with an 

even number of carbons in their alkyl chain substituent exhibit higher capacities for cellulose 

dissolution compared to those having an odd number, for relatively short small alkyl chains 

(pentyl and shorter).29  1-Allyl-3-methylimidazolium chloride ([Amim]Cl) is reported to be 

more efficient than [C4mim]Cl,30 although this may be a result of the decreased viscosity of the 

IL produced by the double bond in the side chain, which could facilitate cellulose dissolution.  

Additionally, the smaller size of the [Amim]+ cation and its more polarizable nature might 

contribute to greater interactions with cellulose. 

Apart from the experimental evidence which has been reported, molecular dynamics 

simulations carried out on cellulose oligomers and [C2mim][OAc] suggested that, in addition to 

the anion forming strong hydrogen bonds with hydroxyl groups of the cellulose, the cations are 
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in close contact with the cellulose through hydrophobic interactions.27b  It was also found that 

the addition of lithium salts to 1-butyl-3-methylimidazolium acetate, [C4mim][OAc], 

significantly increased the solubility of the cellulose owing to the interactions of Li+ with the 

hydroxyl oxygen atoms of cellulose.31  

As our understanding of the dissolution of cellulose in ILs has grown and the public push 

for sustainable development has intensified, there has been a phenomenal burst of interest and 

research at both the academic and industrial level in the solubilization, separation, and 

processing of cellulosic biomass using ILs.  Nonetheless, the ILs which have been studied and 

found to dissolve cellulose are still primarily composed of imidazolium- or pyridinium-based 

cations with anions of basic character such as chloride, carboxylates, or dialkylphosphates.32 

We believe that an IL solvent for cellulose dissolution should not only have high dissolution 

capacity, but also low melting point, low viscosity, low/no toxicity, and high stability.  The 

chemical structures of representative ILs which have been found to dissolve cellulose are shown 

in Figure 1, and a summary of solubilization of biopolymers in ILs is provided in Table 1.  

Although the dissolution is greatly affected by the source of cellulose, different degrees of 

polymerization (DP), and the dissolution conditions22,32a (heating method, irradiation, heating 

temperature, time, etc.), generally, with the same cation, the solubility of cellulose in ILs 

decreases in the order: [(CH3CH2)2PO4]
- ≈ [OAc]- > [SHCH2COO]- > [HCOO]- > Cl- > Br- ≈ 

[SCN]-.32    
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Figure 1.1  Chemical structures of representative ILs found to dissolve cellulose to a significant 
extent: a) 1-alkyl-3-methylimidazolium chloride; b) 1-alkyl-3-methylimidazolium acetate; 
c) 1-alkyl-3-methylimidazolium formate; d) 1-butyl-3-methylimidazolium bromide; 
e) 1-alkyl-3-methylimidazolium dialkylphosphate; f) 1-butyl-3-methylpyridinium chloride. 

a)

d) e) f)

b) c)
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Table 1.1  Selected results for cellulose dissolution in ILs 

IL Cellulose Method Solubility Ref. 

[C2mim]Cl Avicel Heat, 100 °C 10% 29 

[C3mim]Cl Avicel Heat, 100 °C 0.5% 29 

[C4mim]Cl Avicel Heat, 100 °C 20% 29 

[C4mim]Cl Pulp (1000) Heat 10% 22 

[C4mim]Cl Pulp (1000) Microwave 25% 22 

[C5mim]Cl Avicel Heat, 100 °C 1.5% 29 

[C6mim]Cl Pulp (1000) Microwave 5% 22 

[C6mim]Cl Avicel Heat, 100 °C 6.5% 29 

[C7mim]Cl Avicel Heat, 100 °C 5% 29 

[C8mim]Cl Avicel Heat, 100 °C 4% 29 

[Amim]Cl Pulp (650) Heat, 80 °C 14.5% 32a 

[Amim]Cl MCC Ultrasound 27% 32a 

[C4mmim]Cl Pulp (569) Heat, 90-130 °C 12.8% 32b 

[C4mmim]Cl Pulp (286) Heat, 90 °C 9% 32c 

[C4mmim]Cl Pulp (593) Heat, 90 °C 6% 32c 

[C4mmim]Cl Pulp (1198) Heat, 90 °C 4% 32c 

[C4mPy]Cl Pulp (593) Heat, 105 °C 37% 32d 

[C4mim]Br Pulp (1000) Microwave 5-7% 22 

[Ammim]Br Pulp (286) Heat, 80 °C 12% 32c 

[Ammim]Br Pulp (593) Heat, 80 °C 4% 32c 

[Ammim]Br Pulp (1198) Heat, 80 °C 4% 32c 

[C4mim][SCN] Pulp (1000) Microwave 5-7% 22 

[C2mim][OAc] Avicel Heat, 100 °C 8% 26b 

[C2mim][OAc] Avicel (225) Heat, 110 °C 28% 32e 

[C4mim][OAc] MCC Heat, 70 °C 28.5% 32e 

[C4mim][OAc] Avicel Heat, 100 °C 12% 26b 

[Amim][HCOO] MCC Heat, 85 °C 22% 32g 

[C4mim][HCOO] MCC Heat, 70 °C 12.5% 31 
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[C4mim][HCOO] Avicel (225) Heat, 110 °C 8% 32e 

[C4mim][(C6H5)COO] MCC Heat, 70 °C 12.0% 31 

[C4mim][(NH2)CH2COO] MCC Heat, 70 °C 12.0% 31 

[C4mim][OHCH2COO] MCC Heat, 70 °C 12.0% 31 

[Bu4P][HCOO] Avicel (225) Heat, 110 °C 6% 32e 

[C4mim][HSCH2COO] MCC Heat, 70 °C 13.5% 31 

[C2mim][(CH3CH2O)2PO2] Avicel Heat, 100 °C 12-14% 26b 

[C1mim][(CH3O)2PO2] Avicel Heat, 100 °C 10% 26b 

[C2mim][(CH3O)(H)PO2] MCC Heat, 45 °C 10% 26a 

Note: For the Cellulose column, the numbers in brackets correspond to the DP values.  MCC: 
microcrystalline cellulose with DP ca. 270-300.  Key for abbreviations of IL cations: [Cnmim]+, 
1-alkyl-3-methylimidazolium (n = number of carbons in the alkyl chain); [Cnmmim]+, 
1-alkyl-2,3-dimethylimidazolium (n = number of carbons in the alkyl chain); [Amim]+, 
1-allyl-3-methylimidazolium; [Ammim]+, 1-allyl-2,3-dimethylimidazolium; [C4mPy]+, 
1-butyl-3-methylpyridinium; [Bu4P]+, tetrabutylphosphonium. 

The final selection of the ‘best’ IL for cellulose or biomass dissolution has yet to be 

determined on an industrial scale.  When our patent applications33 in this area were licensed to 

BASF, 34 one of the pioneers in industrial applications of ILs, they suggested the use of 

[C2mim][OAc] for dissolving cellulose and began marketing 5 wt%Cellulose solutions in 

[C2mim][OAc], under the trade name CELLIONICTM; now commercially available through 

Sigma-Aldrich.  BASF found the use of [C2mim][OAc] advantageous over our original use of 

[C4mim]Cl due to its lower melting point (<-20 °C vs. 57 °C), lower viscosity (10 mPa s vs. 

147 mPa s, at 80 °C), lower corrosive character (very little vs. strong), and higher loadings 

(>20% vs. ~20%).35  In addition, during the registration process for the European REACH 

legislation, toxicity testing indicated that [C2mim][OAc] was non-toxic (LD50 > 2000 mg/kg), 

while [C4mim]Cl was found to be moderately toxic (50 mg/kg < LD50 < 300 mg/kg).35 

It has been reported that [Cnmim]+ ILs are deprotonated at the C2 position in basic 

conditions to give species capable of reacting with electrophiles,36,37 and that these ILs react at 
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C2 with cellulose reducing ends, forming carbon-carbon bonds.  In addition, basic impurities in 

ILs, such as imidazole or 1-methylimidazole, can act as catalysts for the reaction.  However, the 

addition products were only observed when using glucose as a model compound (to increase the 

reducing ends), and after a long time of reaction (7 days, at room temperature) or with an 

auxiliary base.  We have not detected yet such products in our experiments so far; nonetheless, 

the possibility of reactions between cellulose and the ILs should be monitored.  

There is no question that the ability of ILs to directly dissolve cellulose has generated 

intense worldwide academic and industrial interest in a relatively short period of time.  It is 

perhaps also not surprising to see that some controversy over the legal aspects, particularly 

patents, has also arisen. 

1.4 A question of Graenacher: a detective story 

In our original paper on the dissolution of cellulose with ILs, we noted a published patent, 

by Charles Graenacher, that had originally suggested that molten benzylpyridinium chloride or 

N-ethylpyridinium chloride, in the presence of nitrogen-containing bases, could be used to 

dissolve cellulose.38  We had been unable to reproduce the dissolution of cellulose in this salt 

without adding a solvent such as pyridine and concluded that the lack of any follow-up or 

published work in peer-reviewed journals may have been the result of the salt system being 

somewhat esoteric at that time.  Clearly, the IL ‘way of thinking’ including the tunability of salt 

physical properties and the large number of classes of salts that could exhibit IL behavior were 

not known in Graenacher’s time.  We were still curious why such an important area was never 

fully realized industrially; thus, in our own work to patent our discoveries, we looked into the 

patents and the science behind them in more detail. 
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Despite some contradictory information in Graenacher’s US Patent and observations which 

quite frankly to us did not sound scientifically feasible (and indeed were irreproducible in our 

hands), this 1934 patent is now being cited as “the first patent relating to an industrial application 

of ILs”.39  As with the concept that “ILs have been known since Walden’s work in 1914”, we 

respectfully disagree, not only from the point of view that a patent or experiment conducted by 

someone in industry does not constitute an ‘industrial application’, but also from the science.  A 

careful review of this patent family (i.e., the original patent and international equivalents), the 

science behind them, and attempts to reproduce the experiments as described, will lead one to 

conclude that such statements are inaccurate.  Let us briefly review this situation. 

The confusion appears to arise from Graenacher’s 1934 US patent (US Patent 1943176; 

Figure 2) which describes the dissolution of cellulose in quaternary ammonium salts dissolved in 

suitable solvents (e.g., anhydrous nitrogen-containing bases such as pyridine).  Of the fourteen 

examples cited, Example 1 reports cellulose dissolution in benzylpyridinium chloride at 

110-115 °C, with total absence of any additional solvent.  It was surprising to us that this 

example reports dissolving anything in a salt at a temperature which is 10-15 °C below its 

melting point (melting point of benzylpyridinium chloride: 125 °C), but it is perhaps even more 

surprising that none of the claims indicated the possible use of these salts to dissolve cellulose 

without the addition of a base to get them into solution. 

Further literature research found that the US patent was in fact not the original, but a 

‘foreign equivalent’.  It appears that the original patent was filed (in German) in Switzerland by 

the company Ciba in 1930 (Figure 2).40  We have thus far found two more international filings 

of this work, namely GB 359249 (in English) and DE 576214C (in German).  A careful analysis 
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of these various versions of the same work is revealing and helps to clarify the scientific 

discrepancies arising in Graenacher’s US patent. 

The various equivalents of this patent are all nearly identical except for the content of 

Example 1, where the English translations differ significantly from the original German versions.  

Example 1 of the US and Swiss patents are shown in Figure 2, and the following is the 

translation of the Swiss patent: 

“Example 1: 

200 parts water-free benzylpyridinium chloride, to what 1 to 2% dry 

pyridine has been added to lower the melting point, is molten in a stirred 

vessel and heated to 110-115 °C.  At this temperature, 10 parts of 

cellulose (best in the form of regenerated cellulose) are mixed with the 

solvent and the mixture is kept at this temperature while stirring until a 

homogeneous solution is obtained.” 

It would appear that in translation from German to English, the sentence fragment reporting 

the use of anhydrous pyridine was inadvertently left out of the English translation.  
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Figure 1.2  Heading and first example of the 1934 U.S. patent US 1943176 (top) and the 
original 1932 Swiss patent CH 283446 (bottom). 

To be sure that we understood Example 1 completely, we carried out the example as 

described in the US patent.  The proscribed mixture of benzylpyridinium chloride and cellulose 

was heated to 114 °C for 6 h, but no dissolution or physical change was observed.  Powder 

X-ray diffraction (PXRD) analyses were performed on the cellulose before and after treatment as 

above.  Both original and recovered cellulose were in native form, cellulose I, indicating no 

dissolution.23 

None of the above discussion is meant to belittle the work done by Graenacher and Ciba.  

Rather it is a cautionary tale in interpretation of legal documents (patents) vs. peer-reviewed 

scientific publications (although the latter also have their share of problems!) and in taking care 

to base analyses in science rather than hype.  If Graenacher had access to the depth of scientific 
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insight and worldwide expertise that is now available in the field of ILs, and if he had adapted to 

the ‘IL way of thinking’, perhaps the intuitive leap from a salt in solution to a range of liquid 

salts might have been made.   

1.5 If you can easily dissolve cellulose in ILs, what can you do with it?  

Part of the excitement in the field of ILs has arisen from the ability of ILs to dissolve a 

multitude of often very different chemical species in a single solvent.  For example, the 

hydrophobic IL [C4mim][PF6] can dissolve both hydrophilic molecules such as ethanol to a very 

large extent at moderate or room temperature,41 and molecules designed to have virtually no 

water solubility such as octyl(phenyl)-N,N-diisobutylcarbamoylmethyl phosphine oxide 

(CMPO).42  ILs are also known to dissolve many polymers (discussed later) and to form stable 

suspensions of many nanoparticles.43  The ready ability of certain ILs to dissolve cellulose and 

coagulate it into a variety of physical forms, combined with the ability to dissolve or suspend a 

plethora of other chemical species, provides a ready means to modify the form and properties of 

cellulose via simply solution chemistry.  Additionally, the ability to dissolve cellulose in 

homogenous solution opens up a variety of chemical pathways to ready functionalization.44 

Thus, by first simply co-dissolving cellulose in an IL with functional additives or reaction 

reagents, a variety of cellulose-based derivatives or composite products can be made with 

specific functionality, increasing the attractiveness and utility of these materials.  Table 2 

includes an overview of several cellulose-based materials that have been developed over the last 

few years based on this IL strategy.   
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Table 1.2  Examples of cellulose-based composites prepared from IL solution or suspension. 

IL Additive/Polymer Regenerated 
Form 

Application Ref. 

[C4mim]Cl Laccase enzyme Film/bead Enzymatic active material 45 
[C4mim]Cl Polyamine Film/bead Sensing devices 46 
[C4mim]Cl Polyacrylonitrile Film Thermoplastic material 47 
[C4mim]Cl Heparin Fiber (micron and 

nanometer sized) 
Anticoagulant 48 

[C4mim]Cl 1-(2-pyridylazo)-2-n
aphthol 

Film Hg (II) sensor 49 

[C4mim]Cl Calix[4]arenes Film NOx sensor 50 
[Amim]Cl Multi-walled carbon 

nanotubes 
Fiber Potential precursors for the 

production of carbon fibers 
51 

[C4mim]Br Single-walled carbon 
nanotubes 

Scaffolds Promote the growth of HeLa 
cells 

52 

[C4mim]Cl Polymerizable IL Composite Not specified 53 
[C4mim]Cl 1-(2-pyridylazo)-2-n

aphthol 
Film Colorimetric determination 

of divalent Zn, Mg, and Ni 
54 

[C2mim]Cl TiO2 Fiber Antimicrobial textile  55 
[C2mim]Cl, 
[C4mim]Cl 

Fe3O4 Fiber, flocs, beads Magnetic active material 56 

[C4mim]Cl Dendrimer Film Immobilization of laccase  57 
[C4mim]Cl Nanohydroxyapatite Composite Scaffolds with high and 

open porosity 
58 

[Amim]Cl Hydroxyapatite/nano 
SiO2 

Aerogel/hydrogel Porous materials with pore 
size in the micro- and 
nano-scales 

59 

[C4mim]Cl Carrageenans Gel Slow release of drugs 
and volatile flavored 
compounds 

60 

[Amim]Br 
[C4mim]Cl 

Chitin Gel, films Not specified 61 

[Amim]Cl Konjac glucomannan Film Not specified 62 
[C4mim]Cl Heparin, charcoal Beads Drug detoxification 63 
[C4mim]Cl Starch Gel Not specified 64 
[Amim]Cl Starch, lignin Film Fresh food packaging 65 
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1.5.1 Bioactive supports 

The physical incorporation or chemical attachment of biologically active substances to 

cellulosic materials was investigated by our group in the early stages of our work on cellulose 

based composites prepared via the IL technology.  Enzymes were dispersed in the IL solution of 

cellulose, and then cellulose was regenerated in the form of membranes, films or beads, to 

produce biologically-active cellulosic materials.45  Contrary to the traditional methods for 

preparation of supported-enzyme systems, in which loss of bioactivity often occurs as a result of 

the formation of primary bonds between the enzyme and the support or a functional linker, the 

cellulose-IL regeneration method offered an easy way to attach biomolecules via direct 

entrapment or encapsulation without forming primary bonds.  The natural enzyme laccase, 

which is responsible for the degradation of lignin and subsequent separation from cellulose, was 

entrapped in cellulose reconstituted from [C4mim]Cl.  It was found that precoating the enzyme 

with a second, hydrophobic IL prior to dispersion in the cellulose-IL solution can stabilize the 

microenvironment of the enzyme and can provide an increase in enzyme activity.  Thus, in 

addition to being biodegradable, the material reconstituted from the IL solution was found to be 

biosecured since the entrapped enzyme retained its activity in the system. 

In a continuation of the above work, indirect methods of incorporating enzymes in cellulose 

matrices were also reported.46  Cellulose-polyamine or cellulose-dendrimer composite films 

were prepared for active loading of enzymes.  The addition of primary amines in cellulose 

helped a direct one-step bioconjugation of the enzyme (or other active species).  It should be 

noted that beyond our first use of this composite material, this approach produces a cellulose 

product (film, fiber, bead, etc.) with surface amine groups that can be readily addressed with a 

variety of chemical strategies for producing a functional surface. 
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1.5.2 Membrane sensors 

New cellulose materials were developed via encapsulation of macroscopic particles, 

macromolecular inclusions, and by molecular binding.  A metallochromic indicator, 

1-(2-pyridylazo)-2-naphthol (PAN), was immobilized within a cellulose membrane, and the 

membrane was used to detect Hg(II) in solution.49  The membrane changed color from orange 

to purple in the presence of Hg(II)-containing solutions, resulting from the formation of the 

Hg(II)-PAN complex.  The color change was reversible simply upon rinsing with acetic acid.  

With the growing need for sensing heavy metals in chemical and nuclear wastes, cellulose 

composites as solid support matrices might provide advantages over conventional techniques 

which use chloroform and other hazardous solvents.   

In a similar approach, Egorov et al. also developed cellulose films with entrapped PAN 

regenerated from [C4mim]Cl.54  They were used for the colorimetric determination of divalent 

zinc, manganese, and nickel, with detection limits at the 10-6 mol/L level.  Other reagents were 

tried as well, showing less satisfactory performance. 

We also experimented with a sensor and storage strategy for NOx gases, by encapsulating 

calix[4]arene in a cellulose membrane.50  The calix[4]arene typically reacts with NO2/N2O4 to 

form a dark-colored stable nitrosonium (NO+)/calix[4]arene complex,66 and encapsulation in 

cellulose did not interfere with the ability to detect NOx gases.  When exposed to humid air 

(80% relative humidity), the reaction reversed in about 40 min.   

We have proposed that such diverse device applications as suggested above, can be 

accessed using an inexpensive cellulose substrate rather than the currently employed 

non-biorenewable and non-biodegradable metallic systems or synthetic polymers.  The 
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solubility that ILs afford to many, usually incompatible solutes, allows ready formation of new 

materials by simple mixing and coagulation. 

1.5.3 Cellulose matrices with particulates incorporated 

A functional additive to the IL/cellulose solution need not dissolve.  ILs are known to 

easily suspend a variety of particles and the preparation of functionalized cellulose composites, 

such as films, fibers or hydrogels, via dissolution of cellulose and suspension of functional 

particulates in the same IL medium, has been another relevant line of research.  Our first work 

in this area was directed towards the preparation of cellulose/magnetite (Fe3O4) composites by 

suspension and dispersion of magnetite particles in homogeneous IL-cellulose solution, followed 

by regeneration with water.56a  Flocs and beads prepared in this way showed ferromagnetic 

behavior, and the magnetite particles were proven to be chemically unaffected by the dissolution 

and regeneration process. 

Cellulose fibers with magnetite particles embedded were also prepared from IL solution 

using a dry-jet wet spinning process.56b  Cellulose originating from a wide variety of sources 

was dissolved in [C2mim]Cl and reconstituted as fibers.  While plain cellulose fibers drawn 

from IL-based solutions showed similar thermo-mechanical properties as other polymeric fibers, 

the addition of magnetite particles provided somewhat weaker fibers, but with ferromagnetic 

behavior with a typical hysteresis loop under an externally applied magnetic field. 

Following a similar strategy to the magnetite-embedded cellulose composites described 

above, we also incorporated Titania (TiO2) particles in cellulose fibers.55  TiO2 is known to 

show antimicrobial activity under UV irradiation.  TiO2-embedded cellulose fibers have so far 

shown similar UV-induced antimicrobial activities.  Thus, biodegradable antimicrobial fibers 

have been prepared which would have high value in numerous medical applications.  Materials 
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incorporating ZnO were fabricated by Mumalo-Djokic et al.67 by mineralization of ZnO in the 

strongly hydrated IL tetrabutylammonium hydroxide with the presence of cellulose or starch.  

They provided an approach to make carbohydrate/metal oxide materials with defined 

morphology and structure. 

Tsioptsias and Panayiotou prepared cellulose-nanohydroxyapatite composite scaffolds with 

incorporation of amoxicillin for biomedical applications.58  The strategy based on IL as 

dissolution medium led to better results than a procedure using a mixture of dimethylacetamide 

and LiCl, from which some phase separation was observed due to weak interaction between 

cellulose and the nanoparticles of hydroxyapatite.  The same research group also prepared 

microporous or nanoporous cellulose composites with dispersion of hydroxyapatite or 

nanoparticles of silica (SiO2) in cellulose solutions.59   

1.5.4 Cellulose/polymer blends 

Polymer blending is a common technique which allows the generation of polymeric 

materials with improved properties.  ILs are capable of dissolving other hard-to-dissolve 

polymers besides cellulose and co-dissolving two or more polymers in a single IL provides 

additional opportunities for solution processing of new composites and blends, with the 

cellulose-polyamine composite46 mentioned in Subsection 4.1, but one example.   

Blends of cellulose and polyacrylonitrile (PAN, which is commonly used in fibers as a 

copolymer) were prepared and investigated by our group.47  Various compositions were formed 

by simply dissolving both polymers in [C4mim]Cl followed by reconstitution in a water bath.  

Soft and flexible membranes were obtained, with homogeneous surfaces, as tested by scanning 

electron microscopy (SEM).  Moreover, suppression of the characteristic porous structure of 
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pure PAN was observed, leading to denser, tougher composites even when small amounts of 

cellulose (e.g., cellulose: PAN = 20: 80) were added. 

In a further example from our research portfolio in this particular niche, we have prepared 

such materials as composites of Jeffamine® polymers (polyoxyalkyleneamines, in which primary 

amino groups are attached to the ends of polyether backbones) and polyethyleneimine, laminated 

blends of cellulose and polypropylene.  Although the latter was not soluble in the IL, this fact 

did not preclude the formation of a material with reinforced mechanical properties, using maleic 

anhydride polypropylene as compatibilizer.68  It was found that cellulose not only rendered 

biodegradability to the polypropylene, but also added strength to the composite. 

Linhardt and co-workers48 prepared composite fibers of cellulose and heparin (a polymer 

with anticoagulant properties) by dissolving cellulose in [C4mim]Cl and heparin in 

1-ethyl-3-methylimidazolium benzoate, combining the two solutions and using electrospray to 

prepare fibers which were then washed with ethanol.  The resulting composite fibers showed 

anticoagulant behavior, thus proving that heparin retains its bioactivity within the composite.  

Using the same ILs, Linhardt’s group also developed cellulose-heparin-charcoal composites for 

drug detoxification.63   

Murakami et al.53 mixed cellulose with two ILs, one of them acting as solvent and the other 

being polymerizable (containing an acrylate group) followed by polymerization in situ.  

Elemental analysis and IR spectroscopy confirmed that the isolated product was a composite of 

cellulose and the polymerized IL.  Thermal analyses showed the compatibility of both polymers 

in the composite. 

Recently, composites in which all the polymers are natural biopolymers have been formed, 

for example Wu et al. reported films of cellulose blended with starch and lignin, using [Amim]Cl 
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as solvent.65  These reports have highlighted that ILs not only can dissolve cellulose, but also 

many other biomacromolecules, as discussed below. 

1.5.5 Hydrolysis of cellulose 

One consequence of true dissolution and re-precipitation of cellulose is that an essentially 

amorphous form of cellulose is readily available, either in solution or in the solid state.  Such an 

amorphous cellulose exhibits greater accessibility of the polysaccharide chains, and thus more 

facile hydrolysis is possible than with untreated native cellulose.69  For example, Li and Zhao 

reported cellulose hydrolysis in [C4mim]Cl with mineral acids as catalyst and up to 44% glucose 

yield and 77% total reducing sugars were achieved.69d  Amarasekara and Owereh reported the 

use of Brønsted acidic ILs to dissolve and hydrolyze cellulose under mild conditions,69e where 

the ILs act as both the solvent and catalyst.   

Recently, hydrolysis of lignocellulosic materials such as corn stalks, rice straw, bagasse, 

pine wood, and spruce wood has been reported either after IL pretreatment,69-71 or directly in IL 

solution.72  Lee et al. used [C2mim][OAc] as a pretreatment solvent to extract lignin from 

wood.70  The cellulose in the pretreated wood flour becomes far less crystalline without 

undergoing solubilization using the selected conditions (80 °C, 24 h), and over 90% of the 

cellulose can be hydrolyzed by cellulose enzymes.   

Argyropoulos and co-workers evaluated different factors such as wood density, 

pulverization intensity, and the regeneration solvent, on wood dissolution and regeneration using 

[Amim]Cl as the solvent.71  The regenerated wood was further submitted to enzymatic 

hydrolysis to test the pretreatment efficiency.  They found that a high wood density decreased 

the pretreatment efficiency, and an extended pulverization time (ball milling) decreased the yield 

of the regenerated wood, but facilitated the hydrolysis with more glucose being released. 
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In addition to monosaccharides, 5-hydroxymethylfurfural (HMF) and furfural are potential 

intermediates for the production of fuels and chemicals from biorenewables.  Metal catalyst/IL 

systems have been found to be efficient in converting cellulose to HMF (Scheme 1).73  Zhao et 

al. used metal halides as catalysts, among which CrCl2 was found to be the most effective, to 

convert glucose to HMF with a yield up to 70%.73a  Raines’s group developed a direct process 

to produce HMF from cellulose or corn stover by using CrCl2 and HCl as catalysts in [C2mim]Cl 

or dimethylacetamide-LiCl/[C2mim]Cl.73e  An HMF yield of 54%Was achieved from cellulose 

in 2 h at 140 °C.  

 

Scheme 1.1  Route for production of 5-hydroxymethylfurfural from biomass in an IL (adapted 
from ref. 73c). 

1.6 Beyond cellulose: other biomacromolecules  

Following the discovery of dissolution of cellulose in ILs, investigation on the ability of 

these neoteric solvents for dissolving other biomacromolecules was carried out.  Phillips et al. 

reported the dissolution of silk fibroin,74 and other reports have also described the efficient 

dissolution of starch, zein protein, lignin, chitin, chitosan, wool keratin, etc. (Table 3).75  For 

example, chitin, a linear amino polysaccharide found in the outer skeleton of arthropods, was 
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found to be dissolved in Cl- or [OAc]- ILs with solubility of up to 10%With oil bath heating at 

110 °C.75a,e  As mentioned in Section 2, we have been able to dissolve pure chitin, practical 

grade chitin, and even shrimp shells in [C2mim][OAc], and the solubility is dependent on the 

chitin sources.  Chitin with high purity and high molecular weight can be extracted from shrimp 

shells in one step by ILs, compared to the multi-step industry practice; and chitin fibers could be 

prepared directly from the shrimp shell/IL solution.19  Pu et al. reported that up to 20%Lignin 

could be dissolved in selected ILs.75d  The solubility of lignin was found to also be mainly 

controlled by the anions, and the order of solubility in [C4mim]+ ILs was: [CH3SO4]
- > Cl- ~ 

Br- >>> [PF6]
-.  

Table 1.3  Summary of selected results for IL dissolution of biopolymers other than cellulose. 

IL Biopolymers Method Solubility Reference 
[C2mim]Cl 
[C4mim]Cl 

silk fibroin 100 oC 23.3% 
13.2% 

74 

[C4mim]Cl 
[Amim]Cl 

wool keratin 130 oC, 10 h 11% 
8% 

75a 

[C4mim]Cl starch 80 oC 15% 75b 
[C4mim]Cl zein protein 80 oC 15% 75b 
[C4mim]Cl chitin 110 oC, 5 h 10% 75c 
[C4mim]Cl chitosan 110 oC, 5 h 10% a 75c 

[C4mim]OAc chitin 110 oC 7% 75e 
[C2mim]OAc chitin 100 oC, 19 h 20%b 19 

[C6mim][CF3SO3], 
[C1mim][CH3SO4]  

lignin 50 oC 275 g/L 
344 g/L 

75d 

[C4mim][BF4] konjac 
glucomannan 

50 oC 0.336 g/L 75f 

aPartial dissolution., b Pure chitin. 

As a natural evolution, the discovery of the dissolution of biopolymers was followed by the 

corresponding homogeneous modification of the polymers and development of advanced 

biomaterials, analogous to the case of cellulose.  Biswas et al., for instance, reported the 

acylation of starch and zein protein in [C4mim]Cl and 1-butyl-3-methylimidazolium 
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dicyanamide,75b while Mumalo-Djokic et al. described the preparation of starch-ZnO composites 

along with the cellulose-ZnO materials already mentioned.67 

The modification of biopolymers in IL solution continues to be a major field of scientific 

endeavor; however this is not the focus of the work we discuss in this report and we will not be 

reviewing the many excellent contributions here.  Instead, our attention turned from utilization 

of the pure natural biopolymers to how we could obtain these biopolymers from natural sources. 

1.7 Can ionic liquids dissolve wood? 

Since ILs can dissolve carbohydrates as well as lignin, we, in collaboration with Professors 

Patrick and Guillermo Moyna, asked the question ‘Can ionic liquids dissolve wood?’.  As a 

paradigmatic example of lignocellulosic biomass, wood is mainly composed of three 

biopolymers: cellulose, hemicellulose and lignin; along with small amounts of pectin, protein, 

extractives, and ash.  Their relative proportions vary depending on the wood source, but 

typically they consist of 40-50%Cellulose in dry weight, 20-40% hemicellulose, whereas the 

lignin content can be 18-25% in hardwood and 25-35% in softwood, as shown in Figure 3.76  

Hemicellulose is a branched heteropolymer, consisting of different sugar monomers including 

glucose, xylose, mannose, galactose, etc., with 500-3000 sugar units per molecule.77  Lignin is 

relatively hydrophobic and aromatic in nature, but lacks a defined primary structure, with 

softwood lignin being mainly composed of guaiacyl units and hardwood lignin being composed 

of both guaiacyl and syringyl units.78 
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Figure 1.3  General composition of wood. 

The clean fractionation of the major biomass biopolymers represents a grand challenge to 

the successful implementation of a ‘carbohydrate economy’.10  If the biopolymers could be 

cleanly and easily separated from any lignocellulosic biomass source, they could serve as ready 

feedstock for not only polymeric composite materials as discussed above, but also for base 

chemicals and fuels that are now obtained primarily from oil.  The true biorefinery would not 

be based on production of only a fuel, but a rich, near limitless variety of chemicals (Figure 1.4). 
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Figure 1.4  Possible applications of the three major components from lignocellulosic biomass. 

The fractionation of biomass, however, is not easy.  Covalent bonds between lignin and 

carbohydrate hold them together in a firmly cross-linked network, precluding their undegraded 

recovery from direct dissolution or fractionation of wood in conventional solvents.  Thus, 

various pretreatment methods have been developed to open the compact structure and make 

separations or conversions easier, including methods that are physical (pulverization, irradiation), 

chemical (alkali, acid, organosolv, ammonia explosion), physicochemical (steam explosion, CO2 

explosion, wet oxidation), biological (enzymolysis), electrical, or some combinations of these.79  

As mentioned in section 1, extreme conditions involving strong acids or bases, high temperatures, 

and high pressures are typically used at the expense of fragmentation of the components; and 

each such process has to be tailored to the specific source of lignocellulosic biomass.80 

Interestingly, even a similar IL approach to traditional pulping was taken by MacFarlane’s 

group that demonstrated that lignin could be removed from lignocellulosic biomass.  They used 
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an IL with 1-ethyl-3-methylimidazolium as cation and a mixture of alkylbenzenesulfonates and 

xylenesulfonate as anions, to extract lignin from bagasse (the residue left after sugarcane 

processing).81  The lignin was separated from the cellulose pulp by washing the solution with 

aqueous NaOH, and then precipitation of the lignin was obtained by adjustment of the pH to 2.  

After neutralization with more NaOH, removal of water and washing with acetonitrile, the IL 

could be recycled. 

It is important to note that conventional pulping techniques are primarily focused on 

maximizing the cellulose yield, while the lignin is usually degraded during delignification 

processes or used as a source of fuel for subsequent processing steps, often at very low 

efficiency.82  The hemicellulose can usually be separated from cellulose, after delignification, 

by aqueous alkali solutions, but these involve partial degradation of the hemicelluloses as well.  

Conventional pulping processes for lignocellulosic biomass have simply never been optimized to 

recover the other major biopolymers besides cellulose, and new technologies are needed to 

recover these in undegraded form for further processing in a biorefinery. 

1.7.1 Wood dissolution in ILs 

In 2006, Professors Patrick and Guillermo Moyna and our research group demonstrated that 

the IL [C4mim]Cl could indeed dissolve cellulose and lignin from different sources of wood with 

varying hardness.83  Partial dissolution of the wood chips was obtained with 5%Wood mixing 

with [C4mim]Cl/DMSO (84:16 wt%).  Dissolved cellulosic materials could be reconstituted 

with addition of precipitating solvents such as acetone/water, dichloromethane, or acetonitrile.  

The extracted celluloses showed physical properties (TGA and IR analysis) and processing 

characteristics (thin film preparation) comparable to that of pure cellulose samples subjected to 

the same treatment.  To date, a variety of different types of lignocellulosic biomass have been 
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dissolved in specific ILs.  While wood has been a major focus,84 other renewable feedstocks 

such as cotton or bamboo have also been reported.85   

Recently, we have shown that [C2mim][OAc] is a better solvent for wood than [C4mim]Cl 

under the same operation conditions.84a  Both softwood (southern yellow pine) and hardwood 

(red oak) could be completely dissolved in [C2mim][OAc] after mild grinding.  Partial 

separation was achieved by regeneration in the selected solvent, acetone/water (1:1, v/v).  One 

explanation for the better performance of [C2mim][OAc] compared to [C4mim]Cl is that the 

increased basicity of the acetate anion makes it more efficient at disrupting the inter- and 

intramolecular hydrogen bonding in biopolymers than Cl-.26a  Additionally, the lower viscosity 

and lower melting point of [C2mim][OAc] also facilitate the dissolution and handling of the 

solution, and thus this IL is better from a processing point of view as well.   

In general, a higher dissolution of hardwood in ILs, compared to softwood, is observed 

under the same conditions.84a   This might be explained in the compositional differences 

between both types of wood.  Generally, hardwood is of higher density and hardness than 

softwood; however, softwood contains more lignin which is bonded to hemicellulose resulting in 

a complex and inaccessible structure, and makes the dissolution more difficult.  The major 

components can be recovered, with partial separation, from the IL medium by proper selection 

and sequential addition of reconstitution solvents.  Cellulose-rich material and pure lignin were 

recovered separately with the use of aqueous acetone as reconstitution solvent.  A scheme of the 

procedure is shown in Figure 1.5. 
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Figure 1.5  Flowchart for the process of dissolution and regeneration of wood in the IL 
[C2mim][OAc].85a 

Zavrel et al.84c conducted a systematic comparison of 21 ILs for dissolution kinetics of 

cellulosic biomass using two high-throughput screening systems with microtiter plates.  The 

results indicated that [C2mim][OAc] was the most efficient for cellulose dissolution and 

[Amim]Cl the most effective IL to dissolve wood chips.  The ‘most’ suitable IL can be different 

at different temperatures since other factors such as melting points and viscosities of the ILs 

affect the dissolution.  

Welton and co-workers also investigated the effect of IL anions on the pretreatment of 

wood chips (pine sapwood).84d  ILs with the [C4mim]+ cation and different anions were tested 

for swelling and dissolution of wood chips (10 × 10 × 5 mm3).  The anion basicity described by 
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the Kamlet-Taft parameter β correlated well with the ability to expand and dissolve pine.  ILs 

with β >0.80 swelled the pine chips, followed by a reduction in chip size.  Of the investigated 

ILs, [C4mim][OAc] was identified as the most effective swelling and dissolution agent, in 

agreement with its high β value (1.201).  It was also noted that the β value of an IL is 

significantly affected by moisture, and thus a thorough drying of the IL before use is important.  

The results also suggested that a certain amount of water seems to be necessary to promote lignin 

solubilization in [C4mim]Cl, while this does not seem to be true if the anion is acetate. 

1.7.2 Functionalization of dissolved lignocellulose 

Once in solution, and analogous to what was described above for cellulose, the 

lignocellulosic materials are susceptible to chemical modification in the IL medium under mild 

and homogeneous conditions.  Xie et al. dissolved wood (spruce thermomechanical pulp) in 

chloride ILs, followed by the application of a variety of homogeneous reactions.86  Both 

acylation and carbanilation reactions were carried out, and highly substituted lignocellulosic 

esters were obtained under mild conditions in the presence of an added base such as pyridine in 

some cases.  The resulting wood derivatives completely lacked any fiber characteristics, 

showing a homogeneous porous powdery appearance instead.  The same research group found 

that benzoylation or lauroylation reactions can improve the compatibility between the 

wood-based lignocellulosic materials and conventional synthetic polymers such as polystyrene 

and polypropylene.86b  The corresponding thermoplastic wood composites were readily 

extruded into filaments or sheets. 

1.8 Conclusions 

The dissolution of cellulose in ILs effectively stimulated the burgeoning of active research 

towards the better utilization of cellulose and biomass.  A series of concurrent advantages of an 
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IL processing can be highlighted.  For example, the simple dissolution of cellulose in ILs 

enables its easy derivatization under homogeneous conditions, as well as simple 

dissolution-and-regeneration strategies for the development of advanced materials.  Different 

routes for the conversion of cellulosic biomass into sugars in IL solution have been developed, 

which will eventually allow the production of other valuable products.  Direct dissolution of 

lignocellulosic biomass, with separation of its major components, opens a door to an integral 

usage of the feedstock, including the direct use of the resulting biopolymers in their polymeric 

nature.  The direct dissolution and ready separation of the constitutive biopolymers will help to 

overcome the variations between biomass sources, since the unique biopolymers will become the 

true feedstocks for further processing and products.  Pretreated cellulose or wood increases the 

access of enzymes or chemicals to react with cellulose.  Homogenous dispersion and 

amorphous forms of the biopolymers allow more ready chemical derivatization or 

depolymerization into other chemicals.  A wider spectrum of products is obtainable under the 

framework of the biorefinery concept than just ethanol! 

The explosion of interest and rapid increase in the number of publications on the use of ILs 

for the dissolution and treatment of cellulose and lignocellulosic feedstock can be taken as a 

good indicator of the promising future of ILs in this area.  Upcoming research is expected to 

further contribute towards the fulfillment of the biorefinery concept, which may constitute the 

basis of a sustainable chemical industry based on biorenewable resources and environmentally 

friendly processing.  However, the current biorefinery cycle focuses on cellulose (with a strong 

emphasis on the subsequent generation, through hydrolysis and fermentation, of ethanol as 

transportation fuel) as the only active participant, while neglecting the potential of hemicellulose 

and lignin.  The IL dissolution strategy has been shown to separate and recover, at least 
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partially, each of these fractions.  Thus, a broader range of value-added products and chemicals 

can be obtained.   

Moreover, the complete dissolution of biomass in the IL improves access to the 

lignocellulosic bonds between polymers, and consequently facilitates their potential cleavage.  

We have recently studied polyoxometalates as catalysts for the selective cleavage of 

lignin-carbohydrate bonds.  The results, submitted for publication, demonstrate that POMs 

enhance wood dissolution while decreasing the lignin content of the reconstituted pulp.87  The 

use of POM does lead to additional degradation of the lignin and lower lignin recoveries, 

however, the cellulose-rich pulp is comparable to that obtained by kraft pulping processes. 
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1.10 Summary of the chapters 

The dissolution of cellulose in ILs effectively stimulated the burgeoning of active research 

towards the better utilization of cellulose and biomass.  The simple dissolution of cellulose in 

ILs enables its easy derivatization under homogeneous conditions, as well as simple 

dissolution-and-regeneration strategies for the development of advanced materials.  ILs offer 

tremendous possibilities as the basis for the constitution of a revolutionary technological 
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platform for the development of a sustainable industry of chemicals and advanced materials.  

This dissertation describes efforts in the application of IL technology to cellulosic biomass in 

both fundamental research and applications.   

Chapter 2 is an example of the application of the previous developed technology: cellulose 

dissolution in ILs.  An additive, magnetite, was incorporated in the cellulose/IL solution and 

regenerated together with cellulose.  Thus, advanced materials with desired properties were 

prepared using conventional forming methods.   

Cellulose originates from lignocellulosic biomass.  As a step further, we tested the 

dissolution behavior of raw biomass in ILs which led to the work in Chapter 3.  Both softwood 

and hardwood were dissolved in the selected ILs and variables such as wood species, particle 

sizes, type of ILs, pretreatments were evaluated.  Reconstitution of the dissolved wood from 

acetone/water (1:1 v/v) yielded a regenerated material proportionally richer in carbohydrates 

than the original wood, and lignin in free form with a similar structure to Indulin AT (lignin 

isolated from the kraft process).  Thus, partial separation of the wood components becomes 

possible with relative efficiency, without using toxic chemicals, and without little or any 

degradation of the natural polymers.   

The incomplete separation of the biopolymers was due to the covalent bonds between lignin 

and carbohydrates.  In Chapter 4, we sought to use polyoxometalate (POM) catalysts to 

selectively break the lignocellulosic bond, leading to better separation.  It was shown that 

POMs can enhance the wood dissolution in ILs and increase the separation of the wood 

components in the IL.  Moreover, POM could be reoxidized to its original form under milder 

conditions in [C2mim]OAc and recycled together with the IL with only moderate loss of activity.   
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In Chapter 5, the biomass dissolution and separation was further improved by using 

elevated dissolution temperatures (above the glass transition temperature of lignin, 130-150 oC).  

The temperature and dissolution time were optimized for wood and bagasse providing more 

efficient dissolution and greater yields of the recovered biopolymers.  Biomass composite fibers 

were prepared directly from the biomass/IL solution.   

Thus, a biomass processing platform has been established using IL as the primary solvent.  

Chapter 6 summarized the major contribution and the impact of the work.  The prospect and 

future directions of the field were also discussed.   
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CHAPTER 2 

MAGNETITE EMBEDDED CELLULOSE FIBERS PREPARED FROM  
IONIC LIQUIDS 

 
Taken in part from a published manuscript: N. Sun, R. P. Swatloski, M. L. Maxim, M. Rahman, 
A. G. Harland, A. Haque, S. K. Spear, D. T. Daly and R. D. Rogers, J. Mater. Chem., 2008, 18, 
283-290.   

Acknowledgment: A. G. Harland (The University of Alabama, Tuscaloosa, AL) collected data 
on the tensile strength of the fibers. 

2.1 Introduction 

As the primary component of green plants, cellulose is the most abundant biorenewable 

material with many important commercial applications.1  However, the potential of cellulosic 

materials has not been fully exploited because cellulose cannot be dissolved in conventional 

solvents due to strong inter- and intra-molecular hydrogen bonding.2  The Viscose process, 

invented over 100 years ago, is currently the most popular technique for making cellulose fibers, 

however, this process involves the use of hazardous chemicals such as alkali and carbon 

disulfide, and liberates the toxic gas hydrogen sulfide.3,4   

The more recently developed Lyocell process uses N-methylmorpholine-N-oxide (NMMO) 

to directly dissolve cellulose from biomass, and is reported to have higher efficiency compared 

to other process.5  The Lyocell process embodies significant engineering challenges with regard 

to solvent stability, safety, and recovery.3  During this process, considerable amounts of 

byproducts are formed in the system which can cause detrimental effects such as degradation of 
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cellulose, discoloration of the resulting fibers, decreased product performance, pronounced 

decomposition of NMMO, or increased consumption of stabilizers.5   

We,6-10 and others,11-14 have shown that a certain class of ionic liquids (ILs, salts which 

melt below 100 oC) can dissolve cellulose efficiently without any pretreatment and that the 

cellulose can easily be coagulated from the ILs in different forms (e.g., fibers, membranes, 

beads, flocs, etc.) using conventional extrusion spinning or forming techniques.  Moreover, 

additives can be introduced into the IL-cellulose solutions, either dissolved or suspended, prior to 

reconstitution, leading to formation of cellulose composites with new properties.15-20  In this 

way, functionality can be imparted to the cellulose fibers/membranes, increasing the 

attractiveness and utility of related materials.   

Magnetite (Fe3O4) is one of the most widely used magnetic pigments in the production of 

magnetic recording and information storage media.  Composites of cellulose and magnetite in 

the form of magnetic papers and fibers have been used for applications such as security paper, 

health-care products, magnetic filters, and electromagnetic shielding.21,22  Current procedures 

for the preparation of magnetic cellulose fibers include coating,23 lumen loading,24-,26 in situ 

synthesis of ferrite within a cellulose matrix,27 and dispersion in cellulose solutions.28  We have 

previously reported the preparation and brief characterization of magnetically responsive 

cellulose-magnetite composites in the form of flocs using IL-based solutions.29  Here we 

demonstrate that IL solutions of cellulose containing suspended magnetite particles can be used 

in a dry-jet wet spinning process to prepare magnetite-embedded cellulose fibers by coagulation 

into an aqueous bath.  The morphology, physical, and mechanical properties of these fibers as a 

function of cellulose source and magnetite loading are discussed and compared to fibers spun 

without magnetite. 
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2.2 Experimental 

2.2.1 Materials 

Microcrystalline cellulose (MCC) with a degree of polymerization (DP, a statistical number 

of repeating units in the polymer chain) of 270 and magnetite powder (≤ 5 μm) were purchased 

from Aldrich (Milwaukee, WI).  Pulp sheets (DP = 487 and 1056) were obtained from 

International Paper (Natchez, MS).  Peach pulp (DP = 687), with high hemicellulose content 

(approximately 14%), was obtained from Weyerhaeuser (Oglethorpe, GA).  

1-ethyl-3-methylimidazolium chloride ([C2mim]Cl) was provided by BASF (Florham Park, NJ).  

All pulps and the IL were used as received.  Deionized water was obtained from a commercial 

deionizer (Culligan, Northbrook, IL) with specific resistivity of 17.25 M-cm at 25 oC. 

2.2.2 Preparation of cellulose fibers 

Preparation of spinning dope.  For each trial, approximately 10 g of [C2mim]Cl was 

placed in a glass vial and melted in an oven at 90 ºC.  Pulp sheets were torn into pieces and then 

ground into powder using a laboratory mill prior to dissolution.  MCC and Peach Pulp were 

used as received.  Enough cellulose was placed in each vial to prepare cellulose solutions of the 

following total compositions: 11.5 wt% for MCC (DP = 270), 8.7 wt% for Pulp 1 (DP = 487), 

4.3 wt% for Pulp 2 (DP = 1056) and 3.8 wt% for Peach Pulp (DP = 687).  Dissolution was 

achieved using domestic microwave heating with 2-3 sec pulses, total heating time 1.5 min, and 

vigorous stirring between each pulse.  [CAUTION: Care must be taken not to overheat the IL 

solution which may cause degradation and burning of the cellulose.]  The solutions were 

centrifuged to ensure complete dissolution of cellulose or to allow separation of any undissolved 

residue.  The solutions were highly viscous upon cooling and were, therefore, stored in an oven 
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at 80±5 ºC to maintain lower viscosity and avoid crystallization.  Temperatures higher than 

80±5 ºC were not used to avoid degradation of the cellulose.  

Weighed amounts of magnetite were added to the solutions and stirred mechanically to get 

homogeneous dispersions with final compositions of 10, 20, or 30 wt% of magnetite relative to 

the cellulose mass.  The vials were then placed back into the oven at 80±5 oC and stirred at 

regular intervals. 

Dry-jet wet spinning process.  Scheme 2.1 provides an overview of the dry-jet wet 

spinning process by which the cellulose fibers were prepared.  Individual solutions were poured 

into the syringe (A: 10 mL syringe with inside tip diameter of 2 mm).  The syringe was placed 

upright in the oven at 80±5 ºC for 30 min to allow any entrapped air bubbles to escape.  The 

syringe was then attached to the pump (B) with a temperature controller (T = 70 oC).  The 

IL/cellulose solutions were extruded into a 0.6 m long water bath (C) after a 5 cm air gap, and 

the regenerated cellulose filament was led through the first two steps of the godet (D), and then 

wound onto the take-up spool (E).  Compared to wet spinning (jet submerged in bath), the 

dry-jet wet spinning method allows the solution to be kept at higher temperature and the air gap 

permits the extruded solution to be more fully stretched and develop a higher degree of 

molecular orientation.   

Deionized water was used as the regeneration solvent since the IL is water-soluble, while 

alpha cellulose typically contains less than 0.2%Water-soluble matter.1  The fibers were further 

washed by soaking in DI water overnight on the uptake reel then allowed to air dry.  The 

spinning conditions were chosen based on previous studies9,30 and are shown in the caption of 

Scheme 2.1. 
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Scheme 2.1  Operating conditions of cellulose fiber extrusion set up.  A. Syringe: contains 
IL/cellulose solution and a temperature control tape (70 ºC).  B. Syringe pump: controls rate of 
extrusion (0.3 mL/min).  C. Coagulation bath: composed of DI water at room temperature.  D. 
Godets: draw and stretch cellulose to impart order/strength (6.1 V, 20 rpm).  E. Spool: takes up 
the fiber and continues to draw the fiber (3.2 V, 1.44 m/s). 

2.2.3 Characterization of fibers 

13C NMR for MCC and peach pulp solution.  Cellulose samples in 

[C2mim]Cl/DMSO-d6 were prepared by adding 5%Cellulose and 15% DMSO-d6 (wt/wt) to the 

IL.  13C NMR spectra were collected at 90 ºC on a Bruker AVANCE 500 NMR spectrometer 

equipped with a 5 mm BBO probe operating at a 13C frequency of 125.76 MHz.  A total of 

20,000 scans were collected and spectra were processed with a 10 Hz line-broadening factor. 

Scanning electron microscopy (SEM).  SEM images were taken at 400 or 1000x 

magnification using a Philips XL30 SEM instrument operated at 10 kV accelerating voltage.  

Prior to imaging, the fibers were sputter-coated with gold thereby making the fibers conductive 

thus avoiding charging and degradation of the specimen.   

Powder X-ray diffraction (PXRD).  PXRD analyses of original and regenerated cellulose 

samples were performed using a Rigaku D/MAX-2BX horizontal X-ray diffractometer at room 

temperature equipped with Cu-Kα radiation (λ = 1.5418 Å).  The sampling ranges (2θ) were 
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5.00-30.00o for plain cellulose and 5.00-40.00º for magnetite-embedded fibers.  Both were 

conducted in step mode with a step of 0.01º and a rate of 1º/min.   

Thermogravimetric analysis (TGA).  Thermal stability of the original cellulose sources 

and the cellulose fibers were determined using a 2950 Thermogravimetric Analyzer from TA 

Instruments (New Castle, DE).  Fibers were freeze dried and ground into powder using mortar 

and pestle.  Then approximately 10 mg of the samples were loaded into a platinum pan and 

subjected to a 5 oC/min temperature ramp over a range of room temperature up to 600 oC.  The 

chamber was continuously purged with air during the analyses. 

Magnetic properties.  The magnetic properties of the materials were tested using a 2900 

MicroMag Alternating Gradient Magnetometer from Princeton Measurements (Princeton, NJ) at 

room temperature.  The apparatus was calibrated using nickel foil with a saturation 

magnetization of 2144 μemu.  Approximately 2 mg of fiber sample was cut and attached to a 

thin flat glass probe with grease and subjected to magnetic field of up to 5000 Oe. 

Tensile testing.  Test samples of 10 cm long fiber were cut from individual take-up spools.  

At least three samples were tested in each category.  These test samples of uniform cross 

section were screened from a group of ten samples.  The average diameter of each individual 

fiber was calculated from the measurements at five different sections of the fiber.  A gauge 

length of 5 cm was employed for the measurements.  The tensile properties of the fibers were 

determined using a MTS Q-Test 25 machine attached with a specially designed pneumatic grip 

suitable for thin and flexible fiber testing.  A load cell of 5 lb capacity was used for load 

measurement.  The cross head speed was maintained at 0.05 in/min and the test data in terms of 

stress and strain were obtained using a data acquisition system. 
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2.3 Results and discussion 

The IL, [C2mim]Cl, was chosen for this study over the previously studied [C4mim]Cl 

because it has lower viscosity31 and lower toxicity due to shorter alkyl chain length.32,33  

Optimization of the specific IL to be used in any commercialized process is still in progress and 

BASF has recently commercialized solutions of cellulose in the IL 1-ethyl-3-methylimidazolium 

acetate ([C2mim]OAc).34  The acetate IL has been reported to have low toxicity and a melting 

point below room temperature, both of which would facilitate commercialization.35 

It is known that the viscosity of a solution of cellulose is related to the DP number of the 

cellulose polymer and this is true also in IL solutions of cellulose.  In [C2mim]Cl, cellulose 

samples with higher DP values exhibited higher viscosities in solutions even at relatively low 

concentrations.  Since viscosity is related to the cellulose concentration and DP number, a 

minimum cellulose concentration needed for dry-jet wet spinning of continuous fibers had to be 

determined for each cellulose source evaluated, and thus the concentrations of each type of 

cellulose were increased gradually until continuous fibers (Figure 2.1) could be pulled.  The 

minimum solution concentration at which continuous fibers could be pulled under the chosen 

experimental conditions were 11.5 wt% for MCC (DP = 270), 8.7 wt% for Pulp 1 (DP = 487), 

4.3 wt% for Pulp 2 (DP = 1056), and 3.8 wt% for Peach Pulp (DP = 687).   
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                     A                         B 

Figure 2.1  A: Cellulose fiber, B: Magnetite-embedded cellulose fiber 

The above observations appear to confirm the usual observation that higher DPs (hence 

higher molecular weights) offer more continuity during an extrusion process,36 however, the 

Peach Pulp reportedly had a DP of 687, yet behaved as if it had a higher DP.  A 13C NMR 

investigation of Peach Pulp dissolved in the IL compared to MCC dissolved in the same IL 

(Figure 2.2) revealed that Peach Pulp included hemicellulose (branched oligomers which form 

hydrogen bonds with cellulose37) content with extra peaks at 101 ppm and 62 ppm.38  This 

confirmed the reported analysis of Peach Pulp as containing around 14% hemicellulose. 
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Figure 2.2  13C NMR spectra of MCC (bottom) and Peach Pulp (top) in [C2mim]Cl/DMSO-d6. 

2.3.1 Analysis of cellulose fibers without magnetite 

Surface texture.  The cellulose fibers obtained without magnetite were off-white in color 

and surface roughness varied for different cellulose sources (Figure 2.3).  The differences in 

surface texture appeared to be directly related to total cellulose concentration, where higher 

concentrations of cellulose resulted in smoother surfaces.  The wrinkles which appeared in 

fibers extruded from lower cellulose concentrations (but higher DP) are presumably from uneven 

diffusion and distribution of the IL as it was washed out. 
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Figure 2.3  SEM images of plain cellulose fibers spun from IL solutions of (a) 11.5 wt% MCC, 
(b) 8.7 wt% Pulp 1, (c) 4.3 wt% Pulp 2, and (d) 3.8 wt% Peach Pulp. 

 

Figure 2.4  Diffractograms of MCC (black solid), Pulp 2 (dash), and Peach Pulp (gray) before 
(left) and after regeneration as fibers (right).  
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Crystallite alignment.  The crystallite alignment of the fibers was examined by PXRD.  

It is reported that the diffraction peaks or peak clusters at about 14.7, 16.4, and 22.5o (2θ) are 

from cellulose I, and 12.1, 20.0, and 21.7o from cellulose II.39  All of the cellulose sources 

studied here were cellulose I prior to dissolution (Figure 2.4 left).  The first two peaks (partially 

overlapped) at ca. 14-16o correspond to the (110), and (1


1 0) planes, respectively, and the third 

peak at ca. 22o correspond to the (020) plane of cellulose I.27   

After extrusion (Figure 2.4 right), the first two peaks were resolved and had sharp and 

intensive appearance for all fibers, presumably due to larger crystallites formed during the 

spinning process. 40   Even though cellulose tends to re-crystallize into a more 

thermodynamically stable form (cellulose II) when regenerated from conventional solvents41 or 

in some reported cases from IL,11,29 the fibers reconstituted here from IL appear to retain the 

cellulose I structure based on the position of the first two peaks.   

There was a noticeable shift of the third peak from 22.3o to 25.6o after regeneration for all the 

samples.  This may be a result of the trapped IL and/or contraction of the cellulose unit cell in 

the (020) direction.  However, the effect of IL on crystallization of regenerated cellulose fibers 

is currently unknown and under active investigations. 

Thermal stability.  Thermogravimetric analyses results are shown in Figure 2.5.  The 

hydrophilic cellulose is known to release unbound water during heating,42 and all samples 

studied showed up to 5%Weight loss at early stages of heating.  For the regenerated fibers 

(Figure 2.5 right), the early weight loss was relatively higher indicating absorbed water from the 

regeneration bath.  Both original cellulose (Figure 2.5 left) and spun fibers showed a steep 

decomposition onset around 300 oC due to reaction of anhydrocellulose and oxygen as 

previously observed,6 and were completely decomposed between 450 and 500 oC, indicating no 
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chemical modification during the regeneration process.  The fibers showed a two-step 

decomposition likely due to the larger particles for ground fibers when compared to the original 

cellulose powders, resulting in a smaller surface area compared to similar weights of the original 

powdered samples (making it difficult for O2 to get into the char and resulting in slower 

decomposition).  We cannot yet rule out an alternative explanation related to the slightly 

modified crystal structures of the regenerated fibers.   

 

Figure 2.5  Thermal stability in air of MCC (black solid), Pulp 2 (dash), and Peach Pulp (gray) 
before (left) and after regeneration as fibers (right).  

Mechanical properties.  The stress-strain plots for different types of plain cellulose fibers 

under tensile loading are shown in Figure 2.6.  The calculated ultimate stress and failure strain 

data are given in Table 2.1.  These data represent the average value of at least three test samples.  

The stress-strain plots for all the samples showed linearity up to a proportional limit at the initial 

stage.  This stage typically continued up to 1-3.5% strain.  Beyond this point incremental loads 

produced larger increases in elongation mostly due to creep effects.   
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Figure 2.6  Stress-strain curves for plain cellulose fibers spun from solutions of MCC (a), Pulp 
1 (b), Pulp 2 (c), and Peach Pulp (d). 

The average thickness of the regenerated fibers varied from one source to another 

corresponding to the different solution concentrations of cellulose used: 0.15 mm for MCC (11.5 

wt%), 0.14 mm for Pulp 1 (8.7 wt%), 0.07 mm for both Pulp 2 (4.3 wt%) and Peach Pulp (3.8 

wt%).  Cellulose fibers from higher DP sources were found to have higher ultimate stress and 

lower failure strain.  For example, fiber from Pulp 2 had ultimate stress of 217 MPa and failure 

strain of 11.5%, but MCC cellulose fiber showed ultimate stress of 129 MPa and failure strain of 

24%.   
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Table 2.1  Mechanical properties of cellulose fibersa 

Cellulose 
[Fe3O4]  
(wt% to 

Cellulose) 
Ultimate Stress (MPa) Δ stress (%) 

Failure Strain 
(%) 

Δ Strainb 
(%) 

MCC 
(DP = 270) 

0 129(17) 0 24(3) 0 

 10 82(11) -37 12(3) -50 

 20 71(13) -46 11(2) -54 

 30 59(7) -55 9(2) -62 

 50 53(7) -59 6(1) -74 

Pulp 1 
(DP = 487) 

0 182(17) 0 22(5) 0 

 10 159(14) -13 17(2) -23 

 20 126(12) -31 12(2) -45 

 30 101(6) -45 9(2) -59 

Pulp 2 
(DP = 1056) 

0 217(17) 0 13(0) 0 

 10 115(16) -47 9(1) -32 

 20 112(5) -49 5(0) -62 

Peach Pulpc 

(DP = 687) 
0 375(10) 0 23(3) 0 

 10 312(6) -17 14(2) -39 

 20 204(3) -45 11(1) -54 

30 168(20) -55 8(0) -64 
a Numbers in parenthesis denote standard deviation of three or more readings. b ΔStress/strain = 
[(stress/strain of magnetic fiber)-( stress/strain of plain fiber)]/(stress/strain of plain fiber).   
c Known to contain hemicellulose. 

 
Despite having a lower DP, fibers made from Peach Pulp had higher ultimate stress and 

failure strain than fibers from Pulp 2, apparently a result of the presence of hemicellulose which 

can aid the bonding of fibers.37  Under the current processing conditions, the IL-processed 

fibers were weaker than rayon with similar DP.  (Regular rayon with DP 300-600 has a strain of 

20-30% and stress 290-350 MPa corresponding to 2.2-2.5 g/denier with specific gravity 1.5 

mg/mm3).43  However, the IL-process has not been optimized for each cellulose source material.  

The strength, for example, could be increased by increasing the draw ratio and/or optimizing the 

concentrations of cellulose.   
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2.3.2 Analysis of magnetite-embedded cellulose fibers 

Homogeneous dispersion of magnetite in the cellulose solutions with final compositions of 

10, 20, or 30 wt% of magnetite relative to the cellulose mass was prepared and embedded fibers 

were spun using the same conditions as discussed above.  The magnetite fibers were subjected 

to the same tests described earlier.   

Surface texture.  With incorporation of magnetite powder, the fibers were black and the 

surface became rougher with increasing concentration of magnetite (Figure 2.7).  The change in 

surface texture was observable only under the microscope at high magnification.  It was clear 

that a portion of the particles initially suspended in the solution ended up on the surface resulting 

in the roughness. 

 

Figure 2.7  SEM images of magnetite-embedded MCC fibers with 0% (a), 10% (b), 20% (c), 
and 30% (d) Fe3O4 (all compositions relative to cellulose mass). 

Crystallite alignment.  PXRD diffractograms for magnetite-embedded fibers of MCC and 

Peach Pulp are shown in Figure 2.8.  Characteristic magnetite peaks are evident at 29.9o and 

35.2o corresponding to the (220) and (311) plane reflections and remain unchanged after 

processing.27  The cellulose peaks also retained the same positions and shape indicating no 
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chemical reaction or crystallographic changes.  The intensity of the magnetite peaks increased 

with increasing magnetite concentration in the fibers, as expected.  

 
Figure 2.8  Diffractograms of pure magnetite (top, e) and MCC (left) and Peach Pulp (right) 
fibers with 0% (a), 10% (b), 20% (c), and 30% (d) Fe3O4 (all compositions relative to cellulose 
mass).  

Thermal stability.  Thermogravimetric analyses of the magnetite-embedded MCC fibers 

are presented in Figure 2.9.  Initial weight losses due to moisture content were statistically the 

same for all the fiber samples.  All the samples showed the same two-step decomposition in air, 

the first of which appeared around 300 oC and was representative of typical cellulose degradation 

in air.  The second step was more pronounced for the magnetite-embedded fibers, probably a 

result of slower decomposition due to interference of the magnetite particles.   

Higher concentrations of magnetite in the fibers resulted in slower decomposition and 

higher residual weight of the samples studied.  The weight ratios of magnetite used (10, 20 and 

30% of the cellulose mass in solution) correspond to total fiber compositions of 9.1, 16.7, and 

23.1 wt% magnetite, respectively.  These fibers gave residues of ca. 10.7, 17.1, and 24.0% of 
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their initial weights, respectively, at the end of the temperature ramp indicating that almost all of 

the cellulose decomposed during the process.   
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Figure 2.9  TGA curves for MCC fibers with 0% (black solid), 10% (gray), 20% (dash), and 30% 
(dot) Fe3O4 (all compositions relative to cellulose mass). 

Mechanical properties.  The stress-strain plots of MCC and Pulp 1 fibers with different 

percentages of magnetite are shown in Figure 2.10 and the corresponding data are provided in 

Table 2.1.  The data clearly show a decrease in ultimate stress and failure strain for the 

magnetite-embedded cellulose fibers.  The degradation of the ultimate stress and failure strain is 

enhanced with increased amount of the embedded magnetite particles.  The elastic moduli of 

magnetite-embedded MCC fibers are also comparatively less than the plain MCC fibers.  

Although such reduction in elastic moduli was not observed in some of the magnetite-embedded 

fibers (Pulp 1 fibers with 10 and 20% magnetite), the general results of this study shows that 

incorporation of magnetite in cellulose fibers results in a degradation of mechanical properties.  

Such sacrifice in mechanical properties is mostly due to poor adhesion between cellulose and 

magnetite particles resulting in significant stress transfer at the interface region.  Moreover, the 

particle size also plays an important role in composite fiber strengthening mechanisms. 
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Figure 2.10  Stress-strain curves for MCC (left) and Pulp 1 (right) fibers with 0% (black solid), 
10% (gray), 20% (dash), and 30% (dot) Fe3O4 (all compositions relative to cellulose mass).  

Magnetic properties.  The magnetic properties are listed in Table 2.2 and the hysteresis 

loops of the Peach Pulp fibers are shown in Figure 2.11.  Each of the magnetite-embedded 

fibers showed ferrimagnetism.  The remanence (Mr) and saturation magnetization (Ms) 

increased with the increasing magnetite content, while the coercive force value did not show any 

particular trend.  The range of coercivity dispersion suggests the grain size distribution of the 

magnetite particles.  Plain magnetite powder was also characterized and the results were 

consistent with the literature.  Cellulose fibers with higher DPs, in general, showed larger 

values of Mr and Ms for the same magnetite concentrations.  
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Table 2.2  Magnetic properties of magnetite-embedded cellulose fibers 

Cellulose [cellulose] 
(wt%) 

[Fe3O4]
a 

(wt% to cellulose ) 
Hc 

(Oe) 
Mr 

(emu/g) 
Ms 

(emu/g) 

MCC 11.5 10 140.7 0.528 3.66 

20 144.1 0.650 5.69 

30 130.5 1.648 11.4 

Pulp 1 8.7 10 138.9 0.837 5.49 

  20 135.5 1.451 8.65 

  30 134.9 2.624 15.3 

Pulp 2  4.3 10 140.2 0.857 6.60 

20 137.3 2.145 12.5 

Peach Pulp 3.8 10 132.7 0.967 5.90 

  20 130.3 1.274 7.54 

  30 137.0 3.040 16.7 
aNeat magnetite powder: Hc = 144.5 Oe; Mr = 22.98 emu/g; Ms = 92.5 emu/g. 

 

 

Figure 2.11  Hysteresis loops of pach plp fibers made with 10% (a), 20% (b), and 30% (c) 
Fe3O4 (all compositions relative to cellulose mass).   
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2.4 Conclusions 

A simple method of preparing continuous magnetite-embedded fibers from 

[C2mim]Cl/cellulose solutions has been demonstrated.  Incorporation of magnetite particles into 

the spinning solution renders tunable mechanical and magnetic properties to the fibers.  Under 

the current spinning conditions, different sources of cellulose could be completely dissolved in 

the IL and larger crystallites were obtained during the extrusion process.  Fibers made from 

cellulose with larger DPs showed higher ultimate stress and lower failure strain.  

Magnetite-embedded cellulose fibers showed deterioration in both tensile strength and failure 

strain.  Magnetite particles were compatible with cellulose up to the tested concentrations and 

the thermal properties of the cellulose fibers were not greatly affected by the particles.   
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CHAPTER 3 

COMPLETE DISSOLUTION AND PARTIAL DELIGNIFICATION OF WOOD IN THE 
IONIC LIQUID 1-ETHYL-3 METHYLIMIDAZOLIUM ACETATE 

 
Taken in part from a published manuscript: N. Sun, M. Rahman, Y. Qin, M. L. Maxim, H. 
Rodriguez and R. D. Rogers, Green Chem., 2009, 11, 646-655. 
 

As shown in Chapter 2, cellulose can be readily dissolved in ionic liquids and regenerated using 

traditional forming technology.  The dissolution of cellulose, the major component of wood, in 

ILs prompted us to examine the dissolution of wood in ILs leading to the research in Chapter 3. 

3.1 Introduction 

With the inevitable depletion of petroleum-based resources, there has been an increasing 

worldwide interest in finding alternative resources; particularly from renewable resources 

including biomass.  Recently, there has been a tremendous increase of interest in cellulosic 

biomass for the production of biofuels;1-4 however, we wonder about the wisdom of taking 

Nature’s abundant biopolymers: cellulose, hemicellulose, and lignin, chopping one up to create a 

monomeric fuel (ethanol), and burning the rest.  Even though current ‘biorefinery’ concepts do 

emphasize other value-added chemicals besides fuel, it is typically the cellulose and 
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hemicellulose which are utilized in producing paper, fibers, membranes, and other commodity 

materials and chemicals, while lignin is usually burned for energy.5  It is gratifying to see recent 

research now starting to turn to lignin as a source of chemicals, such as binders, dispersants, and 

emulsifiers, 6  or lignin used in new processes for the synthesis of biopolymers, 7 , 8 

biocomposites,9-11 and biofuels,1 as well as a source of carbon fibers.6  Nonetheless, there still 

seems to be relatively little emphasis on using Nature’s biopolymers as polymers rather than 

feedstock for producing molecular chemical entities. 

One reason for the current biological and chemical approaches being taken to utilize 

biomass is the difficulty in processing lignocellulosic materials and the energy needed for 

separation of the components.12,13  Lignin, a three-dimensional amorphous polymer based on 

methoxylated phenylpropanoid units, is covalently bonded to carbohydrates in the plant, and 

therefore crosslinks to different polysaccharides, conferring mechanical strength to the cell 

wall.14  Dissolution and further separation is difficult because of the complex matrix of 

carbohydrates inside the plant cell walls.   

To date, the over 120 year old kraft pulping process is the most dominant chemical pulping 

process practiced in industrial scale.15  Kraft pulping liquor contains caustic soda and sodium 

sulfide.  Chemicals used in this process are potential pollutants that need to be recovered, 

adding costs to the mill investment.5  Even after pulping, several purification steps are required, 

including bleaching and alkali extraction, to develop cellulose products with the desired 

molecular weight and physical length of the fibers.5  
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New and efficient solvents and process technologies are needed to help unlock the promise 

of lignocellulosic biomass, and in this regard, perhaps the field of ionic liquids (ILs) might 

actually live up to its tremendous potential as a new class of designer solvents.  It has already 

been shown that ionic liquids can dissolve a large number of biomacromolecules, such as 

cellulose, 16 - 18  silk fibroin, 19  lignin, 20  starch and zein protein, 21  chitin/chitosan,22 , 23  wool 

keratin,24 etc., with high efficiency.  Wood dissolution has also been studied in ILs and 

promising results have been obtained, where it has been shown that both hardwood and softwood 

can be dissolved, at least partially, in ILs.25-27  Thus far, the ILs of choice for most of these 

studies have been 1-butyl-3-methylimidazolium chloride ([C4mim]Cl) and 

1-allyl-3-methylimidazolium chloride ([Amim]Cl), but ILs have been recognized as “designer 

solvents”,28 and it is anticipated that even better solvents will be found. 

Dissolution of cellulose, the main component of wood, is based on the disruption of the 

inter- and intramolecular hydrogen bonding of cellulose and the formation of new hydrogen 

bonds between the carbohydrate hydroxyl protons and the anions of the IL.29,30  Thus, by 

changing the basicity of the anion and by not introducing hydrogen bond donors in the cation, 

ILs with different hydrogen bonding basicity can be obtained,31 which should exhibit improved 

solvating power for cellulose.  In addition, the 1-alkyl-3-methylimidazolium chloride ILs 

([Cnmim]Cl, where n is the number of carbons in the alkyl chain) typically used to dissolve 

cellulose are solids at room temperature and the viscosity (after melting) is high.32  Moreover, 

halogen anions may make these ILs corrosive, toxic, and environmentally unfriendly, although 
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they may still be better than caustic or organic solvents.33  It has been shown that lower melting 

points and viscosities can be obtained by substituting the saturated alkyl substituent in the 

imidazolium cation with an alkenyl substituent (e.g., [Amim]Cl);17 but still the problems 

associated with the presence of the halide anion remain in full. 

ILs with carboxylic acid anions or phosphonate anions have been reported to have low 

melting points, low viscosities, and high hydrogen bonding acceptor abilities; all of which should 

facilitate the dissolution of biomacromolecules.34-36  Wu et al. have recently shown higher 

solvating power of 1-butyl-3-methylimidazolium acetate ([C4mim]OAc) for chitin than 

[Amim]Cl or [C4mim]Cl.23  In particular, BASF, one of the pioneers in industrial usage of ILs, 

has turned to 1-ethyl-3-methylimidazolium acetate ([C2mim]OAc) for dissolution of cellulose, 

because of its desirable properties such as low toxicity (LD50 > 2000 mg/kg), low corrosiveness, 

low melting point (< -20 °C), low viscosity (10 mPa·s at 80 °C), and favorable 

biodegradability.37   

Here, we utilize [C2mim]OAc to demonstrate the complete and direct dissolution of wood 

after mild grinding and compare the results with the previously studied [C4mim]Cl.  In addition 

to achieving complete dissolution of wood, the major biopolymer fractions (lignin and 

cellulose/hemicellulose) have been partially separated in one cycle simply by choosing proper 

reconstitution solvents.  The characterization of the reconstituted materials and the major 

parameters which affect the dissolution and dissolution rate are discussed.   
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3.2 Experimental 

3.2.1 Materials 

Softwood (southern yellow pine) and hardwood (red oak) samples were received from 

Seaman Timber Co. (Montevallo, AL) as wood shavings (varied sizes, mostly within 

0.5-1.0 mm).  Microcrystalline cellulose (MCC) with degree of polymerization 270 was 

purchased from Sigma-Aldrich Inc. (Milwaukee, WI).  Indulin AT (lignin from kraft pulping 

process) was provided by MeadWestvaco Corporation (Glen Allen, VA) and used herein as a 

lignin standard.  Xylan (from beechwood) was purchased from Sigma-Aldrich Inc. (St. Louis, 

MO).  The ILs [C2mim]OAc and [C4mim]Cl ( ≥  95 %) were provided by BASF 

(Ludwigshafen, Germany).  Dimethyl sulfoxide (DMSO) (99.9 %) was purchased from 

Sigma-Aldrich (St. Louis, MO).  Deuterated DMSO (DMSO-d6) used for NMR samples was 

purchased from Cambridge Isotope Laboratories, Inc. (Andover, MA).  Deionized water was 

obtained from a commercial deionizer by Culligan (Northbrook, IL) with specific resistivity of 

17.25 M·cm at 25 °C. 

3.2.2 Wood dissolution and regeneration 

Determination of complete dissolution.  Wood chips were ground into powder using an 

electric lab mill (Janke & Kunkel Ika Labortechnik, Wilmington, NC).  The chips were ground 

for 1 min, and powders of different sizes (less than 0.125 mm, 0.125-0.250 mm, and 

0.250-0.500 mm) were separated using a series of Brass sieves and then dried overnight in an 
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oven (Precision Econotherm Laboratory Oven) at 90 C, to avoid influence of the moisture 

content of the wood source in the results. 

In a typical dissolution trial, 0.5 g of wood were added to 10 g of [C2mim]OAc in a 40 mL 

beaker.  The mixture was then placed into an oil bath (white mineral oil, Fisher Scientific, Fair 

Lawn, NJ), and heated on a hot plate (Isotemp®, Fisher Scientific) with vigorous magnetic 

stirring (700 rpm), in the open atmosphere.  The selected temperature for dissolution was 

monitored by a thermometer inside the oil. 

To determine the time for achieving complete dissolution, aliquots of the mixture (ca. 1 mL 

each) were taken with a pipette at different time intervals, diluted with 2 mL of DMSO to lower 

the viscosity without causing precipitation of any dissolved material,25 and placed under a 

microscope (Reichert Stereo Star Zoom 580) at 25x to detect any undissolved particles.  

Complete dissolution time is reported as that for which a homogeneous solution, with no 

undissolved materials, was observed after dilution and centrifugation (Clay Adams® Brand 

DYNAC centrifuge) at 100 × g. 

Evaluation of variables at fixed cooking times.  The effect of the type of IL, wood 

species, initial wood load, and particle size on the dissolution process was analyzed in 

experiments with a fixed time of 16 h (see below for the rationale behind this choice).  After 

treatment, ca. 10 mL of DMSO were added to the mixture to reduce the viscosity, followed by 

vigorous vortexing (Thermolyne, type 37600 mixer) and high speed centrifugation (100 × g) for 

10 min.  The solution was then separated from the settled residue, which was washed with 
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DMSO (3 × 10 mL), to strip any dissolved substances adsorbed or trapped within the solid 

texture.  After that, the residue was further washed with deionized water (3 × 20 mL), dried at 

90 C overnight in the oven, and weighed.  The percent of wood dissolved was calculated 

according to eq. 3.1: 

100
m

m-m
(%) dissolved Wood

ow

resow     (3.1) 

where mow represents the mass of the original wood added, and mres is the mass of the residue 

recovered. 

It must be noted that the washing with DMSO described in the paragraph above does not 

imply further dissolution of wood.25  Although DMSO is a solvent for carbohydrate-free lignin, 

native lignin in wood has a more complex structure with many linkages between the lignin units 

and between lignin and carbohydrates, which prevent it from dissolution in DMSO. 

Pretreatment with microwaves or ultrasound.  The effect of pretreatment with 

microwaves or ultrasound was also investigated.  In each pretreatment experiment, the wood/IL 

mixtures were subjected to either microwave or ultrasound before being placed into the oil bath 

for heating.  For microwave treatment, the mixtures underwent 30, 60, or 100 pulses of 3 s 

each, in a domestic microwave (Sharp R-209KK Carousel), with overhead mechanical stirring in 

between the pulses.  After pretreatment, the mixtures were placed in the oil bath with stirring.  

Ultrasound pretreatment included exposure to irradiation (Fisher Scientific FS30H) at 40 C for 

1 h.  These pretreatments were followed by regular oil bath heating until complete dissolution, 

according to the procedure described above. 
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Regeneration.  For regeneration of the dissolved material, the wood/IL solutions were 

poured into a 300 mL beaker containing 100 mL of acetone/water (1:1 v/v).  The beaker was 

sealed with Parafilm® and the mixture was stirred at room temperature for 1 h.  The precipitated 

cellulose-rich materials were separated from the washing by filtration through a ceramic funnel 

with nylon filter paper on a Büchner flask under soft vacuum, while the lignin was subsequently 

precipitated from the filtrate by evaporating the acetone in air, leaving the IL in the remaining 

aqueous solution.  Repeated washing with acetone/water (to ensure that all the 

carbohydrate-free lignin and IL had been washed out) and subsequent evaporation of the acetone 

in air (for precipitation of the lignin), were performed.  The regenerated lignin was separated 

from the remaining aqueous solution of IL by vacuum filtration, again using a ceramic Büchner 

funnel with nylon filter paper.  More lignin can be obtained by adjusting the pH of the washing 

to 2-3, using concentrated H2SO4 (96.1 %), however, this strategy will pose a problem for the 

further recycling of the IL.  

3.2.3 Characterization of the wood and regenerated materials 

The original wood, regenerated cellulose-rich materials, undissolved residue, Indulin AT 

and precipitated lignin, obtained as described earlier, were characterized by FT-IR using a 

PerkinElmer Spectrum 100 FT-IR spectrometer equipped with an attenuated total reflectance 

(ATR) cell with 4 scans at 2 cm-1 resolution.  The IL, MCC, xylan, Indulin AT, original wood, 

and regenerated cellulose-rich materials were analyzed by NMR using a Bruker Avance 500 

NMR spectrometer equipped with a 5 mm BBO probe.  IL samples were prepared by mixing 
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the IL with DMSO-d6 in the ratio 85:15 (w/w), and the spectra were recorded at room 

temperature.  The wood samples were prepared by adding 15 % (w/w) DMSO-d6 to IL/wood 

solution,25 whereas cellulose and cellulose-rich materials were prepared by dissolving 5 % (w/w) 

MCC (as cellulose standard) or regenerated cellulose-rich materials in [C2mim]OAc/DMSO-d6 

(85:15, w/w) at 90 °C.  These spectra were collected at 70 °C due to the high viscosity (in spite 

of the viscosity modifying effect of DMSO-d6) at room temperature.  To get high resolution 

spectra, a total of 20,000 scans were collected for 13C NMR at 125.76 MHz, and the spectra were 

processed with a 10 Hz line-broadening factor.  1H NMR spectra were collected with 128 scans 

at 500.13 MHz.  Lignin or xylan samples were prepared by dissolving 5 % (w/w) Indulin AT, 

IL-processed lignin, or xylan directly in DMSO-d6 at 90 °C.  Spectra were collected at room 

temperature with 5,000 scans at 125.76 MHz for 13C NMR, and with 128 scans at 500.13 MHz 

for 1H NMR spectra. 

The lignin content for original wood and regenerated cellulose-rich materials was 

determined by TAPPI methods38,39 with a scaled down process.  Approximately 0.1 g of dried 

wood or 0.2 g of regenerated material (pulp) were placed into a 20 mL vial, and 1.5 mL (for 

wood samples) or 4.0 mL (for regenerated materials) of 72 % H2SO4 aqueous solution were 

added.  The mixture was stirred at room temperature for 2 h and then transferred to a 200 mL 

round-bottomed flask, diluted with 56 mL (for wood samples) or 150 mL (for regenerated 

materials) of deionized water, and refluxed for 4 h.  The solution was filtered and dried, and 

acid insoluble lignin was determined gravimetrically.  The filtrate was diluted to 100 mL (for 
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wood samples) or 200 mL (for regenerated materials) with deionized water, and acid soluble 

lignin was calculated from UV absorbance (Cary 3C UV-visible Spectrometer) at 205 nm using 

an extinction coefficient of 110 L/(g·cm).40 

The crystallinity of the cellulose in wood and regenerated cellulose-rich materials was 

monitored by powder X-ray diffraction (PXRD), using a Rigaku D/MAX-2BX horizontal X-ray 

diffractometer equipped with Cu-Kα radiation (λ = 1.5418 Å), at room temperature.  The 

samples were scanned within 5.00-30.00° 2θ in step mode with a step of 0.01° and a rate of 1° 

per minute. 

Changes in morphology before and after IL treatment were analyzed by scanning electron 

microscopy (SEM).  SEM images were taken at 2000x magnification using a Philips XL30 

SEM instrument operated at 5 kV accelerating voltage.  Prior to imaging, the samples were 

sputter-coated with gold to make the fibers conductive, avoiding degradation and build up of 

charge on the specimen. 

3.3 Results and discussion 

3.3.1 Complete dissolution of hardwood and softwood  

The IL [C4mim]Cl has been reported to partially dissolve wood shavings (with a particle 

size of ca. 5 × 5 mm),25 while Kilpeläinen et al. report the complete dissolution of up to 

8 %Wood in both [C4mim]Cl and [Amim]Cl under inert atmosphere, by using wood powder 

after mechanical pulping.26  Mechanical pulping helps to break some of the lignin-carbohydrate 

bonds, but consumes considerable amounts of energy and degrades the biopolymers, since it 
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involves high temperatures and pressures as well as long times.5,41  We wondered if the greater 

basicity of [C2mim]OAc, compared with the aforementioned ILs, could dissolve biomass more 

efficiently, while reducing the mechanical grinding requirements, thus lowering process energy 

demand and getting less degraded biopolymers. 

Temperature is also an important variable to be considered.  In the works reporting wood 

dissolution in ILs, temperatures from 80 to 130 °C have been used.25,26  Higher temperature 

helps dissolution, but at the same time results in more degradation of the cellulose, and indeed, 

the IL.  For the work reported here, we chose a temperature of 110 °C as a compromise, 

between enhanced dissolution and higher energy demand.   

Prior to starting the tests, the stability of [C2mim]OAc under the proposed conditions was 

studied.  1H and 13C NMR spectra were recorded for [C2mim]OAc before and after heating it at 

110 °C for 48 h, and no significant changes were observed, except for some small extra peaks 

observed in a magnified view of the 55-110 ppm window of the 13C NMR spectrum, namely at 

62.7, 83.6, and 86.2 ppm (Figures 3.1-3.3).  Although these peaks might be related to some 

incipient decomposition, their intensity is very low and peak integrations of 1H NMR spectra 

after the 48 h heating period were unaffected. 
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Figure 3.1  1H NMR spectra for original [C2mim]OAc (top) and for [C2mim]OAc heated at 
110 °C for 48 h (bottom). 

ppm (t1) 0.05.010.0
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Figure 3.2  13C NMR spectra for original [C2mim]OAc (top) and for [C2mim]OAc heated at 
110 °C for 48 h (bottom). 

 

 

 

 

Figure 3.3  Magnified view of 13C NMR spectra in the range of 50-110 ppm: original 
[C2mim]OAc (top) and [C2mim]OAc heated at 110 °C for 48 h (bottom).  

ppm (t1) 50100150

 

ppm (t1) 60708090100
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As a final test, before conducting our comparative study, we set out to determine if, given 

enough time, [C2mim]OAc could completely dissolve our representative softwood (southern 

yellow pine) and hardwood (red oak).  When adding 0.5 g of wood powder (with particle size 

smaller than 0.125 mm) to 10 g of [C2mim]OAc, complete dissolution of the wood was observed 

in 46 h for pine and 25 h for oak (see below for additional discussion), although most of the 

added wood (>90 %W/w) was dissolved after only 16 h of heating in both cases.  This is 

indicative of the variability in the rate of dissolution of the biomass, where harder to dissolve 

fractions may be represented by polymers of higher molecular weights or polymers that are more 

strongly inter- or intramolecularly bonded or interacting. 

It should be also noted that increased degradation of both the IL and cellulose was observed 

with longer heating time (Figure 3.4).  We therefore, chose a standard cooking time of 16 h in 

the tests described below to evaluate the affect of various process variables on dissolution. 

 

Figure 3.4  13C NMR spectra of 5 parts of wood (southern yellow pine) in 100 parts of 
[C2mim]OAc after dissolution at 110 °C for 16 h (top) and for 47 h (bottom). 

ppm (t1) 60708090100
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3.3.2 Evaluation of process variables, cooking at 110 °C for 16 h  

Effect of IL.  [C4mim]Cl and [C2mim]OAc were tested for their ability to dissolve both 

hard- and softwood under identical conditions and [C2mim]OAc was shown to be superior.  

Dissolution data, expressed as the weight percentage of added wood dissolved, are shown in 

Table 3.1.  [C4mim]Cl, which has been previously reported as a solvent for wood,25,26 dissolved 

much less than [C2mim]OAc under the same conditions (Table 3.1, Entries 2 and 4 vs. Entries 5 

and 6).  One explanation for this is that, as we expected, the increased basicity of the acetate 

anion makes it more efficient at disrupting the inter- and intramolecular hydrogen bonding in 

biopolymers than Cl- (whose role in the dissolution of at least cellulose has been reported25, 34-36).  

However, the lower viscosity and melting point of [C2mim]OAc also facilitate the dissolution 

and handling of the solution, and thus this IL is better from a process point of view as well. 

Table 3.1  Percentage of dissolved wood relative to the initial wood load (0.5 g) in 10 g IL after 
cooking at 110 °C for 16 h. 

Entry IL Wood Particle size (mm) Dissolution (%)
1 [C2mim]OAc Southern yellow pine 0.500-1.000 92.6 
2 [C2mim]OAc Southern yellow pine 0.250-0.500 93.5 
3 [C2mim]OAc Southern yellow pine 0.125-0.250 98.2 
4 [C2mim]OAc Southern yellow pine < 0.125 98.5 
5 [C4mim]Cl Southern yellow pine 0.250-0.500 26.0 
6 [C4mim]Cl Southern yellow pine < 0.125 52.6 
7 [C2mim]OAc Red oak 0.500-1.000 97.8 
8 [C2mim]OAc Red oak 0.250-0.500 98.5 
9 [C2mim]OAc Red oak 0.125-0.250 99.5 

Kilpeläinen et al. have reported dissolution of wood in [C4mim]Cl of up to 8 % (wt% of the 

solution) in 8 h at 110 °C under inert atmosphere.26  In their work, they used thermomechanical 

pulp, or ball-milled powder, which probably underwent intense mechanical pulping under high 
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pressure and temperature, resulting in loose wood structure, as well as partial degradation of both 

cellulose and lignin.41  It has been reported in the literature that ball milling leads to cleavage of 

aryl ether linkages (one of the main lignin-carbohydrate linkages) and formation of free phenolic 

hydroxyl groups.42   

Effect of particle size.  The data in Table 3.1 indicate that smaller wood particles are 

easier to dissolve (Entries 1-4, 5-6, and 7-9) in either IL, although the effect is more pronounced 

for [C4mim]Cl.  This is likely due to a combination of factors including the increased surface 

area of the smaller particles and the increase in mechanical pulping (breaking down the internal 

structure) necessary to obtain smaller particles.  It is noteworthy, that [C2mim]OAc dissolves 

more than 90 % of the added wood even for particle sizes as large as 0.5-1.0 mm.  This suggests 

that [C2mim]OAc would be much more economical to use in a process (all other factors being 

equal) since the energy needed to reduce the biomass particle size could be minimized. 

Effect of wood species.  As noted above, red oak took only 25 h to be completely 

dissolved in [C2mim]OAc at 100 °C, while southern yellow pine required 46 h.  Table 3.1 also 

reveals that under our standardized test conditions, red oak shows slightly higher dissolution 

(Entries 7-9) than southern yellow pine (Entries 1-3).  This might be explained in the 

compositional differences between hard- and softwoods.  Generally, hardwood is of higher 

density and hardness than softwood,43 however, softwoods actually contain more lignin than 

hardwoods.44  Most of the lignin in wood is bonded to hemicellulose components (mainly 

through arabinose, xylose, and galactose moieties) like a cementing agent, resulting in a complex 
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and inaccessible structure.43  The differences we observe could also be due to the variations in 

the lignin-carbohydrate association, the lignin distribution, or the lignin structure itself in 

hardwoods and softwoods.  (Softwood lignin is composed mostly of guaiacyl units, while 

hardwood lignin contains not only guaiacyl, but also syringyl moieties.44) 

Effect of initial wood concentration.  The effect of initial wood concentration was 

investigated by loading different amounts of pine sawdust in 10 g of [C2mim]OAc from 4 parts 

wood per 100 parts IL to 10 parts per 100 and treating the mixture to the standard cooking time 

and temperature.  The data in Table 3.2 indicate that as the initial load of wood increases, a 

lower percentage of the wood added is dissolved.  From these results, an optimum wood load 

would be approximately 5 parts of wood added to 100 parts of IL, however, such values might 

vary upon scale up of the final process. 

Table 3.2  Effect of initial wood load (southern yellow pine sawdust, particle size: <0.125 mm) 
on dissolution in [C2mim]OAc (110 °C; 16 h). 

Entry 
Initial wood load 

(parts per 100 parts of IL) 
Dissolution (%) 

1 4 99.5 
2 5 98.5 
3 8 46.3 
4 10 40.0 

 

Effect of pretreatment.  The effect of microwave or ultrasound pretreatment on the 

wood/IL mixtures, prior to cooking was studied to determine if the time to complete dissolution 

could be reduced.  As shown in Table 3.3, accelerated dissolution of wood in [C2mim]OAc was 

achieved by applying either pretreatment method.  With 60 × 3 s microwave pulses (pulsed in 
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order to prevent overheating and degradation of both the biopolymers and the IL), the complete 

dissolution time was reduced to less than half that without pretreatment.  Ultrasound 

pretreatment had a similar effect.  Both microwave treatment and ultrasound have been reported 

to enhance the dissolution of cellulose in ILs.16,45 

Table 3.3  Effect of pretreatment on the time required to achieve complete dissolution (tcd) of 
0.5 g of southern yellow pine sawdust (particle size 0.125-0.250 mm) in 10 g of  

[C2mim]OAc at 110 °C. 

Pretreatment method Pretreatment conditions tcd (h) 
None None 46  

Microwave 30 × 3 s pulses 45 
Microwave 60 × 3 s pulses 21 
Microwave 100 × 3 s pulses 16 
Ultrasound 1 h at 40 °C 23 

 

Analysis of the dissolved wood.  The major biopolymer components of wood dissolved in 

the IL have been identified by comparing the 13C NMR spectra of standards (Indulin AT for 

lignin, xylan for hemicellulose, and MCC for cellulose; Figure 3.5a-c) with spectra of wood 

solutions (Figure 3.5d-f).  In the spectra for dissolved wood the major cellulose peaks at 

60.3 ppm (C6), 74.1 ppm (C2), 75.1 ppm (C3), 75.8 ppm (C5), 78.8 ppm (C4), and 102.3 ppm 

(C1), are clearly visible, as are the characteristic peaks of lignin and hemicellulose at 55.7 ppm 

and 63.3 ppm, respectively.25,46  The spectra with [C2mim]OAc (Figure 3.5d-e) as wood solvent 

show better resolution and more extracted components compared to the spectra with [C4mim]Cl 

(Figure 3.5f) as the solvent reflecting the lower viscosity and higher dissolving power of the 

acetate IL.  In addition, the spectra of dissolved red oak (Figure 3.5d) compared to that of 
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southern yellow pine (Figure 3.5e) provides further indication of the different concentrations of 

hemicellulose and lignin in the IL solutions of oak vs. pine. 

Spectra c-e in Figure 3.5 show the 13C NMR spectra of samples containing 5 parts of MCC 

or wood in 100 parts of [C2mim]OAc and cooked at 110 °C for 16 h.  After this time, some 

small extra peaks appear at 59.3 ppm, 63.7 ppm, 69.6 ppm, and 70.4 ppm, which belong to 

cellulose oligomers indicating some minor degradation of cellulose.47  Peaks at 62.7 ppm, 

83.6 ppm, and 86.2 ppm arise from minor degradation of [C2mim]OAc, and with longer heating 

time, increase in intensity (Figure 3.4).  Thus, the improved dissolution capacity provided by 

operation with longer cooking times is inevitably accompanied by some degradation of the 

biopolymers dissolved, as well as of the IL.  Moderately short dissolution times would be 

preferred, perhaps even if multiple contacts or cycles were necessary. 
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Figure 3.5  13C NMR spectra of biopolymer standards and wood solutions: a) Indulin AT; 
b) xylan; c) MCC; d) oak, e) southern yellow pine; and f) southern yellow pine, cooked for 16 h 
at 110 °C in [C4mim]Cl, and then diluted with DMSO-d6.  a) & b) are directly dissolved in 
DMSO-d6; c)-e) are cooked in [C2mim]OAc for 16 h at 110 °C, and then diluted with DMSO-d6.   

3.3.3 Regeneration of wood solutions with partial separation 

A previous study25 showed that carbohydrate-free lignin can be easily dissolved in 

acetone/water (1:1 v/v), which simultaneously acts as anti-solvent for cellulose and cellulose-rich 

materials dissolved in an IL.  This led us to the development of the process scheme shown in 

Scheme 3.1.  After cooking, the wood solutions were treated with acetone/water solution 

precipitating the cellulose-rich solids which were recovered by filtration.  The filtrate was 

collected, the acetone evaporated, and precipitated lignin was obtained leaving the IL in aqueous 
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solution.  More lignin could be precipitated by reducing the pH of remaining aqueous solution 

to 2-3 units (see details in the Experimental section).  Each solid fraction was analyzed as 

discussed below. 

 

Scheme 3.1  Flowchart for the process of dissolution and regeneration of wood in IL. 

The recycling of the IL is indicated with a dashed line in Scheme 3.1.  It was not explicitly 

investigated or evaluated in the present work, but certainly the viability of the process at a large 

scale would be conditioned by the existence of an efficient recycling protocol of the IL.25  

Concentration of the solution via environmentally friendly aqueous biphasic systems could be a 

strategy to pursue,48 compared to the highly energy demanding process of distillation. 
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Analysis of the reconstituted cellulose-rich material from dissolved wood.  After being 

washed with acetone/water and dried in oven overnight, the recovered cellulose-rich materials 

were re-dissolved in [C2mim]OAc at 110 °C for 2 h and then DMSO-d6 was added into the 

solution prior to measurement of their 13C NMR spectra (the weight ratio between cellulose-rich 

materials, [C2mim]OAc, and DMSO-d6 was 1:16:3 by weight to get 5 %W/w of cellulose-rich 

materials in solution).  MCC was dissolved using the same ratio for comparison.  Figure 3.6 

compares the 13C NMR spectra of reconstituted cellulose-rich materials from two different wood 

loadings (5 parts or 8 parts of pine per 100 parts of [C2mim]OAc).  The reconstituted materials 

are primarily cellulose, with all major cellulose peaks clearly present.  The additional peaks at 

55.7 ppm and 63.3 ppm correspond to lignin and hemicelluloses, respectively (compare to Figure 

3.5). 

It is apparent in comparing Figure 3.5e to Figure 3.5b-c, that after regeneration the 

cellulose-rich materials contain less lignin than the original wood.  In addition, any minor 

degradation products have been washed out. 

It can also be seen in Figure 3.6 that, in the regenerated cellulose-rich materials, the lignin 

peak at 55 ppm is smaller in the sample coming from the dissolution of a higher initial wood load 

(8 parts of pine per 100 parts of IL, dissolution of 46.3 % of added wood) than in that of a lower 

load (5 parts of wood per 100 parts of IL, dissolution of 98.5 % of added wood).  This supports 

the previously discussed difficulty in dissolving native lignin from wood.   
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Figure 3.6  13C NMR spectra, in [C2mim]OAc/DMSO-d6, of: a) MCC and regenerated 
cellulose-rich materials recovered from the dissolution of b) 0.5 g or c) 0.8 g southern yellow 
pine (particle size <0.125 mm) treated with 10 g [C2mim]OAc for 16 h at 110 °C.  Both the 
dissolution of MCC and the re-dissolution of the regenerated materials were carried out at 
110 °C for 2 h.   

A consequence of this is that any carbohydrates not bonded to lignin or with fewer lignin 

bonds will be preferentially dissolved.  With a higher wood load but only 46.3 % dissolution, 

the preferred components (less lignin-bonded carbohydrates) dissolve first.  This and a previous 

finding25 reporting that almost pure cellulose can be separated from wood with incomplete 

dissolution, suggest that one could consider an alternative process to total dissolution of wood 

biomass, where more freely soluble cellulose is simply extracted. 
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Quantification of lignin content.  The acid insoluble lignin content of original and 

regenerated wood fractions was determined using a scaled down TAPPI 22238 procedure.  The 

systematic error caused by scaling down the original procedure was tested by comparing the 

lignin content results using different amounts of southern yellow pine powder.  The results 

indicated that the error after scaling down the wood content to 0.1 g was negligible.  The acid 

soluble lignin content was determined according to TAPPI Useful Methods, UM 250.40  

The data for lignin content of both oak and pine before and after dissolution/regeneration 

are provided in Table 3.4.  All regenerated cellulose-rich materials have a considerably lower 

lignin compared to the corresponding original wood samples with reduction in the lignin 

percentages of 26.1 % for pine and 34.9 % for oak.  The recovery of a more highly delignified 

material from oak than pine might be expected from the differences in composition and relative 

dissolution of these two wood species.  The lignin content of the regenerated cellulose-rich 

materials with higher load is much lower than the one with lower load, which is consistent with 

the analysis of NMR spectra in Figure 3.4. 
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Table 3.4  Lignin content of original wood and cellulose-rich regenerated materials, as 
determined by the TAPPI 22238 and TAPPI UM 25040 methods. 

Type of wood Materials LK (%) LAS (%) LT (%)a 
Southern yellow pine Original wood 31.1 0.7 31.8 
 Regenerated materialb 21.1 2.4 23.5 
 Regenerated materialc  8.2 1.1 9.3 
Red oak Original wood 21.3 2.5 23.8 
 Regenerated materialb 12.1 3.4 15.5 
a Total lignin (LT) = Klason lignin (LK) + Acid soluble lignin (LAS). 
b Regenerated material from 0.5 g wood in 10 g [C2mim]OAc with complete dissolution. 
c Regenerated material from 0.8 g wood in 10 g [C2mim]OAc with 46.3 % dissolution. 

We note that the delignification of wood in the kraft process is ca. 50 %.49  Here, in a 

single treatment cycle, the IL has obtained fairly good delignification at lower temperature and 

pressure, without the high demand of caustic and other chemicals, and with ready recovery of 

lignin (vide infra).  The second cycle has been attempted by simply using the regenerated 

cellulose-rich materials (from softwood) from the first cycle and more delignification has been 

observed.  Upon reconstitution of the cellulose-rich material from the second cycle, an 

additional 22.3 % reduction in lignin content (referred to the content of the original wood) was 

observed, accounting for an overall reduction of 48.4 %With the two cycles combined. 

Quantification of recovered lignin and carbohydrates from the original wood.  An 

analysis of the mass and composition of the products has been carried out when using 0.50 g of 

pine (with a lignin content of 31.8 %) in 10 g of [C2mim]OAc (complete dissolution), in order to 

develop a proper mass balance.  A schematic description of such mass balance is shown in 

Scheme 3.2.  It was found that 0.26 g (52 % of added wood) was recovered as regenerated 

cellulose-rich material (with a lignin content of 23.5 %); whereas 0.03 g (6 % of added wood) 
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was obtained in the first cycle as processed lignin by evaporating the acetone, and 0.02 g of 

additional lignin (4 % of added wood) was obtained with adjustment to pH 2-3 (using H2SO4), 

accounting for a total of 0.05 g (10 % of added wood) of recovered lignin, totally free of 

carbohydrates.  Overall, 31 % of the native lignin present in the original wood was regenerated 

as carbohydrate-free lignin, and 59 % of the native carbohydrates in the original wood were 

regenerated in the cellulose-enriched material along with 38 % of the native lignin still bonded. 

 

Scheme 3.2  Mass balance for the process of total dissolution of 0.50 g of southern yellow pine 
in 10 g of [C2mim]OAc with subsequent regeneration of materials (including pH adjustment for 
further recovery of lignin – see main text for details).  Losses, which represent 41 % of the 
original carbohydrates and 31 % of the original lignin available in the wood, are mainly due to 
the current process washing steps. 

Analysis of the undissolved residues and reconstituted materials from dissolved wood.  

The spectra of the solid cellulose-rich and lignin fractions from dissolution and regeneration of 

pine and oak, the undissolved residues, and original wood samples were measured and are 

Components Mass Relative loss *

Carbohydrates 0.14 g 41 %

Lignin 0.05 g 31 %

Losses

Original wood (0.50 g)

100 % Lignin (0.05 g)

Ionic 
Liquid 
Process

lignin
31.8 %

carbohydrates 
68.2 %

Cellulose-rich 
material (0.26 g)

lignin 
23.5 %

carbohydrates 
76.5 %

* Percent value of loss, referred to the amount of 
component present in the original wood.
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compared in Figures 3.7-3.8.  Figures 3.7a (pine) and 3.7b (oak) compare the original ground 

wood, to the regenerated cellulose-rich material, and to the undissolved residue.  The 

absorbances at 3337-3362 (OH stretch), 2891-2896 (CH stretch), 1729, 1635/1641, 1155, 1028, 

and 895 cm-1 are associated with native cellulose or hemicellulose.50,51 

The band at 1729 cm-1 in the original oak (Figure 3.7b top) comes from C=O stretching 

vibration in acetyl groups of hemicellulose (it cannot be seen for pine because of the presence of 

different hemicellulose species).  After regeneration (Figure 3.7b middle), this band disappears, 

indicating that some hemicellulose was lost in the washing step.  The absorbance bands at 1155 

and 895 cm-1, corresponding to C–O–C asymmetric bridge stretching vibration in 

cellulose/hemicellulose and C–H deformation vibration in cellulose respectively,50 were more 

resolved in both regenerated pine and oak, indicating that the regenerated materials are richer in 

carbohydrates. 
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Figure 3.7  FT-IR spectra for ground wood (top spectra), regenerated cellulose-rich materials 
(middle spectra), and undissolved residue (bottom spectra) for 0.250-0.500 mm a) southern 
yellow pine and b) red oak.  Vertical solid lines mark characteristic peaks of 
cellulose/hemicellulose, whereas those of lignin are marked by vertical dashed lines. 

Lignin characteristic peaks at 1590/1509 cm-1 (C=C stretching vibration), 1459 cm-1 

(asymmetric bending in CH3), 1419 cm-1 (C–H deformation), 1320 cm-1 (C–O vibration in the 

syringyl ring – not present in softwood lignin), and 1261/1231 cm-1 (guaiacyl/syringyl ring and 

C–O stretching vibration)43,50 were more intense in the spectra of the residues (Figure 6a/b 

bottom), indicating that the residue is enriched in lignin, compared to the regenerated 

cellulose-rich material and the original wood.  In other words, the less lignin-bonded 

cellulose/hemicellulose in the wood is preferentially dissolved into the IL. 

The spectrum of lignin recovered from the dissolution of pine after evaporation of the 

acetone, is compared to that of Indulin AT in Figure 3.8.  The close similarity of these two 

spectra indicates that the recovered material in this step is lignin.  Comparison of the 13C NMR 
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spectra for the IL-processed lignin and Indulin AT is shown in Figure 3.9.  The absence of 

carbohydrates signals and the clear presence of characteristic peaks of lignin, indicate that the 

lignin isolated in the IL process is free of carbohydrates. 

 

 

Figure 3.8  FT-IR spectra for a) Indulin AT and b) lignin recovered from the dissolved wood 
by addition of acetone/water (1:1 w/w) and subsequent evaporation of acetone (according to the 
process flowchart in Scheme 3.2). 
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Figure 3.9  13C NMR spectra of Indulin AT (top) and IL-processed lignin (bottom) in 
DMSO-d6. 

PXRD and SEM analysis.  PXRD spectra were collected for original pine powder and the 

corresponding regenerated cellulose-rich material and are shown in Figure 3.10.  In the original 

wood, cellulose exists in native form, which is cellulose I.52  After regeneration as flocs, 

cellulose II of low crystallinity is recovered.  The isolation of cellulose II and not cellulose I is 

further proof of a true dissolution route. 
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Figure 3.10  Diffractograms of southern yellow pine (0.250-0.500 mm particle size; grey) and 
regenerated cellulose-rich materials from the same particle size (black).  The former is 
consistent with the presence of cellulose I, and the latter with the presence of cellulose II. 

SEM images of the morphology of the original pine and regenerated materials are shown in 

Figure 3.11.  The regenerated cellulose-rich material shows a different morphology compared 

to the original wood, with a conglomerate texture in which wood fibers are fused into a relatively 

more homogeneous macrostructure.16 
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Figure 3.11  SEM images of (a) ground southern yellow pine, and (b) the corresponding 
regenerated cellulose-rich material. 

3.4 Conclusions 

Both softwood (southern yellow pine) and hardwood (red oak) can be dissolved completely 

in [C2mim]OAc after mild grinding.  In general, [C2mim]OAc has been shown to be a better 

solvent than [C4mim]Cl for the dissolution of wood.  Red oak showed higher and faster 

dissolution than southern yellow pine.  Smaller particle size and appropriate initial load of 

wood also result in improved dissolution.  The dissolution time can be shortened by applying 

microwave pulse heating or ultrasound as a pretreatment prior to conventional heating.  Less 

lignin-bonded carbohydrates are preferentially dissolved in the IL. 

Reconstitution of most of the dissolved wood from acetone/water (1:1 v/v) yields a 

regenerated material which is proportionally richer in carbohydrates than the original wood, and 

lignin in free form with a similar structure to Indulin AT.  As an example, when totally 

dissolving 5 parts of southern yellow pine particles in 100 parts of [C2mim]OAc, approximately 

60 % of the original holocellulose was recovered in the cellulose-rich material, whereas 

b
a b

b
a b
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approximately one third of the original lignin was obtained in free form and another third linked 

to the carbohydrates as part of the enriched reconstituted wood.  Thus, partial separation of the 

wood components becomes possible with relative efficiency, without using toxic chemicals, and 

without little or any degradation of the natural polymers. 

Further studies from our group will focus on how to facilitate the cleavage of the covalent 

bonds between lignin and carbohydrate, in order to obtain an improved or even complete 

separation of the constituent biopolymers.  In addition, a deeper insight into the effect of 

variables such as the initial degree of humidity of the wood or the long term degradation of the 

IL will be sought. 
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CHAPTER 4 

USE OF POLYOXOMETALATE CATALYSTS IN IONIC LIQUIDS TO ENHANCE 
THE DISSOLUTION AND DELIGNIFICATION OF WOODY BIOMASS 

 
Taken in part from: N. Sun, X. Jiang, M. L. Maxim, A. Metlen and R. D. Rogers “Use of 
polyoxometalate catalysts in the ionic liquid to enhance the dissolution and delignification of 
woody biomass” accepted by ChemSusChem. 
 

In Chapter 3, it was shown that wood can be completely dissolved in selected ILs and partial 

delignification achieved with selected regeneration solvents.  The results suggested that better 

or even complete separation of the biopolymers could be obtained with a catalyst to selectively 

break the lignin-carbohydrate bonds.  This work is described in this chapter.  

4.1 Introduction 

The use of lignocellulosic biomass as a source of energy and industrial raw materials to 

replace petroleum based feedstocks, has attracted a great deal of recent interest due to its 

renewability and biodegradability.1  Wood, one of the most common forms of biomass, consists 

of the three major biopolymers: cellulose (33-51%), hemicellulose (15-36%), and lignin 

(21-32%).2  Low energy, clean separations of these biopolymers is important and challenging 



 

108 
 

for producing reproducible feedstocks for further chemical processing and this has been 

recognized by the U.S. Department of Energy as a scientific Grand Challenge.3   

We,4,5 and others6-8 have recently been exploring the feasibility of using Ionic Liquids 

(ILs, a class of salts with low melting points,9 typically < 100 oC), to dissolve, separate, and 

recover cellulose, hemicellulose, and lignin from lignocellulosic biomass.  We found that free 

lignin and cellulose-rich materials (CRM) can be obtained after dissolution of wood in 

1-ethyl-3-methylimidazolium acetate ([C2mim]OAc) by using appropriate reconstitution solvents 

(e.g., acetone/water 1:1 v/v).  A 26.2% reduction in lignin content on a pulp yield of 52%Was 

observed for Southern yellow pine in only one dissolution/reconstitution cycle.5  It is clear that 

a better separation of the lignin from the cellulose is needed and that this most likely will involve 

breaking covalent bonds between the lignin and carbohydrate.10  

This separation, however, has been industrially important for much longer than the current 

interest in biorenewable chemicals and fuels or even ILs.  In particular, the pulp and paper 

industry has developed pulping techniques that produce long cellulose fibers from wood with 

limited lignin content for paper making.  Kraft pulping is the most popular pulping process 

practiced in industry.3  This technique involves the use of NaOH and Na2S at temperatures of 

130-180 oC to produce unbleached kraft pulps in higher pulp yields (50-60%) with 8-15% 

residual lignin or lower pulp yields (45-50%) with 3-5% residual lignin.10  The kraft process 

does not dissolve cellulose pulp as an IL will, rather the process is designed to remove as much 

lignin as possible, leaving the pulp behind. 
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The paper industry has traditionally looked at lignin as an unwanted chemical and most 

pulps used in papermaking undergo a bleaching process to further remove lignin.10  The most 

efficient bleaching agent is elemental chlorine (Cl2), which has been used for several decades as 

the predominant oxidant,10 however, its use produces chlorinated products with a negative 

impact on the environment.  The subsequent use of chlorine dioxide as bleaching reagent did 

not prevent the release of chlorinated organic by-products.10  Thus, many alternative bleaching 

agents have been developed, including oxygen (O2), hydrogen peroxide (H2O2), and ozone (O3), 

among which O2 is the most attractive alternative to chlorine based technology both with respect 

to the environment and economy of use.  Nonetheless, the selectivity of O2 is not satisfactory 

because a variety of uncontrolled oxidation reactions can occur.11   

Since the mid 1990s, considerable attention has been paid to polyoxometalates (POMs) 

combined with oxygen for lignocellulosic pulp bleaching, and it has been shown that POMs, 

together with O2, constitute a promising system for pulp delignification.12-14  POMs are 

transition metal-oxygen anionic clusters, which are composed of d0 metal cations (WVI, MoVI, 

and VV) in different combinations, with or without a guest atom in the center of the 

metal-oxygen cage.11  Almost all elements in the periodic table can be incorporated into a POM 

structure, either as an addendum element in the cage itself, or as a guest atom, or as cation.  

POMs have been widely studied in a plethora of oxidation reactions and acid catalyzed 

reactions,15-17 and numerous reviews have been published in the last few years.18,19   
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POMs can be used in both anaerobic systems in which they act as potentially recyclable 

oxidants, and aerobic systems where they are used simultaneously with oxygen and act as 

catalyst (Eq. 4.1-4.2).11  In delignification, the process cycle starts with the reaction of fully 

oxidized POM with unbleached pulp in aqueous solution under anaerobic conditions (Eq. 4.1).  

Here, POMs are reduced, and oxidized residual lignin fragments are dissolved in the bleaching 

liquor and the pulp is separated.  The reduced POM can be re-oxidized back to the active form 

by oxygen in stage 2 (Eq. 4.2).  During the regeneration of POM complexes, the dissolved 

lignin fragments are converted to carbon dioxide and water.20   

Lignin + POMox = Lignin(ox) + POMred    (4.1) 

POMred + O2 + 4H+ = POMox + 2 H2O    (4.2) 

Conventionally studied POMs include [PV2Mo10O40]
5- (PV2Mo10), [PVW11O40]

4- (PVW11), 

[SiVW11O40]
5- (SiVW11), [SiV2W10O40]

6- (SiV2W10), and [AlVW11O40]
6- (AlVW11) in their 

acidic forms.13  These are Keggin anions with a general formula α-[XM12O40]
m-, where X 

represents the guest atom such as AlIII, SiIV, or PV, and M represents the d0 metal cations such as 

WVI, MoVI, or VV.  The POMs which are used to remove the residual lignin from unbleached 

pulp are either in their acidic form, also called heterpoly acids (HPAs),11-13,20 or in their salt form 

with alkali metal cations.21,22   

Recently, IL-based hybrid materials containing organic cations with POM anions have been 

described.23-27  The ILs formed with POM anions may find applications in thermally stable 

solid lubricants,23 biocatalysis, nanoparticle research,23-25 and electrochemical systems,27 
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however, to date the use of IL-based materials with POM anions or the use of POMs in ILs have 

not been investigated for delignification.  In part this may be a result in the differing goals of 

kraft pulping vs. IL processing of biomass.  In the kraft process, the goal is to selectively 

remove the lignin from the biomass, often accomplished by chemically modifying or destroying 

the lignin.  The IL treatment of biomass has purported goals of dissolving all of the 

biopolymers and selectively separating them.  Our early results suggest that the latter is 

possible, but will require the use of a catalyst or reagent that could selectively cleave 

lignin-carbohydrate bonds while all of the biomass components are dissolved and thus more 

accessible.  Here we discuss our results in utilizing POM catalysts in an IL system not to 

degrade the lignin, but to selectively break enough of the covalent bonds between the lignin and 

carbohydrates to facilitate the separation and recovery of both the carbohydrate and lignin 

fractions.  

4.2 Experimental 

4.2.1 Materials 

Wood samples (southern yellow pine) were received from Seaman Timber Co. (Montevallo, 

AL) as sawdust.  Microcrystalline cellulose (MCC) with degree of polymerization 270 was 

purchased from Sigma-Aldrich Inc. (Milwaukee, WI).  Indulin AT (lignin from kraft pulping 

process) was provided by MeadWestvaco Corporation (Glen Allen, VA) and used herein as a 

lignin standard.  The ILs, 1-ethyl-3-methylimidazolium acetate ([C2mim]OAc, ≥95%) and 

1-butyl-3-methylimidazolium chloride ([C4mim]Cl, ≥95%) were provided by BASF (Florham 
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Park, NJ).  The HPA, H5[PV2Mo10O40] (in hydrate form with 32-34 molecules of water 

according to the literature), was donated by Japan New Metals Co. LTD (Akita, Japan).  

Dimethyl sulfoxide (99.9%) was purchased from Sigma-Aldrich (St. Louis, MO).  Deionized 

water was obtained from a commercial deionizer (Culligan, Northbrook, IL) with specific 

resistivity of 17.25 M cm at 25 oC.   

4.2.2 Synthesis of [C2mim]4H[PV2Mo10O40]  

[C2mim]4H[PV2Mo10O40] was synthesized by mixing aqueous solutions of [C2mim]Cl and 

H5[PV2Mo10O40] with a molar ratio of 5:1.  [C2mim]Cl (0.6128 g, 4.18 mmol) and 

H5[PV2Mo10O40]•29 H2O (1.8893 g, 0.836 mmol) were each dissolved in DI water (50 mL).  

The aqueous solution of POM was added to the solution of [C2mim]Cl dropwise.  An 

immediate orange precipitate was observed.  The solid was then filtered and washed with DI 

water until free of acid and chloride (AgNO3 test).  The isolated yield was 1.7169 g, dried in air 

under ambient conditions.  The compound was dissolved in DMSO-d6 for 31P NMR analysis.  

The composition was determined by elemental and metal content analyses. 

4.2.3 Mixing of POM with ILs 

Dissolution of acidic-POM in [C2mim]OAc at room temperature.  H5[PV2Mo10O40]•29 

H2O (0.2 g) was added to [C2mim]OAc (5 g) and dissolved in open atmosphere at room 

temperature.  The solution turns from light amber (the color of [C2mim]OAc) to dark green.  
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The solution was then poured into 150 mL DI water.  A green precipitate was obtained 

indicating the POM anion was reduced and paired with the [C2mim]+ cation.   

Dissolution of acidic-POM in [C2mim]OAc in air at 110 oC.  H5[PV2Mo10O40]•29 H2O 

(0.2 g) was added to [C2mim]OAc (5 g) and dissolved in air at 110 oC.  The solution was dark 

green as described above and then turned light yellow after heating for 1 h.   The obtained light 

yellow solution was poured into 150 mL DI water.  A yellow precipitate was obtained 

indicating POM was re-oxidized by heating in [C2mim]OAc. 

4.2.4 Dissolution and delignification with POMs in ILs 

In general, the procedures and equipment are similar to those described in our previous 

work dissolving wood in ILs.5  Pine sawdust was ground into powder using a lab mill (Janke & 

Kunkel Ika Labortechnik, Wilmington, NC) and separated with a metal sieve.  Powders with 

particle sizes less than 0.125 mm were obtained and dried in an oven at 90 oC overnight before 

use.  This particle size has been found to provide almost complete dissolution (98.5% of added 

wood can be dissolved in 16 h at 110 oC) in [C2mim]OAc.5  POMs were added to the IL either 

at the same time the wood was added or after an initial cooking period of the wood in the IL 

(discussed below).   

16 or 8 h dissolution/delignification protocol.  Wood (0.5 g) and a variable amount (0.1, 

0.2, 0.5, or 1.0 wt% to IL) of the selected POM were added to IL (10 g)in a 50 mL beaker.  The 

mixture was then placed in an oil bath and heated at 110 oC with vigorous stirring for 16 or 8 h in 

open atmosphere. 
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16 h dissolution + 4 h POM delignification protocol.  Wood (0.5 g) was added to 10 g 

IL and the mixture was placed in an oil bath and heated at 110 oC with vigorous stirring for 16 h 

in open atmosphere.  POM (1 wt% to IL) was then added to the wood/IL solution and heating 

continued for another 4 h. 

4.2.5 Regeneration and separation 

The general procedure used for regeneration of the biopolymers was described in a 

previous report (Figure 1, black font).5  Briefly, the wood solution was poured into 100 mL 

acetone/water (1:1 v/v) solution with vigorous stirring to regenerate the CRM.  Lignin 

remianed in the aqueous solution, and was subsequently precipitated by evaporation of the 

acetone.  Undissolved residue (if any) was not separated and was regenerated together with the 

CRM. 

4.2.6 IL/POM recycling 

[C2mim]OAc and acidic-POM/[C2mim]OAc systems were recycled and reused to test the 

separation efficiency.  In both cases, after evaporation of the acetone and filtration of the lignin, 

the aqueous solution was dried using a rotary evaporator and then a vacuum oven (24 h at 70 oC).  

The recycled [C2mim]OAc or acidic POM/[C2mim]OAc was used for a second dissolution and 

separation process in the same manner as the first cycle.  
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4.2.7 Characterization 

The lignin content of the regenerated CRM pulp was quantified by the TAPPI method with 

a scaled down procedure as described in our previous report.5  The NMR spectra were collected 

at room temperature on a Bruker Avance 500 NMR spectrometer equipped with a 5 mm BBO 

probe.  POM samples were prepared by dissolving 5% (w/w) POM in DMSO-d6 at room 

temperature, and analyzed by 31P NMR using H3PO4 as an external calibration standard with 128 

scans at 202.47 MHz.  Lignin samples were prepared by dissolving 5% (w/w) Indulin AT or 

recovered lignin in DMSO-d6 at 90 oC, and characterized by 13C NMR with 5,000 scans at 

125.76 MHz.  The regenerated CRM, Indulin AT, and precipitated lignin, obtained as described 

earlier, were characterized by FT-IR using a Perkin Elmer Spectrum 100 FT-IR spectrometer 

equipped with an attenuated total reflectance (ATR) cell with 4 scans at 2 cm-1 resolution.  The 

metal concentrations in the POM, lignin, and CRM were measured using EDS on a Philips XL30 

SEM-EDS (Eindhoven, The Netherlands) where the SEM was equipped with elemental analysis 

capabilities.  The samples were sputter-coated with gold and analyzed using 15 kV accelerating 

voltage and 10 mm working distance. 

4.3 Results and discussions 

4.3.1 Process variables 

Previously, we reported that carbohydrate-free lignin and cellulose-rich material could be 

obtained by dissolution of softwood (southern yellow pine) and hardwood (oak) in the IL 

1-ethyl-3-methylimidazolium acetate ([C2mim]OAc) followed by separation using the process 
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outlined in Scheme 4.1 (black font).5  Investigating such variables as wood species, particle 

size, wood loading, cooking time, type of IL, pretreatment (microwave/ultrasound), etc., we 

found that 98.5% of the added wood can be dissolved when 0.5 g pine (< 0.125 mm) was cooked 

in [C2mim]OAc at 110 oC for 16 h.  In order to directly compare the effect of POM on this 

process and to avoid the need to separate the undissolved residue, we used these same conditions 

for most of the studies reported here.  The POM process variables were thus restricted to type of 

POM, POM loading, reaction time, and type of IL.  POM was added either at the beginning or 

after the dissolution to test the effect of the dissolution time.  The 4 h reaction after wood 

dissolution was chosen based on the literature when POM was used in aqueous system.13  

 

Scheme 4.1  Flowchart of the process of dissolution and regeneration of wood in IL with POM 
as catalyst: a) POM was added before the biomass; b) POM was added after 16 h of biomass 
cooking and the reaction continued for another 4 h.  The process diagram is based on that in 
reference 5. 
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The acidic POM, H5[PV2Mo10O40] was chosen for the initial study due to its wide use for 

pulp bleaching where it exhibited good delignification.11  In addition, its reduced form can be 

rapidly re-oxidized with oxygen. 28   The corresponding IL-compatible form, 

[C2mim]4H[PV2Mo10O40] ([C2mim]POM), was prepared to study whether having the POM in a 

salt form with identical cation to the IL would enhance the catalysis (although such a POM form 

has not previously been studied for delignification).  [C2mim]POM was prepared by mixing 

aqueous solutions of [C2mim]Cl (colorless) and H5[PV2Mo10O40] (red) to form a yellow 

precipitate.  The [C2mim]POM was characterized by elemental analysis (Table 4.1), a 

preliminary single crystal X-ray structural analysis, and by 31P NMR (Figure 4.1).  The 31P 

NMR suggests strong interactions between the [C2mim]+ cations and Keggin anion.23   

Table 4.1  CHN and metal content analysis of synthesized POM 

Theoretical value of 
[C2mim]4H[PV2Mo10O40] 

Experimental value 

 13.24 13.34 
H 2.08 2.14 

N 5.14 5.01 
Mo 44.05 44.5 
P 1.42 1.24 
V 4.68 4.64 

 

It should be noted that we compare the acidic-POM and [C2mim]POM by mass percent 

added to the IL.  Because the acidic-POM is highly hydrated and the [C2mim]POM is not, the 

two types of POM contain roughly the same amount of active Keggin ion in a given mass 

percent of each (76.7 vs. 79.7%, respectively). 
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In considering the results below, one should bear in mind that we use the term ‘pulp’ here to 

refer to a cellulose-rich fraction which is dissolved in the IL and reprecipitated using a solvent 

which washes away the IL.  This is in contrast to the pulp obtained in, for example, the kraft 

process where the term pulp refers to the undissolved carbohydrate-rich material left after 

removal of lignin.  Nonetheless, the end result of each process in terms of the amount of 

original wood recovered and its lignin and carbohydrate contents can be directly compared using 

the same terminology. 

 

Figure 4.1  31P NMR of POMs dissolved in DMSO-d6: acidic POM (bottom), and 
[C2mim]POM (top). 

ppm (t1) -4.50-4.00-3.50

H5PV2Mo10O40

Emim4HPV2Mo10O40
[C2mim]4H[PV2Mo10O40]

H5[PV2Mo10O40]
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4.3.2 POM dissolution in ILs 

To test whether the POM reacts with the IL, we dissolved acidic-POM in [C2mim]OAc 

without biomass.  A dark green color was observed immediately indicating the reduction of the 

acidic-POM,11 however, upon heating at 110 oC in air for 1 h, the color of the 

POM/[C2mim]OAc solution gradually changed to light yellow.  With addition of DI water, a 

yellow (the color of [C2mim]POM) precipitate was obtained from the solution.  Thus POM can 

be reoxidized under milder conditions in [C2mim]OAc compared to traditional aqueous systems 

which involve high temperature and pressure (150-200 oC, 0.6-0.8 MPa oxygen).12,13  The 

observations above seem to suggest a reaction between POM and [C2mim]OAc (or impurities) at 

room temperature, however, analysis of the acidic-POM/[C2mim]OAc solution at room 

temperature by 1H NMR revealed no structural changes.   

4.3.3 Effect of POM on wood dissolution 

In our previous study,5 we found that it takes 46 h to completely dissolve (with partial 

degradation) 0.5 g pine of less than 0.125 mm particle size in 10 g [C2mim]OAc with oil bath 

heating at 110 oC, although 98.5% of the wood sample will dissolve in only 16 h of cooking at 

this temperature..  The addition of 0.5% (0.05 g) H5[PV2Mo10O40] to this system resulted in 

complete dissolution in only 15 h under the same conditions.  When the pine particle size is 

increased to 0.25-0.5 mm, the POM system completely dissolves the 0.5 g wood at 110 oC in 16 

h, while only 93.5% of the added pine can be dissolved using the same conditions without 

POM.5  Further results (discussed later, Table 4.2) also indicate that the carbohydrate yield with 
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acidic-POM is as high as or even slightly higher than that without using POM, suggesting that 

the acidic-POM does not degrade the carbohydrates.  Taken together, the results would seem to 

indicate that the recalcitrant parts of the biomass, which is those requiring such long cooking 

times to degrade or dissolve, are complex lignin moieties, perhaps of higher molecular weight.  

4.3.4 Effect of POM on separation 

Table 4.2 and Figures 4.2-4.3 summarize the results obtained in a direct comparison of the 

pulping at 110 oC for 16 h of 0.5 g wood (< 0.125 mm) in 10 g of [C2mim]OAc with and without 

POM.  Significantly greater reductions of lignin content and lower lignin yields are observed 

with POM catalysts compared to cooking in IL without POM.  Each of these results will be 

compared below in context with the variables studied after a review of the terminology and 

abbreviations used for the comparisons.  It should be noted that to compare these results with 

traditional pulping it is necessary to calculate yields based on total wood mass; however, since 

our goals include isolating pure biopolymer fractions, we will also report our results related to 

the total amount of carbohydrate and lignin originally present.   
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Table 4.2a  Summary of results: Conditions for the delignification trialsa 

 

 

 

 

 

 

 

 

a0.5 g of <0.125 mm Southern yellow pine (31.8%Lignin), 10 g of [C2mim]OAc, a temperature 
of 110 oC.  bAcidic-POM = H5[PV2Mo10O40]•29H2O; [C2mim]POM = 
[C2mim]4H[PV2Mo10O40]; 

cFor reaction time, 16 or 8 h means the POM was added at the 
beginning of the dissolution and dissolved/reacted for totally 16 or 8 h; (16+)4 h means POM 
was added after 16 h dissolution and reacted for 4 h; dSecond cycle after recovery of process 
solvent from previous trial.  

  

Trial POMb 
[POM] 
(wt %) 

Timec (h) 

1 None 0 N/A 
2d None 0 N/A 
3 Acidic-POM 0.1 16 
4 Acidic-POM 0.2 16 
5 Acidic-POM 0.5 16 
6d Acidic-POM 0.5 16 
7 Acidic-POM 1 16 
8 [C2mim]POM 0.1 16 
9 [C2mim]POM 0.2 16 
10 [C2mim]POM 0.5 16 
11 [C2mim]POM 1 16 
12 Acidic-POM 1 (16+)4 
13 Acidic-POM 1 8 

14 [C2mim]POM 1 (16+)4 
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Table 4.2b  Summary of results: Cellulose-rich material and calculated biopolymer recovery 

Trial 
cellulose-Rich Material Calculagted Biopolymer Recovery 
PYa  

(%W) 
Lignin Content 

(%) 
Delig.b(%) 

CYc  
(%C)  

LYd  
(%L) 

1 52.0 23.5 26.0 58.3 31.4 
2 65.9 24.0 24.5 73.4 20.8 
3 50.6 18.3 43.0 60.6 8.0 
4 51.2 10.9 66.0 66.9 9.7 
5 43.3 7.5 76.4 58.7 11.0 
6 58.9 15.7 50.5 72.8 15.7 
7 41.2 6.5 79.6 56.5 12.6 
8 32.7 11.2 65.0 42.6 11.3 
9 31.4 8.7 73.0 42.0 9.7 
10 29.6 7.3 77.0 40.2 23.9 
11 28.3 5.4 83.0 39.3 27.0 
12 49.0 22.5 29.0 55.7 - 
13 60.8 20.2 37.0 71.1 - 
14 44.6 17.8 44.0 53.8 27.0 

aPY (%W) is the mass percentage of the recovered CRM to the mass of original wood calculated 
as shown in eq. 4.4.; bDelig. (%) is the reduction of the lignin content in the CRM pulp compared 
to the lignin content in the original wood sample calculated according to eq. 4.3; cCY (%C) is the 
carbohydrate yield with regard to the carbohydrate in the original wood calculated according to 
eq. 4.6.; dLY (%L) is the lignin yield with regard to the lignin in the original wood calculated 
according to eq. 4.7. 
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Table 4.2c  Summary of results: Lost components 

Trial 
Lost Components 

LWa (%W) LCb (%C) LLc (%L) 
1 38.0 41.7 30.1 

2 27.5 26.6 29.5 

3 46.9 39.2 62.9 

4 45.7 33.1 72.7 

5 53.2 41.3 78.8 

6 36.1 27.1 55.2 

7 54.8 43.5 78.9 

8 63.7 57.4 77.2 

9 65.5 58.0 81.7 

10 62.8 59.8 69.3 

11 63.1 60.7 68.2 
aLW (%W) is the total mass loss of wood calculated according to eq. 4.8; bLC (%C) is the loss of 
carbohydrate with regard to the carbohydrate in the original wood calculated according to eq. 
4.9; iLL (%L) is the loss of lignin with regard to the lignin in the original wood calculated 
according to eq. 4.10. 
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Figure 4.2a  Mass balance for trials with different concentrations of acidic-POM in 
[C2mim]OAc.  The four bars add to 100%; the first bar representing the CRM is divided into 
two parts with the top part representing lignin and the bottom part representing carbohydrate. 

 

Figure 4.2b  Mass balance for trials with different concentrations of [C2mim]POM in 
[C2mim]OAc.  The four bars add to 100%; the first bar representing the CRM is divided into 
two parts with the top part representing lignin and the bottom part representing carbohydrate. 
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Figure 4.3  Comparison of pulp yield and lignin content (the numbers correspond to the trial 
numbers in Tables 1-2): 1) no POM), 2) no POM 2nd run, 3) 0.1% acidic-POM 16 h, 4) 0.2% 
acidic-POM 16 h, 5) 0.5% acidic-POM 16 h, 6) 0.5% acidic-POM 2nd run, 7) 1.0% acidic-POM 
16 h, 8) 0.1% [C2mim]POM 16 h, 9) 0.2% [C2mim]POM 16 h, 10) 0.5% [C2mim]POM 16 h, 11) 
1.0% [C2mim]POM 16 h, 12) 1.0% acidic-POM (16+)4 h, 13) 1.0% acidic-POM 8 h, 14) 1.0% 
[C2mim]POM (16+)4 h. 

Delignification (Delig.%) was calculated as the reduction of the lignin content from the 

original wood compared to the pulp using eq. 4.3: 

. % 100%    (4.3) 

where LW is the lignin content of the original wood and LCRM is the lignin content of the CRM 

pulp.  Pulp yield, PY (%W), and lignin yield, LY (%W), are the mass percentages of the 

recovered CRM or lignin to the mass of original wood calculated as shown in eqs. 4.4 and 4.5: 
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 %  100%  (4.5) 

where MCRM and ML represent the mass of recovered CRM and lignin respectively, and MW 

represents the mass of the original wood.  The corresponding carbohydrate yield and lignin 

yield with regard to the carbohydrate or lignin in the original wood, CY (%C) and LY (%L) are 

calculated according to eqs. 4.6 and 4.7:    

% %  100%    (4.6) 

%  
 

100%
%W）

100%   (4.7) 

The total mass loss, LW (%W), with respect to the mass of original wood is calculated using eq. 

4.8: 

LW (%W) = 100%PY (%W)LYW (%W)    (4.8) 

The loss of carbohydrate, LC(%W) and loss of lignin, LL(%W) with regard to the mass of 

original wood are calculated using eqs. 4.9 and 4.10, respectively: 

 %  100%   (4.9) 

 %  100%   (4.10) 

And the loss of carbohydrate LC(%C) and loss of lignin, LL(%L) with regard to the 

carbohydrate or lignin in the original wood are calculated using eqs. 4.10-4.11:  

 % 100%
% 

100%   (4.10) 

 %  100%
% 

100%  (4.11) 

Effect of acidic-POM and acidic-POM loading at set conditions.  Using conditions 

identical to previously published work without the use of POM,5 wood (0.5 g) and a variable 
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amount of POM (0.1, 0.2, 0.5, or 1.0 wt% to IL) were added to 10 g [C2mim]OAc in a 50 mL 

beaker, placed in an oil bath, and heated at 110 oC with vigorous stirring for 16 h in open 

atmosphere.  The pulp was regenerated with 100 mL acetone/water (1:1 v/v) and the lignin was 

recovered by evaporation of acetone.   

Delignification of the pulp is clearly much higher with POM (Figure 4.3, Table 4.2: 

Acidic-POM, Delig.= 43.0-79.6%) than without POM (Delig. = 26.0%).  While the pulp yield 

(theoretical maximum for recovery of all carbohydrate free of lignin = 68.2%) is generally lower 

when using POM, the carbohydrate yield (CY, a ratio between the recovered carbohydrate in the 

CRM and original carbohydrate in added wood (eq. 6)), is actually comparable or higher when 

using acidic-POM (Table 1: Acidic-POM, CY (%C) = 56.5-66.9%; no POM, CY (%C) = 58.3%) 

indicating that the lower pulp yield is due to greater removal of lignin.  This is a good 

indication that the POM is reacting with the lignin and not the carbohydrates.   

The solid lignin fraction yield is also lower when using acidic-POM (Figure 4.2, Table 4.2: 

Acidic-POM, LYL (%L) = 8.0-12.6%; no POM, LYL (%L) = 31.4%).  There is also more total 

mass lost in the reconstitution and washing steps with acidic-POM, primarily from more lost 

lignin, since the losses of carbohydrate are comparable to the results without POM (Table 4.2: 

Acidic-POM, LW (%W) =45.7-53.2%; no POM, LW (%W) = 38%).  These observations are 

consistent with increased degradation of lignin as a result of the presence of POM. 

Increasing the acidic-POM loading (0.1 to 1%, Table 4.2: Trials 3, 4, 5, and 7) results in 

decreasing lignin content (18.3% to 6.5%) in the CRM and also lower pulp yields (50.6% to 
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41.2%).  With low acidic-POM loadings (0.1 or 0.2%), the pulp yields are similar to those 

obtained without using POM (50.6 or 51.2% vs. 52.0%), however, the lignin content of the pulps 

is much lower; thus a greater amount of carbohydrate is recovered when using POM at these 

loadings.  With higher acidic-POM loadings, the pulp yields decrease, so do the carbohydrate 

yields, although they are still comparable to the results without using POM.  The losses of 

carbohydrate are slightly lower with lower POM loadings: LC (%C) = 33.1% (0.2 wt% POM), 

43.5% (1.0 wt% POM), 41.7% (no POM).  These results indicate that with increased 

acidic-POM loading more lignin is removed from the CRM with more loss of carbohydrates at 

the same time.   

The overall recovered solid lignin yields with different POM loadings do not change 

significantly (LYL (%L), 8.0% - 12.6%); however, these yields are generally lower than runs 

without POM (LYL (%L) = 31.4%).  The losses of lignin (LL) are much higher with POM 

present especially at high loadings: LL (%L) = 30.1% (no POM), 62.9% (0.1 wt% POM), 78.9% 

(1.0 wt% POM).   

The lignin is typically precipitated from the acetone water (1:1 v/v) wash by evaporating the 

acetone.  If the lignin is being oxidized into smaller fragments these could remain in the wash 

solutions.  Although we have thus far been unable to isolate any such fragments, we do note the 

dark black color of the recovered IL.   

Based on the results obtained here and considering the pulp/lignin yield, the lignin content 

of the CRM, the cost of POM, and the loss of the components, the better results might be 
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considered to arise from the addition of POM with medium loadings of 0.2 or 0.5%, where 

66.0% or 76.4% delignification and 51.2% or 43.3%Carbohydrate recovery were achieved, 

respectively.  This level of POM loading (0.0004 mol/L-0.0044 mol/L (ca. 1-10 g/L)) is 

actually much lower than typically utilized in aqueous systems for pulp delignification where the 

POM concentration varies in the range of 0.0575-0.5752 mol/L (ca. 130-1300 g/L).13   

Effect of [C2mim]POM.  [C2mim]POM was prepared in an attempt to improve the 

compatibility of the POM with the IL system being used for dissolution of the wood.  

Comparative studies were conducted using the same conditions as noted above for acidic-POM 

(Trials 3 vs. 8, 4 vs. 9, 5 vs. 10, and 7 vs. 11).  In general, [C2mim]POM, provides greater 

delignification ([C2mim]POM: Delig. = 65.0-83.0%, acidic-POM: Delig. = 43.0-79.6%), but at 

the expense of decreased pulp yields.  [C2mim]POM would thus appear to be more active than 

acidic-POM given the similar molar mass of [C2mim]POM. (The %POM anion in acidic-POM is 

76.7%Compared to 79.6% in [C2mim]POM.)  

The optimization of the lignin content of the pulp and the pulp yield in traditional pulping 

processes usually represents a compromise since increased removal of lignin is normally 

accompanied by a certain amount of degradation of the biopolymers.29  Indeed, in the IL system 

as well, the results (Table 4.2, Trials 8-11) indicate that the pulp yields and carbohydrate yields 

with [C2mim]POM are much lower compared to the use of acidic-POM (acidic-POM: PY (%W) 

= 41.2-51.2%, CY (%C) = 56.5-66.9%; [C2mim]POM: PY = 28.3-32.7%, CY = 39.3-42.6%).  

Correspondingly, the losses of carbohydrate are higher with [C2mim]POM than with acidic-POM 
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(acidic-POM: LC (%C) = 33.1-43.5%, [C2mim]POM: LC (%C) = 57.4-60.7%).  The higher 

activity of [C2mim]POM is thus accompanied with lower selectivity.   

Interestingly, lignin yields when using [C2mim]POM at low loadings (0.1-0.2%, LYL (%L) 

= 9.7-11.3%) are similar to those when using acidic-POM at medium loadings (0.2-0.5%, LYL = 

9.7-11.0%), but are much higher when using [C2mim]POM at higher loadings (0.5-1.0%, LYL = 

23.9-27.0%).  Coupled with the significantly higher losses of carbohydrate, but similar loss of 

total lignin when using [C2mim]POM than acidic-POM, consideration needs to be given to a 

mechanism where the [C2mim]POM produces lignin fragments which still carry small 

carbohydrate moieties.  Thus far, we have been unable to detect carbohydrates in our recovered 

lignin fractions, however, further studies are underway to confirm this. 

Comparisons of the recovered fractions and mass balances are provided in Figure 4.2a for 

acidic-POM and Figure 4.2b for [C2mim]POM.  The four bars (totaling 100%Wood mass) 

represent the CRM, recovered lignin, loss of carbohydrate, and loss of lignin as weight 

percentages of the added wood.  The CRM is divided into two parts representing lignin content 

(top portion) and carbohydrate content (bottom).  It is clearly shown that both POMs decrease 

the lignin content in the CRM efficiently especially with higher loadings.  With acidic-POM the 

CRM yield is similar (0.1%-0.2%) or slightly less (0.5-1.0%) than without POM; however, the 

[C2mim]POM results in much lower CRM yield.  The recovered lignin is generally less with 

acidic-POM and [C2mim]POM at lower loadings.  Loss of carbohydrate is generally similar 

between runs with or without acidic-POM, however the carbohydrate losses are much higher 
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with [C2mim]POM.  Loss of lignin is generally higher with either type of POM in the IL system 

since both of them degrade lignin.   

Effect of cooking time.  Table 4.2 also summarizes the results obtained utilizing 1% 

acidic-POM as noted above but with different cooking times.  Trials 12 (1% acidic-POM) and 

14 (1% [C2mim]POM) were conducted to investigate whether adding the catalyst for 4 h after an 

initial cooking period (16 h) would enhance the separation and recovery.  The results, however, 

indicate a much lower delignification of the CRM pulp (29.0% vs. 79.6% for acidic-POM and 

44.6% vs. 83.0% for [C2mim]POM) and overall results quite similar to not using POM at all.  

This suggests that the amount of time that the catalyst is in contact with the biomass is a key 

variable. 

For acidic-POM we also tried to decrease the total dissolution/reaction time from 16 h to 8 h 

(Table 4.2, Trial 13).  The high lignin content of the CRM pulp and high pulp yield suggests a 

possible combination of lower total biomass dissolution and less lignin oxidation.  These results 

suggest that it takes longer for POM to work in the IL compared to the POM bleaching 

procedures in aqueous systems (usually 1-4 h).11, 12   

In aqueous systems, the acidic-POMs are normally used in an anaerobic system to increase 

the POM’s selectivity and then are reoxidized to the active form under high temperature (150 oC 

- 200 oC) and O2 pressure (0.6 - 0.8 MPa).11  Here, [PV2Mo10O40]
5- in either acidic or IL form 

decreased the lignin content of the recovered pulp (CRM) in [C2mim]OAc at low temperature 

(110 oC) in ambient atmosphere.  Although the lignin content of the CRM from the IL system is 
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higher than the pulp after bleaching with POM,11, 12 the starting material here is wood rather than 

the commercially available kraft pulp, from which most of the lignin has already been removed.  

Overall, therefore, the delignification (the reduction of the lignin content from the starting 

materials) is actually comparable to that obtained in aqueous systems.11, 12   

4.3.5 Recovery of IL/POM system  

Both [C2mim]OAc and acidic-POM (0.5%)/[C2mim]OAc were recycled by simply 

removing water from the aqueous solutions obtained after evaporation of the acetone and 

filtration of the precipitated lignin.  In both cases, the liquids were dark brown in color.  Fresh 

biomass was dissolved in both of the recycled process solvents and subjected to a second 

dissolution/regeneration cycle using the same conditions as the first cycle (110 oC 16 h).  The 

results are summarized in Table 4.2, Trials 2 and 6, and plotted in Figure 4.4 with comparison to 

the first cycle (Trials 1 and 5).   

The recovered [C2mim]OAc provides higher pulp yield than fresh IL (2nd cycle 

[C2mim]OAc PY (%W) = 65.9%, 1st cycle [C2mim]OAc: PY (%W) = 52.0%) with slightly 

higher lignin content in the CRM (24% vs. 23.5%).  Utilizing recycled 

acidic-POM/[C2mim]OAc, results in higher pulp yield (2nd cycle PY (%W) = 58.9%, 1st cycle 

PY (%W) = 43.3%), but with higher lignin content (15.7% vs. 7.5%) than in the first cycle, 

indicating some loss in efficiency.  In both cases, the second cycle gives higher pulp and/or 

lignin yield, as well as lower carbohydrate and lignin loss, most likely due to the saturation of the 

recycled [C2mim]OAc and acidic-POM/[C2mim]OAc with lignin and/or carbohydrate fragments 
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in the first cycle.  We are currently investigating whether the above observations are due to loss 

of POM during processing, only partial re-oxidization of POM upon recycling, or interference in 

the mass balance from lignin and carbohydrate fragments which may remain in the recycled 

process solvents.   

Figure 4.4  Mass balance for trials using recycled [C2mim]OAc or recycled 
acidic-POM/[C2mim]OAc with comparison to fresh [C2mim]OAc or 0.5% 
acidic-POM/[C2mim]OAc.  The four bars add to 100%; the first bar representing the CRM is 
divided into two parts with the top part representing lignin and the bottom part representing 
carbohydrate. 

4.3.6 Recovered lignin and CRM and potential loss of catalyst 

The recovered CRM after precipitation with acetone/water and the solid lignin recovered 

after evaporation of the acetone from Trial 7 were characterized by FT-IR and compared with the 

recovered materials from the control run with only [C2mim]OAc (Trial 1).  The spectrum of the 
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lignin fraction (compared with starting materials in Figure 4.5) suggests (see 945 cm-1) some of 

acidic-POM is incorporated into the recovered lignin, while that for the CRM fraction (Figure 

4.6) indicates the pulp does not appear to contain any POM.   

Metals analysis by energy dispersive X-ray spectroscopy confirmed the FT-IR results.  

POM was detected in the recovered lignin, but not in the CRM.  The EDS data suggest a loss of 

ca. 2% or less of the original POM added to the system.   

It should also be noted that compared to the spectrum for the lignin recovered from 

[C2mim]OAc without POM (Trial 1), the spectra (Figure 4.5) for the recovered lignin from 

acidic-POM/[C2mim]OAc (Trial 7) and Indulin AT (from a kraft process) have decreased 

intensities for the peaks at 2910, 2850, and 1709 cm-1, which correspond to CH2 (2910, 2850 

cm-1) and C=O stretching in unconjugated ketones (1709 cm-1).30  The CRM pulp spectra 

(Figure 4.6) from samples obtained with and without using POM are similar except for the 

reduced peak at 1650 cm-1 which represents absorbed water.31 
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Figure 4.5  FT-IR spectra of 1) the recovered lignin from Trial 1 (no POM), 2) the recovered 
lignin from Trial 7 (1% acidic-POM), 3) Indulin AT, and 4) acidic-POM. 

 

Figure 4.6  FT-IR spectra of 1) the recovered CRM from Trial 1 (no POM), 2) the recovered 
CRM from Trial 7 (1% acidic-POM), 3) microcrystalline cellulose, and 4) acidic-POM. 
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4.4 Conclusions 

It has been shown that POMs can enhance wood dissolution in ILs while decreasing the 

lignin content of the recovered cellulose-rich pulp.  The form of POM, POM concentration, and 

reaction time all affect delignification efficiency.  Using acidic-POM, longer heating times, and 

higher POM loadings led to better delignification and higher lignin losses.  The use of an 

IL-compatible salt form of POM, [C2mim]POM, led to some degradation of the carbohydrates as 

well.   

The lignin recovery indicates that the POM does not degrade the lignin completely to low 

molecular weight fragments.  The POM can be reoxidized under mild conditions (110 oC in air 

at ambient pressure) in [C2mim]OAc and can be recycled together with the IL, although 

currently with some losses of POM and activity.  Overall the results suggest that with proper 

choice of catalyst it could indeed be possible to selectively cleave lignin from carbohydrate and 

recover each fraction cleanly.  Our future research will continue the search for improved 

catalysts that will allow the clean separation and recovery of each major biopolymer fraction in 

lignocellulosic biomass.  
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CHAPTER 5 

DISSOLUTION OF BAGASSE AND SEPARATION OF COMPONENT BIOPOLYMERS 
IN IONIC LIQUIDS USING A HIGHER TEMPERATURE/SHORTER TIME 

DISSOLUTION METHOD 

 
Taken in part from: W. Li, N. Sun, B. Stoner, X. Jiang, X. Lu, and R. D. Rogers “Dissolution of 
bagasse and separation of component biopolymers in ionic liquids using a higher 
temperature/shorter time method” (W. Li and N. Sun made equal contribution to this paper) to be 
submitted to Green Chem. 

 

In Chapter 3-4, wood was dissolved in [C2mim]OAc by heating at 110 ºC.  However, at least 16 

h was required for satisfactory dissolution.  Chapter 5 describes efforts to find a more efficient 

dissolution method by using higher temperatures to dissolve lignocellulosic biomass in shorter 

times with better separation of the biopolymers.  

5.1 Introduction 

We and others have recently reported the ability of certain ionic liquids (ILs) to dissolve 

natural biopolymers such as cellulose, 1 , 2  silk fibroin, 3  lignin, 4  starch, 5  protein, 6  and 

chitin/chitosan,7 and even natural lignocellulosic biomass such as wood.8  In one of our recent 

reports, we found that 1-ethyl-3-methylimidazolium acetate ([C2mim]OAc) could dissolve up to 

5% (w/w) of southern yellow pine by heating at 110 ºC for 16 h and partial separation was 

achieved by reconstitution of the wood solution in specifically selected solvents.84a   
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Research into aqueous chemical pulping has indicated that better delignification of wood can 

be obtained using temperatures above the glass transition of lignin (Tg = 130-150 ºC depending 

on the source of lignin).9  Using an IL system that did not dissolve cellulose, Tan et al. studied 

alkylbenzenesulfonate IL to extract lignin from biomass (bagasse) at temperatures as high as 

170-190 oC.10  In a PCT patent application, Edye, et al. published examples of dissolution of 

bagasse in 1-butyl-3-methylimizaolium chloride ([C4mim]Cl) and [C2mim]OAc at these 

temperatures followed by separation,11 however, we could not find further details of this in the 

scientific literature.   

Some support for using higher temperatures when dissolving biomass in ILs can be found in 

results obtained with switchgrass and corn cobs where higher temperatures (130-160 oC) were 

used to cook the milled biomass in attempts to improve enzymatic saccharification.12-14  Higher 

temperatures and incubation times were found to improve the delignification efficiency of the 

biomass recovered after regeneration in DI water thus facilitating enzymatic hydrolysis of the 

pulp.12,13   

We were thus curious to know whether using such high temperatures could facilitate 

lignocellulosic biomass dissolution and separation in the methodologies we have employed for 

dissolution and fractionation of biomass.  In conducting this study, we again chose the IL 

[C2mim]OAc because of its lower melting point, lower viscosity, higher biomass dissolving 

power, lower toxicity, and lower corrosivity than many other ILs used to dissolve biomass.84a,15  
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We also wanted to investigate a more tractable lignocellulosic biomass source than our 

previously studied southern yellow pine and settled on sugar cane bagasse.   

Bagasse derives from sugar cane and is the fibrous residue after crushing to remove sugar 

from the sugar cane stalks16.  About 54 million dry tons of bagasse is harvested worldwide each 

year,17 however, it is woefully underutilized.  Currently, most bagasse is burned in low 

efficiency to power the sugar mills, although part of it is used in the paper industry.17,18   

Generally, bagasse is composed of 40-45%Cellulose, 20-25% hemicellulose, and 

18-24%Lignin.19  The lignin content of bagasse is lower than soft wood (25-35%) and some 

hardwoods (18-25%).  Moreover, bagasse has a more porous structure (ca. 66%20 empty space) 

compared to the tight, compact structure of wood.  We thus expected bagasse to be more readily 

dissolved in ILs compared to wood.   

In the study we report here, we first applied the alternative higher temperature/shorter time 

dissolution procedure to softwood (southern yellow pine) for direct comparisons with our 

previously published work.84a  We then introduced a new lignocellulosic biomass source, 

bagasse, for a more in depth comparison of the lower and higher temperature procedures, while 

also introducing a potential pretreatment step to remove hemicellulose before dissolution.  We 

felt that the looser structure of bagasse and the lower lignin content than wood might be more 

amenable to mobilization of the lignin at temperatures above the lignin glass transition.  Finally, 

as a direct result of the success of this approach, we explored the preparation of biomass 

composite fibers spun directly from the initial bagasse or pine/IL solution.  To our knowledge, 
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there have been no reports of making fibers directly from any lignocellulosic biomass solution, 

although composite films have been made from the dissolution of free cellulose, starch, and 

lignin.21 

5.2 Experimental 

5.2.1 Materials 

Softwood (southern yellow pine) and hardwood (oak) were received from Seaman Timber 

Co. (Montevallo, AL) as shavings.  Bagasse was obtained as a gift from the Sugar Cane 

Growers Cooperative of Florida (Belle Glade, Florida).  The IL, 1-ethyl-3-methylimidazolium 

acetate, [C2mim]OAc (≥95%)) was purchased from Iolitech (Ionic Liquids Technologies GmbH; 

Heilbronn, Germany).  Deionized (DI) water was obtained from a commercial deionizer 

(Culligan, Northbrook, IL) with specific resistivity of 17.25 M·cm at 25 °C.  Microcrystalline 

cellulose (MCC) with degree of polymerization (DP) ca. 270 was purchased from Sigma-Aldrich 

Inc. (Milwaukee, WI).  Indulin AT (lignin from the kraft pulping process) was provided by 

MeadWestvaco Corporation (Glen Allen, VA).  Deuterated DMSO (DMSO-d6) was purchased 

from Cambridge Isotope Laboratories, Inc. (Andover, MA).  All other solvents and reagents 

were obtained from Sigma-Aldrich (St. Louis, MO) and used as received. 

The biomass samples were ground into powder using a lab mill (Janke & Kunkel Ika 

Labortechnik, Wilmington, NC), separated using brass sieves (Ika Labortechnik, Wilmington, 

NC) to particles less than 0.125 mm (wood) or 0.25 mm (bagasse), and then dried overnight in an 

oven (Precision Econotherm Laboratory Oven, Natick, MA,) at 90 C. 
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5.2.2 Pretreatment of the biomass samples 

If pretreatment was used, 1 g biomass (wood < 0.125 mm or bagasse < 0.25 mm) powder 

dried as indicated above, was combined with 20 mL 10% or 15% aqueous (w/w) NaOH, in a 50 

mL beaker equipped with a magnetic stir bar and covered with aluminum foil.  The mixture was 

heated in an oil bath on a hot plate (Isotemp, Fisher Scientific, Pittsburgh, PA) at 60 ºC 

(measured by a thermometer in the oil), for 2, 4, or 6 h with constant magnetic stirring.  After 

treatment, the biomass was recovered by vacuum filtration in a ceramic funnel with 20 µm nylon 

filter paper and washed with DI H2O to neutral pH, measured qualitatively with pH paper.  The 

recovered biomass was dried in an oven at 90 ºC overnight before use.   

5.2.3 Dissolution of biomass and quantification of the residue  

For each trial, 0.5 g biomass powder was added to 10 g [C2mim]OAc in a 50 mL beaker.  

The beaker was placed into an oil bath at the selected temperature and cooked for specific time 

periods with magnetic stirring at ca. 350 rpm.  If the cooking regimes were insufficient for 

complete dissolution of the biomass, 10 mL DMSO were added to the solution to decrease the 

viscosity.  After mixing, the mixture was centrifuged (Clay Adams® Brand DYNAC centrifuge, 

Bohemia, NY) at 100 x g for 5 min.  The solution was then separated from the residue by 

vacuum filtration.  The residue was further washed with DI water, and dried at 90 oC overnight 

in the oven.   
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5.2.4 Regeneration and separation of biopolymers  

The regeneration and separation of the biopolymers was described in our previous report.84a  

Briefly, each biomass/IL solution was poured into a 300 mL beaker containing 100 mL of 

acetone/water (1:1 v/v) with magnetic stirring at room temperature for 1 h.  The mixture was 

then centrifuged, and the liquid transferred to a breaker (for lignin recovery).  The precipitated 

carbohydrate-rich material (CRM, also called pulp) was further washed and separated with 

acetone/water (1:1) mixture and then DI water to ensure all the lignin and IL were washed out.  

CRM was finally separated using vacuum filtration through a ceramic funnel with nylon filter 

paper (20 µm).  The lignin was subsequently precipitated from the combined wash solutions by 

evaporation of the acetone and separation by filtration using the same equipment as CRM but 

with 0.8 µm nylon filter paper due to the small particle size of the lignin.  Both the lignin and 

CRM were dried in the oven at 90 oC overnight. 

5.2.5 Recycle of ILs 

The IL was recycled by rotary evaporation and vacuum drying.  After rotary evaporation 

(Büchi Rotary R-3000, Flawil, Switzerland), the recycled IL was filtered and dried in a vacuum 

oven (Isotemp Vacuum Oven Model 285A, Fisher Scientific, Pittsburgh, PA) for 24 h at 90 oC.  

The color of the recycled IL was darker than the original.  The recycled IL was used to dissolve 

and regenerate bagasse following the same procedure as described above. 
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5.2.6 Preparation of composite fibers 

The twelve solutions used to wet spin fibers were prepared as follows.  Wood: 0.5 g of 

wood powder (pine, oak, or pretreated pine with particle size < 0.125 mm) was added to 10 g 

[C2mim]OAc, then the mixture was placed into an oil bath and heated at 175 oC for 30 min with 

magnetic stirring.  For oak, a lower concentration (0.33 g oak in 10 g [C2mim]OAc) was used 

because the 0.5 g oak/10 g IL solution was too viscous, resulting in a considerable amount of 

undissolved particles in the spinning dope.  Bagasse: 0.5 g bagasse (< 0.25 mm) was dissolved 

in 10 g [C2mim]OAc either at 185 oC for 10 min or 110 oC for 16 h.  CRM: 0.5 g of the CRM 

obtained from the dissolution of pine at 175 oC for 30 min and regenerated in acetone/water 

(Trial 3, Table 1) was dissolved in 10 g of [C2mim]OAc at 90 oC for 2 h.  Standards: 0.3 g of 

cellulose pulp (DP = 1056) or 0.5 g of a 44/24/32 (the same weight ratio as in pine) mixture of 

pulp (DP = 1056)/xylan (for hemicellulose)/Indulin AT (for lignin) was dissolved in 10 g 

[C2mim]OAc at 90 oC for 30 min. 

Each biomass/IL solution was centrifuged (Clay Adams® Brand DYNAC centrifuge, 

Bohemia, NY) at 100 x g for 3 min after heating to remove any suspended particles, then the 

solutions were transferred to a 10 mL syringe and degassed upright in the vacuum oven at 80 oC 

for 2 h.  The fibers were prepared using the same extrusion set up as described in our previous 

report.22  Briefly, the syringe was attached to the syringe pump with a temperature controller at 

70 oC.  The fibers were extruded at 0.5 mL/min into a 0.6 m long DI water bath after a 5 cm air 

gap.  The fibers were fed through the first two step of the godet (recorded voltage: 4.5 V, 15 
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rpm) and wound onto a spool (2.9 V, 1.3 m/s).  The fibers were further washed by soaking the 

reel in a 400 mL beaker filled with DI water overnight and then air dried. 

5.2.7 Characterization  

The original bagasse, regenerated CRM, recovered lignin, MCC, and Indulin AT were 

characterized by FT-IR using a Perkin-Elmer Spectrum 100 FT-IR spectrometer (Waltham, MA) 

equipped with an attenuated total reflectance (ATR) cell with 4 scans at 2 cm-1 resolution.  IL 

solutions of the original bagasse and regenerated CRM, were analyzed by NMR using a Bruker 

Avance 500 NMR spectrometer (Karlsruhe, Germany).  5 wt% bagasse was cooked in 

[C2mim]OAc at 185 oC for 10 min and then mixed with 15 wt% DMSO-d6.  The CRM was 

ground to powder and dissolved in [C2mim]OAc at 110 oC for 2 h and diluted with DMSO-d6 

following the same weight concentration as the bagasse sample.  The NMR spectra were 

collected at 90 °C due to the high viscosity of the samples at room temperature.  A total of 

20,000 scans were collected for 13C NMR at 125.76 MHz to get high resolution spectra.   

The lignin content of the original or pretreated biomass and regenerated CRMs were 

determined by TAPPI methods23 with a scaled down process as described in our previous 

report.84a  Briefly, the  biomass or CRM was firstly hydrolyzed using 72% H2SO4, then the 

acid was diluted to 3% and refluxed for 4 h.  The acid insoluble lignin was measured 

gravimetrically after drying in the oven.  The acid soluble lignin was measured by UV 

absorption (Cary 3C UV-visible Spectrometer, Palo Alto, CA) at 205 nm.   
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The cellulose contents of original biomass samples and the composite fibers were 

determined using a reported method.24,25  The principle is based on NaClO2 delignification to 

obtain holocellulose, followed by the use of NaOH treatment of holocellulose to remove 

hemicellulose and obtain cellulose.   

The tensile testing for the fibers was carried out as described in our previous report22 using 

an MTS Q-Test 25 machine (Eden Prairie, MN).  The uniformity of the samples was screened 

by checking the diameters of the fibers from ten samples from each spool.  At least three 10 cm 

long samples were tested from each category.  The average diameter of each sample was 

calculated from 5 measurements at different sections of the fiber, and a gauge length of 3 inches 

was used for the measurements.  The selected fibers were attached to a pneumatic grip and 

subjected to a load cell of 5 lb.  The cross head speed was 0.05 inch/min and the stress and 

strain data were obtained using a data acquisition system.   

SEM images of the composite fibers were taken at 300× magnification using a Philips XL30 

SEM instrument (Eindhoven, The Netherlands) operated at 10 kV for the accelerating voltage.  

The fibers were sputter-coated with gold before imaging to avoid charging and degradation of 

the specimen. 
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5.3 Results and Discussion 

5.3.1 Dissolution of wood  

We84a have previously reported, that when 0.5 g pine (< 0.125 mm) was added to 10 g 

[C2mim]OAc, essentially all (98%) of the pine dissolved in 16 h at 110 oC.  The CRM 

regenerated from this solution with acetone/water (1:1, v/v) contained 24%Lignin (Trial 1).  

Since that report, we have been asked about the energy demand of heating for such a long period 

and whether the same or better result could be obtained by heating at a higher temperature, but 

for a much shorter period of time.  We began to investigate this possibility and chose the upper 

range in lignin glass transition temperatures (ca. 150 oC) as our target temperature while 

attempting to keep our dissolution times under 30 minutes. 

Because the IL processes we employ dissolves most or all of the biomass, contrary to 

typical pulping processes such as kraft which removes lignin leaving a solid carbohydrate pulp, it 

is important to clearly define what we obtain and measure.  The experiments we describe below 

are intended to compare different time and temperature regimes, first by the amount of biomass 

not dissolved (the residue).  The residue (that which is not dissolved) and pulp (the CRM 

dissolved and then precipitated by adding an antisolvent) yields are the mass percentages of the 

residue or recovered CRM to the original biomass calculated according to eqs. 5.1-5.2, 

respectively:   

RES

B
Residue (%)   100%

M

M
    (5.1) 
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CRM

B
PY (%B)   100%

M

M
    (5.2) 

where MRES is the mass of undissolved residue, MCRM is the mass of CRM, and MB is the mass of 

the original biomass sample.   

Direct separation of residue and solution is very difficult because of the high viscosity of the 

biomass solution.  In these instances, DMSO is used to dilute the solution and allow the 

separation of the residue.  This methodology does not allow us to recover the lignin and we thus 

compare below the amount of total biomass dissolved, the CRM (pulp) yield, and the lignin 

content of CRM to compare the effectiveness of the various methods.   

In our first series of tests, we dissolved 0.5 g pre-dried southern yellow pine powder with 

particle size less than 0.125 mm in 10 g of [C2mim]OAc following the procedure we used in 

reference 8a.  We varied the temperature and the time as shown in Table 5.1. 

Cooking the pine/IL mixtures for 5-7 minutes at temperatures as high as 185 oC (Trials 4-5) 

proved to be ineffective; only about half (51% - 57%) of the added wood dissolved; the rest was 

recovered as residue.  However, over 90% of the wood could be dissolved with heating at 170 

to 175 ºC for 30 min (Trials 2-3) and based on our results, the best conditions seemed to be 175 

oC for 30 min.   

Compared to our original results (cooking at 110 oC for 16 h), the new parameters provided 

a higher grade pulp (with lower lignin content) despite the much shorter heating times of 30 min.  

The improved results are compared in Figure 5.1 which presents the pulp yield and CRM lignin 

content compared to our original methodology with or without the aid of catalyst 
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(polyoxometalate) in the solution and kraft pulping.  Although the overall CRM yield was 

lower (Table 5.1, 42-43% vs. 52%), the lignin content was also significantly lower (16-17% vs. 

24%), corresponding to a recovery of 52% of the available carbohydrate compared to 58% using 

the lower temperature method.  This suggests (but more work is needed to prove) that the 

higher mobility of the lignin at the higher temperatures facilitates the separation of lignin and 

carbohydrates.    

Table 5.1  Dissolution and recovery of pinea  

Trial Dissolution 
Conditions 

Residue (%B)b PY (%B)c 
Lignin Content 

(%) 
1 110 oC, 16 hd 1.5% 52.0% 23.5% 
2 170 oC, 0.5 h 9.8% 43.1% 16.8% 
3 175 oC, 0.5 h 7.8% 42.1% 16.1% 
4 185 oC, 5 min 49.1% 18.4% - 
5 185 oC, 7 min 42.8% 20.4% - 

aFor each trial, 0.5 g pine (lignin content: 31.8%) was dissolved in 10 g [C2mim]OAc; bResidue 
(%B) is the mass percentage of the undissolved residue to the mass of original biomass 
calculated as shown in eq. 1; cPulp yield (PY, %B) is the mass percentage of the recovered CRM 
to the mass of original biomass calculated as shown in eq. 2; dData from reference 8a. 
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Figure 5.1  Comparison of pulp yield and lignin content after dissolution of pine in 
[C2mim]OAc using different dissolution conditions (the numbers corresponds to the trial 
numbers in Table 1) with comparison to the result with 0.5 wt% H5PV2Mo10O40 in the system 
(ref. 23): 1) 110 oC 16 h, 3) 175 oC 30 min.   
 

5.3.2 Dissolution of bagasse 

To more completely study the higher temperature dissolution method, we needed a biomass 

source that could be completely dissolved in the IL under the chosen conditions, thus obviating 

the use of a solvent such as DMSO as dilution reagent to separate the residue.  As indicated in 

the Introduction, bagasse with its lower lignin content compared to pine (23% vs. 32%) and its 

porous structure allowing more IL contact, was expected to be easier to dissolve and indeed in 

[C2mim]OAc this proved to be the case.   

Methods and terminology.  We first compared the dissolution and fractionation of 

bagasse using the methodology we reported for pine in reference 26.  0.5 g of pre-dried ground 

bagasse with particle size less than 0.25 mm in 10 g IL following the procedure we used in 
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reference 8a.  The bagasse/IL solutions were regenerated using acetone/water (1:1, v/v)84a to 

precipitate the CRM leaving the lignin in the aqueous solution.  A free lignin fraction was 

recovered by evaporation of the acetone.  The lignin content of the CRM was then determined 

using the methods described in the Experimental section.  The results will be discussed below 

after a review of the terminology and abbreviations defined here as in our previous report.   

The lignin contents in each fraction were used to determine the delignification (Delig.%) as 

the reduction of the lignin content in the CRM compared to the lignin content in the original 

bagasse sample (eq. 5.3): 

B CRM

B

 
Delig. (%)   100%

L L

L


    (5.3) 

where LB and LCRM represents the lignin content in original bagasse and CRM, respectively.  

Carbohydrate yield, CY (%C), and lignin yield, LY (%L), with respect to mass of carbohydrate 

or lignin in original biomass were calculated according to eqs. 5.4-5.5: 

CRM CRM

B B

 ( 1  )
CY (%C)   100%

 ( 1  )

M L

M L

 
 

 
   (5.4) 

L 

B B B

LY (%B)
LY (%L)   100%   100%

M

M L L
   


  (5.5) 

where ML is the mass of recovered lignin.  The total loss of bagasse, LB (% B) was calculated 

according to eq. 5.6: 

B L CRM 

B 
LB (%B)   100%

M M M

M

 
    (5.6) 
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The loss of carbohydrate, LC (%C) and loss of lignin, LL (%L) with respect to the mass of 

carbohydrate or lignin in the original biomass were calculated according to eqs. 7-8: 

B  B CRM CRM

B B  

 ( 1  )   ( 1  )
LC (%C)   100%

  ( 1  )

M L M L

M L

    
 

 
  (5.7) 

B  B L CRM CRM

B B 

    
LL (%L)   100%

  

M L M M L

M L

   
 


  (5.8) 

Effects of temperature and time on dissolution.  Table 5.2 and Figure 5.2 summarize the 

results obtained by using cooking temperatures from 165 oC to 195 oC and cooking times of from 

5 to 15 min (Trials 7-12).  These are compared to the dissolution of the same bagasse using our 

original conditions developed for dissolution of pine (Trial 6). 

Bagasse dissolves much more rapidly in the IL than pine, even though the particle size used 

is much larger for the bagasse.  At 110 oC, it took 15-16 h to completely dissolve 0.5 g (< 0.25 

mm) bagasse in 10 g of [C2mim]OAc, while the complete dissolution of the same mass of less 

than 0.125 mm particle size pine required 46 h using these conditions.  We observed that at the 

elevated temperatures, even short cooking times of 5-15 min were sufficient to dissolve most of 

the bagasse, for example by heating at 165 oC for 10 min, 97% of the added bagasse was 

dissolved, but complete dissolution of the bagasse samples was achieved by heating at 175 oC for 

10 min or at 185 oC for 5 min.  A similar observation can be gleaned from the patent application 

examples of Edye and co-workers.11   
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Table 5.2  Summary of results for dissolution of bagassea 

 
Trial 

 
Dissolution 
Conditions  

Cellulose-rich Materials 
Calculated 

Biopolymer 
Recovery 

PYb 
(%B) 

Lignin 
content (%) 

Delig.c 
(%) 

CYd 
(%C) 

LYLe 
(%L) 

6 110 oC, 16 h 60.6 20.0 11.9 62.7 27.7 
7 165 oC, 10 min 69.0 14.9 34.4 76.0 20.7 
8 175 oC, 10 min 62.7 9.0 60.3 73.8 22.0 
9 185 oC, 10 min 54.5 6.0 73.6 66.3 30.8 

10 195 oC, 10 min 41.9 8.4 63.0 49.7 42.7 
11 185 oC, 5 min 58.2 9.0 60.4 68.5 27.7 
12 185 oC, 15 min 48.8 4.7 79.3 60.2 31.7 
13 185 oC, 10 minf 65.9 4.8 47.8 69.1 -g 
14 185 oC, 10 minh 60.7 14.0 38.3 67.5 29.0 

aFor each trial, 0.5 g of <0.25 mm bagasse (22.7%Lignin) dissolved in 10 g of [C2mim]OAc; 
bPulp yield (PY, %B) is the mass percentage of the recovered CRM to the mass of original 
biomass calculated as shown in eq. 2; cDelignification (Delig., %) is the reduction of the lignin 
content in the CRM pulp compared to the lignin content in the original biomass sample 
calculated according to eq. 3; d CY (%C) is the carbohydrate yield with regard to the 
carbohydrate in the original biomass calculated according to eq. 4; e LYL (%L) is the lignin yield 
with regard to the lignin in the original biomass calculated according to eq. 5; f 0.5 g pretreated 
bagasse (15% NaOH, 60 oC, 4 h) with lignin content of 9.2% dissolved in 10 g [C2mim]OAc;  
gLignin could not be recovered from this experiment as explained in the text; hUsing recycled 
[C2mim]OAc as the solvent. 
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 Table 5.2 (Cont.)  Summary of results for dissolution of bagasse 

Trial 
Lost Components 

LBi 
(% B) 

LCj 
(%C) 

LLk 
(%L) 

6 33.6 37.3 21.0 
7 26.3 24.0 34.0 
8 32.3 26.3 53.0 
9 38.5 33.7 54.8 

10 48.4 50.4 41.7 
11 35.5 31.5 49.0 
12 44.0 39.9 58.3 
13 34.1 34.0 33.4 
14 32.7 32.4 33.5 

iLB (%B) is the total mass loss of biomass calculated according to eq. 5.6; jLC(%C) is the loss of 
carbohydrate with regard to the carbohydrate in the original biomass calculated according to eq. 
5.7; kLL(%L) is the loss of lignin with regard to the lignin in the original biomass calculated 
according to eq. 5.8. 
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a) 

 
b) 

Figure 5.2  Mass balance of bagasse for a) Trials 6-12 (Table 5.2) with different dissolution 
conditions in [C2mim]OAc and b) Trials 9, 13, and 14 (Table 5.2) for comparison of the results 
using recycled [C2mim]OAc or pretreated bagasse.  The four bars add to 100%; the first bar 
representing the CRM is divided into two parts with the top part representing lignin and the 
bottom part representing carbohydrate. 
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Effects of temperature on delignification and biopolymer separation/recovery.  Table 

5.2 and Figure 5.2a compare the yields, delignification, and recoveries of the main biopolymer 

fractions for the time and temperature experiments.  In the first comparative experiments, 0.5 g 

(< 0.25 mm) of bagasse was placed in 10 g of [C2mim]OAc and heated to 165, 175, 185, or 195 

oC for 10 min (Table 2, Trials 7-10).  The most obvious result is that compared to dissolution at 

110 oC for 16 h, the higher temperature cooking methods result in comparable CRM yields 

(42-69% vs. 61%), but with much greater delignification (34-79% vs. 12%).  The overall 

carbohydrate and lignin yields are comparable at the lower and higher temperatures, suggesting 

that when the dissolution temperature is above the Tg of lignin, improved separation of the 

carbohydrate and lignin can be achieved without sacrificing the carbohydrate or lignin yields.   

In general, increasing the dissolution temperatures from 165 oC to 185 oC led to a decrease 

of both pulp yield (PY (%B) = 69% to 42%) and carbohydrate yield (CY (%C) = 76% to 50%), 

perhaps due to some degradation of the biopolymers to lower molecular weight fractions.  The 

lignin content in the CRM decreased at higher cooking temperatures from 15% (165 oC) to 6% 

(185 oC) representing increased delignification of the pulp (34% vs. 74%) suggesting that the 

higher temperatures facilitate the separation of the carbohydrate and lignin biopolymers in 

bagasse which is consistent with the results for pine.   

This is supported by the increased lignin yields, where increasing the dissolution 

temperatures from 165 oC to 195 oC led to significant increases in the free lignin yields (LY(%L)) 

from 21% (165 oC) to 43% (195 oC) indicating again that the higher temperatures help to break 
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the lignin-carbohydrate bond and allow more ready precipitation of the free lignin.  This is 

consistent with Li et al. and Arora et al. where higher delignification efficiency (up to 73.5% 

delignification) was obtained using higher temperature (160 oC, 3 h) for dissolution of 

switchgrass in [C2mim]OAc followed by regeneration in DI H2O.12,13  Tan and co-workers also 

found that they could extract more lignin from bagasse at higher temperatures using an 

alkylbenzenesulfonate IL, although they did not dissolve the cellulose.10   

However, the overall results for cooking at 195 oC suggest that too high of a cooking 

temperature can lead to polymer degradation and much poorer results.  For example, at 195 oC, 

the pulp and carbohydrate yields decreased sharply to 42% and 50%, respectively.  In addition, 

the lignin content of the CRM increased from 6% to 8%When the temperature was changed from 

185 oC to 195 oC, again suggesting degradation of the carbohydrate.  Higher temperatures are 

also more likely to lead to increased degradation of the [C2mim]OAc (vide infra).     

Table 5.2 and Figure 5.2a clearly show that the total loss of bagasse, loss of carbohydrate, 

and loss of lignin generally increase with increasing temperature and as explained above, this is 

most likely the result of the degradation of the biopolymers to smaller fragments which cannot 

be recovered from the aqueous solution.  The choice of operating temperature must then be 

balanced against the objectives of the process where the final goals might differ, for example in 

recovery of a cellulose-rich pulp vs. a feedstock for further chemical reactions. 

Effects of time on delignification and biopolymer separation/recovery.  To test the 

effects of dissolution time, 0.5 g (< 0.25 mm) of bagasse was placed in 10 g of [C2mim]OAc and 



 

160 
 

heated to 185 oC for 5, 10, or 15 min (Table 5.2, Trials 9, 11, 12).  Generally, increasing 

dissolution times has a similar effect to increasing temperatures as discussed above.  As shown 

in Table 5.2 and Figure 5.2a, increasing the dissolution time from 5 min to 15 min leads to lower 

CRM yield (58% to 49%), lower carbohydrate yield (68% to 60%), and lower lignin content in 

the CRM (9% to 5%).  Longer dissolution times, thus cause more carbohydrate degradation but 

facilitate the separation of lignin from the carbohydrate at the same time.  The longer 

dissolution times also result in higher yields of recovered lignin (28% to 32%) but overall higher 

total losses of both carbohydrate and lignin.   

Based on the yields of the biopolymers and degree of delignification obtained in our studies, 

the best conditions appear to be cooking at 185 oC for 10 min where 54% of the added bagasse 

was recovered as CRM with only 6%Lignin content.  Under these conditions, 66% of the 

carbohydrate and 31% of the lignin can be recovered compared to 63% and 26%, respectively, 

using the lower temperature method. 

The recovery and loss of carbohydrate and lignin with respect to the individual polymers are 

shown in Figure 5.3.  It is clearly shown in Figure 5.3a that the carbohydrate yields are higher 

with the higher temperature dissolution method except for the trial at 195 oC, where degradation 

is suspected.  Considering the lignin in the CRM and the free lignin fraction together, the total 

lignin yield is generally lower using the higher temperature methods, although the recovered free 

lignin fraction is comparable or higher than that obtained at 110 oC.   
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a) 

 
b) 
 

Figure 5.3  Recovery and loss of carbohydrate and lignin with respect to the individual 
polymers by processing bagasse in [C2mim]OAc a) Trials 6-12 in Table 5.2 and b) Trials 9, 13, 
and 14 in Table 5.2.  The first and second bars add to 100%; the third and fourth bars add to 
100%; the third bar representing the total yield of lignin is divided into two parts with the top 
part representing lignin recovered in the CRM and the bottom part representing recovered free 
lignin. 
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5.3.3 NaOH pretreatment.   

In order to determine if pretreatment of biomass to remove hemicellulose and some lignin 

would accelerate dissolution of biomass in ILs and result in higher quality pulp and lignin, we 

investigate the use of a common biomass pretreatment option, aqueous NaOH.  To prevent or 

reduce possible degradation of the cellulose, NaOH concentrations of 10 wt% and 15 wt%Were 

studied.27   

One g of pine (< 0.125 mm) or bagasse (< 0.25 mm) powder was dispersed in 10 wt% or 15 

wt% NaOH solutions at 60 oC for specific time periods (2-6 h).  The pretreated biomass was 

recovered by vacuum filtration and dried in an oven at 90 oC overnight.  The particles of the 

pretreated biomass were of similar shape to the original particles, while the color was slightly 

lighter.  Table 5.3 provides the compositions of the treated pine or bagasse and the 

quantification of lignin and hemicellulose removal after the pretreatment.  Pretreated biomass 

yield, PB (%) was calculated according to eq. 5.9: 

PB

OB
PB (%)   100%

M

M
     (5.9) 

where MPB is the mass of the recovered biomass after the pretreatment and MOB is the mass of the 

original biomass.  Lignin content of the pretreated biomass was determined using the TAPPI 

method as described in the Experimental section.  Cellulose content for the pretreated biomass, 

CPB, was calculated based on eq. 5.10 assuming that only lignin and hemicelluloses was removed 

after the NaOH pretreatment: 

OB OB
PB

PB

  
C  (%)   100%

M C

M


    (5.10) 
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where COB is the cellulose content in the original biomass.  Losses of lignin, LL (%L), or 

hemicellulose, LHC (% HC), with respect to the lignin or hemicellulose present in the original 

biomass were calculated according to eqs. 5.11-5.12:  

OB OB PB PB

OB OB 

      
LL (%L)   100%

  

M L M L

M L

  
 


  (5.11) 

OB  PB OB OB PB PB

OB OB OB  

(  )  (       )
LHC (%HC)   100%

  ( 1   C )

M M M L M L

M L

    
 

  
  (5.12) 

where LOB and LPB are lignin content in original and pretreated biomass respectively.   

The results in Table 5.3 indicate that the alkali treatment removes mostly hemicellulose (> 

50%) and some lignin (11-31%) from pine (Trials 15-18).  Longer treatment times result in 

more lignin removal (60 oC 2 h, LL (%L) = 11% vs. 60 oC 6 h, LL (%L) = 31%).  However, 

more hemicellulose was removed with the higher concentration of NaOH (10% NaOH 4 h, LHC 

(%HC) = 59% vs. 15% NaOH 4 h, LHC (%HC) = 78.0%).  The resulting cellulose content of 

the pretreated pine is thus, higher than that of the original (CPW = 55-61% vs. original pine = 

44%) due to the removal of both lignin and hemicellulose.   

NaOH pretreatment of bagasse removed most of the lignin (76%) and hemicellulose (97%).  

Only 60% of the original bagasse was recovered after pretreatment vs. 70-80% recovered for 

pine.  These results are consistent with the more open structure of bagasse with its high 

porosity.    

0.5 g of the pretreated bagasse was dissolved in 10 g [C2mim]OAc and regenerated using the 

same procedures described above under the optimized conditions used in Trial 9 (185 oC, 10 

min).  The results (Table 5.2, Trial 13; Figure 2b and 3b) indicate a higher CRM yield (66% vs. 
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55%), higher carbohydrate yield (69% vs. 66%), and lower lignin content (5% vs. 6%) compared 

to dissolving untreated bagasse under the same conditions (Trial 9).  These results and the very 

low lignin recovery are consistent with the removal of 76% of the lignin and 97% of the 

hemicellulose (Trial 19) during NaOH pretreatment.   

Table 5.3  Quantification of lignin and hemicelluloses removal using NaOH aqueous solution 
pretreatment of pine powder 

Trial 
[NaOH] 

(%) 
Pretreatment 
Conditions 

PBb 
(%) 

LPB 
(%) 

CPB
c 

(%) 
LLd 

(%L)  
LHCe 

(%HC) 

Pine None None 100 31.8 44.2 0 0 

15 10%  60 ºC, 2 h 80.1 35.4 55.2 11.0 68.6 
16 10%  60 ºC, 4 h 77.7 30.3 56.9 25.9 58.7 
17 10%  60 ºC, 6 h 74.8 29.4 59.1 30.8 64.1 
18 15%  60 ºC, 4 h 72.7 31.9 60.8 27.0 78.0 

Bagasse None None 100 22.7 57.8 0 0 
19 15%  60 ºC, 4 h 59.5 9.2 90.0 75.9 97.4 

a1 g of pine (< 0.125 mm, Trial 15-18) or 1 g of bagasse (< 0.25 mm, Trial 19) was pretreated in 
20 mL NaOH solution; bPretreated biomass (%PB) is the weight percentage of the recovered 
biomass to the original biomass calculated according to eq. 9; cCellulose content of the pretreated 
biomass (%CPB) was calculated according to eq. 10 assuming that cellulose was not lost during 
the pretreatment process; dLoss of lignin (LL %L) was calculated according to eq. 11; eLoss of 
hemicellulose (LHC %HC) was calculated according to eq. 12 assuming that only lignin and 
hemicellulose was removed during the pretreatment process. 
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5.3.4 IL recycling   

In order to evaluate the viability of recycling the IL, the IL used in Trial 9 (Table 5.2) was 

recovered by evaporation of the coagulation solvent (acetone/water), filtered, and dried in a 

vacuum oven at 90 oC for 24 h.  The recovered [C2mim]OAc was dark brown in color and 13C 

NMR indicated the presence of lignin and carbohydrate with low concentrations, presumably 

low molecular weight fractions which did not precipitate from solution.  Approximately 85 wt% 

of the [C2mim]OAc (measured by mass after subtracting the remaining 9.2%Water content) was 

recovered after being dried in the vacuum oven.   

Ten grams of the dark brown, recycled IL was used (Table 5.2, Trial 14) to dissolve 0.5 g (< 

0.25 mm) of fresh bagasse at 185 oC for 10 min and the CRM and lignin fractions were 

recovered using acetone/water (1:1, v/v) as used for the first cycle (Trial 9).  Complete 

dissolution was still observed.  Table 5.2 (Trial 14), Figure 2b and Figure 5.3b show the 

recovery of the biopolymers from recycled IL compared to fresh IL.   

The recycled IL gave a higher CRM yield (61% vs. 54%) with a higher lignin content (14% 

vs. 6%) and an overall slightly higher carbohydrate yield (67% vs. 66%) compared to fresh IL.  

The yield of recovered lignin using the recycled [C2mim]OAc was similar to the fresh IL (29% 

vs. 31%).  In Figure 5.3b, the total recovered lignin with recycled IL is higher because of the 

higher lignin content in the CRM.  Overall, the recycled IL exhibited good performance for 

bagasse dissolution and recovery, but with some loss of efficiency in delignification of the CRM 
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pulp.  This is consistent with the results we have obtained using the lower temperature 

method,23 and could be related to the biomass fragments which remain in the recycled IL. 

5.3.5 IL degradation   

One concern about using higher temperatures and ILs, is the potential to degrade the 

solvent.  We studied this by analyzing [C2mim]OAc with 1H and 13C NMR before and after 

heating at 185 oC for 10 min and 110 oC for 16 h.  We noted even in our unheated IL the 

presence of very small peaks which correspond to methylimidazole, a starting reagent in the 

synthesis of [C2mim]OAc and a degradation product from the dealkylation of the ethyl group 

once the IL is formed.  The intensities of these peaks (3.1-3.7 ppm, 6.8-7.7 ppm) increased after 

heating, more so when heated at 185 oC for 10 min.  This would suggest dealkylation occurs 

upon heating and more at higher temperatures even for shorter periods of time, however, we 

were unable to determine the presence of the other dealkylation product ethylacetate  (low 

boiling point m.p. = 77 oC, most likely evaporate with heating).  Nonetheless, using higher 

temperatures, even at shorter times appears to lead to more (albeit still minor) IL decomposition.  

This suggests care in the final selection of cooking regimes. 

5.3.6 Characterization of the recovered polymers 

Figure 5.4 shows the 13C NMR spectrum of the CRM (0.5 g) from Trial 9 redissolved in 

[C2mim]OAc (10 g) at 110 oC for 2 h compared to a solution of 0.5 g fresh bagasse dissolved in 

10 g [C2mim]OAc at 185 oC for 10 min.  Cellulose characteristic peaks at 100.7 ppm (C1), 77.2 

ppm (C4), 74.3 ppm (C5), 73.5 ppm (C3), 72.5 ppm (C2), and 58.8 (C6) ppm are clearly visible 
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in both spectra.84a,28  Characteristic peaks of hemicellulose (61.7 ppm (C5)) and lignin (54.4 

ppm, aromatic OMe)84a, 29 are also observed, however, the much smaller relative intensities of 

these in the redissolved CRM (Figure 5.5.4, spectra b) confirm the lower lignin and 

hemicellulose content.  

ppm 5060708090100

a

b

 

Figure 5.4  13C NMR spectra of a) bagasse dissolved in [C2mim]OAc (Trial 9, 185 oC 10 min) 
and b) the CRM recovered from Trial 9 redissolved in fresh IL.  
 

The recovered CRM and lignin from the optimized high temperature conditions (Trial 9, 

185 oC, 10 min) and previously reported lower temperature conditions (Trial 6, 110 oC, 16 h) 

were characterized by FT-IR as shown in Figure 5.5.  The spectra of the recovered lignin from 

the two different dissolution conditions are similar.  The spectra of the CRMs clearly indicate 

that both CRMs are cellulose rich with less lignin compared to original bagasse exhibiting 

reduced intensities for characteristic peaks of lignin at 1593, 1509, and 1327 cm-1.30   

The peak at 1731 cm-1 corresponding to the carbonyl groups of lignin and hemicellulose in 

bagasse.31 is less intense in the spectrum of the CRM obtained using the lower temperature 

conditions (Figure 5.5, spectra c), but is essentially the same intensity as found in the CRM of 
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bagasse processed at 185 oC for 10 min (Figure 5.5, spectra b).  One explanation for this result, 

which appears to be in contrast to the NMR discussed above which indicated less lignin and 

hemicellulose in the CRM processed at 185 oC for 10 min, could be some acetylation of cellulose 

by the IL.    
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Figure 5.5  FT-IR spectra for a) bagasse b) the CRM recovered from Trial 9 (185 oC 10 min) c) 
the CRM recovered from Trial 6 (110 oC 16 h), and d) MCC.  The vertical solid line marks 
1731 cm-1 corresponding to the carbonyl group in lignin or hemicellulose with other 
characteristic peaks of lignin marked by vertical dashed lines (1593 cm-1, 1509 cm-1, and 1327 
cm-1).  

To test the possible acetylation of cellulose in our experiments, 5 wt% of MCC was 

dissolved in [C2mim]OAc under three different cooking regimes (90 oC for 10 min, 110 oC for 

16 h, and 185 oC for 10 min) and regenerated using DI water to remove the IL.  The regenerated 

cellulose was dried in the oven at 90 oC overnight and characterized using FT-IR.  Although, 



 

169 
 

the characteristic peak at 1731 cm-1 was not observed with lower temperature heating (90 oC, 10 

min and 110 oC, 16 h), it is clearly observed in the higher temperature dissolution experiments 

(185 oC 10 min).  The above results suggest that cellulose (free or in the form of lignocellulosic 

biomass) may be acetylated during dissolution in [C2mim]OAc depending on the heating 

conditions.   

Although acetylation of cellulose in [C2mim]OAc in the absence of acid or other reagent 

has not been reported in the literature, Ebner et al., have reported a side reaction between 

[C4mim]OAc and cellulose forming a carbon-carbon bond with the cation through the C2 

carbon,32  We found no evidence for this reaction in our studies, however, we do note that the 

reactivity of the C2 imidazolium carbon via a carbene route can be quite substantial in the 

presence of the basic acetate anion as we have reported for the direct reaction of elemental sulfur 

with [C2mim]OAc.33  
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5.3.7 Biomass composite fibers  

We have previously demonstrated that fibers can be spun from cellulose in IL solutions with 

and without functional additives, and that fibers prepared from cellulose of higher molecular 

weights (higher DP values) were stronger exhibiting higher ultimate stress, while fibers 

incorporating additives (e.g., magnetite) exhibited inferior mechanical properties.22  Wu et al., 

prepared films from a mixture of cellulose, starch, and lignin with different weight ratios using 

1-allyl-3-methylimidazolium chloride (AmimCl) as the solvent,21 and found that the strength of 

the films increased with higher cellulose and lignin contents and lower starch content.  We were 

thus curious whether the pulps obtained from dissolving lignocellulosic biomass, rather than pure 

cellulose, in ILs could also be used to spin fibers and how the method of dissolution and 

resulting concentration of lignin and hemicellulose might affect the mechanical properties.   

We have not yet seen any literature reports on the preparation of such composite fiber 

directly from biomass solutions without any pretreatment.  The direct extrusion of biomass 

composite fibers without any initial pulping step might provide a simple and efficient route to 

novel biodegradable materials, for example when compared with viscose fibers which start from 

a kraft cellulose pulp.34 

To test thus, twelve different spinning solutions were prepared under different dissolution 

conditions utilizing a) pine, b) oak, c) bagasse, d) NaOH pretreated pine, e) the CRM obtained 

from the dissolution of pine at 175 oC for 30 min (Trial 3) and regenerated in acetone/water, f) 

cellulose pulp (DP = 1056), and g) a mixture of cellulose (DP =1 1056), xylan, and Indulin AT 



 

171 
 

lignin in proportions representing the composition of pine.  Generally, 0.5 g of the biomass 

source was dissolved in 10 g [C2mim]OAc using either the optimized higher temperature method 

(175 oC 30 min for wood, Trial 20, 21, 26, 28-31), 185 oC 10 min for bagasse, Trial 22), or our 

previously reported lower temperature method (110 oC, 16 h bagasse, Trial 23) to prepare the 

spinning dope.  For oak, a lower concentration was also used (Trial 20) since the solution at 5 

wt% (Trial 21) prepared with heating at 175 oC for 30 min, was too viscous resulting in 

inefficient dissolution.  The solutions of the CRM from Trial 3, of the cellulose pulp (DP = 

1056), and of the cellulose/xylan/Indulin AT mixture were prepared by heating at 90 oC for 2 h 

(CRM, Trial 27) or 30 min (pulp, Trial 24; standard mixture, Trial 25) because they were 

relatively easy to dissolve. 

Fibers were prepared where possible using dry-jet spinning of each of the 12 spinning dopes 

described above by extrusion into a water bath and collection onto a spool as described in the 

Experimental section and reference 22.  After spinning, the fibers were soaked in DI water 

overnight and air dried.  The biomass composite fibers were brown in color and the surface 

roughness varied for the different biomass sources.   

While bagasse fibers could be prepared using either higher (Trial 22, 185 oC 10 min) or 

lower (Trial 23, 110 oC 16 h) temperature heating methods, wood fibers could only be made 

using the higher temperature method (Trial 26, 175 oC 30 min).  This may indicate that there 

was less polymer degradation (which would lower the DP) with the higher temperature method, 

however, we do note that the cellulose content is also higher in the fiber prepared by the higher 
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temperature heating methods (Trial 22, 64% vs. Trial 23, 57%), while the lignin contents for the 

two fibers are similar (Trial 22, 25% vs. Trial 23, 22%)..   

SEM images of the composite fibers.  SEM images for fibers prepared from pretreated 

pine (Trial 31) and raw bagasse (Trial 22) are shown in Figure 5.6.  A wrinkled surface texture 

was observed for these composite fibers.  The fibers prepared from pine after NaOH(aq) 

pretreatment (Trial 18, 15% NaOH 4 h), tended to be smoother, perhaps reflecting the higher 

cellulose content and lower hemicellulose and lignin content.  

 

 

 

 

 

Figure 5.6  SEM images at 300x for fibers made from a) bagasse dissolved in [C2mim]OAc at 
185 oC for 10 min, b) pine with 15% NaOH for 4 h then dissolved in [C2mim]OAc at 175 oC for 
30 min.  
  

a b 
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Mechanical properties of the composite fibers.  Fibers from each prepared batch were 

prescreened to select test fibers of uniform thickness for tensile strength analysis (described in 

the Experimental section).  Table 5.4 compares the biopolymer compositions of the biomass 

before dissolution and of the resulting fiber with the mechanical properties of the resulting fibers.  

The stress/strain curves for the fibers are plotted in Figure 5.7.   

The average thickness of the regenerated fibers varied from one source to another (Table 

5.4), although the same concentration of total biomass was used except for one trial with oak 

(Trial 20).  Generally, the fibers prepared from dissolution of untreated biomass (e.g., pine, 

Trial 26, 0.13 mm) were thicker than those prepared from dissolution of pretreated biomass (e.g., 

pretreated pine, Trial 28-31, 0.05-0.10 mm).  When the dissolution was incomplete (5 wt%, 

oak, Trial 21), the fiber was much thicker (0.22 mm vs. 0.10 mm) than that from complete 

dissolution (3 wt%, oak, Trial 20). The bagasse fibers made with the higher temperature method 

are stronger with higher stress, compared to the fibers made with the lower temperature method 

(125 MPa for fibers from Trial 22, 185 oC 10 min vs. 86 MPa for fibers from Trial 23, 110 oC 16 

h).  This is consistent with the observation that fibers could not be spun at all using the spinning 

dope prepared from dissolution of wood at the lower temperature, but fibers could be prepared 

when the dissolution was carried out at a higher temperature for a shorter period of time.   
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Table 5.4  Composition and mechanical properties of the biomass fibers 

Trial Samples 
[Cellulose]a 

(%Biomass) 

[Lignin]a 

(%Biomass) 

Concentration 

(wt%)b 

20 Oak 45-51c 23.8 3.33 

21 Oak 45-51c 23.8 5d 

22 Bagassee 57.8 22.7 5 

23 Bagassef 57.8 22.7 5 

24 Pulp DP 1056g 100  3 

25 Mixtureh 44.2 31.8 5 

26 Pine 44.2 31.8 5 

27 CRM from Pinei - 23.5 5 

28 Treated Pine 15j 55.2 35.4 5 

29 Treated Pine 16j 56.9 30.3 5 

30 Treated Pine 17j 59.1 29.4 5 

31 Treated Pine 18j 60.8 31.9 5 

aLignin and cellulose content (wt %) of original or treated biomass before dissolution; bWeight 
percentage of the biomass to the mass of IL; cData from ref 35; dIncomplete dissolution; eHigh 
temperature method for bagasse: 185 oC 10 min; fLow temperature method: 110 oC for 16 h; 
gFibers made from pulp (DP = 1056) only; hFibers made from a mixture of standards: Pulp (DP = 
1056) for cellulose, xylan for hemicelluloses, and Indulin AT for lignin with the weight ratio the 
same as pine: 44.2/25.0/31.8; iCRM from Trial 3; jThe number corresponds to the trial number in 
Table 3: Trial 15, 10% NaOH 2 h; Trial 16, 10% NaOH 4 h; Trial 17, 10% NaOH 6 h; Trial 18, 
15% NaOH 4 h. 
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Table 5.4 (Cont.)  Mechanical properties of the wood fibers 

Trial 

Thickness 

(mm) 

Ultimate stress 

(MPa) 

Max. Strain 

(%) 
[Cellulose]k [Lignin]k

20 0.10(0) 102(5) 4(0)   

21 0.22(1) 36(17) 2(0)   

22 0.11(0) 125(2) 6(2) 63.6 25.3 

23 0.09(1) 86(4) 8(3) 57.3 22.3 

24 0.06(1) 220(16) 10(0)   

25 0.08(0) 126(1) 1(0)   

26 0.13(0) 49(6) 2(0) 55.9 32.4 

27 0.06(1) 142(9) 5(0)   

28 0.09(1) 142(34) 12(4)   

29 0.08(1) 222(27) 13(2) 63.2 30.6 

30 0.10(0) 206(3) 5(2)   

31 0.05(0) 336(15) 14(0)   
k Lignin and cellulose content of the composite fibers. 

One factor in the ability to spin fibers, as well as the resulting strength of the fibers is 

related to the compositional differences which result from the different heating methods (vide 

supra).  As shown in Table 5.4 in Trials 22 and 23, fibers prepared from solutions of bagasse 

dissolved at 185 oC for 10 min have higher cellulose content compared to those spun from 

solutions prepared using the lower temperature heating method (64% vs. 57%), although the 

lignin content of the two fibers are similar (25% vs. 22%).  These results are consistent with the 

previous observation that the higher temperature method facilitates the separation of the major 
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components from biomass, even if pure DI water is used for coagulation instead of the 1:1 

actetone/water mixture described earlier.   

Generally, stronger fibers were obtained by using biomass sources with higher cellulose 

contents which resulted in fibers correspondingly higher in cellulose.  As shown in Figure 5.7, 

the fibers made from bagasse and oak are much stronger than pine and the cellulose contents in 

the three biomass decrease in the order bagasse-based fibers 58% > oak-based fibers 49% > 

pine-based fibers 44%). 

Fibers were also prepared from solutions prepared by redissolving the CRM obtained from 

pine dissolved at 175 oC 30 min (Trial 3) in fresh [C2mim]OAc.  As expected, these fibers 

exhibit better mechanical properties compared to those prepared by directly dissolving pine 

(Stress: 142 MPa vs. 49 MPa; Strain: 5% vs. 2%).  This is most likely due to the removal of 

free lignin and hemicellulose in the first coagulation step.   

In an attempt to learn more about the role of the individual biopolymers in the resulting 

fiber strength, a spinning solution was prepared by dissolving 0.5 g total mass of a mixture of 

44%Cellulose pulp (DP = 1056), 24% xylan, and 32% Indulin AT (to simulate the approximate 

composition of the pine samples we studied) in 10 g of the IL.  The composite fibers prepared 

from this solution exhibited lower stress compared to fibers made from 100%Cellulose pulp (126 

MPa vs. 220 MPa), but they are still stronger compared to those made from the original pine 

(126 MPa vs. 49 MPa).  The fibers prepared by dissolution of cellulose pulp (Trial 24) have 

similar mechanical properties to the those prepared using this same pulp dissolved in [C2mim]Cl 
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(stress: 220 vs. 217 MPa, strain: 10% vs. 13%), although a lower extrusion rate was used in  

previous study.22  

 

 

 

 

 

 

 

 

 
Figure 5.7  Stress strain curves for fibers made from original or treated biomass resources (the 
numbers corresponds to the trial numbers in Table 4): 20) 3.33% oak dissolved at 175 oC for 30 
min, 22) 5% bagasse dissolved at 185 oC for 10 min, 24) 3% pulp DP 1056 dissolved at 90 oC for 
30 min, 26) 5% pine dissolved in [C2mim]OAc at 175 oC for 30 min, 27) 5%CRM from pine 
(Trial 3) dissolved at 90 oC for 2 h, 28) 5% treated pine (10% NaOH for 2 h) dissolved at 175 oC 
for 30 min, 29) 5% treated pine (10% NaOH for 4 h) dissolved at 175 oC for 30 min, 30) 5% 
treated pine (10% NaOH for 6 h) dissolved at 175 oC for 30 min, 31) 5% treated pine (15% 
NaOH for 4 h) dissolved at 175 oC for 30 min.  
  

Strain (%)

0 5 10 15 20 25

St
re

ss
 (

M
P

a)

0

100

200

300

26

28

24

29

30

31

20

22

27



 

178 
 

By far, the greatest effect on the strength of the prepared fibers arises from NaOH 

pretreatment before dissolution, where the pretreatment results in higher cellulose content of the 

recovered wood (pretreated pine, 55-61% vs. original pine, 44%).  Both stress and strain are 

dramatically higher and these fibers are even stronger than those prepared using 100%Cellulose 

pulp with DP 1056.  For example, fibers made from pine pretreated with 15% NaOH for 4 h 

(cellulose content = 61%) exhibit ultimate stress values of 336 MPa, while those made from the 

pine after pretreatment with 10% NaOH for 4 h (cellulose content = 57%) exhibit ultimate stress 

of 222 MPa.   

As discussed above, 15% NaOH treatment for 4 h seems to be most efficient in 

hemicellulose/lignin removal and results in the highest cellulose content in the pretreated pine.  

Although the recovered pine after pretreatment with 10% NaOH for 6 h has a slightly higher 

cellulose content than that pretreated with 10% NaOH for 4 h (59% vs. 57%), the resulting fibers 

have decreased strength and elongation (stress: 206 MPa vs. 222 MPa; strain: 5% vs. 13%).  

This may be due to degradation of the cellulose with the longer treatment time.   

It should be noted that the compositions of the fibers are different from the raw biomass 

from which they are prepared (Table 5.4, Trial 22, 23, 26, 29) since the dissolution process 

followed by fiber coagulation in a water bath removes some water soluble lignin and 

hemicellulose fractions.  The cellulose contents of the resulting fibers are usually higher than 

that in the starting biomass (Trial 22: 64% vs. 58%; Trial 26: 56% vs. 44%; Trial 29: 63% vs. 
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57%), while the lignin contents are similar (Trial 22: 25% vs. 23%; Trial 26: 32% vs. 32%; Trial 

29: 31% vs. 30%).   

5.4 Summary and Conclusions 

In summary, lignocellulosic biomass can be dissolved and separated more efficiently using 

a dissolution temperature above the Tg of lignin.  With 0.5 g biomass added to 10 g 

[C2mim]OAc, 92% of pine (particle size < 0.125 mm) can be dissolved with heating at 175 oC 

for 30 min, and complete dissolution can be achieved for bagasse (< 0.25 mm) with heating at 

175 oC for 10 min.  This rapid dissolution, even at higher temperature, might provide some 

energy savings for the whole process.   

Better separation of the natural biopolymers was achieved using the higher temperature 

method compared to our previously reported lower temperature method (110 oC, 16 h).  Figure 

5.8 shows the pulp yield and lignin content in the CRM recovered using pine and bagasse under 

all of the conditions we have thus far investigated.  Generally, the results from bagasse show 

lower lignin content with higher pulp yield compared to pine (74% vs. 12% delignification and 

55% vs. 61% pulp yield, respectively) and that with proper choice of the temperature and 

dissolution time, greater delignification can be obtained without sacrificing pulp yield.   
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Figure 5.8  Comparison of pulp yield and lignin content (the numbers corresponds to the trial 

numbers in Table 1-2): 1) pine, 110 oC 16 h, 3) pine, 175 oC 30 min, 6) bagasse, 110 oC 16 h, 7) 

bagasse, 165 oC 10 min, 8) bagasse, 175 oC 10 min, 9) bagasse, 185 oC 10 min, 10) bagasse, 195 
oC 10 min, 11) bagasse, 185 oC 5 min, 12) bagasse, 185 oC 15 min, 13) pretreated bagasse, 185 
oC 10 min, 14) bagasse, 185 oC 10 min with recycled [C2mim]OAc. 

The IL, [C2mim]OAc, can be recycled and reused with similar dissolution and recovery 

results for bagasse, but with some loss of the separation efficiency.  Care must be taken to avoid 

IL degradation when using higher processing temperatures. 

Biomass composite fibers can be prepared directly from solutions of raw biomass dissolved 

in the IL with stronger fibers resulting from the dissolution at higher temperatures for shorter 

times.  While fibers can be prepared from bagasse using either higher or lower temperature 

methods, continuous fibers from dissolved wood can only be prepared when using the higher 

temperature, faster time method.  Stronger fibers can be obtained by using a biomass source 



 

181 
 

with a higher cellulose content or by pretreating the biomass to remove some hemicellulose and 

lignin prior to dissolution in the IL.  
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CHAPTER 6 

CONCLUSIONS 

 
 

This dissertation outlines a series of studies that have led to a fundamental understanding of 

the dissolution and separation of lignocellulosic biomass in ionic liquids (ILs).  The work 

presented here meets the growing need to design and develop materials from biodegradable and 

biorenewable sources and decrease the dependence on non-renewable petroleum based 

feedstocks.  The research has combined three major principles of green chemistry: (1) the use of 

biorenewable feedstocks, (2) the development of solvents/alternative delignification media which 

are more environmentally benign, and (3) the use of catalysts (as selective as possible) instead of 

stoichiometric reagents for energy efficiency and recyclability. 

A resource supply that is both sustainable and adequate is one of the more significant 

barriers to increased infiltration of biomass conversion technologies and processes.  Recently, 

research priorities have focused on improving technologies to utilize less expensive feedstocks, 

cellulosic based sources, and production of large amounts of biomass globally.  Three factors 

are needed for biofuel to reach widespread acceptance and used: improved performance, reduced 
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production costs, and the inherent impact of conversion technologies on the environment and 

society.  Unfortunately, the operating costs still differ significantly from country to country due 

to wide variations in the cost of the biomass delivered to the conversion plant.  These variations 

are due to disparities in the cost of the raw biomass, local policies related to agriculture and 

forestry, taxes and labor costs for harvesting the resources. 

We have been able to dissolve the raw biomass and separate lignin from the carbohydrates 

with high efficiency which is comparable to the industrial pulping process, kraft pulping.  

Cellulose and biomass composites have been successfully prepared based on the IL solution.  

Direct dissolution of lignocellulosic biomass in ILs provides a novel technological platform for 

the fundamental research on the development of a sustainable processing of chemicals and 

advanced materials.  Although these technologies are in the early laboratory stages, they are 

promising and offer better pathways, less energy intensive processes, and significantly improved 

health and environmental benefits when compared to current pulping processes.   

The industrial adoption of new technologies is based on cost and demonstration of both 

viability and significant improvements over current practice.  The recovery and reuse of the 

hydrophilic IL solvents could be a significant barrier to implementation.  The energy 

requirement for the final dehydration is the major concern for further implementation of IL 

technology.  The recycle of the IL in an energy efficient manner with little waste is the current 

biggest hurdle to adoption. 
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The immediate outcomes of this work will be using the IL platform to selectively cleave 

lignocellulosic bonds allowing the ready isolation of pure cellulose, lignin, and hemicellulose 

fractions and preparing advanced materials directly from the biomass sources.  This could have 

profound effects on the availability of reproducible biomass feedstocks for further chemical 

processing and lead to additional utilization of these biopolymers in advanced materials.  The 

importance of this would be in maintaining the nature of all of the specific biopolymers while 

trying to develop markets for their use directly rather than just as fuels.   

At present, [C2mim]OAc (as well as many other ILs) is only commercially available as a 

research chemical.  However, the recyclability and greenness of the solvent makes the IL 

process at least competitive.  In the development of any new process or material, the principles 

of green chemistry should be employed to optimize the process and materials to ensure they are 

sustainable, renewable, recyclable, and biodegradable.  This will make a difference in our 

environment not only today, but in the future as well.   

Upcoming research is expected to further contribute towards the fulfillment of the 

biorefinery concept, which may constitute the basis of a sustainable chemical industry based on 

biorenewable resources and environmentally friendly processing.  The IL dissolution strategy 

has been shown to separate and recover, at least partially, these fractions, potentially leading to a 

broad range of value-added products and chemicals.  Application of complete dissolution of 

lignocellulosic biomass in ILs to create novel composites, fuels, chemicals, and other products 

should be further explored.  Progress in three key aspects is needed: a) maximization of 
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efficiency in recovery and/or separation of biopolymers from the biomass feedstock, with little or 

no degradation and minimum losses; b) obtaining better or even complete separation by using a 

catalyst or reaction reagent to break the lignin-carbohydrate bond; and c) transformation of the 

separated biopolymers into the desired commodity chemicals.  While the dissolution and 

separation has been proven from the chemical perspective on a laboratory scale, it remains to 

develop the engineering aspects of the process and test the performance of the materials 

prepared. 


