o,
Universitat
de Girona
o

FEASIBILITY OF INCORPORATING TREATED
LIGNIN AND CELLULOSE NANOFIBER IN
FIBERBOARDS MADE FROM CORN STALK AND
RICE STRAW

Dyna Theng

Per citar o enllagar aquest document:
Para citar o enlazar este documento:
Use this url to cite or link to this publication:
http://hdl.handle.net/10803/461717

ADVERTIMENT. L'accés als continguts d'aquesta tesi doctoral i la seva utilitzacié ha de respectar els drets
de la persona autora. Pot ser utilitzada per a consulta o estudi personal, aixi com en activitats o materials
d'investigacio i docencia en els termes establerts a I'art. 32 del Text Refos de la Llei de Propietat Intel-lectual
(RDL 1/1996). Per altres utilitzacions es requereix l'autoritzacié prévia i expressa de la persona autora. En
qualsevol cas, en la utilitzacio dels seus continguts caldra indicar de forma clara el nom i cognoms de la
persona autora i el titol de la tesi doctoral. No s'autoritza la seva reproduccio o altres formes d'explotacio
efectuades amb finalitats de lucre ni la seva comunicacié publica des d'un lloc alié al servei TDX. Tampoc
s'autoritza la presentacié del seu contingut en una finestra o marc alie¢ a TDX (framing). Aquesta reserva de
drets afecta tant als continguts de la tesi com als seus resums i indexs.

ADVERTENCIA. El acceso a los contenidos de esta tesis doctoral y su utilizacion debe respetar los
derechos de la persona autora. Puede ser utilizada para consulta o estudio personal, asi como en
actividades o materiales de investigacion y docencia en los términos establecidos en el art. 32 del Texto
Refundido de la Ley de Propiedad Intelectual (RDL 1/1996). Para otros usos se requiere la autorizacion
previa y expresa de la persona autora. En cualquier caso, en la utilizacién de sus contenidos se debera
indicar de forma clara el nombre y apellidos de la persona autora y el titulo de la tesis doctoral. No se
autoriza su reproduccion u otras formas de explotacion efectuadas con fines lucrativos ni su comunicacion
publica desde un sitio ajeno al servicio TDR. Tampoco se autoriza la presentacion de su contenido en una
ventana o marco ajeno a TDR (framing). Esta reserva de derechos afecta tanto al contenido de la tesis como
a sus resumenes e indices.

WARNING. Access to the contents of this doctoral thesis and its use must respect the rights of the author. It
can be used for reference or private study, as well as research and learning activities or materials in the
terms established by the 32nd article of the Spanish Consolidated Copyright Act (RDL 1/1996). Express and
previous authorization of the author is required for any other uses. In any case, when using its content, full
name of the author and title of the thesis must be clearly indicated. Reproduction or other forms of for profit
use or public communication from outside TDX service is not allowed. Presentation of its content in a window
or frame external to TDX (framing) is not authorized either. These rights affect both the content of the thesis
and its abstracts and indexes.



http://hdl.handle.net/10803/461717

Feasibility of incorporating treated lignin
and cellulose nanofiber in fiberboards made

from corn stalk and rice straw

DOCTORAL THESIS

Dyna Theng

2017






DOCTORAL THESIS

Feasibility of incorporating treated lignin and cellulose nanofiber in

fiberboards made from corn stalk and rice straw

Dyna Theng

2017

DOCTORATE IN TECHNOLOGY

Supervised by:

Dr. Gerard Arbat Pujolras

Dr. Marc Delgado-Aguilar

Memory presented to obtain the Title of Doctor of Philosophy by the University of Girona






Dr. Gerard Arbat Pujolras and Dr. Marc Delgado-Aguilar, professors at the Department of

Chemical and Agricultural Engineering and Food Technology of the University of Girona,

DECLARE:

That the thesis entitled “Feasibility of incorporating treated lignin and cellulose nanofiber in
fiberboards made from corn stalk and rice straw” presented by Dyna Theng has been completed

under our supervision.

For all intents and purposes, we hereby sign this document.

Signature,

Dr. Gerard Arbat Pujolras Dr. Marc Delgado-Aguilar

Girona, April 26" 2017






ACKNOWLEDGEMENTS

Firstly, I would like to acknowledge the sources of my scholarship (the Erasmus Mundus
Techno II project and Erasmus™ KA107 project), for the financial support provided during my
doctoral program. I would like to thank Prof. Dr. Emili Garcia-Berthou, coordinator of the Erasmus
Mundus Techno II project, and Prof. Dr. Sovan Lek, coordinator of the Erasmus™ KA 107 project,
for giving me the chance to get the scholarship for my PhD studies. Thanks also to Prof. Dr.
Bunthan Ngo, rector of the Royal University of Agriculture (RUA) in Cambodia, Prof. Dr. Mom
Seng, vice-rector of RUA, Mr. Kouch Theng, vice-dean of the Faculty of Veterinary Medicine,
RUA, and Dr. John Schiller, senior fellow at the University of Queensland, Australia, for their
encouragement and support to me in my endeavor to obtain the scholarship for my PhD studies. I
would also like to acknowledge the Ministry of Agriculture, Forestry and Fisheries, Cambodia, for

giving me permission to pursue my PhD studies.

I would like to express my sincere appreciation to my supervisor, Dr. Gerard Arbat
Pujolras, and co-supervisor, Dr. Marc Delgado-Aguilar, for their valuable guidance and advice.
They have inspired and motivated me greatly and have made a tremendous contribution to this

project.

Special thanks to Dr. Pere Mutjé Pujol, director of the LEPAMAP research group, Dr.
Philippe Evon, research engineer of Laboratoratoire de Chimie Agro-industrielle (LCA), INPT,
France, and Dr. Carlos Vaca-Garcia, Head Officer of International Relations of INP-ENSIACET,
for providing me with the opportunity to join these research groups and for arranging my access
to laboratory facilities. Thanks also to Ms. Ana Maria Jiménez Serna, Mr. Joan Pere Lopez, Mr.
Laurent Labonne, LCA and LEPAMAP’s members, and all my friends for their great assistance

to me in my laboratory work.

I also want to thank to my wife, Pisey Vong, for her patience during her pregnancy and for
taking care of our baby son, Pisoth Sreng Vong. Both of you are the driving force of my life and

the inspiration to be a better person every day. I love you!

Last, but not least, I acknowledge my beloved father, Mr. Lysreng Uon, my mother, Mrs.
Leav Hak, my mother-in-law, Mrs. Rein Tum, together with other family members and relatives,
for their care, understanding, encouragement, blessing, prayers and love. Special thanks to my
mother-in-law and my wife’s nephew and niece, Mr. Rithy Phalla and Miss. Vechdy Phalla, for

their help in looking after my wife and son during the period of my studies.



i



PUBLISHED AND SUBMITTED PAPERS

The present PhD thesis is based on the following publications and submitted papers.

Paper I. Theng, D., Arbat, G., Delgado-Aguilar, M., Vilaseca, F., Ngo, B., Mutjé, P. 2015.
All-lignocellulosic fiberboard from corn biomass and cellulose nanofibers. /nd.
Crops Prod., 76, pp 166-173. DOI: 10.1016/j.indcrop.2015.06.046
Journal Impact Factor 2015: 3.449

Paper II. Theng, D., El Mansouri, N., Arbat, G., Ngo, B., Delgado-Aguilar, M., Pelach, M.,
Fullana-i-Palmer, P., Mutje, P. 2017. Fiberboards made from corn stalk
thermomechanical pulp and kraft lignin as green adhesive. BioResour., 12, 2379-
2393. DOI: 10.15376/biores.12.2.2379-2393
Journal Impact Factor 2015: 1.334

Submitted articles

Paper I11. Theng, D., Arbat, G., Delgado-Aguilar, M., Ngo, B., Labonne, L., Evon, P., Mutj¢,
P. 2017. Comparison between Two Different Pretreatment Technologies of Rice
Straw Fibers Prior to Fiberboard Manufacturing: Twin-screw Extrusion and
Digestion plus Defibration. Manuscript submitted to /nd. Crops Prod.
Journal Impact Factor 2015: 3.449

Summary of my contribution to the papers included in this PhD thesis:

In all papers, I have participated in the experimental planning, designed and performed all

the experimental work, and written the initial version of every manuscript.

il


http://dx.doi.org/10.1016%2Fj.indcrop.2015.06.046

Conference contributions

1.

Dyna Theng, Gerard Arbat, Bunthan Ngo, Fabioloa, Vilaseca, Jorge Alberto Veldsquez,
Neus Pellicier, Pere Mutjé. 2014. Feasibility of incoporating treated NFC in all
lignocellulosic materials made from corn stalk biomass. Oral presentation - The VIII
IberoAmerican Congress on Pulp and Paper Research, Medellin, Colombia.

Dyna Theng, Gerard Arbat, Quim Tarrés, Marc Delgado-Aguilar, Fabiola Vilaseca,
Bunthan Ngo, Pere Mutjé. 2014. Lignocellulosic medium density fiberboards without
synthetic adhesives: properties enhancement through the addition of cellulose nanofibers.
Poster presentation - COST Action FP1205 Seminar on ‘“Ongoing modification of
cellulose nanofibres and their potential applications”, Madrid, Spain.

Dyna Theng, Gerard Arbat, Marc Delgado-Aguilar, Fabiola Vilaseca, Bunthan Ngo, Pere
Mutjé. 2015. Using cellulose nanofibres to reinforce binderless fibreboard made from rice
straw biomass. Poster presentation - COST Action FP1205 seminar on “Advances in
cellulose processing and applications —research goes to industry” Joint Working Groups
& Management Committee meetings, [asi, Romania

Dyna Theng, Gerard Arbat, Marc Delgado-Aguilar, Fabiola Vilaseca, Bunthan Ngo, Pere
Mutjé. 2015. Feasibility of incorporating treated cellulose nanofiber in all-lignocellulsic
fiberboards made from rice straw biomass. Poster presentation — 3™ International
Symposium on Green Chemistry, La Rochelle, France.

Dyna Theng, Gerard Arbat, Marc Delgado-Aguilar, Quim Tarrés, Bunthan Ngo, Pere
Mutjé. 2015. All-lignocellulosic fiberboard made from rice straw fibers with natural
binders. Poster presentation — 1* International workshop on biorefinery of lignocellulosic
materials, Coérdoba, Spain.

Dyna Theng, Gerard Arbat, Marc Delgado-Aguilar, Quim Tarrés, Bunthan Ngo, Pere
Mutjé. 2015. All-lignocellulosic fiberboard made from rice straw thermomechanical pulp
with Eucalyptus cellulose nanofiber reinforcement. Oral presentation - 2nd National

Conference on Agriculture and Rural Development, Phnom Penh, Cambodia.

v



LIST OF ABBREVIATIONS

ADF Acid detergent fiber

CC Carboxylic content

CCo Cooling cost

CD Cationic demand

CNF Cellulose nanofibers

CS-TMP Corn stalk thermo-mechanical pulp
CTMP Chemi-thermo-mechanical pulping
DMA Dynamic mechanical analysis

DP Degree of polymerization

dTGA Derivative thermogravimetry analysis
E Extrudate

HCo Heating cost

IB Internal bonding strength

IS Impact strength

kN Kilonewton

kW Kilowatt

Lw/D Length/diameter aspect ratio

L/S Liquid/solid ratio

MCo Mechanical cost

Min Minute

MOE Modulus of elasticity

MOR Modulus of rupture

MPa Megapascal

NDF Neutral detergent fiber

PC Production cost

RMP Refiner mechanical pulping
RS-TMP Rice straw thermo-mechanical pulp
SEM Scanning electron microscopy
SGW Stone groundwood

SME Specific mechanical energy

STE Specific thermal energy

TEMPO Tetramethyl-piperidine-1-oxyl radical
TGA Thermogravimetric analysis



TMP
TPC
TRS
TS
WA
WRV

Thermo-mechanical pulping
Total production cost

Total reduced sulfur
Thickness swelling

Water absorption

Water retention value

Yield of nanofibrillation

vi



LIST OF TABLES

Table 1. Chemical compositions of some agricultural wastes compared to those of wood sources

......................................................................................................................................................... 3
Table 2. Mean of morphological properties of some crop residues and wood fibers..................... 4
Table 3. Properties and potential applications of cellulose nanofibers ...........ccccceeeevveeiieennnnnns 13
Table 4. Chemical composition contains in the raw materials (% on dry matter). .................... 112

Table 5. Digestion parameters, production yield of TMP pulps and bending strength of binderless
fiberboards (Unpublished reSUILS) .......c.coviiiiiiiiiieiieceeee e 113
Table 6. Chemical compositions corn stalk TMP, rice straw TMP, and rice straw extrudate. .. 114

Table 7. Morphological properties of corn stalk TMP, rice straw TMP, and rice straw extudate.

Table 8. Influence of the operating conditions on color in the CIE L*a*b* referential of the
extrudate (E) and pulp (P) powders, and comparison with color of the starting material (i.e. rice
AU o0 1 (<) ) RS RS 118
Table 9. Properties of TEMPO-mediated oxidation CNF ..........cccccceiiiiiiiiniiiniiiieieeee 121

Table 10. Results of mechanical properties and dimensional stability of binderless fiberboard.

Table 11. Results of mechanical properties and dimensional stability of fiberboards made from
corn stalk and rice straw TMP with CNF incorporation. ............cceeeeerieenieenieenieeieenee e 126
Table 12. Results of mechanical properties and dimensional stability of fiberboards made from

corn stalk and rice straw TMP with lignin iINCOrporation...........ccceeeeeuveerieeeriieeeniee e eeee e 130

Vil



viil



LIST OF FIGURES

Figure 1. Data of some crops production in the world during 2005-2014. .........ccceeiiiiiiiiiennnne. 5
Figure 2. Structure of monolignols lignin (a) and kraft lignin (b). ......cccccoeveeviiiiiiiniiiiieieee, 11
Figure 3. Chemical structure of CNF (top) and their cellulose chains (bottom)...............cccc....... 12
Figure 4. Knives mill of Agrisma (a) and hammer mill of Electra (b).........cccceeeveviviieiiieennnnn, 22
Figure 5. Foss mill, Cyclotec 1093, Denmark...........ccccocueriiiiniiniiiienieneeeseeseeeeseeeee e 22
Figure 6. Laboratory scale rotary digester.........cooueriiiirieriiieniieieeiesieeeeeee et 23
Figure 7. Sprout-Waldron defibrator 105-A (a) and its diSC (D) ....eevvvveeriieeniieiiieeciiecieeeeee 23
Figure 8. TWin-SCreW eXtIUACT. .......ccocuiiiiiieiiie ettt e s tee et e e aeeesereeeeseeenaeesnaee e 24
Figure 9. Constant weight feeder (a) and piston pump (b).......cccoeveeriieniiniieiieeee e 24
Figure 10. Segmental screw elements: BL22-90° bilobe paddle-screws (a), reversed simple-thread
(b), and conveying simple-thread SCTEWS (C). ..ecccveieriieeiiieeiee e e e 24
Figure 11. High pressure hOmoOGENIZer. .........c.ceeciiieiiieeiiecie et eeaeesnne e 25
Figure 12. Laboratory SCale PULPET........c.coviiiiiiiiieiiee ettt 25
Figure 13. Paper sheet fOImMET. .......cc.oooiiiiiiiiiiiecee e 26
Figure 14. Lab-Econ 300 hot press (a) and the molding boX (b) ......ccceeeevveeriieiniiiiiieeieecees 26
Figure 15. MorFi compact analyZer. ........c..coocuiieiiiieiiieeieeee ettt e e snne e 27
Figure 16. Densi-Tap VOIUMENOMETET. .......c..cooviiiiriirieriierieiieeiteieete sttt 27
Figure 17. TGA QNalyZET. .....cc.ooiuiiiiiieieiieieee ettt ettt st ettt et sae e 28
Figure 18. SpectrOpROtOMELET. .......eeiiiiieiiieeiiee ettt et e e saeeesereeeeseeesaeeennee e 28
Figure 19. Dynamometer mechanical tester apparatus. ............ccceveeeiiienieniiienie e 29
Figure 20. Three points bending holder (a) and sandwich clumps (b)........cccccoveeiiieniiiiieniennne 29
Figure 21. Resil 5.5 IMPACt LESTET. ....eeuviruiiriiiiiiieieeiesieee ettt et 30
Figure 22. Flowchart showing the fiber preparation for fiberboard manufacturing. ................... 32
Figure 23. Flowchart of the process followed to produce fiberboard. ..........c..ccocieiiiiiinnenicn. 36

Figure 24. Flowchart of the experimental study on fully biodegradable fiberboards manufactured
from corn and FiCE TESIAURS .....c..eouiruiiiriiieieictet ettt s 111
Figure 25. TGA (a) and dTGA (b) of the raw materials (rice straw, rice straw extrudate and rice
S A B\ 1 o TSRS 115
Figure 26. Apparent and tapped densities of rice straw extrudate and rice straw TMP............. 117

Figure 27. Comparison on total production cost between extrusion and thermo-mechanical pulp.

..................................................................................................................................................... 119
Figure 28. Specific production cost of extrusion and pulping. .........cccceeveeverviniininicnienennne 119
Figure 29. Thermogravimetric analysis of kraft lignin. ............ccooiiiiiiiiniiinie e 122

X



Figure 30. SEM imaging of pulp slurry with CNF in bulk (a) and Mechanism of strengthening of
fiberboards With CINF (D) .....coiuiiiiiiieiieece ettt et e e e e eenaeeenneees 125
Figure 31. Dynamic mechanical analysis (DMA) of corn stalk TMP fiberboard with CNF

TNCOTPOTALION. ..utteutiiiitienteeit sttt ettt ettt st et ea e s bt et et e s bt e bt e st e s bt ebeestesbeenbeesbesbe e beentesbeenbeeanens 128
Figure 32. Properties comparison between commercial and binderless fiberboards ................. 131
Figure 33. Properties comparison between commercial and CNF-reinforced fiberboards........ 132

Figure 34. Properties comparison between commercial and fiberboards containing lignin ...... 133



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ...ttt ettt st e ee s aeesaessaeseessasseensesnnenseens i
PUBLISHED AND SUBMITTED PAPERS.......ccoo ottt il
LIST OF ABBREVIATIONS ..ottt sttt sttt sttt et ettt saeenbe e \
LIST OF TABLES ...ttt ettt et sttt et sb ettt sae et et e b enees vii
LIST OF FIGURES . ..ottt ettt et be et st nae e eaees ix
TABLE OF CONTENTS ..ottt ettt sttt ettt st e b e nteeneenaeeneeeneas xi
ABSTRACT ...ttt et ettt e et e e st e e et e e st aeessbeeesbeeesseeesseeensseeensseeenseeennneens XV
RESUMEN ...ttt ettt et sttt et a et ent e sae e bt enteese e beenseentesseenseeneenneenees Xvii
RESUM .ttt et et e ettt e ettt e et eesab e e e sabeeeeateeebbeesnaeens XX
1 GENERAL INTRODUCTION .....oooiiiiiiieieitieieeiee ettt sttt ettt eae e sseenseenee e 3
1.1 CellUIOSIC SOUTCES .. uveeuieieniieiieetieeiee ettt ettt ettt ettt et e st e et e bt e e abeesaeesabeesbeeenneeeeas 3
1.2 NatULAl fIDEIS ...ttt ettt st e b e eate e e 5
L2210 PUIPINE ottt ettt ettt et e e ettt e bt e e neas 6

1.2.2 Steam eXPLOSION ...ooovieiiiiiieiieeie ettt ettt ettt e st ete e e e enees 7

123 EXETUSION cutttietteiteiti ettt ettt ettt et st e sttt eb e bt et esaeenbeeanens 8

1.3 FIDETDOAIAS ...ttt ettt et sttt st a ettt 9
1.3.1 Definition of fIberboard ............ccocveriiiiiiiiiieereeeee e 9

1.3.2  Fiberboard manufacturing PrOCESS........couirueerieriiieriieereenieeeieenieeeseeseresseesseessseensees 9

1.3.3 BINAETS .ttt ettt b e et s 10

2 OBJECTIVES . ...ttt et ettt ettt et et e st e bt et e ss e e teentesseenseeneeeneenses 17
2.1 Motivation Of the STUAY .....oooeiiieiiieee e e et 17
2.2 GENETAL ODJECTIVE ...eeuuiiiiiieiiiietie ettt ettt et e st et e et e et e sateeaeesaneeseesnneens 17
2.3 SPECITIC ODJECTIVES ...cuviieieiieiciieecite et ettt et e et e e etee e s ae e e s bee e saeeessseeesseeensseesaneeennnes 18

3 MATERIALS AND METHODS ..ottt 21
R LY, 1153 o 1 OO PSPPSR 21
3.2 EQUIPIMENL «..ooiiiiiiiiieeiieeie ettt ettt ettt et e st e et e esaaeesbeesaeeenbeesaeenbeenseeenbeeseeenseenneeenne 21
3201 MILLS e ettt ettt et 21



3.2.2  ROTAIY QI@ESTET . .uvvieeivieeeiieeeiieeeite ettt e e ite e et e e st e e s teeessseeessseeessseessseeesseesnneenns 22

3.2.3  Sprout-Waldron defibrator.............cccvieiiiiiiiieeciie e 23
3.2.4  TWIN-SCIEW EXLIUACT ....eeiuiiiiiiieiiieiie ettt ettt ettt ettt e et esateebee e 23
3.2.5 High-pressure hOMOZENIZET ........ccuieiuieriieiieeieeiie ettt 25
3.2.0  PUIPLT ottt et ettt et s ate b enne 25
3.2.7  Paper Sheet fOTTNET ........cocuiiiiieiiieiieie ettt ettt e 26
3.2.8 Hot press and MOId .........cccoeciieiiiiiiiiieeieee et et e 26
3.2.9 MorFi compact aNAlYZET ........cccuiieiiiiiieeiieiiecie ettt et 26
3.2.10 Densi-Tap VOIUMENOMELET .........ccccuieriieiiieiieeieeiie e eite et ere e e ebeesseeeaeeeee e 27
3211 TGA QNALYZET ..eeiiiieiiieeciieeeiee ettt ettt e et e et e e s e e sbaeessbeeessseeesseeenseesnneenns 27
3.2.12 SPectrOPROOMELET ......ecevvieeiieeeiieeeiee ettt e et e et e e st e et e e s e e snreeesaeeennreesnneeens 28
3.2.13 Mechanical of bending tester apparatus..........ccccueeeriieriieeriiieenie e eevee e e eieee e 28

R T 01311 o 11 A 1] () PSP URRRRRPPRRN 29
3.3 MEROMAS .. ettt ettt e ne et 30
3.3.1 Preparation of fibers for fiberboard manufacturing............cccceeeveivviiievieevieeeinns 30
3.3.2  Analytical MEthOAS .......ooouiiiiiiiiiie e 32
3.3.3 Preparation of cellulose nanofibers (CNF) and its properties characterizations...... 34
3.3.4 Preparation of lignin POWAET........ccueeiiiiiiiiiiiiiieieeie et 34
3.3.5 Fiberboard manufacturing..........cccceerieiiiieniiiniieiie ettt 34
3.3.6 Fiberboard analysis (Paper T and I1)..........ccccoevviiriiiiiieniiniieiecece e 36

4 PUBLICATIONS ...ttt et sttt st e bt et s e et e et e eat e beenteeaeenee 41
N R o o 1<) o OSSPSR 43
L 10 T<) ol | P PUPRRRPPRR 53
L T o 1 0] ol I P PUPRRRRPPRSR 71
5 RESULTS AND DISCUSSION......cuutittiieitieiestieit ettt ettt ettt et ae e sseeaeenee e 111
5.1 Raw materials charaCteriZation.............coouieiuiiiiieiiieiie ettt 111
5.2 Pulps and extrudate characteriZation .............ceecueerieerieeniienieeie et 112
5.2.1 Corn and rice straw TMP optimizZation........c..cccceevuereeririienienenienieneereneeneens 112

xii



5.2.2 TMP and extrudate CharaCteriZation ..............eeeeeeeeeeeeeeeee e e e e eeeeeeeaeeees 113

5.2.3 Comparison on production cost (Paper III)...........cccovveriieniiieniieeie e, 118
5.2.4 Pros and cons of twin-screw extrusion and pulping (Paper III)...........cccccevieniee. 120
5.3 Characterization Of CNF (Paper I) .......cooouieiiiiiiiiiieiiieee e 120
5.4 Characterization of lignin (Paper IT)..........ccccooiiiiiiiiiiiie e 121
5.5 FIDETDOATAS .. .ceuiiiiiieieeiece ettt ettt et 122

5.5.1 Binderless fiberboards made from corn TMP (Paper I & II) and rice straw TMP 122

5.5.2 Fiberboards with CNF incorporation (Paper I and Results and discussion).......... 124
5.5.3 Fiberboards with lignin incorporation (Paper II and Results and discussion)....... 128
5.5.4 General comparison between commercial and green fiberboards ......................... 131
6 GENERAL CONCLUSIONS ...ttt sttt et et e e e 137
7 REFERENCES ... ..ottt ettt ettt e et et e st e sbeeneeeneenee 141

xiil



X1V



ABSTRACT

Cellulose-based materials can be found in a huge variety of daily-life products such as
paper, cardboard boxes, fiberboards and furniture, among others. Cellulosic resources are
interesting due to their abundance, renewability, good mechanical properties and, in addition, their
biodegradable character. However, the world natural fiber demand is increasing day by day, while
forested lands have a finite capacity to supply the cellulosic resources. While several industries,
such as papermaking, is implementing resources saving strategies (i.e. recycling and lower basis
weights), there are some that have not adopted this commitment yet. In the same extent, there is
the need to look for alternative raw materials, such as waste, side streams or others. Exemplarily,
fiberboards manufacturing industries are still using fresh wood resources as raw material and, in
addition, they provide the cohesion to the wood particles (or chips) through the addition of

synthetic adhesives based on urea/phenol-formaldehyde.

Agricultural waste is of particularly interest due to abundant, cheap, widely available
worldwide and renewable material. It represents a good option for wood sources substitution
because of their similar in chemical and physical characteristics. In this sense, the present Doctoral
Thesis studies the possibility of substituting wood sources by crop residues and replacing synthetic
binders by natural adhesives in fiberboard production. Corn and rice biomass were selected to be
used as raw materials, followed by thermo-mechanical pulping (TMP) pretreatment, which not
includes any chemical. Fiberboards made of corn TMP without any binder presented lower
mechanical properties than commercial ones (which contain synthetic binder), while rice presented
properties of the same magnitude. In terms of physical properties, lower water absorption and
thickness swelling were found for the fiberboards made of agricultural wastes than for the

commercial one, clearly showing an advantage of using such raw materials.

Both physical and mechanical properties were then improved through the addition of
cellulose nanofibers (CNF), prepared by TEMPO-mediated oxidation, and lignin, extracted from
industrial black liquor, as natural binders. In this case, both rice and corn fiberboards presented
improved mechanical and physical behavior, being better than commercial fiberboards in all cases

(regardless the raw material and the natural binder).

Finally, with the purpose of exploring further the possibilities of these raw materials,
another method of thermo-mechanical treatment using a pilot scale twin-screw extruder was tested
on rice straw. Some parameters such as energy consumption, production cost, and fibers’

characteristics were studied to compare these two technologies. The pilot scale twin-screw

XV



extruder could produce thermo-mechanical fibers with similar characteristics to that of pulping,

leading to fiberboards with similar characteristics.

Overall, the present Doctoral Thesis shows a more sustainable and effective way of
producing cellulose-based fiberboards without the aid of any synthetic binder, contributing thus to

both technical and environmental aspects of fiberboard manufacturing.
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RESUMEN

Los materiales en base a celulosa se pueden encontrar en una gran variedad de productos
corrientes, tales como papel, cajas de carton, paneles de fibras, muebles, ademas de muchas otras.
Estos recursos celuldsicos son interesantes por su abundancia, renovabilidad, buenas propiedades
mecanicas, ademas de su caracter biodegradable. Por otra parte, la demanda mundial de fibras
naturales estd aumentando dia a dia, mientras que los bosques naturales tienen una capacidad finita
para suministrar estos recursos celuldsicos. Si bien varios tipos de industrias, como la papelera,
estan implementando estrategias de ahorro de recursos (como son el reciclaje y la utilizacion de
gramajes mas bajos), no todos han adoptado este compromiso. Asi pues existe la necesidad de
buscar materias primas alternativas, tales como residuos celulésicos, materiales reciclados u otros.
Sin embargo atin hoy muchos fabricantes de paneles de fibras siguen utilizando maderas naturales

como materia prima, ademas de utilizar adhesivos sintéticos a base de urea/fenol-formaldehido.

Los residuos agricolas tienen particular interés por ser un material abundante, barato,
ampliamente disponible a nivel mundial y renovable. Representan una buena opcién para la
sustitucion de la madera ya que presentan caracteristicas quimicas y fisicas similares. En este
sentido, la presente Tesis Doctoral estudia la posibilidad de sustituir la madera por los residuos de
los cultivos, y los adhesivos sintéticos por aglomerantes naturales, en la produccion de tableros de
fibras. Para este fin se seleccion6 biomasa de maiz y arroz, que recibieron un tratamiento previo
consistente en la elaboracion de pasta termomecénica (TMP), sin incluir ningin producto quimico.
Los paneles de fibras hechas de maiz TMP sin aglutinante presentan propiedades mecanicas
inferiores a la de los paneles comerciales (que contienen aglomerante sintético), mientras que en
el caso del arroz presentan propiedades de la misma magnitud. En términos de propiedades fisicas,
absorcion de agua y consecuente aumento del grosor se constatdé que los paneles de fibras

procedentes de residuos agricolas presentan mejores propiedades que los paneles comerciales.

Las propiedades fisicas y mecanicas mejoraron con la adicién de aglutinantes naturales
como las nanofibras de celulosa (CNF), preparadas por oxidacion TEMPO, y la adicion de lignina,
extraida de licor negro industrial. En este caso, los paneles de fibra de arroz y maiz presentan un
mejor comportamiento mecéanico y fisico que los paneles de fibras comerciales en todos los casos

(sin tener en cuenta la materia prima y el aglutinante natural utilizados).

Finalmente, con el propdsito de explorar mas a fondo las posibilidades de los paneles
naturales, se aplicd otro método de tratamiento termomecanico usando una extrusora de doble
husillo a escala piloto, que se probo6 con paja de arroz. Se estudiaron algunos parametros como el
consumo de energia, los costes de produccion y las caracteristicas de las fibras para comparar estas
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dos tecnologias. La extrusora de doble husillo pudo producir fibras termomecanicas con
caracteristicas similares a la de fabricaciéon de pasta, dando lugar a placas de fibras con

caracteristicas similares.

En general, la presente Tesis Doctoral muestra una forma mas sostenible y eficaz de
producir paneles de fibras a base de celulosa sin la ayuda de ningiin aglomerante sintético, lo que
contribuye a la mejora técnica y reducir el impacto ambiental del proceso de fabricacion de paneles

de fibras.

xviil



RESUM

Els materials en base a cel-lulosa es poden trobar en una gran varietat de productes corrents,
com ara paper, caixes de cartrd, panells de fibres, mobles, a més de moltes altres. Aquests recursos
cel-lulosics son interessants per la seva abundancia, son renovables, bones propietats mecaniques,
a més del seu caracter biodegradable. Per altra banda, la demanda mundial de fibres naturals esta
augmentant dia a dia, mentre que el boscos naturals tenen una capacitat finita per subministrar
aquests recursos cel-lulosics. Si bé diverses industries, com la paperera, estan implementant
estrategies d'estalvi de recursos (com son el reciclatge i la utilitzacid de gramatges més baixos),
no tots han adoptat aquest compromis. Aixi doncs hi ha la necessitat de buscar matéries primeres
alternatives, com ara residus cel-lulosics, materials reciclats o altres. Mentrestant encara molts
fabricants de panells de fibres segueixen utilitzant fustes naturals com a matéria primera, a més

d’utilitzar adhesius sintétics a base d'urea/fenol-formaldehid.

Els residus agricoles tenen particular interés per ser un material abundant, barat,
ampliament disponible a nivell mundial i renovable. Representen una bona opcié per a la
substitucio de de la fusta ja que presenten caracteristiques quimiques i fisiques similars. En aquest
sentit, la present Tesi Doctoral estudia la possibilitat de substituir la fusta pels residus dels cultius,
1 els adhesius sintetics per aglomerants naturals, en la producci6 de taulers de fibres. Per aquest fi
es va seleccionar biomassa de blat de moro i arrds que van rebre un tractament previ consistent en
I’elaboracid de pasta termomecanica (TMP), sense incloure cap producte quimic. Els panells de
fibres fetes de blat de moro TMP sense cap aglutinant presenten propietats mecaniques inferiors a
la dels panells comercials (que contenen lligant sintétic), mentre que en el cas de l'arros presenten
propietats de la mateixa magnitud. En termes de propietats fisiques, absorcio d'aigua i conseqiient
augment del gruix es va constatar que els panells de fibres procedents de residus agricoles

presenten millors propietats que els panells comercials.

Les propietats fisiques i mecaniques van millorar-se amb l'addicié d’aglutinants naturals
com les nanofibres de cel-lulosa (CNF), preparades per oxidacio6 TEMPO, i I’adici6 de lignina,
extreta de licor negre industrial. En aquest cas, els panells de fibra d'arros 1 blat de moro presenten
un millor comportament mecanic 1 fisic que els panells de fibres comercials en tots els casos (sense

tenir en compte la materia primera i I'aglutinant natural utilitzats).

Finalment, amb el proposit d'explorar més a fons les possibilitats dels panells naturals es
va realitzar un altre métode de tractament termomecanic fent servir una extrusora de doble cargol
a escala pilot, que es va provar amb palla d'arrds. Es van estudiar alguns parametres com el consum
d'energia, els costos de produccio i les caracteristiques de les fibres per comparar aquestes dues
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tecnologies. L’extrusora de doble cargol a escala pilot va produir fibres termomecaniques amb
caracteristiques similars a la de fabricaci6 de pasta, donant lloc a panells de fibres amb

caracteristiques similars.

En general, la present Tesi Doctoral mostra una forma més sostenible i efica¢ de produir
panells de fibres a base de cel-lulosa sense 1'ajuda de cap lligant sintétic, el que contribueix a la

millora técnica i reduir ’impacte ambiental del procés de fabricaci6 de panells de fibres.
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1 GENERAL INTRODUCTION

1.1 Cellulosic sources

Natural fibers are interesting due to several aspects such as renewability, availability,
biodegradability, recyclability, light weight, and high mechanical properties (Sanjay et a., 2016) .
Cell walls of plants consist mainly of three organic compounds, i.e. cellulose, hemicellulose, and
lignin. Cellulose is the most abundant polymer on the earth, and presents in a wide variety of living
species including plants, animals, and some bacteria (Chen, 2014). However, the world natural
fiber demand is increasing day by day, while the world forested lands have a finite capacity to
supply the cellulosic resources (Hubbe, 2014). In this sense, there is the need to look for alternative

raw materials and/or to develop high performance cellulose-based materials.

Agricultural waste is of particularly interest due to abundant, cheap, widely available
worldwide and renewable material (Searle & Malins, 2013). It represents a good option for wood
sources substitution because of their similar in chemical (Table 1) and physical (Table 2)
characteristics. Regarding the chemical compositions, all non-woods are characterized by a lower
cellulose and lignin content than wood, but not so highly different. Crop fibers such as wheat
straw, rice straw, and corn stalk have number of cellulose content (between 28 and 48%) closer to
that of softwood (40-45%). However, they have higher pentosan or hemicellulose content and ash,
particularly rice straw between 23-32% and 3.2-20%, respectively, compared to softwood at 7-

14%, 1% for pentosan and ash content (Hurter, 2006).

Table 1. Chemical compositions of some agricultural wastes compared to those of wood sources

Fiber sources Cellulose Lignin Pentosan Ash Silica
(%) (%) (%) (%) (%)
Kenaf core 34 17.5 19.3 2.5 -
Sugarcane bagasse 32-44 19 -24 27-32 1.5-5 0.7-3
Wheat straw 29 -35 16 - 21 26 —32 4-9 3-7
Rice straw 28 -36 12-16 23-28 15-20 9-14
Corn stalk 48 16 28 3.2 -
Softwood 40 - 45 26 - 34 7-14 1 <1
Hardwood 38-49 23-30 19-26 1 <1

Source: Hurter (20006). The cellulose is defined as alpha cellulose.

Concerning the physical properties, softwoods are relatively uniform consisting of over
90% tracheid fibers and only 10% stubby ray cells and other fines. Hardwoods are more
heterogenous and contain only about 50% tracheid fibers and a large number of vessel cells and
ray cells. However, nonwoods have large differences in their physical characteristics, varying from
20 to about 175% (Table 2). Monocots such as cereal straws, sugarcane bagasse, and corn stalks
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are more similar to hardwoods as the “fiber’ fraction in the same order. Moreover, they are more
heterogenous with a large proportion of very thin-walled cells, barrel-shaped parenchymous cells,

and vessel and fine epidermal cells in a wide range of dimensions.

Table 2. Mean of morphological properties of some crop residues and wood fibers.

Sources of fibers Length Diameter L/D aspect ratio
(mm) (mm)

Kenaf core 600 30 20
Sugarcane bagasse 1700 20 85

Wheat straw 1480 13 110

Rice straw 1410 8 175

Corn stalk 1260 16 80
Softwood 3000 30 100
Hardwood 1250 25 50

Source: Hurter (2006)

Nevertheless, a main disadvantage of wood is that wood takes several years to grow to the

pulpwood size, while nonwood plants are annual and seasonal crops (Hurter, 2006).

Within the group of agricultural wastes, corn, rice, and wheat biomass can be considered
as the potential candidates for wood-base panel production in terms of its global production.
Globally, the production of the cereals is increasing year by year since they are the main food
crops for human and animals around the world. Figure 1 shows the evolution of the crops in the

world during the decade 2005 to 2014 (FAOSTAT, 2017).

Corn (Zea Mays, Poaceae family) is a cereal crop, grown in various agro-ecological zones
(Hoopen & Maiga, 2012). It is an important food for many people in Africa, Asia and Latin
America (Yaning et al., 2012) and is also used in livestock feed (poultry, pigs, cattle) in the form
of grains, feed milling or as fodder (Hoopen & Maiga, 2012). Cobs, leaves and stalks are important
residues of corn processing and consumption, remaining after corn grains are collected. According
to Sokhansanj, Turhollow, Cushman, and Cundiff (2002), the corn biomass is about 0.50 kg in
every | kg of dry corn grain.

Rice (Oriza Sativa L.) is cultivated to feed more people and animals over a longer period
than any other crop. As far back as 2500 B.C., rice has been documented in the history books as a
source of food and for tradition as well (Thomas L., 1997). Rice straw is a by-product of rice crop
with a straw to grain ratio of 1.4 (Kim & Dale, 2004). In terms of total production, rice is the

second most important grain crop in the world after corn. The world annual rice production in



2014 was about 741 million tons (Figure 1), which gave an estimation of about 1,139 million tons

of rice straw.

Figure 1. Data of some crops production in the world during 2005-2014.

However, a large part of these are used for cattle feed, for bioethanol production, or
incorporated into the soil as an organic amendment (G. Chen et al., 2010; Flandez et al., 2012;
Hong, Zhou, & Hong, 2015; Pinto et al., 2012; Randy & Lynn, 2013). Possible uses of these
agricultural wastes are limited by its low bulk density, a slow degradation in the soil, the harboring
stem diseases (the possible transmission of diseases to the future crop), and a high ash content
which can be a problem for subsequent ethanol or energy production (Binod et al., 2010). Thus,
open field burning is still a common practice, particularly in some developing regions of the world
(Pang et al., 2012). For instance, according to Kanokkanjana and Garivait (2013), about 56 % of
the total rice straw production was burned in Thailand in 2010. Since these residues are not
efficiently managed after its exploitation and there is a lack of waste management, there is the
need of looking for applications of such residues. Therefore, it would be necessary to find

alternatives for the use of these crop residues.

1.2 Natural fibers

All plant fibers have the form of a heterogeneous complex of carbohydrate polymers.
Cellulose and hemicelluloses are densely packed by layers of lignin, which protect them against
enzymatic hydrolysis. Thus, a pretreatment step is necessary to break the lignin seal, until exposing

cellulose and hemicelluloses for a subsequent enzymatic action or contributing to the biomass



defibration (Vandenbossche et al., 2016, 2015, 2014). Since each raw material present different
chemical composition, versatility on process conditions is required. Recently, some pretreatment
methods have been carried out to treat the fiber sources from agricultural wastes in order to obtain
resources for their purposes. The different methods are chemical, mechanical, and thermo-

mechanical pretreatment (Pelaez-Samaniego et al., 2013).

1.2.1 Pulping

Pulping is the process to free fibers in wood or plants from the lignin that binds these fibers
together, and then to suspend the fibers in water into a slurry suitable for paper and/or fiberboard
making (IETD, 2010; Suchsland & Woodson, 1987). The commercial processes are generally

classified as mechanical, chemical or semi-chemical pulping (Kramer et al., 2009).

Chemical pulping has been used for years, using both woody and non-woody fibers
(Wegener, 1992). There are two principal methods in this pulping process: alkaline (or kraft) and
acidic (or sulfite) process. The chemical kraft pulping method is the most commonly use to
dissolve lignin from wood to create a pulp for paper and board manufacturing (Sridach, 2010).
The kraft pulping produces a stronger pulp, but it is feeling the pressure on environmental
regulations on emission from the manufacturing plants of total reduced sulfur compound (TRS),

sulfur dioxide, suspended solids, and waste water pollution (Barla, 2007).

Mechanical pulping is the oldest form of pulping, uses mechanical energy to weaken and
separate fibers from wood through a grinding action. There are four main types of mechanical

pulping (Kramer et al., 2009) as following:

e Stone groundwood (SGW) pulping: small logs are ground against artificial bonded stones
made of silicon carbide or aluminum oxide grits. The process gives a high yield and short
fibers. For paper making, the process needs to combine with expensive chemical fibers to
be strong enough to pass through the paper machine and subsequent coating and printing
processes.

e Refiner mechanical pulping (RMP): wood feedstock is ground between two grooved discs.
The process keeps the high yield advantages of the SGW process, while producing
somewhat longer fibers and greater strength. Another advantage of this process is being
able to use wood feedstock such as wood scraps and sawdust from lumber mills other than
logs.

e Thermo-mechanical pulping (TMP): wood chips are firstly steamed to soften them before

being ground in the same manner as the RMP process. The TMP process generates the



highest grade mechanical pulp, but it is also a high energy intensity process due to its
steaming. Nevertheless, TMP is the most common mechanical process in use today.

e Chemi-thermo-mechanical pulping (CTMP): this involves the application of chemicals to
wood chips prior to refiner pulping. The chemical pre-treatment of wood chips allows for
less destructive separation of fibers from the feedstock, resulting in longer fibers, higher
fibers content, and little fines. The CTMP process also produces more flexible fibers (i.e.
higher sheet density, burst strength, and tensile strength) with higher pulp brightness,
compared to the TMP process.

Chemical pulping creates higher sheet strength than mechanical pulping (Kramer et al.,
2009). However, the production yield was much lower, about 40-50% pulp, while the mechanical

pulping yields is up to 97% (Brady & Dahlgren, 1998; IETD, 2010; Kramer et al., 2009).

According to Cotana et al. (2015), among all pretreatment by pulping methods, thermo-
mechanical pulping (hydrothermal processing) is an interesting clean technology for the
fractionation of lignocellulosic biomass. The main advantages, compared to chemical
pretreatment, are that TMP does not use any solvent besides water. It reduces corrosion of
equipment. In addition, the operational process is simple and economical. However, this

pretreatment process still has some disadvantages including:

e Degradation part of the xylan fractionation to volatile compounds
e Incomplete disruption of the biomass bonds

e Formation of inhibitors that influences the following steps.

1.2.2 Steam explosion

Steam explosion technology was invented by Mason in 1926, which used to disintegrate
the wood materials (Mason, 1926). It is one of the most effective way which is used in biological
energy and panel production (Kabel et al., 2007; Luo et al., 2014; Zhang & Xue, 2015). Steam
explosion is a very physicochemical treatment of raw materials that involves an instantaneous
release of high steam pressure in a closed container (Yu et al., 2012). The principle of steam
explosion pretreatment is using the high temperature and high pressure steam to process the plant
fiber raw materials. It aims to make the degradation of hemicellulose, softening lignin, and
decreasing literal connection strength between the fibers (Shao et al., 2008). After a period of high
temperature and high pressure treatment, the steam released in a short time to achieve the effect of
the chemical composition separation and the structural change (Vignon, Dupeyre, & Garcia-

Jaldon, 1996).



In view of various pretreatment methods, steam explosion has been widely used in the
pretreatment of lignocellulosic biomass, due to its advantages such as (i) high efficiency without
pollution (no chemical are used except water), (i1) good yield of hemicellulsoes with low degraded
by-products, (iii) equipment corrosion is minimum due to a mild pH of reaction media when
compared to acid hydrolysis processes, (iv) stages of acid handling and acid recycling are avoided,
and (v) disruption of the solid residues from bundles to individual fibers occurs due to explosion

effect (Garrote, Dominguez, & Parajo, 1999; Stelte, 2013).

1.2.3 Extrusion

Extrusion is defined as an operation of creating objects of a fixed, cross-sectional profile
by forcing them through a die of the desired cross-section. The extrusion process has been
expanded as one of the physical continuous pretreatment methods. It is widely used in the snack

food, feed, plastic, and composite industries (Zheng & Rehmann, 2014).

Extrusion is a novel and promising thermo-mechanical pretreatment method for biomass
conversion because of the low cost, good monitoring of temperature and screw speed, high shear,
and excellent processing ability. Twin-screw extruder is increasing favored because of the
extended control of residence time distribution and mixing, and also superior heat and mass
transfer capacity (Lin et al., 2013). The twin-screw extruder is based around screw elements’

functions such as:

e Forward screw elements: transport bulk material with different pitches and lengths with
the least degree of mixing and shearing effects;

o Kneading screw elements: exert a significant mixing and shearing effect with different
stagger angles in combination with a weak forward conveying effect;

e Reverse screw elements: push the material backward, carried out extensive mixing and

shearing effects (Rigal, 1996).

With different screw configurations, the twin-screw extruder can conduct diverse functions
and processes in a single step such as transporting, heating, mixing, shearing, grinding, chemical

reaction, drying and liquid-solid separation (Kartika, Pontalier, & Rigal, 2010).

Extrusion pretreatment has some advantages over the other pretreatments including lower
production cost and better monitoring process (being able to control all variables) (Abe, Iwamoto,
& Yano, 2007); no sugar degradation products (De Vrije et al., 2002) as this component can
contribute to the self-bonding of fiberboards using hot pressing (Hashim e al., 2012, 2011a, 201 1b;
Tajuddin et a., 2016). According to Rizvi and Mulvaney (1992), the extrusion method also



provided good adaptability to different process modifications and high continuous inlet flow rate,

leading to better productivity.

However, extrusion pretreatment technology also has some disadvantages such as stones
or metallic materials in some substrates severely reduce the life time of the screws. This has a
negative impact on the economics of the extrusion process. Another disadvantage is thermal-
sensitive. In addition, establishing a parallel with papermaking, it is reasonable to assume that the
ultimate strength of fiberboards made from extrudate probably lower than TMP. Indeed, in the
paper industry, a higher specific surface and a decrease in the mineral content (cases of TMP
compared to extrudates) should promote the compatibility of lignocellulosic fibers, leading to an
increasing amount of bonds between fibers (i.e. higher relative bonded area) and thus to a higher

fiberboard compaction (Page, 1969; Vilaseca et al., 2008).

1.3 Fiberboards

1.3.1 Definition of fiberboard

Fiberboard is a generic name for construction panels made of wood or vegetable fibers.
Some are homogenous materials, while others are laminated sheets with fiber cores and surfaces
of ground wood. The fiberboard panels are usually manufactured from different fibers such as jute,
straw, sugarcane stalk, flax, hemp, grass, newspaper, and peanut shells; under names of Fir-tex,
Homasote, Masonite, Beaver Board, Feltex, Nu-Wood, and Upson Board (Wilson, 2007). The
fiberboards are commonly used in furniture industry, indoor and outdoor, insulation and

soundproofing.

1.3.2 Fiberboard manufacturing process
Historic manufacturing process of fiberboards using various starting materials (pretreated
fibers). However, pulping process that cooked or ground the wood or plant fibers is the most

required one (Wilson, 2007). Two methods have been widely used in the fiberboard production:

e Wet process: involves the dispersion of cellulosic materials into water. Hydrogen bonds
formation and thermosetting adhesive behavior of lignin are expected during heating and
drying process. Accordingly, less or non-binder are needed. On contrary, a low density and
limited strength of fiberboards, along with waste water pollution are the main disadvantage
of this process (Zhang et al., 2015).

e Dry process: moisture content of the cellulosic materials is reduced through drying before
combination with additives or resins. After distribution of mixture into mat, in undergoes

prepress and hot pressing to finally produce fiberboards (Zhang et al., 2015).



The different feature between the wet and dry process fiberboard is that the wet process
has a fibers’ moisture content of more than 20%, whereas the dry process has a moisture content

of fibers less than 20% at the forming stage (WPIF, TRADA, & TTF, 2014).

According to Zhang et al. (2015) and Lee & Hunt (2013) binderless fiberboard production
has been patented using a wet process, while the industrial manufacture of this binder free

fiberboard is mainly based on dry-forming process without resins addition.

1.3.3 Binders
In fiberboard manufacturing, the presence of adhesives either a synthetic or a natural is
required to glue the wood particles together for obtaining a proper product in term of mechanical

properties and dimensional stability (Kojima et al., 2016; Zhang et al., 2015).

1.3.3.1 Synthetic adhesives

Formaldehyde based resins such as phenol formaldehyde and urea-formaldehyde are
common synthetic adhesives used in fiberboard production due to their low cost, high
effectiveness, and desirable performance. However, the emission of formaldehyde from
fiberboards gave rise to environmental and health trouble (Salthammer et al., 2010) as
formaldehyde is a non-biodegradable constituent. Moreover, the cost of fiberboard products would
increase due to extensive use of these adhesive (Kojima et al., 2016), approximately 60% of the
total fiberboard production (Hashim et al., 2011). Recently, formaldehyde has been reclassified
into carcinogenic category 1B according to labeling and packaging of substances and mixtures

regulation in Europe (Regulation 605/2014).

1.3.3.2 Natural adhesives
A. Lignin

Lignin is a complex polymer that binds to cellulose fibers and hardens and strengthens the
cell walls of plants. It is the second most abundant natural polymer after cellulose. The lignin is

separated from wood during pulping and papermaking operations (Lora & Glasser, 2002).

Lignin structure varies following their isolation method and source of plants (Lora &
Glasser, 2002). However, it can be rationalized as the polymerized product of the three basic
phenylpropane monomers (monolignols): coumaryl alchohol, coniferyl alcohol, and sinapyl
alcohol (Figure 2a). These three monolignols are the majority in the lignin polymer molecules.
The proportion of different monomers in lignin varies depending on the different type of plant
material. Several kinds of lignin such as kraft lignin and lignosulfonate, have been added for

binderless fiberboard manufacture. They showed improvement on mechanical and dimensional
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stability of the fiberboard product (Anglés et al., 2001; Mancera et al., 2012). In the production of
binderless fiberboards, lignin plasticization and cross-linking reaction between lignin and furfural
have been considered to be partially responsible for board adhesion. The lignin was melt and
created a welding effect during the molding operation (Bouajila et al., 2005). Kraft lignin, which
1s the most common technical lignin, illustrates the different important linkages as shown in Figure

2b.
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Figure 2. Structure of monolignols lignin (a) and kraft lignin (b).

Kraft lignin is generated during kraft pulping in alkaline medium, contacting a little number
of aliphatic thiol groups that give the isolated product a characteristic of odor, especially during
heat treatment. Kraft lignin is a dark-colored, water- and solvent- insoluble products that dissolve
in alkali because of its high phenolic hydroxyl groups concentration (Lora & Glasser, 2002).
Depending on the pH value to which the black liquor is acidified, a different composition and yield
of the lignin is obtained (Norgren & Edlund, 2014).

The main source of lignin is readily available for use on a larger scale comes from spent
pulping liquors and chemical liberation of wood fibers from the pulp and paper industries.
According to (Norgren & Edlund, 2014) the global production of lignin-based materials and
chemicals exceeds 50 million tons per year. However, it has not yet been converted into high-value
products on a large-scale and today lignin is mainly used for energy recovery at the pulp mills.
Just a small amount of it, approximately 2% is utilized in value-added and commercial products
such as paper industries, medical, agriculture, fuel, chemical, concrete and cement, carbon
fibers/nanotubes, board binder, dust controller, battery, cosmetics, foams, plastics, and heat

(Ayyachamy et al., 2013).

Nevertheless, this trend is changing due to the increasing of interest in developing lignin-
based products. Some of these high-value products include: green substitutes for fossil fuel, carbon
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fibers, surfactants, polymer blends and composites; phenol replacement in phenol-formaldehyde
resin; and green binders. Lignin could replace up to 50% of synthetic binders (i.e. phenolic based

resins), although the effective use for it remains uncertain on industrial scale (Gosselink et al.,

2011).
B. Cellulose nanofibers (CNF)

Cellulose nanofibers (CNF) are the smallest cellulose building elementary fibril made up
of 36 cellulose chains. It has dimension between 5 and 50 nm in diameter, depending on cellulose
source and preparation method, with several micrometers range in length (Thakur & Thakur,
2015). CNF has been regarded as a high-performance cellulose-based material (Sun et al., 2016).
It consists of two linked D-glucose molecules with 1-4 3 glycosidic bonds and composes of
crystalline and amorphous regions (Figure 3). These repeating units (or called degree of
polymerization, DP) vary depending on different types of fiber sources. CNF can be extracted
from the cell wall of various raw materials such as softwood, hardwood, plants and other

agricultural residues.

Fabrication of CNF composes mainly in disassembling the hierarchical structure of
cellulose fibers. Recently, the CNF has been interesting by several researchers for application in
various products (Delgado-Aguilar et al., 2015; Espinosa et al., 2016; Lay et al., 2016; Sun et al.,
2016; Thakur & Thakur, 2015). Most of these studies have been performed mainly on bleached

chemical pulps from woody plants, for instance eucalyptus and pine (Espinosa et al., 2016).

Figure 3. Chemical structure of CNF (top) and their cellulose chains (bottom).

The purpose of pretreatment is to obtain fiber less stiff and cohesive, which reduces energy
consumption in mechanical disintegration process, particularly leading to the industrial scale
production. This method makes the nanofibrillation easier, mainly by shortening and loosening the
cell wall structure of the cellulose fibers and limiting the hydrogen bonds, or adds repulsive charge,

and/or decreasing the DP or the amorphous link between individual CNF (Sir6 & Plackett, 2010).
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There are mainly three pretreatments have been used to separate nanofibrils as following:

e Mechanical treatment: disintegration, refining, or PFI milling is used to reduce the

cellulose raw material size and to open the structure for further separation (Henriksson et

al., 2007).

e Enzymatic pretreatment: is often done using endoglucanase enzyme. The enzyme is used

because it is not attack crystalline cellulose as easily as the other cellulosic enzymes

(Henriksson et al., 2007).

e Chemical pretreatment: TEMPO-mediated oxidation (2,2,6,6-tetramethyl-piperidine-I1-

oxyl radical, carboxymethylation, and periodate-chlorite oxidation have been used to favor

the nanofibers isolation (Oksman et al., 2014).

None of the existing methodologies for nanocellulose production has been successfully

scaled up in terms of effectiveness and production costs. In this sense, there is an apparent need of

developing optimized methodologies for nanocellulose production strongly addressed for the final

application. Tailor-made nanostructured cellulose must be developed taking into account the

differences on the chemical composition of the starting materials, production costs and the final

requirements and applications.

CNF has been potentially applied in various functions and products based on its specific

advantages (Table 3).

Table 3. Properties and potential applications of cellulose nanofibers

Properties of CNF
e Light weight material
e Natural and renewable
¢ Biodegradability
e Biocompatibility
e High strength and stiffness
e High surface area and aspect ratio
e High reactivity, barrier properties
e Transparent and dimensional
stability
e Thermal stability (~ 200 °C)

Source: Wei et al. (2014)

Potential applications
Composites (e.g. electronics, biosensors)
Construction and porous materials
Fiber web structures (e.g. paper and board)
Coatings
Functional additives (e.g. rheology modifier)
Functional surfaces
Environment and waste treatment
Energy, thermal insulation
Heavy metals and toxins detectors and
removers

Textile
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Among all these interesting and novel applications, nanocellulose can offer a wide range

of functionalities, properties and environmental friendly solutions.

CNF has been used as an additive for papermaking slurries. Several recent publications
confirm the improvement of paper’s strength after addition of CNF as a bulk additive. The
presence of CNF in the papermaking slurries boosts the formation of hydrogen bonds between
fibers during paper formation, the main mechanism that dominates the increase of paper’s strength.
Besides, CNF promote reduction of porosity and increase of the density in the paper (Espinosa et
al., 2016). However, the use of CNF technology in wood-based materials remains a limitation. In
our understanding, there were two literatures found the use of CNF as a reinforcement of

particleboard and fiberboard made from wood fibers (Cui et al., 2014; Kojima et al., 2016).

The application of wood fibers and the development of nanoscale cellulosic materials (e.g.
cellulose nanofibrils, CNF) has also opened a new window of possibilities of reinforcement of
polymer matrices. CNF can be designed with tailor-made properties such as surface chemistry (a
variety of functional groups, with and without lignin) and morphology, from a range of natural
fibers. This adds to the versatility of the material as an appropriate and environmentally sound
component for bionanocomposite products with enhanced properties and functionality. However,

the development has been limited by various aspects such as:

e Effective and cost effective production
e Appropriate surface modification for enhancing the interaction with polymer matrices; and

¢ Industrially feasible compounding strategies.
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2 OBJECTIVES
2.1 Motivation of the study

Commercially, fiberboards are made of fresh wood resources and synthetic adhesives such
as urea/phenol-formaldehyde. Although wood is widely available, natural resources must be used
in a responsible way, trying to get the best out of the resources that Earth provides us. In my home
country, Cambodia, rice and corn are abundant and the waste after their cultivation (straw and
stalks, respectively) is merely left in the field, dumped or even burned. This practice could fall into
disuse through the valorization of these wastes, contributing both to economic growth of rural

areas and environment.

On the other hand, formaldehyde-based resins come from non-renewable resources and, in
addition, they are not biodegradable. In this sense, alternative binders based on natural resources
must be developed. One strong alternative is the use of high-performance cellulose-based
materials, such is the case of cellulose nanofibers (CNF), which could provide cohesion to the
laminates. Another alternative is to recover lignin from industrial black liquors, which are a side

stream from pulp industry.

In 2013, I applied for an ERASMUS Mundus grant to develop my Doctoral Thesis in the
field of natural fibers and therefore I was assigned to LEPAMARP research group, in the University
of Girona. This group works on the use of natural fibers for several applications (i.e. papermaking,
composites, fiberboard manufacturing and others) since the beginning of the Nineties and, in the

last years, they have been intensively working on CNF.

Overall, the motivation of this study is to find greener alternatives to fiberboards
manufacturing, improving at the same time their properties and giving a “new life” to those
resources that nowadays are considered as waste. The success of this study would show a business
opportunity for rural areas wide world, but specifically in my home country where resources are

not well managed, and, at the same time, an opportunity to contribute to the environment.

2.2 General objective

The general objective of the study was to make fully bio-based and biodegradable
fiberboards from two agricultural wastes, i.e. corn and rice biomass, with significantly better
physical and mechanical properties than commercial fiberboards made from wood and synthetic

adhesives.
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2.3 Specific objectives

To accomplish the general objectives, several specific objectives were defined and they

can be listed as follows:

il.

111

1v.

Vi.

Vil.

Viii.

IX.

To determine the suitability of rice and corn biomass to be used as raw materials for
fiberboards manufacturing in terms of chemical composition compared to softwood and
hardwood.

To explore the optimum conditions (temperature, time and liquid/solid ratio) for
thermomechanical pulp production in terms of production yield and mechanical properties
of fiberboards.

To study novel methodologies of pulp production at pilot scale using a twin-screw extruder.
To assess the effect of the pulping and the extruding on the chemical composition of the
raw materials and the morphology compared to softwood and hardwood.

To determine the viability of using extrusion and pulping in terms of production costs.

To obtain fiberboards from corn and rice fibers through wet process methodology without
synthetic adhesives.

To explore the suitability of using cellulose nanofibers and lignin as natural adhesives for
fiberboards.

To significantly improve the mechanical (bending strength) and physical (water absorption
and thickness swelling) properties through the incorporation of natural binders.

To obtain fiberboards with significantly better properties (mechanical and physical) than

those commercials.
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3 MATERIALS AND METHODS

3.1 Materials
Corn biomass (paper I and II) was kindly supplied by La Tallada d’Emporda (Spain). The

provided biomass was the whole plant of corn including cobs and silks. This biomass, properly

screened, was used to produce thermo-mechanical pulp (TMP).

Rice straw (paper III) was provided by JCL AGRI (France). The rice straw was used to
study on using different technologies, i.e. TMP preparation by digestion plus defibration at

laboratory scale to compare with a commercial scale twin-screw extrusion.

Commercial bleached Eucalyptus pulp was used as raw material for cellulose nanofibers
(CNF) preparation and was kindly supplied by Torraspapel S.A. (Spain). This pulp is typically
used for printing/writing paper manufacturing. According to the supplier, the kappa number was

lower than 0.6, leading to a brightness of 91.1 %.

Industrial black liquor (paper 1) is a waste of pulp and paper factory, provided by
Torraspapel S.A. (Zaragoza, Spain). The black liquor (in sticky glue-like form) had concentration
of 64% and pH of about 12, stored in a plastic container, at room temperature. This black liquor

was used to obtain lignin powder.

3.2 Equipment

3.2.1 Mills

Several mills were used in this Thesis for different purposes. A knives mill from Agrisma
(Spain) (Figure 4a) was used to mill corn stalk and rice straw from the whole plant to be biomass
particles, for the use in the TMP preparation by pulping in a laboratory scale digestion plus
defibration. The knives mill was used and presented in Paper I and II. A hammer mill of Electra
BC P (France) (Figure 4b) was used to mill rice straw from whole plant to be biomass particles for
a pilot scale fibers preparation of extrusion method to compare with the digestion plus defibration
pulping. The hammer mill was used and presented in Paper III. Finally, a Foss mill of Cyclotec
1093 (Denmark) (Figure 5) was used to grind the materials for chemical compositions, mineral

and thermal properties analyses (Paper III).
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Figure 4. Knives mill of Agrisma (a) and hammer mill of Electra (b).

Figure 5. Foss mill, Cyclotec 1093, Denmark.

3.2.2 Rotary digester

The laboratory scale rotary digester was designed by LEPAMAP research group from the
University of Girona and was used for TMP preparation (Paper I, 11, and III). The digester had two
heating resistances with a heating speed of 1 °C/min and a motor making the digester rotating

vertically.
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Figure 6. Laboratory scale rotary digester.

3.2.3 Sprout-Waldron defibrator

Sprout-Waldron defibrator 105-A (Austria) was used to defibrate the treated biomass, after
the digestion step (Paper L, II, and III). The Sprout-Waldron defibrator was equipped with tap water
and a filtrate bath. The tap water was applied by spraying on the input pulp and to maintain

temperature and lubrication during all the processes.

Figure 7. Sprout-Waldron defibrator 105-A (a) and its disc (b)

3.2.4 Twin-screw extruder

A pilot-scale Clextral Evolum HT 53 (France) (Figure 8) co-penetrating and co-rotating
twin-screw extruder was used to conduct fibers pretreatment by extrusion method. It is a
continuous operating system. The extruder was equipped with a constant weight feeder from

Coperion K-Tron SWB-300-N (Switzerland) (Figure 9a) in the first module and a piston pump
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Clextral DKM Super K Camp 112/12 (France) (Figure 9b) at the end of module 3. Three different

types of segmental screw elements (Figure 10) were used (Paper III).

Figure 8. Twin-screw extruder.

Figure 9. Constant weight feeder (a) and piston pump (b).

Figure 10. Segmental screw elements: BL22-90° bilobe paddle-screws (a), reversed simple-

thread (b), and conveying simple-thread screws (c).
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3.2.5 High-pressure homogenizer
A high-pressure homogenizer NS1001L PANDA 2K-GEA from Gea Niro Soavi (Italy)

was used for obtaining cellulose nanofibers (Paper I).

Figure 11. High pressure homogenizer.

3.2.6 Pulper
A laboratory scale pulper (Spain) was used:

e To disperse Eucalyptus pulp with distilled water before the TEMPO-mediated oxidation
process of CNF preparation (Paper I).

e To disperse the TMP with water and additives such as CNF and lignin in the fibers
preparation step (Paper I and II).

Figure 12. Laboratory scale pulper.
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3.2.7 Paper sheet former
A paper sheet former, Rapid K&then ISP mod. 786 FH (Germany) was used to filtrate the

fibers matrix and to form a web cake (Paper I and II).

Figure 13. Paper sheet former.

3.2.8 Hot press and mold

A laboratory scale hot press, lab-Econ 300 from Fontijne Grotnes B.V., the Netherland
(Figure 14a) was used to press the fibers matrix of TMP and TMP with CNF or lignin to be
fiberboard panels by wet process method. A laboratory scale mold (50 mm x 150 mm), designed
by University of Girona was used to form the fiberboard shape (Figure 14b) (Paper I and II).

Figure 14. Lab-Econ 300 hot press (a) and the molding box (b)

3.2.9 MorFi compact analyzer
A MorFi compact analyzer from TechPap (France) was used to analyze the morphology of
of TMP and extrudate fibers (i.e. weighted length, diameter, and fines element). Fines elements

were defined as fibers with diameters under 75 pm (Paper I, II, and III).
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Figure 15. MorFi compact analyzer.

3.2.10 Densi-Tap volumenometer
A Densi-Tap from Panasonic (Japan) was used to analyze tapped and apparent density of

TMP and extrudate (Paper III).

Figure 16. Densi-Tap volumenometer.

3.2.11 TGA analyzer
A TGA-50 series instrument (Shimadzu, Japan) was used to analyze thermal properties or
thermogravimetric analysis (TGA) of the crop residues, TMP, extrudate and lignin powder (Paper

IT and III).
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Figure 17. TGA analyzer.

3.2.12 Spectrophotometer

A spectrophotometer (Konica Minota CR-410, Japan) was used to measure the color of the
starting materials (crop residues, TMP and extrudate) and fiberboard specimens, using the CIE
L*a*b* referential, which is widely employed for non-luminous objects, D65 illuminant, and the

observer angle was 2 degree (Paper III).

Figure 18. Spectrophotometer.

3.2.13 Mechanical of bending tester apparatus

A dynamometer of IDM Test (San Sebastian, Spain) with a 5000 N load cell (Figure 19)
was used to analyze on mechanical properties of the fiberboard specimens including bending and
internal bonding strength. The apparatus was connected with a computer using registration and
data processing of Register III software program to estimate the energy-to-break for each specimen

and the load deformation curve from zero to rupture. And for the bending test, the apparatus was
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installed with a 3 points bending technique equipment (Figure 20a), while a sandwich clump

(Figure 20b) was used to analyze the internal bonding strength (Paper I and II).

Figure 19. Dynamometer mechanical tester apparatus.

Figure 20. Three points bending holder (a) and sandwich clumps (b).

3.2.14 Impact tester
A CEAST impact tester, Resil 5,5” (Pianezza, Italy) was used to analyze the rigidity of the
fiberboard on /zod impact strength without notch (Paper I and II).
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Figure 21. Resil 5.5 impact tester.

3.3 Methods

3.3.1 Preparation of fibers for fiberboard manufacturing
There were two different fibers preparation methods: pulping and extrusion, carried out in
this study. Figure 22 shows the flowchart of the fibers preparation from corn stalk (Paper I and II)

and rice straw (Paper I1I) biomass using both technologies.

3.3.1.1 Pulping

The pulping was conducted using a laboratory scale rotary digester (Figure 6) and a Sprout-
Waldron defibrator (Figure 7) to prepare thermo-mechanical pulp from grinded corn stalk and rice
straw biomasses. In the pulping process, grinded corn stalk or rice straw biomasses were fed into
the digester with distilled water at liquid/solid ratios ranging from 4 to 6, at the maximal biomass
plus water mass (8 kg) per batch, previously heated to 80 °C. The severity of pulping at digestion
stage such as temperature and time were conducted in trials previously to determine an optimum
condition. The optimal condition was defined by the high production yield of TMP and the high
mechanical strength on bending of fiberboard made from the TMP. The severities of digestion
were in the range 140-180 °C and 15-30 min for the cooking temperature and duration,
respectively. Then, the digested pulp was washed using tap water, filtered and analyzed its

moisture content.
The mass of solid inlet and liquid inlet were calculated using equation (1) and (2),
respectively.

Mw = ——4%— x 100 (1)
100 — %MC;
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Where: my is the mass of humid inlet (kg); ma is the mass of dry inlet (kg dry matter); and
%M(C:; is the moisture content of the inlet (%).

mr = L/S X mq - (mw - md) (2)

Where: my is the mass of water inlet (kg); and L/S is the liquid/solid ratio, defined as the
ratio of the water mass (including both liquid water and moisture inside rice straw) to the dry solid

mass.
The production yield was calculated using equation (3).
100-%MCp

%Yield = 22100 » 100 3)

mq

Where: mpis the mass of digested pulp (kg) and 2%6MC) is the moisture content of pulp (%).

Lastly, the digested pulp was passed one time through the Sprout-Waldron defibrator with
addition of spraying tap water, and filtered again to eliminate the excess of water. Finally, the
thermo-mechanical pulp (TMP) is ready for fiberboard manufacturing. The TMP can be stored in
a plastic bag at room temperature about one week period with moisture content around 20%, or
dry in ventilated oven for a better conservation, or storage in refrigerator at 4 °C to avoid

fermentation by bacteria and fungus.

3.3.1.2 Extrusion

The extrusion was conducted using a pilot-scale Clextral Evolum HT 53 (France) co-
penetrating and co-rotating twin-screw extruder (Figure 8) with three different segmental screw
elements (Figure 10). In the extrusion process, grinded rice straw was fed into the extruder inlet
port using a constant weight feeder (Figure 9a), at a 15 kg/h wet matter inlet flow rate. Water was
injected using a piston pump (Figure 9b) at the end of module 3. After water injection, two series
of BL22-90° bilobe paddle-screws (2D in total length) were located in modules 5 to disperse
intimately water inside the grinded rice straw. The CF1C reversed simple-thread screws with
grooves (1.5D in total length) were positioned at the beginning of module 8 to give an intense
shearing/mixing action to the liquid/solid mixture. The screw speed (SS) was fixed at 150 rpm and
the set values for the barrel temperature were 25, 80, 110, 110, 110, 110, 110 and 100 °C at the
level of modules 1 to 8, respectively. The experimental variable of this part of the study was the
liquid/solid (L/S) ratio (i.e. QL/Qs), ranging from 1.0 to 0.4. The extrusion pretreatment was
presented in paper III.

31



3.3.2
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Figure 22. Flowchart showing the fiber preparation for fiberboard manufacturing.

Analytical methods

Chemical characterizations: Regarding chemical compositions of crop residues, TMP,
and extrudate were determined. Cellulose content was measured according to (Wise,
Murphy, & D Adieco, 1946). Determination of ash, lignin and pentosans were done
following TAPPI standard methods T211 om-93, T222 om-98 and T223 cm-01,
respectively (Paper I and II). In paper III, the ash contents were determined according to
the French standard NF V 03-322, while the three parietal constituents (cellulose,
hemicelluloses, and lignin) was made using the ADF-NDF method of Van Soest and Wine
(Van Soest & Wine, 1967; Van Soest PJ, 1968). An assessment of the water-soluble
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components was made by measuring the mass loss of the test sample after 1 h in boiling
water.

Morphological analysis: The morphological analysis was carried out using a MorFi
Compact analyzer equipped with a CCD video camera. About 30,000 fibers were analyzed
by the software MorFi v9.2. Among other parameters, this software was able to calculate
mean fiber length, mean diameter and fines percentage (fibers shorter than 76 um). All
characterizations were performed in duplicate (Paper I, 11, and III).

Schopper-Riegler degree analysis: The Schopper-Riegler degree of TMP was analyzed
following ISO 5267-1 standard (Paper I and II).

Tapped and apparent densities analysis: The tapped and apparent densities of TMP and
extrudate were measured using the Densi-Tap volumenometer, Panasonic, Japan, fitted
with a 250 mL graduated cylinder. Before compaction, apparent density was also
measured. All measurements were conducted in duplicate (Paper I1I).
Thermogravimetric analysis: The thermogravimetric analysis (TGA) was carried out
using a Shimadzu TGA-50 analyzer. Dynamic analysis was conducted under air at a
heating rate of 5 °C/min, from 25 to 800 °C. For all measurements, the mass of the test
sample was around 8 mg. The weights of samples were measured as a function of
temperature and stored. These data were later used to plot the percentage of undegraded

sample (1 - D) (%) as a function of temperature,

D= 4)

Where: Wy and W are the weights at the starting point and during scanning (mg). All

measurements were carried out in duplicate (Paper II and III).

Color analysis: The color of the materials was measured using a spectrophotometer
(Konica Minota CR-410, Japan) (Paper III). The color measurements were made using the
CIE L*a*b* referential, which is widely employed for non-luminous objects. The
illuminant was D65, and the observer angle was 2°. In the L*a*b* color space, L* is the
lightness and it varies from 0 (black) to 100 (white), and a* and b* are the chromaticity
coordinates: +a* is the red direction, -a* is the green direction, +b* is the yellow direction,
and -b* is the blue direction. The center is achromatic (Konica Minolta Sensing, 2007).
The measured L* color values were used to estimate the darkening of the pretreated fibers

compared to its initial color. The color difference (AE*) was calculated by:

AE* = /(AL *)2 + (Aa %)2 + (Ab *)2 (5)
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3.3.3 Preparation of cellulose nanofibers (CNF) and its properties characterizations
Cellulose nanofibers were produced from commercial bleach Eucalyptus pulp by means of
TEMPO-mediated oxidation methodology for a 5 mmol concentration, as reported by (Alcala et
al., 2013; Alila et al., 2013; Besbes et al., 2011; Gonzalez et al., 2013; Gonzalez et al., 2014; Saito
et al., 2007). The CNF preparation was accomplished by the fibrillation process, using a high-
pressure homogenizer (NS1001L PANDA 2K-GEA). The equipment operated at 600 bar pressure
and 60-70°C, repeated for 5 times to obtain a transparent gel-like product. Finally, the CNF pulp

was stored in refrigerator at 4°C for use in the fiberboard manufacturing (Paper I).

The CNF pulp was analyzed its carboxylic content (CC), yield of nanofibrillation (YN),
cationic demand (CD), water retention value (WRV), and degree of polymerization (DP). These
properties are the important characteristics of the material for usage as an appropriate
reinforcement additive to improve both mechanical and physical properties of the fiberboard

manufacturing.

3.3.4 Preparation of lignin powder

Purified kraft lignin powder was prepared from commercial black liquor as described by
(Lin, 1992). The commercial black liquor was first treated with hot water with stirring, and then
acidified using 72% sulfuric acid to reduce the pH of the mixture to 2. The mixture was stored at
room temperature during 24-48 hours to extract all lignin content. The solid lignin was washed
with distilled water and filtered several times to remove residual sulfuric acid. To recover pure,
powder-form lignin, the solution pH was increased to 6.0 by the addition of sodium hydroxide,
and the lignin was subsequently dried in oven at 60 °C (Mancera et al., 2012). The dried lignin
was crushed to obtain powder, stored in plastic bags at room temperature for use in the fiberboard

manufacturing (Paper II).

3.3.5 Fiberboard manufacturing
The fiberboards were made using wet process. The flowchart of the whole process
fiberboard manufacturing is shown in Figure 23. The first column depicts the fibers preparation,

while the second one describes the step of molding and thermo-pressing (Paper I and II).

3.3.5.1 Fibers preparation

A hundred gram dry weight of TMP was in each web cake formation, depending on the
target dimension of the fiberboard (3 mm x 50 mm x 150 mm of thickness, width, and length,
respectively), with a calculation following the diameter of the circle web cake former (200 mm).
The one web cake can be cut for two fiberboard specimens and the rest part can be benefit to make

two more panels.
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A. Neat fiberboard

The neat fiberboard was made from TMP of corn stalk or rice straw alone. Thus, the TMP
was dispersed with only tap water using the disintegrator (Figure 14) until 80,000 revolutions

before further steps until the web cake was formed by the paper sheet former (Figure 17).
B. Fiberboard with CNF or lignin addition

The TMP of corn stalk or rice straw was dispersed with CNF (0.5 - 10% dry weight) or
lignin (5 - 29% dry weight) and tap water using the pulper until 80,000 revolutions. Then, the
mixture was further stirred by a mechanical stirrer at 300 rpm during 20 min with addition of
cationic starch and colloidal silica at 0.5% and 0.8%, respectively. Lastly, the mixture was filtered

and formed a web cake by the paper sheet former.

3.3.5.2 Thermo-pressing
The pressing operation is an extremely critical step in fiberboard manufacturing, involving
simultaneous application of heat and pressure. The pressing conditions of fiberboard making in

the hot press reveal as following:

e Cut the web cake for the size of the molding box and introduce into the mold with covering
the top and bottom surface by metallic net to protect sticky problem with the mold.

e Since the web cake is usually wet with moisture content around 90%, it is required to
eliminate before the thermo-pressing. The removal of water can be done using the same
thermal press with following conditions:

— Introducing the mold with fibers matrix inside into the thermal press;

— Heating and pressing at 75 °C, 100 kN about 3 min;

— Heating and pressing at 75 °C, 170 kN about 5 min;

— Terminating the thermal pressing operation and collecting the released water; and
— Drying at 150 °C, 100 kN during 60 min.

e The thermal pressing step can be carried out after the fibers matrix is dried. It was noticed
that the fibers matrix is exploded when the moisture content remain in the matrix at thermal
pressing stage. The thermal pressing was conducted with the following conditions:

— Press at 230 °C, 170 kN during 2 min
— Stop and open the mold to breath during 1 min
— Press at 230 °C, 170 kN during 5 min.
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temperature.

Finally, the thermal press was cooling by tap water until the temperature 70 °C to open the

mold and take out the fiberboard specimen. The fiberboard specimen was cooled at room
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Figure 23. Flowchart of the process followed to produce fiberboard.

3.3.6 Fiberboard analysis (Paper I and II)

3.3.6.1 Mechanical analysis

Density analysis: Density of the fiberboard was measured following the European standard

(EN323, 1993).

Bending strength properties: Modulus of rupture (MOR) and modulus of elasticity (MOE)

were analyzed at the same time following the European standard (EN310, 1993).

Internal bonding strength (IB) property: The IB was determined in accordance to the
European standard (EN319, 1993).

Impact strength (IS) property: Izod impact strength was tested following the American

standard (ASTM-D256-10el, 2010) without notch.

Dynamic mechanical analysis (DMA): the DMA was performed using a DMA/SDTAS861e

instrument from Mettler Toledo, operating in a 3 point bending mode. The DMA provides

36




the real and imaginary parts of the dynamic stress modulus (the storage modulus E’ and
the loss modulus E”, respectively). In this work, the complex modulus was given (E*=
E’+1 E”’). The isochronal scans were recorded from 25 to 250 °C at a heating rate of 5
°C-min-1, at 1Hz of frequency and 15um amplitude. Sample dimensions were 3 x10 x 50
mm. A reducing force mode was engaged which adjusts the static force during the test to
minimize creep. The DMA oven was under dry nitrogen flow in order to limit water

sorption during experiments.

3.3.6.2 Dimensional stability analysis
Dimensional stability properties of fiberboard including: thickness swelling (TS) and water
absorption (WA) was done at the same time by immersing the fiberboard specimen in distilled

water during 24 h following the European standard (EN317, 1993).

3.3.6.3 Production cost analysis on fibers preparation
The production cost of fibers preparation using a batch pulping process (TMP using

digestion plus defibration method) and a continuous process twin-screw extrusion (Paper III).
A. Production cost analysis for TMP preparation

The production cost analysis was focused on energy consumption, the main issue. Since
the digester and the defibrator are in laboratory scale, an electric monitor was connected to them
to measure the energy consumption for further production cost calculation. Then, the production

cost of the TMP preparation was calculated using the following formula:
PC =P x 0.08 (6)
Where: PC is the specific production cost (€/kg dry matter) and P is the specific energy
consumed by the motor of the digester and defibrator (kW h/kg dry matter).

The total production cost of the TMP preparation is defined as the sum of specific heating

cost at digestion and specific mechanical cost at defibration :

TPC = PCgi + PCe (7)

Where: PCu; is the specific production cost of digestion (€/kg dry matter) and PCue is the
specific production cost of defibration (€/kg dry matter).

B. Production cost analysis for extrudate preparation

Twin-screw extrusion is a continuous process, thus the sampling was collected during 10

min with 10 min before each sampling to ensure the stabilization of the operating conditions. The
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operating conditions, including in particular the feed rates of grinded rice straw and water, the
temperature along the screw profile and the current feeding the motor, were recorded. Sample
collection time was determined with a stopwatch. Mass of the extrudate was immediately weighed
and measured the moisture content. All the recorded data was used for the production cost

calculation.

The total production cost of the extrusion process is defined as the sum of three specific

terms: mechanical cost (MCo), cooling cost (CCo), and heating cost (HCo).

The mechanical cost (€/kg dry matter) of the extrusion process was determined according

to the following formulas:

MCo =2Z % 0.08 (8)
1000

Where: SME is the specific mechanical energy consumed by the motor per unit weight of
dried grinded rice straw (W h/kg dry matter). The SME was calculated according to the equation
(9) mentioned below. The electrical energy cost was considered according current costs in Europe,

which is of about 0.08 €/kW h assuming cogeneration in Spain and nuclear energy in France.

454 XI XCcosp X Sg

SME = — Smax 9)

Qs
Where: [ is the current feeding the motor (A), cos ¢ the theoretical yield of the twin-screw
extruder motor (cos ¢ = 0.95), Ss the screw rotation speed (rpm), Smax the maximal screw rotation

speed (Smax = 800 rpm), and Qs is the inlet flow rate of dried grinded rice straw (kg dry matter/h).

The equation (10) mentioned below is used to calculate the cooling cost (€/kg dry matter)

of the extrusion process.

CCo==% %0.08 (10)
1000

Where: SCE is the specific cooling energy consumed per unit weight of dried grinded rice

straw (W h/kg dry matter). The SCE was calculated using the equation (11) mentioned below.

m X Cp X |AT|

SCE = Qs X 3600 (11)

Where: m is the inlet flow rate of cooling water (kg/h), Cp the calorific capacity of water
(Cp=4180 J/kg K), and | AT | is the difference in temperature between the inlet and the outlet of

the cooling water circuit (K).
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The heating cost (€/kg dry matter) was calculated using the following formula:

HCo= 2= % 0.08 (12)
1000

Where: STE is the specific thermal energy consumed per unit weight of dried grinded rice

straw (W h/kg dry matter). It was determined using the following formula:

__ P X1000
Qs

STE (13)

Where: P is the heating power. The heating power used in this calculation was the sum of
the heating powers of all the heated modular zones along the twin-screw extruder barrel (i.e.
modules 2 to 8). The control panel of the extruder was set to record the heating power as a
percentage of the maximal value of the heating power available for all the heated modules every
5 seconds. In this study, the twin-screw extruder had seven heated modules, situated from zones 2
to 8, with a maximal value for the heating power of 5.0 kW, except in zone 5 where it was 3.4 kW.

The heating power of each module was calculated using the equation (14).

M X Pmax

100 (14)

Prmodule =

Where: M is the average percentage of the maximal value of the heating power during

sampling (%), and Pmax is the maximal value of the heating power available for the corresponding

heated module (kW).
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5 RESULTS AND DISCUSSION

This section summarizes the main results from the articles that constitute this Thesis,
shown in the previous section. Generally, the relationship between the articles is illustrated in
Figure 24. As explained in the Materials and Methods section, corn and rice biomasses were used
as raw material for the production of binderless fiberboards, together with cellulose nanofibers

(CNF) and lignin with the purpose of substituting synthetic resins.

Corn Rice
TMP
Extrudate TMP
. TMP +
+ + ..
TMP + CNF TMP + Lignin CNF/Lignin
Paper I Paper II Paper I11 Unpublished
results

Figure 24. Flowchart of the experimental study on fully biodegradable fiberboards

manufactured from corn and rice residues

5.1 Raw materials characterization

The chemical composition of the original corn and rice biomass is shown in Table 4. Corn
had lower ash and extractives content (3.2% and 3.1%, respectively) compared to those in rice
straw (14.7% and 16.0%, respectively). For the three main organic compounds (i.e. cellulose,
hemicellulose and lignin) corn stalk contained more cellulose and lignin, accounting for 50.6 %
and 16.0 %, than rice, that presented 37.7 % of cellulose and 7.2 % of lignin. These results are in
agreement to those found in the existing literatures (Flandez et al., 2012; Hurter, 2006; Rahnama

etal., 2013).
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Table 4. Chemical composition contains in the raw materials (% on dry matter).

Raw materials Corn stalk Rice straw
(Paper I & II) (Paper III)
Ash (%) 3.2 14.7
Cellulose (%) 50.6 37.7
Hemicellulose (%) 27.0 27.9
Lignin (%) 16.0 7.2
Extractives or water-soluble component (%) 3.1 16.0

In comparison to other agricultural wastes and wood fibers, they showed similar cellulose
content (37.7-50.6%) such as sunflower stalk (Lopez et al., 2005), triticale (Tarrés et al., 2017),
wheat (Halvarsson et al., 2008), as well as to softwood (Mousavi et al., 2013). Hemicellulose
accounted for 27 % similar to other lignocellulosic fiber source including sunflower, wheat, barley,
rye, and oat straw (Tarrés et al., 2017). At first sight, due to the high cellulose content and moderate
lignin content, corn biomass could be a good candidate to be used as raw material for papermaking,
as well as for the low mineral content. This is not the case for rice, which although having low

lignin content, presented excessive ash.

5.2 Pulps and extrudate characterization

5.2.1 Corn and rice straw TMP optimization

Thermo-mechanical pulp (TMP) was firstly selected to pretreat corn and rice biomass in
order to obtain fibers for binderless fiberboard manufacturing. An optimum operating condition of
steam-water digestion treatment using the laboratory scale rotary digester, i.e. cooking temperature
and duration was determined at 140 — 180 °C and duration between 15 and 30 minutes with L/S
6:1. The optimum operating conditions were determined following both production yield of and
bending strength of fiberboards. As shown in Table 5, the production yield decreased when
temperature and treatment time were increased, from about 90 % to 60 % and 85 % to 72 % for
corn and rice biomass, respectively. The maximum production yield was 89.6 % and 84.8 %,
corresponding to cooking condition 1 (140 °C, 30 min) and 2 (160 °C, 15 min) for corn stalk and
rice straw, respectively. The maximum bending strength were 30 MPa of MOR and 1874 MPa
MOE, obtained on fiberboards made from CS-TMP:2, and 46 MPa of MOR and 3420 MPa of MOE
of the fiberboards made of RS-TMP4. However, the optimum operating condition at digestion
stage for corn and rice biomass were selected at 160 °C for 15 min (CS-TMP2) and 160 °C for 30
min (RS-TMP3) as the results of quite high on yield and bending properties. Similar conditions

were found by Flandez et al. (2012) for corn biomass.
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Table 5. Digestion parameters, production yield of TMP pulps and bending strength of

binderless fiberboards (unpublished results)

Materials Temperature Time Yield MOR MOE
©O) (min) (%) (MPa) (MPa)
CS-TMP; 140 30 89.6+0.3 243+1.7 1520+163
Corn stalk CS-TMP:2 160 15 872+1.0 29.6+0.9 1874+164
CS-TMP3 160 30 84.8+04 25.1+1.3 1693 +£266
CS-TMP4 180 15 60.6+14 162+1.8 1422+376
RS-TMP; 140 30 82.1+0.2 325+1.1 2558+152
Rice straw RS-TMP:2 160 15 84.7+0.6 29.0+2.1 2277+199
RS-TMP3 160 30 82.8+0.3 404+34 3421 +399
RS-TMP4 180 15 722+1.5 462+1.8 3420+179

CS: Corn Stalk; RS: Rice Straw; TMP: thermomechanical pulp; MOR: modulus of rupture; MOE:

modulus of elasticity

These pulps were used for the development of the Thesis, leading to the experimentation

from the articles shown in the previous section.

5.2.2 TMP and extrudate characterization

The chemical composition of corn stalk and rice straw after pulping and/or extrusion is
shown in Table 6. As expected, the chemical composition of the TMP fibers changed when
compared with the initial corn and rice biomass (Table 4). The ash content decreased considerably
from 3.2 to 0.8 % and from 14.7 to 10.5 % for corn and rice, respectively (Table 4 and Table 6),
as a result of the steam and defibrillation processes. On the contrary, there was a slight increase in
contents of both cellulose and lignin (from 51 to 55 % and from 16 to 17 %, respectively for corn)
and (from 38 to 48 % and from 7 to 10 %, respectively for rice). The increase of cellulose and
lignin contents was because of the decrease of other organic and inorganic compounds such as
extractives and ash. A large decrease in the content of extractives or water-soluble compounds was
occurred (from 3 to 1 % and from 16 to 5 % for corn and rice, respectively). Since large amounts
of water were used during the digestion step, some of the water-soluble organic compounds,
especially free sugars, were removed from the initial biomass during digestion, thus leading to a
production yield approximately 87 % and 83% in the cases of optimum digestion conditions (CS-

TMP2 and RS-TMPs, respectively) (Table 5).

On the other hand, the extrusion thermo-mechanical treatment did not cause significant
changes, whether the L/S ratio was high (1.0, i.e. E1 extrudate) or low (0.4, i.e. Es extrudate). These
results were confirmed by thermogravimetric analysis of the raw material, the TMP and the

extrudate fibers (Figure 25).
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Table 6. Chemical compositions corn stalk TMP, rice straw TMP, and rice straw extrudate.

) Ash Cellulose  Hemicellulose  Lignin Extractives
Materials
(Y0) (%) (%) (%) (%)
Corn stalk TMP 0.8 55.2 25.8 17.2 1.1
(Paper I & I1)

Rice straw extrudate (Paper III)

E1 (/S ratio 1.0) 143+0.2 36.2+0.5 33.0+£0.6 5.5+0.5 159+0.1
E; (L/S ratio 0.7) 14.4+0.1 37.0+£0.9 284+0.2 6.8 £0.3 17.3+0.3
Es (L/S ratio 0.4) 158+£0.0 33.8+0.1 29.3+£0.2 6.3+£0.2 16.2+0.2
Rice straw TMP (Paper III)

Py (/S ratio 4.0) 10.7+0.0 47.6+0.1 28.6+0.1 8.7+0.1 5.1+0.1
P> (L/S ratio 5.0) 11.0+0.1 47.5+0.0 29.5+0.9 8.1£0.1 4.8+0.6
P3 (L/S ratio 6.0) 10.5+0.1 48.2+0.3 28.3+0.3 9.7+0.2 5.1+£0.0

Thermal degradation curves of both rice straw and extrudates showed similar behavior
(Figure 25a) under air atmosphere, while TMP not. This illustrated once again that chemical
compositions were all comparable and that the different operating conditions used in the twin-
screw extruder had no significant influence on the thermal degradation of organic compounds of
the different extrudates. On the contrary, pulping had significant influence on the thermal
degradation of organic compounds inside the different TMPs. As a result, because water-soluble
compounds were highly thermal sensitive, the beginning of the thermal degradation of pulps
occurred at higher temperature: around 230 °C instead of around 205 °C for rice straw (Figure 25).
A first mass loss was observed at 100 °C, corresponding to water evaporation. Then, the thermal
degradation of organic compounds took place (between 205 and 340 °C for rice straw and
extrudate and between 230 and 350 °C for TMP), leading to a mass loss of approximately 50 and
55% of the sample dry mass, respectively. In agreement to some researchers in previous studies
(Beaumont, 1981; Evon et al., 2015; Hatakeyama et al., 2006; Schaffer, 1973), the main thermal
degradation stage is associated with the simultaneous breakdown of organic compounds (i.e.
residual water-soluble compounds, hemicelluloses, and cellulose). Finally, another degradation
phenomenon was also observed between 365 and 470 °C. However, this was associated with a
lower mass loss (about 20% of the sample dry mass), corresponding to the degradation of lignin
and also to the oxidation of the degradation products from the previous stage, as the TGA analysis
was conducted under air atmosphere (Uitterhaegen et al., 2016). At the end of all measurements,
the non-degraded samples represented around 9 — 15 % of the test sample mass, corresponding to

the minerals contained in rice straw, extrudates and pulps (Table 4 and Table 6).

114



Figure 25. TGA (a) and dTGA (b) of the raw materials (rice straw, rice straw extrudate and rice

straw TMP)

Table 7. Morphological properties of corn stalk TMP, rice straw TMP, and rice straw extudate.

Materials

Corn stalk TMP
(Paper I & IT)

Length

(um)
652.8

Rice straw extrudate (Paper I1I)

E1 (L/S ratio 1.0)
E: (/S ratio 0.85)
E; (/S ratio 0.7)
E4 (/S ratio 0.55)
Es (L/S ratio 0.4)

571.5+7.8
544.0+4.2
571.0+7.1
505.0+5.7
4940+ 14

Rice straw TMP (Paper III)

P (L/S ratio 4.0)
P, (L/S ratio 5.0)
P3 (/S ratio 6.0)

371.7+£9.0
377.0+5.7
386.0 +2.8

Diameter

(um)
24 .4

25.5+0.0
245+ 0.0
253+0.0
23.8+0.1
23.6 0.1

22.8+£0.0
22.0+0.1
21.9+0.1
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Lw/D aspect ratio

26.7

22.4+0.3
2224+0.2
22,6 +0.3
21.2+0.2
20.9 £0.1

16.3+0.4
17.0+£0.2
179+04

Fines
(%)
59.7

63.8 0.4
62.8 £1.5
542+49
74.7 £ 3.4
61.8+0.5

69.6+23
682+1.5
65.3£3.6

°SR

44.0

54.5



Table 7 shows the morphological characteristics of fibers inside the extrudates (Ei1 to Es)
and TMP (P1 to P3), produced using different operating conditions. From the mean length (Lw) and
diameter (D) of the extruded fibers, the corresponding Lw/D aspect ratios were between 20.9 and
22.6 for extrudates and between 16.3 and 17.9 for TMPs (Table 7). In addition, a slight decrease
in the aspect ratio was observed with a decreasing liquid/solid ratio in the twin-screw extruder,
especially for its two lowest values (i.e. 0.55 and 0.4). Whereas, a slight increase in the aspect ratio
was found with an increasing liquid/solid ratio (i.e. from 4 to 6) in the digester and defibrator.
Such phenomenon was previously noticed for thermo-mechanical pulps produced using steam plus
a mechanical defibration treatment (Alila et al., 2013; Flandez et al., 2012; Theng et al., 2015).
The decrease or increase aspect ratio resulted mainly in the mean length of fibers decreasing or
increasing, from 571 to 494 um (i.e. -14 %) as the L/S ratio decreased from 1.0 to 0.4 for extrusion
and from 371 pm to 386 um (i.e. +4 %) as the L/S ratio increased from 4 to 6 for pulping (Table
7). This illustrated the fact that higher mechanical shear and higher self-heating of the material at
the level of the reversed screws inside the twin-screw extruder caused by low L/S ratios contributed
in more cutting of the fibers. On the other hand, at high temperature (low liquid mass) inside

digester contributed in more degradation and cutting of the fibers.

The particle size distribution inside the extrudates and TMPs (Table 7) revealed also the
presence of small particles. This population contained not only the smallest fibers but also
spherical particles, i.e. fines, originating from the thermo-mechanical breakdown process of rice

straw, and corresponding to a range 54-75 % and 65-70 % for extrudates and pulps, respectively.

However, the value of Schopper-Riegler degree (44.0 and 54.5 °SR for corn and rice TMP,
respectively) were relatively high, but consistent with the fines content (60 % and 70 %), which
were also significantly high (Gonzalez et al., 2013).

The apparent and tapped densities of the rice straw extrudates were sensibly low (with
maximal values of 162 and 216 kg/m?, respectively), and lower for TMP (with maximal values of
53 and 69 kg/m?, respectively) (Figure 26). Looking at the influence of the operating conditions
tested on the apparent and tapped densities of extrudates, both densities were decreased as the L/S
ratio increased: from 162 to 56 kg/m®, and from 216 to 81 kg/m’, respectively. Referring to the
densities, a lower L/S ratio during twin-screw extrusion made not only shorter fibers but also a
denser and heavier extrudate. On the contrary, since fibers originating from the highest L/S ratios
were longer, their entanglement between them was favored, leading to a bulkier and therefore to a

less dense extrudate. The same phenomenon was also observed on pulps.
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Figure 26. Apparent and tapped densities of rice straw extrudate and rice straw TMP.

The effect of the L/S ratio on the extrudate and pulp color (using the CIE L*a*b*
referential, which L* is the lightness, a* is the chromaticity coordinate color from red to green,
and b* from yellow to blue direction) in comparison to the one of rice straw is shown in Table 8.
A decrease in the L/S ratio contributed decreasing both L* and b* values, simultaneously with a
slight increase in the a* one. The significant L* decrease was observed in the extrudate and pulp
in comparison to the initial rice straw color, revealing a darkening after treatment. Additionally,
the decreasing L/S ratio at extrusion resulted the lower L* values, revealed a progressive darkening
of the extrudates with a color difference (AE*) varying from 6.2 to 8.2, but not significant different
for TMP with different L/S ratios. According to Ilo and Berghofer (1999), color is an important
quality assurance parameter of feed and biological products, which can also be indirectly related
to the nutritional value of the products. In board, it shows the strengthen capacity since the
darkening color probably as a cause of nutrition or organic compounds degradation. The organic
compound such as free sugar was observed providing good self-bonding in composites (Hashim
et al.,, 2012, 2011a, 2011b; Tajuddin et al., 2016). In this case (i.e. the thermo-mechanical
defibration of rice straw using the twin-screw extrusion), the alteration degree of the structure of
rice straw fibers inside the twin-screw extruder barrel is a key factor in the quality of the extrudates.
It is largely dependent on the L/S ratio used, the latter largely influencing the mechanical shear
transmitted to the material and its self-heating. Therefore, the increase in the darkening of the
extrudate observed with the decrease in the L/S ratio could be directly correlated to the progressive
self-heating undergone by the material in the restrictive part of the screw profile, i.e. where

mechanical shear is applied (from 132 to 153 °C for the material temperature at the end of module
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7, and from 126 to 140 °C at the beginning of module 8), contributing to the partial degradation of
the organic compounds inside rice straw, especially the smaller and the most thermal sensitive

molecules. It was also observed the same phenomenon on TMP.

Table 8. Influence of the operating conditions on color in the CIE L*a*b* referential of the

extrudate (E) and pulp (P) powders, and comparison with color of the starting material (i.e. rice

straw powder).

Materials L* a* b* AE*
Rice straw 82.6+0.3 3.7+£0.1 16.5+0.2 -

E1 (L/S ratio 1.0) 77.4+0.3 4.1+0.1 13.2+0.5 6.2
E: (L/S ratio 0.85) 77.1+0.4 43+0.1 13.3+0.2 6.4
E3 (L/S ratio 0.7) 75.9+0.1 42+0.1 129+0.2 7.6
E4 (L/S ratio 0.55) 76.3 £0.3 4.1+0.1 129+0.3 7.2
Es (L/S ratio 0.4) 74.9 0.7 42+0.2 13.9+0.5 8.2
P; (/S ratio 4.0) 75.7+0.4 42+0.1 12.7+0.5 7.8
P, (L/S ratio 5.0) 75.9+0.3 4.1+0.1 13.5+0.3 7.3
P; (L/S ratio 6.0) 75.8+0.3 4.1+0.1 13.2+0.3 7.5

5.2.3 Comparison on production cost (Paper III)

The calculation of the production cost of extrudates using the five different L/S ratios , and
of the TMP using the three different L/S ratios tested was based on the mean price of electricity in
Spain in 2016, i.e. 0.08 €/kW h (Endesa, 2016). Figure 27 shows the production cost for the
different tested operating conditions. In accordance with the results of energy consumptions
expressed in Paper III in the publication section, the different production costs, i.e. specific
mechanical cost, specific cooling cost, specific heating cost and total specific cost followed the
same trends. Referring to Figure 27 and Figure 28, as the L/S ratio increased, there was a decrease
trend on mechanic, cooling and total costs. On the contrary, the heating cost increased a little. The
mechanic, cooling and total costs decreased approximately 34%, 33%, and 26%, respectively,
when the L/S ratio increased from 0.4 to 1.0 (Figure 28). In parallel, the heating cost was increased
(+29%). However, the contribution of this specific term was limited compared to the two others,
especially the mechanical one. As a result, the total production cost decreased from 0.077 to 0.056
€/kg dry matter when the L/S ratio increased, but it seemed to be level off between 0.7 and 1.0 L/S
ratios (Figure 27).
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Figure 27. Comparison on total production cost between extrusion and thermo-mechanical pulp.

Figure 28. Specific production cost of extrusion and pulping.

Comparing twin-screw extrusion and digestion plus defibration, the influence of the
liquid/solid ratio used on the specific cost of rice straw fiber pretreatment was opposed, i.e. a
decrease in the total production cost for extrusion as opposed to its increase for digestion plus
defibration with increasing liquid/solid ratio (Figure 27). The total production cost of pulp
logically increased as the liquid/solid ratio used increased: from 0.49 €/kg dry matter at 4
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liquid/solid ratio to 0.68 €/kg dry matter at 6 liquid/solid ratio. Thus, the price is about nine times

more expensive than the twin-screw extrusion.

5.2.4 Pros and cons of twin-screw extrusion and pulping (Paper III)
Although, the twin-screw extrusion is cheaper on total production cost than pulping, the
fiber pretreatment using these technologies have advantages and disadvantages as following. The

advantages of extrusion including:

e Higher inlet flow rate and better productivity as a continuous process,;

e Lower amounts of water and lower temperature;

e Lower production cost, approximately nine times less important: the twin-screw extrusion
technology appeared as a much more economical pretreatment for rice straw fibers;

e Higher aspect ratio, which should lead to an improvement of the entanglement of fibers
inside fiberboards, thus possibly contributing to better mechanical reinforcement;

e Higher amount of water-soluble components, in particular free sugars: because such
components can contribute to the self-bonding of fiberboards using hot pressing (Hashim
et al., 2012, 2011a, 2011b; Tajuddin et al., 2016), this could be an advantage for their

cohesion and mechanical strength.

On the other hand, taking into account the TGA results for both treated materials,
extrudates were more thermal-sensitive than TMP. It will be probably necessary to use lower
values for molding temperature during thermopressing (i.e. no more than 200 °C) in such a way
as to avoid any degradation of organic compounds. In addition, establishing a parallel with
papermaking, it is reasonable to assume that the ultimate strength of fiberboards made from TMP
should be higher than that of fiberboards made from extrudates. Indeed, in the paper industry, a
higher specific surface and a decrease in the mineral content (cases of TMP compared to
extrudates) should promote the compatibility of lignocellulosic fibers, leading to an increasing
amount of bonds between fibers (i.e. higher relative bonded area) and thus to a higher fiberboard

compaction (Page, 1969; Vilaseca et al., 2008).

5.3 Characterization of CNF (Paper I)

In the present research, cellulose nanofibers (CNF) were prepared by means of TEMPO-
mediated oxidation from commercial bleach eucalyptus pulp. The oxidized cellulose fibers
consisted of 1006 peq/g, 1460 peq/g, 8.3 g/g, 95%, and 352 for carboxylic content, cationic
demand, water retention value, production yield, and degree of polymerization, respectively (Table

9).
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Table 9. Properties of TEMPO-mediated oxidation CNF

Sample -COOH content Yield Cationic demand WRV DP
(neq/g) (%o) (neq/g) (g/g)
CNF 1006 >95 1460 8.3 352

The introduction of carboxylic groups in the cellulose chains produces swelling of the
fibers in aqueous suspension (Da Silva Perez et al., 2003), due to the increase in its hydrophilic
character (Saito et al., 2007). In addition, carboxylic groups also affect the degree of defibrillation;
therefore pulps with higher carboxylic content require less passes through the homogenizer to
achieve a good degree of microfibrillation (Alila et al., 2013; Benhamou et al., 2014; Besbes et al.,
2011; Shinoda et al., 2012). CNF with high COOH content have a lower degree of polymerization
(DP) than untreated fibers. The yield of fibrillation was also very high, meaning that almost all the
solid material was effectively nanosized. CNF with low COOH content results in a lower yield of

fibrillation (Besbes et al., 2011).

The cationic demand (CD) is a methodology to determine the outer surface charge of fibers,
usually applied to pulp suspensions (Klemm et al., 2011; Rouger & Mutjé, 1984). It represents the
anionic nature of the fibers and has been traditionally used to determine the extent of fiber
delamination of beaten papermaking pulps. High cationic demand is expected for CNF due to large
fibrillation and the anionic nature of cellulosic materials suspended in water (Carrasco et al., 1996;

Mutjé et al., 2006).

The water retention value (WRV) is a papermaking parameter that is commonly used as a
measure of fibers’ internal fibrillation. WRV actually measures the water chemically bound to
cellulose. A higher fibrillation allows larger amounts of moisture to bind to CNF through hydrogen
bonds (Alcala et al., 2013; Gonzalez et al., 2014). The value found in this study was 8.3 g/g (Table
2) 1s in the range of that for other TEMPO-mediated oxidized fibers.

5.4 Characterization of lignin (Paper II)

The lignin used in this study was extracted from black liquor (a waste of pulp and paper
factory using kraft pulping process). It was characterized the thermal sensitivity through
thermogravimetric analysis (TGA). The TG and dTG curves of the lignin sample displayed the

mass loss of polymeric materials vs. the temperature of thermal degradation (Figure 29).

A first mass loss was observed at 100 °C, concurring with water vaporization. Then, the
thermal degradation of all lignin compounds took place at a stage between 200 °C and 500 °C

(approximately 72% of mass loss). At this stage, all carbohydrate volatile components in the lignin
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sample were degraded. At higher temperature, there was no more weight loss, since the remaining
mass corresponded to ash (about 19% of the total mass) by the end of the measurement. These

results are in accordance with a previous study of (EI Mansouri, Yuan, & Huang, 2011).
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Figure 29. Thermogravimetric analysis of kraft lignin.

The peak of dTGA (derivative thermogravimetry) curve can be expressed as a single
thermal decay temperature and used to compare its polymeric materials in term of thermal
characteristics. This analysis illustrated that when the lignin sample was heated at about 450 °C,
pyrolytic deprivation took place and the inter-unit linkage of the lignin structure became
fragmented, with the release of monomeric phenols into vapor phase. The range of obtained
maximum derivative thermogravimetric was in agreement with other previous findings (EI
Mansouri et al., 2011; Tejado et al., 2007). The high temperature of lignin degradation allows
applicable of blending it with other lignocellulosic materials and compress at quite high

temperature to produce fiberboards without decomposed lignin.

5.5 Fiberboards

5.5.1 Binderless fiberboards made from corn TMP (Paper I & II) and rice straw TMP
The mechanical performance of fiberboard was characterized by the modulus of rupture
(MOR) and the modulus of elasticity (MOE) (Teixeira & Moslemi, 2001). As shown in Table 10,
the MOR and MOE of non-reinforced fiberboard were approximately 30 and 1874 MPa for corn
stalk TMP, and 40 and 3421 MPa for rice straw TMP, respectively. The MOR were lower than

that of commercial fibreboard (about 42 MPa), but the MOE of rice straw TMP was higher (2670
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MPa for MOE of commercial fiberboard). However, as the binderless fibreboards made from corn
stalk TMP and rice straw was denser than the commercial, leading the specific value of the MOR
and MOE obtained lower than the commercial between 0.032 and 0.047 MPa.m?/kg and 2.043 and
3.023 MPa.m’/kg, respectively. In addition, all binderless fiberboards are classified as hardboard,
following the European standard EN 316 (EN316, 1999) with density > 900 kg/m® and > 800

kg/m?3, wet process and dry process, respectively.

Binderless fiberboards made from RS-TMP showed greater values of MOR and MOE than
that made with CS-TMP of about 37% and 83%, respectively (Table 10). Moreover, the RS-TMP
fiberboard also obtained much higher on internal bonding strength and impact resistance than the
CS-TMP fiberboard. The results confirmed that higher amount of water-soluble components, in
particular free sugars can contribute to the self-bonding of fiberboards using hot pressing (Hashim
et al., 2012, 2011a, 2011b; Tajuddin et al., 2016) . Additionally, the shorter fibers provided the
denser fibers (Figure 26) and fiberboard (Table 10).

Table 10. Results of mechanical properties and dimensional stability of binderless fiberboard.

Properties Commercial CS-TMP RS-TMP
Mechanical properties

p (kg/m%) 883+ 19 917 £48 1106 + 14
MOR (MPa) 41.7+1.6 29.6+0.9 404+34
MOE (MPa) 2670+ 110 1874 + 164 3421 +399
MOR/p (MPa.m%/kg) 0.047 0.032 0.037
MOE/p (MPa.m?/kg) 3.023 2.043 2.850
IB (MPa) 0.47+0.11 0.19+0.07 0.35+0.03
K (kJ/m?) 10.8+0.2 32+0.5 43+04
Dimensional stability

TS (%) 65.7+2.7 37.6+0.7 33.9+2.2
WA (%) 81.3+£0.5 76.8+ 6.6 498+ 1.3

The internal bonding strength (IB) refers to the strength of the internal bond between fibers
(Mancera et al., 2012), while the resilience of impact strength (K) refers to the fragile rigidity of
fiberboard (Evon et al., 2015). The same phenomenon was observed as the IB and K of the
binderless fiberboards made from RS-TMP were stronger than those from CS-TMP, although all
are still lower than the commercial fiberboard made from eucalyptus and pine wood fibers with
urea-formaldehyde binder. The IB values were 0.19, 0.35, and 0.47 MPa for CS-TMP, RS-TMP
and commercial fiberboard, respectively. The /zod impact strength, the resilience (K) values were

3.2,4.3, and 10.8 kJ/m?.
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Thickness swelling (TS) and water absorption (WA) are two important parameters when
determining the dimensional stability of fiberboards. The results in Table 10 indicated that the
binderless made from CS-TMP and RS-TMP improved the TS over the commercial fiberboard,
by decreasing about 43% and 48%, respectively.

Not only this, but also that the binderless fiberboard made from crop residues such as corn
and rice meet the requirements for hardboards type used in dry conditions, i.e. board with thickness
<3.5 mm (recommended 30 MPa, 0.5 MPa, and 37% for MOR, IB, and TS, respectively) (EN622-
2,2004).

5.5.2 Fiberboards with CNF incorporation (Paper I and Results and discussion)

The mechanical bending properties of fiberboards made from corn stalk and rice straw
TMP fibers, the MOR and MOE was greater with increasing the CNF content. The maximum
values were about 53 and 5160 MPa, respectively at 8 wt% of CNF for CS-TMP fiberboard, and
about 55.8 and 3975 MPa, respectively at 2 wt% of CNF for RS-TMP fiberboard. The addition of
CNF content was stopped at 10 % and 3% on CS-TMP and RS-TMP, respectively because of the
decreasing on mechanical properties on these amount and higher (Table 11). The improvement
mechanical properties of the fiberboard is due to several factors such as the high intrinsic
mechanical properties of CNF, their high specific surface that enlarges the number of feasible
hydrogen bonds, the reduction of void spaces between fibers due to tension forces and CNF
shrinkage, and the homogeneous distribution of the fibers (Alcala et al., 2013; Delgado-Aguilar et
al., 2015). These factors are also contributed in the denser of the fibreboard panels. A scheme
showing the interaction between fibers and CNF can be seen in Figure 30, where CNF are linked

between them and to the macro fibers by creating a network (Alcald et al., 2013).

It was also noticed that the modulus of rupture did not improve from the formulation from
2 to 8% of CNF on CS-TMP (Theng et al., 2015) and dropped when higher than 2% of CNF added
on RS-TMP (Table 11). This might be due to the saturation of CNF nanofibers on the micro size
fibers of corn TMP surface, or a poor dispersion condition during the biocomposites preparation,
as indicating that more energy is needed in order to obtain a better dispersion and interaction
between CNF and the larger fibers (Alcala et al., 2013). Moreover, it is worth to consider that if
the pulp has a high content of fines elements or the external fibrillation of fibers, this saturation
may appear at lower levels of CNF (Delgado-Aguilar et al., 2015). In this case, the fines element
of TMP was higher than 60%. Hypothetically if these fines were removed, the enhancement of
mechanical properties provided by CNF would be higher and, consequently, the saturation level
for CNF would be also higher (Kojima et al., 2016). Nonetheless, these results are in agreement

with the results obtained by Cui et al. (2014) on particleboard made of Pine (Pinus pinaster L.),
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for which it was found that the board with CNF 2% was the strongest. In addition, compared to
the tested commercial fiberboard, they were also stronger on bending resistance. However, the
density (above 1000 kg/m®) was denser, too. Because of the high density of fiberboard with CNF

reinforcement, it is noticed a similar specific strength with the commercial fiberboard.

Figure 30. SEM imaging of pulp slurry with CNF in bulk (a) and Mechanism of strengthening of
fiberboards with CNF (b)

Regarding the IB strength, a similar trend was observed compared to the other mechanical
parameters mentioned above and the same to the report of Gonzalez et al. (2013). The IB of the
fiberboards was improved with the CNF addition. It is that the high specific area of CNF helped
to strengthen the bonding capacity of fibers. The fiberboard with just 1% of CNF had an IB
strength meet the required specification standard (EN622-2, 2004). The maximum strength was
1.53 MPa and 0.54 MPa obtained with 4% and 5% of CNF added on CS-TMP and RS-TMP fibers,
respectively. The IB strength of CS-TMP with 4% CNF incorporation was about 8 times stronger
than that of the neat fiberboard, while the RS-TMP plus 3% CNF was about double, compared to
the neat. Additionally, all the CNF added on TMP improved the IB over the commercial fiberboard
(Table 10 and Table 11).
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Table 11. Results of mechanical properties and dimensional stability of fiberboards made from corn stalk and rice straw TMP with CNF

Fiberboards’

properties 0.5% 1% 2%
Mechanical properties

p (kg/m?) 1106 =14  1110=+33 1143 £ 31
MOR (MPa) 427+£26 47616 52.0+54
MOE (MPa) 4196 £ 201 44704303 4542 +224
MOR/p 0.039 0.043 0.046
(MPa.m’/kg)

MOE/p 3.79 4.03 3.97
(MPa.m’/kg)

IB (MPa) 046+0.22 0.81+0.20 1.26+0.19
K (kJ/m?) 43+0.6 44+02 47+£0.6
Dimensional stability

TS (%) 358+04 342+05 333+52
WA (%) 51.0+1.1 498+38 473£25

incorporation.
CS-TMP + CNF
4% 6% 8%
1100 £ 38 1115+26 1129 £33
52.0+1.1 52.8+2.5 529+4.2
4787 £ 194 5045 + 376 5160 + 506
0.047 0.047 0.047
4.35 4.52 4.57
1.53+£0.12 0.98+0.18 0.64 +0.14
5.6+0.8 5.0+0.5 48+1.3
354+1.8 341+2.4 36.5+2.4
48.6+2.0 479+1.7 46.8+2.1
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10%

1069 + 40
473+34
4421 + 284

0.044

4.14

0.54+£0.17
3.6+0.5

37.1+0.9
559+0.8

RS-TMP + CNF
1% 2% 3%

1069 + 41 1103 £49 1063 £ 44
429+25 55.8+3.7 42.1+£36
3560 £282  3975+290 3393 +339

0.040 0.051 0.040

3.120 3.605 3.192
040+0.02 0.40+0.01 0.54+0.04
4.7+£0.8 47+£0.9 42+0.7
35.1+1.6 313 £48 313 £1.9
51.6 £2.1 438 £2.6 553 +£34



Concerning on the results of [zod impact strength, the energy required to break fiberboard
made with CNF addition was around 5 kJ/m? (Table 11), higher than that of non-reinforced
fiberboards, but still very low with respect to the market products (10.8 kJ/m?) (Table 10). The
availability reason is that the formaldehyde-based resin present higher interface bonding strength

(Castro et al., 2012) than the CNF.

The presence of CNF diminished the dimensional stability (Table 11). One explanation can
be that CNF bring to a more compact final structure that prevents the penetration of water into the
fiberboard. Even if they are hydrophilic, CNF are quite compatible with the rest of the components.
Therefore, in a well distributed system, the interface between CNF and microfibers of pulps is
favourable and the final result may be a more compacted material that absorbs less water than the

non-reinforced one, and particularly compared to the commercial fiberboard.

Dynamic Mechanical Analysis (DMA) is a sensitive technique that characterizes the
mechanical response of materials by monitoring property change with respect to the temperature
and frequency of applied sinusoidal stress. This technique separates the dynamic response of
materials into two distinct parts: an elastic part (E’) and a viscous component (E”). The complex
modulus E* (E* = E'+E") is defined as the instantaneous ratio of the in-phase or elastic response
E’ (which is proportional to the recoverable or, stored energy) and viscous response E” (which is
proportional to the irrecoverable or, dissipated energy). DMA has been also used to analyze the
structural and thermo-mechanical properties of thermosetting adhesives (Kumar, Gupta, &
Sharma, 2015). The DMA for commercial and CS-TMP fiberboards was also performed. The
complex modulus is depicted in Figure 31. All fiberboards made from corn stalk TMP fibers gave
better results than the commercial product. Moreover, the CNF incorporation produced a higher
complex modulus that increased with increasing the CNF content (Alcala et al., 2013; Besbes et
al., 2011). In all cases, the stiffness decreased with increasing temperature (Kumar et al., 2015),
as expected. However, while commercial and non-reinforced fiberboards show a constant decrease
of rigidity with temperature, fiberboards reinforced with CNF exhibited some different tendency.
Thus, the stiffness of the fiberboards show a diminish after 60-70°C due to an increase of mobility
and start softening of the lignin and low molecular weights compounds. Afterwards, between 100-
120°C the complex modulus seems to stabilize and the slope decrease is very low. This
preservation of the complex modulus, or even small stiffening in some formulation, may be caused
by the release of water from the material that prevents the loss of rigidity of fiberboards (between
120 and 170 °C approximately) (Barbosa et al., 2011). Thereafter, above 190°C, the complex
modulus clearly diminished and the material began degradation (Alcala et al., 2013) that is evident
after 240°C.
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Figure 31. Dynamic mechanical analysis (DMA) of corn stalk TMP fiberboard with CNF

incorporation.

5.5.3 Fiberboards with lignin incorporation (Paper II and Results and discussion)

The mechanical properties of bending for fiberboard made from CS-TMP and RS-TMP
were enhanced by increasing amounts of added kraft lignin (Table 12). This improvement can be
explained by the good adhesion between fibers produced by the addition of kraft lignin, which is
able to overcome discontinuity in the fiber matrix. The maximal values of MOR for fiberboard
made from CS-TMP and RS-TMP incorporated with kraft lignin addition were about 69 MPa
(25% lignin) and 53 MPa (13% lignin), respectively. While the MOE was obtained at a little lower
added lignin proportion, i.e. 21% and 9%, accounted for 5664 and 3955 MPa, for CS-TMP and
RS-TMP fiberboard, respectively. To compare with the fiberboard made with CNF incorporation,
the maximum MOR and MOE obtained with 2% added CNF was equilibrium to the one made
with about 13% lignin addition with both raw materials (Table 11 and Table 12). The MOE of the
fiberboards was notably increased as the lignin loading increased to 21% on CS-TMP, with a value
over 5500 MPa, which is slightly higher than that obtained by adding CNF. However, it is not
significant for RS-TMP between CNF and lignin addition. However, all are greater that of the

commercial fiberboard.

The same tendency on density of the fiberboard was observed between kraft lignin and

CNF addition on the TMP fibers of corn and rice. They are denser than 900 kg/m?, regarded as

hardboard (EN316, 1999). The specimens of fiberboards made from corn stalk TMP with lignin

obtained higher specific strength, specific elasticity and internal bonding strength than the tested
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commercial fiberboard, but they were lower in impact strength. Moreover, as the amount of lignin
was increased, specific properties were enhanced as well. This indicates that, in the case that the
addition of lignin and the high temperature at the thermopressing produced stronger bonds (i.e.
covalent) increasing the density of the resulting panels as well as their mechanical properties.
However, these properties were observed not significant difference for RS-TMP with lignin

addition, compared to the market product.

The Table 12 also reveals the dimensional properties of fiberboard. The results showed
that the values of TS and WA were decreased when increasing the amount of kraft lignin content
on CS-TMP fiberboard. However, they were not significant different on RS-TMP fiberboard.
Specifically, the addition of 29% kraft lignin decreased the TS and WA by about 50.5% and 33.6%
compared with the binderless fiberboard and 54.3% and 63% with the commercial fiberboard,
respectively. Therefore, increasing lignin content notably decreased the water absorption and, thus,
improved the water resistance and dimensional stability of the fiberboards. Rowell et al. (1976)
reported that lignocellulosic materials absorb water by forming hydrogen bonds between water
molecules and hydroxyl groups in cell wall components. However, the addition of kraft lignin
during the preparation of fiberboards reduced their water absorption. This result can be explained
by the presence of non-polar hydro-carbon chains and aromatic rings in the lignin molecule

(Rozman et al., 2000).
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Table 12. Results of mechanical properties and dimensional stability of fiberboards made from corn stalk and rice straw TMP with lignin

Fiberboards’

properties 5%
Mechanical properties

p (kg/m?) 1063 =47
MOR (MPa) 336 £1.8
MOE (MPa) 2602 =319
MOR/p 0.032
(MPa.m’/kg)

MOE/p 2.45
(MPa.m’/kg)

IB (MPa) 0.34 +£0.09
K (kJ/m?) 3.45+0.36
Dimensional stability

TS (%) 36.7+3.6
WA (%) 554+1.7

9%

1107 £ 38
439 £4.1
4252 £322

0.040

3.84

0.43 +£0.15
4.62+0.39

326+1.4
50.5+1.5

incorporation.

CS-TMP + Lignin

13% 17% 21%
1108+54  1168+54  1135+45
506 £5.6 600 £44 651 £14
4749+271  5557+252 5664 +283
0.046 0.051 0.057
4.29 4.76 4.99
048 £0.03 048 £0.06 0.51 =0.05
5374035  635£028  6.33+1.62
309+22  29.1+3.0  28.6+0.1
49.0+3.1 37.6+£62  359+37
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25%

1098 + 28

69.1 +6.8

5399 + 351
0.063

4.92

0.50 £0.2
4.95+0.94

26.7+1.2
374+ 1.6

29%

1128 + 14

545 £43

5327 + 283
0.048

4.72

0.35 £0.16
5.47+0.55

25.0+£2.8
358+£2.1

RS-TMP + Lignin

9% 13% 17%
1099 + 41 1099 + 53 1115+44
41.2+£2.6 53.5+4.4 43.9+£3.0
3955+394 3612+ 137 3637 +346

0.38 0.49 0.39

3.60 3.29 3.26
0.60+0.05 047+0.14 0.51+0.04
4.7+0.5 52+0.7 44+0.3
30.4+£0.7 31.9+3.3 29.7+3.9
47.1+3.8 48.0+£4.0 44.0 £3.1



5.5.4 General comparison between commercial and green fiberboards

With the purpose of summarizing the obtained results, the main studied properties were
used for comparison between the commercial fiberboards and those from both rice and corn (either
binderless or containing CNF/lignin). The selected properties were Specific MOR, Specific MOE,
WA and TS.

Figure 32. Properties comparison between commercial and binderless fiberboards

Figure 32, Figure 33 and Figure 34 show this comparison for binderless fiberboards,
fiberboards containing CNF and fiberboards containing lignin, respectively. The original values
of the obtained properties were relativized to the ones obtained for the commercial fiberboards,
which a value of 1 was assigned. From this value, the rest of the properties were recalculated,
showing the relative improvement with regard to the commercial fiberboard. In this sense, Figure
32 shows that binderless fiberboards (both from rice and corn) presented lower Specific MOR and
MOE than the commercial fiberboard. Nonetheless, water absorption and thickness swelling were
significantly lower. Exemplarily, TS was almost the half in both cases than commercial fiberboard,
fact that brings to the light that the dimensional stability of the binderless fiberboards was
significantly better and, thus, the feasibility of these fiberboards to be used outdoor becomes

apparent. Something interesting is that binderless rice fiberboards presented improved physico-
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mechanical properties than those made of corn, probably due to the higher presence of silica, wax

and other extractables that made them less sensitive to water.

Figure 33. Properties comparison between commercial and CNF-reinforced fiberboards

Figure 33 shows the relative properties of the fiberboards containing CNF compared to the
commercial one. As it is possible to see, 2 % CNF/rice and 8 % CNF/corn fiberboards have been
selected for comparison, since these were those that presented better properties in each case. Corn
fiberboard presented a MOR of the same magnitude than the commercial one, while that made of
rice presented a slightly higher value. Contrarily, corn fiberboard presented higher MOE than both
rice and commercial fiberboards, being about 50 % higher than the commercial one. No significant
changes were observed in TS and WA of rice fiberboards, while corn fiberboards experienced a
significant improvement, especially in the case of WA. At this point, green fiberboards absorbed

the 50 % of the water that commercial fiberboards did.
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Figure 34. Properties comparison between commercial and fiberboards containing lignin

Finally, Figure 34 shows the relative properties of those fiberboards containing 13 and 25
% of lignin made of rice and corn fibers, respectively. Once again, these percentages were selected
according to the above-mentioned criteria. As reflected, the mechanical properties of corn
fiberboards were notably better than those from rice (13 % of lignin) and commercial fiberboards.
In addition, physical properties (TS and WA) were significantly better as well. In the case of rice,
mechanical properties were not significantly different from commercial fiberboards, while

physical properties were considerably better.

Overall, the utilization of these alternative raw materials in combination with natural
binders leaded to stronger and stiffer fiberboards than those made of wood with urea-formaldehyde

resins. In addition, dimensional stability under wet environment was significantly better as well.
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6 GENERAL CONCLUSIONS

The conclusions of the thesis are the ones extracted in the two published papers as well as
the other paper in review and some additional results from the experimental work that will be used

to write new papers.

The chemical composition of corn and rice biomass revealed high cellulose and moderate
lignin content, comparable to those of softwood, hardwood and other cellulosic sources. The
cellulose and lignin were about 50 % and 16 % in corn biomass, 38 % and 7% in rice straw, 40-
45 % and 26-34 % in softwood, and 38-49 % and 23-30 % in hardwood, respectively. Therefore,
corn and rice biomass could be good candidates to be used as raw material for board making,

substituting wood fibers.

Four different digestion conditions namely temperature and time of digestion were tested
to identify the optimum condition based on high production yield with high mechanical properties
of fiberboards. The temperatures were in range from 140 °C to 180 °C with time between 15 min
and 30 min. The optimum condition for TMP preparation was selected at 160 °C, 15 min and 160
°C, 30 min for corn and rice biomass due to the yield (obtained about 87 % and 83 %) and the
MOR and MOE (about 30 MPa and 1874 MPa for corn TMP, and 40 MPa and 3421 MPa,

respectively).

A pilot scale twin-screw extruder was selected to study as a novel method to pretreat
thermo-mechanical fractionation fibers for fiberboard manufacturing. The pilot scale twin-screw
extrusion was conducted continuously at 15 kg/h wet matter of inlet flow rate. The fibers pulp
produced by pulping and extrusion had similar characteristics, but a slightly different on
morphological and thermal properties. The extrusion had no effect on chemical compositions
change of the thermo-mechanical treatment, compared to the initial biomass. On contrary, some
components were degraded at digestion step of pulping (particularly organic compounds of
extractives), leading to a mass loss between 10 to 40 % depending on the different operating
conditions such as temperature, time and L/S ratio. Nevertheless, as the result of degradation of
some weak organic compounds in TMP, the pulps were higher thermal sensitive, compared to
extrudates (the beginning of the thermal degradation on pulps occurred at around 230 °C instead
of 205 °C on extrudates). The morphology of both TMP and extrudate were a slight decrease in
mean length, mean diameter and mean aspect ratio when the quantity of water was reduced (from
22.4 t0 20.9 of E1 extrudate (L/S ratio 1.0) to Es (L/S ratio 0.4), and from 17.9 to 16.3 of P3 TMP
(L/S ratio 6.0) to P1 (L/S ratio 4.0), respectively). In term of production costs, both thermo-

mechanical treatment technologies expended more or less dependent on the L/S ratio. The total
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production cost increased from 0.056 to 0.077 €/kg dry matter when the L/S ratio decreased from
1.0 to 0.4 at extrusion, and from 0.49 to 0.68 €/kg dry matter when the L/S ratio increased from 4
to 6 at digestion. In comparison the maximum total production costs of the two technologies, the

twin-screw extrusion was about nine times cheaper than the pulping.

Fiberboards could be made from corn and rice TMP fibers through wet process
methodology without any synthetic adhesives. The binderless fiberboards were somewhat good in
term of mechanical and physical properties. For the fiberboards produced from the optimum TMP
preparation condition, the MOR, MOE, TS, and WA obtained approximately 30 MPa, 1874 MPa,
38 %, and 77%, respectively for corn TMP fiberboard, and 40 MPa, 3421 MPa, 34 % and 50 %,
respectively for rice straw TMP fiberboard. Cellulose nanofibers (CNF) were regarded as a high
performance material with good mechanical and physical improvement in papermaking and other
composites. However, it has a limited study on using it to improve the fiberboards’ properties,
replacing synthetic resin. Therefore, the CNF obtained by TEMPO-mediated oxidation was tried
to incorporate with corn and rice TMP fibers to produce a strong and good fiberboard. At the same
time, lignin obtained from industrial black liquor was also pretreated and integrated into the TMP
fibers to produce green with good performance fiberboard products. As the influence of the natural
binders (CNF and lignin), the MOR of fiberboards made from corn TMP and rice TMP were
increased from 30 to 52 MPa and from 40 to 56 MPa with 2% CNF reinforcement, respectively.
Additionally, the MOE were increased from 1874 MPa to 4542 MPa and from 3421 MPa to 3974
MPa, respectively (the optimum values). Meanwhile, the maximum MOR and MOE obtained
around 69 MPa and 5399 MPa at 25 % lignin added on CS-TMP fibers, and about 53 MPa and
3612 MPa at 13 % lignin addition on RS-TMP, respectively. (The proportion of CNF and lignin
added were stopped at10 % and 3 %, and 29 % and 17 % for corn and rice, respectively because
of the MOR of fiberboards were declined). However, the density, TS and WA of all fiberboards
made from different quantity of CNF and lignin added on CS-TMP and RS-TMP were not
significantly different.

In comparison with the tested commercial fiberboard made from pine and eucalyptus wood
and urea-formaldehyde as synthetic resin, the properties of fiberboards made from TMP fibers of
corn stalk and rice straw with addition of CNF and lignin were improved. The optimum MOR
obtained about 52 MPa and 56 MPa with 2 % of CNF added on CS-TMP and RS-TMP,
respectively, while it was approximately 42 MPa for the commercial fiberboard. Furthermore, with
25 % of added lignin on CS-TMP (about 69 MPa MOR), and 13 % added on RS-TMP (around 53

MPa MOR). However, the density and impact resistance still need to be improved.

138



REFERENCES



140



7 REFERENCES

Abe, K., Iwamoto, S., & Yano, H. (2007). Obtaining cellulose nanofibers with a uniform width of
15 nm from wood. Biomacromolecules, 8(10), 3276-3278.

Alcala, M., Gonzalez, 1., Boufi, S., Vilaseca, F., & Mutjé, P. (2013). All-cellulose composites from
unbleached hardwood kraft pulp reinforced with nanofibrillated cellulose. Cellulose, 20(6),
2909-2921.

Alila, S., Besbes, 1., Vilar, M. R., Mutjé, P., & Boulfi, S. (2013). Non-woody plants as raw materials
for production of microfibrillated cellulose (MFC): a comparative study. /ndustrial Crops
and Products, 41, 250-259.

Anglés, M., Ferrando, F., Farriol, X., & Salvado, J. (2001). Suitability of steam exploded residual
softwood for the production of binderless panels. Effect of the pre-treatment severity and
lignin addition. Biomass and Bioenergy, 21, 211-224.

ASTM-D256-10el. (2010). Standard test methods for determining the Izod pendulum impact
resistance of plastics. ASTM International, West Conshohocken, PA.

Ayyachamy, M., Cliffe, F. E., Coyne, J. M., Collier, J., & Tuohy, M. G. (2013). Lignin: untapped
biopolymers in biomass conversion technologies. Biomass Conversion and Biorefinery,
3(3), 255-269.

Barbosa, V., Ramires, E. C., Razera, I. A. T., & Frollini, E. (2010). Biobased composites from
tannin—phenolic polymers reinforced with coir fibers. Industrial Crops and Products,
32(3),305-312.

Barla, P. (2007). ISO 14001 certification and environmental performance in Quebec's pulp and
paper industry. Journal of Environmental Economics and Management, 53(3), 291-306.

Beaumont, O. (1981). Pyrolyse extractive du bois (Unpublished doctoral dissertation). Ecole
Nationale Supérieure des Mines de Paris, France.

Besbes, 1., Vilar, M. R., & Boufi, S. (2011). Nanofibrillated cellulose from alfa, eucalyptus and
pine fibres: preparation, characteristics and reinforcing potential. Carbohydrate Polymers,
86(3), 1198-1206.

Binod, P., Sindhu, R., Singhania, R. R., Vikram, S., Devi, L., Nagalakshmi, S., . . . Pandey, A.
(2010). Bioethanol production from rice straw: an overview. Bioresource Technology, 101,
4767-4774.

Brady, B., & Dahlgren, T. (1998). Chemical pulp mills. Washington state air toxic sources and
emission estimation methods. Department of Ecology. Washington State, USA.

Cotana, F., Cavalaglio, G., Gelosia, M., Coccia, V., Petrozzi, A., Ingles, D., & Pompili, E. (2015).
A comparison between SHF and SSSF processes from cardoon for ethanol production.
Industrial Crops and Products, 69, 424-432.

Cui, J., Lu, X., Zhou, X., Chrusciel, L., Deng, Y., Zhou, H., . . . Brosse, N. (2014). Enhancement
of mechanical strength of particleboard using environmentally friendly pine (Pinus pinaster
L.) tannin adhesives with cellulose nanofibers. Annals of Forest Science, 72(1), 27-32.

Chen, G., Zheng, Z., Yang, S., Fang, C., Zou, X., & Luo, Y. (2010). Experimental co-digestion of
corn stalk and vermicompost to improve biogas production. Waste Management, 30, 1834-
1840.

Chen, H. (2014). Chemical composition and structure of natural lignocellulose. In Chen H.,
Biotechnology of Lignocellulose (pp. 25-71). Chemical Industry Press, Beijing and
Springer Science + Business Media Dordrecht. Springer Netherlands.

141



De Vrije, T., De Haas, G., Tan, G., Keijsers, E., & Claassen, P. (2002). Pretreatment of Miscanthus
for hydrogen production by Thermotoga elfii. International Journal of Hydrogen Energy,
27(11), 1381-1390.

Delgado-Aguilar, M., Gonzélez, 1., P¢lach, M., De La Fuente, E., Negro, C., & Mutjé, P. (2015).
Improvement of deinked old newspaper/old magazine pulp suspensions by means of
nanofibrillated cellulose addition. Cellulose, 22(1), 789-802.

El Mansouri, N. E., Yuan, Q., & Huang, F. (2011). Characterization of alkaline lignins for use in
phenol-formaldehyde and epoxy resins. BioResources, 6(3), 2647-2662.

EN310. (1993). Wood-based panels - Determination of modulus of elasticity in bending and of
bending strength. European Committee for Standardization, Brussels, Belgium.

EN316. (1999). Wood fiberboard: Definition, classification and symbols. European Committee
for Standardization, Brussels, Belgium.

EN317. (1993). Particleboards and fiberboards - Determination of swelling in thickness after
immersion in water. European Committee for Standardization, Brussels, Belgium.
EN319. (1993). Particleboards and fiberboards - Determination of tensile strength perpendicular

to the plane of the board. European Committee for Standardization, Brussels, Belgium.

EN323. (1993). Wood-based panels - Determination of density. European Committee for
Standardization, Brussels, Belgium.

EN622-2. (2004). Fiberboard - Specifications Part 2: Requirements for hardboard. DIN Deutsches
Institut fiir Normung e.V., Berlin. Beuth Verlag GmbH, 10772 Berlin, Germany,.

Endesa. (2016). Latest electricity and gas rates. Recovered March 1, 2017
https://www.endesaclientes.com/articles/latest-gas-light-regulated-rates.html

Espinosa, E., Tarrés, Q., Delgado-Aguilar, M., Gonzdlez, 1., Mutjé, P., & Rodriguez, A. (2016).
Suitability of wheat straw semichemical pulp for the fabrication of lignocellulosic
nanofibres and their application to papermaking slurries. Cellulose, 23(1), 837-852.

Evon, P., Vinet, J., Labonne, L., & Rigal, L. (2015). Influence of thermo-pressing conditions on
the mechanical properties of biodegradable fiberboards made from a deoiled sunflower
cake. Industrial Crops and Products, 65, 117-126.

FAOSTAT. (2017). Production - Crops. Recovered January 20, 2017
http://www.fao.org/faostat/en/#compare

Flandez, J., Gonzilez, 1., Resplandis, J. B., El Mansouri, N. E., Vilaseca, F., & Mutj¢, P. (2012).
Management of corn stalk waste as reinforcement for polypropylene injection moulded
composites. BioResources, 7, 1836-1849.

Garrote, G., Dominguez, H., & Parajo, J. (1999). Hydrothermal processing of lignocellulosic
materials. European Journal of Wood and Wood Products, 57(3), 191-202.

Gosselink, R. J., van Dam, J. E., de Jong, E., Gellerstedt, G., Scott, E. L., & Sanders, J. P. (2011).
Effect of periodate on lignin for wood adhesive application. Holzforschung, 65, 155-162.

Halvarsson, S., Edlund, H., & Norgren, M. (2008). Properties of medium-density fibreboard
(MDF) based on wheat straw and melamine modified urea formaldehyde (UMF) resin.
Industrial Crops and Products, 28, 37-46.

Hashim, R., Nadhari, W. N. A. W., Sulaiman, O., Kawamura, F., Hiziroglu, S., Sato, M., . . .
Tanaka, R. (2011). Characterization of raw materials and manufactured binderless
particleboard from oil palm biomass. Material & Design, 32, 246-254.

142



Hashim, R., Nadhari, W. N. A. W., Sulaiman, O., Sato, M., Hiziroglu, S., Kawamura, F., . . .
Tanaka, R. (2012). Properties of binderless particleboard panels manufactured from oil
palm biomass. BioResources, 7, 1352-1365.

Hashim, R., Said, N., Lamaming, J., Baskaran, M., Sulaiman, O., Sato, M., . . . Sugimoto, T.
(2011). Influence of press temperature on the properties of binderless particleboard made
from oil palm trunk. Material & Design, 32, 2520-2525.

Hatakeyama, T., & Hatakeyama, H. (2006). Thermal properties of greem polymers and
biocomposites. Springer Netherlands. doi: 10.1007/1-4020-2354-5.

Henriksson, M., Henriksson, G., Berglund, L., & Lindstrom, T. (2007). An environmentally
friendly method for enzyme-assisted preparation of microfibrillated cellulose (MFC)
nanofibers. European Polymer Journal, 43(8), 3434-3441.

Hong, J., Zhou, J., & Hong, J. (2015). Comparative study of life cycle environmental and economic
impact of corn-and corn stalk-based-ethanol production. Journal of Renewable and
Sustainable Energy, 7(2), 023106.

Hoopen, E.-T., & Maiga, A. (2012). Maize production and processing. Recovered February 21,
2017
https://publications.cta.int/en/publications/publication/1724/

Hubbe, M. A. (2014). Puzzling aspects of the hydrophobic sizing of paper and its inter-fiber
bonding ability. BioResources, 9(4), 5782-5783.

Hurter, R. (2006). Nonwood plant fiber characteristics. Recovered February 21, 2017
http://www.hurterconsult.com/HTMLobj-1361/plant%?20fiber%20characteristics.pdf

IETD (Inudstrial Efficiency Technology Database). (2010). Mechanical pulping. Recovered
February 21, 2017 http://ietd.iipnetwork.org/content/mechanical-pulping

Ilo, S., & Berghofer, E. (1999). Kinetics of colour changes during extrusion cooking of maize grits.
Journal of Food Engineering, 39, 73-80.

Kabel, M. A., Bos, G., Zeevalking, J., Voragen, A. G., & Schols, H. A. (2007). Effect of
pretreatment severity on xylan solubility and enzymatic breakdown of the remaining
cellulose from wheat straw. Bioresource Technology, 98(10), 2034-2042.

Kanokkanjana, K., & Garivait, S. (2013). Alternative rice straw management practices to reduce
field open burning in Thailand. International Journal of Environtal Science and
Development, 4, 119-123.

Kartika, 1. A., Pontalier, P., & Rigal, L. (2010). Twin-screw extruder for oil processing of
sunflower seeds: Thermo-mechanical pressing and solvent extraction in a single step.
Industrial Crops and Products, 32(3), 297-304.

Kim, S., & Dale, B. E. (2004). Global potential bioethanol production from wasted crops and crop
residues. Biomass and Bioenergy, 26, 361-375.

Kojima, Y., Kawabata, A., Kobori, H., Suzuki, S., Ito, H., Makise, R., & Okamoto, M. (2016).
Reinforcement of fiberboard containing lingo-cellulose nanofiber made from wood fibers.
Journal of Wood Science, 62(6), 518-525.

Konica Minolta Sensing, 1. (2007). Precise color communication. Recovered February 21, 2017
https://www konicaminolta.com/instruments/knowledge/color/pdf/color communication.
pdf

Kramer, K. J., Masanet, E., Xu, T., & Worrell, E. (2009). Energy efficiency improvement and cost
saving opportunities for the pulp and paper industry. An Energy Star Guide for Energy and

143



Plant Managers. Berkeley, US: Energy Analysis Department, University of California,
USA.

Kumar, A., Gupta, A., & Sharma, K. V. (2015). Thermal and mechanical properties of urea-
formaldehyde (UF) resin combined with multiwalled carbon nanotubes (MWCNT) as
nanofiller and fiberboards prepared by UF-MWCNT. Holzforschung, 69(2), 199-205.

Lay, M., Méndez, J. A., Delgado-Aguilar, M., Bun, K. N., & Vilaseca, F. (2016). Strong and
electrically conductive nanopaper from cellulose nanofibers and polypyrrole.
Carbohydrate Polymers, 152, 361-369.

Lee, C. M., & Hunt, J. F. (2013). Binderless panel made from wood particles and cellulosic fibers.
US Patent No. 20130199743. Washington, DC: US Patent and Trademark Office.

Lin, S. (1992). Commercial spent pulping liquors. In Stephen Y. L. & Carlton W. D. (eds.)
Methods in Ignin chemistry (Part of the series in Springer series in wood science, pp. 75-
80). Berlin: Springer.

Lin, Z., Liu, L., Li, R., & Shi, J. (2013). Screw extrusion pretreatments to enhance the hydrolysis
of lignocellulosic biomass. Journal of Microbial Biochemistry and Technology, S12:002.
doi: 10.4172/1948-5948.512-002

Lopez, F., Eugenio, M., Diaz, M., Nacimiento, J., Garcia, M., & Jiménez, L. (2005). Soda pulping
of sunflower stalks. Influence of process variables on the resulting pulp. Journal of
Industrial and Engineering Chemistry, 11(3), 387-394.

Lora, J. H., & Glasser, W. G. (2002). Recent industrial applications of lignin: a sustainable
alternative to nonrenewable materials. Journal of Polymers and the Environment, 10(1-2),
39-48.

Luo, H., Yue, L., Wang, N., Zhang, H., & Lu, X. (2014). Manufacture of binderless fiberboard
made from bamboo processing residues by steam explosion pretreatment. Wood Res, 59(5),
861-870.

Mancera, C., El Mansouri, N.-E., Pelach, M. A., Francesc, F., & Salvado, J. (2012). Feasibility of
incorporating treated lignins in fiberboards made from agricultural waste. Waste
Management, 32, 1962-1967.

Mason, W. (1926). Process and apparatus for disintegration of wood and the like. US Patent No.
US1578609 A. Washington, DC: US Patent and Trademark Office.

Mousavi, S. M. M., Hosseini, S. Z., Resalati, H., Mahdavi, S., & Garmaroody, E. R. (2013).
Papermaking potential of rapeseed straw, a new agricultural-based fiber source. Journal of
Cleaner Production, 52, 420-424.

Norgren, M., & Edlund, H. (2014). Lignin: Recent advances and emerging applications. Current
Opinion in Colloid & Interface Science, 19(5), 409-416.

Oksman, K., Mathew, A. P., Bismarck, A., Rojas, O., & Sain, M. (2014). Handbook of green
materials, bionanomaterials: separation processes, characterization and properties Vol.5.
World Scientific.

Page, D. (1969). A theory for tensile strength of paper. Tappi Journal, 52(4), 674-681.

Pang, C., Xie, T., Lin, L., Zhuang, J., Liu, Y., Shi, J., & Yang, Q. (2012). Changes of the surface
structure of corn stalk in the cooking process with active oxygen and MgO-based solid

alkali as a pretreatment of its biomass conversion. Bioresource Technology, 103(1), 432-
439.

144



Pelaez-Samaniego, M. R., Yadama, V., Lowell, E., & Espinoza-Herrera, R. (2013). A review of
wood thermal pretreatments to improve wood composite properties. Wood Science and
Technology, 47(6), 1285-1319.

Pinto, J., Cruz, D., Paiva, A., Pereira, S., Tavares, P., Fernandes, L., & Varum, H. (2012).
Characterization of corn cob as a possible raw building material. Construction and
Building Materials, 34, 28-33.

Rahnama, N., Mamat, S., Shah, U. K. M., Ling, F. H., Rahman, N. A. A., & Ariff, A. B. (2013).
Effect of alkali pretreatment of rice straw on cellulase and xylanase production by local
Trichoderma harzianum SNRS3 under solid state fermentation. BioResources, 8, 2881-
2896.

Randy, D., & Lynn, M. (2013). Development of a business case for a cornstalks to bioprocessing
venture. University of Guelph, Ridgetown Campus.

Rigal, L. (1996). Twin-screw extrusion technology and fractionation of vegetable matter. ENSC,
Toulouse, France.

Rizvi, S. S., & Mulvaney, S. (1992). Extrusion processing with supercritical fluids. In Yano, T.,
Matsuno, R., & Nakamura, K. (eds.) Development in Food Engineering (pp. 814-816).
New York: Springer.

Rowell, R. M., Gutzmer, D. I., Sachs, 1. B., & Kinney, R. E. (1976). Effects of alkylene oxide
treatments on dimensional stability of wood. Wood Science, 9(1), 51-54.

Rozman, H., Tan, K., Kumar, R., Abubakar, A., Ishak, Z. M., & Ismail, H. (2000). The effect of
lignin as a compatibilizer on the physical properties of coconut fiber—polypropylene
composites. European Polymer Journal, 36(7), 1483-1494.

Salthammer, T., Mentese, S., & Marutzky, R. (2010). Formaldehyde in the indoor environment.
Chemical Reviews, 110(4), 2536-2572.

Sanjay, M., Arpitha, G., Naik, L. L., Gopalakrisha, K., & Yogesha, B. (2016). Applications of
natural fibers and its composites: an overview. Natural Resources, 7(03), 108.

Schaffer, E. (1973). Effect of pyrolytic temperatures on the longitudinal strength of dry Douglas-
fir. Journal of Testing and Evaluation, 1, 319-329.

Searle, S., & Malins, C. (2013). Availability of cellulosic residues and wastes in the EU. Recovered
http://www.theicct.org/sites/default/files/publications/ICCT_EUcellulosic-waste-
residues 20131022.pdf

Shao, S., Wen, G., & Jin, Z. (2008). Changes in chemical characteristics of bamboo (Phyllostachys
pubescens) components during steam explosion. Wood Science and Technology, 42(6),
439.

Sir6, 1., & Plackett, D. (2010). Microfibrillated cellulose and new nanocomposite materials: a
review. Cellulose, 17(3), 459-494.

Sokhansanj, S., Turhollow, A., Cushman, J., & Cundiff, J. (2002). Engineering aspects of
collecting corn stover for bioenergy. Biomass and Bioenergy, 23(5), 347-355.

Sridach, W. (2010). The environmentally benign pulping process of non-wood fibers. Suranaree
Journal of Science and Technology, 17(2), 105-123.

Stelte, W. (2013). Steam explosion for biomass pre-treatment. Report. Energy & Climate Centre
for Renewable and Transport, Section for Biomass, Danish Technological Institute.
Suchsland, O., & Woodson, G. E. (1987). Fiberboard manufacturing practices in the United States.

Agriculture handbook/United States. Department of Agriculture, USA.

145



Sun, X., Wu, Q., Lee, S., Qing, Y., & Wu, Y. (2016). Cellulose Nanofibers as a Modifier for
Rheology, Curing and Mechanical Performance of Oil Well Cement. Scientific Reports,
6:31654.
doi: 10.1038/srep31654.

T211. (1993). Ash in wood, pulp, paper and paperboard: combustion at 525 °C. TAPPI Technical
Services Department. Georgia, USA.

T222. (1998). Acid-insoluble lignin in wood and pulp. TAPPI Technical Services Department.
Georgia, USA.

T223.(2001). Pentosans in wood and pulp. TAPPI Technical Services Department. Georgia, USA.

Tajuddin, M., Ahmad, Z., & Ismail, H. (2016). A review of natural fibers and processing
operations for the production of binderless boards. BioResources, 11, 5600-5617.

Tarrés, Q., Ehman, N. V., Vallejos, M. E., Area, M. C., Delgado-Aguilar, M., & Mutjé, P. (2017).
Lignocellulosic nanofibers from triticale straw: The influence of hemicelluloses and lignin
in their production and properties. Carbohydrate Polymers. Manuscript submitted for
publication.

Teixeira, D. E., & Moslemi, A. (2001). Assessing modulus of elasticity of wood-fiber cement
(WFC) sheets using nondestructive evaluation (NDE). Bioresource Technology, 79(2),
193-198.

Tejado, A., Pena, C., Labidi, J., Echeverria, J., & Mondragon, 1. (2007). Physico-chemical
characterization of lignins from different sources for use in phenol—formaldehyde resin
synthesis. Bioresource Technology, 98(8), 1655-1663.

Thakur, V. K., & Thakur, M. K. (2015). Eco-friendly polymer nanocomposites. Chemistry and
Applications. Springer, 51.

Theng, D., Arbat, G., Delgado-Aguilar, M., Vilaseca, F., Ngo, B., & Mutjé, P. (2015). All-
lignocellulosic fiberboard from corn biomass and cellulose nanofibers. Industrial Crops
and Products, 76, 166-173.

Thomas L., R. (1997). Rice anatomy. Section of Plant Biology, Division of Biological Sciences,
University of California Davis. Recovered December 11, 2016
http://www-plb.ucdavis.edu/labs/rost/rice/Introduction/intro.html

Uitterhaegen, E., Nguyen, Q. H., Merah, O., Stevens, C. V., Talou, T., Rigal, L., & Evon, P.
(2016). New Renewable and Biodegradable Fiberboards from a Coriander Press Cake.
Journal of Renewable Materials, 4, 225-238.

Van Soest, P. J., & Wine, R. H. (1967). Use of detergents in the analysis of fibrious feeds. IV.
Determination of plant cell wall constituents. Journal of the Association of Olfficial
Analytical Chemists, 50, 50-55.

Van Soest PJ, W. R. (1968). Determination of lignin and cellulose in acid detergent fiber with
permanganate. Journal of the Association of Official Analytical Chemists, 51, 780-784.

Vandenbossche, V., Brault, J., Hernandez-Melendez, O., Evon, P., Barzana, E., Vilarem, G., &
Rigal, L. (2016). Suitability assessment of a continuous process combining thermo-
mechano-chemical and bio-catalytic action in a single pilot-scale twin-screw extruder for
six different biomass sources. Bioresource Technology, 211, 146-153.

Vandenbossche, V., Brault, J., Vilarem, G., & Rigal, L. (2015). Bio-catalytic action of twin-screw
extruder enzymatic hydrolysis on the deconstruction of annual plant material: case of sweet
corn co-products. Industrial Crops and Products, 67, 239-248.

146



Vandenbossche, V., Doumeng, C., & Rigal, L. (2014). Thermomechanical and thermo-mechano-
chemical pretreatment of wheat straw using a twin-screw extruder. BioResources, 9, 1519-
1538.

Vignon, M., Dupeyre, D., & Garcia-Jaldon, C. (1996). Morphological characterization of steam-
exploded hemp fibers and their utilization in polypropylene-based composites.
Bioresource Technology, 58(2), 203-215.

Vilaseca, F., Mendez, J., Lopez, J., Vallejos, M., Barbera, L., Pelach, M., . . . Mutje, P. (2008).
Recovered and recycled kraft fibers as reinforcement of PP composites. Chemical
Engineering Journal, 138, 586-595.

Wegener, G. (1992). Pulping innovations in Germany. /ndustrial Crops and Products, 1(2-4), 113-
117.

Wei, H., Rodriguez, K., Renneckar, S., & Vikesland, P. J. (2014). Environmental science and
engineering applications of nanocellulose-based nanocomposites. Environmental Science:
Nano, 1(4),302-316.

Wilson, R. (2007). Early 20th-century building materials: Fiberboard and Plywood. Recovered
February, 2017 https://www.fs.fed.us/t-
d/pubs/pdfpubs/pdf07732308/pdf07732308dpi72.pdf

Wise, L. E., Murphy, M., & D Adieco, A. (1946). A chlorite holocellulose, its fractionation and
bearing on summative wood analysis and studies on the hemicelluloses. Paper Trade
Journal, 122(2), 35-43.

WPIF, TRADA, B., & TTF. (2014). Panel guide version 4. Wood Panel Industries Federation, and
National Panel Products Division, and Timber Trades Federation. Recovered February 17,
2017 http://wpif.org.uk/uploads/PanelGuide/PanelGuide 2014 Annex2F.pdf

Yaning, Z., Ghaly, A. E., & BingXi, L. (2012). Physical properties of corn residues. American
Journal of Biochemistry and Biotechnology, 8(2), 44-53.

Yu, Z., Zhang, B., Yu, F., Xu, G., & Song, A. (2012). A real explosion: The requirement of steam
explosion pretreatment. Bioresource Technology, 121, 335-341.

Zhang, D., Zhang, A., & Xue, L. (2015). A review of preparation of binderless fiberboards and its
self-bonding mechanism. Wood Science and Technology, 49(4), 661-679.

Zheng, J., & Rehmann, L. (2014). Extrusion pretreatment of lignocellulosic biomass: a review.
International Journal of Molecular Sciences, 15(10), 18967-18984.

147



	ACKNOWLEDGEMENTS
	PUBLISHED AND SUBMITTED PAPERS
	TABLE OF CONTENTS
	ABSTRACT. RESUMEN. RESUM
	1 GENERAL INTRODUCTION
	1.1 Cellulosic sources
	1.2 Natural fibers
	1.3 Fiberboards

	2 OBJECTIVES
	2.1 Motivation of the study
	2.2 General objective
	2.3 Specific objectives

	3 MATERIALS AND METHODS
	3.1 Materials
	3.2 Equipment
	3.3 Methods

	4 PUBLICATIONS
	4.1 Paper I
	4.2 Paper II
	4.3 Paper III

	5 RESULTS AND DISCUSSION
	5.1 Raw materials characterization
	5.2 Pulps and extrudate characterization
	5.3 Characterization of CNF (Paper I)
	5.4 Characterization of lignin (Paper II)
	5.5 Fiberboards

	6 GENERAL CONCLUSIONS
	7 REFERENCES



