l-N') University of North Dakota
2 UND Scholarly Commons

Theses and Dissertations Theses, Dissertations, and Senior Projects

January 2017

Biodegradation And Biomodification Of
Lignocellulose With A Main Focus On Lignin

Ivana Brzonova

Follow this and additional works at: https://commons.und.edu/theses

Recommended Citation

Brzonova, Ivana, "Biodegradation And Biomodification Of Lignocellulose With A Main Focus On Lignin" (2017). Theses and
Dissertations. 2180.
https://commons.und.edu/theses/2180

This Dissertation is brought to you for free and open access by the Theses, Dissertations, and Senior Projects at UND Scholarly Commons. It has been

accepted for inclusion in Theses and Dissertations by an authorized administrator of UND Scholarly Commons. For more information, please contact

zeineb.yousif@libraryund.edu.

www.manharaa.com


https://commons.und.edu?utm_source=commons.und.edu%2Ftheses%2F2180&utm_medium=PDF&utm_campaign=PDFCoverPages
https://commons.und.edu/theses?utm_source=commons.und.edu%2Ftheses%2F2180&utm_medium=PDF&utm_campaign=PDFCoverPages
https://commons.und.edu/etds?utm_source=commons.und.edu%2Ftheses%2F2180&utm_medium=PDF&utm_campaign=PDFCoverPages
https://commons.und.edu/theses?utm_source=commons.und.edu%2Ftheses%2F2180&utm_medium=PDF&utm_campaign=PDFCoverPages
https://commons.und.edu/theses/2180?utm_source=commons.und.edu%2Ftheses%2F2180&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:zeineb.yousif@library.und.edu

BIODEGRADATION AND BIOMODIFICATION OF LIGNOCELLULOSE WITH A
MAIN FOCUS ON LIGNIN

by

Ivana Brzonova

Master of Science, Graz University of Technology (2011)
Bachelor of Science, Institute of Chemical Technology, Prague (2008)

A Dissertation
Submitted to the Graduate Faculty

of the

University of North Dakota

In partial fulfillment of the requirements

for the degree of

Doctor of Philosophy

Grand Forks, North Dakota
August 2017

www.manharaa.com




Copyright by Ivana Brzonova 2017

All Rights Reserved

www.manharaa.com




This dissertation, submitted by Ivana Brzonova in partial fulfillment of the requirements
for the Degree of Doctor of Philosophy from the University of North Dakota, has been read by
the Faculty Advisory Committee under whom the work has been done, and is hereby approved.

Dr. Brian Tande

AM !Lba,,iaﬁ.:/

Dr. Alena Kubdtovd
..-v/r—:-"" )
L=

Dr. Evguenii Kozliak

This dissertation is being submitted by the appointed advisory committee as having met
all of the requirements of the Graduate School at the University of North Dakota and is hereby
approved.

L

Grant McGimpsey
Dean of the Graduate School

J:.H,. fq /l-?

Date

www.manaraa.com



PERMISSION

Title  Biodegradation and biomodification of lignocellulose with a main focus on lignin

Department ~ Chemical Engineering
Degree Doctor of Philosophy

In presenting this dissertation in partial fulfililment of the requirements for a graduate
degree from the University of North Dakota, | agree that the library of this University
shall make it freely available for inspection. I further agree that permission for extensive
copying for scholarly purposes may be granted by the professor who supervised my
thesis work or, in her absence, by the Chairperson of the department or the dean of the
Graduate School. It is understood that any copying or publication or other use of this
thesis or part thereof for financial gain shall not be allowed without my written
permission. It is also understood that due recognition shall be given to me and to the
University of North Dakota in any scholarly use which may be made of any material in
my thesis.

Name: lvana Brzonova

Date: 06/02/2017

www.manaraa.com



TABLE OF CONTENTS

TABLE OF CONTENTS ..ottt snae e e e e nnne e v
LIST OF FIGURES ...ttt ettt et e e e et eeanne e IX
LIST OF TABLES ...t Xiv
ACKNOWLEDGEMENTS ...ttt e e XVii
F AN S 12 ¥ SR XiX
DISSERTATION OUTLINE AND STATEMENT OF PURPOSE ........ccccoooviiiiiieeen. 21
CHAPTER |
Lignin and its degradation/CoONVEISION ...........coeiiiiriiieieie et 23
00 1o oo [T 1 o o ST 23
1.2 Motivation and DaCkground............ccooiiiiiiiiiinieee e 23
CHAPTER I
Chemical and bio-modification of lignin macromolecules ............cccooeveiiienininnnnnns 36
Chemical and bio-modification of lignin macromolecules: ReView ...........cccccocvinnnnns 36
N 01 1 - Uod PSS 36
I [ 0o 1 o4 £ T o S 37
11.3 Chemical modification of lignin macromolecules ............cccooviiiiiiiii e 42
11.3.1 Lignin based polymers and COPOIYMENS ..........ccoieiiiiiiiiiieeee e 42
11.3.2 Lignin based NYArogels. ...t 45
I1.4 Energy storage in Lignin based POIYMErS ........ccccovoiiiiiiiiic e 48
I1.5 Biological modification of lignin — potential ............c.ccccoveviiiiiiciccece e 53
11.5.1 Biological/enzymatic modifiCation.............c.cccoovveviiii i 55
11.5.2 Modification via protein and peptide affinity...........cccoceviiiiiiiii i 57
[1.6 Conclusion and PEISPECIIVES ......c.viiiveeiieeie ettt 59

CHAPTER IlI
Kenaf biomass biodecomposition by basidiomycetes and actinobacteria in submerged
fermentation for production of carbohydrates and phenolic compounds ......................... 60

T L ADSITACT ... 60

www.manaraa.com



T2 INTrOAUCTION ..o 60

[11.3 Materials and MethOdS.........couiiieiieie e 64
[11.3.1 Feedstock and MICrOOrgaNISIM ... ....ccuiirieieieie ettt 64
[11.3.2 BiodeCOMPOSITION SELUP ....vevviiiiiiiisiesiieeei e 64
111.3.3 Chemical charaCterization ............cocueiiiieiieii e e 66

111.3.3.1 GravimetriC @NalYSIS .......coouviieiieiieie e 66
111.3.3.2 Monosaccharide analySiS..........cccviieiieiiiiie e 66
111.3.3.3 Scanning electron mMicroscopy (SEM) .......ccveiieiveiiiiieieeie s 66
111.3.3.4 Analysis of biomass (lignin) decomposition products .............cccceeevvereennnne 67
111.3.3.5 Enzyme activity MeasUremMENtS .........ccceeiueeiveieereeieseeseesieseesreesnesreesreenens 68

[11.4 ReSUILS and DISCUSSION ......ecuverieiiiieiiiiesie sttt sbe st b nneas 70
[11.4.1 Kenaf biodeCOMPOSITION ........c.ooviiiieii e 70
111.4.2 Cellulose and hemicellulose decOmMpPOSItIoN ..........cccccvevieviiiieiecie e 73
111.4.3 Occurrence and analysis of lignin decomposition products..............ccccevevveenene. 76
[11.4.4 Enzyme activity Profil€S..........c.coeiviiiiiiiiieie e 81
NI o] N o (0 1 =SSOSR 83

IR O o] o o 1] o o PSP 84

CHAPTER IV

Fungal biotransformation of insoluble Kraft lignin into a water soluble polymer ........... 85

IV . L ADSEFAC ...ttt bbbttt ettt b b nrenne s 85

Y7 11 oo [0 Tod 1 o o PSSR 86

V.3 Materials and MethOdS .........cvoiieiiee i 89
IV.3.1 Feedstock, microorganisms and SOIVENTS...........ccceiveieiierenie e 89
1V.3.2 Kraft [ignin SOIUBTHZAtION ..o 90
IV.3.3 Fungal growth and inoculum preparation ............c.cocevevinenieienenese s 90
IV.3.4 Chemical charaCterization..............ccecviieiiene e 93
IV.3.5 GravimetriC @nalySIS .........ooiiiiiiiiiiieicieese e 94
[V.3.6 ENZYMALIC ACTIVITY.....ceiiiiiiiiiiiesicse e 95
IV.3.7 Analysis of lignin biotransformation/decomposition products..............c.cceceee. 96

IV.3.7.1 Thermal desorption and PYrolySiS ........cccoueeriienenisisieee e 96
IV.3.7.2 LLE-GC-MS ... .ottt 97
Vi

www.manaraa.com



IV.3.7.3 Liquid chromatography .........cccooiiiiiniiiieece e 98

IV.3.7.4 'H NMR SPeCtroscopic @nalysis.............cc..cvwereeremresrinseonsesssnseissesssnsinees 99
V.4 ReSUItS and DISCUSSION .....cueeiiiiieiiieiiiiesieesie ettt sneesne e 100
IV.4.1 Solvent and Strain SEIECLION............covieiiiie s 100
IV.4.2 Liquid media: Application of suspended and quasi-immobilized fungi.......... 103
IV.4.3 Effect of DMSO 0N enzyme aCtiVIty.........ccoooveiiniieiieninie e 104
IV.4.4 Lignin solubilization and biotransformation based on gravimetry.................. 106
IV.4.5 Carbon fractionation and SPeciation .............cccccvvveieere e s 109
IV.4.6 Characterization of the fungi-treated lignin polymer with LC ........................ 114
IV.4.7 Confirmation of structural changes in treated lignin by *H NMR analysis ..... 116
IV.4.8 Properties of the modified lignin polymer...........ccccoeiviieiicii e, 121
IV.5 CONCIUSION ..ot sbe e 121
CHAPTER V
Lignin based insoluble polymers (anionic hydrogels) produced by basidiomycetes ..... 123
R N o 1 (ot USRS 123
V.2 INEFOTUCTION ...ttt ettt bbb ne e 123
V.3 Materials and MEthOUS.........ccoieiiiiiiiiie e 126
V.3.1 Feedstock, chemicals and SOIVENTS...........c.coviiieiiieic e 126
V.3.2 Modification of insoluble kraft lignin into a soluble polymer ...........c...c.......... 126
V.3.3 Production of intermediate lignin polymer products, hydrogel precursor ........ 127
V.3.4 Production of an insoluble polymer/hydrogel (IP-H) .........cccooviiiiiiniiiins 128
V.3.5 FUNQal SErAINS USEBA .....ceiiiiiiiiiiieiesie et 128
V3.6 GPC ANAIYSIS ...ttt 129
V.3.7 Polymer solubility in SOIVENTS ..........cocoiiiiiiiiic e 130
V.3.8 Hydrogel swelling capacity (response to a pH change), and a cursory assessment
of mechanical StaDIILY ..o 130
V.3.9 Thermal stability: TCA @nalySiS.........ccocuiiriiiiiiiieieicse e 131
V/.3.10 Polymer buffering Capacity ..........ccoceieiiiiiiiiee e 132
V.4 RESUILS @Nd DISCUSSION. ......eiueeiieieiiesiieiesiee e etesee e ee e e steaseessaessaeneesreesseaneesneeneas 132
V.4.1 Production of IP-H and its acceleration by DMSO...........ccocviiiininiieniiinnns 132
V.4.2 Intermediate polymer products obtained by acid precipitation or vacuum
evaporation Of the SOIVENT ..o 134
vii

www.manaraa.com



V.4.3 Preparation of insoluble polymers-hydrogels (IP-H) ..., 137

V.4.4 Solubility of insoluble polymer — hydrogel (IP-H) and its precursors.............. 139
V.4.5 The thermal stability of lignin polymers ... 141
V.4.6 Extent of swelling and response to changes in pH.........ccocooiiiiiiiiiieee 143
V4.7 BUFTEIING CAPACITY ....cvveivieieeiie ittt 145
V.4.8 Morphological changes (SEM and confocal microScopy) ........cccceevvrerirnnnne 147
V.4.9 Potential application Of IP-H...........ccccoeiiiiiie e 148
V.5 CONCIUSTON .ttt ettt bbb 149
CHAPTER VI
Biologically modified kraft lignin for water purification ............c.ccccooceivveviiiiciieiecnn, 150
WL L ADSTFACE. ... ettt bbb 150
AV B [ (oo (3 Tox o] PO USSR 150
V1.3 Preliminary experiments and reSults...........ccoovvieiv e 153
V1.4 Conclusion and fULUIE WOTK...........cooiiiiiiiiiiieese e 157
APPENDIX ...ttt bttt et nne e 159
REFERENGCES ......coo oottt sttt sttt st ne e 169
viii

www.manaraa.com



LIST OF FIGURES

CHAPTER |

Figure 1. Tons of crop residue production in 2010 — based on Renewable and Sustainable

Energy Reviews 2015. (Eisentraut, 2010)

Figure 2. Chemicals produced from lignin, their tentative prices and global demand.

(Holladay et al., 2007)

CHAPTER II

Figure 1. A) Kraft lignin, B) Lignosulfonate, C) Soda lignin, D) Organosolv lignin. (Kai

etal., 2016a)

Figure 2. Peptide affinity towards lignin (Osterberg, 2016)

CHAPTER Il

Fig. 1. The experimental setup. A) Decomposition experiment and analytical methods
applied to biomass and medium. B) Detailed protocol for sample preparation for the TD-

Pyr-GC-MS analysis of lignin decomposition products.

Figure 2. SEM of kenaf biomass following microbial degradation with CV, TB and MB

(right) as compared to the control containing only indigenous microorganisms (left).

www.manaraa.com



Fig. 3. Specific monosaccharide yields during the decomposition study: Glucose (A),
Xylose (B), Galactose (C), Fructose (D). On day 46, no sugars were detected in the

medium in detectable amounts.

Figure 4. TD-Pyr-GC-MS chromatograms showing the distribution of methoxyphenols
and aromatics (for labels of identified chemicals see Table 3) for biodecomposition with
combination of C. versicolor and T. gallica after 57 days. Panels A (350 °C), B (450 °C),
C (700 °C) represent the composition of the supernatant (decanted solution) after 57 days
of incubation (as detailed in Section 3.6). Panels D (350 °C), E (450 °C), F (700 °C)

reflect the composition of the precipitate in the same sample (57 days).

CHAPTER IV

Figure 1. The experimental setup. (A) Biotransformation experiment using a common
submerged cultivation inoculated by suspended mycelium (B) Inoculation with quasi-
immobilized fungi where fully grown agar plates were cut into small blocks and placed

into the lignin-based liquid media.

Figure 2. The overall sample preparation and analysis protocol. All the chemical
characterization methods were used on the liquid part of the sample (supernatant)
containing APPL in its fully solubilized form, whereas the gravimetric measurements

were conducted on the solid fraction and on APPL in its precipitated form.

www.manaraa.com



Figure 3. Kraft lignin based agar plates inoculated with C.versicolor on day 7, containing
0, 2, 5 and 10% of DMSO. Note that there is no visible mycelium (only color changes) at

this moment on this agar plates. Visible mycelium starts to appear on or after day 11.

Figure 4. Effect of 2% DMSO on pertinent enzyme activity of C. versicolor (mU mL-1).
One unit of enzyme activity was defined as the amount of enzyme that transformed 1.0
umol of substrate per minute for A) immobilized and B) extracellular enzymes separated

from cells by centrifugation.

Figure 5. Effect on DMSO on lignin in both control and C. versicolor treated samples,
after 6 days of incubation. A) Effect of DMSO on lignin solubility and APPL production.
B) Percentage of solid lignin (water insoluble lignin) recovery after the DMSO removal

by gradual vacuum evaporation.

Figure 6. TCA temperature profiles showing thermal carbon elution. Panels A and B
show the normalized % distribution of carbon fractions. Panels C and D show the
absolute amounts of evolved carbon along with its total mass summed up among all the

fractions (based on 64 % carbon in lignin determined by elemental analysis).

Figure 7. TD-Pyr-GC-MS analysis of individual TCA fractions obtained at 200, 300, 400,
500 and 850 °C. A and C are the chromatograms of control samples without treatment; B
and D are those of the samples treated with C. versicolor for 6 days. The peak assignment

with the corresponding m/z ratios is provided in Table 3.

Figure 8. The extracted HPLC-DAD chromatograms of the lignin samples with the DAD
detector wavelength set at 290 nm and 540 nm, respectively. Chromatograms were
obtained for both the original lignin and its fungal biotransformation product. Panels A

xi

www.manaraa.com



and B show the samples obtained in the experiments conducted without DMSO. Panels C
and D show similar data obtained in the experiments with 2% DMSO in the cultivation

medium.

Figure 9. 1H NMR spectra of treated (6 days) and untreated lignin in D20 containing 0O

and 2% DMSO.

Figure 10. Possible structural changes in the treated lignin.

CHAPTER V

Fig. 1 Experimental and product characterization setup

Figure 2. Untreated and C. vercicolor treated lignin —APPL before washing or

precipitation. Elution profiles demonstrating the induced increase in the MW.

Firure 3. TCA temperature profiles of A) IP-H precursors prepared from APPL washed
with distilled water, methanol or ethanol and prepared via vacuum evaporation compared
with original Kraft lignin and B) IP-H after the final treatment with alkaline water and

drying.

Figure 4. IP-H swelling response to pH changes

Figure 5. The effect of the preparation protocol, i.e., washing with solvents, on the

“buffering” capacity of IP-H precursors

Fig. 3. SEM of A) the IP-H precursors and their responsible xerogels, B) original Kraft
lignin
Xii

www.manaraa.com



CHAPTER VI

Fig. 1 lonic or coordinate lignin bonding to a heavy metal(Zhuang et al., 2003)

Fig 2. Mechanisms of the action of graphene oxide membranes. (Copyright © 2017

Graphene Uses)

Fig. 3 General structure of graphene oxide (right) and lignin (left)

Fig. 4 Kraft lignin bio-modification in order to obtain lignin based hydrogel.

Fig. 5 A) SEM of Kraft lignin without biomodification, B) magnification of the lignin

membrane via SEM.

Fig. 6. Preparation of lignin membranes using an ultrasonicated lignin hydrogel

Fig. 7. Salt rejection with different lignin membrane assemblies (the NaCl concentration

used was 1 wt% which corresponds to a conductivity of 17.5 mS/cm)

Fig. 8 Performance chart for the comparison of the bio-modified lignin membrane to
existing technologies. (Figure adapted from Tangui and Grossman(Cohen-Tanugi and

Grossman, 2012))

Xiii

www.manaraa.com



LIST OF TABLES

CHAPTER |

Table 1. Most common methods of lignocellulose pretreatment

Table 2. Lignin potential for the pharmaceutical industry

Table 3. Microbial degradation of lignocellulosic biomass

CHAPTER II

Table 1. Most common types of lignin (Duval and Lawoko, 2014; Kai et al., 2016)

Table 2. Chemical modification of lignin

Table 3. Lignin based hydrogels

Table 4. Biological activity of biologically modified lignin macromolecules

Table 5. Solvent compatibility with enzymes (Faber, 2011)

CHAPTER Il

Table 1. Overview of lignocellulosic biomass microbial studies targeting lignin

degradation.

Table 2. Experimental setup for kenaf biodegradation experiments. The microorganisms

used are labeled with X while the applied operational conditions are labeled with Y.

Xiv

www.manaraa.com



Table 3. Gravimetric characterization of kenaf biomass samples after 57 days of

biodecomposition.

Table 4. Distribution of lignin decomposition products in wt. % among the TD-Pyr-GC
fractions in both the precipitate and supernatant obtained upon acid precipitation on day

S7.

Table 5. Specific products of lignin decomposition evolving in TD-Pyr-GC-MS
experiments detected in the representative runs using CV and TG. The highlighted

chemicals were not present in the TD-Pyr-GC-MS of original kenaf biomass.

Table 6. Maximum enzyme activities and elapsed times at which they were observed.

CHAPTER IV

Table 1. Solubilization of lignin in aqueous media with various solvent additives and

comparison to the reported free energy of mixing in pure solvents.

Table 2. Lignin biotransformation and fungal growth on solid agar media containing
lignin and 5 vol % of organic solvents. The extent of lignin transformation was assessed
by the color change and radius of the observed circle while the growth was observed by
the development of visible mycelium on day 11. Several representative pictures of agar

plates are shown in Fig. 3.

Table 3. The peak identification with the corresponding ions of specific m/z ratios

obtained in TD-Pyr-GC-MS based on library standards and literature.

XV

www.manaraa.com



CHAPTER V

Table 2. The fraction removed during the washing of IP-H precursors. 6 days of

incubation were selected for the incubation with C. versicolor.

Table 3. Yields of IP-H precursors and IP-H. (n=3)

Table 4. Extend of solubilization of the IP-H precursor (obtained with a 6 day C.

versicolor treatment) and original lignin (control).

Table 5. A comparison of the extend of solubilization of IP-H precursors prepared from
APPL washed with distilled water, methanol and ethanol and prepared via vacuum

evaporation

Table. 6 Swelling capacity of the hydrogel

CHAPTER IV

Table 1. Salt rejection and membrane properties.

Table 2. NaCl rejection, membrane with two deposition of 50ug/cm2 lignin based

hydrogel.

XVi

www.manaraa.com



ACKNOWLEDGEMENTS

First, I would like to express honest recognition to my advisor Dr. Yun Ji. It has
been a pleasure to be her Ph.D. student. | would like to thank her for her time, guidance
and encouragement, and for being an excellent example of a successful woman, mother
and chemical engineering professor. | would like express my special appreciation for Dr.
Wayne Seames and Dr. Jan Paca, since who made this part of my journey possible.
Without his encouragement several years ago, | would have never travelled to the
University of North Dakota to start my Ph.D. in Chemical Engineering. | would like to
thank Dr. Wayne Seames for helping me maintain an engineering mindset throughout my
work. | would also like to express my sincere appreciation to Dr. Alena Kubatova for her
time and patience with me during the chemical analysis and for all her excellent
suggestions and motivation; to Dr. Evguenii Kozliak for his tremendous help with my
technical writing and for giving directions to all my ideas; to Dr. Irina Smoliakova for her
time and for all her help with reaction chemistry of lignin. I would also like to thank Dr.
Brian Tande for all his great work for the whole Chemical Engineering department and

for all his suggestions.

I would also like to acknowledge all my colleagues and friends for their support,
help with analytical instruments operation, brainstorming, advice, proofreading,
enthusiasm and much more. My thanks belongs mainly to Angie Reinhart, Connie Wixo,
David Hirschman, Wensheng Qin, Miranda Maki, Ivan Jablonsky, Brittany Tague, Fnu
Asina, Jana Rousova, Anastasia Andrianova, Keith VVoeller, Honza Bilek, Chris Buelke,

Srinivas KamiReddy, Richard Cochran, Michael Linnen, Sara Pourjafar, lan Foster,

XVii

www.manaraa.com



Audrey LaVallie, Klara Kukowski, Jonathan Kukowski, Shuchita Patwardhan, Kristin

Brevik, Shelby Amsley-Benzie, Jasmine Kreft and all REU students.

| would also like to thank my entire family for their love and support; to my
parents for being the very best role examples of an engineer, my mom, and a scientist, my
father; all my friends for all the fun, arguments, adventure, build up, support, care and
love.

Additionally, I would like to express my appreciation to Dakota BioCon, National
Science Foundation, EPSCoR, Department of Chemical Engineering and University of

North Dakota for the financial support of this project.

XViii

www.manaraa.com



ABSTRACT

Lignin is the second most abundant biopolymer, and the first most abundant source of
phenolic structures, on Earth. Recent research has focused on lignin monomers as
replacements for phenolic monomers derived from nonrenewable resources. Biological
decomposition and conversion may be one way to accomplish this objective. In this
study, the effects of two basidiomycetous fungi (Coriolus versicolor and Trametes
gallica) and two actinobacteria strains (Microbacterium sp. and Streptomyces sp.) and

their combination on lignocellulose (kenaf) decomposition was evaluated.

The results showed that after 8 weeks of incubation up to 34 wt. % of the kenaf biomass
was degraded, and the combination of fungi and bacteria was the most efficient. Lignin
decomposition accounted for ~ 20 wt. % of the observed biomass reduction, regardless of
the culture used. Most of this lignin was present as solubilized oligomers rather than
monomers. Only after the monosaccharides were utilized by the microorganisms was the
production of laccase, manganese-dependent peroxidase and lignin peroxidase enzymes
induced, allowing lignin degradation to commence. The presence of carbohydrates was

found to be detrimental for lignin degradation.

In a subsequent series of experiments, we targeted the degradation/modification of
isolated industrial-kraft lignin while trying to reduce the process time by solubilizing
lignin with DMSO to increase lignin availability for enzymes. The addition of 2 vol%
DMSO to nutrient free aqueous media increased the lignin solubility up to 70% while the
quasi-immobilized fungi (pre-grown on agar) maintained their ability to produce
lignolytic enzymes. While biological treatment was done for 6 days, significant

modification was already observed in less than 24 hours. The resulting product showed

XiX
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the removal of phenolic monomers and/or their immediate precursors and a significant
intramolecular cross-linking among the reaction products. Thus a new path for lignin
biotreatment and further utilization was observed leading to the formation of polymers

rather than monomers.

Our interest therefore shifted to lignin utilization as a biochemically modified
macromolecule. The biologically modified lignin was isolated via two different paths: 1)
precipitation by acidification followed by washing with water or alcohols, or 2) vacuum
evaporation followed by drying. The results of novel detailed chemical analysis of the
modified lignin polymers showed that each of the washing steps can be used as a
modification process, since each of them produced a slightly different polymer, with

varied thermal stability, swelling and buffer capacities.

The resulting lignin based polymers turned out to be insoluble in either organic solvents
such as DMSO, DMF, NMP, dioxane etc., or in water. However, under alkaline
conditions (1M NaOH) all of these new polymers were converted into pH sensitive
anionic-hydrogels showing remarkable thermal stability and varied sulfur content, which,
like other properties, could also be controlled by precursor polymer washing with
solvents. One of these hydrogels was further converted into a nonporous membrane and
tested as a filter for water desalination. The preliminary results of 78% salt rejection
under 270 kPa obtained with 1.35 um thick, ligninbased membranes are promising for

further exploration.

XX
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DISSERTATION OUTLINE AND STATEMENT OF PURPOSE

This dissertation includes the following chapters:

e Chapter | provides an introduction and motivation for lignin utilization,
summarizes the current state of art includes current strategies and the global
demand for lignin-desired chemicals. Possibilities and challenges for biological
method are also included.

e Chapter Il is a review paper on the chemical and bio-modification of lignin
macromolecules.

e Chapter Il is a research paper on kenaf biomass biodecomposition by
basidiomycetes and actinobacteria in submerged fermentation for production of
carbohydrates and phenolic compounds.

e Chapter IV is a research paper on the fungal biotransformation of insoluble kraft
lignin into a water soluble polymer.

e Chapter V is a research paper on lignin based insoluble polymers (anionic
hydrogels) produced by basidiomycetes.

e Chapter VI presents addition work focused on biologically modified kraft lignin

for water purification.

The General Purpose of the Specific Projects

Our goal was to first observe the behavior of selected microbial strains used under
conditions which are similar to those described in the literature but with improved
chemical characterization of the products. Many research papers reporting biodegradation

of lignin are incomplete or even misleading since gravimetry in combination with UV-

21

www.manaraa.com



Vis spectrophotometry were most commonly used methods. We decided to use
fractionalization via TD-Pyr-GC-MS instead of regular GC-MS in order to characterize
the products comprehensively including the products that are not GC-elutable. Further,
kraft lignin biological treatment is usually focused on monomer production and uses very
low substrate concentrations, high amount of nutrients and long decomposition times

which yields in a mixture of chemicals with a low monomer yield.

After evaluation of the previous work done in this area we aimed at designing a
biodegradation/biomodification system which could be suitable for industrial
applications. After replacing fermentation with enzymation plus the addition of organic
solvents in a nutrient free environment, we were able to biologically modify lignin in 6
days. This modification yielded a lignin-based polymer (rather than monomers) which
was produced at high yields and possessed interesting properties with the potential for

various applications, such as water treatment.

22
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CHAPTER |

Lignin and its degradation/conversion

1.1 Introduction

The current socioeconomic and environmental situation calls for the replacement
of fossil fuels and petrochemicals with alternatives from renewable and sustainable
sources. The most abundant naturally occurring renewable source of carbon is
lignocellulosic (LC) biomass comprised of cellulose, lignin and hemicellulose. However,
these polymers have potential to be used as an inexpensive and renewable source of fine

chemicals and biofuels only when decomposed, degraded or modified.(Smolarski, 2012)

Because the sun is a sustainable energy source, our current development in
technology should be directed on the path to use this solar energy directly in an amount
which can completely replace fossil fuels. In addition, our reliance on fossil fuels is not
constrained to energy sources. Fossil fuels are the main source of chemicals, in the form
of petrochemicals, used in many major industries including polymers, pharmaceuticals,
foods, and textiles. Since we cannot convert solar energy directly into materials, we need
a source of renewable carbon which would be converted into a broad spectrum of

materials essential for everyday life. Lignocellulose is one of these candidates.

1.2 Motivation and background
Utilization and conversion of lignocellulosic biomass is done through physical,
chemical, (Harmsen and Huijgen, 2010) or biological processes or their combination

(Table 1). Biological processes are characterized with the longest processing time but

23
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with only minimal requirements for both energy and chemicals, thus providing both

economic and ecological competitiveness. If the processing time can be shortened using

physical or chemical pre- or post-treatment methods, the advantages of biological

processes could be realized in their full extent.

Table 1. Most common methods of lignocellulose pretreatment

Pretreatment  Process Effects Advantages and disadvantages
Physical Milling, irradiation, Increase of surface and pore size Energy demanding
hydrothermal, high pressure, Decrease of cellulose crystallinity Not able to remove lignin
expansion, extrusion, Decrease in degrees of
pyrolysis polymerization No chemicals required
Chem. and Steam, Ammonia, CO,, SO,, Increase of surface and pore size Fast
Phys-Chem. alkali, acid, gas (dioxides), Partial or complete delignification Require expensive chemicals
oxidation, solvent extraction Decrease of cellulose crystallinity Not environmentally friendly
of lignin (Ethanol-water, Partial hydrolysis of hemicellulose
benzene-water, ethylene Polymerization decrease
glycol, butanol-water,
swelling agents),ionic liquids
Biological Fungi, bacteria, enzymes Partial or complete delignification Low energy requirement

Decrease in polymerization
Partial hydrolysis of hemicellulose

No chemical requirements
Mild conditions

High H,0 consumption

Very slow

Ecology friendly

Very challenging for industry

Current research on bacterial degradation of cellulose and hemicellulose mainly

focuses on conversion of these polymers to biofuels, particularly methanol and

ethanol.(Alvira et al., 2010; Balat, 2011; Limayem and Ricke, 2012; Sarkar et al., 2012)

However, ethanol is less energy dense (by ca. 30%) compared to diesel, gasoline or jet

fuels. (Savage, 2011) Ethanol is also not suitable for heavy cars. Furthermore, it is

corrosive both by itself and, particularly, upon its facile partial oxidation to acetic acid.

Therefore it cannot be economically shipped, e.g., through existing pipelines. (Savage,

2011) Recent research focus was shifted to LC bioconversion to the less corrosive and

more energy-dense n-butanol. An additional advantage of n-butanol as a fuel is that, in
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cofntrast to ethanol, it does not have to be used in mixtures with diesel, gasoline or jet
fuel for current engines. Furthermore, n-butanol separation from growth media is
facilitated by its low solubility in water. Finally, n-butanol can be further converted into
isobutene, which can serve as a feedstock for production of a wide spectrum of
hydrocarbon fuel components. (Savage, 2011) These processes still need improvement,

e.g., developing more efficient and more product-tolerant microorganisms.

The other alternative to ethanol production is the biomass conversion into gas
phase hydrocarbons, methane, propane and butane. Selective production of longer-chain
hydrocarbon fractions (petrol and diesel) from biomass by microorganisms is still not
fully optimized but it could be done using synthetic biology protocols. (Savage, 2011)
Another option is biodiesel production employing oleoaginous
microorganisms,(Chakraborty et al., 2012; Galafassi et al., 2012; Hu et al., 2011; Huang
et al., 2009; Jin et al., 2015; Miao et al., 2011; Ruan et al., 2014; Yu et al., 2011; Zeng et
al., 2013) i.e., those that use the polysaccharide components of LC for massive
production of fatty acid based oils (usually in the form of triglycerides), which can then

be converted into biodiesel via transesterification.

To summarize the main applications of microorganisms to cellulose and
hemicellulose conversion, microorganisms are used to produce small molecules, or to
partially decompose (digest) lignocellulose to make subsequent processes less energy
intensive. The same application of microorganisms can be done for lignin utilization.
Lignin is the second main component of lignocellulose. (Alvira et al., 2010; Balat, 2011;
Limayem and Ricke, 2012; Sarkar et al., 2012) It is a very recalcitrant phenolic polymer.

Most of the lignin produced today is merely a by-product of carbohydrate production and
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has low commercial value. Most ends up burned for heat and electric power generation.
(Alviraet al., 2010; Balat, 2011; Limayem and Ricke, 2012; Sarkar et al., 2012) The pulp
and paper industry estimated that 50M ton of lignin were extracted in 2010 but only 2%
have been commercialized for production of dispersants, adhesives and surfactants or as

antioxidants in plastics and rubbers. (Brebu et al., 2011; de la Torre et al., 2013)

Lignin decomposition into monomers has the potential to provide replacements
for many petrochemicals currently used in the polymer, cosmetic, pharmaceutical, food
and textile industries. (Varanasi et al., 2013) Industrial lignin is amorphous, highly
polydisperse and behaves as a thermoplastic material, with its glass transition temperature
(Tg) broadly varied. Tg can shift from 90 to 277 °C with an increase of the molecular
mass, depending also on the process of lignin isolation, and thermal history.(Cateto,
2008) Recent applications of microorganisms for lignin utilization are very similar to
those for the polysaccharide portion of lignocellulose. Biological methods are usually
used for partial digestion/removal of lignin in the biomass to separate lignin from
cellulose as lignin is undesirable during biofuel production. (Ji et al., 2012; Ravindran et

al., 2012; Schilling et al., 2012; Tanaka et al., 2009; Y. Wang et al., 2013)
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Figure 2. Chemicals produced from lignin, their tentative prices and global demand.

(Holladay et al., 2007)

Various species of fungi and bacteria have bean explored for their ability to break
down lignin into monomers, since chemical and physical methods of lignin conversion
into monomers are currently providing low selectivity and small yields (up to 30%) while
consuming large amounts of energy and catalysts.(Davis et al., 2016) More successful
and selective is a chemical and physical conversion of lignin into small carboxylic
acids.(Demesa et al., 2015) However they could also be easily produced from
polysaccharides. (Gandini and Lacerda, 2015) In this area microorganisms offer much
slower but more flexible and robust degradation systems in the form of enzymes, which

could be possibly engineered to selectively disrupt specific lignin bonds. However this

27

www.manaraa.com



process is hindered by spontaneous repolymerization of these monomers. (Evans and

Palmer, 1983; Munk et al., 2015a)

Despite these challenges in lignin degradation, chemicals are industrially
produced from lignin, their tentative prices and global demand are shown in Figure 2. A
rough estimate of the global demand for these chemicals is 3.0x108 tons per year.
(Holladay et al., 2007) Compared to this number, the estimated global production of crop
residue is 4.0x10° tons per year of which 1.0x10° is lignin (based on the average 25%
lignin abundance in biomass) as shown in Figure 1.(Eisentraut, 2010) These estimates
show that a conversion of only 30% of the currently produced lignin would fulfill the
global demand for these chemicals. This estimate does not include the current interest to
use lignin monomers for production of highly functional polymers in industries such as
medical, nutraceutical, pharmaceutical, electrical, etc. Such applications would increase
the value of lignin monomers and thus make lignin decomposition methods more

economically viable.
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Lignin decomposition into monomers followed by polymerization into highly
functional polymers is not the only pathway that can be used. Industrial lignin can be
utilized in its polymeric form without depolymerization, (Duval and Lawoko, 2014) but
with purification and modification. Companies such as Domtar, MeadWestvaco, Lignol
Innovations, La Rochette Venizel specialize on high purity lignin production. This is
being done mainly through the removal of contaminants (hemicellulose) plus monomeric
and oligomeric lignin species which can be followed by specific modifications that either
add or remove certain functional groups. (Kai et al., 2016) After this treatment, polymeric

lignin can be used for further conversion into functional materials and others. A
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significatnt challenge in this area of lignin based polymers or oligomers is chemical

characterization. (Asina et al., 2017; Kozliak et al., 2016)

Biological activities observed with different fractions suggest that lignin modified

with various fungi might may offer solutions for treatment and prevention of many

diseases. Applications are also promising antibiotics, anti-inflammatory ointments,

treatments for cancer (polymer vaccines), scaffolds, drug delivery systems, wound

healing, and also water purification systems. Table 3 provides a brief overview of the

pharmaceutical applications of lignin (it should be noted, though, that the corresponding

market prices and demands are hard to estimate).

Table 2. Lignin potential for the pharmaceutical industry

Lignocellulose

Molecules Effect Ref.
<0.5kDa lignin Potential for HIV-1gene expression inhibition, broad  (Mitsuhashi et al., 2008;
) g antiviral spectrum Sakagami et al., 2005a)
~ 30kDa lignin Inhibion of HIV protease (Wang et al., 2015)
£
c . Lowering the weight of adipose tissues, plasma Tg
o ~ ’
= Lignophenols (MW~ 1500) levels, and hepatic expression of SREBP-1c mRNA (Sato etal,, 2012)
Lignin Antioxidant, anticancer (Ugartondo et al., 2008)
B li Iph
agasse, 'ENOSUTp qnate, No harmful effect on skin or eyes (Vinardell et al., 2008)
Curan 100, steam explosion
?asidiom}/cetes metabolites  Chlorinated an.iSIAI a.nd hydro.qinone metabolites. (Field et al.,, 1995)
in Ignolytic system Antibiotic, pesticides
Lignin metabolite  from
° Inonotus obliquus Antiproliferative, inhibited NF-?B activation (Wang et al., 2015)
2 (MW 37561Da, 24945Da)
.':: 758-5.3kDa Antiherpes (HSV-1 and HSV-2) activity (Zhang et al., 2007)
§ % Lignin with 20% carbohydrate  Immunopotentiating activity (antitumor, (Sakagami et al., 2005)
_: £ complex antimicrobial, antiparasite), (Sakagami et al., 2010)
g9
£ i Biogenic silica particles from (Alshatwi et al., 2015;
7y R & P Broad biomedical application Athinarayanan et al.,
= rice husk
2015)
(El Enshasy and Hatti-
B — glucans (polysaccharide Kaul, 2013; Gémez-
metagolite) poly Immunomodulatory and anticancer activity caravaca et al., 2015;
2 Grienke et al., 2014;
> .§ Synytsya et al., 2009)
] -
Xyl d d
& § y an . erive Immunomodulatory, antioxidant, prebiotics (Singh et al., 2015)
] oligosaccharides

Modified oligosaccharide

Broad medical applications

(Kuijk et al., 2014)
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Any of these applications on industrial scale are challenging without a detailed

chemical characterization. Therefore, in this work we are aiming at these applications by

combining comprehensive chemical analysis of biologically modified lignin based

macromolecules with a practical application of these products. We focus not only on

monomers produced during biological treatment, but also on oligomers and polymers

produced during a the biodegradation/modification of the biomass. Comprehensive

analysis of these products is used as a tool to better understand the products and the

process.

Table 3. Microbial degradation of lignocellulosic biomass

Incubat

ion Lignin Biomass -
Microorganism used Substrate time loss loss Conditions Analysis [}
% %
dayg )
Fungi Bacteria
Reed straws =
ked in 3% NaOH/24 h  °
Mixed (from sludge) LDC soaked in ?’A) .aC') / Sub.merged, ) NS
(230 analyzed clones) Washed with distil water, 15 61 statically/30 Gravimetry S )
pH7, 3-4cm, dried at 60C °C w "r‘;
mineral rich medium -
Corn stover (40-60 mesh) ~ g
T. hirsuta yj9 dried 72C for 2 days 42 71 73 30 °C/dark Gravimetry § o
sterilized 121C/20min e
Rice straw : vegetables : §
. . bran : soil (11:3:2:8) 37 °C/ solid . S @
P. chrysosporium Solid inoculant dried (40mesh), 55 and 45% 49 30-40 40 state Gravimetry § o
mosture (2 steps) ?—J
Rye straw (0.2-0.4mm) o g
. o ) . ) ) el
G. geotrlchu.m 7.4/0. moisture with mineral 30 53 Solid sotate /28 Gravimetry N g
M. verrucaria medium 60 C S &
sterilized 121C/30min -
T. versicolor 12
D. flavida 0.5% malt extract 18 =
D. squalens pH5 16 25°C/ N §
P. chrysosporium sterilized 121C/15min 32 17 . Gravimetry S s
. ) shaking ~a
P. fascicularia 25 o
P. floridensis (wheat straw) 23 <
P. radiata 19
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One step:

Bacillus sp CS—1 S?Ze.
Bacillus sp CS -2 P
S. thermoph. 20 B
X : Ballast salt medi - Q
(NBRC13957) (:Ha;) salt medium ) f
i oa
L. Bulgaricus Milled rice straw - 30°C/37°C UV at o
- (NBRC13953) 3 . o
T. fusca (NBRC 14071) (40-80 mesh) 18 shaking 280nm =
’ Dried 60 °C/ 48h N
2
Two steps: S'I;\;vos 2
NBRC followed Bacillus 1 1 f
Bacillus 1 followed NBRC 62
D. squalens BEOFB 700 34 .
F. pinicola BEOFB 600 32 z
G. lucidum BEOFB 432 20 o n R
. 25 °Csolid ) Q2
L. betulinus BEOFB 500 - Wheat straw 14 28 state Gravimetry 5 5
P. eringii HAI 501 15 =)
P. ostreatus HAI 592 13 2
T. versicolor BEOFB 320 22
T. pubescens:
BEOFB 330 Wheat straw/Oak sawdust 58/2 2 =
HAI 1200 (dried at 50C/ grounded to 56/3 25 °C / solid . v S
T. multicolor: ) 0.5-1.0cm) 14 state Gravimetry 8 %
HAI 426 Nitrogen 25mM, pH 6.5 43/6 e
HAI 428 28/3
(Wheat straV\{, root veg. HPLC T
resid., bran, soil) (monitorin NS
mixed fungi Mixed G+ bacteria Air dried, ground 2mm 50 26 - 35-65 °C . e 2R
quinone oo
65% water content species) o
COMPOSTING P =
=
i Cornstalk (40 mesh) N D
P.ch ; - . .
CGC/\//rcyégs;D;glum - dried 105C, sterilized 15 34 10 29 °C / static Gravimetry g 2
‘ 121C/20min, 70% moisture Y
- . Bagasse .
Thermopilic bacterial A =
. rice straw = 0o
consortium corn stover 60 N S S
- (8 major microbes of 8 - 75 50 °C /static Gravimetry 22 ugq
. . eucalyptus pulp Sow =
aerobic/facultative A . 70 -
. . Sterilization 121C/15min S
anaerobic bacteria) S
grass, corn stover, wheat .
1 g
. fnido L oot e AR
) . ) oQ
ATCC 12679 81% moisture 21 3 ) anit::cl,cbic Gravimetry Q o
Kirk mineral solution with 7 5 2
glucose, proteins and ABTS
Rice straw (60 mesh) =
P. chrysosporium Salt medium 37°C/Solid . S g
BKMF-1767 ) Sterilized/non sterilized 0 B state Gravimetry g 2
75% moisture N
steam-exploded I~
(3MPa/5min) rice straw, Gravimetr ) 03:3—
P. chrysosporium - dried 105C/6h, sterilized 15 9-65 10 29 °C / static Y 2
: FTIR/SEM R o
120C/30min b

(5 factors, each 4 levels)
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Solid state

0 1 —_
P. chrysosporium Hb 7(.) % moisture - 28 Q
f (rice straw — milling 0.9mm N
Fusarium sp. 82 29 o . o2
. - mesh) 10 - 28 °C Gravimetry & ®
Fusarium sp.89 3 hours/ 105C to remove 33 =a
F. moniliforme 821 . 35 L
moisture <
Autoclaved 121C/20min
Paddy straw 9/2 _
Herbaceous weed 5/2 g‘
. Parthenium sp. ) UV-VIS S 9
M. d LG7 - 7 - 30 °C staticall ! =
rorigum (sterilized / non-sterile) statically FTIR, SEM Q o
(0.5-1cm) :‘—‘
Sterilization 121C/15min
%
. Wheat straw ~6mm Gravimetry ~N R
P.ch ! L]
carysosporium - Sterilization 121C/1h 21 30 - Solidstate  NMR,FTIR, 2 =
ATCC 24725 Qe
Py-GC MS iy
SEM, =
Gravimetry, o 8
P. chrysosporium . Wheat straw 7 25 27 37°C FTIR, Pyr- S ®
(Inorganic salts/tween 80) e~
GC, X ray o
diffraction :
rice straw .
Bacterial communit wheat straw 45 40 Gravimetry O g
- ot Y corn stalk 12 9 25 35 °C/ static s 2
(Imm) 16 20 =
Submerged 5% (v/v)
corn stover z
. ~1E0, . =
P. chrysosporium stored with ~15%moisture 35°C/ solid . § g
ATCC MYA-4764 - for 9 months. Ground to 11 36 state Gravimetry 1| o
5mm and dried, CO2 Q3
atmosphere =
Casava peel 41 31 _
Rice husk 11 5 o Z
P. tigrinus M109RQY Rice straw 68 26 30 °C/ solid ) ‘N §
P. tigrinus M609RQY ) milled 2mm, mineral 15 state Gravimetry g s
>
solution, sterlized T
121C/20min
oil  palm empty fruit @3
P. chrysosporium bunches 41 33 30 °C/ solid ) R
- 2 N ®
P. ostreatus 67% moisture 8 50 43 state Gravimetry 22
salt medium 20
P. chrysosporium PC2 1:10 95 75 ?
- Crysosp Deionized water Solid state/ 25  Gravimetry, & @
L. edode LE16 - 84 87 45 o =y
P. ostreatus PO45 (sugarcane bagasse) 85 30 C/dark FTIR, NMR @« &
‘ 121C/ 1h sterilization 2
>3
T. pubescens BEOFB 330 wheat straw/oak saw dust 58/43 ) v &
14 25°C G t
T. multicolor HAI 426 Dried 50C/(0.5-1cm) 56/28 ravimetry g g:
S
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corn stover 29 13
switchgrass 27 12 =
wheat straw 4 5 ™
soybean straw 0 3 >
Y i i >
C. subvermispora hard- wood 18 17 10 Statlor:(e;ry/ 28 Gr;a\ll-:rl-(z:try 'E-
5mm, 40C dried, ‘;
75% moisture s
(buffer and malt extract) e
Sterilization 121C/30min
v
Streptomyces UAH 23 Wheat straw (40mesh) APPL 28-38 °C e
- Streptomyces UAH 52 Dried 24h/50C 28 analysi - 200rom Pyr-GC-MS G @
S. viridosporus T7 Sterilization 1hour s P § 2
[0}
oil palm biomass chips g
, (2.5cm x1.5cm x0.2 cm) SEM, S@®
T. /! 28 9 8 24 °C
versicolor Sterilization 121C/20min Gravimetry Q o
60-100% moisture 2
O. latemarginatus 28 o 3
. < D
R. vinctus . Mineral solution 28 - 14 28°C Gravimetry N 2
P. chrysosporium 8 = I
C. versicolor 12 =2
¥
I. lacteus CD2 Bamboo (0.3-0.45mm) 30 13 28°C/ 150 FTIR/ SR
=
E. taxodii 2538 Sterilization 121C/45min 29 rpm Gravimetry N &
Q
Cedar/Beech wood -
(2.0cmx2.0cmx0.5cm) :‘_) o
C. subvermispora acetone refluxing to remove 84 25/39 15/20 28 °C Gravimetry 3 “:;‘_
extractives ?g p
oven dried 60C
P. radiata
. 6
P. brevispora 6
P. tremellosa TUW-L20 ) el
- QU
D. squalens CBS 1000.73 (spruce wood shavmgs 04 6 2
C. subvermispora: 2.0 mm, oven dried) 4 o
molmesle s e o B
FPL 90.031 ’ 6 =
FPL 105.752 ; S
H. fragiforme ZIM L108 4 o
O. latemarginatus TUW- )
L10
39 =
P. chrysosporium Corn stower 37°C /100 :l—) z
T. reesei Mandel mineral salt 4.2 35 rom Gravimetry & g.
Coniochaeta sp. LF2 medium P oS
41 o
Gravimetric
Aspen 20/15 58/34 , HPLC, S
Spruce 21/30 54/37 . (13c- 5
G. trabeum/P. placenta Corn stover 112 40/25 i (izll:l)(i i\ar:; TMAH) »E’: 5
’ P (40 mesh) oven dried 100C room tJem thermoche N 0,2
for 48h, autoclaved P: molysis, X- &_’
121C/1h ray :
diffraction
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o —

Low nutrient solution UHVPYCIZS, B_' 5

C. versicolor sterilization 84 75 - 22 °C / statical NMR' N 3,:3-

) o o

(spruce sapwood) Gravimetry E g

Wood blocks decay 2cm® o=

" ) I o DEM, IR, S o

T. trogii MT 121C/ 20min sterilization 120 75 - 28 °C LC-MS S g

90% humidity -

P. sanguineus 63 37 e

O. latemarginatus Banana pseudostem 55 22 = 9:;.
. o . ) . 3

C. versicolor 3x3 cm, 15% moisture 28 34 22 Gravimetry N §

R. vinctus 57 21 =g
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CHAPTER I

Chemical and bio-modification of lignin macromolecules: Review

I1.1 Abstract

Lignin is the second most abundant biopolymer, and the first most abundant
source of phenolic structures on Earth. Lignin is known for large variations in its
complex structure, which depends on the source and on the isolation procedure applied.
A lot of work has been done to utilize this rawmaterial in many ways. The main focus is
on generating lignin monomers for replacement of phenolic monomers derived from

nonrenewable resources.

Lately, economical reasons have increased the interest of utilizing lignin as a
macromolecule. Purification, modification and lignin structure understanding plays the
important role for lignin utilization. The chemical modification of lignin macromolecules
is increasing the applications of lignin. Improved behavior and properties, together with
added functionalities, are shown to be suitable for potential lignin applications in the

polymer industry.

Less explored are the biological modifications of lignin macromolecules. However
suggests great potential for lignin application in medicine. This review covers both the
chemical modification of lignin macromolecules resulting in new functionalities and

applications as well as the potential for biological modification of lignin macromolecules.
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11.2 Introduction

The main focus is still towards lignin degradation into monomers or small
molecules.(Asina et al., 2017) The main products of lignin decomposition are aromatic
molecules, carboxylic acids and resins produced usually via thermal catalytic
reactions.(Demesa et al., 2015; Ma et al., 2014) However, purification of these chemicals
followed by further polymerization are expensive step essential to create desirable
materials. Most of the research done in the area of lignin utilization addressees the
prioritization of pathways to obtain monomers and polymers which are the are
compatible with existing industrial infrastructure built for fossil resources.(Davis et al.,

2016; Li et al., 2015; Upton and Kasko, 2015)

Lignin is a phenolic macromolecule with a highly complex structure. Lignin is
comprised of monolignols, which are phenylpropanoid units where each of them has a
different number of methoxy groups on the aromatic ring. (Laurichesse and Avérous,
2014a) These monolignols are connected through seven main linkages, where the f-O-4
ether bond is the most common the other ether bonds are a-O-4 and 4-O-5. Carbon-
carbon bonds in lignin are usually -, B-5 and -1, or branching bond of three units,
dibenzodioxocin.(Duval and Lawoko, 2014; Thakur and Thakur, 2015) Combinations of
these linkages and different monolignols results in different types of lignin varying in
reactivity and branching. The functional groups in technical lignin are mainly phenolic

and aliphatic hydroxyl groups, carboxyl and carbonyl groups. (Kai et al., 2016a)

The structure of lignin varies depending on the origin of the plant species and the
isolation process.(Laurichesse and Aveérous, 2014a) Heterogeneity and missing

stereoregularity makes the chemical characterization and reaction prediction/simulations
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very challenging. One of the best methods for lignin analysis used today is 31P

NMR(Duval and Lawoko, 2014) complemented with GPC, LC-MS and GC-MS but even

all these methods combined do not yield the exact structure and should be supplemented

with fractionalization of the lignin or the lignin products prior to the analysis. (Asina et

al., 2017; Kozliak et al., 2016) The most common type of lignin produced are listed in

Table 1.

Table 1. Most common types of lignin (Duval and Lawoko, 2014; Kai et al., 2016)

Lignin Type produced/available Characteristic Production
per year
BENCH SCALE Closer to original lignin
Milled wood lignin NA low molecular weight, low branching low recovery
(MWL) yields
(20%- 40%)
Mild acidolysis NA Similar to MWL > yield than MWL
lignin
Cellulolytic enzyme NA Similar to MWL > yield than MWL
lignin
Enzymatic mild NA high purity and higher yields (much higher High, up to 90%
acidolysis lignin molecular weight than MWL) yield
INDUSTRIAL SCALE Large structural changes
compare to original lignin
Kraft lignin 70 Mt / 90 kt Contains sulphur (1-3%). Rich in phenolic MeadWestvaco,
Tg 140-150 °C hydroxyl groups and carbon-carbon bonds Domtar
Td 340-370 °C (result of cleavage of aryl ether bonds
during the Kraft process and condensation
reactions, respectively)
Lignosulfonates 7Mt/ 1Mt Rich on sulfonate groups SO3 . 3.5-8% Borregaard
Tg 130 °C Sulphur, highly soluble in water (anionic LignoTech,
Td 250-360 °C polyelectrolytes). Surfactant properties, Tembec, La
used as dispersants, water reducers in Rochette Venizel,
concrete, viscosity reducers Nippon Paper
Chemicals
Soda lignin ~ 7kt Sulphur free, similar to kraft lignin, mostly Green value
Tg 140 °C from herbaceous plants.
Td 360-370 °C
Organosolv lignin ~ 3kt Sulphur free, increased phenolic CIMV, Lignol
Tg 90-110 °C functionality due to acidolytic or alkaline Innovations,
Td 390-400 °C cleavage of aryl ether linkages, no DECHEMA

condensation reaction (organic solvents
used), most similar to native lignin
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Most of the lignins, especially kraft lignin, are combusted to generate electricity
for pulp and paper industries. There is high interest of lignin utilization in many areas of
industry, especially in polymer production. Direct use of lignin in polymer applications
are mainly as a filler, where lignin is blended with either synthetic or bio-polymers, in
order to increase the fraction of a renewable material in these polymers and therefore
produce “greener” polymers.(Laurichesse and Avérous, 2014a) Since lignin material is
also a free radical scavenger, its presence in polymer blends can help decrease UV
degradation or thermo-oxidation and therefore act as a stabilizer. (Duval and Lawoko,
2014) Lignin has better miscibility with polar polymers, since it is rich in OH groups.
Typically 20-30% of lignin can be added in polymer blends, the only exception is
polyvinylacetate where 85% of kraft lignin was incorporated. (Duval and Lawoko, 2014;

Kai et al., 2016)

Direct application of lignin is also being evaluated for the production of carbon
fibers but difficult melt processes make this production very challenging. In order to
avoid these problems high purity of lignin is required for carbon fiber production. (S.

Wang et al., 2016)

Lignin is also currently finding a place as a sorbent in the form of lignin based
activated carbon. (Berrima, 2016; Dizhbite et al., 1999) The active functionalities of
lignin - carboxyl and mainly the phenol groups - have shown a high affinity toward metal
ions.(Verma et al., 1990) Therefore lignin derived activated carbon can be used for waste
water treatment to remove toxic ions (heavy metals) such as chromium, copper,
cadmium, lead, zinc, nickel, cobalt and mercury. The adsorption of these metal