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SUMMARY

Over centuries, our society mostly relies on fossil fuels for majority of commaodity
materials, chemicals, plastics as well as energy sources derived from petroleum, coal and
natural gas. The overutilization of fossil fuels to fulfill the inflation will cause the
inevitable issues including dwindling of available resources and globaloaméntal

probl ems. Wi t h t he awareness of t he seve
dependence on fossil fuels, identifying sustainable and renewable alternatives has
attracted significant and increasing attentions. Lignocellulosic biomass is onenodghe
accessible renewable fosnof carbon and has been regarded as one the most logical

feedstock to replace traditional fossil resources.

't i s suggested r ecenrntolny etrbsdtonc dweplhinmg ¢
Al aunsde 0 coul d miaceedsing rreed fon fadl witbont&@fecting food, feed
and fiber productionHowever, most of the current biorefinery products are from the
first-generation cellulosic projects, where most lignin is burnt for heating directly similar
as the traditional ppland paper industrial. Consequently, the advent of biorefineries that
convert cellulose into liquid fuels generate more lignin than necessary substantially,
which is a major waste of natural resourcélserefore, lignin valorization into value
added prodets is worthy to bieefinery concept in particular and in general to the
society. With this purpose, thissertation is focused on modification and degradation of
lignin for advanced chemicals and composites. The dissertation can be divided into the

following components:

XXili



l. Lignin modification and the synthesis of lignirbased surfactant

In the first part, the structure and chemistry of lignin was investigated through various
advanced characterization approaches and the viability of lignin as a goaodataridr

surfactant and emulsifier after certain modifications was demonstrated.

Typical lignin contains both hydrophilic phenolic/aliphatic hydroxyl groups and
lipophilic carbon backbone, suggesting a special affinity to polar and nonpolar phases.
Howe\er, the challenge is the solubility difficulty in both water and most organic phases.
The challenge was overcome by modification of lignin with different chemicals. The
resultant lignin showed great potential as surfactant which decreased the interfacial
tension between styrene and water dramatically. Besides, this-hgsed surfactant was
further demonstrated to be effective to prepared wateil emulsions, which could be
kept stable for over 30 days. The excellent interfacial activity of ligniesslted from

both its unique amphiphilicity and its disordered macromolecular structure.

Il. Preparation of sustainable composites with lignin as the substitution of

traditional polymer

Here, aneffectiveroute to prepare lignin/polystyrene composites fadanhigh internal
phase emulsion (HIPE) polymerization was disclosed and their major properties were

evaluated.

The incorporation of renewable materials as fillers and substitutions has attracted
stronginterest to promote sustainability for tegisting plastic industry and to save the
limited reserves of fossil fuel resources. However, the challenge is the poor compatibility
between traditional polymer and natural materials, which can also be overcome by lignin

XXiv



modification. We modified the lignin arttie corresponding solubility in different media
was exemplified by using theoretical model (Hassan solubility parameter model).
Furthermore, the modified lignin was demonstrated to be good fillers and substitution of
polystyrene through the investigatiori its effects on the mechanical, thermal, and

dimensional stability properties of the composites.

[ll. Catalytic degradation of lignin into aromatic chemicals by redox ion pairs
In this project, a new catalytic system which could degrade lignin into @mma
compounds under very mild conditions was designed.

Lignin is the only natural aromatic macromolecular feedstock of large production
and therefore, is supposed to be good sources of sustainable aromatic chéithicals.
no commercially available pcesses have been developed in our knowledge due to its
unknown complicated structural pattern and its changes during the depolymerization
process. Some oxidative chemicals were used in the literature to degrade lignin. However,
most of the degradation presses suffer from low reactions kinetics and harsh conditions.
Through research, we offered a low temperature oxidative degradation of lignin to form
vanillic compounds by using FefMlaNQO;/O, as catalyst under mild conditions. The
addition of NaNQ servesas a bridge between oxygen (gaseous phase) and iron salts
(liquid phase) to improve the -axidation rate of F& and thus promote the overall

degradation rate.

IV. Wood chips pretreatment by redox ion pairs under mild conditions
In this project, lhe new catalyst system wasirther used in biomass pretreatment, where

wood chips were pretreated directly without grinding.

XXV



Based on theesultsof lignin degradationwe found this catalyst system was also
effective in the biomass pretreatment. In bforery, pretreatment is an important step
towards the accessibility of hydrolytic enzymes to cellulose for glucose conversion.
However, in all the pretreatment process, biomass is grinded into powders first, which
consumes energy and increase the coshdJihe novel catalyst system described here,
the process where wood chips could be pretreated directly without grinding under mild

conditions with a glucose yield of 70 % was first discovered.

In summary, this idsertationfocuses on thevalorization of lignin through
modification and degradation approachiscontributes on the colloid and interfacial
science by preparation of lignlased surfactant and studying on its interface
phenomenon. Also, in this dissertation, the miscibility between lignioh polymer are
investigatedand the corresponding properties of thgeepared composites are discussed.
Besides, a new catalyst system to degrade lignin and pretreat wood chips is proposed and
demonstrated to be effective, which contributes on theystdidoonding cleavage in

lignin and biomass materials.

XXVi



CHAPTER |

INTRODUCTION

Over centuries, our society mostly relies on fossil fuels for majority of commodity
materials, chemicals, plastics as well as energy sources derived from petroleumg coal an
natural gas. The overutilization of fossil fuels to fulfill the inflation will cause the
inevitable issues including dwindling of available resources and global environmental
probl ems. Wi t h t he awareness of t he seve
dependence on fossil fuels, identifying sustainable and renewable alternatives has
attracted significant and increasing attentions.

Lignocellulosic biomass is one of the most accessible renewable forms of carbon
and has been regarded as one the mostdbégedstock to replace traditional fossil
resources. The annually production of biomass from both forestry and agricultural was
reported to be over 1.3 billion tons, which suggests that biomass might be the most
abundant source of carbohydrate. Previusiomass is mainly used in the traditional
agricultural field and pulp and paper manufacture. However, it has been demonstrated
that the biomass resource is much more than what needed in these two industrials. It is
suggested r ecentibmassd dhravt e rcsoiuopn itnegc honf lefidbg i e s
could meet the nationds increasing need f
production. The biomass conversion into biofuels has been developed for over decades
and several plants have been bualtealize its commercialization.

However, most of the current biorefinery products are from thedaseration

cellulosic projects, where most lignin is burnt for heating directly. Consequently, the



advent of biorefineries that convert cellulose ilgoid fuels generates more lignin than
necessary substantially. Besides, in the traditional pulp and paper industrial, lignin is
generally regarded as a wast®duct left in the black liquor with a production of 50
million tons annually. Similar as thedoefinery industrial, over 90 % of lignin is used as
fuel directly. Indeed, lignin is an energigh compound and is supposed to have potential

in various areas. Burning directly without further utilization suggests a major waste of
natural resources. Trefore, lignin valorization into valuadded products is worthy to
bio-refinery concept in particular and in general to the society. With this purpose, this
work is focused on modification and degradation of lignin for advanced chemicals and
composites.

Lignin is a polymeric component in biomass, serving as a linker between
cellulose bundles and functioning to give strength and rigidity to the cell walls, conduct
water in plant stems and resist microorganisms attack. The structure of lignin is
amorphous ah highly branched by carbezarbon bonds and ether bonds forming with
three phenylpropanolic monomers (monolignolsyCgunmaryl alcohol, Coniferyl
alcohol and Sinapyl alcohol. Based on the structure of lignin and the corresponding
properties, study on vad-added application of lignin has drawn great scientific attention
and some progress has been achieved to convert lignin into-addee products,
including liquid fuels, carbon fiber and chemicals. However, most of the technologies are
far from commeral practice and much more efforts are needed in this area.

Chapter Il of this dissertation is a brief review of some basic concepts and-a state
of-the-art of the lignin modification by chemicals as well as its applications. This chapter

aims to introducahe fundamental knowledge and current technologies on this topic,



which is the basis of the following resear
Objectiveso, where the <challenges of this
solutions are praosed. Besides, detailed objectives are also described in this chapter. In
Chapter IV, a study on synthesis of ligioased surfactant via chemical modification is
explored. The modified lignin shows great potential as a surfactant which decreases the
interfacial tension between styrene and water dramatically. Besides, this-biaseaal

surfactant is further demonstrated to be effective to prepared stable-iwaier
emulsions. In Chapter V, an effective route to prepare lignin/polystyrene composites
foamthrough high internal phase emulsion (HIPE) polymerization is disclosed. Lignin is
demonstrated to be good fillers and substitution of traditional polymer through the
investigation of its effects on the properties of the composites. Chapter VI describes a
new catalytic system which can degrade lignin into aromatic compounds under very mild
conditions. Furthermore, in Chapter VII, this catalyst system was used in biomass
pretreatment, where wood chips were pretreated directly without grinding. It is
demonstated that the addition of NaN@nto FeC} and Q servesas a bridge between

oxygen (gaseous phase) and iron salts (liquid phase) to improvedk&ation rate of

Fe* and thus promote the overall degradation rate. Thallj Chapter VIII will
summarizethe overall conclusion of this research and provide the potential directions of

the future work.



CHAPTER I

LITERATURE REVIEW

2.1 Problem Statement
Until 2011, over 80% of the total energy consumption in U.S., whiclinkasased by 28%
in the last 37 years was generated from the three major fossil fuels. Along with the
increasing in human demand, the overutilization of fossil fuels will causenevitable
issues: dwindling of available resources and global environmental problémish the
awareness of the sever e eaepmndeacy anefossldusls, of t |
finding sustainable and renewable alternatives has attracted significant attentions.
Lignocellulosic biomass is the most accessible renewable form of éaabdrhas been
regarded as one timeost logical feedstock to replace traditional fossil resources.

A recent national report pointed the U.S. domestic production of biomass from
forestry and agricultural industrials is over 1.3 billion tons anndallye currently used
and potential biomass (at $60 per dry ton or lessjler baseline assumption is
summarized in Table 2.1 and it is noticed that the annually biomass potential increases
sharply. This suggests that, potentially, there is enough biomass to be utilized to replace
fossil fuels. Furthermore, it is claimed thath e coupling of - Afadva
conversion techmseskoghesgewdt wi il amadt affec

and fiber and, more importantly, it will provide more resources to the sdci&ty.



Table 2.1 Summary of Currently Used and Potential Forest and Agriculture Biomass at

$60perDry Ton or Less, under Baseline Assumptfbns

Feedstock (million dry tons) 2012 2017 2022 2030
Forest resources currently used 129 182 210 226
Forest biomass & waste resource

97 98 100 102
potential
Agricultural resources currently used 85 103 103 103
Agricultural biomass & waste resourc

162 192 221 265
potential
Energy crops 0 101 282 400
Total currently used 214 284 312 328
Total potential resources 258 392 602 767
Totali baseline 473 676 914 1094

Recent researches focus on the biomass conversion into biofuels or bioethanol,

which can contribute to the area of liquid transportation fuéls? Indeed, the cellulose

based bioethanol technology has been commercialized and the bioethanol production of

the first commercialized plant is located in Italy having 75 million liters per year

capacity*? In the United States, the DepartmefhEoergy set a target that bimsed fuels

would replace 30% of the conventional transportation fuel derived from petroleum by



2025% 1 Beside of biofuels, bitbased chemicals and materials can also be produced
from biomass, such as plastice)vent and lubricant$ For example, polylactic acid has
been manufactured in a U.S. company on the scale of miiliogram* Another goal

set by the U.S. Department of Energy and Department of Agriculture is to increase the
percentage of bibased chemicals and materials to 25% in 2030 from 5% in2005.

However, most of the current biorefinery products are from thedeseration
cellulosic projects, where most lignin is burnt foeaking directly similar to the
traditional pulp and paper industry. Actually, the generation of lignin is about 1.6 times
of the amount needed for the internal energy use of these biorefinery pfojects
suggesting a highly underutilization of lignin resources. In 2010, the production of lignin
from pulping process was 50 million tons, among which only around 2% was developed
into specialty products. The U.S. Energy Security and Independence Act of 2007
mandate the production of 79 billion of biofuels, which suggests an expected utilization
of around 223 million tons of biomass and a lignin production of 62 million tons of
lignin.’® ® In order to avoid the waste of natural resources, more attentions should be
given on engineering lignibased valuadded products.

Actually, study on valueadded application of lignin has drawn great scientific
attention and some progress has been waetigo convert lignin into valuadded
products, including liquid fuelS carbon fibef’° and chemicals, such as pheffol,
vanillin,?? styrené® and etc. More specifically, lignin moleculésve both hydrophilic
functional groups and lipophilic carbon backbpseggesting an amphipathic property to
polar and nonpolar phases and great potential as a surfdctarffurthermore, as a

natural polymeric material providing mechanical supports in wood, lignin can be used as



fillers or substitution in the polymer composites in order to make the composites more
sustainable with certain desired propertfe& Additionally, lignin is the only scalable
natural feedstock composed with aromatic Ghiend it is highly expected to obtain
valuable aromatic components from lignin through some thermal, chemical or catalytic
approaches. Figure 2.1 summarized some pathways of converting biomass into value
added product®. Although some progress of lignin upgrading has been achieved, most
of the technologies are far from commercial practice and much more efforts are needed in

this area.
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Biomedical applications
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Figure 2.1 Development of vakagldedproducts from lignocellulosic biomaSs

2.2 Lignocellulosic Biomass

Lignocellulosic biomass captures and stores the solargy directly, which is one of the
most dundant and sustainable resources on the earth. The major components of
lignocellulosic biomass are cellulose, hemicellulose and lignin (shown in Figf® 2.2
with minor quantity of some other compositions, such as pigment, resin, tannin, etc.
Among all he componentsellulose, composed with linked glucose units, comprises 30
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50 wt % of the dry biomass. Hemicellulose is another macromolecular polysaccharide,
which constitutes 235 wt % of biomass. The remaining-38 wt % of biomass is lignin,

which hashighly crosslinked heterepolymeric structuré®?*#°

OH OH OH

= = Z

OH OH OH
p-Coumaryl alcohol Coniferyl alcohol ~ Sinapyl alcohol

O © © &
FIS o

-

Plant cell

10-20 nm

Pentose

Hexose

Crystalline
cellulose

Cellodextrin

Figure 2.2 Structure of Lignocelluldge

2.2.1 Cellulose
Cellulose is the mairstructural component in the biomass cell walls and is the most
abundant natural polymeric material distributed in plants, algae, fungi, bacteria ahd etc.

with an annual production of 780 billion tons in the world">?



Nonreducing end Cellobiose Reducing end

Figure 23 Chemical structure of cellulode

In 1938, cellulose was first discovered and isolated by AnselmePaymah the
researches on its physical and meal properties were made constantly since then.
Technically, celluloseisawetl e f i ned p ol y-in4bond$ of théusadds afy b
anhydreA -glucose unites, as shown in figure3.?> * The polymerization degree of
wood cellulose reaches up to 20 GdM cellulose, the hydrogen atoms are positioned in
the vertical plane and the hydroxyl groups are in the ring plane, which can form strong
hydrogen bonds resulting in a stable stuwe. Besides, due to the high molecular
homogeneity, the crystallization degree of cellulose can reach up70Oedlulose was
mainly used in the traditional pulp and paper industrial for centuries, but, during the
recent decades, more and more cellulose stocks are converted intadadddgeproducts
in the areas of chemicals, plastics and fuels throagamical, thermal or bio

treatments? Until now, several cellulosic ethanol plants have been commercialized.

2.2.2 Hemicellulose

Another polysaccharide macromolemucomponent in biomass is hemicellulose, which

is composed of different unites, including xylans, arabinans, mannans, galactans and
etc3’ The composition of hemicellulose varies significantly depending on the species or

types of plants. In hardwood, the dominant hemicellulose structure is xylan (stown



Figure 24 (a)), which may amounto 8090% of hardwood hemicellulo® while
glucomannan (shown in Figure42(b)) domains in softwood *° Compared with
cellulose, the polymerization degree of hemicellulose is relatively lower (~200) and the

hydrogen bonds are much weaker.
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Figure 24 The dominant hemicellulose in hardwergan (a) and softwood

glucomannan (8%
In plant cell walls, hemicellulose promotes to connect cellulose fibrils together

and contributes flexibility to the overall composites materials. In the traditional pulp and

paper industrial, hemicellulose is pced as a byproduct and is not utilized optim&ily.
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2.2.3 Lignin

Lignin is anothemajor polymeric component in biomass, which acts as a linker between
cellulose bundles and is usually bonded to hemicellulose. In wood, lignin functions to
give strength and rigidity to the cell walls, conduct water in plant stems and resist
microorganismsattack?? The structure of lignin is amorphous and highly branched by
carboncarbon bonds and ether bonds and formed through an oxidative radical
polymerizatiot® with three phenylpropanolic monomers (monolignols)Cqunmaryl
alcohol, Coniferyl alcohol and Sinapyl alcoffolas shown in Figure 2. Typically,

lignin in grasses contains all three monomers, lignin from hardwood contains both

Coniferyl and Sinapyl atthol and softwood lignin mainly contains Coniferyl alcoftol.
Different covalent bonds link between each monolighdhcludingb-O-4, 5-5, b-5,

4-O-5, b-1, b-b and dibenzodioxocff, leading to the complex lignin structure.

HO HO HO
AN X A
1 (0] O O
OH oH | I on |
p-Coumaryl alcohol Coniferyl alcohol Sinapyl alcohol

Figure 25 Three primary monolignols:-@ounmaryl alcohol, Coniferyl alcohol and

Sinapyl alcohol

Until now, there is no certain conclusion to its original structure because the
chemical composition of lignin changes according to the resources and isolation method

employed*® Lignin can be classified into different types accordingly, such as enzymatic

11



lignin, kraft lignin, pyrolysis lignin, lignosulphonate, organosolv lignin and *®tc.

Therefore, the moleculaveight (MW) of natural lignin is still a matter of debate and the

MWs of lignin products vary highly dependent on the separation process. Table 2.2

shows the monomer molecular weights, molecular weights and polydispersities of

different types of lignin. Kaft lignin, a primary byproduct extracted from black liquor

during kraft pulping process through precipitation by controlling the pH value of the

liquor, is the lignin mostly used in this research and the proposed structure of kraft lignin

is shown in Figte 26. Compared with other types of lignin, the degradation by NaOH

and NaS during the kraft pulping process leads to a relatively low molecular weight of

kraft lignin, which is in the range of 10000 D&’

Table 2.2 Molecular weight and polydispersity of different lighins

Lignin type Monomer MW/[Da] MW/[Da] Polydispersity
Milled wood lignin 198 280014200 3.7112.9
Cellulolytic enzyme lignin 187 D1900 5.716.7
Enzymatic mild acidolysis lignin 187 D2000 D3

Kraft lignin 180 1000 3000 2i 4
Lignosulfonate (softwood) 215 254 3600061000 4i9
Lignosulfonate (hardwood) 188 570012000 479
Organosoluignin 188 >1000 2464
Pyrolysis lignin n.d. 3001600 202.2
Steam explosion lignin 188 11002300 1.52.8

* Numberaverage molecular weight

12



The original lignin in natural biomass may be soluble in some certain mixtures of
water and organic solvents. However, lignin products, especially kraft lignin, which are
chemically modified and fragmented during the isolation process, can only dissolve in
alkali aqueous solution and very limited organic solvents, such as dimethylformamide,

dimethy! sulfoxide and furfuraf’

Figure 26 Proposed kraft lignin structufe

During the recent decades, study on valdded application of lignin has drawn
great scientific attention and some progress has been achieved to convert lignin into
valueadded poducts, including liquid fuel¥’ carbon fibef® and chentals, such as
phenol? vanillin®? and styrené®. However, much more efforts need to be done before

these researches translating into commercial practice.
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2.3 Characterization of lignin

As described in Section 2.2.3, the structures of lignin products will vary depending on the
plant species and isolation process, yielding diversity and uncertaintheshical
compositions and physical properties. In order to be optimally applied in the following
modification or degradation processes, it is crucial to identify the details of lignin
structure both qualitatively and quantitatively through advanced charation
approaches.

Fourier transform infrared spectroscopy (FTIR) is widely used to study the
chemical bonds in lignin by obtaining its infrared spectrum of absorption or emission. A
wide band at 3450 cfnfor O-H and a peak at 2935 €nfor the vibraion of methoxyl
groups® are the characterized peaks of raw kraft lignin. Besides, peaks at 1615 and 1514
cmitwere assigned to the-C stretching of aromatic rings in ligrim

Thermogravimetric analysis (TGA) and fdifential thermal analysis (DTA) can
be applied to study the thermal properties of lignin. Raw kraft lignin shows a typical
decomposition region of 30460 °C with a solid residue of 380% at 900°C in N,
atmospheré> *2

Gel permeation chromatography (GPC), one type of size exclusion
chromatography (SEC), igenerally used to determine the lignin molecular weight
depending on the basis of sfZe’* The mobile phase used in GPC can be deionized
water (DI water), tetrahydrofuran (THF) or dimethylformamide (DMF), which is decided
by the solubility of agested lignin.

As an amorphous polymeric material, lignin is supposed to have the glass

transition emperature (J) which can be determined by differential scanrsatprimeter

14



(DSC). Nevertheless, $ of lignin may vary drastically caused by the difference on
lignin types, crostinking degree and molecular weightA generally accepted range of
Ty is reported between 7070°C*°, whichseems very wide and difficult to use.

UV-Vis spectrophotometric analysis is exploited to measure the solubility of
lignin in water. A calibration curve of standard lignin with different concentrations
corresponding solution is needed at UV adsorptio28§f nm, which is considered as
primary wavelength for quantification of lignifr: >’

Recently, tremendous researches interests freused on the lignin
depolymerization into small chemicaf&* To investigate the degraded chemicals in the
solution, somehromatography methods are very helpful, including gas chromatography
(GC), Highperformance liquid chromatography (HPLC) coupled with mass spectrometry

(MS), as shown in Figure 2°%%
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Figure 27 Investigation of small molecules produced by lignin degradation though GC

MS (af?and HPLC (bY°

Among all the characterization approaches, nuclear magnetic resonance
spectroscopy (NMR) is pbably the most important and powerful technique to conduct
the lignin structure analysis. NMR measurements of lignin can be classified on the basis
of excited isotope NMR, *C NMR, 3P NMR), nuclear dimensional resonance (1D
NMR, 2D NMR) as well as saphe statues (solidtate, solutiorstate). The solutiostate
'H NMR, *C NMR, *'P NMR and hetermuclear single quantum coherence (HSQC) are
most widely used to obtain the details of lignin structdfe.

'H NMR and™C NMR are obtained with the respects to hydregemclei and
carbon13 nuclei, respectively, in the lignin molecul&d. NMR shows the difference
between hydroxyl, carbonyl, carboxylic acid, methoxyl, aréeretd aliphatic groups by
the difference of proton chemical shiff€® Compared withtH NMR, *C NMR has a
better resolution and is always used a quantification tool to determine the amount of

carbon atoms in different chemical environméits.
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3P NMR is a general approach to quantitatively determine the content of
hydroxyl groupsin the lignin by forming derivatives with phosphitylation agemnt, 2
chloro-4,4,5,5tetramethyll,3,2dioxaphospholane (TMDP$."”® The reactions of TMDP
and hydroxyl groups are summarized in FiguB’2The contents of the hydroxyl groups
in different chemical environments were determined by comparing relative areas with

authentic internastandard.

o
P RN b g oncly
/P_CI ’ pyndme
& o e \
!

TMDP
phenolic OH 137.3-144.7 ppm
&
o e
] N CDCL / +  HC
pP—Cl + R—OH ——= R /P o
= / pyridine \Q \ %
o o
aliphatic OH 145.5-130.0 ppm
a]
W \F. o+ ).I\ mﬂ )I\ +  HC
- / p\undme e \
W o
carboxyl OH 133.6- 136 6 ppm
0,
) AN CDCl |1 o -
P—cCl + H,0 ———= PH 0+ HCl
o / pyridine
W e
TMDP 16 Uppm

CDCL

W \F_CI . [T \ / \.\ / —
- / . pyndmc

&g o

132.2ppm

Figure 28 Reactions of TMDP with hydroxyl functional groups and #ieNMR

assignment olignin derivative*

HSQC NMR suggests its unique advantage by show the separation of heavily
overlapped peaks in 1D NMR spectra caused by the complex of lignin strifctita.
the HSQC technology, the magnetization betweeh &hd G13 nuclei is transferred by

two polarization transfer delay periods and the obtained spaavade the information
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of directly bonded protons and carbon atdm$herefore, the information of different

structural units and lignin intamit linkages can be obtained with HSQC, as shown in
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Figure 29.
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Figure 29 HSQC NMR of isolated Aspen ligriify

2.4 Lignin modification and lignin-based surfactant

Lignin contains both hydrophilic functional groups as well as lipophilic carbon backbone,
suggesting a special affinity to aqueous and organic phases. Therefore, lignin is expected
to be a good candidate of surfactant. However, the challenge is the liingiéu
solubility difficulty in both aqueous phase of neutral or low pH value and most organic
solvents ananonomers, which hinders its practical application. Recently, many scientific

investigations have been conducted on lignin to control its amphippileodification
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and the resultant modified lignins show good potential in the field of dispersion and

emulsification as bidased surfactanté.

2.4.1 Lignin modification by chemicals

Although the detailed structural pattern for different types of lignins arama&ss most
lignins contain some common functional groups, including of hydroxyl, methoxyl,
carbonyl, ether and carboxylic acid groups. The diversity of functional groups combined
with its carbon backbone may cause the difficulty in solubility, howevasdt provides

the possibility of various kinds of modification approaches, such as esterification,
acylation, halogenation and sulfonati@nin order to tune the chemical and physical
properties, different modification approaches have bearried out to introduce

functional sections onto lignin, as shown in Figure®?.1

Hydroxyalkylation

CH,0 \
Lignin OH ———————» | Lignin 0
S NaOH ——— o

0\ 0\
CH, CH;

Amination CH,

3
y CH,0
) Lignin - OH ————— Lignin OH
- NH(CH3), - .

0\ 0\
CH; CH,

Nitration

. N C(NOy), ?
Lignin ——Q~OH —_— Lignin  * OH
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X HNO, - -

[ AcOH o,

CH, CH,

Figure 2.D Summary of the chemical modification of lighin
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The hydroxyl groups in kraft lignin are generated by the fragmentation of lignin
macromolecules through the bonding cleavage of the phenylpropane units in kraft
cooking digester by NaOH and )&% ® There are both aliphatic and phenolic hydroxyl
groups in lignin, which can be functionalized by reactions with different chemicals, as
shown in Figure 21 Alkylation and alkoxylation modifications @rproposed to occur
easily on these hydroxyl sites through nucleophilic aromatic substitution redGtitimes.
resultant lignin devatives can be used as gelymers in the cpolymer preparatiof*

8 Nitration of lignin can be achieved by reacting wittric acid and the asbtained

lignin is proposed to be used as fhilers of polyurethane matri¥ ® with amine and
formaldehyde, lignin amination can be carried out through the Mannich reactigheand
modified lignin shows great potential as a cationic surfactant as well as a reinforcement

filler of polymer composite&’®°
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Figure 2.1 Functonalization of hydroxyl groupg

Another important and effectivenodification approach is esterification, which
can convert the hydroxyl groups into est®&sAcids, acid anhydrides and acidic
compounds have been demonstrated to be good esterifying Zg#tsin purpose of
preparing novel macropolyols, propylene oxide is used to esterify lignin with alkaline
catalysts* % In the area of lignifbased resins, lignin phenolatisncarried out to
enhance its chemical reactivity by introducing mb&H groups onto lignin structurg.
Typically, the corresponding propertiestbé modified lignin can be tuned by adjusting
grafting chemical, reaction conditions and esterification exteRor example, a fully
esterification of hydroxyl groups in kraft lignin by butyric anhydride makes lignin

completely soluble in styrene while raw kraft lignin is not soldBIModification by
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esterification has been demonstrated to be a good strategy to functionalize lignin,
however, it is noticeable thahe properties of resultant lignin derivatives are highly
dependent on the amount of hydroxyl groups as well as other types of functional groups

in lignin.

2.4.2 Ligninbased surfactant

In the typical lignin molecules, there are both hydrophilic pheradipdiatic hydroxyl

groups and lipophilic carbon backbone, proposing a special affinity to polar and nonpolar
phases as a surfactant. However, a certain modification step is often necessary to further
control its amphiphilicity and solubility. Recently, myaresearches have been conducted

to control the amphiphilicity of lignin so that the resultant derivatives can be applied in
the field of dispersion and emulsification as -based surfactanfs. These obtained
sustainable surfactants would not only extend the application of lignin, but they also

show better environmental compatibility compared with traditional chemical surfactants.
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Homma et al. used poly(ethylene glycol) to functionalize kraft ligdihThe
resultant lignin derivative successfully lowered the critical aggregation corto@mtia
gypsum by 2~4 orders of magnitude. Zhetual. prepared a watesoluble ligninbased
surfactant  through  the  alkylation  with -bfomododecane in  alkali
pyridine/isopropanol/water systethThey found that the water/air surface tension was
reduced from 72.8 to 28.2 mN-mwhen the resultant lignin derivative was applied.
Besides, Guptat al. grafted polyacrylamide and poly(acrylic acid) onto kraft lignin
through reversible additieflagmentation chaitransfer (RAFT) polymerizatioff. The
grafted lignin was used to prepare emulsions of water and hexane where the low grafting
density in the modified lignin was hypothesized to favor partitig into hexane side of
the oilwater interface, as shown in Figure 2.1n another study, copolymerization

between kraft lignin and acrylic acid was conducted by Kengal®

The lignin
copolymer product is watesoluble under acidic condition (pH=4).

Another strategy of enhancing its surface activity performance is to introduce
highly hydrophobic groups onto lignin maldes. Ligninbased anionic/cationic
surfactant was synthesized by Zhetual, ° where a hydrophobic polyethylene glycol
chain was introduced to sodium lignosulphonate (EEBGs). The surface tension in
water/air interface decreased to 39 mNwhen SI-PEG was used with CTAB. Surface
active organosiloxanolates were chosen as modifiers to improve the hydrophobicity of
lignin by Telyshevaet al!®* These studies demonstrated that the interfacial activities of
lignin could be improved by effective chemical modification.

Additionally, the ligninrbased cement dispersant was successfully synthesized

through calcium lignosulfonate oxidization by hydrogen peroxide and the corresponding
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dispersibility was improved by 34 48 Besides, more cement dispersants were prepared
from lignin by grafting with ethoxy (hydroxy) propoxy polyethylene glycol
glycidylether, polyethylene glycol diglycidylether and dodecylpayyethylene glycol
glycidyl ether and reported by Aset al'®'% Furthermore, Oyang and Fatechi
modified kraft lignin by sulfomethylation and the resultant product also showed great
potential as cement dispersafft.

However, to the best of oum&wledge, only few publications related to-oil
soluble lignin with good surface activity and stable W/O emulsion are reported in the
literature. In Chapter IV, we tried to improve the compatibility of lignin and organic
monomers by chemical modificationadasynthesize bivased surfactant which can be

used as an emulsifier to prepare W/O emulsion.

2.5 Lignin-polymer composites

2.5.1 Polymer blending

Blending is one of the most commonly applied approaches to prepare polymer
composites with desired propedi With its rigid structure and high polarity, lignin has
been demonstrated to show great potential as an organic component in the area of
polymer blends?’ The blends of lignin and polystyrene (PS) were simply prepared by

melting mixing in an internal batch mixer by Mohaneidal *°®

and they investigated the
chemical and physical properties of theoksained blends with different lignin conte
Maurizio et al’®® blended lignin with poly(ethylene w&phthalate) (PET) through a

singlescrew extruder. The influence of lignin on the crystallization of PET and thermal

properties of the lignin/PET composites were studied. Another example is the blend of
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lignin and poly(ethylene oxide) (PEO) synthesizedJopinet all*

wherelignin and

PEO were miscible due to the hydrogen bonds between these components. Actually, the
miscibility of lignin with many other polymers is poor, which seems to be a big challenge
hindering the further development of lignin/polymer blends. Chasysé''* studied the
compatibility of lignin with differentpolymers and concluded that in order to obtain the
expected blends, researchers needed to make careful choices on both technical lignin type
and polymer structure.

The bad miscibility of lignin and polymer in the blends is resulted from the poor
interfacil binding between these two componéntsio overcome this chahge,
chemical modifications are carried out to tune the structural affinity of lignin, which is
further employed in the thermoplastic composites. Astull**? modified lignin with
maleic anhydride first and prepared the blends of commercial polypropylene (PP) with
the resultantlignin and found that its mechanical properties had less deterioration
compared with the blends of PP and raw lignin. Furthermore, poly(methyl methacrylate)
grafted lignin was blended with polyethylene (LDPE) by RRN Sdifajand the as
obtained composites showed improved mechanical and thermal propertiest\shq
reported that flms of nanocomposites blended by poly(lactidep)Rand modified
lignin could be obtained through casting in chloroform. The addition of lignin was found
to increase the elongation at break and toughness.

Beside of the thermoplastic materials, lignin is also demonstrated to show
potential as reinforceeamt agent in the rubbery polymers. Alkyl esters were used to

I 115

modify lignin in the work of Teramotet al.~> and the resultant lignin was blendedhw

p o | -gaprdlactone) (PCL). They found that when the ratio of lignin and PCL was 1:1,
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the mechanical properties of the composites, including strength and elongation at break,
were improved significantly. Su@t all'® prepared the lignimeinforced styrene
butadiene rubber (SBR) where lignin was first modified into ligayered double
hydroxide composites by in situ method. In this research, lignin was demonstrated to be
well dispersed in theomposites by different characterization approaches. And most of
the major mechanical properties of the composites were improved.

Lignin/polymer blends can also be applied in other functional areas, including UV

protection, antioxidant as well as carbaeqursors. Pouteaet al'’

reported that the
antioxidant activiy of lignin/PP blends would decrease first and then increase with the
increasing of lignin content. Furthermore, in the case of lignin/PLA bi&hdkhe
addition of lignin into PLA would create the antioxidant capability while the pure PLA
showed no this kind oproperty. The phenol groups in lignin can serve as the radical
scavengers and therefore, lignin owns the potential as the agent for UV protection, which
has been demonstrated by blending with PCL throughdmgingy ball milling conducted

by Racheleet al''® Besides, the blend of PCL and lignin (PMMA grafted lignin) was
found to be biocompatible, which could be applied as one biomedical m&t&tigjnin

is also a good precursor of activated carbon inethergy storage area. i et al'*

prepared the lithium ion battery electrodes through the carbonization of lignin/PEO blend,

which showed good conductivity and electrical properties.

2.5.2 Chemical grafting
Using lignin molecules s monomers by grafting polymerization on lignin is another
strategy to synthesize lignjpolymer composites. Since lignin has a relatively high T

due to the rigid aromatic structure, the copolymers of lignin with some soft elastomeric
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polymers may resulin thermoplastic properties of which the mechanical strength is
provided by lignin and the rubbery characteristics are from the soft synthetic p&fymer.
The ligninbased polyurethane is one of the most important examples. The synthesis of
lignin-based polyurethane can be realized through the grafting of isocyanate groups onto
hydroxyls group sites of lignin and forming the urethane bonds via mixing Jlignin
diisocyanate and another diol monofigpr polymerizing lignin with isocyanateased
prepolymers® Nakamura et al. studied the thermal properties of ligiGbased
polyurethane and found theig Tould be tuned by changittige content of lignif?* Saito

et al'® discovered that the tensile strength of thepmpared polyurethane would

improve as they increased the lignin content up to 75%.
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Figure 2.B Two-step synthesis of ligniiN-isopropylacrylamide copolym&f

In the atom transfer radical polymerization (ATRP) and ring opening
polymerization processes, lignin molecules are used as both one copolymer component as
well as macrdnitiators. The copolymer of kraft lignin and-iNopropylacrylamide was
synthesized through a twsiep process, as shown in Figure3%?3 where lignin wa first

modified with 2bromoisobutyryl bromide and then the ATRP was carried out with the
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asmodified lignin as initiator. The solubility of the obtained copolymer material could be
controlled by the ratio of lignin and-Nopropylacrylamide. Besides, Sima et al’?’
demonstratedhat ATRP could be applied to prepare ngaaticles of ligninpolymer
composites with an average diameter of 5 nm, which also showed improved mechanical
properties, including J and modulus. Lignipoly(lactide) (PLA) composites can be
prepared throughirlg opening polymerization, which was reported byL¥i et al!?® on

the initial purpose of increasing the compatibility of lignin and other polymer. The
toughening mechanism and mechanical improvemetiteofigninPLA composites were
further studied by Yangt al**and they reported that the crazing, the stereocomplex and
the rubber phase were the major factors which resulted in the enhancement.

Additionally, as describe in Section, reversible addfi@gmentation chain
transfer (RAFT) polymerization waglso employed to graft polyacrylamide and
poly(acrylic acid) onto kraft lignin, which was carried by Guptaal?* The obtained
lignin was used to prepare emulsions of water and hexane as surfactant. Satahtfér
reported the copolymerization of lignin and vinyl acetate \{ihi;).Fe(SQ),-6H,0O as
catalyst in the aqueous phase. They investigated the effects of reaction parameters on

grafting extent in detail.

2.6 Biomass pretreatment

The diminution of fossil fuels has attracted the use of plant biomass as an alternative
sustainable source of building blocks for chemicals, materials and biofuels.

Lignocellulosic biomass which is readily available in large amounts represents a

potentially sustainable source of liquid fuels could satisfy the energy needs for
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transportation and electricity generation with green chemistry perspectives. Potentially
cellulose and hemicellulose in abundant feedstock include crops (corn, sugar cane),
agriculturd wastes, forest products, grasses, and alga® €ft can be converted to
ethanol, Shydroxymethylfurfural (HMF), 2,5limethylfuran (DMF), levulinic acid and
methyl furan, along with other energy platform molecules. The conversion process of
lignocellulosic biomass to fuel typically consist$ three steps: (1) pretreatment; (2)
hydrolysis of cellulose and hemicellulose into fermentable sugars; and (3) fermentation
of the sugars into liquid fuels (ethanol) and other commodity chemicals. Efficient
conversion of lignocellulosic biomass to ferrtedsle sugar depends largely upon the
physical and chemical properties of biomass, pretreatment methods, effective
microorganisms, and optimization of processing condittdh3he ideal pretreatment
should break the lignocellulosic complex, increase the active surface area and decrease
the cellulose crystallinity, while limiting the generation of ibitory byproducts and
minimizing hazardous wastes and wastew&ter”

The largest technicddurdle for the efficient utilization of lignocellulosic biomass
is the recalcitrance of lignocellulose to enzymatic degradation. Nowadays, one of the
most critical needs for the commercialization of lignocellulosic biofuels is an efficient
biomass pretreatent technology. In general, pretreatment can account for up to 40% of
the total processing costs in the bioconversion of lignocellulosic biohradhe
traditional pretreatment methods of lignocelluloses mainly include steam explosion,
dilute acid, ammonia fiber expansion, hot water, lime and organic solvent pretreatment
technologies>® However, mostof these processes require high temperatures or harsh

chemical environments, leading to the formation of side products and being remarkably
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energy intensive. Recently, cellulose solvents have attracted more and more attention,
because they can break tleealcitrant structures of biomass effectively under relatively
gentle condition$®” They can break the linkages among cellulose, hemicellulose and
lignin, and also dissolve highlgrdered hydrogen bonds in cellulose fibers, thus leading

to the great increases in enzyme accessibility.

To the best of our knowledge, in most of the current pretreatment processes, wood
chips are first grinded into powers before the chemical/thermal treatment, which is highly
erergy-consuming. Therefore, finding an effective pretreatment method where wood
chips can be used directly will save a large amount of energy and cost and be a promising

direction.

2.7 Thermochemical conversion of lignin into aromatic components

Lignin is the only largevolume natural feedstock composed with aromatic Ghiighich

are crosdinked through the enzymatic mediated dehydrogenation polymeriZatishe

high aromatic nature makes lignin as one of the few natural-&ma@e sources for
prodiction of aromatic compounds and its extraction from lignin is recognized as crucial
aspect to the economic sustainability of integrated biorefineries. Generally, the
amorphous structure of lignin is formed by the couplings reactions of oligaligemer,
oligomermonomer as well as monoraeonomer:*® The major linkages in lignin

i ncl ©Ode-5MM1 pb b5 and 40-5 (as shown in igure 2.5 *" %%, among
whi c@®4 idregarded as the mashportant target during the degradation process
since it may account up to 50 % of the total linkages of lijHiBesides, the diversity of

the linkages types makes it more difficult and complicated to degrade lignin effectively
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and selectively. Recently, the research interest on lignin upgrading to yield aromatic
chemicals has increased through different techniques, such as oxXifatieductior*®,
electrolysi§? hydrothermal treatmelif and biologcal treatmerit”® as shown in Figure
2.14% Until 2007, the major commercial qifucts generated from lignin degradation
processes were vanillin, dimethyl sulfide, and dimethyl sulfoXi¥in this research, we

only focused on two major thermochemical approaches, oxmai@ reduction, to

convert lignin into valueadded aromatic components.
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Figure 2.3 Brief summary of lignin degradation approaches and protfficts
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2.7.2 Lignin degradation by oxidation
Lignin depolymerization by oxidation is an important strategy to isolate aromatic
components from lignin through the oxidative cracking reactions and cleavage of the
chemical bond$** The most commonly used oxiilze agents include oxygen gas, metal
oxides, nitrobenzene and hydrogen pero%fd@he pralucts from lignin oxidation

processes may vary depending on the reaction conditions, ranging from vanillin,
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syringaldehyde, 4ydroxybenzaldehyde to carboxylic acids. As the most abundant and
cheapest oxidative agents, oxygen is proposed to be the ideadai@ to oxidize lignin.
However, without a catalyst, the low rate kinetics of overall reactions and the poor
selectivity of the ambtained products hinder the practical application of oxygeH?
Therefore, numerous researches have been focused on the development of novel catalyst
systems to optimize the lignin oxidative degradation process, including metal salts
catalysis, metalree orgaic catalysis, acid or base catalysis, organometallic catalysis as

well as photocatalysis.
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Figure 2.5 Proposedxidation mechanism with Gliand F&" as the Catalyst&’

Transition metal salts are an important category of lignin degradation catalysts.
Metal ions with bivalence, such as ¢,oMn** and Zif*, can generate moderate vyield of
products througHignin model compounds in acids with the presence of oxyden.
However, the yield from hardwood ganosolv lignin was low, which was around

10.9 %! Besides, CuSpand FeGJ were used in an alkaline solution by Wual*®
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1%%0 oxidize stearexplosion hardwood lignin and the yield afomatic aldehydes was
improved to 14.6 %. The proposed mechanism d6f @nd F&* on lignin degradation is
shown in Figure 2@“*°. Compared with the traditional metal oxides, the perovsijie
oxides (ABQ), such as LaCof) LaMnGQ;, and LaFe@ show more advantages in the
lignin oxidation area due to their high catalytic activity and improved stabifityhe
catalytic activity of the perovskigpe oxides can be further improved by the
substitution of A or B- cations'*? It was reported that the hollow naspheres of
LaFeMn; 1 Q3 and LaoSriMnO; was demonstrated to be more effective to oxidize
lignin in the wet air condition compared with conventional perovskjte oxides>*
Furthermore, the substitution of ®ased (LaCog)*>> and Febased (LaFeg)"*° oxides
by Cu ions (LaFe;GuOs LaFea GuOs;) was proposed to promote the lignin
degradation by increasing oxygen vacancies concentration and, thus, increasing the
amount of adsorbed oxygen surface active site.

Polyoxometalates (POMs) are a class of anionetaloxo polyhedral clusters
formed with metal centers and oxygen atoms at the veftit&8.Recently, POMs are
also explored to oxidize lignin in Ltmospheré®® 161 [Siw,;,VO4® 'was reported to be
able to degrade phenolic lignin model compounds only by Weinstocd®? while
[PMo;V5040]® "showed catalytic activity on both phenolic and nonphenolic Hfitshe
reaction mechani sm wa sarylfether tirneesrandiwasvliscéosed g at e
to differ for phenolic and nofOpihueit,dhei ¢ un
cleavage of the linkages involves both hydrolytic cleavagéeftkyphenyl bonds and
the typical aciecatalyzed splitting, as shown in Figure 2.{up). In the case of

nonphenolic wuni t-aryl etherhpeoceeds thrmugla Y@neaettronb
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oxidation of aromatics followed by homolytic cleavage ¢fGz ard -4 linkages, as
shown in Figure 2.4 (bottom). Besides, another POMgH#Mo0,,040 Was applied as the
oxygen vehicle to degrade lignin since its redox potential is higher than lignin and lower
than oxygert®® They also discovered that the addition of small alcohol molecules into the
degradation system could effectively prevent thpalymerization of lignin fragments in
agueous phase and, thiere, promote the product yield.

Another strategy of lignin oxidation is focused on the combination of oxidative

agents with ionic liquids. Zhet al'®

reported a lignin oxidatioratalysis system of
palladium (0) and iron bis(dicarbollide) pyridinium salt in the mixture of
[Bmim]PFs/[Bmim][MeSQOq]. This catalysis system was demonstrated to be effective and
enhanced the conversion of the lignin modempounds by increasing the lignin
solubility. The use of ionic liquids as solvent of the oxidation process can not only
promote the solubility of lignin, it will also make the degradation extent controfifble.
Weckhuyseret al!®® compared the effects of different metal salts, such as G0,
Co(acac), FeGO4, Ni(NOs),, Cu(acac), and Mn(NQ),, in 1-ethyl3-methylimidazolium
diethylphosphate Emim]DEP). They reported that the Ce®H,O showed the highest

reactivity in [Emim]DEP with high selectivity and also the activity order of different

metal ions was Co > Cr > Fe > Ni >MnCu.

35



/ ! /
¢] [s] o
w0 J ) g
o " o H z ° H".fHZO 4
-H;0 HO@
HayCO H,yCO HaCO' HaCO HsCO
OH OH OH

Guaiacol
HPA-5,, Route a: Acidolylic splitting of the p -0-4 linkage
HPA-5,04 /
4 ¢ ~
HO. /\CHO 9" “coow
(¢) -H*,-1e HO. o H,0 HO.
L T e — o
o HPA-5,, HPA-5 4 I{PA 54 HPA-S.,
Hy HyCO HsCO OCH, eRe
OH 0 2

Route b: Oxidation by HPA via two consecutive one-electron oxidations.

HLCO
oo o Yo

vy = v, HO,__CH,» HO,__cH,* HO, __.CH,OH
(W) VV) R V(IV) H,O
HaCO HiCO' — .
HyCO

OCH, OCH, -le -
3 3 HaCO' H HaGO'

K OCH,3 OCH,3 OCHy
v
(W) CHZ

CH,* GHZOH

e @ I Be
—_— —
Haco -le HaCO -H* HsCO I—[COH HyCO'
ch0

ocHs CHOH _1 / 1o {
:@/ _ole o, CHO o COCH
HeCO' CH;OH VV) = vIv) vy = vav, O:Q/
Hi

OCH; o
Figure 2.7 Cleavage of phenolic (up) and nonphenolic {bot mD-4 linkages by

POM!42

2,2,6,6tetramethylpiperidind-oxyl radical (TEMPO) is an effective metake
catalyst to convert primary hydroxyl groups into carboxyl grétpsvhich is furtker
applied for lignin depolymerizatiott. 1°® It was reported by Zhaet al'® that in the
TEMPO oxidation system, the conversion was supposed to be decide by three factors:
TEMPO, oxidative agents and reaction environmdiite mechanism of a TEMRO
|58

mediated ligm catalytic system in the aerobic conditias proposed by Staldt al.

They proposed that the system combined with Hid@d HCI should have high chemo
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selectivity on secondary benzylic alcohols and they tested various lignin model
compounds, as shown in Figure % They further develogk another process where

formic acid was used in the system and the resultant yields increased up to 8 wt %.
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Figure 2.B Chemoselectivity of TEMPGmediated oxidative system ¢ignin models®

2.7.3 Lignin degradation by reduction reaction

Benzene, toluene and xylene are the three major ideal chemicals derived from lignin
since they are the starting chemicals and act as the building blocks of other aromatic
compound$® However, the chemicals produced from current lignin oxidation processes,

such as vanillin and syringaldehyde, giiilssess some extent of oxygenation. In order to
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obtain the completely deoxygenated aromatic compounds, reduced depolymerization or
hydroprocessing cleavage is crucial in the lignin upgrading process. Technically,
hydrogenolysis is the process where hydroggéoms break the -C or Gheteroatom
bonds and add to the ndarmed molecule$?? This process is further developed into
hydrodeoxygenation when combined with oxygen removal.

As one of the most popular hydrogenolysis catalyst, Nibkskd catalysts were
applied in the area of lignidegradation starting back to the 1940sSergeewet al'™
demonstrated that the {dased complex could cataly#ee hydrogenolysis of aryl ethers
at 100°C under 0.1 MPa Hatmosphere with yields of 539%. Another Si@supported
Ni catalyst was reported to br-64kO&ang | et h
4-0-5172 Beside of the model compounds, activated carbon supported Ni catalyst were
reported t o s-©4dnkdage of Bghogulfoodteeramethan@ by Soely
al.’”® They further studied the effects of different alcohols as solwentlignin
depolymerization with Ntarbon catalysts and indicated that alcohols served as proton
donorsandblg as wo ul dalignin canfefsierié*t t h

Another important category of hydrogenolysis catalysts are the metals in platinum
group, including Pd, Pt, Ru, Rh and Ir, which have higher intrinsic catalytic activity
compare with N*? Toledanoet al!” reported that monomers, dimers and oligomers
were successfully prepared from organosolv lignin through cleavage eD-afyphatic
and arylO-aryl bonds by AISBA-15 supported Pd, Pt and Ru catalysts. Boetial >
studied the impact of different types of lignin on the products of catalytic degradation by
Pt/Al,O3 and suggested that yields of monomers were highly related to the proportion of

b-O-4 linkages in lignin. However, due to the high catalytiovay of hydrogen, the
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selectivity of catalysts in this group is not very high since they will not only promote
hydrogenolysis of lignin and they also affect the rate of other hydrogen related reactions
as well as side reactioR$Therefore, mild reaction conditions are preferred. Paggell
al.'®introduced Zn into Pdhased catalysts and discovered that the new catalyst showed

high synergistic effects on lignin conversion as well as a high selectivity on

hydrodeoxygenation of aromatic alcohols without the impact on arenes.

OH o} OH
R OCH5 R OCH, R OCH5 Dehydratlon
2H, H, H' + CH;0H —— + CI—[;OH
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Pd Hydrolysis isomerization
= Rl
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+ CH3OH — or + CH;OH + CH3OH —- + CH;OH
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Figure 219 Proposed mechanism for phenolic aromatics hydrodeoxygenation with Pd/C

and acid

Other types of catalysts, such as molybdeased compounds and metal
phosphide¥® " also show potential in lignin hydrodeoxygenation. Besides, some
bimetallic catalysts, including Pt&H, PtSA®, PtRé®? NiRe'®*and etc., can improve the
selectivity of hydrodeoxygenation compared with monometal catalysts. It isepladed
that the bifunctional catalysts containing both metal and acid components can increase
the reaction kinetics and product selectivity. For example, Ztaal!®* studied the
bifunctional catalysts of carbon supported Pd, Pt, Ru and Rh with phosphoric acid and
found that they could convert phenolic compds into cycloalkanes and methanol

through hdyrodeoxygen process with the mechanism shown in Figl®e However,
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most of these catalytic reactions were carried out on lignin model compounds and very
few hydrodeoxygenation researches were conducted win lkpmplex. Oasmaet al®
reported the catalytic hydrotreatment on organosolv lignin and kraft lignin with
ammonium heptamolytate and the hydrodeoxygenation degree reached 98%.

Using hydrogerdonating solvents, such as the mixture of phevater®® and
supercritical methanol or watéf, is an alternative strategy of lignin hydrogenolysis.

Huanget al®®

combined themetal catalysts (CuMgAIQ) and supercritical ethanol and
found an effective approach to lignin hydrodeoxygenation with an aromatic monomer
yield of 23 wt % of lignin. Another kind of solvents is the ionic liquid. Binderl**°
conducted the hydrogenolysis of lignin model compounds ireth$t3-
methylimidizolium chloride and triflate with metals and acids as catalystems and
were able to isolate the expected products with velgthigh yields.

However, most of the lignin degradation processes are carried out at very harsh

conditions. Therefore, it is necessary to develop a new and effective method that can

convert lignin into aromatics under very mild conditions.
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CHAPTER IlI

PLOBLEM ANALYSIS AND OBJECTIVES

3.1 Problem analysis

As reviewed in Chapter 2, the production of biomass from agricultural and forestry
sources is more than 1.3 billion tons annually. A study proposed that the coupling
A b i o-ooaversion technolgi es o0 amsekoflcaomnud d not onl y me
increasing need for fuel, and also it would not affect the production of food, feed and
fiber. Recently, the advent of biorefineries that convert cellulose into liquid fuels
generates more lignin tharecessary substantially. Over 90 % of the lignin generated is
burnt for heating directly, which is a great waste of natural resources. Therefore, lignin
valorization into valueadded products is of great significance to the society.

It is indicated from he literature that the limited solubility, poor miscibility with
other polymers and structure heterogeneity are the major obstacles hindering the further
application of lignin. Besides, the strong covalent bonds between various units in lignin
make it dificult to degrade lignin into small aromatic compounds under mild conditions.
The primary objective of this thesis is to prepare vadeéed products from lignin. There
are two common strategies: the first is to use lignin as a natural macromoleculaalmateri
and the second it to decompose its complex structure into low molecular weight
chemicals.

In order to use lignin in its macromolecular status, we seek to find some special
properties from lignin. Lignin contains both hydrophilic functional groups ds age

lipophilic carbon backbone, suggesting a good candidate of surfactant. Also lignin can
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provide mechanical support in woods due to its rigid aromatic structure, which shows
potential as fillers in the polymer composites. Hence, the desired solubiiueous or

oil phase and good miscibility are crucial, which is actually affected by the heterogeneous
structure. To overcome these challenges, we seek different modification reactions to tune
the structure of the lignin and obtain the desired propgertée further demonstrate its
application as the emulsifier for wateroil emulsion and substitution of traditional
polymers in the porous aerogel.

In order to prepare useful chemicals from lignin, we seek to find some good
catalysts that can degradgriin in a green and sustainable method. As mentioned in
Chapter 2, lignin is the only natural aromatic macromolecular feedstock of large
production; however, all the aromatic units are linked with cadashon or ester bonds,
which can only be cleaved withigh energy. There are two common chemical
degradation methods: oxidation and reduction. Oxygen is the most ideal oxidative agent
due to its universal availability and environmesitedndliness; however, the challenge is
the low oxygen solubility in seent and limited reaction kinetics at the liqugds
interface. To overcome this challenge, we design the catalyst system with the
combination of FeGland NaNQ, which serves as the molecular vehicle to transfer
oxygen onto the reaction sites andrtorease the overall reaction rate. We further apply
this system in the application of wood chips pretreatment. In the case of reduction, we
choose anthraquinone and formaldehyde as the catalyst system to overcome the similar

challenge.
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3.2 Objectives
3.2.1 Objective 1

To prepare organic phase soluble lignin though modification with different
chemicals and investigate its interfacial activities as surfactant.

Lignin is supposed to a good candidate of surfactant since it contains both
hydrophilic and atophilic units in the structure. However, most researches are focused
on the aqueous phase soluble surfactant. In this objective, we will study the structure in
detail with different characterization approaches and seek chemicals to graft onto lignin
in order to make it soluble in organic monomers. The effects of modified lignin as
surfactant on interfacial tension between aqueous and organic phases will be investigated.
Further, we will apply it in the area of emulsification and study the stability -of as

prepared emulsion.

3.2.20bjective2

To substitute traditional polymer with lignin and prepared the aerogels of the
lignin-polymer composites. Also to study the effects of lignin on the properties of the
as-prepared composites.

Lignin is supposed to be @gd substitution of traditional polymer due to its rigid
structure and mechanically supporting role in the wdéowever, the fabrication of
lignin-based emulsicderived composite foams has not been fully disclosed. In this
objective, we will increase theompatibility of lignin with other polymers and further
design an effective route to prepare lighesed polystyrene composites, in form of films
and porous structures. The effects of lignin on the mechanical, thermal, physical and

dimensional stabilitvill be investigated.
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3.2.30bjective 3

To prepare aromatic compounds through lignin oxidationusing redox ion pairs as
catalystunder mild condition.

Lignin is supposed to be good sources of aromatic chemicals since it is composed
with aromatic units. Hwever, the degradation process challenging due to its
complicated structural pattern and strong covalent bonds. In this objective, we will offer a
low temperature oxidative degradation of lignin to form vanillin by using a redox couple
catalyst undermild conditions. The reaction parameters, such as catabmttent
temperature and reaction time will be studied. We will discuss the mechanism of the

catalysis process.

3.2.40bjective 4
To pretreat and break the lignocellulosic complex ofhardwood and softwood chips
directly by redox ion pairs under mild conditions.

Pretreatment of lignocellulosic biomass, especially for softwoods and hardwoods,
plays the vital role in conversion of cellulosic biomass to bioethanol. Although many
pretreatment technalies have been reported, almost all effective pretreatment methods
cannot handle large sized woodchips directly. In this objective, we will report a simple,
effective and low temperature (~100) process for pretreatment of hardwood (HW) and
softwood (SW)chips directly by using a catalytic system of FAZANG; redox couple.
Theworking mechanism and understanding the structural changes of hard and softwoods

during the process will be provided.
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CHAPTER IV
BUTYRIC ANHYDRIDE MODIFIED LIGNIN AND ITS  OIL -WATER

INTERFACIAL PROPERTIES

41 Introduction

With an increasing concern over the fossil fuel shortage and environmental sustainability,
great efforts have been made to utilize materials from renewable resaudess bio

based surfactanf.Lignin is the second most abundant biomass resources on earth and
the production is around 50 billion tons annudfyHowever, over 90% of lignin is
currently disposed directly as cheap fuet®® Studies on valuadded pplication of

lignin have drawn great scientific attention, and some progress has been made to convert
lignin into valueadded product§™® Recently, many scientific investigations have been
conducted on lignimo control its amphiphilicityso that the resultant lignin can be applied

in the field of dispersion and emulsification as-based surfactant§.These sustainable
surfactants would not only extend the application of lignin, but they also show better
environmental compatibility compared with traditional chemical surfactants. Haghma

al. used polyéthylene glycol) to functionalize kraft lignin’’The resultant lignin
derivative successfully lowered the critical aggregation concentration in gypsum by 2~4
orders of magnitude. In anothestudy, Guptaet al. grafted polyacrylamide and
poly(acrylic acid) onto kraft lignin through reversible additiomgmentation chamn
transfer (RAFT) polymerizatioff. The grafted lignin was used to prepare emulsions of
water and hexane where the low grafting density in the modified lignin was hypothesized

to favor partitioning into hexane side of the-witer interface.
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Naturally, most lignin is formed through an oxidative radical polymeriz&tion
three main monolignols:-pounmaryl alcohol, coniferyl alcohol and sinapyl alcéhol
The functional groups of lignin may change depending on its biomass resources and
isolation proceds. Kraft lignin, used herein, is a primary byproduct extracted from black
liquor during the kraft pulping process in the conventional paper and pulp industry. The
hydroxyl groups in kraft lignin are generated by the fragmentation of lignin
macromolecules through the bonding cleavage of the phenylpropane units in kraft
cooking digesteby NaOH and Nz82% 8! Kraft lignin can only be dissolved in a very
limited selection of organic solvensd basic aquesusolution?* This problem often
hinders the strategic utilization of lignin for variouaslustrial applications. Nevireless,
on the other hand, the diversity of functional groups allows the possibility of many
different modifications, such as esterification, acylation, halogenation and sulfof&tion.

Typical lignin contains both hydrophilic phenolic/aliphatic hydroxyl groups and
lipophilic carbon backbone, which suggests a special affinity to polar and nonpolar
phases. Therefore, it owns great potential to be used as a surfactant. Hooavaina
modification step is often necessary to control its amphiphilicity and solubility. Zhou
al. prepared a watesoluble ligninbased surfactant through the alkylation with 1
bromododecane in alkali pyridine/isopropanol/water syst&mThey found that the
water/air surface tension was reduced from 72.8 to 28.2mMhen the resultant lignin
derivative was applied. In another study, copolymerization between kraft lignin and

acrylic acid was conducted by Korg al®

in an aqueous solution using,$O0si
NaS,03 as an initiator. The lignin copolymeproduct is watesoluble under acidic

condition (pH=4). Another strategy of enhancing its surface activity performance is to
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introduce highly hydrophobic groups onto lignin molecules. Lidgrased
anionic/cationic surfactant was synthesized by Zleoual,'® where a hydrophobic
polyethylene glycol chain was introduced to sodium lignosulphonateRE®s). The
surface tension in wet/air interface decreased to 39 mi when SI-PEG was used
with CTAB. Surfaceactive organosiloxanolates were chosen as modifiers to improve the
hydrophobicity of lignin by Telyshevat al!® These studies demonstrated that the
interfacial activities of lignin could be improved by effective chemical modification.
However, to the best of our knowledge, only few publications related 1o oil
soluble lignin with good surface activity and stable W/Qulsmon are reported in the
literature. The objective of this work is to improve the compatibility of lignin and organic
monomers by chemical modifications and synthesizebbged surfactant which can be
used as an emulsifier to prepare W/O emulsion. higgolubility was investigated by
chemical analysis. Reactions of lignin with BA, MPS, and BIBB were studied in detail by
determining hydroxyl group content in lignin. Moreover, the interfacial tension between
water and organic monomers was investigated thedmodified lignin showed great
potential in enhancing interfacial stability. Herein, we successfully synthesized a series of
bio-based surfactants derived from kraft lignin. These surfactants are effective in
reducing interfacial tension between aquéonganic phases and preparing stable W/O

emulsions.
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4.2 Experimental and methods
4.2.1 Materials

Kraft lignin (lignin, alkali) was purchased from Sigm&drich and used without
any further pretreatment. Butyric anhydride (98%), tetrahydrofuran (THF), 1
Methylimidazole (EMIM) and dichloromethane (spectrophotometric grade) were
purchased from Alfa Aesar and used as received. Dimetylformamide (DMF) and
anhydrous ethyl ether were obtained from J.T. BakeftrirBethoxysilyl)propyl
methacrylate (MPS), -Bromosobutyryl bromide (BIBB) and triethylamine were
purchased from Sigmaldrich. Cyclohexane was purchased from BDH. Three
monomers, styrene (stabled withtett-butylcatechol), methyl methacrylate (MMA)
(stabled) and butyl acrylate (BA) (stabled withméthocyphenol) were purchased from
Alfa Aesar and purified by passing through an alumina column to remove inhibitors
before the interfacial tension measurements

4.2.2 Lignin modification with butyric anhydride

In this reaction, the esterification reaction wasried out between lignin and
butyric anhydride. Briefly, 5g of lignin was mixed with 15g of butyric anhydride in a
50ml twoheaded flask. 0.25g of 1MIM was then added to the system as a catalyst. The
reaction was performed at 70 °C in nitrogen atmospineder vigorous stirring. After 10
hs, the reaction was quenched by adding diethyl ether. The reaction mixture was washed
three times with water to remove the catalyst. Then cyclohexane was added to the
solution to precipitate modified lignin from ethergse. After filtration, the product was

dried under vacuum (8G) for 24hs. In the product separation process, 200 mL ethyl
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ether, 3x200 mL water and 200 mL cyclohexane were used for each 100 mL reaction
mixture.

4.2.3 Lignin modification with 3methacryloypropyltrimethoxysilane (MPS) and- 2
bromoisobutyrylbromide (BIBB)

To compare with the butyric anhydride, another two chemicals (MPS and BIBB)
were used to modify lignin in this section. In the case of MPS, 2g of original kraft lignin
was first dissolved ithe mixture of 80 mL THF and 12 mL water, and then 6 g of MPS
was added to the system. The reaction was carried out at 60°C for 6hs under stirring and
reflux. Dichloromethane was used to remove all the unreacted reactants. Most derivatized
lignin precipiated and formed a granular layer between the organic and aqueous phases.
After filtration, the products wer@ashed with water for three times and then dried at 50
°C under vacuum for 24hs.

Another esterification reaction was performed between lignin dB&.BBriefly,
3g of lignin was dissolved in 50 mL DMF in a 200 mL threscked flaskcontaining
16mltriethylamine. 12mLBIBB was added to the system dropwise under stirring. The
reaction was performed at 70 °C under nitrogen atmosphere with stirring lier 24ter
the evaporation of solvent, dichloromethane and water was used to wash the product for
three times and then the product was dried &C50nder vacuum for 24hs.

4.2.4 Characterization of products

The structures of kraft lignin and modifiddgnin were verified by Fourier
Transform Infrared Spectroscopy (FTIR) and proton Nuclear Magnetic Resortahce (
NMR). Samples were dried at 105 for overnight before measurements. FTIR analysis
was obtained by a Bruker Vertex 80V in the range of 5006 &n" with 32 scans. For

'H NMR measurements, lignin samples-dg~100
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and the spectra were recorded by a Bruker Avance/DMX 400MHzNMR spectrometer
with 16 scans and 1s pulse delay.

Lignin pellets were prepared by pregsimodified lignin powder (6000 psi). One
drop of DI water was dropped onto the surface of each pellet. Then the contact angle of
each lignin was measured by FTA200 dynamic contact angle analyzer (First Ten
Angstroms). For each contact angle, three repetdsts were conducted, and the
experimental error among the tests was less than 5%.

Thermogravimetric analysis (TGA) was performed to study the thermal stability
of lignins. Approximately 15 mg of lignin samples were heated from 35 t°@Qft a
heating ate of 10°C/min under N atmosphere.

Gel permeation chromatographic (GPC) analysis was performed in THF with a
flow rate of 1mL/min at 4%C. Detection was achieved using a diode array detector

(SPIX M20A) and RI detector (RIR 10A). The instrument was catdited with

EasiVial polystyrene standards (Agilent).

4.2.5 Determination of hydroxyl group content

The contents of hydroxyl group in lignin were determined quantitatively'®y
NMR as reported by Beet al.”® Specifically, lignin samples (~20 mg) were dissolved in
50 0 ofthe mixture of pyridine/CDGI(1.6:1, v/v) with chromium acetylacetonate
(.75 mg)as relaxation agent and eiliydroxy-5-norbornene2,3-dicarboximide
( NHND) (1.98 mg) as i n-theno#4s5tetmmeth@lgB®2r d. 100
dioxaphospholaneT(MDP) was injected to react with lignin. The spectra were obtained
by a Bruker Avance/DMX 400MHzNMR spectrometer with an inversegated decoupling

pulse sequence, 9pulse angle, 25 s pulse delay, and128 scans. The contents of the
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hydroxyl groupsin differeih chemical environments were determined by comparing
relative areas with authentic internal standard.
4.2.6 Conversion ratio

In this work, three chemicals were used to modify kraft lignin to convert its
hydroxyl groups{OH) into hydrophobic groups. Thetig n conver si on r at

calculated based on the contents of hydroxyl group in lignin structure:

b 00 00 5
50 p T
where, [/ ( is the total content of hydroxyl groups in original kraft lignin, mmol-g
Lo is the content of unreacted hydroxyl groups after modification reactions,

mmol-g*.
4.2.7. Solubility measurement of lignin in water at different pH values

The solubility of lignin in water was measured by Wé spectrophotometric
analysis. Acalibration curve of standard lignin with different concentration$.0® g-L
1 in 0.1 M NaOH solution was made at UV adsorption of 280 nm, which is considered as
primary wavelength for quantification of lignir.

Aqueous solutions of different pH values were prepared and adjusted by using 0.5
M H,SQO, and 0.5 M NaOH solution. When measuring the solubility, 1 g of lignin
(original lignin and ligninB) was added into 10mL aqueous solution and the mixtures
were ultrasonicatetbr 1 h at room temperature. Then the mixtures were centrifuged and
the syernatant was diluted with 0.1 M NaOH solution to achieve the corresponding

concentrations (1.05 g-L'!). UV absorbance at 280 nm was recorded.
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4.2 .8. Measurement of interfacial tension at theagiter interface

The dynamic interfacial tension was measluria axisymmetric drop shape
analysis of pendant drops with a Rah@&t goniometer (mod&50). This method is
useful to determine the evolution of the interfacial tension due to the adsorption of
surfactants or particles to the interfaBeefly, an inverted pendant drop of oil (styrene,
MMA, or BA) immersed in the water was created by a syringe with a steel needle, and a
high speed CCD camera was programmed to capture the variation of drop shape with
time. The interfacial tension was obtained by anatyzhe contour shape resulting from
the balance of gravitational forces and tension forces. All experiments were performed at
21 °C.The oils used in this study were styrene, MMA and BRAey were purified before
the testing by shaking with basic alumiiea 2 minutes and kept for overnight. Ultrapure
water with a resistivity of 18.2 MqLcm (Ba

4.2.9. Emulsion preparation and measurements of droplet size distribution

A certain amount (0.5 wt % or 5 wt %) of liga was disstved in 4 mL of
styrene and the mixture is stirred in an ice bath for 30 min to ensure complete dissolution
of lignin. The resultant solution was added to 4mL deionized water (volume ratio equals
to 1:1) and then the emulsion was prepared by vigorousngtiwith homogenizer at
20,000 rpm for 5 min. The type of emulsion (O/W or W/O) was determined by adding
one drop of emulsion into a volume of pure water or styrene and then observing its
dispersion status. The results confirmed that the emulsion madeniamhiied lignin
surfactant was W/O emulsion.

A tube sedimentation test was used to determine the emulsion stability. Initially,

the emulsion was milky and homogeneous and only one phase exists in the system. The
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downward movement of the esimulsion boundry was measured to investigate the
stability of emulsion to sedimentation. The coalescence rate was determined by the
movement of the position of the @mulsion boundary as a function of time.

Size distribution of emulsion droplets was measured us®f@ Rlus Brookhaven
dynamic light scattering (DLS) instrument. The emulsions were diluted 100 times with
styrene containing same amount of ligiirbefore light scattering measurements. The
measurements were performed at room temperatuf€Y20d the refictive index of the

dispersion medium is 1.55. Ten runs were carried out for each sample.

4 3 Results and Discussion
4.3.1. Modification of kraft lignin

Theoretically, kraft lignin owns large amount of hydroxyl groups, which can react
with chemicals likeanhydride, silanég® and halogens®. Figure 4.1shows possible
pathways of lignin modifications with butyric anhydride, MPS and BIBB. The
esterification reaction of lignin and butyric anhydride was carried out under closed
nitrogen atmosphere at PC with 1-MIM as a catalyst, as shown in Schdimdl(a).
Butyric anhydride was used as both reactant and solvent. Initially, the original kraft lignin
could not dissolve in the butyric anhydride solution before the reaction. However, as the
reaction progressedDH groups of the lignin started to benserted into ester groups
that would led to the completely dissolved lignin in the solution. Schematic 1(b) shows
the reaction between kraft lignin and MPS, where the mixture of THF and water were
used as the reaction medium. Tleacation wagperformed a60°C for 6h under stirring

and reflux. In this reaction Si-O-C- bonds could be formed and the hydrophobic groups
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of C=C bonds and ester linkages were introduced onto lignin. Another modification
reaction was performed between kraft lignin and BIBB in DMder a nitrogen
atmosphere with trimethylamine as catalyst, as shown in Schematic 1(c). Ester bonds
were formed with the reaction. After each reaction, the products were separated, purified
and then characterized with FTIR, NMR, TGA and GPC to investigair structures

and to determine the conversion ratios.

[0}
0} M )ij\/ @

~
~ ©

Figuret.1 Approaches of kraft lignin modification with three chemicals: (a) Butyric
anhydride; (b) MPS; (c) BIBB. (Chemicals over the arrows are modifiersafetules

beneath the arrows are catalysts used in the reactions)
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FTIR spectra of kraft lignin, ligniB, lignin-MPS and lignirBIBB are shown in
Figure4.2(A). A wide band at 3450 cihfor O-H and specific peak at 2935 &rfor the
vibration of methoxylgroups could be used to characterize original kraft ligHin.
Furthermore, peaks at 1615 ¢rand 1514 cilindicate the presence ofC stretching in
the aromatic ring3* A weak band at 1710 cfrepresents the stretching of unconjugated
carbonyls (C=0}*1** Compared with the original lignin, the modified lignin can be
identified by two aspects: (1) the agive strength of the absorbance bands at -Z800
cm* (O-H) to the strength in the range of 36800 cni (C-H stretching); (2) the shift
of peak for carbonyls (C=0). The decrease of peak area in the range e3&mD@nNT
indicates the removal of hyakyl groups. In addition, the shifted peak of C=0 from 1710
cm™ to 1740 cnit suggests the introduction of esters@20) after reactions:™. It is
also noticeable that the band in the range of 3&0WD cm' is very weak indicating a
high hydroxyl groupsodé conversion.

An increase in the molecular weights (MW) of modified lignin was observed in
comparison with that of original lignin. As shown in Fig4r&(B), the MW of ligninB,
lignin-MPS, and ligninBIBB arecentered on 2701 g-myl 2665 g-mof and 796 g-mol
! respectively, while the MW of original lignin &entered on 461 g-nibl The ircrease
of MW is another indication of the grafting of chemicals onto ligrkigure 4.2C)
illustrates the TGA curves for kraft lignin and modified lignin. While the original lignin,
Lignin-B and ligninrMPS have similar decomposition profile, in which tregrt at 300
°C and end at 45%C, lignin-BIBB sample shows a twstep thermal degradation process.
An early thermal weight loss starting at 28D was caused by the decomposition of

BIBB molecules'® 1%’
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Figure4.2 (A) FTIR spectra for different lignin (dash lines for specific peaks of lignin;
solid lines for characterized peaks of modified lignin): ligBiblue), ligninBIBB
(orange), ligninAMPS (purple) and original lignin (black); (B) Molecular weights
distribuion by GPC for original lignin and modified lignin; (C) TGA curves for original

lignin and modified lignin.

The 'H-NMR spectra offerconfirmation for the formation of the intended
products, as shown in Figu#e3. In the spectrum of original lignin (Figei 4.3(a)),
protons at different chemical environments are quantified, including: hydroxyl protons
(8.009.4 ppm), aromatic protons (6737 ppm), methoxyl protons (3.81 ppm) and

hydrocarbon chains {R.0 ppm).Theresult las been foundo be consistent with the
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results reported in the literaturéS®**®H-NMR spectra for lignirB, lignin-MPS and

lignin-BIBB are listed in Figure.3(b), 2(c) an 2(d), respectively. In the case of lighin

B, the relative strength of peaks in the range &. ppm significantly increases,

corresponding to the increasing content of hydrocarb@ts,{, -CHs), >* while the peak

at ~9 ppm is no longer observed, attributed to the removal of hydromypg. Peaks for

specific protons are listed in the figure. In Figure 2(c), the peaks at 5.6 ppm, 1.5 ppm, 0.7

ppm7

a n dCHzp, %°*>?%? respectively. The spectrum confirms the successful grafting of MPS

1.

35

ppm and

3.

6

ppm ar e

eCéls, i -@Qbh-e d

onto kraft lignin through the hydrolysis of silane groups. In the case of {B@B, only

a proton of methygroups is introduced at the chemical shift of 1.9 pfh.

16

14

12

10

8
chemical shift ppm

(b) -
H, i
Hac/C\C o—R"J
1 Mz
3
5
-OCH3 i o
Hc/cz\c o
13 Ha
40 $
-CH; or -CH3
b
6 4 2 0 -2 16 12 6 0 2
chemical shift ppm
(d)
4
CHs
Br- 07R§
H, e O

57

11 9 8 7 6

chemical shift ppm

543 210 -1 -3

t

o



Figure4.3'H NMR spectroscopy for modified lignin: (a) original lignin; (b) lignin
modified with butyric anhydridg(c) lignin modified with MPS; (d) lignin modified with

2-bromoisobutyrylbromide

Based on the results above, we conclude that the modification reactions occurred

for all three modifiers (butyric anhydride, MPS and BIBB) under the given conditions.

4.3.2.Investigation of lignin solubility in oil

The solubility of both original kraft lignin and modified lignin was investigated
by adding a small amount of lignin samples (~1.5 wt % of monomer) into styrene, MMA
or BA. Figure4.4 shows the photographs of difent ligninsolubility in styrene. The
original kraft lignin is unable to dissolve in any of the monomersdisated by the clear
and colorless organic phase of the mixture after centrifugation. This is due to the
presence of a large amount of hydroghgroups, such asOH, -SH and-COOH,in the
unmodified lignin?’ On the contrary, homogeneosolutions were obtained when lignin
B was mixed withstyrene, MMA or BA monomers. The solubility test conducted by
centrifugation followed by gravity measurement indicated that lignia totally soluble
at a concentration of 15 wt.%, which is similattwthe result of Thielemaret al®* They
conducted the similar reaction and explained the results using the-Htggins
solubility theory.However, they did not provide detailed information about its structure.
In this work,*'P NMR was applied to analyze the amount of hydroxyl graupsgnin
structure and the change of its hydrophobicity was investigated through the difference of

T OH contents before and after the reactions.
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Figure4.4. Photos of lignin dissolving in styrene: (A) original kraft lignin; (B) ligiBn

(C) lignin-MPS; (D) ligninBIBB

In the case of MPS and BIBB modification, only partial lignin samples were
dissolved. The partial solubility of ligniMPS and lignirBIBB in organic monomers
was originated from the low reaction extent, resulting in an incomplete conversion of
hydroxyl groups in kraft lignin. Therefore, to understand the extent of reaction for each

modification, the content GfOH lignin after reaction need tee determined.
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Figure4.5*'P NMR spectroscopy for modified lignin: (a) original lignin; (b) LigiBn (c)

Lignin-MPS; (d) LigninBIBB

%P NMR is a general approach to quantitatively determine the content of
hydroxyl groups in the lignin®"*The 3P NMR spectraf lignin samplesas shown in
Figure 4.5 and Table4.1, provide the information of unreactgdH groups after the
modification. Initially, one gram of kraft lignin contains 6.62 mmol hydroxyl groups.
After the reaction with butyric anhydride, the hydroxybup content reduced to 0.30
mmol/g, indicating over 95% afOH groups were reacted. It is also believed that the
residual hydroxyl groups were due to the trace amount of acid, which might be originated
from the reaction of anhydride with water. In theeaf ligninMPS, more than 55% of
the total hydroxyl groups in lignin were unreacted, in which 55% of aromatic hydroxyl
groups and 27% of aliphatic hydroxyl groups were consumed. The result indicated
higher reaction activity of aromatidOH groupswas observed in comparison to that of
aliphatici OH in this reaction condition. In the case of ligdiBB, 77% of hydroxyl
groups were consumed relatively high but not fully converted hydroxyl groups was
applied to both aliphatic and aromati©OH. Thus these data explained the solubility
difference among lignin in styrene after modification with different chemicals. The high
degree of esterification dfOH on lignin through the reaction with butyric anhydride
reduces its hydrophilicity and made ligrhsoluble in styrene. In contrast, the partially
OH conversion in the case of MPS and BIBB promote only partial solubility. The overall
conversion of hydroxyl groups is listed in Tadl&

In summary, kraft lignin was successfully modified by graftingyainide, MPS

and BIBB. The expected structures of derivatized products were confirmed by different
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characterizations, including FTIR, NMR, TGA and GPC. According to the results of
solubility measurements, ligniB was demonstrated to be completely solublstyrene
while lignin-MPS and lignirBIBB dissolved partially. The solubility of three modified
lignins on oil were explained by extentidDH conversion as calculated with the help of
3P NMR. Butyric anhydride showed the highest reactivity and over 98% groups

were converted and the conversions were much less in the other two cases.

Table4.1 Contents of hydroxyl groups at different positions of modified lignin

Chemical shift €) (b) (c) (d)
Assignment
(ppm) (mmol g*) (mmolg') (mmolg') (mmolgh
150.01 145.5 Aliphatic OH 2.36 1.71 0.43
144.701 142.92 b-5 0.58 0.76 0.40
142.92i 141.70 4-0-5 0.38
141.70i 140.20 5-5 0.69
0
140.201 138.81  Guaiacyl 1.63 1.16 0.37
138.81i 138.18 Catechol 0.22
p-hydroxyl
138.18i 137.30 0.22 0.09
phenyl
136.60i 133.60 Acid OH 0.54 0.30 0.05 0.31
Total 6.62 0.30 3.77 1.51

(a) Original kraft lignin; (b) lignin modified with butyric anhydride; (c) lignin grafted

with MPS; (d) lignin modified with zbromoisobutyrylbromide
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Table4.2 Conversion of hydroxyl groups for each modification reaction

Lignin-B Lignin-MPS Lignin-BIBB

Conversion (%) 95.47 43.05 77.19

4.3.3. Study on the interfacial activity of modified lignin

While lignin-B is soluble in organic monomers due to the remafaimost
hydroxyl groupsthe materiaktill contains both hydrophobic backbones and hydrophilic
function groups i(SH and i COOH).The amphiphilic structure of the material may
suggest a promising surfactant functionality. In addition, the disordered higitutaol
weight structure of lignin is supposed to adsorb at the interface and consequently, reduces
the overall interfacial tensidit. ?>’As shown in Figure4.6(a), original lignin became
soluble in aqueous solution when pH> 9, caused by the formation of sodium salt of
phenol and its solubility increageharply with the increasing pH. Nevertheless, lighin
was insoluble at any pH value resulted from the high degree of phenol group conversion.
The result indicates the potential utilization lggnin-B to provide both steric and
electrokinetic stabilizan at the oHwater interface.

The dynamic interfacial tensions of styremater interface for the modified
lignin-monomer solutions were measured by the pendant drop shape analysis using a
Ramehart tensiometer. Figuré.6(b) shows that the interfaciaérision of 5 wt % of
modified lignin in different monomers which decreased with time and then reached
steady state. The decrease in the interfacial tension may be due to the progressive

adsorption of modified lignin at the respective interface over theseowrf the
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measurement series. As the interface reaches a saturated coverage by modified lignin, the
interfacial tension reached a steady value. The steady state interfacial tensions of oil
(styrene, MMA, or BA)water interface as a function of ligaB corcentrations from 1
wt % to 15 wt % are given in Figu#e6(c). The data demonstrate that the steady state
interfacial tensions of all three systems first decreased and then reached a plateau.

The reduction of interfacial tension of -ovater interface suggts that modified
lignin molecules adsorb onto the-aikter interface. The accumulation of modified lignin
molecules in the interface may function effectively as emulsion stabilizer since it can
prevent the droplet coalescence through electrostaticsiepulmechanical barrier and

formation of the viscoelastic skin around the droplets of the dispersed phase.
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Figure4.6 (a) Solubility of lignin: (I) Calibration curve of lignin solution with different
concentrations; (Il) solubility of original lignin and lignB at different pH values; (b)
The change of interfacial tension on O/W interface with time: ligh{® wt %) was used
as surfactant; interfacial tension decreased with time first and then reached steady state;
(c) Interfacial tension on O/W interface at steady state as a function ofBgnin

concentrations from 1 wt% to 15wt%.
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Figure4.7 (a) Fraction of oil phase resolved versus time for styvester emulsion
stabilized by lignirB (0.5 wt % and 5 wt %) or spa80 (5 wt %). (b) Size distribution
for styrenewater emulsion immediately after emulsification and 60 minutes after
emulsificaton stabilized by lignirB or spar80: (I) lignin-B, 0.5 wt % to styrene; (I1)
lignin-B, 5 wt % to styrene; (Ill) spa@0, 5 wt % to styrene. (c) Photos for styreveger
system stabilized by ligniB: before emulsification, immediately after emulsificataom

60 minutes after emulsification (from left to right): (1) 0.5 wt %; (11) 5 wt %.

Before emulsification, two clear phases existed in the system with a mixture of
lignin-styrene solution as upper phase and water as the bottom phase. After stirring at
high speed (25,000 rpm), a homogeneous emulsion was obtained, as shown in Figure
4.7(c). The type of emulsion was verified by dispersing emulsion into the continuous
phase; the prepared emulsion was able to be diluted by styrene (with stabilizer of same
corcentration) and formed a stable suspension, which indicates goodinvatie(\W/O)
emulsion.Figure 4.8shows the possible mechanism of emulsion system with styrene as
the continuous phase and water as the dispersed phase. A thin layer is formed by lignin
molecules at the O/W interface to decrease interfacial tension and stabilize water

droplets.
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Figure4.8 Schematic representations of ligrBnat the water droplet surface in the W/O

emulsion system. Layer of lignin molecules were formed at the inéerfac

In order to investigate the sedimentation stability of the emulsions prepared with

lignin-B, t he fr act i g)separatedtrampthe emulsion wasyneasurg¢dliAs

shown in Figure4.7(a), the sedimentation stability increased progressivetia the

increasing of lignilB content .

05wt % ligninB was

used

After 1 b redched 4 whéne

as ogaducdddocOtOé when lignim icdntent (i

e mu

increased to 5 wt %. It has been known that the emulsion droplet dimension and the

continuous phase viscosity are the two major factors that affect sedimentation stability of

the emulsion. Dynamic light scattering (DL®#as applied to determine the droplet size

of emulsions, as indicated in Figude/(b). The diameters (intensity average) of water

droplets were 499.4 nm and 363.9 nm for 0.5 wt % and 5 wt % lignin respectively when

measured immediately after emulsificatid’he smaller droplets size (363.9 nm) in Righ

lignin-content (5 wt %) case suggested a slow sedimentation of the droplets in the

emulsion. On the other hand, the viscosity of organic phase (continuous phase) increases

with increasing lignin concentratipf’®?*°and thus hinders the sedimentation movement.
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2 Thus, high lignin content facilitated an increase intom viscosity and a decrease of
emulsion droplet diameter, which enhanced the sedimentation stability of the emulsion.

In order to investigate themulsion coalesce stability, the fraction of water layer
at the bottom of the emulsion was measured. It is noticeable that a good coalescence
stability was obtained in both cases (0.5 wt % and 5 wt %). No resolved aqueous phase
was observed in 60 minuteSurthermore, no water was separated from emulsion in 30
days, indicating lignirB was a promising stabilizer to prepare W/O emulsion. The DLS
data were in line with the good coalescence stability, since the average diameter
increased a little to 630.2 nnmé 435.6 nm for 0.5 wt % and 5 wt %, respectively. A
broader distribution was obtained when measuring the droplets size in 60 minutes after
emulsification in the case 0.5 wt % modified lignin (Figute/(b)l). A proposed
explanation is due to the incomm@eatoverage of lignin on the surface of water droplets at
this low content and the lignin molecularassembly during the static time.

Span80 is a widely used emulsifier to prepare W/O emulsion and it was used as
comparison in this study. The result inatied thathe emulsions prepared by 0.5 wt %
span80 easily collapsed in 4 minutes after emulsification and clear three layers were
observed: oil on the top, water on the bottom and a very thin milky emulsion layer in the
middle. Only when 5 wt % spaB0 was applied, the corresponding emulsion was stable
wi topequal to 0.015 after 60 minutes without aqueous phase in the bottom. Compared
with Span80, it was noted from the sedimentation measurement that the emulsion
droplets were more likely to sedimesien ligninB was used with concentration of 5 wt
%. This is mainly due to the higher degree of molecular branching occurring with high

molecularweight emulsifier since intamolecular bridges are easy to form with long
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molecules®* 2°8 299 Nevertheless, at low concentration (0.5 wt %), sp@ralone failed
to stabilize emulsion whilegnin-B could form stable emulsion. This indicates that, with

low concentration, the lignibased surfactant shows better performance.

4 4 Conclusion

Grafting of butyric anhydride, MPS and
amphiphilicity. FTIR,"H NMR, GPC and TGA analysis confirmed the grafting reactions
and *’P NMR analysis was applied to determine the extent of reaction. While lignin
modified with MPS and BIBB could dissolve partially in styrene due to the significant

amount of hydroxyl groups remained in lignin molecules. In contrast, a conversion of

over 95% of hydroxyl groups was achieved when butyric anhydride was used and the

resultant poduct (ligninB) was found to be completely soluble in oil up to 15 wt %.

The ligninB was demonstrated to be good surfactant with strong interfacial
activity between o#water interfaces. Stable wat@roil emulsion was prepared with
lignin-B as emuldier. The significant reduction in the interfacial tension at W/O
interface through both steric and electrokinetic stabilization contribute to the W/O
emulsion stability up to 30 days. This suggests lighihas promising potential to be

applied as a bibbased surfactants and emulsifier.

68

Bl



CHAPTER V
LIGNIN -POLYMER COMPOSITES FOAMS THROUGH HIGH INTERNAL

PHASE EMULSION POLYMERIZATION

5.1 Introduction

With the increasing attention toward fAgree
renewable materials as fillers and substitutions has attratteulginterest to promote
sustainability for theexisting plastic industry and to save the limited reserves of fossil
fuel resource&™ Lignin, as the second most abundant natural components accounting for
201 30% of wd4 i ofteryused byicgrbustion for heating directiyeeen
disposedas industrial waste in the previous decade$herefore, the utilization of lignin
as valueadded products in different areas of industries has recently attracted significant
attentions, including the preparationlighin-polymercomposites?® 213215

Raw kraft lignin is immiscible with most monomers and polymers. Its molecules
tend to aggregate as a result of strong intermolecyldrogen bonds caused by the
presence ofa large amount of hydroxyl groups.This often hinders the utilization of lignin
for some industrial applicatiort$® #**Nevertheless, these functional groups could
beeasily modified using various method to improve its compatibility with monomers and
polymers, according!§’

Polystyrene and its derivatives, as one of the commodity polyolefins, have been
widely usedin the global market as the matrix resin to fabricate molded sheftars
Its low productioncost and some desirable attributes make it economicalfgasible to

fully replace this synthetic polymers with emerging biodegradable polymers, such as
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poly(lactic acid). Alternatively, the utilization of lowost, renewable materials has been
promotedto alleviate the sustainability issue by helptogconservehe petrochemicals
usage. Efforts on understanding the utility of lignin within a polymer matrix allow the
practical realization of industrial lignin as sustainable filler forglasticmanufaturers.
Aside from inducing partial biodegradability, the incorporation of lignin in composite
fabrication could facilitate reinforcement impact. The increase in the modulus of lignin
based thermoplastics, particulapoly(lactic acid) and polyurethanieas been previously
reported:?® 128217 |n addiion, the high aromatic structure of lignin is capable of yielding
high charupon heating. The presence of char residue could reduce the combustion rate of
the polymeric materials as it suppresses the diffusion of heat and oX§g@ms a
result, the addition of lignin in thpolymer matrix could also bebeneficial acting as a
flame retardant additive.

As one of the most common colloidal systems, foams are widely used in different
applications, such as pharmaceuticamulations, food packaging, water purification and
wateroil separation. In rigid foam industry, lignin has also been successfully used as a
feedstock material to generate ligioased polyurethane foams. Literature has reported
an excellentdimensionalstability of the closeell structure$?* ?*2 Emulsionderived
foam is another type of porous polymeric materials that offer-oprstructures. The
high internal phase emulsions (HIPE) can trap more oils and thus form more porous
structure after curingf® The formaion of such structureis originatedby solidifying the
continuous phase of the emulsfdhThe characteristics of low density with a very high
porosity up ® 98% can be easily achieved by polymerized high internal phase emulsions

(HIPE) polymerization with more than 74 V@ dispersed phagé®?? Potential use of
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these materials includes filter meffiaion exchange modul&§ and catalysis supp6ft.

Most common HIPEs are based on styrene/DVB formulationuéihge 5-50 vol.% of a

suitable nonionic surfactant? Alternative synthesis strategies have also been
extensively investigated to yield different foam properties. However, to the best of
aut horsoé6 knowl ed g ein-basgeth enuldicadrived composite foams f [
has not been fully disclosed.

Herein, we described apffective route to prepare lignibased polystyrene
composites porous structures with enhanced mechanical properties. The work revolved
around functionalizatin of lignin and investigated the effects of modified lignin on the
mechanical, thermal, and dimensional stability properties of the composites. The
mechanism of modified lignin as renewable fillers in the composite syseafso

discussedn this paper.

5.2 Experiments and method
5.2.1Materials

Kraft lignin (lignin, alkali) was obtained from Sigr#ddrich and used as
received. Butyric anhydride (98%)Methylimidazole (3MIM) and Dimethyl sulfoxide
ds (DMSO-ds, 99.5%, a solvent of lignin for NMR experents)were purchaseffom
Alfa Aesar. Anhydrous ethyl etheavas purchasedfom J.T. Baker.Cyclohexane was
provided by BDH Hexanewas obtainedrom EMD Millipore. Styrene (inhibited by-4
tert-butylcatechol, 99%) was purchased from Alfa Aesar and usied pfirification
through an alumina columa,4-Dioxane (stabilized with BHT, >99.0%) was supplied by

TCl America Divinyl benzene (DVB, 5 5-A@pbis(a Cros
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methylpropionitrile) (AIBN, 98%), Sorbitanmonooleate (Spa80) and anhydrous

Calciumchloride(CaCb) were purchaseftom SigmaAldrich.

5.2.2Lignin modification

Lignin modification was carried out with a reaction between lignin and butyric

anhydride which is similar as we described in Chapter IV.

5.2.3Han%n Solubility Parameter Modeling

Hansen solubility parameter (HSP), which is widely applied to describe the
thermodynamic behavior of polymers, was used to investigate the compatibility between
l ignin and styrene or pol ystyrene. I n t hi
componehwas separateihto three different contributioh®?*% the nonpolar dispersion
i nt er ag),tpermanent dipale er manent di p e)lam the hytregenact i ot
bondi ng i ntaedrcabe expresseds: ( U

1 | 1 | 1)

Solubility properties of one component can be visualized through HSP solubility
sphere inathred i mensi onal coordipnlpa e d,. §ecdnternof wi t h
the solubility sphere of a 0 lpitned)@idi gni n
the radius (B is the maximum difference in affinity with solvent. The coordinates of
goodsolventsare within the sphere while bad ones are outside dfoitquantitatively

determine the miscibility of two componentke relative eergy difference (RED) will

be calculateds:

YOO — (2
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where, R is the radius of solute HSP solubility spherg;ifRthe modified difference
between solute and solvent, which tencalculateds:

Y LS TR 1R Th T h (3)
The subscript 1 is for the solufiggnin) and2isfor the solvent. The value of RED is less

than 1 for goodolventsand greater than 1 ftwadsolvents

5.2.4Preparation of PBgnin composites

5.2.4.1Preparation of PEgnin film through bulk polymerization

9.371 grams of styrene was mixed with 7.809 gramdivohylbenzeng(DVB, 54%) to

form the monomer mixtured certain amount of modified lignin was added to monomer

mi xXture in the ratiwto% QL &DPO6)8 @t ww QL 8 &
and 15 wt % (L156) under sti b gramsftheo f or
monomer solutiowas addedt@n aluminum dish containing 0.05 grams of AIBN. Then

the aluminundishwas sealed with aluminum foil anet at 70°C for 48 hrs.

5.2.4.2Preparation of the porous foams through emulsion polymerization

Oil phase:9.371 grams of styrene was mixed with 7.809 grantéviriylboenzene
(DVB) to form the monomer mixturé\ certain amount of modified lignin was asttito
monomer mixture in the ratio of 0 (LO), 2 wt % (L2), 5 wt % (L5), 8 wt % (L8), 10 wt %
(L10), and 15 wt % (L15) under stirring to form homogeneous oil soluf\gieous
phase:1.8 grams of Ca@lvere dissolvedn water (162 ml). Then the aqueous phass
purged with N for 30 min. Ina specificpolymerization run, 0.02 grams of AIBN and 0.4

grams of Spai80 were addednto 2 grams of oil solution in a 100 mL vial. The porous
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lignin-PS compositewere prepareddy oil-in-water (O/W) orinversehigh-internal phase
emulsion polymerizationi{HIPE) approach. Specifically, the aqueous solution (18 mL)
was added dropwise for 30 min under mechanical stirring (400 rpm), during which
process, thehomogeneousmulsion was obtained. After complete addition of the
agueous phase, the-epared emulsiowas transferrethto a 15 mL plastic tube and a
vortex mixer was used to make the mixture more uniform. The emulsias
polymerizedat 70 °C for 24 hours. Afterpolymerization, the polyHIPE composite
samples were washed with DI water and by Soxhlet extraction with methanol for 24
hours, respectively. Finally, the resulting porous polyHIPE composites driedat 60

°C for overnight.

5.2.5Characterization and eshanical properties tests

The structures of lignin and polyHIP®ere studiedby Fourier Transform
Infrared Spectroscopy (FTIRIhermogravimetric analysis (TGAdnd *H NMR. The
methods and equipments are described in Chapter IV.

X-ray photoelectron specigcopy (XPS) was used to analyze the binding energy
of C and O elements in lignin, which was carried dubugh a Thermo Klpha
instrument equipped with a monoraylsoumenat i ¢ A
low energy flood gun was applied to perfothe charge neutralization. Cu substrates
were used to support the samples. The speatra calibratedvith a binding energy of

284.8 eV for C 1s.
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The morphology of the polyHIPE compositegas imagedby LEO 1530
thermally assistefleld emission scanngelectron microscop(SEM). All samples were
gold-sputtered for 60 s before SEM.

The liquid absorption capacity of porous composites was examined by solvent
immersion Specifically, initial mass of dry compositey) was recorded and immersed
in 50 mL ofsolventfor 1 min. The solverisaturategorous compositevas removednd
excess liquid on the surface was blotted using blotting paper. Mass of wet composite

(my) was measured-heliquid absorption capacitie€f,9 were calculateads

Cabs(W/ W) = rn/vn:bmo

The thermomechanical properties were tested on a DMA Q800 (TA Instruments)
using single cantilever mode. Rectangular specimens measuring about 30 mm x 6mm x
1.5 mmwere usedAll runswere performed n a -fiequencyst ir ai n 66 mode
amplituce of 10 um, and a scan rate of “®€/min from 20 °C to 200 °C under
N.atmosphere.

Uniaxial tensile tests were performed to evaluate the mechanical properties the
lignin-polystyrene composites. The rectangular samples with a dimension of about 30
mm x 6 mm x1.5 mmwere testecdbn an MTS (Model Insight 10, Thermcraft, U.S.)
Universal Materials Testing Machine with a load capacity of 10 kN at #teomperature.

The tensile rate was 1 mm/min for all cases.

Compression tests of polyHIPE composites were performed using Instron 5566

equipped with a 10kN load cell. Cylindricehmplesvere compressewith a speed of 1

mm/min to their deformation form.
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5.3 Results and discussion
5.3.1Lignin modification and chacterization

Commercial kraft lignin is immiscible with most monomers and polymers because of the
aggregation caused by the intermolecul ar
rings as well as Van der Waals interactidfis?*® Lignin is supposed taeact with
anhydride easily since it contains a large amount of hydroxyl groups, which offers an
effective solution to improving lignin solubility in monomers and polymérke
modification reaction used herein was carried out between kraft lignin andcbuty

anhydride, where esterification occurred at°@in N, atmosphere with -MIM as a

catalyst
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Figure5.1 Characterizations for both original lignin and modified lignin: (a) FTIR {b)

NMR; (c) TGA; (d) XPS survey; (e) C 1s scans; (f) C 1s scans.

FTIR was used to investigate the structure of lignins before and after
modification. As shown in Figre 5.1(A), the characterized peaks on raw kraft lignia is
broad bandat 3450 crit for O-H and a peak at 2935 €nfor the vibration of methoxyl
groups>’ Besides, peaks at 1615 and 1514 emere assignetb the GC stretching of
aromatic rings in lignini: In the spectrum of original lignin, the peak representing the
stretching of unconjugated carbonyls (CX0¥*3is at 1710 cnt while this peak shifted
to 1740 crit in the spectrum of modified ligninChis was caused by the formation of
ester groups (€€=0) during the modification process. Furthermore, compared with raw
lignin, thewidebrandin the range of 3008700 cn* disappeared in the modified lignin,
which suggested the conversion of most hydroxgugs. The differencbetweenFTIR
spectra provides the evidence of successful chemical modification on lignin.
Furthermore, the structure of lignin was studied ByNMR spectra, as shown in Figure
5.1(B). In thespectrunmof raw lignin, peaks at 8-0.4 ppnm, 6.37.7 ppm, 3.81 ppm and 0

2.0 ppnare assignetb protons in hydroxyl groups, aromatic rings, methoxyl groups and
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hydrocarbon chains-CHs, -CH,), respectively® °* %34 2%n the spectrunof modified
lignin, the peak at ~9 ppm disappearediicating the removal afOH groups, while the
relative strength of peaks in the range €1.0 ppm increases significantly, attributed to
the increasing content of hydrocarbor€H,-, -CHs)*. Figure 1(C) shows the TGA
curves of raw lignin and modifielignin, and both of them started the decomposition at
300°C and ended at 45€. The ash content @iutyratedignin was less than that of raw
lignin, which was causedy the grafting of butyl components. The survey of XPS
spectrum of lignin(Figure 5.1 (c))kexhibits the presence of C 1s and O 1s at around 286
and 534 eV, respectivelylo further investigate thehemical valences of carbon in
lignin, the XPS C 1s curve is deconvoluted into three peaks©f(& 284.95 eV), ©

(at 286.68 eV) and C=0 (at 288.88 &¥77*° and the percentage of each carbon type is
50%, 40% and 10% for raw lignifror thebutyratedlignin, the percentagehanges to
64%,26%,and 11%, respectively. In the process of lignin modification, the amount of C
O kept constant and therefprthe relatively increasing of -C and C=0 intensities
demonstrates the successful grafting. The XPS spectra of O 1s further confirm the

expectedstructure of modified lignin, as shown in Fig&® (appendiy.

5.3.2Hansen Solubility Parameter (HSRpdeling

The chemical modification process is expected to improve the Jaganic
compatibility by converting hydrophilic hydroxyl groups into lipophilic ester groups. In
contrast to the commercial kraft lignin, the modified lignin is demonstrated solbkle
in styrene monomer experimentally, as shown in Fidud® (appendiy. In order to

further confirm the solubility and predict the compatibility of lignin and polystyrene,
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HSP theory was used to investigate the thermodynamic behavior with ligsotuges and
styrene/polystyrene assmlvent The HSP factors of different compounds (kraft lignin,
modified lignin, styrene,and polystyrene) were from literatdté®® and listed in Table

5.1 and 13.7 MP&7is generally useds R for different kinds of lignia®® 224240 241,

Table5.1 Hassan solubility parameter factors of different compounds

Up (MPa>d  Up (MPa%® Uy (MPa®?)  t(MPa’?)

Kraft lignin 16.7 13.7 11.7 24.57
Modified lignin 16.4 111 9.3 21.88
Polystyrene 21.3 5.8 4.3 22.49
Styrene 18.6 1 4.1 19.07

Table5.2 R, and calculated RED numbers

Polystyrene Styrene

Ra RED Ra RED

Kraft lignin 14.21 1.04 15.28 1.12

Modified lignin  12.21 0.89 12.18 0.89
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Figure5.2 Solubility spheres for unmodified lignin (a) and modified lignin (b)

The RED and Rvalues were calculated through Equation (2) and Equation (3),
respectively and listed in Tablg2. In the case of kraft lignin, RED=1.04 when
polystyrene is used as solvent and RED=1.12 when styrene monomer is uset/asta
suggesting that both pdtyrene and styrene monomer are gmadsolventsHowever, in
the case of modified lignin, RED=0.89 when either styrene or polystysengedas a
solvent which indicates that the modified lignin can dissolve completely in both
polystyrene and styrendeoretically according to the HSP model. The visualized plots
of solubility spheres in a 3D diagram for kraft lignin and modified ligari& presenteth
Figure5.2, showing that both the coordinates of styrene and polystyrene are out of the
kraft lignin olubility sphere while they are withimé affinity spherefor modified lignin.

The solubility differences causedy a combination of a reduction in hydrogen bonding
interactions {iy) and areductionin polar forces fp). Therefore, according to the results
of HSP theory, we can expect that lignin and polystyrene are mixed homogeneously at

the molecular level.
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5.3.3Preparation of lignispolymer HIPEdoam
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Figure5.3 Schematic of thpreparatiorprocess of lignin/pgmer foam through HIPEs

The porous polyHIPE composites were prepared through reverse emulsion
polymerization approach, as shown in Fig&8. Typically, acertainamount ofas
modified lignin sample was dissolvedin styrene containing the crebsker and
stabilizer. The homogeneous emulsisas preparedby adding aqueous solution
dropwise into monomer mixture under mechanical stirring (300 rpm). Then the emulsion
was transferredhto an oven at 76C and kept for24 hin order tolet the monomebe
polymerizedcompletely. The final productsere obtainedfter washing and drying.

The chemical structure of the foams is investigated by FTIR, as shown in Figure
5.4 (a). In the spectrum of Sampled, bands at 1600,489, 1450 ci are assigned to the
stretching of the aromatic C=C; bands at 756 and 70bamnassigned to the substituted

phenyl ringé** bands at 3021 and 2918 ¢nare assigned to the-& stretching in
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aromatic and aliphatic structure; bands at 1024 and 900acenassigned to the-8 in-
plane and oubf-plane bending?> Compared with the pure PS sample, the spectra of
lignin-PS samples have twapecialpeaksi the peak at 1173 chis for thebutyrated
group’; another peak at 1740 ¢nis for the ester structure ¢0=0). These two peaks
can be used to characterize lignin in twenpositesand the intesities of these peaks
increase with the increasing of lignin content as expected. Figdir)billustrates the
TGA curves of both pure PS and ligif?® composites,and they show similar
decomposition profiles where the dominant decomposition range 390ri 400 °C.
However, the char yield of the ligridS compositesncreaseswith the increasing of

lignin content, whichs resultedrom the high content of aromatic components in lignin.
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Figure 54 FTIR (a) and TGA (b) for lignin/polymer foams with different lignin contents

The effect of lignin concentration on the morphology and properties of polyHIPE
compositesvas evaluated, as shown in Figls®. The SEM image of theolyHIPE

composite with ligin content up to 10 wt% shows open porous bimodal morphology, a
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typical polyHIPE porous structure. The SEM image analysis demonstrated pore sizes in
the range of 1880 um and 2% pm, while the pore wall thickness of the porous structure
varied between-2 um. For 15 wt% lignin composition, the unstable morphology of the
polyHIPE is observed which indicated the presence of excessive lignin significantly
increased the number of coalesced pore. The changes in surface area, however, have little
effect on thebulk liquid absorption capacity. As the porosity and density of the polyHIPE
compositeremain relatively constant at 90% and 72 mg/mL, respectively, lidnad
absorptioncapacitiedor all samples areelatively similar, as indicated in Figurg6 (a).

For hexane with the liquid density of 0.65 g/mL, the average absorption capacity of the
porous samples was 12.5 mLlg.addition a higher average absorption capacity of 13.5
mL/g was obtainedor dioxane with the liquid density of 1.03 g/mL. In contrasthe

liquid absorption capacity, the change in pore formation affected the mechanical
properties of the polyHIPE samples.-Rfhin polyHIPE composites up to 10 wt% lignin
content lead to the enhanced compression modulus. Up to 62% improvement in the
moduliswas obtainegdas depicted by polyHIPE composite wihwt% lignin content in
Figure5.6 (b). Itis expectedhat the combination of lower pore size (as well as pore wall
thickness) and the reinforcement of lignin in the composites would lead to the optimal

improvement in the compression modulus.
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Figures.5 Photos and SEM imagésr sampleLO (a) and sampk& 10 (b)
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Figures.6 (a) Absorption capabilities of lignin/polymer foams on hexane and dioxane; (b)

compressive modulus and densities of lignin/polymer foams.

5.3.4Preparation of lignirPScomposites through bulk polymerization

In order toinvestigate the mechanical properties of the bulk materials of theepared
foam, ligninPS composites were prepared through direct bulk polymerization with
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different lignin content, as shown in Figsel1l (appendi}. The color of the composites
became more yellow with the increasing of lignin content. The chemical structure and
thermal properties of the gsepared composites were confirmed by FTIR and TGA, as
shown in Figuré.12(appendiy, which ae very similar as that of polyHIP#Bams

The thermomechanical performance of composues testedwith dynamic
mechanical analysisDMA). Three regionsare observed n t he st orage mo
curve as a function of temperature: gl assy
atemperaturéelow T, Vvi scoel astic region where a not
with increasing temperature, anubberyreg on wher e a rel atisvely s
detectedabove T, (Figure 5.13 appendiy. Comparing to the neat PS, the composites
shows more significant dr op isa$socBtéwiththe t he v
addition of amorphous lignin contenthe presence of lignin also causeddaiceable
increase in the absolute valueghfissystorage modulus. This increase can be related to
the reinforcing effect of lignin.

The glass transition temperatureg)(Tof the asprepared composites also
deteamined by DMA. DMA results (Figur&.7a) show that the jlof sampleLO is 116.8
°C and it decreases slightly as the lignin content increases. When the lignin content
reaches 1%t % (SampleL15), the correspondinggTis 101.5°C. However, comparing
with polystyrene composites, lignin has a highgr(¥ 150 °C)**° which is due to the
restriction of molecular thermal mobility caused by the conadkrigel phenolic moieties
and hydrogen bonding interactiof8.The drop in T may be due to the enhanced free
volume with lignin acting as polymeric plasticiz&fs Moreover, in the polymer matrix,

the addition of branched lignin componentight also decrease the cregsing
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degreé®’. The latter reason plays the dominant role for the PS/lignin compdEites T,

show some decreases with lignin content for the composites. Despite ofhthis, t

incorporation of | ignin i ntgsignfiteetly. pol ymer ¢
Satoshi efl.**® showed that lignin hatf o u n modlidus of 457MMPa, which is

higher than that of polystyrene. It is noted that the polystyrene@ng@osites here show

relative lower modulus value partially due to incomplete reaction conversion. However,

the result can still be useful for comparison analysis. From the experimental results of the

tensiletest,Y o u n maaldus and tensile strength diet composites increased with the

increasing of lignin content. For lignin content of W6 %, Y o u n maaldus is 1391

MPa which doubles that of Sampl® (Figure 5.7b). The experimental results of

Youngd6s modul us are compared with the cal

shown in Table 3. For all thiegnin-polymer composites, the experimental modulus

values are positively derivedfrom the calculated modulusybaround 100MPa

suggesting a synergistic effeon the composites toughness reinforcement by lignin

which maybe resultedrom the inherentstiffness of lignin as well as the interfacial

interaction between lignin and polymer molecufésFrom the results and discussion

above, itwasdemonstratedhat the addition of lignin into the polymer matrix will

enhance the¥ o u n ga@dslus and tensile strength without significantly sacrifice the

thermomechanical properties.

Table5.3 Experimentaand cal cul ated Youngds modul us of

LO L2 L5 L8 L10 L15

Experimental 697 911 976 1106 1193 1391
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Calculated 697 773 887 1001 1077 1267
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Figure5.7 (a) Glass transition temperatures for lignin/polymer composites; (b) effects of

l' ignin on Young6s modul us and stress o

5.4 Conclusion

For the first time, the lignHbased emulsioderived polymer composites foamgere
fabricaed successfully. Lignin was demonstrated todmed substitution of traditional
polymers in the form of both bulk composites and mgmed porous foams. The
miscibility of lignin with polymer was studied and predicted through Hansen solubility
parametersmodel. The effects of lignin on the mechanical, thermal and structural
properties of the compositegere investigatedit was discoveredhat the addition of a
certain amounof lignin would improve the modulus of the composites in both bulk and
porous satus.With this process described herein, lignin shows great potential to prepare

Agreeno and sustainable composites in diff
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5.5 Appendix

O 1s scan for original lignin and modified lignin

Ols

(a) Ots (b)
Original lignin \ Butyrated lignin

C-O0

540 538 536 534 532 530 528 526 540 538 536 534 532 530 528 526
Binding energy (eV) Binding energy (eV)

Figure5.8 O 1s scan from XPS for original lignin and modified lignin

Photos of lignin in styrene
Original lignin cannot dissolve in styrene monomer. The modified lignin has a relatively

large solubility in styrene monomer.

Figure5.9 Photos ofignin in styrene: original lignin (left) and modified lignin (right)

SEM images for L15
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Data 17 Sap 2015

Time 180515

L15

EHT =10.00 k' Signal & = InLans Data 17 Sap 2015
WD= 5.7 mm Mag= 73SKX Time 1181244

Figure5.10 SEM images for sample L15

Lignin/polymer composites through bulk polymerization

Figure5.11 Photos of lignin/polymer composites through bulk polymerization with

different lignin content, eg. l-pure polymer without lignin; Ldignin content is 1 wt %.

Characterizations of lignin/polymer composites prepared through bulk

polymerization
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Figure5.12 FTIR (left) and TGA (right) for lignin/polymer composites

Mechanical tests of lignin/polymer composites through bulk polymerization
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Figure5.13Mechanical tests results of lignin/polymer composites through bulk
pol ymeri zati on: (a) storage modul us by DM/

DMA; (d) Stressstrain curve by tensile tes

Rule of mixture:

EC = Bolymer™ V polymer+ Biignin * Viignin

Whereg Ec is the modulus of the compositegofmer and Egnin are the modulus of neat
polymer and lignin , respectively.,Mymerand Mignin are the volume fractions of polymer

and lignin in the composites samples.
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CHAPTER VI
NOVEL LOW TEMPERATURE LIGNIN DEGRADATION TO AROMATIC

COMPOUNDS WITH A REDOX COUPLE CATALYST

6.1 Introduction

Lignin, a heterogeneous alkgromatic biopolymer has received great consideration as a
sustainable source for blmmsed chemicals which are preserdlytainedfrom fossit
based feedstock #**2*° |t is found in cell walls of plantwith a weight content of5 to
40%. In plant cell walls lignin plays role for defense, structure, and water tranEpert
high aromatic nature makdgnin as one of the few natural largeale sources for
production of aromatic compounds and its extraction from lignin is recognized as crucial
aspect to the economic sustainability of integrated biorefineries. Among the
lignocellulose components cellsl® and hemicellulose are converted to fuels and
chemicals whereas, lignin treated as waste product and used to produce heat and power in
paper and pulp industries. Lignin into value added products has yet to get its goal to
successful valorization of ligni

Several methods have been reported for lignin depolymerizatooh as
hydrolysis, reduction and oxidation. In hydrolysis alkali hydroxides and carbonates in
water are used as a catalyst to brea®-C bonds to give phenol®epolymerization
occurs inhydrothermal conditions at high temperature (633K) and forms different
products or intermediates and chars asptoduct which make the process more
complicated for further processiAtf®** In contrast to hydrolysis, reductive and

oxidative depolymerizabn are more attractive since it can depolymerize lignin at
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relatively mild reaction conditiorfS® In presence of b (hydrogenation) or hydrogen
sources (hydrogenolysis) lignin converts to aromatics by selective cleavag®©-& C
bonds. Homogeneous mild hydrogenolysis to brea® Gonds using Ni, Fe, and Ru
complexas been reported in literature. Heterogeneous reductive processes have also been
investigated for lignin depolymerizationQi et al. recently reported catalytic
hydrogenolysis of kraft lignin in alkali water by Ni on ZS/zeolite with 91% vyield to
nine monomer$>° Addition of noble metals such as Au and Ru to Ni enhances the ability
to break €O bonds in lignirf>’ Other metal catalystike Cu?*® Mo,?* ?*° pt2®! and
Pd™? also reported to have efficiency in catalytic hydrogenolysis of lignin into phenols.
Despite the promising effects of catalytic systems for reductive depolymerization of
lignin, the yields of monomeric @mols are still low. Moreover, the use of hydrogen or
hydrogen sources is expensive dmel process is complicated

Selective oxidative depolymerization is also a good choice to achieve the goal of
aromatics from lignin at mild reaction conditions. In general, the goal of oxidative lignin
depolymerization is to produce polyfunctional aromatic compounds using meta$,oxide
molecular oxygen, or hydrogen peroxide as the oxidant. Rare earth metal oxides like
CeQ and LaFe xCuO3 (x = 0, 0.1 and 0.2) oxidative catalysts were used to convert
alkaline lignin to vanillin and syringaldehyd® ?°® Synthesis of vanillin from lignin by
oxidation is one of thedominated factors to venture oxidative depolymerization
strategie®”. Different salts of Fe, V, Co, Cu and Au, as a homogeneous oxidative
catalyst were used bCui et d for oxidation of lignin and model compounds to

aromatics’>®> Homogeneouand metal free oxidation methods using TEMPO/Hbi3ed
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lignin depolymerization to low molecular mass aromatics from aspen lignin with C
bondcleavage was reported Rahimiet al*®

Fe’* has been reported to be effective to interrupt the ether and ester bonds in
lignin and carbohydrate and to promote the biomass pretreatmecgspron the
biorefinery are&°®**® Thereforewe proposehat redox couple dfe**/Fe”*is promising
for the selective lignin degradatiofthe challenge is the +exidation of F&'from
Fef*with oxygen due to the low oxygen solubility in water ahe pooroverall reaction
kinetics.To overcome thishallengeNaNG; is added as the oxygen vehicle, where’NO
ions oxidizes the Féinto F€" in the aqueous phase and theeduced product NO is
easily reoxidized in the gas phase by oxygé@inus the overall degradat rate will be

promoted.To the best of our knowledgéhis concept has not been used till now for

oxidative lignin degradatioto producdow molecular weight phenolic compounds.

6.2 Materials and Methods
6.2.1Materials

Kraft lignin for the study was purchased from Sigma Aldrich. Ferric chloride and sodium
nitrate for pretreatment were purchased form Sigma Aldrich, Chemicals used for all the

studies were of analytical reagent grade.

6.2.2Depolymerization of kraft ligm

The depolymerization experiments were carried out by using the redox couple in a
laboratory scale Parr reactor with a total volume of 50 ml. The lignin mixed with 20 ml

deionized water with-# wt% of FeC{/NaNQ; at 706150°C in 10 bar of Gatmospheres
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with constant stirring (200 rpm) for a0 min. The reaction mixtures were initall
heated with a heating rate e6°C/min to set the temperature and kept stirring until
completion of the reaction time. After the reaction, cooled the reactor in tap water
immediately and filtered to separate the sold part. Washed solids were analyzed for
different changes after depolymerization by SEM, FTIR, X3SNMR and TG analysis.

The lignin fragments in liquid were collected for further analysis in HPLC. The
monomers formed during depolymerization were identified by-MEEFID. The
guantification of monomers was determined with HPLC. In addition, GPC analysis was
performed to confirm lignin depolymerization by determining molecular weights.

The residual solid after the depolymerization consists of the catalyst,
unconverted/repolymerized lignin and the char (solid residue). The amount of individual
products (wt%) were calculated on the basis of the calculation of peak areas of HPLC
chromatogram comparing with géhauthentic standardssing calibration curves. The
lignin conversion, product yield, residue and mass balances were calculated on the basis

of initial kraft lignin taken as equatiotfs
a2 e e T, B0
Yé 0 3@ ‘Qo w oPQE 8—0 p T

11206 OBV QQQ
; pPTT

01 £'Q06 &P QY
YQi Qro QU— p TITT
where w is the weight of lignin substrate before reaction;

w; is the weight of solid residue.
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6.2.3Characterization of lignin samples

Analytical HPLC was performed with a Zorbax 3068RB8 column, 150 mm x 4.6 mm,

5 em; flow = 0. 40 (MLO1WMITRA), MeONBE(0.1%6 TFA). A
gradient methodvas used in which the percentage of B was allowed to increase from 0 %
to 10 % in 1 minute, from 10 % to 20 % over 20 minutes, then 20 % to 100 % over next
14 minutes. The column wésally equilibrated back to 0 % B andashed thoroughly
between sample injections. Peaks in the range e271% min represent the mono
aromatic compounds and peaks in the ranges of325 are the dimeric and trimeric
aromatic compound?®.

FTIR and TGA were carried out as described in Chapter IV.

To analyze the chemical elements of the depolymerized lignin surfaces and their
binding energies Xay photoelectron spectroscopy (XPS) was used. The analysis was
carriedout in a Thermo KAl pha 1 nstrument equi pped witt
radiation at 1486.6 eV Xay source. The charge neutralization was performed by using a
low energy flood gun and Cu substrates were used to support the samples. All binding

energies fothe spectra were calibrated with a binding energy of 284.8 eV of C 1s.

6.3 Results and discussions

6.3.1Mechanism of lignin degradation by Fe@BlaNOsy/O,

FeCk is a commonly used oxidative agent, which is demonstrated to be effémtive
biomassdegradatiorf®® However, when Fé is reduced into Fé in the aqueous media, it

is very difficult to reoxidize Fé" back to F&" by oxygen gas due to the low oxygen

solubility in water and slow reaction kinetics at the-byigisid interface.To overcome this
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problem,NaNO;was addednto the catalyst systenit. is well known thatNO?* ion is in
the aqueous solution which can oxidize*Fénto F€* easily and quickly. More
importantly, when reduced, NGions are converted into NO gas which can be miscible
with oxygen in the gaseous phase anéXieized by oxygen more fast. So the diubah
of NaNGQ; is supposed to increase theaddation rate of F& and then increase the
overall lignin degradation rate.

As shown in Figure 6.1, briefly, in the lignin degradation proces¥,dxélizes
lignin at 100°C in presence of Owhile F€*is reduced to Fé as shown in equation 1.
Electrons of lignin transferred to ¥e The NQ ion from NaNQ oxidizes F&" in
presence of proton to Fevith the formation of NO gas as shown in equation 2. Further
NO is oxidized to N@and then to N@by O, asshown in equation 3 & 4. Nfions can
dissolve back to the aqueous solution quickly to oxidize newly formé&d Feerefore,
the overall reaction of the depolymerization process is the oxidation of kraft lignin by

oxygen to produce aromatic monomers.

HQ CHy  QCHy

HEO Vs CH
voy ¢ {u;‘,c,"f ook, FeCl;+NaNO;+0, |/\/coon H,CO___~__CHO
" Ho OCH.
H’Co)gfoclf, I A ) OH /L\_// OH”
s s . OCH,
HO O eo OLigni \/COOH
WO CHy ro L Lo, OH ~
Ho\ (5:5 OCH,
%I HO oy n,cc’:(
s S ~f o ~_CHO  H,CO__~__COOH
{3 _on Ho_ 7Y Ho I\T | ]/
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H,CO™\ 7
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Lignin Fe3* NO.- o}
g (1) (2) RN 2(4) (1) Lignin + Fe3* - Aromatics + Fe?*
NO, 2) 3Fe?* + NOF + 4H* - 3Fe3* + NO + 2H,0
(2) 3 2
Aromatics Fe? NO 0, (3) 2NO + 0, - 2NO,
)?/ 0, (4) 4NO, + 0, + 2H,0 - 4H* + 4NO3

| Lignin + 0, — Aromatics |

Lignin

Aromatics

Figure 6.1Schematic of lignin degradation into aromatics (above) and the mechanism of

FeCk/NaNGOsy/O,catalyst

6.3.2Monomer yield and analysis after lignin degradation

The catalytic depolymerization reactions were carried out using=é@/NaNGy/O,
system and the results are presented in Table 6.1. In G1, the effects of different catalytic
system were compared and it clearly shows the advantage of the combination of
FeCk/NaNG;/O, on the reaction rate. The ligngoluble fractiorwas much higher when
FeCk/NaNGsy/O, was used as catalysbmpared with other catalytic system, including
FeChk/O,, NaNGOsy/O.and FeCk/NaNG;. Besides, thesoluble fractionincreased as the
reaction time extended. Specificallfietsoluble fractiorof lignin based on the amount of
substrate weight left after filtration was fron®.2 % to 100% based on the varying
experimental conditions. Treoluble fractiorfor the system having water as solvent was
maximum (89.5%) as compared to methanol as solvent (82.3%) at°@Ofbr 4h.
Completedissolvingof lignin was observed for the system for 4h at 460

The formation of individual compounds during lignin depolymerization can be
seen from the HPLC chromatogram as shown in Figure 6.2. The standard chromatograms

for six standards are shown in Fig@w& of appendix The overall quantification for the
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major @mpound obtained during the depolymerization is summarized in Table 6.2. In the
case of methanol mediated depolymerization the major product obtained was vanillic acid
along with syringic acid and vanillin upto 120 min of the reaction. For a longer time of
reaction at 240 min only vanillic acid was observed with 5.2 wt% of initial amount of
lignin. In water mediated depolymerization the conversion based on the lignin residue
was more but the formation of monomers is less as compared to the methanol mediated
depolymerization. This may be explained with the concept that methanol resists the re
condensation of monomers formed during the reaction. In case of watdiated
reaction,two major peaks at 18 min and 20 mimfions the formation of vanillic acid
andsyringic acid at specified conditions. The broad peaks at aroud@ 8%n range are

due to the dimeric or trimericompounds during depolymerization. These peaks are very

negligible when water was the solvent.

. H,CO cooH 30 mi
(@) —— 30 min MeOH (b) R m:z Water

cooH OCH, —— 120 min

] /"L“—'\'\

10 20 30 40 50 10 20 30 40 50
Retention time (min) Retention time (min)

Figure 6.2HPLC chromatogramsf the compounds in the solutions after degradation: (a)

in methanol; (b) in water.
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Table 61 Lignin conversion by using FegZINaNOs/O,system

Catalysts Solvent Time (hours) Temperature °C) Conversion (%)
NaNO4/O, DI water 2 100 40.13
FeCly/O, DI water 2 100 59.75
ok FeCls/NaNO; DI water 2 100 54.46
FeCls/NaNOs/O, DI water 2 100 79.15
FeCL/NaNGy/O, DI water 0.5 100 26.7
FeCk/NaNOyO, DI water 1 100 314
ez FeCk/NaNOyO, DI water 2 100 79.15
FeCk/NaNOyO, DI water 4 100 89.5
FeCk/NaNOyO, Methanol 0.5 100 25.25
FeCk/NaNOyO;  Methanal 1 100 38.15
°s FeCk/NaNOyO, Methanal 2 100 70.55
FeCk/NaNOyOs  Methanol 4 100 82.3

Table 62 Catalytic conversion of kraft lignin by using FeBlaNO;/O,system at 106C

Compound Methanol Water

(mg/20mL) 30min 60min 120min 240 min 30 min 60 min 120 min 240 min

Vanillic acid 511 5.25 7.26 10.47 2.32 1.41 0.44 0.26

Syringic acid 1.24 1.25 0.62 - 2.95 1.45 0.43 0.41
Vanillin 0.23 0.33 0.25 - 0.38 0.31 0.22 0.27
Total 6.58 6.82 8.12 10.47 5.65 3.17 1.08 0.94
Yield (%) 3.3 3.4 4.1 5.2 2.8 15 0.5 0.5
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6.3.3Characterization of solid residue after reaction

Lignin and residue obtained after the reaction was characterized to evaluate the factors
contributing to the depolymerization. The lignin residue was analyzed for molecular
weight by dissolving it irdimethylformamide by using GPEigure 6.3shows the GPC

for raw lignin and solid residue and solution part after depolymerization &€ ¥60240

min using FeGYNaNG; catalyst. In both solid and solution fractions thenber average
molecular weightMp, decreases from 4774 to 2895 for saokdidueand2396for liquid
fractions respectivelyindicating the depolymerization of lignin to lower fractions.
Moreover, the retention time for the fractions after the reaction was increased as
compared to raw lignin and more peaks were observed in taskitton part which may

be attributed to the presence of more compounds formed from depolymerization reaction.
Table 6.3 shows the molecular weights of raw lignin and lignin residue after
depolymerization at different tirsein methanol and water mediatedactions. As the

time increase the values of,MM,, and PDI value decreasshich is a clear indication of
depolymerization with the reported catalyst system. The molecular weights of lignin are
closely reléed to structural units preseand their numbeof aryl ether bonds and-C

bonds between theffl.During the reactond e po |l ymeri zati on -®f | i
4 a n-@-4 bondswhich isdemonstrated by the relatively low molecular weight of these

fractions?’®

Table6.3Molecular weights of raw lignin and lignin residue after depolymerization

Sample My Muw PDI
Solvent

Raw lignin 4792 8907 1.86
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30 min 3562 8027 2.25

60 min 3596 7594 2.11
MeOH

120 min 3018 6449 2.14

240 min 2895 5988 2.07

30 min 3931 5530 1.41

60 min 3274 3990 1.22
Water

120 min 3529 4250 1.20

240 min 3208 4047 1.26

Methanol, 100 °C, 240 min

Solution !
(Mn=2396) :

Solid
(Mn=2895)

Raw lignin

(Mn=4774)

12 15 18 21 24 27
Retention time (min)

w

0

Figures.3 Gel permeation chromatogram for raw lignin and solid residue and solution

part after depolymerization.

102



The insight of molecular transformations can be visualizech FTIR spectra
after depolymerization of kraft lignias shown in Figure 6.4. The characteristics peaks
for lignin in the range of 1100350 cni for stretching vibrations of © and GO-C
bonds indicate the presencei @CH; and GO-C bonds The peaks for CH deformation
vibrations at 1454 chh (i CHy) and 1367 cm® (i CHs) were observed. The i€l
stretching vibrationsof aromatic rings were also observed at 1593, 1514, and 1420
cm 2™ A prominent peak around 1726 ¢rarises after depolymerization in methanol
mediated depolymerization due to the formation of C=0O bonds (ketone, aldehyde or
carboxylic acid etc.) fromiOH i-carbob. The peaks at 88 cm® due toiOH
deformation vibration decreases in both methanol and water mediated depolymerization.
The peaks ranges from 103020 cni* are almost vanishes in both water and methanol
mediated depolymerization at a specified conditions indicatingckba@vage of €O
(methoxyl) and GO-C (ether) bonds during the reaction. The removal of guiacol units
from the kraft lignin was evident from the decrease in peak intensitiesOoa@l GH at

1265 and 1030 crhrespectively’

(@) Methanol (b) Water

240 min
240 min

) 120 min
120 min

60 min 60 min

500 1000 1500 2000 2500 500 1000 1500 2000 2500
Wavelength (cm™) Wavelength (cm™)
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Figure 6.4 FTIR spectra of solid residue after lignin degradation: (a) in methanol; (b) in

water

The surface chemistry of the kraft lignin during depolymerizatias observed
by XPS analysis as shown in Figure 6.5. The XPS data obtained consist of elemental
surface composition and O/C ratios. From the elemental analysis, only O and C were
detected and there were no residual |IE# on the surface of lignin samplester
depolymerization.Table 6.3 shows the elemental compositions at the surface of the
original kraft lignin and lignin residue after the reaction. The elemental C decreases with
the increase in reaction time while the elemental O increases with tilvee C/O ratios
of the original kraft lignin and lignin residue after reaction decrease from 3.32 to 1.73 and
2.04 for water and methanol mediated reactions. This decrease in O/C ratios may be due

to the inputs of more oxygen in the oxidation reaction dutgmplymerization.
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™~ C\:A —— Water
'

—— Methanol

N :
1 :

| 1 | 1 | 1 | 1 | 1 | 1 | 1 J
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(b) Cls (C) Ols

Original lignin Original lignin

C-0-C
C-OH

C=

292 290 288 286 284 282 280 540 538 536 534 532 530 528 526
Binding energy (eV) Binding energy (eV)

(d) Cis (e) Ols

MeOH-120min MeOH-120min

sor 397 297 7e5  2en  mea s 540 538 536 534 532 530 528
Binding Energy (eV) Binding Energy (eV)
Figure 6.5 XPS spectra of raw lignin and residues of water and methanol mediated
depolymerization (aXPS survey of lignin before and after depolymerizatiowater
and methanol mediated systefin) C 1s scan of raw lignin; (c) O 1s scan of raw lignin;
(d) C1 scan of lignin residue of methanol mediated depolymeriziatidi?0 min at 100

°C; (e) O 1s scanf lignin residue methanol mediated depolymerizatio20 min at

100°C.
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Table 6.4.Comparison of the ratios of Carbon/oxygen of the raw kraft lignin and lignin

residue after depolymerization

Water Methanol
Raw lignin
30 min 60 min 120 min 30 min 60min 240 min

C 76.83 73.76 64.46 63.41 70.18 70.14 67.06

@) 23.17 26.24 3554 3659 2982 29.86 32.94

C/O 3.32 2.81 181 1.73 2.35 2.35 2.04

The Gaussian peaks were obtained through deconvolotithe C 1s and O 1s
peaks and are shown in Figure 6.5 for original kraft lignin and lignin residue after the
reaction. The chemical shifts for C Is in original kraft lignin into four categories G 1 (C
C/CiH), C2 (Q O-C and COH) and C3 (C=0) wherear lignin residue one additional
peak C4 (GC=0) was seen. The binding energy around 284 eV centers for Cls peak and
gradually increases from Cl1 to C4. The Ols peak for lignin residue after
depolymerization splits into two categories as O 1(C=0), ODJC The O1 is mainly
due to oxygen in lignin while Qand Q were present in the pseudo lignin. After
depolymerization, a general decreasing of C1 and an increasing of C2 to C3 along with
new C4 were observed. The increase in C=0 bonds and decreas® o after
depolymerization partially ascribedt®H oxi dat i on an@4liokagesa vage
in lignin structure The GO and C=0 bonds increased and C=C bond (@) decreased
after the depolymerization may also be assumed due to the oxidatioi€ gbICC=C)
bonds on the surface to@ and C=0 bonds by FefMaNQ;. These formation of C=0

from C-O during the reaction are inconformity with the results of FTIR spectra.
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Figure6.6(a) TGA curves of rawraft lignin and lignin residuafter degradation in
methanol for 120 min at 10C; (b)(DTG) curves of raw kraft lignin and lignin residine

methanol for 120 min at 10C.

In order to study the thermal properties of lignin before and dégradation by
FeCk/NaNGy/O,, TGA was carried out to examine lignin decomposition behavior in the
temperature range upto 860. The derivative thermogravimetry (DTG) curves of raw
kraft lignin and lignin residue at a heating rate of°COmin™ are showrin Figure 6.6.
From the thermogranit is clear that the thermal stability of the residue and the solid
residuecontentdecrease afterthe degradationThis is attributed to the formation of low
molecular weight compounds during the reaction. For ravit kignin a strong peak
around 400°C was obtained which is ascribed to primary pyrolysis as sintlaatlier
reports in literaturé® 2>, Lignin residue after methanol mediated depolymerization had
broader shoulders and the decomposition temperature ranges shifted tgera lo

temperature (200 to 35%). Moreover, the disappearance of strong peak at°@00
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implies lower thermal stabilitpf depolymerized lignin residue than the raw kraft lignin.
The alteration in degradation temperature indicates that molecular weights dffec
thermal stability and chemical composition since some functional groups have been
transformed in comparison to raw kraft lignin as explained in appropriate analytical

section?’®

6.4 Conclusion

Lignin depolymerization witfFeCk/NaNG;/O,catalyst system in presence of molecular
oxygen (10 bar, 106C) could effectively depolymerize kraft lignin into organic liquid
monomers specially. The conversion yield of monomers are of (5 wt %) which is
significantly higher than typical yields reportedthe literature. Based on the results of
this study, wedemonstratedhat the catalyst system effectively depolymerize lignin at a

lower temperature as compared to the methods reported till now.

6.5 Appendix

Calibration curves for standard samples:

Standard samples were dissolved in water and solutions with certain concentrations were
prepared. TheAnalytical HPLC was performed with a Zorbax 306688 column, 150

mm x 4.6 mm, 5 em; f 1,00 (BLOTFA), MeCNB)(0n1% el ue
TFA). A gradient methoavas used in which the percentage of B was allowed to increase

from 0 % to 10 % in 1 minute, from 10 % to 20 % over 20 minutes, then 20 % to 100 %

over next 14 minutes. The column wamally equilibrated back to 0 % B and washed
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thoroughy between sample injection¥hen the peak areas of different concentrations

were calculated based on the HP&i@omatograms

Concentration (mg/mL)

H;CO. COOH
e 0.5 Syringic acid .2
T oat L7
5 .
5CO0. CHO é 03F L7 ’
S ,°
OCH;, = 0.2} .
g .7 |Equation y=a+b*x
5 Rl Adj. R-Squ  0.99648
e 0.1p .’ Value
8 .7 Concentrat Intercept  0.00861
00} i ion Slope 6.05591
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.’ E .
.’ =2 L7
0.3r I E o3} .
o S @’
02} v ; T o2} L’
‘ Equation y=a+b*x b=} , - = 5
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Figure 6.7Calibration curves for different compounds
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CHAPTER VII
NOVEL LOW TEMPERATURE, LOW ENERGY AND HIGH EFFICIENCY
PRETREATMENT TECHNOLOGY FOR LARGE WOOD CHIPS WITH A

REDOX COUPLE CATALYST

7.1Introduction

The diminution of fossil fuel, environmental issues of it and higher requirement for
worldwide energy enhances the demand for alternative sustainable bioresources for liquid
fuels and chemicalS. Lignocellulosic biomass is one among the suitable and abundant
feedstock recognized for producing mixed sugars for fermentation to biofuels and other
biomaterials” Wood pellets are one of the commonly available lignocellulosic
renewable energy matals for fuel. The production of second generation biofuels from
lignocellulosic sources is a major concern to industry and academia from the technology
development perspectives. A typical lignocellulosic biomass has a rigid plant cell
contains carbohydte polymers called cellulose and hemicellulose with tightly bind
aromatic polymer lignin. Theolysaccharides present in wood which is a dominant
lignocellulosic biomass depolymerized to produce corresponding monosaccharides such
as glucose, xylose, mars® etc by mild enzymatic hydrolysis than acid hydrolysis
which further fermented to bioetharfét?”° One of the major components of
lignocellulose is cellulose and can be hydrolyzed enzymaticallylucoge and then
fermented to bioethanol. However, due to the complex structure of lignocellulosic
materials cellulose is protected by lignin and hemicelluloses and enzymatic hydrolysis of

native lignocelluloses is difficult. Biomass pretreatment is an rtapbstep towards the
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accessibility of hydrolytic enzymes to cellulose for glucose conversion. An efficient
pretreatment process disrupts the cell wall matrix and reduces the recalcitrance by
reducing the size of the biomasgscreasing the surface areapdifying the structure of
biomass removal of lignin, partial depolymerization of hemicellulose, and reduction of
cellulose crystallinityeliminates the inhibitory components and eto be accomplished
These changes in the biomass improve the hydsofysicess to recover higher amounts

of fermentable sugaf8> %' The lignin present in the biomass specially in hard and
softwoods determines the effectiveness of pretreatment since it presents in varying
amounts with inter unit linkages. Lignin in softwood mginbntains G units with more

C-C linkages and fewer-O-C linkages than hardwood lignin which contains both S and

G units. The sugar recovery is more challenging in softwood than hardwood as reported
in many earlier works though the exact reasons for wrack still not fully
understood®-2%

In therecent past, several pretreatment methods have been reported for biomass
using steam explosidfi? microwave pretreatmeAt> ultrasonic pretreatmeft® hot
compressed water pretreatméfft dilute acid?®® ammonia®®* ?®° inorganic saft® and
lime** etc. to remove or alter lignin and hemicellulose and to improve the enzymatic
accessibility of the substrate. All physical and chemical methods reported so far suffers
from low efficiency, high energy consumption and specially environmental hazards etc.
Besides, the effectiveness of biomass pretreatment is dependent on several factors
including the size of biomass and reduction in size thereby increases the surface area of

biomass for enzymatic digestion and disruption of crystalline structure of cellMust

of the pretreatment methods reported for different biomass, uses raw matgriatiau
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form which consumes sustainable amount of energy thereby affects pretreatment
economy. However, optimum particle size for pretreatment depends on the nature of
biomass and methods used foP’f?*° It is highly desirable to pretreat large size biomass
directly instead of grinding one to digestible residues by enzymes.

As the most abundawoiidative agents, oxygen is proposed to be one of the ideal
candidates to pretreat biomass. However, without a catalyst, the low rate kinetics of
overall reactions at low temperature in aqueous and the poor selectivity ofabaiaed
products hinder # practical application of oxygéfi” **¥eCk has been previously used
by some researchers for pretreatment of lignocellulosic materialdingluice straw,
bagasse and wood fib&. FeCkis effective in extraing hemicellulose and capable of
interrupting ether and ester linkages between lignin and carbohydrate to enable biomass
for enzyme accessible for sugar production with recyclability and less corrosion to
equi pment 6% tMost of tha prétrdasment process takes place at higher
temperature, high catalyst concentration and uses grinded fractions of biomass. However,
to useFeCk as catalyst without consumptiothe challenge is the +@xidation of F&"
back to F&" with oxygen de to the low oxygen solubility in water and overall reaction
kinetics. Therefore, finding a chemical which can be used as a bridge between oxygen
and iron salts to improve the-oxidation rate of F& is highly expected.

The main objective of this studwas to elucidate the redox system for
pretreatment of hard and softwoods for improvement of enzymatic hydrolysis. Here we
mainly focused on low temperature and energy consumption for maximum sugar
production. The Fe@NaNGy/O, catalytic system was desigth to pretreat both

softwood and hardwood successfully. The addition of Nabkh serve as the oxygen
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vehicle, where N& ions oxidizes the Fé into F€* in the aqueous phase and the as
reduced product NO is easily-ogidized in the gas phase by oxygdius, the barrier
between different phases is broken and the overall pretreatment rate is significantly
improved. To the best of our knowledge, this is the first report where wood chips are used
in the pretreatment process at low temperature with;A¢aNO3/O, as catalytic system.

The effectiveness of the reported pretreatment of softwood and hardwood was evaluated
and compared by soluble sugar production after enzymatic hydrolysis. The outcome of
the study will provide implication for better design of t@fnery concept and for

commodity chemicals from lignin at an environmental friendly condition.

7.2 Materials and Methods
7.2.1Materials

HW and SW chips werpurchasedrom Walmartand used without any other treatment

for pretreatment studies. The siz@ghe woods were around 25 x 21 x 3 mm in length,
width, and thickness, respectively. Ferric chloride and sodium nitrate for pretreatment
were purchased form Sigma Aldrich, USA.-Btrosalicylic acid, Rochelle salt, phenol,
Sodium metabisulfite and dmum hydroxide used for the sugar analysis were procured
from SigmaAldrich Chemicals, USA. Chemicals used for all the studies were of
analytical reagent grade. The chemical analysis of the hard and softwood samples was
done by standard methods and theatied procedure is given in supporting information.

The wood extractives were determined by the standard procedure of Tappi T204 cm
which extractives from dried wood samples were extracted using ethanol/benzene,

acetone and dichloromethane (5 eyehch) in a soxhlet apparatuBhe hollocellulose
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(cellulose + hemicellulose) content was determined by using the standard sodium chlorite
method?®® ?*° The cellulose content was determined by the modified gravimetric method
using 65% nitric acid and ethyl alcohol as reported in literafdré?

The hemicellulose contents were determined by difference of hollocellulose and
cellulose. The hardwood contains 5.08% extractives, 68.7% hollocellulose, 42.4%
cellulose and 26.3% hemibt@bse. The softwood contains 6.01% extractives, 67.3%

holocellulose, 40.9 % cellulose, and 26.4% hemicellulose.

7.2.2Pretreatment of SW and HW

The pretreatment experiments by using the redox couple were carried out in a laboratory
scale Parr reactarith a total volume of 50 ml. The biomass solid mixed with 40 ml
deionized water with-# wt% of FeCY/NaNG; at 86150°C in 10 bar of @ atmospheres

with constant stirring (200 rpm) for 320 min. The heating rate for all the experiments
was ~5C/min. The reaction mixtures were initially heated to set the temperature and kept
stirring until completion of the reaction time. After the reaction, the reactor immediately
cooled in tap water taking out from the heating jacket and filtered to separate the sold
biomass. Washed the pretreated biomass with deionized water and used for enzymatic
hydrolysis. Washed solids were analyzed for different changes after pretreatment by SEM,
FTIR, XRD, XPS and TG analysis. The dissolved lignin fragments in pretreatmedt liqui
were collected at pH-2 followed by water washing and drying for further analysis. The

total experimental plan is given in Scheme S1.
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7.2.3Enzymatic Hydrolysis

After pretreated the hard and softwood samples were hydrolyzegllbyasewith an
enzyme loading of 0.3g/g substrate in a 100 mL flask. The enzymatic hydrolysis
reactions were performed in a 0.05 M HAc/NaAc buffer (pH 4.8) at 50 °C on a rotary
shaker at 150 rpm. The samples for sugar analysis (0.5 mL) were withdrawn atsnterval
of 1, 4, 18 and 24 h and kept in boiling water to inactivate enzymes and filtered through a
porous membrane of 0.2 um diameter to remove water insoluble solids. Then the filtered
samples were analyzed by DNS method for glucose concentration. In a typatgdis,

0.5 ml of sample is added to 1 ml of buffer solution and 3 ml of DNS reagent. Boil the
mixture vigorously for Gmin and then cooled in ice cold water. Under these conditions, 3,
5-dinitrosalicylic acid (DNS) reduces ta&énino, 5nitrosalicylic acid. The absorbance

was measured at 540n (Shimadzu) and the reducing sugars concentration was
determined by using a standard calibration curve of glucose as shown in Fipticé 7

appendix*®¥3%°

7.2.4Characterization of pretreated wood chips and liquids

SEM analysis was conducted to analyze the surfamghology ofuntreated and
pretreatedvood samplesAll samples were sputtered by gold for 60 s prior to imaging
with SEM (LEO 1530 SEM, Carl Zeiss) operating at an accelerating voltage of 10 kV.

The X-ray diffraction (XRD) patterns of thentreated and pretreated HW and SW
sampleswereanalz ed by X6Pert PRO diffractometer.

CuKar adi ation sour ce( a=0.7ib®andthenoperation vohagea 2 d
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and current was maintained at 40 kV and 40 mA respectiVélg. crystallinity index
(C.I) wasdetermined as
C.1 = (loozlamorphou} / loo2 X 100 %

where, bozis the intensity of (002) peak ati2 = 2 @hd|&orphousiS the intensity of the
background at@ = 1% . 3

TGA, FTIR and XPSof untreated and pretreated wood samplese carried out
as described i€hapter IV andChapter V] respectively

The lignin samples recovered from the solution under acidic conditions after
pretreatment were acetylated to soluble in tetrahydrofuran (THF) for GPC analysis. The
acetylation of lignin samples was done by using 2 ml of acetic anhyigrdaine (1/1,
v/v) at room temperature for 24 hours under vigorous stirring. Ethanol was added to the
reaction mixture and removed it by vacuum drying. The addition of ethanol and removal
was continued until complete removal of traces of acetic acid and pyridine from the
sample. The acetylated lignin samples were dissolved in THF for GPC analys(SPThe
analysis was performed in THF with a flow rate of 1 mL/min al@a@ising a diode array

detector (SPR M20A) and RI detector (RIR 10A). The instrument was calibrated

beforeanalysis with EasiVial polystyrene standards (Agilent).

7.3 Results and Discussion
7.3.1Pretreatment of HW and SW chips

The biological means for ethanol production from biomass involves pretreatment,
hydrolysis and fermentation. Glucose to ethanol bynémtation is matured optimized

technology and due to the recalcitrance offered by lignocellulosic biomass hydrolysis is
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difficult. For this reason, pretreatment is essential to breakdown the linkages among
components to make it favorable for hydrolysigpofysaccharides. In our system, wood
chips became almost powder after pretreatment for 2h atCLObhe control experiment
shows that there were almost no changes in the wood structure upQonv@d the same
catalyst concentration and, @ressure. Similarly, without catalyst, keeping @essure

the same and temperature constant at °@@lso leaded to tiny changes in the wood
structure. The overall process and the mechanism of pretreatment are as shown in Figure

7.16 of appendix

Glucose

Enzymatic
hydrolysis
Wood chips Pretreated e ey
wood powers -y
6H,0
Wood chips 12Fe*}, 4NO3
2H,0 + 0,
Pretreated 12Fe
wood powders 12H*

Figure7.1 Schematic of the overall process of wood chip pretreatment and hydrolysis (up)

and the catalytic process during the pretreatment (bottom)
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Briefly, in the pretreatment process,*Feom FeC} oxidizes wood chips at 100
°C in presence of Owhile F€'*is reduced to Fé& as shown in equation 1. Electrons are
transferred to Féfrom biomass and protons are released into the solution. TheidtO
from NaNQ oxidizes F&" in presence of proton to Eavith the formation of NO gas as
shown in guation 2. NO is miscible with n the gas phase. Further NO is oxidized to
NO, and then to N@ in presence of ©as shown in equation 3 & 4. NOons can
dissolve back to the aqueous solution quickly to oxidize newly form&d Feerefore,
the overdlreaction of the pretreatment process is the oxidation of wood chips by oxygen.
The advantage of using the®H#eNOs redox couple catalys$ that it can increase the-re
oxidation kinetics of F& and thus improve the overall pretreatment rate at lower
temperature and without any mechanical grinding of wood chips.

The wood samples were analyzed for cellulose and hemicellulose before and after
pretreatment. The composition of the hard and softwood before and after pretreatment is
shown in Table7.1. From the table it can be clearly seen that after the pretreatment the
cellulose percentage were increased in softwood (40.9 to 64.2 %) and hardwood (42.4 to
67.8 %) due to the removal of hemicellulose, lignin, and other components which is one
of the essentlacriteria for the successful process. The total weight loss after pretreatment
was about 30.3 % for softwood and 32.1% for hardwood respectively at optimum

conditions. The hemicellulose removal for hardwood (26.3 to 19.1 %) was more as
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compared to softwab(26.3 to 64.2 %) after pretreatment. The results of total weight loss,
removal and hemicellulose and cellulose contents are consistent with each other after
pretreatment and depends on the biomass composition and structure of lignin and

hemicellulose®’

Table7.1 Compositions o$oftwood and hardwood before and after pretreatment

Before pretreatment After pretreatment

Cellulose Hemicellulose Cellulose Hemicellulose

Softwood 40.9% 26.4% 64.2% 24.3%

Hardwood 42.4% 26.3% 67.8% 19.1%

The effect of pretreatment on the surface morphology and physical characteristics
of the wood samples can be seen inpghetographs, optical microscopic imagé&sgure
7.2 for hardwood and Figuré@.10 of appendixfor softwood) and SEM images (Figure
7.3). The optical microscopic images show that pretreated woods exhibited smaller or
irregularfragments of fiber (Figur@.2 (d) and7.10(d) of appendi}. The colour of the
samples after the pretreatmevdsdark brown as clearly seen in the photograplgufie
7.2 (c) for hardwood and Figurg10 (c) of appendixfor softwood) which might be due
to the formation of chromophores from lignin. In tBEM images, deposition of nearly
spherical droplets of reondensed lignins or pseudolignins is cleashown In both
cases, the destruction of microfibers is seen. In general, high temperature pretreatment

has degrading effects while low temperature pretreatment initiated structural s¥&lling.
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These depositions are more for hardwood (FiguBe(b)) and negligible in the case of
softwood (Figurer .3 (d)) samples pretreated at the 2G0for 2h. In the case of softwood,
however, the surface remains free of droplet formation even at the most severe
pretreatment conditions. This may be attributed to the more resistant nature of softwood
lignin as comparedo the lignin of hardwoods due to their different composition. The
lignins in softwood arenostly of guaiacyl units (phenolic ring with one methoxyl group),
whereas lignins in hardwood have both guaiacyl and syringyl groups (phenolic ring with
two methoxyl group). Therefore, hardwood lignins having aromatic ring with more
methoxyl are less condensed and able to be controlled by pretreatment for enzymatic
hydrolysis. However, for both the hard and softwood samples the color after pretreatment
was brown which maype due to the relocation of lignin particles on the surface of the

surface as well as formation of pseudoligiitr™*
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Figure7.2 Photos of hardwood: (a) untreated hardwood; (b) hardwood treated in pure
water at 100C for 2 hours; (c) hardwood treated in FgRaNOs/O, at 100°C for 2
hours; (d) optical microscopic image of pretreated hardwood insfNaENO;/O,. The

scale bar of microscopic view is 0.1 mm.
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Figure7.3 SEM of hardwood and softwood samples: (a) raw hardwood; (b) pretreated

hardwood; (c) raw softwood; (d) pretreat
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7.3.2Enzymatic hydrolysis of pretreated woods

The increased enzymatic accessibility to biomass is dbal of pretreatment.
Pretreatment by Feg€tegradeshemicellulose in biomass materiatee bonds holding

the biomass component removed by catalytic attack and carbohydrates can be accessed
by enzymes in presence of decreased Ifjfhit** The FCSNRC pretreated hard and
softwood samples were hydrolyzed to fermentable sugars by enzymatic hydrolysis. In
hydrolysis process the polymer chains of cellulose and hemicellulose breaks into its
monomers. Furthermore, degradation fegmicellulose takes place in hydrolysis to
glucose, arabinose, mannose and dextrose to increase total sugat yiilakl.optimum
pretreatment conditions for enzymatic hydrolysis in terms of pretreatment temperature,
time and catalyst loading and substrate concentrations are @dptaimake the process

viable. The yield of enzymatic hydrolysis was determined as

Yield (%)= (soluble glucose) / (Cellulose in raw wood) x 100

The effect of pretreatment temperature on hydrolysis was investigated from 80
150°C for HW and SW sampleat 2 wt% and 3 wt% of FegNaNGQ; respectively for 2h
at 150 psig @pressure. Figure.Z shows the dependence of pretreatment temperature of
HW and SW at the specified conditions. Enzymatic hydrolysis reactions were monitored
at regular interval of timepto 24h. The conversion profiles with time are of same
pattern for all the hydrolysis reactions wherein up to 4h time the sugar release from the
biomass samples under investigation is faster as compared to the later part of hydrolysis.

For both SW and HWthe percentage of sugar yield increases from 80 to°C0énd
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decreases afterwards. The yield of sugar was more in case of HW as compared to the SW
chips. The reason may be due to the degradation of cellulose abo¥@ a00egradation

of lignins to monaners which inhibits the hydrolysis. The yields of enzymatic hydrolysis

of FCSNRC pretreated HW and SW samples were higher than the of pure cellulose
(23.9%) samples at the same hydrolysis conditions.

In order to understand the effect of catalyst conedintr in pretreatment the
concentration range varied from31lwt % based on the amount of SW and HW chips.
Figure7.5 (a) demonstrated the influence of FgNaNG; concentration on the yield of
HW and SW samples. Control experiments of pretreatment wittedalyst, with FeGl
without NaNQ and with NaNQ without FeC} shows below 10% yield in hydrolysis.
When FeGJ/ NaNG; concentrations were increased from 1 wt % to 3 wt % the hydrolysis
yield increases from 24.87 % to 70.66 % and 40.0% to 71.53 % foraSWHW
respectively. For SW the hydrolysis yield was maximum for samples pretreated at 3 wt %
catalyst concentration while for hardwood it was 2 wt%. However, once the/FeCl
NaNQO; concentration was raised to 4 wt %, the hydrolysis yield was almost same.
Pretreatment of biomass using higher RBe€@bncentrations gives higher cellulose
conversion for eucalyptus mechanical pulp fiber afetiulasehydrolysis suggesting that
ferric chloride destroys the tight structure by decomposing hemicelltfo38. Higher
concentration of Fe@lowers the pH value which negatively affected the gucan recovery
and finally to the overall sugar aeduipmens.®*

Figure7.15 (appendiy and Figurer .5 (b) depicts the cellulose conversion of SW
and HW for different pretreatment time under the same enzymatic hydrolysis parameters.

The experiments were conducted forI3D min and it is evident from the figure that
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increase in time increases the hydrolysed/up to 120 min and after that no substantial
increase in hydrolysis yield was observed. This drift suggests the degradation of
hemicellulose with time as similar to the temperature effects of pretreatment. Moreover,
longer pretreatment time may degradellulose which could decrease the overall

viability of the process.
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Figure 74 Effect of pretreatment temperature on glucose yield: (a) softwood; (b)
hardwood. Pretreatment was carried out a1 B0°C and150 psig ©pressure with 3 wt%
(softwood) and 2 wt% (hardwood) of FelaNG; for 2h. Enzymatic hydrolysis was
carried out witlcellulaseloading of 0.3g/g substrate in 0.05 M HAc/NaAc buffer (pH 4.8)

at 50 °C.
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Figure7.5 Effect of catalyst amount (a) and pretreatment time (b) on glucose yield
(hardwood). Pretreatment was carried out at®@and150 psig pressure with
FeCk/NaNG; (1-3 wt%, Fig (a)) and (2 wt%, Fig. (b)) for time (180n for (a) and 60
120 min, Fig. (b)). Enzymatic hydrolysis was carried out wéhulaseloading of 0.3g/g

substrate in 0.05 M HAc/NaAc buffer (pH 4.8) at 50 °C.

In summary, a novel and energgving pretreatment process was designed
successfullywhere ungrinded hardwood and softwood chips were pretreated directly by
FeCk/NaNGs/O, at low temperature. NaNGerves, herein, as a bridge between gaseous
phase and liquid phase, which increases the overall reaction kinetics under mild
conditions. Thistechnology is promising to break the wood chip complex to make the
carbohydrates more accessible to the enzymes, which is further demonstrated by the high

glucose yield after the following enzymatic hydrolysis process.

7.2.3Investigation on properties ahtreated and pretreated woods

The high glucose yield obtained in the hydrolysis is mainly resulted from the effective

pretreatment by FeggNaNGO;/O, as described. To further understand the effects of the
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pretreatment, the properties of untreated andrgated woods were investigated by
different characterization techniques.

The effective pretreatment may change the crystalline nature of biomass along
with the chemical composition. To understand the relative cellulose crystallinity XRD
analysis is usefiand in general lower value in pretreated samples gives higher enzymatic
digestibility**° In lignocelulosic biomass, cellulose only contributes to the overall
crystallinity of the materials. The cellulose structure includes the highly ordered regions
as long range crystallinity along with the short range regions of amorphous and short
range less orderedegions. The long range crystallinity contributes more to the
recalcitrance of lignocellulosic materials than the sort range crystallinity, thereby short
range crystalline regions can be easily disrupted or even removed.

Highly rigorous pretreatment meitis remove both the sort and long range
crystallinity from the biomass to break the strong inter and intramolecular bonds. The
relative crystallinity of biomass can be evaluated with crystallinity index which is a
measure of severity of pretreatméHtThe crystallinity index is the helig ratio between
a major crystalline peak ggb-lamorphou} @nd 002 plane of peak. The calculation of C.I
gives the indication of severity of pretreatment, if the pretreatment removes the
crystallinity of short range crystallinity regions the intensitytiod peaks will increase
whereas the decrease in peak intensity signifies the removal of highly ordered long range
crystalline regiong®® 3" The XRD patterns of soft and hardwood samples before and
after the pretreatment are not much different since the cellulose content in pretreated
samples were nearly same, thereby giving the similar cellulose for XRD analysis. The

XRD patterns of untreateathd pretreated hard and softwood samples are shown in Figure
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7.6. The peaks at specific 2d angles of 22.
l attice pl aané $01 forf cell@oBe? 1, and Ic@lldlose 1l respectively. After
pretreatment of @th soft and hardwood samples at 00 t he peaks at 2d
and 16.3° appear which may be attributed to the change in crystalline states from
Cellulose 11 to cellulose I. In general deformation of crystalline cellulose | structure in
pretreated mtarials subject to a higher enzymatic hydrolysis yield than untreated
substrates. The increase in peak intensity is due to the removal of amorphous
hemicellulose after pretreatment. The XRD analysis of untreated and pretreated
hardwood and softwoods samglas shown in Figur&.6, represents the difference in
cellulose crystallinity. The increase in the sharpness and intensity of peaks due to the
cellulose indicates the effectiveness of pretreatment process at different conditions as
specified. The crysthhity index (Crl) of soft and hardwood before and after
pretreatment was increased from 55.42 to 63.32 % and 53.65 to 79.33 % respectively.
The increase in Crl after pretreatment for hardwood was more prominent than softwood
as expected. The lower valué Grl for softwood after pretreatment than hardwood
indicates that the easy accessibility of enzymes to hardwood cellulose for hydrolysis than

the softwood cellulose respectivély.
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(a) —— Raw hardwood (b) —— Raw softwood
—— Pretreated hardwood — Pretreated softwood
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Figure7.6 XRD pattern of hardwood (a) and softwood (b) samples before and after
pretreatment. Pretreatment was carried out alChd150 psig ©pressure with

FeCk/NaNG; (2 wt%, Fig (a)) and (3 wt%, Fig. (b)) for 120 min.

To evaluate the changes in thermalgadies of SW and HW samples before and
after FCSNRC pretreatment weight loss (thermogravimetry, TG) and weight loss rate
(differential thermogravimetry, DTG) curvegere drawn as shown in Figure77lt is
presumed that there is no interaction between the extractives, hemicellulose, cellulose,
and lignin. The contributions of different components can be exemplified by DTG profile
with separate peaks. In all SW and HW samples, a small weight losg Galtss) in the
range of 30C to 130°C was observed due to evaporation of water in the biomass or due
to low molecular weight compounds left over in the samples. Frorfighee of TGA,
the signals centered at 2861 2maésloasrates@9 81 35
extractives and hemicell ul ose. The signal s
mainly associated to the mass loss rates of cellulose and lignin, respedtiviiyas

shown in Figur& .7, the weight loss fractions of raw and pretreated SW and HW samples
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were significantly influenced by FCSNRC pretreatment. The prominent differences in
their weight loss fractions for both HW and SW samples were primarily due to their
different chemical cmpositions. During FCSNRC pretreatment, the weight loss fractions
for hemicellulose and lignin dropped significantly indicating the removal of it from the
samples after pretreatment. However, the weight loss fraction for cellulose is very limited
for bothHW and SW samples. The change in weight loss fractions was more for SW than

HW samples.
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Figure7.7 TGA/DTA of hardwood (a) and softwood (b) samples before and after
pretreatment. Pretreatment was carried out aPCGnd150 psig Opressure with

FeCk/NaNG; (2 wt%, Fig (a)) and (3 wt%, Fig. (b)) for 120 min.

The probable changes in molecular structure of major hard and softwood
compounds were assessed by the total Fourier transform infrared reflectance (FTIR). The
FTIR spectra of untreated and pretreated hard and softwood samples are shown in Figure
78(@) & (b). The spectral differences between soft and hardwoods are due to the

hemicellulose and lignin. No spectral differences connected to cellulose compounds. In
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