ABSTRACT

LI, SHUAI. Valorization ofLignins forUse in Multiphase $stems (Under the direction of
Drs Orlando Rojas and Carlos Salas

Technical ignins, aremainly used as lowalue solid fued due totheir complex structures
and diversity of sourcesiowever,lignin presents multifunctionality, surface activity, Ron

toxicity, high heating values, etc., all of which can be considered for utilization in diverse areas.

Industrial Kraft lignins were modified by carboxymethylatienablingtheir solubilizaion
at neutral pH. The carboxymethylated lignins (CML) wararacterized by elemental analysis,
molecular weight(GPQ), and degree of substitutiod’® NMR). Surface tension analgs
confirmed the suitability othe CML to reduce surface tension, givdreir surfaceactivity.
They presented a critical aggregatiamcentratiorin waterwith a minimum surface tension
of 34 mN/m The salinity and pH of the aqueous phase were adjusted as formulation variables
in different (watefoil systems)Winsortype of systems and were then emulsified following
standard emulsification protocols. Aultra-high viscositybitumenoil and other lighter fuels
were used as oil phasdse drop size distribution of emuls®prepared with agueous phases
of varying pH CML degreeof substitutionandcomposition waterto-oil ratio, WOR) were
determined andliscussedn terns of composition and formulation variableSil-in-water
(O/W) emulsiors stabilized by CMLsshoweda strongshear thinning behavidrheological
behavior)with acharacteristicrop sizdess thar?2 em. They were stable for at ledstmonth
CML/kerosene/water fuel emulsions wenaluatedn a labscale fuel enginerhichindicated

theemulsions burned effectively and displayed a relativé ¢gV. Compared withhe pure



base fuel, and under certain conditions, the O/W fuel emulsion presewtdNO, and CO

emissionsand maintained a relatively high combustion efficiency

Carboxymethylated lignis were used tdorm liquid foams which were produced via
agitaton and compressl air bubbling. The foamability and foam stability of
carboxymethylated lignsin water were measured as a function of concentration, temperature,
pH, mixing rate and air content. Fibers were mixed with CML solution (0.6 % solids in aqueou
dispersion) under agitation to stabilize liquid foams. The foamability and stability were
analyzed at varying CML and fiber concentration, pH anguwifactant/CML ratio. After
dewatering,the materials were assembled by foatlaying techniquesthat were further
characterized foresiduallignin (retentior), morphology, and physicahechanical properties
(formation, density, air permeability, surface roughness, tensile and internal bond strength).
The results were comparedth those oimilar structuresbtained from foams stabilized with

an anionic surfactant (SDS) as well as those from ffvam(water) systems

A highly efficient disilazane reaction was used to substitute hydroxyls in Kraft lignin with
siliconecontaining vinyl groups. The SiC and &®ondsan improve lignin macromolecular
mobility. Moreover, the modified lignin was copolymerized with acrylonitréed the
productsvere used to produce composite films. The products of lignin modification and PAN
lignin copolymerization were charadteed by FFIR, and'H, 13C, 3P NMR, which indicated
the success of the respective procedures. Glass coating via solution casting followed by oven

drying yielded films that were tested via SEM, contact angle, TGA and DSC. A good



compatibility between sitione functional lignin and PAN was determined. Finaiysile

strength othe composite films were obtained via DMA.

The siliconefunctionalized lignins capartially of phenolto producdignin-based phenolic
foams displaying closkcell morphologiesVinyl functional groups enhanced the crosslinking
process duringhe curing step and endowstilonger bonding networks. The thermal behavior
of the ligninbased resol and phenolic foams were analygeDSC. The morphology of the
phenolic foams was obsen/einder SEM. The mechanical properties of compression and
flexural strength were tested by DMA, which indicated that the phenolic foam based on
siliconefunctionalized lignin is flexible andtrong properties that are otherwise difficult to

attain at thesame time.
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1 Introduction

1.1Background

1.1.1 Lignin Structures
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Figure 1.1. Lignin structural model

Lignin is a three dimensional amorphous macromolecule consisting of methoxylated
phenylpropane structur¢s]. In plant cell walls, lignin fills the spaces between cellulose and
hemicellulose, and it acts like a resin that holds the lignocellulose matrix toff@theéross
linking with the carbohydrate polymers then confers strength giityito the system. In the

woody biomass, the lignin contributes around 30 % of the total mass in sof2@&&1% in



hardwood[3]. Lignin has a very complex structure dependingtlo® species. Figuré.l,

displays a proposed lignin structural model reported in 18]/7

Although the exact structure of native lignin in unknown, the biosynthesis of lignin is
thought to involve the polymerization of three peimsec al | ed mo-+owrharyg nol s:
coni feryl, and si nap yHydrogyphengl (H),| guaiacylh(G)c dnd pr o d |

syringyl (S) residues, depicted in Figur2 [5].
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Figure 1.2. Monolignol carbon nomenclature and residues



Based on above monolignols, lignin is biosynthesized to form a heterogeneous structure

with different GC and CO linkaged.6, 7] The major linkage types are listed as followj8Y

(Figurel.3):
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Figure 1.3. Linkages between monolignols in lignin biomacromolecules

Besides the above different types of linkages, the lignin monomers can alswitioather
polysaccharides, proteins, etc., which make the lignin a highly branched, complex three

dimensional network.

1.1.2 Isolated Lignins
Lignin can be isolated from the cellulose and hemicellulose based on the different

procedures, for this reason one cefer to lignins instead of singular lignin. After the isolation,



the lignins present various properties. It is important to stress that the structure of the isolated
lignin stream depends on the pretreatment method employed. These methods reserémnt diff
types of lignin with a consistent, relatively high quality. They are divided into four categories:
physical pretreatment (i.e., ball milling), solvent fractionation (including the organosolv
process along with phosphoric acid fractionation and tlee aisionic liquids), chemical
pretreatment (acidic, alkaline, and oxidative), and biological treatment (using enBlme)
Several different lignin sources, deriv&om a specific form of biomass pretreatment, could

be potentially used as feedstocks for lignin valorization in a biorefinery. These sources could
originate either from pretreatments in the pulp and paper industries (i.e., kraft or

lignosulfonate) or ng feedstocks specific to the biorefinery figure (i.e., organosolv).

1.1.2.1Kraft Lignins

Worldwide, the Kraft process is the mosommonly used methotb produce fibers for
papermaking10] During the process, wood chips are treated withSNaOH solution in
order to remove the lignin from the cellulose. The resulitngeous dispersiowhich is called
black liquor, contains lignin fractions, hemicellulose, extractives, and other chemicals. From
the black liquor, a delignification processn be employed to precipitate Kraft lignin.
Generally, a strong acid solution is used to neutralize the black liquor and the product is
obtained after drying. Due to the delignification, the resulting lignin has a lower molecular
weight compaed with the precursor or naturalignin. Moreover, Kraft ligniis are highly
modified and show hydrophilicityOnly alkaline solutionscan dissolve jtwhich limits its

utilization. A large amount of commercial Kraft ligsirare sulfomethylated, whichare



obtained by reation between alkaline ligninsodium sulfite and formaldehydgLl].
Worldwide, @mmercial Kaft lignin is producedt levelsaround 100, 000 tons every year.

[12, 13]

1.1.2.2 Lignosulfonates

Lignosulionates aréhe most availabldorms of commercial lignin, about 1 million tqer
year[12] It is obtained by extracting the lignin from wood by sulfia@ping process. It can be
produced with severabell-known processdd3, 14] The reaction is usugl within sulfite
solution. Lignosulfonateare waér-soluble and displaymphiphilic propertieowing to a
relative gentle reaction comalwith that in the Kraft process. Lignosulfonate maintain a
high molecular weight, rendering a structtinat to some degreensore similarto the natural

lignin.

1.1.2.3 OrganosolhLignins

Different organic solvents have been used for lignin extraction, such as ethanpl&jater
acetic acid/wat¢f6], phenol/acid/water, methanol based pulpli, etc. The aganosolv
methodusesa high temperature and pressure to extitaetsecalled organosolv lignin from
wood or otheforest speciefl7, 18] Thefinal products candextracted by acid precipitation.
Despitethe fact thadifferent organic solvestcan be used for lignin extraction, only alcohol
based methods produce commercially availgbtelucts, such a&lcell [18] and Organocell
[17]. Compared with the Kraft process, thgamoslovlignins are geerally sulfurfree and

contain less modified structures. However, the production of orgar@mins is very limited.



1.1.2.4 HydrolysisLignins

The hydrolysis lignin is usually obtained with steam treated under high temperature and
pressurgl9] Generally, a sudden decompressionapplied, which makes the lignirto
hydrolyze. Therefore, a watspluble lignin is produced with low remaining carbohydrates
and impurities. The separation presecan be produced by dilute acid hydroly@6] or

combine&l with a enzymatic hydrolysjsvhich produce carbohydrates for fermenta{i®ii.[22]

1.1.2.5lonic Liquid Lignins

The ionic liquid lignins are extraad by ionic liquid at relatively low temperatures. With
this procedure, the |ignocellulosic biomass
lignin can be fractioned and precipitated by water or acetor{i28eThis type of lignin
presens similar properties as tise oforganosolv lignis. Theionic liquid medium providea
good environment tox@ose lignin for various chemical reactions. However, the ionic liquid

lignins arenot yet available in the industry.

1.2 Applications of Lignins

One particular opportunityor lignin utilization arises from the development of lignin
processing. Every yeahere are nearly 50 million tons of lignins being available in the forestry
industry.However,only about 2 % of them, including 1 million tons of lignosulfonates and
0.1 million tons of Kraif lignin, are commercially useayith the remainder burned asau
value fuel[24] So far, lignin has been reported to have potential as a raw material for

production of chemicals and materif2§] It is necessary to develop highly valadded,



functional materials from technical lignins. Biomass refinery process enables sustainable use

of woody biomass. Some applications of the lignin are highlighted as following.

1.2.1 Lignin as Emulsifier in Emulsions

Lignin and its @rivativescan be goodtabilizes due to some advantages like natural and
renewable resources, environmentditlgndly, surfaceactive, high calorific value, not posing
toxicity issues in contrast to conventionalypoeric emulsifier, and so di26]. However, there
is a seious need for a systematic study of the struepuoperty relations that define lignin as

emulsion stabilizers.

Despite of lacking theimilar chemical structure of conventional amphiphilic molecules,
lignins from biorefineries showood surface activityit is hypothesized that lignin adsorbs at
the air/water and oil/water interfaces forming a condensed, viscoelastic surface or interfacial
film. The surface activity has been proved when the lignins are obtained directly from black
liquors, with no modiftation[27], after chemical derivatizatiofi, 28] and in combination
with other specief29]. Biorefinery technology integrates biomass conversion processes and
equipment to produce vahksslded products. Due to a high purity with minimal chemical
adulteration, lignin pglelectrolytes derived from biorefineries can be classified as a natural,

renewable, and high performance emulsifier.

1.2.1.1Emulsions
Emulsions can be described as dispersions of drops of some liquid in another immiscible

one, which exhibit more or less stabildepending on the applicatid®0]. The stability



against drop coalescence is provided by the presence of a small amount of a third component,
so-called emulsier, which is in general a surface actiagent or surfactant, that adsorbs at the

drop interface and produces some irtsgp repulsion according to a variety of static and

dynamic phenomena1].

1.2.1.2Winsor System

In a broad sense, the making of an emulsified system involves several choices and activities,
that may be classified in three categories: "formulation variables" that depend on the nature of
the componest "composition variables" that quantitatively describe the composition of the
system; "emulsification protocol" describes the specific method the emulsion is prepared.
Here, Winsorods approach c a[B23BeTheparanetertQisdescr
the ratio of the interaction energy of the surfactant with the oil phase, to the interactgn ener

of the surfactant with the aqueous phase. As shown in Figyre
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Figure 1.4. Molecular interactions in the interfacial region according to Winsor notation



R = (Aco0.5A00)/(Acw0.5Aww), where Aco is the interaction energy between the surfactant
(c) and the oil phase (0) molecules; Acw is the interaction energy between the surfactant and
water; Aoo is the interaction energy between two oil molecules. The constant 0.5 is due to
cross interactions (Aco and Acw) involve one surfactant molecule and bathranlecule
and a water molecule, while the sgriteractions (Aoo and Aww) involve two molecules of
oil, and two of water. Winsor type | phase behavior, for R<1, is exhibited in which a surfactant
rich agueous phase is in equilibrium with an essentsalijactantfree oil phase. In this case,
the interaction of the surfactant for the aqueous phase exceeds the interaction of the surfactant
for the oil phase. The opposite occurs in Winsor type Il phase behavior with R>1. When R=1,
the surfactant interactns for those two phases are equal and the system is separated into three
phases: a microemulsion that contains most of the surfactants-antlibdizes large amounts
of oil and water, and two excess phases that contain pure oil and pure water, lmmpgex
but not uncommon phase behavior situation.

Those factorshat affect the interaction energy such as salinity, pH, temperatagare
able to change Bndresult in different phase behaviors. A more quantitative description of the
physicatchemical formulation is available through the-salled surfactant affinity difference
(SAD) and the Hydrophilitipophilic Deviation (HLD)[34 whi ch tr ansl ate th

conceptual approach into numerical values.

1.2.1.3Emulsion Applications
Emulsions havenanyapplications. For example, emulsions are commonly used in many

major chenical industries. In the pharmaceutical industry, they are used to make medicines



more palatable, to improve effectiveness by controlling dosage of active ingredients, and to
provide improved aesthetics for topical drugs such as ointnj86}s In the agricultural
industry, emulsions are used as delivery vehicles for insecticides, fungicides and pesticides.
These water insoluble biocides must be applied to cromsyatow levels, usually by spraying
through mechanical equipment. Emulsion technology allows these chemicals to be effectively

diluted and provides improved spray ability.

1.2.1.4Lignin as a Surface Active Macromolecule

Lignin contains many functional groupsenmolic hydroxyl groups, carboxylic groups, and
sulphur containing grougg6], [37]. These multifunctional groups provide unique colloidal
properties which enable the lignin to stabilize the O/W emulsions Due to the amphiphilicity of
the lignosulfonate, it has been used to stabilize the emulsions like asphalt empéestingle
formulations, waxemulsions, pigments, and dyj@.Some work has reported to modify Kraft
lignin to be a emulsifief38]. A type of organosolv lignin extracted by acetic acid is reported

to be a polymeric surfactaf2s, 37]

1.2.1.5Fuel Emulsions

In consideration of the properties of high heating values, lignins have some potential
utilization involving liquid fuels for power generation. The use ofimivater emulsions in
power generation benefits from the following items: (1) lower combustion temperatures
associated with water can reduce emissions of; N&) enhances production of hydroxyl
radicals resulting in more rapid completion of combustion; (3) efiradguels burns faster.

An example of a commercial product is Aquazole (TOTAL, Paris, France) emulsified with a
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proprietary mixture of three nannic surfactant$39] and is currently utilized in Europe as

transportation fudl40]

Moreover, in case of heavy od,polyethoxylated nonylphenol surfactant has been used to
stabilizea bitumen based emulsion which is cal@dmulsion from the Orinoco Petroleum
Belt, Venezuel§41l]. It has been used as a commercial boiler fuel in power plants worldwide.
However, the conventional surfactant or synthetic surfactants used for making fuel emulsion
will result in unburnt residues inside the diesel engineaigse severe corrosions. The low

heating values of the surfactant lower the combustion effectiveness and increase the total cost.

According to the properties of lignin like surface activity and high heating value, it will be
a big potential to use ligniior stabilizing emulsion systefd2]. So far, only few studies have
reported on emulsion technology using ligni@g, 33]. The preparation of emulsions allows

many degrees of freedom with respect to the formulation and the emulsification protocol.

1.2.2 Lignin as Liquid Foaming Agent

Foam is a multiphase system which is formed by dispersing gas bubbles in aligoiidi
materials. It is usually produced with a surface active component like a surfactant accompany
with input of the mechanical work. In the liquid foam, a ligaid interface formed at the
surface of the film to prevent the bubble breakaggpiid foams are usually generated by soaps,
detergents, and cleaning agents. The use of the liquid foams can involve in the area of fire
fighting[43], oil drilling[44], flotation45], etc. In the paper industry, the paper is usually

prepared by mix fibers with additives in aqusdispersion. Recently, foalaid technology
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for paper making has beenirgroduce by VTT Technical Research Centre of Finland. The
sodium dodecyl sulphate (SDS) based liquid foam is used to produce high bulky and water

saving paperg46, 47

The surfactant is a key point in the foam forming and can lead to product applications
depending on its propees. As discussed above, with the amphiphilic properties, the
lignosulfonates has been reported to be a foaming agent mixed with cationic surfd&ants.

The lignin based liquid foam can also be used iratka of oil recoveryj49]

1.2.3 Lignin as Precursorfor Carbonized Materials
Isolated lignins are rich in aromatic rings which bring a high carbonrusrdaeer 60 %50]

Lignin can be used as a lesost raw precursor for carbonized materials.

1.2.3.1CarbonFiber

Carbon fiber is generally contain at least 92 wt% carbon. It has a quitstigggth but low
density. Usually, the carbon fibers are resistant to most of the chemical species but may lack
resistance to oxidizing agents or hot flarfieH. Due to the high cost of the carbon fibers, the
carbon industry are more focus on the aerospace, military, medical and sporting njarials.
Carbon fibers are generally made of polyacrylonitrile (PAN) and anisotropic pitches. As a
precursor of carbon fibers, MArepresents over 90 % of the supply while the rest is mainly

pitch [53, 54].
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Generally, the carbon fibeese made of polymer precursor fibers which are prepared by
solventspinning or mekspinning technique. The spun fibers are then thermal stabilized and
following with carbonization under high temperature. The process makes the fiber a tightly
inter-conneted chains of carbon atoms. After that some surface treating and sizing may apply

on it depending on the applications.

1.2.3.2PAN-based Carbon Fibers

Polyacrylonitrile (PAN) is typically synthesized by free radical polymerization of
acrylonitrile to form a (@HsN)n linear structure. Due to the strong chemical bonding between
nitrile groups (CN), most organic solvents
PAN doné6t mel t [3566 Sairethedileegproeedseng imdostry, it is difficult
to direct extrude PAN precursor fiber by ce$fective meltispinning. Thus, the major
processes are using wetrspng or plasticizer assisted melt spinning techniéui¢ The PAN
based carbon fiber provide high strength and stiffness, lightweight, thermal stability and
electrical conductivity. However, as reported in 2013 fi@ts Chemical Businesshe price
of the PAN can reach as high as $19MY] The high cost of the PAN precursor restricted its

utilization to high end applicationf8]

1.2.3.30therPolyme Based Carbon Fibers

People are keep seeking the alternative materials to produeeotivand value added
carbon fiber from other sources. A bunch synthetic synthetic polymers have been
investigated. The polyvinyl chloride (PVC) is used to produdeated carbon fibergs9] The

spinnable carbon fibers is made from polyacetyldB&hAlso polyethylene (PE) can be used
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to produce linear low densityabon fiberd61] Moreover, numerous PAldased copolymers

or blends are being used for carbon fiber producfi@i.

1.2.3.40therCarbonized Materials

PAN has also been produced into a large variety of prodactading acryli¢63], carbon
films[64], and carbon foani85]. Other polymers like polyacetylene (PAc), for example, can
be used to prepare carbon nanofibril thin fi[f&6] Moreover, as a low cost materials,
polyethylene (PE) has been used in the manufacture of high density composite films reinforced
with carbon nanotubd$7] However, most of the polymersntain less carbomesulting in
relative low carbon yields. The cost the further thermal stabilization and carbonization will
increasg51] In addition, the properties of the resulting product can compete with PAN based

fiber.

1.2.3.5Lignin-Based Carbon Fiber

Compared with the PAN with carbon content of 68 %, the lignin can have a carbon content
over 60 % which is so close to the PAN. Thad)ds a good reason to believe the isolated
lignin can be a costffective carbon fiber precursor. Besides the price consideration, the
partially oxidized lignin can be thernstabilized oxidatively to reach a higher stabilization

rates than PAN68]

In 1960s, Otani first desloped ligninbased carbon fibg69] After that, various fnins
have been used to produce ligiiased carbon fiber. In 1990s, a steaxploded lignin was

used to produce carbon fibgi®), 71] Later, Kadla et al. reported using Kraft lignin from both
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softwood and hardwood for using in carbon fidéid. Organosolv lignin from acetic acid
pulping process for producing carbon fiber was reported by Uraki ét5hlQjn described a
carbon fiber based on pyrolytighin[73] Recently, the Oak Ridge National Laboratory has
been working on carbon fiber from an organic purified hardwood ligfh But the lignin

based carbon fibers represented quite low tensile strength and brittleness.

Thus, ligninbased blends or copolymers have been studied to balance the cost and strength.
In this context, the ggethylene oxide (PEO) is used as a plasticizer to mix with lignin so as
to reach a better spinning properti@g] Likewise, polypropylene (PRY5 and polyethylene
terephthalate (PET)Y6] were used to produce carbon fibers by blending with lignin in order
to reach a higher thermostabilization rate. In case of PAN, many reports have demonstrated
PAN/lignin blends for producing carbon fiber precurgs6f, 78 Moreover, a lignia
acrylonitrile copolymer was effective in producing carbon filj@es.Except for high value
used the carbon fiber, other carbonized materials like carbon film can be produced from lignin

precursor$80Q]

1.2.4 Lignin as Adhesive Resin
Phenolformaldehyde resins can be utilized as an adhesives for polywood, chipboard,
oriented strand board and so[@hThe secalled resol is synthesized in acidic or basic media

based on phenol formaldehyde condensd&dh.

Due to similar aromatic structures between lignin and phenol moledules. Lignin has been

used to take place of phenol to produce resins with organosolv and hydrolyzed lignins. These
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products present good curing proper{i&g. Additionally, Kraft lignin or lignosulfonates can
take place half of the phenol to produce lignin resins using as bii@#:83] Since phenol is
toxic, using alternative lignin is quite environmentally friendly and-effgctive applied in

the binders.

With appopriate modification, lignin can partially replace of phenol to increase more
reaction sites for following reaction with formaldehyde. Phenolization reaction can add more
phenol units in the lignin and reduce its toxicj84]. Another method to increase the reatyivi
of lignin is demethylation. Within the process, the methoxy groups are substituted by free
hydroxyl groupg85 The modified lignin can be more widely used as the wood adhesives.

These two reaction schemes are showed as follows:

oy
= OH
OH OH ©/
Demethylation = Phenolization
HO * HsCO H,CO
OH OH

Figure 1.5. Phenolization and demethylation on lignin (* refer to reaction sites to
formaldehyde)

1.2.5 Ligninin Solid Foams
A solid foam can be cataloged to an oefi structured foam with the pores conteelcto
each other which can be used as an absorbent [4]; and a-cls@hm with the pores not

interconnected. The closeell foam generally have better strength, less moisture absorption,
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and provide good insulation. Thus, it can be utilized as rantileinsulation [5], flotation or
packing material§s] From the early 20th century, various types of solid foams came into use
as the polymeric foams, including phenolic, polyurethane, polyvinyl chloride, polystyrene, and

polyimide foams, etc., that areny attractive using in many areas.

Due to the price advantages andtmftunctions, lignin has been widely studied with above
polymers in the form of blends, copolymers, additives etc., to produce solid foam to obtain
different unique properties. The hip extracted from pulping black liquor has been
incorporated with polyethylene to produce solid fd&®j. A Kraft lignin/polystyrene blend is
reported to produce solid foam for absorption poll{i88%.A starchlignin based foam is
reported as an alternatives to polystyrene fp@8hHowever, the most used lignbased solid

foam are in the polyurethane foam and phenolic foam.

A bunch of works related to lignimased polyurethane foam have been reported. The Kraft
lignin is used to produce rigid polyurethane fo@4. The polyurethane can also prepared
from modified lignin by oxypropylation. Organosolv lignin is also reported in the polyurethane
production. A carboxylated lignin is used to form polyurethane fi@0jnAnother few
application is lignirbased phenolicoam. Lignin can take place partial of phenol for forming
resins due to the similarity chemical structure between phenol and lignin. The lignin based
phenolic foam can be produced from ligiphenotformaldehyde resins with different lignin

sourceg91, 92]
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1.2.6 Other Applications ofLignin
A great number of other lignin based applications are reportedrious areas including
lignin nanoparticle§93], Lignin supracolloids for stabilization Pickering systef@s], Lignin

based adsorption gg@5], etc.
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2 Research Objectives

This research is aimed at developing a platform for the utilization of §gnidifferent
areasincludinguseas a stabilizeof oil-in-water emulsios, as a foaming agent for foam
forming inpapermakingfor copolymeization with PAN forthe synthesis afomposite filns,

and as a phenol alternativephenotformaldehyde solid foam

Chapter 1 summarizes lignin backgrowamt! discusss the utilizatiorof lignins. The thesis
comprisesesearch chapters (from chaptdo &hapter 7). lemainobjectivesn each chapter

include:

In chapter 3,lignin is modified via carboxymethylation in order to improve igter
solubility at neutral pH,which enable successfullythe stabilizationof kerosene/water
emulsions. A systentia study on the correlation between formulation (salinity, temperature,
pH, lignin type) and composition (WOR and lignin concentratiwag undertaken tachieve

generalized formulation relationships.

Chapter 4 focuss on bitumen/water fuel emulsi@ whch are stabilized by
caboxymethylated ligng The successfully stabilized light oil based fuel emuksiane
expected to reach a high HHV because of lignin. Combustion analysis is used to determine the

nature of the gas emissioasd combustion efficiency
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In chapter 5, cadxymethylated lignin is used as a foam ageitlh fibersand toobtain a
good foamability and stability. Based on the foawyirg technique, the goal is to have the

lignin-based foanthat is sued as a precursorpafper with good foration and high strength.

In chapter 6, a disilazane reactiorafgpliedon lignin to add vinyl groups and SiC, SiOC
bondsandto increase the lignin solubility inrganic solvent; it also introducdkexibility
properties. The modifieddnin is copolymered with acrylonitrile to cast composite films.
The work aims to redudde cost of PAN to reach a relative high compatible, high strength

and flexible material.

In chapter 7, silione and vinyl containing lignins are used to partially repfaeenol to
produce ligninphenolformaldehydephenolic foams. The objective is to use ndaxic lignin
to replace the toxic phenol and reduce the cost tenmals. The high vinyl content in the
lignin provides high reactivity for curing processvhich impartscompression strength and

flexural propertieso thephenolic foars.

Overall, themain achievements and conclusianghis thesis are summarized in chapter 8,

along with somesuggestions fofuture work
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3 Qil-in-water Emulsions Stabilized by Carboxymethylated

Lignins: Properties and Energy Prospects

3.1 Abstract

We take advantage of the amphiphilic propertieseohnicallignin macromolecules and
their inherent high calorific value for the formulation of-mitwater (O/W) fuel emulsions
with highrinternal phaseatio. For the oil phase we used a combustible hydrocarbon (kerosene)
with a measured equivalent alkao&bon number of 12. In order to adjust the balance of
affinity with the oil and water phases and also their surface activity, pine Kraft lignins were
carboxymethylated to different degree, as quantifieF®@YNMR andpotentiometric titration.
Carboxymethylated lignins (CML) with 30 % degree of substitutiesulted ina critical
aggregation concentration of 3 %. The salinity and pH of the aqueousvwpdEsehosen as
formulation variables and were adjusted following Winsor framework. O/W emulsions were
produced by following standard protocols. The drop size distribution of emulsions with varying
pH, degree of substitution, and composition (wabewil ratio, WOR) were determined and
followed by analysis of long term stability and rheological behavior. The obtained O/W fuel
emulsions showed shear thinning behavior with a drop size around 2.5 pm, which was stable
over 30 days. The combustion of ligningdaespective emulsions was carried out and their
higher heating values (HHV) quantified. The HHV of CML ahdh internal phase
(WOR=30:70)0/W emulsion were 20 and 30 MJ/Kg, respectively. Overall, we propose lignin
for the stabilization of O/W fuel emutsis as an important venue in the utilization of this

abundant biomacromolecule
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3.2Introduction

Boilers and fiel engines are efficient combustion systems used in power gengration
transportationmechanical driving, etfl, 2] However,they arealso responsible for harmful
gases, solid and liquid pollutants including carbon monoxide (CO), hydrocarbon (HC), sulfur
oxides (SQ), particulate matter (PM), nitrogen oxides (N@nd nauseous smoK&.4] In
order to reduce the geration of such combustion products ated protect ecological
environments and human health, emulsion fuels containing water, surfactant, and base fuel
have been proposed. This is mainly because emulsified systems effectively and significantly
improve thecombustion efficiency3, 5] As an example, ammercial produsthave been
emulsified with mixture of nonionic surfactant§6] and usedin Europe as transportation

fuel [5]

Compared with typical surfactantsechnical lignins can be @ood substitute for
emulsification or stabilization of fuel emulsions. This stems from favorable environmental,
efficiency and economy aspects. Lignin is an abundant renewable resource, environmentally
friendly, and nortoxic. It is one of the major compents of lignocellulosic biomass (ca. 30
% of the total mass in softwoods and-Z®% in hardwoods) along with cellulose and
hemicellulose. It is produced industrially as a byproduct of wood pulping processes and most

often used in energyo-generatiori.7]
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Lignin is a complex macromolecule consisting of a networkooticp | -leydroxyphenyl,
guaiacyl, and/ or syringyl uni ts t hcaumarg,r e der
coniferyl, and sinapyl alcoholsgs shown irFigure 3.1 These monolignols can also be linked

with other cellwall polymers to yield compx threedimensional structures

OH OH OH
OCH; HsCO OCH,
OH OH OH
p-coumaryl coniferyl sinapyl
v ; \J
OCH; H5CO OCH,
OH OH OH
p-hydroxyphenyl guaiacyl syringyl

Figure 3.1 Monolignols precursors of lignin and lignin residues.

Because of its multiple functional groups, ligaierivatives exhibiamphiphilic properties
and surface activit}j8] Therefore,technicallignins have theotential to act as alternative
emulsifiess for energy generation. From the industrial perspective, lignin is a low value

producf9] with a major potential residinig its a high combustion valuét is not surprising
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that the higher heating value (HHV) of lignocellulospmecies correlates strongly with lignin

content(L)[10]:

HHV (MJ/Kg) = 0.0893 L (%) + 16.97 (1)

Annually, large amount ofignins are produced in the pulp and paper industry, with only a
small fraction being isolated dectly from plant§.7] As a byproduct, lignin is joined by
dissdved heteropolysaccharides and wood hydrolyzates in toaltd residual black liquors,
whose HHV is in the range of 146 MJ/Kg on a dry basid.1] The HHV of isolated lignins
can be as high as 26 MJ/Kt2] Thus,every year about 98 % of industrial lignin is directly
burned for energy recovery in pulp mjlls§] while only 2 % is used as a commercial product,
including 1 million tons of lignin sulfonatesr@m sulfite pulping) and less than one hundred
thousand tons of Kraft lignifi, 14] The value oflignin used for burning is estimated at
approximately 18 cents per kilograthhas beerestimated that the price would rise at least
ten timesdf it was exploited as a valvedded produdt9, 15 Although wide use of technical
lignin is still limited, some outstanding applications can be highlightedhnicalLignin has
been used asa natural antioxidat[16] binder[17] precursor of carbon fibef4g]
dispersanfl9] battery electrodel20] copolymer componeii2l] and surfactant or
emulsifier[22] Overall, lignin usein fuel emulsios for power generations promising
consideringthe combination ofenergy potential, surfacactivity and cost compared to

synthetic surfactants
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In the field of ligninbased emulsion, lignosulphonates have been a first choice as a
polymeric surfactant or stabilizer, due toirtherentwater solubilityf23-27] However, owing
to their high sulfur content, the use of lignosulphonates is not a good choice for fuel emulsions.
This is because excessive sulfur oxide can be produced during combustithis Feason, we
selected low sulfurKraft lignins for carboxymethylatio{28] and use as watersduble
emulsion stabilizer at pHvalues as low as 4. Ligm with various degree®f
carboxymethylation were synthesized and investigated as far as their ability to stabihze oil
water (O/W) emulsionsThe carboxymethylated ligninthereafter referretbas A CML O, wer
watersoluble and appropriate for stusienphase behaviorheology drop size and higher

heating valuen the form ofO/W emulsionsas discussed in this contribution

3.3Experimental Section
3.3.1 Materials

A low sulphur, pine Kraft lignin (Indulin AT, MeadWestvaco, Richmond, VA) was used in
all expeiments. The lignin was carboxymethylated with chloroacetic acid, acetic acid and
sodium hydroxide that were purchased from Sigma Aldrich (St. Louis, Nd@pethyl
sulfoxided6, 1,3, 5trioxane, chromium(lll) acetylacetonate and poly (diallyl
dimethylammoium chloride) solutior{Poly-DADMAC, Mw = 100-200kDa, 20 % in RO,
charge density = 1.237 mol/L) used'®@ NMR and titration analyses were also from Sigma
Aldrich (St. Louis, MO). Kerosene andpkntanol (Sigma Aldrich, St. Louis, MO) were used
in the enulsion formulations. Sodium dodecyl sulfate (SDS) aiebptane were purchased

from Sigma Aldrich (St. Louis, MO) and Fischer Scientific (Pittsburg, PA), respectively, for
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determining the Equivalent Alkane Carbon Number, EACN of the kerosene. Sodiurdehlo

(099%, Sigma Aldrich, St. Lowuwis, MO) was use

3.3.2 Carboxymethylated lignin (CML)

o
OH O N&' o\)J\
O Na'
=4 O—-Lignin =4 O—Lignin = O—-Lignin
NaOH CICH,COO™ Na*
OCH3 OCH3 OCH3
OH O Na' o

0;\ ONg'

Figure 3.2 Lignin alkalization and carboxymethylation reactions.

As shown inFigure 3.2, the Kraft lignin was modid by carboxymethylatiq28]. The
lignin, with a large amount of guaiacyl (G) units was initially alkalinized with sodium
hydroxide, forming ionized nucleopks. The phenol ions reacted with monochloroacetic acid
to form the carboxymethylated lignin. Specifically, 10 g of lignin were dispersed in 300 ml of
70 % ethanol under magnetic stirring. 27 ml of 30 % NaOH solution was gradually added
during 30 min. Afterat least 1h stirring at room temperature, the chloracetic acid was added,
in amounts ranging from 6 to 14 g, to produce CML of different degrees of substitution. Then,
the respective mixture was heated to°65and kept under constant stirring for 3.5The

filtered solution was poured into 700 ml of 95 % ethanol for neutralization with acetic acid.

37



The obtained dispersion was filtrated again along with several washings with 95 % ethanol.
Finally, the residue was collected and dried in a freeze dryeg4éine 6, Labconco, Kansas

City, MO.

3.3.3 CML degree of substitution

The degree of substitution of CML was determined using a Bruker Advance Ill 700 MHz
13C NMR spectrometer operating with Topspin 2.1 software version (Bruker, Karlsruhe,
Germany). Samples wepgepared by dissolving 150 mg of lignin in 0.8 ml DM8@with 1
M 1, 3, 5trioxane as a referen@9 in a 5 mm NMR tube. 2 mg chromium (lll)
acetylacetonate wasléed for complete relaxation of all nuc]80] All spectra were collected
with 9¢° 13C standard pulses width, relaxation delay of 1.7 s, and 10 K scans. The NMR signal

was Fourier transformed without apodizatigsing phase and baseline corrections

In addition, the CML samples were titrated using a particle charge detector (PCD 03, Miiek
Analytic GmbH, Herrsching, Germany) and the results were used to calculate the nominal
degree of substitution (DS). In thisethod, 10 mg of CML were dissolved in 10 ml deionized
water at 25 € and the pH was adjusted to 7. An aqueous 0.001 M PolyDADMAC solution
was used as a cationic titrant and added at a rate of 0.2 ml/min. The end point, which
corresponds to the neutralizai of the anionic carboxymethyl groups with cationic poly
(DADMAC) was determined when the signal shifted to 0 mV potential. The concentration of
carboxylic acid was calculated based on the volume of the titrant used and the DS calculated

and reported badeon G units, corresponding to guaiacyl lignin units
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3.3.4 Equivalent alkane carbon number (EACN) of kerosene
The equivalent alkane carbon number (EACN) was used to the reflect hydrophobicity of oil
phase. The EACN was determined by the method of doubl@galinfactartoil-water (SOW)
scans. The value was calculated by using the hydrogiptphilic difference (HLD) equation
[31, 32). The EACN of kerosene was determined as 12.1. The details about the procedure and

calculation can be found in the supporting document

3.3.5 Solubility

Water solubility of CML samples with given degree of substitution (DS) wasrdeted
with an UV-Vis spectrophotometer (Lambda XLS, PerkinElmer, Inc, Waltham, MA) using a
full wave =7 nnboraspoidygd tosthe maximum absorbance wavelength.
A standard curve of absorbance versus CML (DS of 30%) concentration,gdraymO to 5

mg/L at pH of 4, was determined and fitted to a linear equation

y = 0.1736% r= 0.9992 )

The CML of varying DS were dissolved in the demed water for a solid concentration of
4 % at room temperature. CML solutions were then adjusted to pH of 4 by addition of acetic
acid and centrifuged at 2,500 rpm for 10 minutes (MSE benchtop centrifuge, VWR
International, Radnor, PA). The supernatartsvdiluted 20dold and analyzed (UWis).

Water solubility was calculated using equatin
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3.3.6 Surface tension

The surface tension of aqueous CML solutions was measured in deionized water using a
dynamic contact angle analyzer (D&A2, Thermal Cahn, Madiap WI) equipped with a
Wilhelmy platinum plate (19x10x0.1 mm). The plate was washed with deionized water and
ethanol, and burnt withaturalgas before each measurement. Indulin AT lignin and CML were
dissolved in deionized water for final given concemrat. 15 ml of the respective solution
were placed in a thermostat flask at room temper@B&eThe surface tension was calculated
based on the force difference when the immersed plate was removéddimisolution. 0.01
N acetic acid and sodium hydroxide aqueous solutions were used for adjusting the pH of the

CML solutions for a pH ranging from 5 to 9

3.3.7 Phase behavior

The effect of pH and aqueous phase salinity on the amphiphilicity of CML were saidied
varying pH values (pH scan) and salt concentrations (salinity scan). The CML (DS of 30 %)
was used in all the tests as a 4 % concentration aqueous phase. Kerosene was used as oil phase
in systems with a watep-oil ratio (WOR) of one and 5 %-fAentanbbased on total volume.
The concentration of the sodium chloride was varied from 0 to 9 % based on the aqueous phase
volume. The pH of the CML solutions, varied from 5 to 9, was obtained with addition of 0.01
N of acetic acid or sodium hydroxide. The SQwstem was equilibrated over 24 h at room

temperature in order to identify the Winsor system {34
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3.3.8 Emulsification

A given amount of CML was dissolved in deionized water (4 % concentration) and placed
in a 100ml beaker and stirred (Ultra Turrdx8, IKA, Wilmington, NC) at low kear rates
(600 rpm). 5 % v/v of Jentanol and given amounts of kerosene were added slowly during 1
minute. Shearing was increased (10,000 rpm) with a holding time of 1 minute. Afterwards,
Winsor | kerosenén-water emulsions were obtained and storecest tubes over 24 h for

further measurements

3.3.9 Emulsion characterization

An Olympus optical microscope (BH2MA, Olympus America Inc., Center Valley, PA)
with a 50X objective lens was used for capturing mianages of the emulsions. The drop size
distribuion of the emulsions was measured with a Horiba laser scattering analyzer (LA 910,
Kyoto, Japan). 0.25 ml of emulsion was added to the sample chamber containing 250 ml
deionized water under stirring and circulation. The deionized water was used asfarddink
the tests. The dynamic viscosity of-oitwater emulsions stabilized with CML was measured
as function of shear rate by using a rheometer-2ABO, TA Instruments, New Castle, DE)
with a parallel plate system (40 mm steel plate withg@hGyap). he emulsions, with varying

pH and DS, were measured at 25 € in the shear rate range between 1 t65,000 s

3.3.10 Combustion Analysis
The higher heating values of the Indulin AT, CML and respective O/W emulsion were
obtained by using an oxygen bomb caloriméRarr Instrument Company, Moline, IL). The

HHV calculation was based on a temperature rise curve according to eqation
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6 0 0 1 0 & i & o; 000 ——— €)
wherea is the time of firing (min)p is the time elapsed for the temperature to reach 60 per
cent of the total rise (min} is the time at the beginning of the period in which the rate of
temperature change becomes constant (raiajid tc are the temperaturéQ) at timea andc,
respectivelyr: andrz are the rate®C/min) at which the temperature is increased during the 5
minutes period before and after firing, respectivelys the volume (ml) of standard p20Os
solution (0.0709N) for@&d titration;c.is the sulfur concentration in the sampleis the fuse
wire consumed in firingW is the energy equivalent of the calorimeter, determined under
standardization (2426 cdlC); m is the mass of sample in grantsis the net corrected
temperature rise®C); e1 (= c1 if using 0.0709N alkaline) is the correction in calories for heat
of formation of HNQ; ex (= 13.7xc2xm) is the correction in calories for heat of formation of
sulfuric acid (HSQy); andes (=2.3%¢3) is the correction in caties for heat of combustion of

fuse wire using Parr 45C10 nickel chromium fuse wire

3.4Results and Discussion
3.4.1 Lignin Characterization
3.4.1.1Degree of Substitution

CML with various degrees of substitution (DS) were prepared by varying the ratio of
chloroacetic ad to Indulin AT in the reaction shown in FiguBe3. According toFigure 3.2
of the experimental section, the reaatiproceeded to form carboxymethyl groups
measured byhenominal DSthatwas recorded for chloroacetic acid/lignin ratioom 0.6 to

1.2.According to the carboxymethylation reactiorganbe calculated that the NaOH and the
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CICH2COOH reached equal mole ratiotae limiting chloroacetic acid/ligm ratio of 12. In
fact, thenominal DS of CML reached a maximum value of 3th%his mndition Beyond this
point, for chloroacetic acid/lignin rat®>1.2, it was observed thidge DS decreased sharply
(Figure3.3). In this condion the pH is reduced below Weakeing the alkalization and thus

the extent of carboxymethylation

32

30

28

26

24

Degree of Substitution, %

22
05 07 09 11 13 1.5

Chloroacetic Acid/Lignin Ratio

Figure 3.3. Nominal degree of substitution (DS) of carboxymethylated lignin obtained by
titration of the treated lignin at different reactant ratios

Lignin units can be coupled lfiyO-4 ,-5 bb bl i ndkf@@ngcemplex structures with a
wide range of moleculanass; thereforé, hi s i s a r e a amnabtiD§,easilyef er r i
accessible byhe titration method (based on Gnits). Further elucidation was obtained by
NMR analyses ané&igure3.4includes NMR spectra for Indulin AT with peaks at chemical
shifts in the range of 1885 ppm. The carbons in carboxylic or ester groups are responsible
for the characteristic peaks in the area-188 ppm[35]. There is evidence that the hydrogens

of the phenolic hydroxide were successfully substituted with caboxymethyl groups.
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Furthemore, mqiantitative’>C NMR spectra were used to calculate the DS and the results
compared to the nominal values obtained by the titration method. The integral of NMR peaks
in the 162102 ppm region was set as an internal reference. Six aromatic anah@lakbons

were assigned in this area. Hence, the integral value divided by 6.12 was used as an equivalent
number to one aromatic ring (AI30, 36]. Then the integral values from the spectra directly
reflected the numbers of carbons in related groups. Detailed signal analysis andas&tR

DS values are reported in Taldd. Because the coniferyl alcdheas the dominant lignin
monomer in Indulin AT, the number of ADCHz groups per Ar should be equivalent to 1,
which is equal to amount of phenolic OH. As evidence, thB%bBpm region was integrated

and assigned tthe carbon in AFOCHz[35]. The resulting values were igr&ement with the

above assumption
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Figure 3.4. Quantitative'3C NMR spectra of Indulin AT and carboxymethylated lignin
(CML) with varyingnominalDS (%)as measurely thetitration method.
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The NMR data were in reasonable agreement with the tremdvalolsfrom values obtained
by the titration methodAccording to the integral values, the degree of substitution of CML,
based on &unit, was calculated on the basis of the numbers of aromatic rings (or pl@Holic
including condensed and naondensed)The NMR DS values listed in Tabil are all
higher than the nominal (titration) DS values. This observation is explained by the fact that the
carboxylic ester is located in the same chemical shift region in NMR spectra. Moreover, the
CML was in the sodim form during measurement by the titration method but was ignored in
the calculation by the NMR method. In NMR the lihked to phenolic OH cannot be
distinguished from other 40 groups because of signal overlap. Howeweerall,the NMR
DS values areamparable tahe nominal DS value&.or convenience, the nominal (titration)

DS values will be used in the reminder of our discussion

Table 3.1. 3C NMR signal assignment for CML samples including carboxylic ester or acid,

aromatic carbongndphenol caboxymethylgroups

Number of groupgper Arunit in CML samples
of given nominal % DS

Chemical Shift, ppm Assignment 0 24 26 28 30
180164 COOR, H 0.01 0.35 0.3 0.42 0.58
162102 Car/Ar 6/1 6/1 6/1 6/1 6/1
58-54 Ar-OCHs 1.08 0.98 0.97 0.96 117
Calailated DS (NMR), % (based oG O 34 37 41 57
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3.4.1.2CML Solubilityand Surface Activity

Thesolubility in waterof CML for agivenDS wasmeasured at pH 4 at room temperature
(Figure3.5, left). CML can be dissolved in water at pH 7 up to a concentrati@® gf100g
H2O. The solubility in acidic pHH 4) wasreduced, as expected. Also, as expected, the
solubility increased with DS: at pH 4 the solubility increaech 1.3 g/100g KO at DS=24
% to 1.9 g/100g kD at DS=30 %. Tis is explained by the higheydirophilicity produced by

additionalcarboxylic acid groupas the DS increased for CML

2.0
Q18 s
T g
=] s
816 2
= 2
=] ]
= 8
= 14 ‘E 50 _ OCMLpH=7
'_6 ' N
=] ACML pH=13
° 45
() OKL pH=13
1.2 40 L R
220 240 26.0 280 300 320 0.1 1.0 10.0
DS of CML. % Lignin Concentration, %
Figure35Left: CML solubility in water as a fun:«

(pH 4, 25 €). Right: Surface Tension of CML water solution at pH 7 andlBldompared
with Indulin AT (KL) water solution at pH 13 (25 €).

The surface activity plays a significant role in determining the ability of a molecule to
stabilize the interface. Lignin spontaneously adsorbs at theasér interface due to its
amphiphlic nature. As shown in Figur&.5 (right), the surface tension of the CML solutions
is reducedslightly with increasing CML concentration. The minimum surface tension is

however,still large, which indicaterelatively low CML surface activity. Interestgly, a
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breaking point in the surface tension profile occurs at around 3% CML concentration with a
minimum surface tension of ~63 mN/m. This phenomenon is similar to that observed for
conventional surfactants at the critical micelle concentration (CMQomitrast with typical
surfactants, it is not expected that lignin forms association structures such as micelles but rather
complex aggregates; therefore, the temtical aggregation concentration (cas)used to

indicate the concentration at which thaface tension levels off.

The relative high surface tension of CML, however, does not limit its ability to act as an
emulsifier, as will be discussed in later sections. CML of DS = 30 % was dissolved in alkaline
solution and its surface activity compdreith that of untreated Indulin AT. As shown in
Figure3.5(right), Indulin AT has a lowetac(~1%) and minnum surface tension of 45 mN/m
at pH 13. Indulin AT is not water soluble at pH 7 which is not showing KEn@pared with
Indulin AT, the surfaceéension of the CML solution remained hjgtith a minimum surface
tension valu@bove60 mN/mm. This is inpart because of the presence of salt generated during
carboxymethylation, whictvasnot removed by precipitation with ethantl fact, it is known
that the surface tension of NaCl solution increases linearly with the mole fraction, from 72
mN/m (pure water) to over 82 mN/m (0[B)/] As a result, the appant minimum surface

tension of the CML solution was higher than that in pure water

47



~
N

(b)

~
o

(2]
o

D
8]

[e)]
B

Surface Tension, mN/m
o)}
N

Surface Tension, mN/m

A28%
60 |  ©030%

(2]
o

t

0.1 1.0 10.0 0.1 1.0 10.0
CML Concentration, % CML Concentration, %

wn
o

Figure 3.6. Surface tensiorsotherms as a function &ML (DS = 30 %)in aqueous
solutiors atvarying pH @), andat pH 7 for different DS of CML (b)

The pH of the CMLsolutions was close to 7 after reaction and washing. These solutions
were adjusted with acetic acid or NaOH to determine the effect of pH armch I8 surface
tensionof CML solutiors (Figure 3.6 The hydrophilic groups of CML are mainly carboxylic
hydroxyls, nonreacted phenolic hydroxyls and other aliphatic hydroxyl groups. Considering
that CML was in the sodium salt form, an increase in pH facilitates ionization of the hydroxyl
groups, making CML more hydrophilic and soluble. Thus charged CML is neawily
absorbed angbartitionedat the airwater interface, resulting in a lower surface tension.
Likewise, ata givenpH, as thedegree of substitutiofor amount of carboxymethyl groups
increasesCML hydrophilicity increass, as well as itsolubility (Figures 3.6 (left) and 4).
Although the phenolic hydroxyl groups in thezcursotignin are hydrophilic, the carboxylic
acid is much more polarized and reactive. \gmn substitutiofas the DS of CML increasgs

the surface tension decreases
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3.4.2 Emulsion Characterization
3.4.2.1Phase behavior

In order to determine the affinity of the modified lignin molecules with eitreger and oil
phases ira surfactantoil-water SOW) system, CML was dissolved in watet a given pH
and salt concentratiorand mixed maually with same volume of kerosefveaterto-oil ratio,
WOR of 1) Figure3.7a illustrates the phase separation behavior as the pH was raised from 3.5
to 7 at constant salinityLikewise, kgure 1.12b depicts the change in phase behavior at

increased sattoncentration, from O to 9 %t constant pH

pH=35 4 4.5 5 6 7 %NaCl =0 3 5 6 7 8 9

(@) (b)

Figure 3.7. (a) pH scan in kerosene/water systems (WOR=1, 25€C) using CML (4 % in the
aqueous phase) with DS = 30% (no sattext). From left to right, the pH of the aqueous
phases is 3.5, 4, 4.5, 5, 6, and 7. (b) Salinity scan using CML (4 % in the aqueous phase,

DS = 30% and pH of 7) in kerosene/water systems (WOR=1, 25€). From left to right, the

NaCl concentration of the agous phases is 0, 3, 5, 6, 7, 8, and 9, as indicated

It is observed that CML has a better affinity with the aqueous phaskttelyhigh pH.
At pH <7, CML is in the arboxylic form resulting in a lowaffinity with the water phase. At
pH 7, most of CMLremains as a dark (aqueous) phase with small amounts of lignin in the oil

(top) phase. Afurtherlower pH CML is displaced to the top, oil phase, while the apparent
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volume of the aqueous phase is reduced (water solubilization in the oil phase). Wpin the

is reduced to < 4, CML displayeery limited affinity with the water phase and the interface
between the water and oil phase becomes swollen. Below pH 3.5, the SOW system forms a
gel. In sum,CML has a better ability to reduce the surface tenatomdh pHand the same

applies to the water/oil interface

The salinity scan (Figurg 7b) shows that by increasing the sahcentrationCML affinity
with water is reduced (salting QuiWWhen NaCl is dissolved in water, the free ions form weak
hydrogen bondsvith water. Thus, free water molecules are reduced so thattéractions
between water and CMIs reduced Therefore, the solubility and hydrophilicity of CML

decreases with increasing salt concentration, resulting in increased affinity to the @il phas

Figure 3.8 O/W emulsion stabilized with CML (DS = 30%, left) and optical microscope
image (right, 50X objective lens). The concentration of CML was 4 % in the aqueous phase.
Some larger features observed in the optical image correspomdtdobles. The emulsion

was stable for over 30 days and no coalescence was ohserved
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Based on the properties of CML and its phlaskavior in oil/water systems, a DS=30 %
was employed to stabilize kerosenewater emulsions, which were very homogeneau$ a
stable (Figure3.8). The emulsion droplets could be observed clearly with an apparent oil drop

size< 5 pum.

3.4.2.2Drop Size Distribution and Stability

After emulsion preparation, the influence of pH, DS and WOR on the average drop size and
size distributionwas investigated by using light scattering. Different drop sizes weneederi
from the diffraction anglesIn this work, the volume median (D [0, 5]) and mean (D [4, 3])
sizes were determined. The median size was defined as the half point of droglsiaeewi
half of particles in volume containing larger diameters than this value. While the mg&§]size

describes the average diameter based on the droplets with same.volume

Generally, the drop size distritbon of a macroemulsion with drop size ranging frorh0D
pm follows a log-normal distribution. Emulsions produced with different pH and DS presented
unimodal distributions as shown in Figid®a,a 0 , r e s pl@ pnormad durye). (THe
appearance oéxtremely large or small droplets was limited, i.e., the emulsion was well

dispersed and homogeneous. This was also confirmed by optical microscope imaging

With increased pH, the distribution curve slightly moved to the direction of larger drop sizes
(Figure3.%). The median size of the oil droplets increased from 1.6 pm at pH 5 to 2.0 pm at
pH 9. The volume mean size was slightly larger than the median size. At low pH of the water

phase, lignin has a limited capability to lower the interfacial tertsgtween the internal and
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the continuous phase. In more alkaline conditions, the hydrophilicity and water solubility of

CML is strengthened. Therefore, free CML is dispersed in the continuous phase. Thus, the oil

droplets coalesce to minimize the interéd@reas, reaching a dynamic equilibrium
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The results showninFiguB% 6 i ndi cate a reduct iDshei n dr o

median and mean sizes were aroul®duin and 2.0 pm, respectively. In contrast to hefile

of diameter versus pH, the reason why the drop size decreased with DS is explaimed by
increasectarboxylicgroup content and therefohegher surface activityAs the oil phase is
broken down ito small dropletsCML with high DS preverst their coalescence and imparts

droplet stabilization

The effect of wateto-oil ratio (WOR) on the drop size distribution was also investigated.
Figure3.10a indicates smaller oil droplets witlicreaseail cortent(lower WOR): he values
for median sizes were changed from 1.7 to 2.5 pm as the WOR changed from 3:7 to 8:2. During
the stirring process the viscosity of the emulsion inceasé¢he oil (kerosene) concentration
is increasedUnder this condition theil molecules have a highérequencyto collide with
each other. Thus, the internal phase is easily broken down into small droplets. During the
energy transfer process, from kinetic to interfacial energy, the droplet surface area sncrease
and also theiavailability to adsorb lignin or water molecules. Thus, a great number of small
droplets are produced and stabilized. In contrast, stirring emulsiongh WOR (low oil

content)limits the droplet energy transfegsulting in largedrop sizes

Figure3.1( shows the phase change over time of emulsions with varying WOR. Just after
preparation, the kerosefrewater emulsions were homogeneous. After >7 days elapsed times,
the emulsion separated into two phases with an emulsion phase on top and an\agtggous

phase in the bottom, typical of creaming, a reversible physical change. This is produced by the
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difference in density of the excess water phase. The volume of internal phase can be increased

in order to maximize the volume of the emulsion phaser@am layer) (see FiguBe1l).

3.0 3

2.5 2.5
E E
=3 ==
020 2 @
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15 I =e~Median Size, pm 15

=#-Mean Size, ym
1.0 1

3.7 4:6 5:5 6:4 7:3 82

Water to Qil Ratio

Figure 3.10Q (a) Drop size of CML (DS of 30%)/kerosene/water emulsion with varying
waterto-oil ratio (WOR) at 28C. The CML concentration was 2 % based on total volume.
(b) Emulsions varying in WOR (from left to rigl80:70, 40:60, 50:50, 60:40, 70:30, 80:20)

just after preparation (top image) and after 7 days (bottom image).

Macroemulsions are thermodynamically unstable sys{86js but can be stabilized for a
period of time. Physical phenomena such as Ostwald ripening, flocculation, coalescence, and
phase inversion are typical in emulsion systems. Figureshows that the drop size increases
from 1.9 to 25 um level off value 5 days after emulsion preparation. The increased drop size
is due to the combined effects of Ostwald ripening, creaming, and coalescence, which

facilitates coalescence of small droplets. Remarkably, the emulsion drop size remstgastcon
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for one month after the plateau value observed. TimesCML-stabilized emulsiorcan be

considered highly stahle
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Figure 3.11 Stability of CML (DS of 30 %)kerosenavater emulsion at root@mperature
The CML concentration was 4 % of thgueusphase

3.4.2.3EmulsionRheology

Flow curves of O/W emulsions preparedysenpH and CML of given DS were obtained.
The apparent viscosity and shear stress were determined at applied shear rateS00@he 1
! range. According to Figur.1 a ) a rhd CMLatébijlized Q/W emulsions displayed
shear thinning behavior up to 1508 #bove this shear rate the apparent viscosity éslef.
For a given shear rate, the apparent viscosdg reduced as the pH of the aqueous phase

increased. Apparentviscasities of9 to 15 mPas were measureat 1500 s, depending on the

pH.
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Figure 3.12 Rheological behavior of CML/kerosene/water emulsions measured at 25 €.

Flow curves (shear stress versus shear rate) with varying aqueous phase pH (a, WOR=1,
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CML is more hydrophilic at high pH and the O/W emulsions have relatively large
characteristic drop size. For given WOR, large drop size yields lowerdrgprinteractions.
Therefore, emulsions at high pH under shear stress present less resistance towflow (
viscasity). In contrast, CML has a lower solubility acidic conditions and tends to phase

separate as a gel, increasing the viscosity of the system

The flow curves of O/W emulsion were also investigated at varying DS (Fglizb),
(bdo)) . | nappgrenn\gcosaylincreaset with the CMDS. This observation can be
explained based on the emulsion drop size and the fact that as the DS of CML increases, a
larger carboxylic group density induces higher surface activity. This leads to a smaller drop

size and large interfacial area, which produce higher-tivigp interactions and viscosity

The rheological properties of CML O/W emulsion with varying WOR is depicted in Figure
31 c) and (coO). The -Newtodan flums) with &\escoty sf ean094 ar e
and 0.79 mPa, respectively. With an increaseWOR, the O/W emulsion gradualshowed
shear thinning behavior and the apparent viscosity increased at any given shear M@©RAt a
of 70:3Q the emulsions are still nedewtonian. At a VOR of 8:40, the emulsion starts to
display a sheathinning behavior. At water fractions higher than 70% the oil droplets are
relatively free in the aqueous phase, and the ability to flow is not affected. With the increase
in the internal phase volume etloil droplets decrease in size and are more likely to collide.
Thus, the viscosity of the emulsions increases with the increase in the oil fraction (or reduction

of water fraction). Especially, at water fractions between 60% and 70%, the viscosity of the
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emulsion increased remarkably. If the water content is further reduced, the emulsion will

change to a gel ardisplay a high resistance fiow.

3.4.3 Heating Value

When utilized in fuel emulsionandcompared to conventional surfactamie high heating
valueof lignin is amajoradvantage. The higher heating value (HHV), including the latent heat

of water vapor products being condensed to liquid, was measured for CML and the respective

emulsions

(@)
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Temperature, °C
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Figure 3.13 Temperature rise profiles during HHV measurenientndulin AT and CML
(DS of 30 %, (a)) as well as corresponding O/W emulsions with varying WOR (b).

Figure3.13includes the temperature rise profile of Indulin AT and CML (DS = 30 %). The
HHV of Indulin AT, 25 MJ/Kg, compares well with previously refgat data (23.3~26.0
MJ/Kg) [10, 12]. Upon carboxymethylation, the HHV decreased to ca. 20 MJ/Kg. The C/O

ratio of Kraft lignin is close to 3:1 while the carboxymethyl group has a C/O ratio of 1:1. Thus
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it is expected that carboxymethylation lowers the C/O ratio. We note, however, that the 20

MJ/Kg HHV value of CML is still relatively high for use as a soligIf

The HHV of kerosene was in close agreement with reference data, ca. 46 Rtl/Kg
Emulsions with WOR higher tha®%0 (high water content) were not considered because they
were less attractive as a fuel. Results for O/W emulsions with WOR%, 30:60, and ®:50
are reported ir8.13 As expected, emulsions with higher oil content (lower WOR) yielded
higher HHV values (Tabl8.2). This is simply explained by the fact that kerosene has a high
HHV. The estimated and measured HHV values are pregentTable3.2 where a simple
linear rule based on composition was assumed for the calculation of HHV. It is observed that
the measured values were very close to the predicted values calculated based on the flammable

composition including kerosene, alcéhand CML

Table 3.2. Higherheating values (HHV, MJ/kg) of Kraft lignin, CML and
CML/kerosene/water emulsions of varying WOR

MeasuredHHV, MJ/Kg Estimated HHV, MJ/Kg

Kraft lignin (Indulin AT) 25.0 23.0~26.0
CML (DS of 30 %) 20.1 -
Kerosene 44.8 46.1
O/W emulsion (WOR= 3:7) 29.9 29.4
O/W amulsion (WOR= 4:6) 24.2 24.9
O/W emulsion(WOR=5:5) 20.7 20.5
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It is expected that gaseous emissions, including carbon monoxide (CO), hydrocarbon (HC),
sulfur oxides (S¢), particulate matter (PM), nitrogen oxglfNQ,) and nauseous smokes, will
be reduced for the lignistabilized fuel emulsions. This is because stable
CML/kerosene/water emulsion expose a large oil interfacial area to oxygen and significantly
improve the combustion efficiency. So far, in prehiny tess, the CML O/W emulsion
(WOR=30:70) has been burnt successfully in an indirect injection diesel engine with

succes$40] Combustion efficiency and gaseous emissions are subjects of ongoing work

3.5Conclusions

Kraft lignin was carboxymethylated to fatdte a high solubility in a wide range of
agueous phase pH. The degree of substitution (DS) was controlled by the ratio of
monochloroacetic acid to lignin. CML presented low surface activity, with a pseiMdo of
3 % (25°C, pH 7) and high affinity with th oil phase at low pH or high salinity of the aqueous
phase. Based on the properties of CML, favorable O/W emulsion drop size, stability,
rheological behavior, and combustion HHV were determined. Smaller drop sizes were
obtained with CML of increased DS duced pH or WOR. After lontgrm storage at room
temperature, the emulsion was stable with a drop siz€ & pn. A shear thinning flow
behavior was observed for all O/W emulsions. The apparent viscosity was reduced with the
increase of pH, reduction iBS and increase in WOR, as explained by limited idtep
interactiors. Finally the obtained HHV of the CM&tabilized O/W emulsions were relatively
high. In general, carboxymethlated lignin successfully stabikeessenan-water emulsion

and representa potential alternative for use in fuel emulsions
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3.7 Supporting Information

The equivalent alkane carbon number (EA®M} firstintroducedn 1977[41] to the
reflecthydrophobicity of oilphase This parameter can be determined le/iirethod of
double salinity surfactardgil-water (SOW) scasi32, 42]. In this case, the watdo-oll
ratio (WOR)was 1 for double scans. A typical surfactaodium dodecyl sulfatéSDS)
was used witla concentration of 1 % based agueougphasevolume 5 % tpentanol
based on total volume was added. Also, the salt (NaCl) concentration was variddiérom
6 % based on aqueous phase for both scans.-bptane and kerosene were respectively
used for salinity scanghe EACNwascalculatedoy usingthe hydrophilielipophilic

difference(HLD) equatior4 [31, 32]:

HLD = dike ILNEMASCN #&axAt 1T T + 4

wherel, k and t are thecoefficientsdescribinghe surfactards characteristiap Tis the
temperature differendeom a reference of 25 €a andA describe the alcohol type and

alcohol concentrationgspectivelySis the salinity of the SOW system.

The EACN for n-heptane is 7 antthe parametek of SDS is 0.132, 42]. When HLD is

equal to 0Swould become the same as tiimumconcentratiorwhich can be measured

61



by salinity scans. After the measurement, the optimum salt concentratiorsdptame
and kerosene systems were 3.3 % and 5.5%, respectively. Based on theserknown
measurediatg the EACN of kerosene waeterminedo bel2.1 with the viscosity of.5

at 25°C.
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4 Interfacial Behavior of Modified Lignins in the Formulation of

Bitumen-in-Water Emulsions

4.1 Abstract

Kraft and organosolv pinggnhins wereupgradedvia carboxymethylation to formulate
bitumenin-wateremulsions. The carboxymethylated lignins (CML) were soluble in water and
reduced the surface teos down to 34 mN/m while presenting a critical aggregation
concentration. They werharacterizedor elemental analysis, molecular weighhd degree
of substitution An ultra-high viscositybitumenfractionfrom the Canadian oil sands, with an
Equivalen Alkane Carbon Number in the rangel®, was used in the fuel emulsions using
waterto-oil ratios (WOR) from 30:70to 70:30. Light fuels (kerosene, diesel, and jet fuel) were
used in reference emulsions of high internal plcas¢ent(WOR = 30:70). @o-replicaTEM
was usd to directly assess the morphology of the emulsions. Stable, shear thinning fuel
emulsions presentednormal size distribution with drop diamet&etweerd and 1Qum (light
scattering). Prospects of the bitumenuésionsfor use in paver generation are discussed by
considering their high heating value while the emulsified referencednaldedoperation in
a fuel engineworking at high shear ratedJnder certain conditions and compared to the
respective pure fuel, the O/W emulsionabilized by CML presentetbwer NO, and CO

emissionsaand maintained a relatively high combustion efficiency
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4.2 Introduction

Heavy crude od (API< 20) arequite dense and highly viscofractions[1, 2] that can be
used in many applications, including power generatidocording to the U.S Energy
Information AdministrationUS EIA), the worldwide largest heavyude oil deposits, with
over 500 billion barrels, are located at the Orinoco Petroleum Belt, covering over 20 thousand
square milesn eastern Venezuela and are joined bydiheands found in Canadid The
heavy oil reserves are more than twice those of conventional light crude oil. However, they
cannot flow easily for peration under normal conditions with centrifugal pumps or other
methodg4] Due to the difficulties and costs in extraction, transport and refithiegarice of
heavy ois is generally discounted in the market. Bitumen, in particular, is a good example of
extra heavy oils (API gravity > 10 and reservoir viscosity-b® 000mPas) that fit these
characteristicg5] They are complex hydrocarbon mixtaréormed from he biological
degradation of original oil with the light componefdemmonly C1 to C10) largely removed
making them tacky ansemisolid, yetpresening a worldwide consumption of ~ 102 million
tons per yeaf6] Their primary application is in road paving, around 85 % of total use, where
they act as binder mixed with particle aggregates to produce asphaltic cpdjc@iteer uses
include bitumius waterproofing products for roofing felt and for sealing flat rpdféJsed
as fues, bitumenfractionsproduce combustion produdtsat may includénorganic fine solids,
heavy metals, and heteroatgm#iichrepresent aontaminatiorchallengd.8] Moreover, even
after refining, he lighter fraction of bitumemay stilldisplay a high viscositgnd cannot be
burnedfor conventional power generation or transportation. Therefdighta often volatile

diluent is added to facilitate flow.
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In recent years, fuel emulsishave been eplored as an alternative, relatively inexpensive
fuel with reduced pollutionmpact The bitumerbased emulsiagOrimulsiorR from the
Orinoco Petroleum Belfor example have been stabilized by polyethoxylated nonylphenol
surfactant®] and was used as a commercial boiler fuglawer plants worldwide. However,
the synthetic surfactants usédsuchfuel emulsioms can result in unburnt residues inside the
boiler and may cause corrosidioreover, depending osurfactant molecular composition
some exhaust emissions including sulbxides or other pollutants can be produdesides
the fact that some synthetsurfactantsare being bannedhar typical low heating valug

reduce the combustion efficiency and increase the total price of the emulsions.

Wood-derived lignins can beonsidered as an alternative to synthetic surfactants in related
applications; not only they show the required amphiphilic behavior but they are low cost, green
macromolecules that are easily availddl@. Lignin is the second major component of wood
consistig of three main coupled units includipecoumary] coniferyl, and sinapyl alcohsl
that producg -hydroxyphenyl, guaiacyl, and syringg@sidues, respective[\L1] The relative
content of these three monomers vary depending on the pksiesd2l Li gni nds bui |
blocks can be linked, for example byO-4 and othetinkages, in over ten different ways; all
togetherand even if one excludes the linkages with carbohydrate fractions, it is apparent the
extraordinary complex structure of lignin that results in varying detailed molecular
featureqd.13] It is only logical that lignin utilization is challenged by its complexity, which
limits its main use to energy recovery in puldlswhere it is burned as main component of

the solid fraction of[14] Annuglif ligginisproduaed atareundi b 1 a c
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50 million tons with only a small fraction (ca. 2% ) used commercially, including 1 million
tons of lignosulbnateand less than 0.1 million tons of Kraft ligrib5, 16] Sulfur-free lignins
from organosolv, acid ydrolysis and steam explosion and, more generally, those from

biorefinery processes not yet commercial have captured interest as far as their possible

useq.17]

Despite ligninbs c¢ompl easandnexpansive imuoltdunctional c an
macromolecule that can be upgraded for higlue applications. Lignin contains both
hydrophobic and hydrophilic groups presenting, depending on the conditions, surface activity
and multipolarity. Some treatments can kedignin to act as an emulsifier, such as in the case
of lignosulfonate$18, 19]. Moreover, the higharbon content of lignin (~66 ¥20] indicates
a high calorific content and signifies a higher heating values (HHV) of-26281J/kg[21]

making a good case for codsration as far as energy prospects.

Utilization of lignin in the area of fuel emulsions, as proposed here, can offer several
benefits. From theiewpoint of energy, lignin provides laeaing value that is higher than that
of synthetic surfactants. Frometlenvironmental perspective, lignin is Amxic and can be
burnedwith minimum pollutantexhaust emissions. To this end and to reduce the emission of
sulfur oxide, carboxymethylated lignin is a good alternative to available lignosulfonates.
Economically lignin is less expensive than the synthetic surfactants used ierfugsions.
Overall,it is proposed that lignins can be exploited in complex, upgraded fluids, for example,

in fuel emulsion for power generation.
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In this workwe used carboxymethylatioo modify low sulfur,Kraft lignin in order to
extend its water solubility at neutral pH. An organosolv lignin was also modified and used as
a referenceThe modified lignins(carboxymethylated lignins, CMLyere characterizedn
terms of their degree of bstitution P NMR), elemental compositiomndmolecular weight
(GPC).The CML displayed a relatively losurface tensioandwas used to emulsify different
oils with water. Bitumen crude oils as well as ligbils (kerosene, diesel, and jet fuel) were
used to formulate oiin-water (O/W) emulsionwith varying wateito-oil ratio (WOR), from
3:7 to 7:3. The properties of the fuel emulsions wiraracteried, including drop size and
size distribution, stability, and rheological behavior. Moreover, thelsomu fuel was
evaluated based on the combustion analysisneasureheating value, exhaust gamis

emissionsand combustion efficiency

4.3 Materials and Methods
4.3.1 Carboxymethylated Lignin (CML)

In this work, a pine Kratft lignin (Domtar, Plymouth, NC) and agamosolv lignin (Alcell,
Lignol, Vancouver, Canada) were used as precursors to obtain carboxymethygated i
(CML). In general, the procedure includegially alkalizationof phenolic hydroxyl groups
with sodium hydroxidgSigma Aldrich St. Louis, MD) to form ionized nucleophilesThe
phenol iorsthen react withmonochloroacetic acigGigma Aldrich St. Louis, MOYo formthe
carboxymethylated lignifFigure 4.}. Although it was found that CMbbtained following
our earlier proceduf2?] worked well in kerosen@-water emulsions, the minimum surface

tension of the modified lignin solution was far from the required demand of bitumen systems.
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On the other hand, the use of concentrated ethanol for precipisman limiting factor[23]
Therefore we replaced th&®5 % ethanol solutionormallyused for precipitation with 0.1 N

HCI aqueous solutionin summary, the detaiéd procedure usetDO gof lignin dispersed in

2.7 L of 70 % ethandhatwas mixed gradually with 300 ml NaOH soluti(80 %), during 30

min. Within 1h stirringat room temperatur&20 gchloracetic acigSigma Aldrich St. Louis,

MO) wasgraduallyadded andthe mixture wadieated t&b5°C. After 3.5h stirring, the mixture

was filtered in @Buchner funnend0.1 N HCI solution was poured intbe filtered solution

for precipitation. The obtained suspension was centrifuged and washed one or more cycles
with 0.1 N HC| dependingon thepurity requirement Finally, theresidie was collected and

driedin afreeze dryer (Freezone 6, Labconkansa<City, MO).

—
OH oNa o\)J\
O Na'

7 So—Lignin 7 No—Lignin 7 So—Lignin
NaOH CICH,COO" Na* =
—_— > _— >
OCH; OCH; N \OCH3
OH O 'Na" o
N
o Song

Figure 4.1 Reaction ofalkalizationand carboxymethylation difgnin
4.3.2 Characterization of CML
The carboxymethylated Kraft (CMdat) and organosolv (CMdvgaoson) lignins were

precipitated byliluted acid (0.1N HCI). Precipitation wigtthanol (95 %jyvas also conducted
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for comparison purposes. Cycles ofcawashing(0.1N HCl)were testedby element analysis

in order to investigatdeir influenceon lignin performance.

The degree of substitution of CML was determin®d®P NMR analysiswith a Bruker 300
MHz NMR spectrometer follomg a published proceduf@4] In short, amixture (16:1, v/v)
anhydrous pyridine/chloroforsd (Sigma Aldrich, St. Louis, MO) was prepaneda 5 mm
NMR tubeto dissolve thejivenlignin sampleata concentration of 40. 0K
Based on the above mixtur e-hgrodysriorbasnene2,32 00 ¢ L
di carboxi mi de (99 %, VWR, Radnor , PA) as
chromium(lll) acetylacetonate (Sigma Aldrich, St. Louis, MO) solution (5.6 mg/mL) as the
relaxation reagent were injected into the tube, respectively. Whengtha livas totally
di ssol ved, -ChHooo® 4 %5tetramdthylB,2dioxaphospholane (95 %, Sigma
Aldrich, St. Louis, MO) was added fphosphorylatiorof the hydroxyl groupsThe prepared
samples were tested BY probe for NMR acquisitiorThe G H, N content was measured in

a CHN Elementahnalyzer (Perkin EImer 2400, Waltham, MA). One cycle washing with 0.1

N HCI were carried out before the elemental analysis.

Known amounts of CML werburnedunder pure oxygen environment. The resultant gases
(CO,, H20, and N) were cleaned and passed through a separation columeoiifposition
results were calculated based on the detection at the outlet of the cdluesodium and
sulfur contentwere determined by a wet ash pedare[25] With this method, 1 g asample
wasexposed to concentratedric acid and allowed to set overnigfihe solution was capped

andheated on a block digestr105°C for 2h. Thereafterit wascooledand 2ml of hydrogen
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peroxide (30% w/vwasadded to ensure complete digestiowdisthen heateagain to 200

°C until the volume was reduced2anl. Following, 5 ml of 6 N HCI solution was added and

put backon the digestion block for 10 min. Finally, the samples were cooled down and filled
to the given volume with distilled water and filtered. The prepared solutions were read on a
Perkin EImer Corporain's DV2000 ICP Spectrometdihe chloride contentwasdetermined

by extracting the sample with a combination of nitric acid and acetic acid and then the solution

was ran in a Buckner Chloride Titrator. The oxygen content was calculatbd difference.

The average molecular weight and distribution of theitis was determined by using gel
permeation chromatography (GRCQhe GPC systertShimadzu, Kyoto, Japacpnsisted of
a LC-20AD pump, a CTE&0A oven equipped with a HR1 and a HR Stigragelcolumns (0
4M, Waters, Milford, MA), a SPE20A UV/Vis detector ad a RID10A reflective index
detector. The oven was set to®5and dual wavelength of 235 and 254 nm were used in all
the experiments. The lignins were modified by acetylation before testing in order to ensure
total solubility in THF solutiondf 5 mg/l concentration) This mobile phase was set with a
flow rate of 0.7 ml/min. A calibration curve was also created based on twelve polystyrene
dispersions (PSS Ready&é&t, Amherst MA) with Mw in the range 266 t@52 KDa.A

Shimadzu LC solution software wased for data processing.

A given amount of lignirwasdispersed in deionized water over24quilibration time at
room temperatureThen the surface tension of the lignin solutions were measured using a
tensiometer(Attension, Biolin Scientific, Stockholm, Sweden)equipped with a Wilhelmy

platinum plate 19x10x0.1 mn).[22]
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4.3.3 Emulsification

A givenamount of CMLwasdissolvedn deionized wate(2 % concentrationandthe pH
was set tB by addition ofIN NaOH solution A given amount obitumen(EACN of 911,
QuadriseAlberta, Canadajvas heated to 9%; likewise,CML solution was heated to 6C.
The heated bitumen, CML solution and 5 % v/v ggehtanol were addad acontainerand
stirred(Ultra TurraxT18, IKA, Wilmington, NC) at20,000 rpm for 3 min. Bitumeim-water
oil emulsions were obtained and stored in test tubes over 24 h for further measurement. In
addition, low viscosity fuels were tested, including kerosene (Sigma Aldrich, St. Louis, MO),
diesel (equatatio blend of No.2 diesel frohocal Hess, BP and Exxon gas stations, Raleigh,
NC), and jet fuel (Shell, INX airport, Smithfield, NOJhe respective fuel wasixed with
CML solution at same concentration$ 1-pentanoland at room temperaturen order o

produce O/W emulsions

4.3.4 Emulsion Characterization

A freezefracture replica of CML/fuel/water emulsion was examined by transmission
electron microscopf26] The given emulsion sample was loaded between two gold stubs and
plunged into liquid nitrogerooled by propane for 10 s to prevent ice crystal damage.
Subsequerty, the sample wasansfered to a holding Bwarflask containing liquid nitrogen
After that, the frozen specimen was positioned into a double replica specimen holder booklet.
It was then fractured in the freeracture/etch chamber with subsequent activation of a
platinum/carbon electron gun to evaporate a thin layer over the fraguriace to generate

the replicas. The produced specimen was transferred to deionized water and floated. The
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floated specimen was immersed into 50 % sulfuric acid containing&d®m dichromatéor
1.5 h. Finally, it was washed with water and transteweto a copper electron microscopy

grid for TEM observation.

The drop size distribution of the CML stabilized O/W fuel emulsions was measured with a
laser scattering analyz€rA 910, Horiba,Kyoto, Japah The emulsions were diluted 1000
times in the tst chamber with deionized water as the blarddium The volumemedian(D
[V, 0.5]) andvolume moment mea(D [V, 4, 3]) diameters were used to determine the oll

droplet size.

The rheology behavior of bitumen-water emulsions with varying WOR, from 30:70
70:30, were investigated with dneometer (AR2000, TA Instruments, New Castle, DE)
equippedwith a parallel plate system (40 mm steel plate wiid 8m gap) The dynamic

viscosity and shear stress as function of shear rate between 1 to'508@measured.

The higher heating valu¢slHV) of the Kraft lignin, CML,all types offuels and theiO/W
emulsions were tested by usiag oxygen bomb calorimetePdrr Instrument Company
Moline, IL). The results were calculated according to the temperaturime profile as

discussed in our earlier wofR2)

4.3.5 CombustionExperiments
The CML:stabilized oilin-water fuel emulsions wetrirredin a 746 kW (10 horse power)

singlecylinder aircooled compressieignition engine The engine was operated under 2000
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rpm under three differembads witha brake mean effective pressure (BMEP) of 0, 1.26, and
3.26 bar. The exhaust gaseous emission including carbon monoxide (CO), carbon dioxide
(COy), oxygen (Q), oxides of nitroga (NOy), and hydrocarbon (HC) were detected with an
exhaustgas analyzer EGA 4000XDS Infrared hdustries Hayward CA).The exhaustgas

temperaturavasmeasured with Kype thermocouple7]

According to themeasuredHHV, gaseous emissions and exhaust temperatures, the
combustion efficiency of the fuels and their O/W fuel emulsions were calculated folltwing
standard ASME Power Test Code f28] The heat loss by fuel moisture was not considered

since the based fuels were assumed water

4.4 Results and Discussion
4.4.1 Lignin Characterization
4.4.1.1Lignin Composition and Groups

The yield iInCMLkraft Synthesis was dggh as 90 %(mass percent based on the precursor
Kraft lignin) while that for CMLorganosiv Was 73 %. The lower yield inCMLorganosolv IS
explainedby the fact thaethanolsoluble organosolv ligniwas precipitated to a lesser extent
from the reaction bath with ethanol/NaOH solutidhe nominal degree of substitution thfe
obtaineccarboxynethylaed lignins CMLkrat aNdCM L organosol) Wasdetermined by*C-NMR
and titration P NMR was used to quantitatlyedetermine the hydroxyl values of CML
(Figure 4.2.*'P NMR peaks for the internal standard appears at around 15T ppahemical
shifts in the 155130 ppm range were analyzed. Hiphatic OH groupsvereresponsible for

the peaks at chemical shifts from 1850 ppmandthe phenolic OH groupsereassignedo
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144.4137 ppm including the condensed aromatic OH (14440.4 ppm) and th non
condensed phenolic OH (146187) groups. Also, the carboxyl OH groupsreassignedo

the chemical shifts ithe 136.5133 ppmrange

Compared to the precursor lignin, it is clear that carboxymethylataitmmeased the
carboxylicgroup content biureduced that diydroxyl groups. During the carboxymethylation
with precipitation by ethanol, some fatty alcohols can be formed due to degradation of low
molecular lignin fractions. Thus, the corresponding peaks appeared in the spectra, between
145150 ppm chemical shifts. Moreover, the higher'Nancentration present in the sample
obtained after precipitation with ethanol, compared to that from acid (HCI) precipitation,
favored the formation of alkoxides, whictvere difficult to remove and thus appearas

additional, impurity peaks.
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CMLg..« Precipitated by Ethanol

CMLg,.« Precipitated by HCI

N

Kraft Lignin

Non-condensed

Aliphatic OH Phenolic OH
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Phenolic OH

Internal Carboxyl OH

Standard

150 145 140 135 [ppm]
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—
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Non-condensed
Alihatic OH Phenolic OH
iphatic
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1 1
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Figure 4.2 Quantitative’’P NMR spectraor unmodifiedand modified (CML)ignins, as
indicated.
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According to the integration results in Talld, the hydroxyl valuesf carboxymethylated

samplesmainly from phenoic OH, were reduced@ompared to thosef the respectivéignin

precursor This is because the phenolic OH groups are neasly ionized comparedo

aliphatic OH groups

Table 4.1 3P NMR signal assignments for CML samples including aliphatic hydroxyl,
phenolic hydroxyl, and carboxylic groups

Hydroxyl groups (mmol/g of lignin)

Chemical Assianment Kraft
Shift, ppm 9 Lignin

CMLkaft
ethanol
precipitation

CMLkraft
HCI
precipitation

Organosoh
Lignin

CM LOrganosoI
v HCI
precipitatior

145150 Aliphatic OH 2.17

Condensed

144.4140.4 Phenolic OH

1.77

Non condense
140.4137 Phenolic OH 2.39

144.4137  Phenolic OH 4.17
136.5133  Carboxyl OH 0.54

Degree of Suligution, % -

2.49

1.07

1.21

2.28
1.68
273

1.86

1.11

1.60

2.71
1.98
34.6

1.23

2.75

1.26

4.01
0.31

1.26

1.61

0.78

2.38
1.71

35.0

Based on the calculatiortee DS of CMLkatt afterHCI precipitation reachd values akigh

asca.35 %, whichis higher tharthat determined for samples afethanol precipitatioriThe

DS oforganosolv lignin CMLorganosiv, alsoreacted 35 %. The resultant, highydrophilicity

after carboxymethylation favored dissolutionvatereven aneutralpH conditions.
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The C, H, N (and C: H: O ratio) as well as chloride, and sulfur content were measured (Table
4.2). Carboxymetylation of Kraft lignin removed as much as 30 % of the sulfur initially
presentThis is because the ndionded sulfur was dissolved in the HCI washing. When used
as a solid fueind compared with the sulfuich lignosulfonate CML is expected t@educe

emission ofsulfur dioxides.

Table 4.2. Elemental analysis (%) of Kraft, organosolv and respective CML lignins

Lignin type C H O N CI Na S g: H:
Kraft Lignin 62.1 6.2 299 01 <0.020.1 15 2.8:3.3:

CMLkrait precipitated with ethanol 527 56 325 01 07 7.1 14 2228

( é after acid washing 498 49 394 01 21 25 11 1.7:2.0:
CMLkrar precipitated with HCI 574 57 314 0.1 18 25 11 241291
( é after acid washing 531 6.6 379 01 1 04 09 1.9:2.8:
Organosolv Lignin 63.2 6.3 30.3 08 0.03 0.00 0.02 2.8:3.3:

CMLorganosonprecipitated with ethanol52.1 5.2 414 0.1 1.2 7.7 0.01 2.1:2.5:
( é after acid washing 56.2 55 353 0.2 3 3.8 0.01 2.4:2.8::
CMLorganosonprecipitated with HCI 579 56 345 0.1 19 28 0.01 2.4:2.8:

( é after acid washing 605 62 322 02 1 05 0.01 25:3.0:

Salt accumulation can cause severe corrosion affigel emulsion is stored gumpedn
a tank or pipeline. Since sodium hydroxide and chloroacetic acid were used for the
modification, Na and Cl ions arepresent in the obtained CMolution After precipitation

by ethanol, a large amount of N@ver 7%) remained in the produBrecipitationwith dilute
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HClag on the other hand, reducBid" content (2.5 %) but introducégl (1.8 %).Upon0.1 N

HCI washing the salt concentratiaras reduced furthéd.4 % Na and 1 % C). Introduction

of carboxymethyl groupeeduced the C/O and H/O mass ratios. This is due the fact that the
atom mass of oxygen is larger, while the carboxymethyl groups contisatihe molar
amounts of carbon, hydrogen and oxygen. Moreover, acid washing removed heteroatoms such

as Na, Cl and S, and therefore the percentage of oxyaggincreased.

For both CMlkraft and CMLorganosonvthe residualNaCl was removed by acid washing50
% Na and 1 % C). Also, compared with ethanol, precipitation with HCI of Cddfanosonwas
effective in removing Na(from 7.7% to 2.8 %). Moreover, the C/O and H/O ratios were
reduced after modification, but a difference for Gdk was observed ithat C/O and H/O
ratios increased after acid washiifigr both precipitation methogisin the case of organosolv
lignin, a certain degradation occurred during carboxymethylad®mshown by GPC analyses
(see further below)After acid washing, smaftholeailes (i CH.O, HO, etc.) were removed
and increased the relative C addccontent of the final productn contrast with kraft lignin,

organosolv lignin and CMdganosovonly contained a small amount of residual sulfur.

4.4.1.2MolecularMass.

The molecular weighdistribution ofacetylatedKraft lignin, organosolv lignin, and CML
are included irFigure 43. For both Kraft and organosolv lignin, the molecular weight of the
large molecular fraction increased after carboxymethylation. This is explained by themadditio
of carboxymethyl groups. Compared with the molecular weight of Kraft lignin, that of

CMLkratt did not change significantly (either for ethanol or acid precipitation) (T4Ble
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However, compared with the precursor lignin, the molecular wedfitihe CM_organosolv
increased by 80 % and 60 % after precipitatrath ethanol and acid, respectively. This
observation is explained by the fact that organosolv lignin was partially dissolved in the
reaction solutiorcontaining ethanol/NaOH. Thus, the small Mwadtions are removed after
filtration, resulting in an increase of the average molecular weight. Ethanol precipitation could
also enhance this effe€@MLkrart molecular weightemainedsimilar asthat of the precursor
lignin, which indicates a very limited degradation duringthe modification The
carboxymethylation process occurredly on the available hydroxyl groups of lignin,

changingts amphiphilicity butwith no major effect in itsstructure

120 -
——Kraft Lignin 120

=== CML Precipitated by Ethanol
100 . = - CML Precipitated by HCI

——Organosolv Lignin
=== CML Precipitated by Ethanol
100 - — - CML Precipitated by HCI

40 - 40

20 - 20 |

Log Mw Log Mw

Figure 4.3. Molecular weight distribution of Kraftdinin (KL) andCMLk:at (left) as well
asorganosolv lignifOL) and CMLorganoson(right).
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Table 4.3. Summary of average molecular weight of Kraft, organosolv and CML lignins

Lignin Mn Mw Mw/Mn
Kraft Lignin 1416 6176 4.36
CMLkratt precipitatedwith Ethanol 1532 5848 3.81
CMLkratt precipitated with HCI 1505 6219 413
Organosolv Lignin 1016 2958 291
CMLorganosonprecipitatedwith Ethanol 1486 5273 3.55
CMLorganosonvprecipitatedwith HCI 1325 4739 3.58

4.4.1.3Surface Tension

Our previous report, indated a minimum surface tension of CML solutiafter ethanol

precipitation of~ 60 mN/m. This high value was explained by the presence of NaCl, as

discussed in the elemental analysis sed@@hThe decreased watevlgbility of CML limits

its dispersion. After removal of salt by using acid precipitation, the &ddand CMLorganosolv

agueous solutions presented a much lower minimum surface tension, ~34 and 39 mN/m with

critical aggregation concentrations of 1.5 @hdo, respectivelyRigure 44). Thus, CML
lignins have a potential as an alternative polymeric surfactant for stabilizing bHomexter
or other oitin-water fuel emulsions. After HCI precipitation addspitewater solubility at

neutral pH, CMlkrait and CMLorganosovdisplayed excellent surface activity. In the following

work, however, we report only on CMi for the formulation of o#in-water fuel emulsions;

for simplicity

discussions.
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Figure 4.4. Surface tension versus concentration isotherms of &d{left) and
CMLorganoso(rigth) dissolved in deionized water (pH 8, 25)

4.4.2 O/W Emulsions
4.4.2.1Emulsion Morphology

High internal phase, ilein-water emulsions (WOR =0870) comprising different oils
(bitumen, diesel, kerosene, and jet Jueére stabilized by CML and stored over one month.
Freezeetching specimen replicas were observed under TEM with 2500X objectiveatens
shown inFigure 4.5 The highly packed rouncétures observed in the images represent the
oil droplets replicas. In the bitumen-water emulsion, the replica was shadowed with dark
areas. This is because the bitumen was easy to break at low temperature. Thus, whenthe freeze
fractured specimen wasansferred to room temperature, the high viscosity bitumen was
difficult to remove by water or chromsulfuric acid. Although the quality of the image in this
case is somewhat limited, the outline of the bitumen droplets can be observed (see added circles

in the respective image). For the other low viscosity fuels, the droplets easily
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distinguishableTheoil dropletswerearound 12 pm. Compared with other three types of O/W

emulsions, the drop size of the dieselvater emulsionwassmaller.

Figure 4.5 TEM Images (2500X) of freezetching specimen replicas of O/W emulsions
(WOR = 30:70) with oil phase consisting of bitumen (a), diesel (b), jet fuel (c), and
kerosene (d).
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4.4.2.2Drop Size Distribution and Stability

The average drdgt size and disibution were measuredat roomtemperaturen order to
analyze the effeadf composition YWOR) for constant concentration of CML in bitumen
water emulsionsThe bitumen dropletshowed a normal, narrow distributiomithin 1-10 pm
range Figure 4.9. A slight reduction in drolet sizewasobserved as the oil fractiomas
reduced. If the total volume is consideradditionalfree CML is expected to existhenthe
water fraction is increasedffectivelypreventing more droplet collapse. As a consega@hnc
bitumerd kigh viscosity, achieving smaller initial droplet size requires larger energy input for
emulsification at high internal phase concentrations (low WOR). Thus, for the same energy

input, the oil phase of the emulsion with low bitumen conteigh( WOR)wasbroken down

into smaller droplet sizes.
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Figure 4.6. Droplet size distribution (left) and average size (right) of CML/bitumen/water
emulsion as a function of WOR. The CML concentration was 2 % based on the volume of
the aqueous phase.
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Figure 4.7shows the stability of the CML/bitumen/water fuel emulsions of WOR = 30:70.
The stability was followed by measuring the average dropletfisineinitial preparation up
to 30 days at rest. During the first 5 days, the oil droplet size gradhaibasedpproximately
0.2 um from the initial size. Thereafter, the drop size was maintained around 1.8 pn for over
one month. The CML, bitumen and water components reached a thermodynamic balance to
form a highly stable emulsion systeRigure 4.7alsoincludes a photo of the emulsion, which

remained fluid during the storage period and stable, as indicated by the limited droplet

coalescence.
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Figure 4.7. Stability of CML/bitumen/water fuel emulsion at room temperature
4.4.2.3Rheologtal Behavior
The apparentviscosity of bitumen at 18C can reach 180,000 to 1,000,000 mipas)
which istoo highfor burning in a boilerfor example However, upon emulsification with
water, the viscosity of the system is drastically reduckhis is becauseaterin O/W

emulsionsthecontinuous phaselays a dominant rolasfar as theriscosity of the emulsion.

90



The shear stress and dynamic viscosity as function of shear rates 500 &' were studied

by varying the WOR and temperagufFigure 4& 6 s hows that the appar
reduced with the shear rate, indicating a shear thinning behavior in all the conditions tested.

The high viscosity of the bitumen impacted the viscosity of the respective emulsion system.

At a given shar rate the viscosity was reduced with an increase of WOR. Compared to the
neatbitumen, the viscosity of CML/bitumen/water emulsion dropped down to around 250

mPas, a 1000fold reduction.

The bitumen changes from the sesnlid, nonflowable state to dowing liquid with heat
and therefore the effect of temperature on the CML/bitumen/water emulsions is discussed. In
Figure 4® 6, the apparent viscosity of O7hwwas CML/ b
reduced by heating. Even for a large amount of matephase, as high as 70 %, the viscosity
measured at 88C and at a shear rate over 500is as low as 40 mPaslt is noted thathe
shear stress increased as function of shear rate, from 3000 to5@060sand 80C (Figure
4.8 b 0 Jhis is explaned by water evaporatiotguring testing atigh temperature, which
resulted in anoreconcentrated bitumen phabatincreasd the viscosity of the emulsion with
time. At relative high loading, adding water or increasing working temperatures reduce the
viscosity of the bitumen (stabilized as an emulsion with CMhgerefore, CMLstabilized
bitumen/wateemulsions can be considered for use as a fuel for power generation, given some

possible added benefits to be discussed in the next section.
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Figure 4.8 Flow curves of CML/bitumen/water fuel emulsion system. The shear stress and

viscosity versus shear rate of emul si
respectively. Likewise, for emulsions of WOR=30:70 at varying temperature, which are
showninp) and (bo) The data was % cquired

4.4.3 Emulsion Combustion

Stable CML/oil/water systems with different fuels were tested as far as their combustion

Shear Rate, 1/s

properties at WOR of 30:70. The higher heating values ahailater emulsionsormulated

with bitumen, diesel, kerosene, and jet fuel were measured. Considering the high viscosity
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properties of bitumen and possible cleaning issues, only kerosene, jet fuel and diesel were burnt
in a diesel engine for gaseous emission and combustificiency analysis. In these

experiments, 0.5 % CML aqueous solutions were used for all types of fuel emulsions.

4.4.3.1Higher Heating Values (HHV)

After carboxymethylation, CML displayed a relatively high HHV of 22 MJ/Kg, which is
of the same order as that faels such as methan@able4.3). Beyond the intrinsic advantage
it offers as solid fuel, CML was used to stabilizein#water emulsions consisting of light and
heavy oils. The higher heating values of the bitumen, kerosene, diesel, jet fuel a@ihei
emulsions were measured with axygen bomb calorimetgiTable 44). The experimental
results were in good agreement with reference data. The HHV of fuels emulsions were
calculated according to their composition. The HHV of the fuel emulsions datsimi
experimentally were in good agreement with the estimated values. The effect of CML in the
HHYV of the fuels emulsions was thus elucidated: CML stabilizethesater fuel emulsions
and maintained their heating properties. From the industrial viewpeirdsene is similar to
jet fuel, due to the similar properties. In the following combustion analysis jet fuel was

considered.
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Table 4.4. Higher heating values (HHV MJ/KQ) of Kraft lignin, CML, fuels and respective
CML/oil/water O/W emulsions (WOR=300)

Fuel MeasuredHHV, MJ/Kg Calculated HHV, MJ/Kg
Kraft lignin 256 23.0~26.0
CML 21.8 -

Bitumen 40.9 42.3
Bitumen/Water Emulsion 29.4 30.7
Kerosene 44.8 46.2
Kerosene/Waterraulsion  29.9 29.6
Diesel 45.3 45.7
Diesel/Water Emulsion 29.1 29.5

Jd Fuel 44.7 44.1

Jet Fuel/Water emulsion 29.4 28.0

4.4.3.2Gas Emissions

Due to the limitation of the single cylinder diesel engine and considering engine cleaning
issues, CML/bitumen/water fuel emulsion was not tested. As a representative of light fuels, the
gaseous emission of the kerosene and CML/kerosene/water fuel emulsions of high internal
phasaevas measureWOR =30:70) for three different engine loa@is1.26, and 3.26 bar. The
engine load did not significantly affect the HC emission of the keresasel emulsion
(Figure 4.9. For all engine loads, the HC emission of the fuel emulsion increas@gpm
compared with that of kerosene. This is because the viscosity of the light fuel emulsion is
relatively higher than the base fuel. The high viscositylgimmumay produce more residues

in the engine such as the unburnt lignin or oil droplets. Also, due to water evaporation, the
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O/W fuel emulsion had a lower combustion temperature than the baskeaihg to higher
HC emissionslt alsoresulted in a lowr wall temperature of the engjnehich increased the
HC emissiors. Since the fuel emulsion was a shear thinning fluid, it could be expected that a
higher engine rotation speed would lead to a lower dynamic viscosity sti@lp teduce the

HC emission.

The NQ emissions of all types of fuels were also investigated. It was observed that with
higher engine loads, the N@mission increased. Thean beexplained by the fact that at a
higher load leads to a higheombustiontemperature, which favors N@ormation.The use
of CML/kerosene/water emulsion reduced \Ngnissionby 70, 66, and 32 % at engine loads
of 0, 1.26, and 3.26, respectively. This is a result of water evaporation, which reduced the
combustion temperature and inhibited thermal NOreacton leading to N@ formation. In
addition, the water evaporatianay results inmicro-explosion and it coul®&nhancethe
atomizationof fuels with small droplet size as well as thefael mixing processThe better

fuel distribution could also help reda®NO, formation.

Generally the CQ emission increased and CO emission reduggld increased engine
loads which can be explainetly the fact thatuel combuss more completelyat higher
temperaturein high loads. Compared with the base fuels, the > Cénission of
CML/kerosene/water fuel emulsiovasreducedy 1-2 % but the CO emission of the emulsion
increased dependingon the engine load. The water evaporation reduced combustion
temperature as wells as the reactivity. The fuel emulsions weteun®td as completely as

the base fuels. Therefore, the O/W emulgorducedarelative lower CQbut slightly higher
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CO emissionsNo significant difference in CO emission was noted at low engine loads. The
CO emission was highly dependent on the operation tongi We have demonstrated that

diesel or jet fuel based CML/oil/water emulsion have lower CO emission at lower engine

loads[27]
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Figure 4.9 Exhaust gasmis emissions of hydrocarbon (HC, ppoRidesof nitrogen
(NOy, ppm), carbon monoxide (CO, %), and carbon dioxidex(@&) of kerosene and
CML/kerosene/water fuel emulsions (WOR=3:7) at engine loads of 0, 1.26, and 3.26 bar
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4.4.3.3CombustiorEfficiency

The ker@ene and CML/kerosene/water fuel emulsions (WOR=30:70) were evaluated for
combustion efficiency at engine loads of 0, 1.26, 3.26 bar. In this calculation, heat losses due
to dry gas, moisture from burning hydrogen, and formation of CO were consideredhas ma
energy lost during the diesel engine operation. As shoWwigure 4.1Qwith increased engine
loads, the combustion efficiency of CML/kerosene/water fuel emulgasreduced slightly.
The heain the exhauggases is not transferredgerformusefulwork like in steam production.
It could be a major reasmf the lower fuel efficiency.Although the fuel wadurnedmore

completely at higher loads, the higher exhaust gas temperature indicated higher heat loss.
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Figure 4.1Q0 Combustion Efficiency tthe kerosene and CML/kerosene/water fuel
emulsions (WOR=30:70) at engine loads of 0, 1.26, and 3.26 Bar
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In summaryCML/kerosene/water fuel emulsi@anbe burnt with a combustion efficiency
over 95 %. Compared with the base fuel, the combustion efficieas reducedlightly. As
discussed earlier, water evaporation resulted in a lower combustion temperature, a less
complete combustion and a higher HC emissAlhof these factors contribute to a lower
combustion efficiencyHowever, the reduction of éhcombustion efficiency was very limited,
only 1-2 %. Considering the significant reduction of N@mission, these effects can be
tolerated. Moreover, it could also be expected that with higher engine rotate speed, the fuel
emulsion with lower viscosity edd be burned more efficiently. More importantly,
CML/bitumen/water fuel emulsion is much less viscous than the neat bitumen, and therefore
it could be expected that the bitumen/water fuel emulsion coutdifseedeasilyin industrial

combustorand bringabout potential benefits.

4.5 Conclusion

Both Kraft and organosolv lignins were carboxymethylated and precipitated with dilute
HClaqat high yields, low sulfur, and low ashes while endowing water solubility at neutral pH.
The obtained CML displayed high suréactivity with a critical aggregation concentration of
1.5 % and relative low minimum surface tension of 34 mN/m at room temperature. By taking
advantage of the amphiphilic properties of CML;iaHwater fuel emulsions with bitumen,
kerosene, diesel, dnet fuel were stabilized. All the fuel emulsions indicated a shear thinning
behavior, longierm stability and normal size distribution with average drop size less than
1.8em. By increasing the WOR, smaller drop size were observed while keeping a lawrdappa

viscosity. Finally thecombustion analysis indicatékat O/W emulsionhada relativdy high
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HHV, andin certain conditiondoweredNOy, and CO emissions apdesentedelatively high
combustion efficiency.The resultsmply the possibility that btmen emulsions stabilized by
CML, with their remarkably lower viscosity compared to pure bituncen|d be burneth a

boilerwith low exhaust gaseous emission and high combustion efficiency.
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5 FoamsFiber-laden Foams Stabilized with @rboxymethylated

Lignin for Foam Forming using Cellulosic Fibers

5.1 Abstract

The complex natural structure and amorphous characteristics of lignin are of little relevance
in its main use as solid fuel for energy reevin the forest products industries. However,
lignin displays multifunctional and surface active properties that can be tailored by chemical
upgrading into valuadded materials. In this work, carboxymethylation was used to modify a
Kraft lignin to endowwater solubility at neutral pH, surface activity (minimum surface tension
of 34 mN/m) and foam stability. Lignibased liquid foams were produced via agitation and
compresed air bubbling. The foamability and foam stability of carboxymethylated lignin
(CML) in water were measured as a function of concentration, temperature, pH, mixing rate
and air content. Foam stability and bubble collapse were also assessed by using light
transmission and backscattering. Fibers of different aspect ratio (long pineaftieshort
birch fibers) were mixed with CML solution (0.6 % solids in aqueous dispersion) under
agitation to stabilize liquid foams. Such ligreontainingfoams are proposed here for the first
time as precursor for 2D nonwoven paper structures. The foimmand stability were
analyzed at varying CML and fiber concentration, pH anduwéactant/CML ratio. After
dewatering, the resulting materials assembled by {fleagig techniques were further
characterized for pore size distribution, lignin retentranrphology, and physicahechanical
properties (formation, density, air permeability, surface roughness, tensile and internal bond

strength). The results were compared for similar structures obtained from foams stabilized with
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an anionic surfactant (SD&}¥ well as those from foafree (water) systems. Overall, CML
based foams were found as suitable carriers of cellulosic fibers and opens the possibility for
integrating fully biebased systems in foafarming, an emerging option to drastically reduce

wata consumption in related manufacturing processes.

5.2Introduction

Lignin, the second most abundant natural material after cellulose, can be found mainly in
wood and other vascular forest spe¢igslit is an amorphous biomacromolecule with highly
branched polyphenolpropane structures that argled by three primary monolignols,
i nc | u-cbunraryl algohol, coniferyl alcohol, and sinapyl alcofii3] The proportion of
these monomers in lignin and their intemnecting patterns and linkages (such as lignin
carbohydrate linkages) varies depending on type of plant material, which in turn result in a
rather complex structuid, 5] The detailed physicathemical features of native lignin are so
far beyond reach for assessment with available technjGu®4oreover, the most available
source of |l ignimscgmprnidsuestirbladc ks tlriecauros f r om
such as kraft and sulfi{f¢] Although around 50 million tons/year lignins are produced
worldwide, the complexity of the lignins limits their utilization; only 2% of industrial lignins

are used commercially other than for energygeaeratior{8-10]

From the viewpoint of wood chemistry, the diversity of lignin structure bsiran
opportunitygiven itsmulti-functionality, flexibility, surface activityand amphiphilidy.[11-
13] Additionally, beingrenewable, environment friendlgind costeffective,lignins arevery

competitive compared with othdiobased polymers and synthdic material§14, 15]
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Therefore, various physical or chemical treatments havegrepnsed ira broadspectrum of
applicationsof lignin and its derivativesThis includes uses in adhesiy&§] dispersarg[17,

18] compositegl9] carbon fiberg20, 21] solid foans[22] etc. Our previous work ds
demonstrated surface activity and success8idpilization ofoil-in-water emulsios by using
carboxymethylated ligns (CML)[23-25] CML was shown toeduce the surface energy

aqueous dispersions and indicated possibilities for sisgpalymeric surfactant

Liquid foans can be generated easlly surfaceactive moleculesRelativdy stable liquid
foams can be used idifferentareasncludingfire-fighting[26], oil drilling[27], flotation 28],
etc For papermakingfibers areusually fibrillated (refined)and mixed with additives in
aqueous dispersionRecently, foamaid technology for paper makingas brought back to
light by VTT Technical Research Centre of Finld@8, 30] This costefficient method can
use less thn 5 %of water compared witthat intraditional manufacturing proceg@gpically,
fiber dispersions use over 99% water in the composition. This is a remarkable benefit in efforts
to save water, the mostitical bioresource Moreover,the foam formingiechniquecan be
scaled upn dynamic systes In this methodanionic surfactants such asdium dodecyl
sulphate (SDS)have been used abe primaryfoamng agent The surfactant plays a
significant rolein foam forming and can lead toproduct applications depending oits

properties

Here we propose for the first time modifieghins for foam forming, thus, integrating such
wood-derived macromolecule with its main solid building block, namely, fiberghofigh

residual lignin present in fibers is thought to reduce the strength of the cellulosic fiber network
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in conventional papelignin alonedoesnot significantly affecits strengthproperties. In some
case, lignin adsorption onto cellulose fibers dauen increase the bonded area between fibers
and strengthen papg31, 32] In this study, a watersoluble modified lignin(CML) was used

as a foaming agent for foam forming via agitation and comgdess bubbling. Based oits
foaming propertiesaqueous fiber dispersions warexed with CML to forma foam andto
produce papdrandsheets. The foamaltil and stabilityof the foamavere measureatvarying
CML and fiberconcentration, temperature, pH, mixing rate and air coritagitt transmission

and backscattering weused to measure foam stability and bubble pska The bubble sizes
and distribubn was alsaleterminedoy in-situ sampling and analysis of optical microscopy
images The CML-based foam papemere characterizeth terms of morphology, lignin

retention, paper formatioajr permeabilly and roughness, tensile strengthd bond strenp.

5.3 Materials And Methods
5.3.1 Carboxymethylated Lignin (CML)

A technical pine Kraft lignin (Domtar, Plymouth, NC) was modified by carboxymethylation
that substitutephenolic hydroxyd by the carboxymethyl group&4] Our previous work
demonstratech procedurewith high yield (>90%)via lignin ionization in NaOH/ethanol
mediumfollowed by reactiorwith monochloroacetic acid. The prodsiadf reactionwere
precipitated by dilute hydrochloric aciihe modified lignin (CML)displayedgood surface
activity, with minimum surface tension of 34 mN/m aadtritical aggregation concentration

of 1.5 % measured at room temperature and pH=8. Also, the characterizaticated tlat
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CML contained low sulfur and salt contemhile the nolecularmasswas around 6000 Da.

The degree of substitution of the CML readB5 %asdetermined by'P-NMR.[23]

5.3.2 CML-based Liquid Foam Carriers

A givenamount of CML was dissolved deionized water (pH of 8) for over 24at room
temperature. 50 nmdf CML solution was powedinto a 500ml cylindrical glasscolumn. An
electronic stirrer (RZR 2102, Heidolph Instruments, Schwabach, Germany) equipped with a
threeblade propeller shafvas used for creating a vortekhe stirrer was set to 2100 rpm and
a Nikon DSLR camera (D 7000) was used to record pictures eveoynéefoamingstarted.
After 10 min, the stirringwasceased andecording was continued f&min. The maximum
gas volumeuponc es s at i on mady wasmecorded ¢ ddteimine the foamability of
CML liquid foam; the foam stability was evaluated the half-life time (t/2), i.e.,the timeat

whichthe drained lignin solution reached half of its initial volume aftesatsn of mixing.

Additionally, a homemade compressed air bubbling system was also used for foam
forming. The device consietl a columnwith square cross sectigf.5 x 5.5 x 40 cm) with a
glassfilter at the bottom. The switch at the botteasinsertedwith a tube thawasattached
in sequence to a flowmeter-g0L/min,), pressure meter<I6 bar) and a switch connected to
acompressdair systemln a typical experiment,00 mlof CML solution (1 %) was poured
into thecolumnand the compressed air biddbwere produced from the bottom underliab
and 0.2 ml/ min. Mhaax) andhalftife éinner(t2) evere usexl totdetefmine

the foamability and stability, respectively. Moreover, the stakalitsarying air flow rate was
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determined fromhte foam volume ratipi.e., the volume at given elapstihe relative to its

maximum value (normalized foam ratio)

Lignin-basedoams (0.6 %CML) formed by agitatiomerealso investigated by a Turbiscan
(MA 2000, Formulaction, L'Union, Franc#) inquireinto theirdynamic kehaviors Thefoam
was immediately transferred to a flat bottomed glass tube with diameter of 27.5 mm and height
of 70 mm after cessation of the agitation. The tube was then scanned kgjiat thensmission
and back scattering valug were recordedt given short time intervalsyithin continuous 10

min.

5.3.3 Foam-Formed Paper

CML aqueousolutiors (10 %)wereprepared at room temperatatgH = 8. An unrefined
never dried pindiber with average fiber length of 2.2 mwas obtainedfrom a pulp mill
(MetsaBoard Adnekoski, Finland)and used as aqueous dispersigith 3.1 %solids content.
Unrefined birchfibers with average fiber length of 0.8 mwerealso used as a comparison.
The pinefiber dispersionand concentrated CML solutiomere mixed and diluted with tap
waterto obtain a base composition consisting @& % CML and 0.6 %iber. The mixture was
transferred to a transpareiter cylinder (120 mmdiameter) under a Netzsch Drill Pulp
Agitator (Selb, Germany) equipp®adth acircular mixing plate (diameter of 83 mm). The plate
was placed judbelowthe surface of thdispersionand the mixing rate was set t¢830 rpm
for theformationof thefoam. The foaming dynamics were recorded wit@CD-camera with
imageacquisition evey 5 s dter 10 minfrom the timethe agitator was stopped. The sampler

used consisted divo parallel glass slidesith a spacer of 1.6 mm;\tas dipped into the foam
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to collect the given foam sample. The sample was imaged under a micrtsoopasurehe

bubble size distributignusingan image analysis meth@s reported earlig29, 30] At the

same tme, when the liquid phase reached half of its initial voldfo@mrecordingwvasstopped

and the maxi mumaX andfoam chalflif¢ tene (t/2) (vére obtained. As a
reference, foams and foaformed paper were produced with sodium dodecyl su(faixsS)

as surfactant, following the same procedure. In this case, 0.06 % SDS concentration was used,
according to previous wofR9] In our work, four major formulation variables were
consdered, including CML concentratig@ to 1 %)and % solidg0 to 1.5fiber %), pH (5 to

9), and SDS/CML ratio (1/2 to 1/50).

Typically, thefoam carrying suspended fibensas remixed for 2 min and poured into a
homemade onesidedewatering handsheet mid equipped witha funnelto orient the fibers
in the directiorof flow. Then the funnel was removed and a plastic film plasedon the top
of the foam for sealing. After foarollapse and water drainajg vacuum, théormedfoam
sheet was removed apthced wittn two blotter papers under 8.2 kgadfor 30 s.Next, the
foamformed papesheets were cut into twone that was dewatered under no load (no pressure
applied)andthe other subjected twet-preseng at 1.5 bar for 5 min. Finally, both foarheets
were dried by a Kodak rotary drum dryer. The target grammage of the hand shee(32 cm
cm) was 100 g/ia Additionally,andas a comparison, standard wetemmedhandsheetof

thesame grammagsereprepared according to ISO 5269

5.3.4 Evaluation Of Foam-formed Networks

5.3.4.1Lignin Retention
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Before measurements, a standard curve for determination of CML concentration was
obtained by using a wwis spectrophotometgiUV-2550, Shimadzu, Kyoto, JaparGML
solution was collected after excess aqueous phake fimamfiber mixture was drained from
the paper sheet. The collected solution was diluted and the absorbance was measured in the
uv-vis spectrophotometeAfterwards, the drained CML amount was determined as well as
that retained in the foafiormed pape As a reference, the oweltied mass of the paper was

measured to calculate the CML retention.

5.3.4.2Morphology (SEM)

Themorphology of the CMtbased foam papers were assessed by imaging uadesable
pressurescanning electron microscopy (SEMitachi S320N, Tokyo, Japan). The samples
were cut within the environment of liquid nitrogen and coated with gold. The surface and the
cross sections of the samples were observed under different magnifications. In this method,
only nonpressed foam paper sheets wareerved since CML identification was facilitated in

such images.

5.3.4.3Formation

The formation of the foam paper sheets were testedapar PerFect Formation Analyzer
(OpTest Equipment, Hawkesbury, ON, Canada). The foam papers were measured with the
dimenson of 63 cm L x 61 cm W. The formatiguality valueswhich are described as Paper
Perfect Formation (PPF) valuese reported for each of th@ differentinspectiorsizes (0.5
0.7,0.71.1,1.21.8, ..., 18.631, 3155mm). If the value was greateraihm one, then the paper

was considered to have better formation than the reference paper.
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5.3.4.4Paper Properties

The properties of the CMbased foarformed papersvere tested folloimg the methods
of International Standard Organization. The thickness of the ghpetsvasdetermined with
standard ISO 534:2001 lsing anL&W micrometer SE 250 (Lorentzen & Wettre, Kista,
Sweden). The apermeabilityand roughness of the papers were tested with an L&W Bendtsen
Tester SE 114ollowing 1SO 87912:2013 and ISO 5638:2013, respectively. The tensile
strength and the stretch of the paper sheets were measured by a L&W Tensile Testagfollow
TAPPI T494 standardlhe zdirectional strengtl{Scott testwas determined by an Internal
Bond Tester (ThwingAlbert InstrumentCompany, West Berlin, NBccording to standard

TAPPI T 569

5.4 Results And Discussion
5.4.1 CML Liquid Foams

The foamdility and foam stability of liquid foasicontainingCML were studie@tvarying
CML concentration (from 0 to 2 wt %), agitation mixing rater¢gin 1100 to 2100 rpm),
temperature (from5to AC) and pH (from5to9T he data are r elpenoted r
conditionconsisting ofCML at 0.6 wt%concentration2100 rpm, pH= 8 atroom temperature.
Thefoam volume reactdas high as-% timesthe initial volume of the CML solutio(Figure
5.1). Howeveratlow CML concentratiosor mixing rates (relative to the base conditiothe
foam could notfill the cylinder used for foamingevenfor long mixing time The CML
concentration of 0.6 % amdixing rate of 2100 rpm were consider@ehinimumrequirement

for foam formation
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Figure 5.1. Final volume of the CML liquid foam after cession of mixing as a function of
(a) CML concentration and (b) agitation mixing rate.

With theincrease of CML corentration, the liquid foam generattte highest maximum
air contentfrom around 50 % to 80 ¥#igure 5.2. When the gas was dispersed into the CML
solution, the CML would @sorb on the rapigl expandingair/liquid interfaces and prevented
bubble collapsePrevious work indicated eritical aggregatiorconcentration (BC) of the
CML of ~1 % ahigherCML concentratiowas expected tallow formation oflargerareas of
relativdy stable interface Thus, the solution wasuitable toaccommodate bubblesndto
hold a high air contenfThe halflife time of the CML liquid foam increadeup to 120 s aa

function of CML concentration.
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Figure 5.2 Maximum air content and halife of foams as a function of CML
concentration (a), agitation mixingte (b), temperature (c), and pH (d).

The mixing rate played an important roie foamability and stabilityof foams produced
from CML. As shown inFigure5.2b, the maximum air content and hafé time increased as
afunction of the mixing rateAt largerenergy input enough awas introducegthto the solution
and expandethe interfaces. Howeveat relativdy low mixing rates (<1600 rpm), the foam
volumedid not fill the full volume of the columnWhen the foam reached the maximum
volume, the aqueoyshase was still over haitf initial volume. According to the definition of

the halflife time, the value was equal toi@dicatinga negligiblestability. Additionally, the
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effect of working temperature and pH were investigasésdshown irFigure5.2c and5.2d.
Both temperature and plitad a negligiblaffectas far as thenaximum air content. However,
the halflife time wasreduced witltheincreasd temperature and pH, respectively. It could be
concluded that the &mability of the CML was mainly afféeed by the concentration and
mixing rate.The viscosity of the CML solutiowasreducedat hightemperaturs, as a result
of the lower viscosity anohcreagddrainage rate The CML becamamnore ionizedat higher

pH, makingit more water solublandthus fcilitatedhigh drainage rate

According to the resultsh Figure 5.3 the air flow ratedid not significantly affect the
foamability. The maximum air content remairegcéiround 80 %. However, the hdifie time
wasreduced byheincreased air flow raf which indicated a lower foam stability. Moreover,
thedynamic of the foam collapgerocess was represented by a plot of normalized foam ratio
as a function of the elapséde. It showsa steepefoam volumeprofile as the air flow rate
was increasedBy using alow air flow rate, very small bubbles were formagon air
dispersiorin the CML solution. Ths, treinterfacebetween air and watestabilized by CML,
immediatelyallowed theformation offoans with small bubble sizeAt high air flow rates,
largebubbles were formed from the bottom and moved upwaréerminal velocitiegaster
thanfor the small onesThis limitedthe stabilization procesmdreducel the foam half-life

time.

Despite thdact that similamir contentvas measurenh the CML foams undedifferent air
flow rates, the bubble sizevasnot distributed homogenously in the whol@dumn The sizes

of the bubbles increased from the bottom to the top. Tihusontrast tdoam producedby
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agitation, the foam volum&asreduced not opl by the CML solution drainage, but albg

the collapse of thiargebubbledocatedat the topof the column
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Figure 5.3 Maximum air content and halife time (left) and normalized foam ratio (right)
for varying flow rates of compressenl.a

Light transmission scatteringas used to monitdhe dynamic changes in the CML liquid
foam. According to the results shown in Figbré (left), no light was transmitted in the case
of the initial foam formed (length area of@& mm).As time elapse, the CML solution
gradually drained to the bottom and the light trarssion increasethrough the aqueous
phase. Thus, the transmission area at the bdismame=nlarged between-55 mm with an
increasen the transmission valuef up to 70 %. Moreowe the foam/air interface dropped
somewhatdue to CML solution drainage. Therefore, the foam pademe was reduced,
reaching dength between 60 mm.The back scattering signaks suitable for detection of
thefoam phaséwith time, he foanmvolume was reducedrom the zonen the5-65 mmrange

to 1560 mm. In addition, the back scattering results reflected the variation and movement of
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the foam bubbles. The original foam was relativeynogenouswyith back scattering around

60 % at all the positiaof container With time, the back scatteringasreduced gradually

down toless than 10 % at the bottom but as high as 30 % at thBaokscattering is directly

related to the photon transport mean free path. Thus, in another way, backscattering is

negatively correlated to the bubble sizes. The backscattering reditbettie elapsed timeéue

toincreasedbubble sizes. Moreoveasisbubbles collapskinto larger ons, theywere subjected

to buoyancy. Finally, the large bubbles distributed at the toptadmall ones remained at

the bottom. Although the CML liquid solution drained from the foam phase, the enlarged

bubble accommodated the air in order to prevent the reduction of foam/air irgerface
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Figure 5.4. % Transmission (left) and backattering (right) profiles as a function of the
elapsed time as measured at different tube lengths (0 mm=bottom, 70 mm= top) for CML
based (0.6 %) liquid foams. Arrows are added to indicate the direction of time evolution.
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5.4.2 Fiber-loaded CMLFoams
5.4.2.1TheFoamaility and Sability

CML-basedfoans carrying fibers wagnhanced by incremg the CML concentration
(Figure 5.%). This canbe explained bythe creation ofair/liquid interface due to CML
adsorption, as occurred @ML-basediquid foans. For CML concentratiors higher than 0.6
%, the maximum air content reachadalue afigh as 70 %As wasdiscussed ifrigure 5.52,
at least 1 % of CML warequiredto produce doam volumethat reachethe maximum level.
Besides théigh mixing rate, the dispersedBrs preverdbubble collapsandincreasdoam
stability: remarkablythe haltlife time of fiber dispersions witlitML at 0.6 %concentration

was 10 times that of the puBML-basediquid foam.

Thefiber solids contenaffected the foamability and sttty as well (Figure 5.B). As the
fiber concentration increased, theaximum air contenin the foamsuspending the fibers
increased. The viscosity of the foam increased at higber concentrationsyhich favored
the air distribution in the foam dugragitation.Therefore the foamability of the CML foam
fiber mixture wasmprovedathighfiber concentrationThe letterfoamstability of the system
containing fibers is apparent if compared to that for fibee CML liquid foamsHowever at
fiber corcentrationover 0.6 %, the halife time wasreducedandindicateda limitedstability
and thus a podoamability. At lowerfiber contentthe fibersvere displaced to the top thfe
foam systemThis effectwasstrengthenedtlargefiber amounsthatcaused reduction in the
half-life time. Moreover, themprovedinteractiors between lignin and fiberesnhancedhis

effect
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Figure 5.5 Foamability (maximum air content) and stability (k& time) of CML-based
foam carrying fiberst different CML concentrations (a), fiber content (b), pH (c), and
SDS/CML mass ratios(d).

The pH wasshiftedfrom 5 to 9relative tothe bas conditiors (Figure 5.6). The resuk
indicate that the pHlid notsignificantly affect foamability of the CMLfoam-fiber system
However,at pH valuedelow 7, the haHlife time was reducedith the increase gbH. No
furtherchangest pH higher than Wwere observedn acidic conditios, theCML solubility is

reducedandthe viscosity of the mixtures increasd. Moreover, the carboxylic groupse
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more protonatedndthe ligninbecomes less negatively charg@&tus, the CMlaffinity with
fibers is increasedndreducel the drainage rateShifts to alkaline conditios, reduced the
interactions between fibers a@diL, due to a higher density aized carboxylic groupdut

thefoamstability remained constant

In additional experiments, SDS surfactant was combined with CML for foam forming and
the resultant maximum air content is indicatedrigure 5.%. According to our previous
work,[29] the optimal SDS concentration for foam forming was 0.06 %. In the presence of
CML in thefoaming system, and based on experimaontseported heteaSDS concentration
of 0.6 %wasdetermined as optimalhe results indicate th&ML can be used to partially
replaceSDS SDS is anonic surfactantvith strong ability to lower the surface tensidine
minimum surface tension of CML is higher than thaSbfS. However, CMlendows similar
foaming activity as the SDSalbeit athigher concentrationsAs shownin the respective
profiles the SDShased foamoaded withfibers displayedvery good foamability. Withthe
addition of CML, the maximum air content dralf-life time werekept constant. However, if
the SDS was entirely replaced by CML, the foamabiigs reducedwhile the stability

increased.

5.4.2.2Bubble Size Distribution

The bubble size distribution of CMbased foamoaded withfibers were determined by
optical microscopyKigure 5.6. Thebubble size distributigrin fact, correlated witthe foam
stability. The bubble size of foafiber mixtures were clearly reducedwith CML

concentration Combined with the bubble radius surfaceaattistribution (Figure 5.7, the
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averagebubblesizes of the foarfiber systemchanged from 56 to 48 ym. Moreover, wigh
CML concentratioras low as 0.2 %the bubbleglid not follow anormaldistribution The
bubble could be larger than 100 piRor aCML concentration oved.6 %, the bubblsize
distribution followedmore closly a normal distributionwith most of the bubblebaving a
radius around 50 pm and 80 pm for the rest. The surface areas of the air/liquid surface

decreasebelow the critical aggregatiamoncentratia of CML (~1.5 %).Smaller bubbles were

formedathigher CML concentratigithatformed more stabl®amsystens.

i .

% Fiber: 0%

Figure 5.6. Optical microscope images of CMiased foams loaded wiginefibers at
varying CML and fiber concentrations, and pH. Scalei®©@00 um.As a reference, a
CML-fiber system that used a different fiber type (birch fibers) is displayed at the top right
corner (0.6 % CML and 0.6 % fiber content).

Compared with the pure CML liquid foam, the bubble sizes of the fdzen systems

shifted to lower size andnarrower sizedistribution (Figure 5.7. The results indicate that
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the presence of fibers, the foalmesd alower average bubble sizaround 46 pm(for afiber
contentof 0.6 99. The fibers prevented bubbles collapsbkichfacilitated bubble stabilitand
reducedheirsize. Howeveranexcess ifiiber concentratioprevented dispersion tfe foam

fiber system angbroduced large bubbles. &hechanges could observed under microscope as
well (Figure 5.6. The resul for the bulble size distribution demonstratectlear effect of

fiber contenon foam stability.

Theeffect of pH on the bubble size distributisralso showin Figure 5.6 The bubble size
slightly increased withhe increasd pH of the mixture. However the micrag® imagesdid
not showa markedlifference likely becauseéhe bubble sizdifferenceranged from 42 to 46
pm, according to the resultdisplayedn Figure 5.7 At low pH, the lignin presentelbss
negativecharges which enhancextisorption onto thdibers. Thus, bubble collapsevas

preventecat low pH

Finally, as a comparison, pifierswerereplaced by birclibers which were used at the
samesolids contentd.6 %99. Theresultsin Figure 5.6 and 5.indicate thatompared with the
pure CML liquid foans, the addition of any of the two fiber tydgsne or birch) reduced the
bubble sizeandfavored anormalsize distributionHowever, the foarfiber based on the birch
fibers presentedsmaller bubble size and more uniformdistribution. Besides any effeéc
ascribed to the difference in chemical composition, the observations can be explained by the
fact thatbirch fiberslengthis around 0.8 pm considerable smaller than thatpfie fibers 2.2
pm. The brch fibers are dispersed more homogendusndfacilitate a morestable system.

Finally, compared to the pireML system, the SD®ased foams loaded with pine formed
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foams with a slightly smaller bubble size. This is because SDS provided lower surface energy
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5.4.3 CML-based foarformed paper
5.4.3.1Lignin Retention

As shown inFigure 5.8 two major variables affect the retention of CML on the fibers in the
paper brmed by the foarmying method after water drainage. With increased CML
concentration, from 0.2 % to 1 %, the lignin is accumulated in the-foamed paper (lignin
retention values from 13% to 23 %). In this case, the fiber content was kept constafbat O
The retention of lignin was not linear with respect to CML concentration but it was as a
function of CML/fiber weight ratio. Below the CML critical aggregation concentration (~1.5
%), higher CML concentration favored better affinity and produced aratesmaller bubbles.
During the drainage process, the free CML was dispersed in the agueous phase and was then
removed. Following, under vacuum, the bubbles collapsed and some of the interfacial CML,

located between air and bubbles, adsorbed on the swfale fibers.
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Figure 5.8 CML retention in foams loaded with fibers as a function of CML concentration
and pH
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The effect of pH on lignin retention is indicatedrigure 5.® for at CML/fiber ratio of 1.
Although CML concentration was kept cosst (0.6 %), the retention of lignin decreased with
pH, from about 22 % to 18 %. CML was not fully dissolved at low pH. Thus, CML molecules
tended to adsorb on the fibers and thus removal by water was reduced. At a pH as low as 5, the
protonation of the CM could enhance the electrostatic forces between lignin and fibers so that
more lignin tended to remain in the fodormed paper. On the contrary, the ionization of the
CML at pH 9 increased the repulsive interactions and increased the probability fearemo

upon dewatering.

Images of the nopressed CMtbased foarformed paperKigure 5.9 indicated higher
lignin retention with higher CML concentration (darker color), which indicated good
agreement with the result iRigure 5.8 The retention of lignin auld enhance network
formation between the fibers and increase the paper strength. Since lignin isfamatitinal
macromolecule, high lignin retention could provide potential reactive sites in the&do®d

paper and thus can improve its functionalit

5.4.3.2Formation

CML was dispersed uniformly at low concentratioRg(re 5.9. However, with increased
CML concentration, some ligitolored areas were observed in the papers formed. For
example, according to the results for lignin retention analgdisgure 5.8 around 39 g/ci
CML wasdispersed in the foarformed paper with 1 % CML concentration (paper grammage
of 100 g/cn2). During the drying process, the lignin can adsorb omlbiter papers resulting

in lighter areasespecially at high CML carentration. The pressed fodormed papers (not
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shown here) were not significantly affected by lignin concentration since the blotter papers

could adsorb the lignins evenly under pressure.

Pine Pine-SDS 0.06% Pine-CML 0.2% Pine-CML 0.4%  Pine-CML 0.6% Pine-CML 1.0%

Figure 5.9 Photos (top) and optical microscopic ima¢esttom) of the notpressed foam
formed papers.

The formation of noipressed CML foarfiormedpaper, for CML concentrations from 0.2
% to 1.0 %, were sted relative to the reference, watermmed,pine fiber paper (relative PPF
value of 1) Figure 5.10. At a CML concentration of 0.2 %, the apparent relative PPF value
of the foamformed paper was lower than 1, indicating a worse formation compared to the
waterformed sheet from pine fibers. Since 0.2 % CML concentration did not form a relative
stable foamthe uneven size of bubbles could not prevent fibers flocculation or agglomeration
into clumps under as high as 0.6 % fiber content. This can be also observed under the

microscopeas shown irFigure 5.9
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Figure 5.1Q Formation analysis of the ngpresgd foamformed papers. A reference value
of PPF=1 is used for paper formed from water (note the segmented line drawn). The PPF of
samples located above 1 present better formation than-fwateed paper.

However, when the CML concentration was larger tesh %, the increased CML
concentration contributed to a better formation, owing to smaller bubbles and normal size
distribution. Therefore, formation of the fodiormed papers was better that that of paper
formed from water. At CML concentrations higheanhl %, and due to the effect of uneven
dispersed lignins, the PPF value was reduced. The formation of thefdoaed paper
produced with SDS was better than that of GhMised foarformed paper. This is explained

by the small amount of SDS formed a maabte foam and prevented fibers flocculation.

5.4.3.3FoamformedPaper Morphology{SEM)
The morphology of the CMibased foanrformed papers can be discussed in ligtgigtire

5.11 The images reveal the typical morphologies of unrefined fibers in a papegtean
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fibrillation and likely poor adhesion between fibgBS] Compared tahe paper obtained from
unrefined pine via water formatiorfrigure 5.18), SDSbased foanformed paper Kigure

5.11b) displayed similar images to those of the wébemed sheet with less fibrillation. Since

only 0.1 g SDS was used per gram of fibers,aurttie optimized condition, most of SDS
molecules were dispersed in the water and were removed. Lignin adsorbed on the fibers in
foamformed paper with CMLKigure 5.1t). However, due to its higher molecular weight

and amounts used (CML: fiber = 1:1), thgnins were more likely to adsorb on the fibers,
even as aggregates, as indicated in the magnified image shown in Figure. 11d. compared
against the wateand SDSfoam formed papers, more fibrils were observed between the fibers

in the CML:-based foanformed paper. According to the lignin retention analysigyre 5.7,

over 20 % of the lignin remained in the paper. The considerable amount of lignin could act as
Agl ueo bet ween t-formedfshedt was dried aAdsthe fiblers staftem & 1shrink

external layers were partially pulled out frahe cell wall and connected with other fibers.

Figure 5.1%&, f and g includes the surfaces of the wétemed paper sheet, and the plane
view of the surface of machine and crosachine directions of CMbased foamformed
papers, respectively. The corresponding cross sections of these paper sheets are displayed in
Figure 5.1h, |, and j, respectively. The wattarmed sheet shows fibers dispersed randomly;
no clear fibers orientation is observed. Howevarttie CML-based foarformed paper, most
of the fibers are oriented in the machine direction, the direction followed by the foam fiber

mixture as it flowed over the screen. The bubbles prevented fibers aggregation within the very
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viscous system. Furthermore fibers oriented under shear and thus the ®EHed foam

formed paper is expected to have a higher tensile strength in the machine direction.

Figure 5.11 SEM images of the CMibased foarformed papers. Surface images with
foam papers of (a) purene, (b) pineSDS, (c) pineCML, (d) pineCML, 5000X, (e) pure
pine, (f) pineCML, MD, (g) pineCML, CD, and cross section images of (h) pure pine, (i)

pineCML, MD, (j) pine-CML, CD.
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5.4.3.4Paper Propertis

Table5.1lists the properties of the foafarmed m@pers, including bulk (inverse of density),
air permeability, and surface roughness. The results indicate thatb@btd foarformed
papers were bulkier than the sheets obtained by conventionatfosaeng, for both fiber
types. Also as the CML concentiian in the paper increased, the paper bulk increased. The
effect was more obviously in the case of yprvassed foam sheets. Moreover, the {SBS
foamformed paper presented the highest bulk. This can be explained by better formation
promoted by the ligd form. The smaller bubbles and higher air content induces a paper

network with a more loosen structure.

Table 5.1. Physical properties of papers produced by féamming of pine fibers. The case
of shorter, birch fibers is also added for comparison.

Pine- Pinee Pine- Pine- Pine Birch-
Lignin types Pine CML CML CML CML SDS Birch CML
0.2% 0.4% 0.6% 1% 0.06% 0.6 %

Bulk, Pressed (cm3/g) 1.69 177 184 185 182 194 138 1.58

Bulk, nonpressed

3.72 430 474 492 438 536 245 3.03
(cm3/g)

Air Permeability

) 2471 2644 2693 2627 2787 3515 269 1281
Pressed (ml/min)

Top Surface Roughnes

) 489 620 520 494 475 658 151 220
Pressed (ml/min)

Bottom Surface
Roughness, Pressed 1243 1392 1240 1224 1301 1329 942 810
(ml/min)

Roughness, nepressed

) 2936 3455 3300 2898 3185 >3500 2213 2297
Surface (ml/min)
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Based on the bulk values, it follows that the air permeability should increase with CML
concentration, as is indeed the case. Moreover, the paper formation was related to air
permeability because the paper with goodrfation contained less defects and prevented air
flow-through. The air permeability of the CMiased foarformed papers was higher than
that of the pine and birch papers obtained via wiat@ning, respectively. The difference was
significant in case of boh fibers. The results for negressed sheets are not discussed because

the values were outside the measurement range of the instrument.

The surface roughness for both sides of the pressed paper were measured. Negligible
differences between the top andtbm sides of the nepressed sheet were noted. Only the
results for the top surface roughness are listed here. The results indicate that the surface
roughness of the pir€ML papers improved (roughness was reduced) with increased CML
concentration. Howeve when the CML concentration was as high as 1 %, the roughness
became worse. This is because the roughness is related to paper formation and air permeability.
In fact, an improved roughness was notedstonples with lower air permeability and better
pape formation. Therefore, at CML of 0.6 %, the CNbased foam paper indicated a good
formation and less air permeability, as well as a good roughness-fboaed paper from
pine and SDS surfactant presented very high bulk, which increased markedly the air
permeability. Even though the pv8DS foam formed paper presented a very good formation,

its roughness was quite high.

The tensile index (machine direction, MD) and Scott bond of the -G&fed foarformed

paper, both pressed and Aoressed, were determohéor various CML concentrations and
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fiber types Figure 5.12. The CML-based foarforming prevented fiber flocculation, which

also lead a more uniform network structure. As a consequence, paper strength was increased
with increased CML concentration: mostable foams formed with higher air content.
Compared to wateiormed (pine fiber) paper, ngoressed foanrfiormed papers, presented a
lower tensile strength. This can be explained by the fact that th&€piihefoam-formed paper
presented a lower densityan the wateformed paper. However, for the pressed sheets, the
bulk (density) values of the pirf@ML paper and watefiormed paper became closer. In such
cases, the fibers can bond well, mediated by lignin and can lead to a strong paper sheet. At 0.2
% CML addition, the liquid foam contained not enough air bubbles to prevent fibers
flocculation and therefore, the tensile strength of the femmed sheet was lower than water
formed fiber sheet. The better foamability at high CML concentration and ther higler

holding capacity formed gdike aggregates that increased the bonded area. Moreover, the
fibrils which formed due to CML also helped to connect neighboring fibargeLsuperficial

contact enhanced the mechanical performance and improved thealostérbetweerfibers

Overall, the pineCML foam-formed paper reached a higher tensile index with the increased

CML concentration.

Compared with the watdormed pine sheet, the ph&DS foarformed paper had a lower
density; SDS limited the adhesibonding between the fibers so that the tensile strength was
reduced for both pressed and fmessed samples. Lignin did not significantly affect the birch
CML foamformed papers: they displayed worse tensile strength compared to the water

formed birch pper. This is in part explained by the fact that birch fibers are short, which
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facilitated a high density paper sheet, especially after pressing. Note, for example, that the air

permeability of the bircfCML paper was around 5 times than the pure birchtshee
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Figure 5.12 Tensile index (MD) and Scott bond of CMlased foam paper varying with
CML concentration and pulp types. The pulps consistency were 0.6 % for the paper sheets.
CML and SDS concentrations were 0.6 % and 0.06 %, respectively
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Together vith good formation, the addition of CML resultedsimongeffiber networkthat
increased the internal bonding between fibers. The Scott bond was used to determine the z
direction strength of the paper. The results indicate a higher value for press@MRif@am:
formed paper with CML concentration over 0.4 %. No significant difference in the results was
observed for nopressed foarfiormed papers. Compared with the pBBS foamformed
paper, the CMtbased foarformed paper displayed higher Scott bondiealfor both pressed
and nonpressed sheets. In addition, along the same reasoning as for tensile strength analysis,
the zdirection strength of birclEML foam-formed paper was weaker than the wdtemed

paper from birch fibers.

5.5Conclusions

Carboxymethiated lignin, CML, was used successfully to stabilize liquid foams with good
foamability and stability, especially at low pH and temperature, high mixing rate s or low
compressdair bubbling. Compared to fibdree, aqueous CML foams, fiber loading impedv
foamability and stability at high CML concentrations and low pH. The maximum air content
reached a value as high as 70 % andlifalfime increased to 18 min at CML and fiber content
of 0.6 % each. The better foamability and stability induced smeibge bubble size, around
46 um . Due to the small bubbles, fiber flocculation was prevented during paper formation. In
addition, high amounts of lignin remained on the paper produced at high CML concentration
and low pH. Compared to watbased paper, lign adsorption on the fibers increased the

bonded area between fibers and formed fibrils that improved the mechanical performance of
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the foamformed paper. Moreover, the lignin remaining on the paper is expected to provide

options for further modificationand fortuningpaper properties.
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6 Silicone-maodified Lignin and Copolymerswith Acrylonitrile :

Flexible Membranesand Material Precursors

6.1 Abstract

In order to facilitate melt extrusion, a highly efficient disilazane reaction was used to
substitute hydroxyls in Kraft lignin with silicorgontaining vinyl groups. This was promoted
under conditions of a reactive extruder. The silicoraified lignin was copolymerized with
polyacrylonitrile and were used to produce films and membranes by phase inversion. The
products of lignin modification via reactive extrusion and PIRgXin copolymerization were
characterized by FIR, and'H, *C, 3P NMR, whid indicated the success of the respective
procedures and ~30% substitution. Glass coating via solution casting followed by oven drying
yielded films that were tested via SEM, contact angle, TGA and DSC. A good compatibility
between silicondunctionalizedignin and PAN was determined. Copolymers with 30% of the
siliconemodified lignin displayed a Young modulus of 486 MPa, an ultimate stress of 18 MPa
and strain of 55 % (DMA). Overall, the introduced SiC and SiOC bonds improved lignin
macromolecular mohtly, facilitate processability due to remarkably lower viscosities and is
expected to open opportunities for its utilization as precursor in the synthesis of copolymers,
as illustrated here with PAN, towards flexible films, porous membranes and carbonized

materials.
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6.2 Introduction

Polyacrylonitrile (PAN) is typically synthesized by free radical polymerization of
acrylonitrile to form a(C3H3N)n linear structureGiven itspropertiessuch adightweight,
thermal stability, strength and stiffnessid electigal conductivity,PAN has been produced
into a large variety of productscluding acrylic[1] andcarbon[2] fibers, carbon filns [3],
and foans [4], ultrafiltration membrare[5], etc. Asa precursorof carbon fibes, PAN
represent®ver 90 % of thesupply while the rest is mainly pitdlé, 7]. Becausehe strong
chemical bonohg between nitrile groups (CN), PAN resishost organic solveatanddo not
melt before degradatiof8, 9]. As a resultPAN-based precursors are not eeffective for
direct extrusion; insteadyet spinning or plasticizeassistedmelt spnning are among the
preferred route$10]. The high cost of PAN precursor production limits its use to high end
applications, which primarily includes carborbdis for high performance composites,
aerospace and sporting materidld]. In fact, PAN price has been reported to be as high as
$15/Ib in 2013 according 4&€1S ChemicaBusinesg12]. The cost of PANbased materials,

such as carbon fibeesd films, filtration membranes, etc., carry such burden.

In order to find a less expensive alternative, many synthetic polymers have been
investigated. Polyacetylene (PAc), for example, can be used to preelical carbon
nanofibril thin films [13]. Likewise, taking advantage of its low cost, polyethylene (PE) has
been used in the manufacture of high density compositeri@mi®rced with carbon nanotubes
[14]. Some grades of carbon fibers can be produced from polymers such as polyvinyl chloride

[15], polyethyleng16], polyacetyleng¢l17], etc. Numerous PAfased copolymers or blends
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are being investigatdd 8]. However, most of the polymers lack aromatic singhave relative
low carbon yields, which can increase the cost for further thermal treatment pro¢&6ging
This is in contrast to PANbased carbonized maias, which have a high carbon content and

can be processed easily into ggrdducts with high carbon yields.

It is not surprising that renewable biopolymers with high carbon density have been
considered for combination or substitution of PAN. Lignirg §econd major component of
forest biomass, is a high molecular weight macromolecule that is rich in aromatic rings.
Technical lignins are often removed from fibers as byproducts in paper industries where they
are often utilized for energy egeneration.n fact, less than 2 % of lignin industrially available
are used for different purposgl®)]. This includes around 1.1 million ton per year of different
types of lignins that are produced from (wood andwood) fiber digestion processes. Most
of this amount, 1 million ton/y, comprigignosulphonate, which are mainly produced from
acid sulphite pulping process and are used as emulsifiers and dispersants, amond 2@hers
The remaining, about 100,000 ton/y are produced by the Kraft prf2Z8sOnly limited

guantities of organosolv lignins are produced every (\Z3r

The carborcontent of the Kraft and organosolv lignins is about 62 and 63%, respectively
[23]. Such carbon content is quite competitive if compared with that of PAN, 68 % carbon.
Therefore, thex are good prospects for consideration of isolated lignin as seftestive
precursor for carbonized materiaot only lignin is renewable and inexpensive but it is
partiallyoxidizedand can be thermstabilized oxidatively at potentiallyigher rateshan PAN

[24].
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Lignin-based carbonized fibers were first produced in 19603thgi[25]. From then on,
both Kraft and organosolignins have been studied in the production of carbonized f2®js
or fibers materials. Sudo et g@roduceccarbon fibers from steaxploded lignind27, 28].
Uraki worked on carbon fibers from organosolv lignin aied by acetic acid pulpin®9].
Kadla et al. later reported on carbon fibers produced from Kraft lignin from both softwood and
hardwood (trade name Indulin AT, West Rock) and from organosolv lignins (tradename Alcell,
West Rock)[30]. Qin described a carbon fiber based on pyrolytic ligBitj. Baker et al.,
from theOak Ridge National Laboratogtso reported on the production of carbon fibers from
organicpurified hardwood lignia[32]. A common features in the lignimased carbon fibers
introduced above are the quite low tensile strength and brittleness. Thus, further efforts have
been directed toward lignibased blends or copolymers in order to achieve a good balance
between strength and cost. In this context, ptiylene oxiddPEO) has been considered as
plasticizer to improve the spinning performance and stref@fih Likewise, polypropylene
(PP)[33] and polyethylene terephthalate (PE3%] were used to produce carbon fibers by
blending with lignin in order to reach a higher thermal stabilization rate. For-lFa&Kd
precursors, lignin has been examined as extender to produce carbo3dpensd carbon
films [36]. In order to further reduce the cost and improve spinnability and strength, a lignin

acrylontrile copolymer was effective in producing carbon fibglg.

In this work, an industrial Kraft lignin was modified by a highly efficient disilazane remactio
conducted under conditions of high shear in a reactive extruder. The reacting system

substituted hydroxyl groups of lignin by vinyl functional groups that endowed higher activity
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for subsequent modificatiomhe modified lignin, with up t80 % of totalsolid mass, was
copolymerized with acrylonitrile and reduced incorporation of inorganics. Composite films
were prepared from the copolymer via solutipSO solvent) casting. The rheology of the
copolymer system was assessed and the compatibility amdath@noperties were determined

by DSC and TGA. SEM was used for morphology analysis. Finally, the tensile strength of the

copolymer film was tested by DMA.

6.3 Materials And Methods

6.3.1 Materials

Industrial pine Kraft lignin (Domtar, Plymouth, NC) wparified by distilled water. The
average molecular weight of the lignin was measured to be ca. 6,200 Da and the hydroxyl
g r o cgtera was determined to be > 8 mmadl/d., 3, 3-Tetramethyl, 3-divinyldisilazane
(DVDZ, VWR Radnor, PA was used in the disilazameaction. Acrylonitrile (AN),U , -U Nj
azoisobutyronitrile(AIBN, 98%), hydrogen peroxide @g@., 30 wt% in water), and dimethyl
sulfoxide (DMSO, reagent grade) were purchased from S@iehéch (St. Louis, MO) and

used for PANlignin copolymerization and dissolution.

6.3.2 Siliconemodified Lignin (SiL)

The lignin was functionalized via reactive extrusion that facilitated disilazane reaction. For
this purpose, 6.5 g lignin was premixed with 101, 3, 3-tetramethyi1, 3-divinyldisilazane
(DVDZ). The mixture was then introduced in a tvsicrev extruder (MC 15, Xplor®, Geleen,
Netherlands) operating at 12 and at a rotation speed of 120 rpm. The outlet orifice was

kept closed for 15 min to retain the mixture under circulation in the system and to complete
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the disilazane reactiorFigure 6.). The reaction is exothermic due to ttieminant-Si-O-
association ovethat of Si-N. Thereafter, the outlet was opened and the modified lignin was
extruded. Finally, siliconenodified lignin (SiL) was obtained after 24 h drying in an oven at

80 °C. Theresulting SiL is a lignin carrying vinyl functional groups that make it soluble in
most of organic solvents, including toluene. Comparedrdditional benchreactions in
toluene, which last at least 3 h at &) the reactive extrusion conditions not yfeacilitates

further processing of the material but shortens quantitatively the needed reaction time. It is also

more efficient and suitable f@aontinuoussynthesis

The success ofeaction wasstudiedby FT-IR (Perkin Elmer FrontierWaltham, MA
operded inAttenuated Total Reflection (ATR) modad using 80 scans to generate spectra
within the 4000650cm™ frequency range with4cn? resolution The functional groups were
identified according to referencg88]. Moreover, 'H and 3¢ NMR (Bruker 300 MHz
Karlsruhe, Germanyspectrometry was used for further validation. For this purpose, 85 mg
samples were dissolved with 0.7 ml TMi&e DMSQOd6 solvent (SigmaAldrich, St. Louis,
MO) in a 5 mm NMR tube2 mgchromium (Il) acetylacetonate was added for complete
relaxation of all nucl€i39]. All spectra were obtained with 8H and'*C standard pulse and
relaxation delay of 1.7¢H NMR spectrawvere collectedafter 256 scans ith the chemical
shifts @) from -4.0 to 14 ppm.**C NMR spectravere obtainedafter 10 K scans with the
chemical shiftsiic) between40 to 200 ppm. In additionsing the same unitith a3'P probe,
the degree of the substitution was determined foligva published procedure with chemical

shifts @) from-1.0 to 10 ppm[23, 40].
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Figure 6.1 Lignin disilazane reaction between Kraft lignin (left) and divinyl
tetramethylsilazane.

6.3.3 PAN-SIL Copolymerization

Kraft lignin (KL) and silicon functionalized lignin (SiL) were copolymerized with
acrylonitrile(AN). The copolymeriztion was conducted using a tvgtep procesi37]. In first
step, 18.7 g of AN and 22 mg AIBN were mixed with 50 g DMSO using magnetic stirring in
a 250 ml flak (3 h at 70°C) within a nitrogen atmosphere in order to favor low molecular
weight polymerized AN. The resultant, amber solution, was cooled down°® &0d then 8
g of Kraft lignin and 40 g of DMSO were added in the second step. After 15 min mixéng, 4
ml hydrogen peroxide (30 %) was gradually added to the mixture. The entire system was heated
back to 70°C for another 6 h reaction. The resulting products were poured into deionized water
for precipitation. The filtered, final product was dried afC0n a vacuum oven and grounded.
The amount of AN and lignin were varied to obtain a given AN/lignin ratio in the copolymer
(PSIL). PSIiL10, PSiL20 and PSiL30 are used here to indicate 10, 20, and 30 % of SiL based

on total PAN/lignin solids, respectivellikewise, PKL30 stands for the copolymer obtained
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after reaction with Kraft lignin (KL) instead of SiL, with 30% KL based on total solids. The
synthesized PAN and PSiL30 copolymers were investigatédtl l§MR and*C NMR under
the same experimental conditis as indicated above for the modified lignin. A possible

structure of the PSIL @wlymer is displayed in Figure 6.2

Figure 6.2. lllustrative molecular structure of PABIL copolymers (PSiL), noting that m
and n are theespective molar number forming either random or block structures.

6.3.4 PAN-Lignin Composite Films
The blend of PAN/lignin and PAMNgnin copolymers were dispersed in DMSO at a solids

content of 18 %, respectively. The mixtures were moved to a shaker opertadt2@rpm at

70°C for 24 h. The produced solutions were cast onto a clean glass and extended using a glass

rod that kept the film thickness between 0.5 and 1 mm. The composite films were formed by

two different methods: Half of the casting solutions wemmersed immediately in deionized
water to form an membrane via the phase inversing m¢#ipdThese films were separated
from the glass substrate and kept in water for over 24 h. Thelwhesf the samples were
transferred to a vacuum oven at°@Mand the films obtained were peeled off manually from

the glass substrate.
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6.3.5 Solution Rheology

The rheology behavior of the castingligions comprisingPAN-lignin copolymers and
PAN/lignin blerds were analyzed with a TA rheometer (RB00, New Castle, DE). A 40 mm
steel plate was usedth 300 pm gapbetween the parallel plates. The dynamic viscosay
measured as function of shear ristehe ranged.1-1000 st collecting four datgointsevay

10 st. For all the casting solutions, the solid contgaskept at 18 wt %.

6.3.6 Film Morphology

A variable pressure scanning electron microscopy (SEM, Hitachi S3200N, Tokyo, Japan)
was used to examine the morphology of the FA@§hin composite films. Firts the film
samples were dried overnight in an oven d@t@d~ollowing, the films were cut into slides and
immersed in liquid nitrogen. Cysvactured films were obtained and coated with gold under

nitrogen atmosphere and film cressction images were @bned at different magnifications.

6.3.7 Thermal Properties
The thermogravimetric analysis (TGA) was caroed by usinga TA Q500 (TA instrument,
Castle, DE) with a platinum pan under nitrogen flow of 50 ml/min. The tempeveasraised
to 105°C for mosture removabnd then reduceback to 40°C for equilibrium Then the
samples were heated from 40 to 600°C using a temperature ramp 90 °C/min. TGA
profiles were generated a®ight percentage (%ehangeasa function of temperaturé€C). In
addition, differential scanning calorimetry (DSC, Q100, TA instrument, Castle, DE) was used
to determine the thermal phase transitions of the lignins and the composite films. The samples

were loaded in a hermetic aluminum pan under nitrogen flow rate of 50mmTTimé samples
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were isothermally kept at 10® anda heatingcyclewas startedrom 40°C to 300°C. DSC

plots of heat flow (W/g) versus temperature were obtained.

6.3.8 Film Strength

The tensile strength of the composite films were tested lyypandic mechaical analyzr
(DMA, Q800, TA instrument, Castle, DEquipped with a film tension strength clamp. The
tests were conducted under controlled force mode with an initial load of 0.1 N. The stress was
raised from O to 50 MPasing2ZMPamin at room temperaturé&tressstrain data was collected

until reaching film fracture.

6.4 Results And Discussion
6.4.1 Lignin, Siliconrmodified lignin,and PAN-Lignin copolymers

FT-IR spectra of KL and SiL are shown Figure 6.3 The absorption at 3055 ¢m
corresponds to thep2C-H stretch, which together with the peaks observed at 1592acwh
1407 cm* indicates the presence ofSH=CH2 units. We note that the peak at 1592 tis
also characteristic of other alkenyl groups that might exist in ligni€HsiCH2 was further
idenified by NMR analysis. A sharp and strong peak at 1251 ioiicated the contribution
of C-H stretch connected with silicone {SH3 groups). Moreover, the strong absorbance at
835 cml and 785 cnt is characteristic of SCH3. The SiO-C signal was obseed as an
absorption signal at 1008 cinThe SiO-Ph group presented a strong peak at around 1240 cm
! Although, this peak may overlap with that at 12%a?, the signal at 957 cfurther

supports the presence ofGiPh groups. Overall, the FIR arelysis confirmed the presence
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of SirO-C and SiCH3 groups. Other groups were identified further by NMR analyses, as

presented in next section.
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Figure 6.3 FT-IR spectra of Kraft lignin (KL) and silicormodified lignin (SiL).

3P NMR spectra displayeddicated that the amount of hydroxyl groups of the silicone
modified lignin were reduced relative to that of Kraft lignin. In addition, both, aliphatic
hydroxyl groups, with peaks betwea#(150-145) ppm, and phenolic hydroxyl groups, within
the Up rangeof 145137 ppm, were reduced. This was taken as indication that the disilazane
reaction was not selective for the hydroxyl groups. According to the internal standard, the
substituted hydroxygroups can be calculated to be ~2.5 mmol/g corresponding $ditome
and vinyl groups that were introduced in the modified lignin. Accordingly, the degree of

substitution was calculated to be ~31 %.
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Figure 6.4 Quantitative’*P NMR spectreof Kraft lignin (KL) and siliconemodified lignin
(SiL).
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H NMR spectrmn of KL displayed two major wide peakBigure 6.5. The region ofiy
(2.8-4.2) ppm indicated aromatic protons. The methylene and methoxyl protons were assigned
to the Un region (6.0- 8.0) ppm. This observation is in good agreement to a Kraft lignin
referenceg40]. The functionalized SiL maintained the major structure of the Kraft lignin but
presented a strong peakaabundiix O ppm which was assigned to silyl protons. Moreover, at
aboutln=5.7 ppm, a doublet peak indicated the exist of alkea®wps in =CH groups. The
complex multiplet peak aroun@=6.0 ppm can be assigned to the alkene protons in2=CH
groups. Together with the results from-F (Figure 6.3, there is indication of the successful

modification of lignin via the disilazane resm (Figure 6.).
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Figure 6.5 H NMR spectraof Kraft lignin (KL), Siliconemodified lignins (SiL), PAN,
PAN-SIL copolymer (PSiL30) and PAKL copolymer (PKL30).

The PAN'H NMR spectrum shows two singlet peaks indicating the secondary praten at
2.0ppm and the tertiary proton @4 3.1 ppm. After copolymerization tHel NMR spectrum
of the resultant PSiL presented all the characteristic peaks of both PAN and SiL except the
alkene protons. This is an indication that free radicals were formed frodothxe bonds,
which were catalyzed by hydrogen peroxide. The opened double bonds copolymerized with

the acrylonitrile oligomers to form PASIL (PSiL) copolymer.
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Figure 6.6 *C NMR spectraof Kraft lignin (KL), siliconemaodified lignin (SiL), PAN,
PAN-SIL copolymer (PSiL30) and PAKL copolymer (PKL30).

The 3C NMR spectra Figure 6.9 was collected to further verify the silicone
functionalization of lignin as well as PANgnin copolymerization. Compared with the Kraft
lignin, a newly formed singlgteak atic = 0 ppmindicated the silyl carbon. Other two doublet
peaks appeared at 131 andic 140 ppm, which correspond to the two alkene carbons. The
results showed a good agreement with'thédMR spectra included iFigure 6.5 Together,

they confirmthe modification carried out with the Kraft lignin.
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The spectrum of PAN displayed the signaliatL20 ppm, which is assigned to the nitrile
group. The other secondary and tertiary carbons were obserded=38 andlc =28 ppm.
After the copolymerizatio to yield PSiL, and similar tdH NMR, the3C NMR spectrum
maintained all the characteristic signals of SiL and PAN except the alkene carbons. All above
spectraprovide evidence of successful modification of lignin into SiL as well as its

copolymerizatio with PAN

6.4.2 PAN-Lignin Composite films
6.4.2.1Rheology Behavior

The rheology behavior of the PSiL copolymers with different AN:SIL ratios are displayed
as plots of viscosity as function of shear rates freh®0 s' (Figure 6.3). The PSiL casting
solutions preented a Newtonian behavior at low shear rates but became shear thinning at shear
rates > 10'$. A reduction in apparent viscosity is noted with the increase in SiL fraction in the
copolymer, from 0 (neat PAN) to 30 %. The viscosity at shear rate &ffdr £SiL30 was
around 2.2 Pas which is much smaller than that of PAN (22.1 Pas). According to quantitative
31p NMR analysisKigure 6.4, 31 % of hydroxyl groups of Kraft lignin were replaced with
same vinyl group molar content. On the basis of hydrgsxylip content of 8 mmol/g in Kraft
lignin, around 2.5 mmol/g of vinyl groups can be calculated to exist in SiL. Since the molecular
weight of SiL was over 6000 Da, it can be calculated that each SiL molecule contain 15 vinyl

groups, roughly.
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Figure 6.7. (a) Flow curves of casting solutions (in DMSO solvent) of PAN and PSiL
copolymers with varying AN/SIL ratio, as noted (a). Included are also the profiles for PAN
silicone modified lignin copolymers (PSiL) and PAN/Kraft lignin (PAN/KL) blends (b).

The synthesized PAN was analyzed and compared with the commercial PAN (Mw = 150,
000 Da, Sigm&Aldrich, St. Louis, MO), which displayed similar rheological behavior. It can
be assumed that the molecular weight of the PAN used in our experiments was afi¢he sa
order of magnitude. The theoretical alkene groups from acrylonitrile are 43.9 mmol/g so for
each vinyl group in SiL, 18 acrylonitrile moleculase present in the PSiL30 copolymer.
Therefore, the pure acrylonitrile polymerization formed very long lickams with a degree
of polymerization > 2000. However, the SiL is a highly branched biomacromolecuLEs, when
the lignin units connected with PAN, a branched copolymer was formed instead of a regular
long chain polymer. Additionally, the polydispersitylighin make the detailed description of
the copolymer system quite complex and beyond the scope of this report. The degree of
polymerization of PSiL copolymer could not reach values as high as those of the neat PAN.

PSiL copolymers displayed lower apparemscosity than PAN, in agreement with the
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expectation from the correlation between degree of polymerization and viscosity. On the other
hand, the PAN solution showed a sharp decline in viscosity at high shear rates (strong shear
thinning behavior). Thissi because long PAN chains of entangle in solution forming strong
networks via intermolecular van der Waals forces, which are disrupted and become aligned
under flow fields, facilitating momentum transfer. The PSIL copolymers are branched

structures that araffected by shear to a limited extent.

The apparent viscosity changes of the PAN/lignin blends andIR@ copolymers with
30% of KL or SiL are shown in Fig. 5b. For both lignins (KL and SiL), their blends with PAN
presented higher viscosity than itheopolymerized products (PKL and PSiL). PAN, with a
high molecular weight, played a leading role in the behavior of the blend, displaying a
relatively high apparent viscosity if compared with the copolymerized products (with a
relatively lower moleculaweight). Thus, a sharp viscosity reduction at high shear rate occurs,

as was discussed above.

The PAN/SIL30 blend solution presented a lower apparent viscosity than that of PAN/KL30
blend solution. This can be explained by the fact that SiL has a h#tibilisy in the organic
solvent, which enhances chain mobility and reduces the apparent viscosity under shear.
However, compared to PKL30 copolymer, the PSiL30 copolymer solution presented a higher
apparent viscosity. This is because the large amounhgf groups in SiL and thus the high
reactivity with acrylonitrile oligomers during copolymerization. Therefore, the PSiL30
copolymer product, a muibranched macromolecule, contains, on a relative basis, stronger

chemical bonds/connections and has admgholecular weight, resulting in a higher viscosity.
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6.4.2.2Thermal Properties

The thermal degradation behavior of the lignins, PAN, and Régin copolymers were
tested by TGA analysis. PAN presented a rapid weight loss d&t8Mich indicates a fast
degradation due to breaking of the long chain to oligomers (Figure 6b). At this stage, small
molecules, such @&H4, NH3, HCN, etc., are releasdd?2]. Not like typical polymers, Kraft
lignin shows an onset of weight loss at temperature >°C0But the major decomposition
occurs at ~250C. Total decompsition occurred in a wide temperature range, a result of the
complexity of lignin biomacromolecules. The components in lignin have a molecular weight
ranging from 1,000 to over 10,000 and carry different functional groups that result in a large
range of dgradation temperature. After silicone functionalization, the SiL displayed two major
degradation temperatures. The first one, at higher temperature compared with the Kratft lignin,
shows a ~6 % weight loss at around ¥80This can be ascribed to the parbreaking of Si
O-C bonds. Compared to the-Gibond, GO bonds are relatively longer (143 pm) and have
lower bond energy (358 KJ/mdB3]. Therefore, the €O bond in lignin is more easily broken
to form small fragments. Based on the 2.5 mmol/g content of functional groups (Mw~85 Da)
in SiL, it could be roughly calculated that ~28 % (0.7 mmol/g) silicone functional groups are
lost from SiL. The second degradation step, occurred at a decomposition temperature of ~250

°C, similar to that of KL.

When SiL was copolymerized with acrylonitrile, the decomposition shifted to higher
temperatures, approaching that of the degradation of PANn@copolymerization, the vinyl

groups were polymerized or crosslinked with the neighboring active double bonds. Even
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though a small part of the-O bond were broken, the molecules were not able to volatize from
this network and therefore no major weidpgs was recorded (the PSIL copolymer did not

show any apparent degradation below Z5))
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Figure 6.8 Thermogravimetric analysis (TGA) of PAN, Kraft lignin and PSiL30
copolymer (a), and that of PAslliconemodified lignin copolymers (PSiL) with vaing
AN/SIL ratio (b)

PSiL composite films with varying AN/SIL ratios were also investigakégufe 6.®). The
PSIL composite films displayed PANlke thermal character with apparent decomposition
temperature around 27%C, alsocomparable to that oBiL or KL. However, the PSiL
composite films presented around 5 % weight loss, a contribution from the lignin component.
Apparently, with higher SiL concentration, the weight loss is larger in the low end of the
decomposition range. Generally, the PSIiL compoditm did not present the fast
decomposition characteristic of PAN films. The molecular weight of PSiL is much lower than
PAN; therefore, even for PAN content as high as 90 %, the molecules were not degraded to

smaller sizes as rapidly as in the caseeait AN films. Additionally, due to the effect of the
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lignins, PSiL composite films presented a residual 50 % mass &C6@Aile for the PAN film

it was less than 40 %.

The glass transition behaviors of the lignins and the composite films were moruyored
DSC Figure 6.9. The Kraft lignin used in this work, an amorphous biopolymer, presented a
glass transition temperature gjT of 145 °C, as shown in Figure7a. After silicone
functionalization, the SiL presented a lowey, T21°C. This can be explainday the fact that
siliconecontaining materials present an inherent higher molecular mobility. Compared with
carbon,silicon usually formslongerbonds, with wider bond angle that make silictrased
chemical bonds more free to rotate. Moreover, the ddutrels are typical flexible groups.
Thus, it is not surprising that SiL, rich in Si and alkene, displayed a lower glass transition

temperature compared to KL.

As a unique sermirystalline polymer, it has been shown that unoriented PAN presents two
glass tansition temperatures, corresponding to lateraitiered and amorphous domdjiad).
Good agreement with the expectation for PAN is indicted in Figure 6.9b for PAN film: a first
glass transition temperature took place at ~2MANot like typich glassrubber transition, at
this temperature, the transform was from a later@ltiered glassy state to a more mobile but
still laterally ordered state. The second dppeared at ~138C, which is ascribed to the
transformation into an amorphous struetuEach @ unit of the Kraft lignin only has one
reactive site for polymerizatioifhus, the Kraft lignin was copolymerized with AN oligomers
but did not contribute with chain growth. In contrast, the coupling between AN oligomers and

the active sites irKL more likely terminated the polymerization and resulted in a lower
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molecular weight, as discussed Hgure 6.Db. However, in the case of SiL the
copolymerization can be extended due to the open double bonds. Thus, as shown in Figure
6.9a, the PKL copolyer presented a DSC profile that resembles a single amorphous phase. In

contrast, the PSIiL copolymer displayed clearly two glass transition temperatures.
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Figure 6.9, Differential scanning calorimetry (DSC) analysis of Lignins and HiyNin
copolymerdilms (a). Included are also PAN, and PSiL composite films with varying
AN/lignin ratios in the low (b) and high (c) temperature range.
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With the increase in SiL ratio in the copolymer film, the firgtshifted from the 102C
typical of PAN to 112°C (Figure b). The secondgT indicating the contribution of the
amorphous structures, was reduced from°Gth PAN to 131°C in PSiL30. Considering the
Tg of SiL (121 °C), the glass transition temperatures of the copolymers were shifting to
intermediatevalues between those of the two polymers, which indicates a good compatibility

in the copolymer.

In addition, the DSC curves of PAN and PAbnin copolymers indicates the thermal
stabilization process of PANased materiald~(gure 6.2). A sharp peakepresenting PAN
film in the DSC curve, at 28, is revealed. This indicates an exothermic reaction, attributed
to cyano cyclization and dehydrogenation. It is also shown that-BidANopolymers (PSiL
films) presented a less intense exothermic reactibis dould be explained by the fact that
SiL oligomers can block the cyclization if they are copolymerized as a block segment in the
long chains of the copolymer. Thus, the cyclizatimaction involved smalkegments
compared with the PAN homopolymer. Téfare, the intensity of the exothermic reaction was
reduced with the increased SiL/AN ratio. However, compared to the PKL30 copolymer, the
PSIL30 displayed a higher intensity. This is taken as additional evidence that KL blocks chain
growth of PAN and termated the polymerization, limiting the degree of cyclization.
Moreover, compared with PAN, the PSiL10, PSiL20 and PSiL30 copolymers displayed lower
cyclization temperatures, i.e., 274, 276, and 2Z80respectively. Pyrolysis of SiL at high

temperature add form small oligomers, gas molecules, segments of aromatic rings, etc. These
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groups could accelerate the dehydrogenation and cyclization reaction of PAN and lower the
reaction temperature. However, with SiL, the PSiL formed a stronger network thaedequi
more energy to decompose. Thus the thermal stabilization required higher temperatures with

increased Silcontent.

6.4.2.3Film Morphology

The morphology of the PANignin composite flms and membranes were observed by
SEM imaging in order to directly ass#®e compatibility between the copolymefagure
6.10. The cryecross section of neat PAN film presented a smooth rupture surface. The PKL30
copolymer film displayed aggregates or particles within the fractured area, which was
relatively rougher. In corast to this latter case, the PSIL30 copolymer film displayed a
smoother cross section surface but worse than that of neat PAN film. Remarkably, no
significant aggregates were observed in in the PSIL film, which indicates good homogeneity
and compatibility It is expected the PSIL copolymer presents a better compatibility than the
PAN/SIL blend. However, the respective SEM images show negligible differences (not
included here). This can be explained by the slow evaporation of DMSO in the oven during
the praess of film preparation. Since the SiL showed good solubility in the organic solvent,

the blend with PAN resulted in a good dispersion that in turn improved their compatibility.
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Figure 6.1Q Cross section SEM images of PAN (a), PKL30 (b) and.8®(c) composite
films. Also included are membranes produced by the phase inversion method from PAN
(d), PKL30 (e), PSIL 30 (f), and PAN/SIL30 (g) with inserts (300X, Scale bar: 50 pm)

In order to determine the difference between PAN/SIL blend and Pgdlycoer, the PAN
lignin membranes were produced by the phase inverse method, as explained in the
experimental section. With this method, the organic solvent leached out in the water phase and
favored fingering phenomena of the remliuble PAN, as can beesein the cross sections (see
inset images of the membranes). As showkiguire 6.1@d, the neat PAN membrane displayed
a homogenous crosection surface. However, the PKL30 membrane included many
aggregates on the surface. The PSiL membrane displaysaghdicles or aggregates as well
but in lower amounts. Compared with the PSiL membrane, the PAN/SIL blend membrane
showed large amounts of aggregated lignin on the surface of the cross section, indicating a
limited compatibility. During the process ofgde inversion, the SiL couitbt penetrate from

the porous structure, as fast as DMSO; the mexdlifignin, not soluble in water, remained in
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the solid phase in the form of aggregates. However, not like the blend, the PSiL copolymers
connected the PAN ar8iL molecules by strong chemical bonds. Thus, the SiL grew in the
structure within the copolymer but not precipitated or aggregated. However, limited
polymerization of the copolymer could result in lignin precipitation, which could explain the

higher comptbility of PSiL30 compared to that of PKL30.

6.4.2.4Film Strength

The tensile strength as function of strain is showFiguire 6.11o describe the mechanical
performance of the composite films. The PAN film presented a very high yield stress, around
30 MPa ad an ultimate stress over 40 MPa. At the fracture point, the PAN film strain reached
values as high as 110 %. As expected, with the increased SiL content in the PSiL copolymer,
the films presented a lower stress and strain. For PSIiL30 copolymer filodfithate stress
was reduced to 18 MPa and the strain was 55 % at the fracture point. As discussed in the
rheology section, the PSiL copolymer has a lower degree of polymerization compared to that
of neat PAN. Amorphous lignin segments weakened the PANt@aform laterally ordered
phase and made the composite film relatively brittle. However, the PSIL copolymer displayed
much better performance than the PKL copolymer. The PKL displayed an ultimate stress of
less than 10 MPa. Compared to PSIL, the fldikjoof PKL copolymer was very limited, a

strain of 10 % at the failure point was measured.

The Youngds modulus of PAN films reached 1
around half this values and became smaller with SiL loading. For PSiL30 copdilyméine

Youngds modul us was 486 MPa, hi gher than th
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reasons can explain the latter observations: First, SIL presented good compatibility as a
copolymer with PAN, undergoing chain growth due to the open double b®hdsPSiL
copolymer formed a more connected network compared to the PKL copolymer sample that
contained lignin radicals that terminated the polymerization. Secondly, the siioatening
SiL is more flexible due to the bond length and wide bond arfgle-O and SiC. Thus the

PSIL copolymer was not brittle as was the case of PKL copolymer.
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6.5 Conclusions

A disilazane reaction carried out in a reactive extruder was successfully applied to a
Kraft lignin to yield a degree of substitution of 31 %. The obtained silicoodified

lignin was copolymerized with AN oligomers to form a copolymer. The respective
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sysems were casted taking advantage of the relatively low viscosity endowed by SiL
loading. Compared with the copolymers from the unmodified Kraft lignin (PKL), the PSiL
copolymer presented a higher molecular weight due to a higher reactivity, which in turn
resulted in a higher viscosity. The TGA profiles indicated that the copolymerization
improved the thermal stability of SiL. The weight loss of the copolymer was reduced with
the increased AN/lignin ratio. In addition, DSC analysis indicated a relativelyJdar

SiL due to the siliconeontaining structures, which improved the flexibility of the
macromolecule. The copolymers displayed;¢h@t was intermediate to the values of the
precursor polymers, which indicated successful copolymerization. More¢bgesjL

increased the thermal stabilization in PSIL copolymer but decreased with the SiL/AN ratio,
due to strong network formation. SEM images indicated good PSiL cohesion compared to
that in PKL and PAN/lignin blends and displayed less aggregates iretinénane or film.
Finally, the tensile strength of the PANNin copolymer films showed lower strength and
strain at fracture with increased SiL/AN ratio. However, compared with the PKL30 film,
the PSIL30 displayed a much higher tensile strength and ét&iMPa and 55 % strain)
indicating the flexibility of the PSiL copolymer. Therefore, due to its cohesion, flexibility
and high reactivity during epolymerization, the PARSIL film can be expect to be

suitable as precursor of carbon films after therrtaddiBzation and carbonization.
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7 Phenolic Foam from Siliconeand Vinyl Containing

Functionalized Lignin

7.1 Abstract

Ligninscarrying dicone and unyl functionalities weraised to replacphenol(up to 30 %
substitution) for reactiomwith formaldehyddo synthesizdignin-based phenolic foasrwith
characteristiclosecell structues Vinyl functional groups enhand¢he crosdinking process
during curingand facilitatestrondy bondednetworks. The thermal behavior of the lignin
based resol and phenolic foams were analpxeDSC. The compression and flexural strength
were testecby DMA, which indicated tht the foams with siliconefunctionalizedlignin
presentedboth high strengthand flexibility, qualities that are otherwise difficult to attain

concurrently.

7.2Introduction

Solid foans include lightweighted,openrcell structure with the pores connected to each
otherand form the basis @bsorbentateriald.l] On the other hand]asedcell foans, with
no poreinterconnedbn, displaybetter strength, less moisture absorption, and provide good
insulation. Thusthe latter type of foamsan be utilizedn appgication requiringthermal

insulatiorf2], and packing materia[S]

From the early 20th century, various types of solid foams came into tygecaspolymeric

foams, including phenolic, polyurethane, polyvinyl chloride, polystyrene, and polyimide
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foams, etc.pbecaneattractivefor applicationin many areag=rom this group, lpenolic foams
are structural thermosedtructuresthat are extensively used in the fields of insulation,
cushioning, packaginggs well aselectronic and flame retardan applications. For thes
reasons, they have been deployediarafts, marine structas, buildings, and automobilps.

5] In the area of thermal insulatipfor example, wittmultilayers, phenolic foans are more
competitive than those of conventional polymeonanterpartgfor examplefrom polystyrene,
polyurethane, and polyvinyl chlorifigs] The sampler ap@s with regards to their broad
spectrum of additional properties, including lemoke emission, outstanding fire resistance,
molten plastiggeneratiorwithout dripping when exposed to flas lessmoisture adsorption,
and highresistaceto chemicalsHowever,a limitation of phenolic foams atkeir brittleness
and low flexural rigidity.These are characteristics relevantfugher processing and long
distance transportation. Also, long term ultraviolet radiat@mmdamageelatedmaterials and
reducetheir life time.More importantly in the context of this work is the fact thhenolic
foams are usually producedrom phenol and formaldehydevhich are toxicchemicals
Moreover, the relative high cost limitsmarket utilization. Thus,efforts to improve the
performance of phenolic foams has captuhedattentiorof researcherasho have reported on
the control of process temperature and water cdnfemn thereplacement osurfactant or
foaming agen{$], the use oparticles or fiber reinforcemen®, and the replacement of the

precursor material§10]

Due to their natural, renewable, and eeective nature, D-basedpolymershave been

widely used in polymeric solid foam&ignin is an attractivealternative given that it ithe
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secondnaja componentf wood and other fiber sourcess a multifunctional material, lignin

has been employed rigid foams asanadditiveor ascomponenin copolymesor blend[11]

Lignin crosslinking or blending with main polymersincluding polyethylene [12],
polyurethangl3], polyvinyl chloride[14], polystyrenegtc, have been reportedloreover,
some worksuggestignin as partial replacemef other polymers tgroduce ligninbased
phenolic foars. However, such attempts have been limited given the characteristic poor

mechanicaperformancd15, 16].

This worktakes advantage of tipelyphenol structure of lignito partially replace phenols
in the synthesis of foams. Moreovegactive silicone and vinylnits are installed in the lignin
for improving crosdinking during curing pocessto form the lignin-based phenolic foasn
Based on the results, such systems are expected to be usethermal insulationor

applications that demardgh flexural and compressive strength.

7.3Materials And Methods
7.3.1 Materials

Industrial pine Kraftlignin (KL) was provided from Domtar Inc. (Plymouth, NC). The
lignin characteristics are reported in our previous WAk, which indicated a molecular
weight of about 6200 Da and hydroxyl groups content > 8 mmol/g. The phenol, formaldehyde
(37 % in water, contains 116 % methanol as stabilizerpgsodium hydroxide were purchase
from SigmaAldrich (St. Louis, MQ and used to make the ligAioased resol. A nonionic
surfactant (Tween® 80) as well as pentane, and sulfuric acid (70% in water) that were used for

the synthesis of the foam were alsoghased from SigmaAldrich (St. Louis, MQ.
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7.3.2 Siliconemodified Lignin (SiL)

The siliconemodified lignin was obtained by a highly efficient disilazane reactions
reported in our previous work. The reaction mechanism is showkigare 1. The
functionalizatiom was carried out by mixing Kraft lignin ant 1, 3, 3-tetramethyl, 3-
divinyldisilazane(DVDZ, SigmaAldrich, St. Louis, MO) in a twin screw reactive extruder
(MC 15, Xploré, Geleen, Netherlands) and the resulting product was extruded T .1P0e
hydroxyl groups of the Kraft lignin were substituted to form more flexibl®& bonds, and
also included the installation of abundant vinyl groups. The resultant functionalized lignin is

referred to as SiL.

MeO =/

HO Si<
OH /
HO © OH Sli-O
/T
OH
MeO — | Q
MeO J/ I\
+ N—Si —_—

o) HO N ij\ MeO z
MeO I

(0]

A 0

Figure 7.1. Divinyl -tetramethydisilazane reaction with lignin to form SiL
7.3.3 Lignin-PhenolFormaldehyde (LPF) Phenolic Foam
A modified procedure based on previous repptt§ was used to produce lignivased
phenolic foams by applying the following steps: The formaldehyde (37 %) and phenol with
mole ratio (F/P) of 1.9 were mixed under stirring with dewaondensation system. A certain
amount of 40% sodium hydroxide (NaOH) solution was added to meet a target concentration

of 3.67 % and to fix the pH to 10. Keeping the F/P ratio constant, the phenol was replaced by
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SiL at levels of substitution equivalaio 10, 20, and 30 wtd the otherwise original phenol
formaldehyde (PF) system. As a reference, unmodified lignin (KL) was also used to replace
20 % of phenol. The mixtures were heated t@®@nd kept at this temperature for 30 min.
Then the system wgaheated at a heating rate 8€Imin to 90°C and kept for 1.5 h at this

temperature. After cooling, a lignphenotformaldehyde (LPF) resol was obtained.

The LPF or PF resols were transferred to a vacuum oven’@tté0evaporate excess water
and unti the concentration of the agqueous phase reached around 20 %. After cooling to room
temperature, 20 g resol contained in an open beaker were mixed with 2.8 g acid catalyst (70 %
sulfuric acid), 0.8 g tween 80 surfactant, and 1.6 g pentane, used as bdgeirtg(boiling
point of 3536 °C). The mixture was stirred for 1 min and immediately transferred to an oven
for curing at 80°C for 30 min. The final lignirbase phenolic foam was obtained after 24 h

waiting period in air.

7.3.4 Thermal Properties

The thermal bhavior of the LPF resol and LPF foam were carried oudiffgrential
scanning calorimetry (DSC, Q100, TA instrument, Castle, D&¢ given sample was loaded
in hermetic aluminum pans. Before running in DSC, the samples were dried overnight in the
oven.The heating cycle was started from°@to 250°C under nitrogen flow rate of 50 ml/min.

Finally the DSC thermograms of heat flow (W/g) versus temperature were obtained.
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7.3.5 Foam Morphology

The morphology of the LPF foam was observed under a variable grassunning electron
microscopy (SEM, Hitachi S3200N, Tokyo, Japan). The foam samples were cut into small
piece and immersed in the liquid nitrogen. Ginactured foam pieces were obtained and
coated with gold within a nitrogen atmosphere. The imagdgeafdll structures were obtained

at 100 X magnification.

7.3.6 Compression Strength

The compression strength of the LPF foams were measured with a dynamic mechanical
analyzer(DMA, Q800, TA instrument, Castle, DEquipped with a compression strength
clamp with15 mm round disk. The foam samples were cut into cylinder shapes with diameter
of 15 mm and thickness lower than 10 mm. The strain rate mode was selected with an initial
load of 0.01 N. The strain was raised from 0 to 15% at a rate of 2 % per min.édsstséin
pl ot was collected at room temperature and
difference of the density, the compressive modulus was reported as normalized values on the

basis of PF foam.

7.3.7 Flexural Strength

DMA was used to measure tHexural strength of the LPF foams. For this purpose a low
friction 3-point bending clamp (20 mm type) was used. The foam samples were cut into a
rectangular blocks (5 mm thickness, 10 mm width, and > 10 mm length). The flexural strength
was measured undeontrolled force mode with a stress ramping from 0 to 0.5 MPa operated

at 0.05 MPa per min at room temperature. The flexural strength was obtained at the point
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when the sample fractured. The flexural strain was also recorded to describe the bending

properties of the LPF foam.

7.4Results And Discussion
7.4.1 Thermal behavior

The thermal behavior of the lignphenotformaldehyde resols and phenolic foam were
analyzed by DSC. Irigure 7.2, the PF and lignin based LPF resols indicated the cross linking
reactionbetween 150170°C after the Tg transition. The PF presented good reactivity with a
sharp peak at 16X, indicating the polymerization. Upon replacement of 20 % phenol with
Kraft lignin (LPFKL20), the crosdinking temperature shifted upwards, to 2@ Compared
with, phenol carrying three active sites, the ionized Kraft lignin only has one active site per
aromatic ring. Thus, due to the low reactivity of KL, a higher temperature was need for the
curing process. In contrast, upon replacement of phatioBiL, the crosdinking temperature
of SiL-based resol approached that of PF resol. This can be explained by the fact that the vinyl
groups in the SiL lignin contained more sites to from radicals and allow chain growth.
Therefore, with the increased Hobhenol ratio, the LPSSIL resol could react at a lower

temperature.
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Figure. 7.2. Differential scanning calorimetry (DSC) analysis of Ligipinenot
formaldehyde resols (a) and phenolic foams (b)

The LPF forms were tested by DSC to characterize tgsdransition behaviors. As
reported in our previous work, the Kraft lignin presented a glass transition temperature of 145
°C and the modified SiL displayed a Tg at P&IThe lower Tg in the latter case is explained
by the siliconecontaining functionsthat endow an inherent higher molecular mobility.
Replacement of phenol in the foam with Kraft lignin, by 20 %, resulted in a glass transition
temperature of LPAKL20 as high as 128C. However, in the case of SiL, the Tg shifted to
lower temperatures. Wit30 % phenol replacement level with SiL, the LRE30 foam
presented a glass transition temperature a@CQ%vhich was even lower than that of the PF
foam (Tg of 114C displayed irFigure 7.®). In sum, the SiL imparted more plastic properties
to thephenolic foam and thus was expected to produce materials with higher flexibility and

flexural strength.
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7.4.2 Foam Morphology

Figure 7.3display the crossection of PF, and lignibased phenolic foams containing
either KL or SiL. The same amount of resol wasdus each type of phenolic foam. The PF
foam presented lower density, owing to the good formability of the system. In contrast, KL
based PF foam indicated a higher density while that based on SiL was intermediate: 0.052,

0.066, and 0.051 g/cHor PF, LPFSIL and LPFKL foams, respectively

Figure. 7.3.Photos of PF, LP¥SiL20 and LPFKL20 phenolic foams

A closecell structure in the phenolic foams were observed by SEM, for all types of phenolic
foams Figure 7.4. The PF foam presented a homogenousect®ll structure. The cells are
relative small in size and evenly distributed. However, thebsed phenolic foam contained
cells that were not distributed as uniformly and large cells, reaching up to 500 um in size,
remained, and indicating an unevenrgalistribution. The PF foams were formed by
polymerization of small molecules from phenol, formaldehyde and benzyl alcohol. During the
curing process, the foam formed very fast. In contrast, KL is less reactive like phenol and is a

relatively brittle, lage molecule; thus, the cells did not formed evenly. However, SiL, being a
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more flexible molecule due to the presence of SiC ar@-Gibonds, produced a better cell
structure. During the curing process, the vinyl groups were active in crosslinking eth ot

small radicals or oligomers and formed a relative homogenous system.
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Figure. 7.4. SEM images of PF, LRKL foams and LPFSiL foams varying with
Phenol/SiL ratio. (Scale bars are 30@ for the images)

Compared with the PF foam, the LISH. foamspresented relative even but larger cells
structures. Also, the cell size increased by increasing of the SiL/phenol ratio. The PF foam
presented a cell size, betweenrD um. Substitution by 30 % with SiL, produced cell sizes

that reached over 250 pm.

7.4.3 Compression and Flexural Strength
The compressive modulus was used to describe the mechanical properties of the phenolic
foams. The conventional phenolic foams are very strong but brittle. As shdviguire 7.5

the PF foam displayed a very good compressivength, with a modulus of 1.9 MPa. As
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expected, with addition of KL, the LPKL foam, with uneven cell structures, presented
relativelow compressive strength. However, upon addition of SiL and compared with KL
based foams, the compressive strength avgal by phenol replacement at the 10 % level.
With thefutureincreased addition of SiL, the compressive strength was reduced because the

large cells could not provide a level of support as that of the smaller, uniform structures.
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Figure 7.5, Compreswe Modulus of PF, LPHKL foams and LPF foams varying with
phenol/SiL ratios.

In Figure 7.6 the bending strength of the phenolic foams were measwtadh were
described by flexural strength and the strain at the fracture point. The results indicated the KL
based phenolic foam presented both low flexural strength and low strain at fracture point. The

PF foam presented a relative high flexural stremgthquite low strain at the fracture point,
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which indicated a strong but not tough material. By suing a 10% phenol substitution level with
SiL, the flexural strength was improved to 175 KPa. Based on the flexible properties of SiL,
the LPFSIL foams presated a large range of strength before fracture. However, as the SiL

content increased beyond 10%, this effect on the flexural strength became negative.

Figure 7.6. Flexural Strength of PF, LPKL foams and LPF foams varying with
phenol/SiL ratios.

7.5Conclusions

Lignin-based phendirmaldehyde phenolic foams were successfully produced. The DSC
analysis indicated silicone containing lignin (SiL) with better reactivity than Kraft lignin (KL)
components in phenolic resol, due to the flexible vinyl groGasnpared with the Kibased
foam, the Sikbased phenolic foam (LP&IL) presented lower Tg, which resulted from
siliconebs natur al mol ecul ar mobility. The S

large cells for high SiL/phenalatio. Compared wit the Kl-based foam, the LPRSIL
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