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SUMMARY

Bioethanol has beehmighlightedasan alternative renewable energy source, which plays
significant roles in reducing greenhouse gas emission eslimg fuel security
Recently lignocellulosic biomasge.g, non foodbasedagricultural residesand forestry
wastes)has been promotetbr use as a source of bioethanol instead of feloased
materials €.g, corn and sugar candjpwever to fullyrealizethesebenefitsan improved
understanding ofignocellulosicrecalcitrance must be developedherefore, hanced
characterizationmethodology is required to measutiee chemistry, structure, and
interactions of the biomass componeatsl it can contribute tonglerstanohg biomass

recalcitrance.

In this dissertation,imaging mass spectrometry (IMS) is applied for biomass to
characterie the surface upon pretreatment processésr methodologieslevelopment,
time of flight secondary mass spectrometry (FOMS) and matrix-assisted laser
desorption/ionizatior(MALDI) are usedfor biomasscharacterization Juvenile hybrid

poplar stem grown in a greenhowsereusedasa model substrate

The firstpart of this thesifocuses on the development of sample preparation for surface
analysis by IMS. A cross sectioned sample is then treated under various methods such as
dilute sulfuric acid pretreatmerftpwthrough pretreatment, and cellulose isolatiofo
determine thelifferent chemistry between surface and bulk upon dilute acid pretreatment

in batch reactor, TOSIMS is firstly applied to characterize the surfat¢he pretreated

XVii



poplar stem in Chapter 5. TE&HMS probes the surface of cross sectioned poplar
samples providing twadimensional (2D) molecular images wiajor components (i.e.,
cellulose, hemicelluloses, and lignin) and their relative ion counts. 2D molecular images
present the lateral distribution of major components before and after dilute acid
pretreatnent while the comparison of the relative ions provides -sprantitative
information on the surface. Thereafter, these surface data are compared to bulk chemical
composition by sugar analysis in order to prove different chemistry between surface and

bulk.

The secondgartis focused on tracking the lateral lignin distribution on the surface of
poplar stem using TOBIMS technique developed earlier. Cross sectioned poplar stems
are flowthrough pretreated under different conditions, providing differerit logmin
contents. Flowthrough pretreatmenprovides a number of advantagesuch asthe
removal ofpretreatment products prior tuenchingprocesshus avoiding precipitation

of products To understand lignin changes at cell wall layers, high resoltit@RrSIMS
imaging process is optimized under burst mode. As a result, 2D lignin ion images
present the lateralistributionunder submicron scale, providiadignin localized area in

cell corner afteflowthrough pretreatment. Senrguantitativeinformaion also presents

an evidence of different chemistry between surface and bulk upon flowthrough

pretreatment process.

The third part is focused on the development of thoBmensional (3D) molecular

imaging method using TOBIMS. Extending the usefulness TOFSIMS for biomass

XVili



recalcitrance a 3D molecular imagg is firsly introduced to biomasby acquiring
multiple 2D images in a stack. This is accomplished by reconstruction, stacking the 2D
molecular images layer by layerConsequentially 3Dmolecular image provides both
later and vertical distirbituion of characteristic species from surface tswtdce. This
spatial moleular information can be used to directly determine the chemical change
between surface and bulk without relative corgmar of other data such as bulk sugar
profile. Stressinduced tension wood in poplar stem is used as a model substrate.
Tension wood isiot onlydefinedby the presence of thigelatinougG-) layer butalsois

ideal for demonstrations of chemical imagibeause this cellulose rich area can be

readily distinguished from the more chemically complex surroundings.

The lastpart of this thesiss focused orthe development and optimization MALDI -
MS/IMS method for insoluble cellulose.MALDI has a capaliity to detect large
molecules (theoreticallynlimited) while SIMS can only detect relatively lower mass
species. This feature allows detecting different molecular size of cellulose oligomers.
Microcrystalline cellulose is used toptimize a cellulosedetection protocol such as
matrix application. Thereafter, cellulose poplar isolated frartodellulosepoplar is
introduced to MALDIMS. To visualize lateral distribution of different DP of cellulose
on the surface of poplar stem, a cresstion of cdulose poplar is used. e8es of

cellulose oligomers in poplar stem are firstly generated using MAM3.
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CHAPTER 1

INTRODUCTION

Due to theuncertainty of future fossiltbased fuel reservesncreasingof energy
consumptiorand greenhouse gas emission, alternative renewable energy sources such as
biofuel and solar cell energy have been highlighitedBiofuel, a promisingrenewable

energy source, has been promoted to replace a primary energy source (i.e., fossil fuel)
sinceit can reducgreenhousgas emissiomnd contribute to energy securityFor this

reason, may countries worldwidehave set the goal to increase biofuel consumption,
especially fortransportation fuel For example, The U.S. Department of Energy has
made a plan to replace 30% métroleumbased liquidtransportation fueWith biofuels

by 2025 The European Union haalso propo®d a genuine action plan aimed at
increasing the share of biofuels to more than 20 % of European petrol and diesel

consumption by 2026°

Seconédgeneration biofuel produced from biomass is more sustainable compared to first
generation biofuel made up of food commodities (e.g., corn and sugar €anejth
respect to biofuel production, the term biomass generally refers to norbdsed
lignocellulosic feedstocks available frorplants and planderived materialé These
resourcesare ultimately renewable and sustainable. Therefore, biofuebuction
produced fom lignocellulosic biomass is vergttractive;however, it still hassconomic

and technical obstaclé%!*



Lignocellulosic biomaskasa physicallyrigid and chemically complex structundich is
mainly composed of celluloséemicelluloses, and lignipolymers"*?** The natural
resistance othe plant cell wall has evolved forsuvival to resist the microbiaand
enzymatic deconstructiaof cellulose referred toasbiomassecalcitranceavith respect to
biofuel production. Biomass recalcitrances largely responsiblefor high cost of
lignocellulose conversiodue toadditionaltime, additives, angrocessesvhereascorn
and sugarcaneare directly fermented to ethandf. To achieve sustainable energy
production a significant technical improvemeatong with understandinthe chemical
and structural properties required for thecommercializationof seconegeneration

biofuel 31¢*8

Biomass recalcitrance is gradually decreasingith the application ofadvanced
technologiessuch as altering plant substrate charactesisia geneticmanipulation
improving pretreatment efficacy, ad@velopingmicroorganisrs/enzyme for high-yield
sugar releas€:?®* With many recent approachasned areducingbiomasgecalcitrance
advanced analytical tools ra&lsobeen required in order Bxhievedetailed information
since the Ilimited chemical and/gohysical information have been acquired via
conventional wet chemical techniqué8> For example,a new imaging technique
showing topochemical distribution of major components in plant cell egadl provide

new insighs into biomasgecalcitrance

Imaging massspectrometry(IMS) is a powerful and versatile tool for visualiang

chemical topography on the surfaceadfample. A key advantage of IMS using thofe



flight secondary ion mass spectrometrffOFSIMS) or matrix-assisted laser
desorption/ionizationMALDI) is the ability to probe themajor componentslirectly

from the suface of the plant cell wall. Consequentlyve can understanthe spatial
distribution of the interestingpeciesandtheir changesuponchemical and/or biological
applications whereas conventional bulk analysis such as hjggrformare liquid
chromatogaphy (HPLC) average over a large spatial dimension, losing critical
information about differences in chemical heterogeneity as a function of spatial and

lateral position in the cell wall.

The primary goal othis thesis is taain fundamental knowledge about the surface of the
plant cell wall, which is to be integrat&to understandindpiomassrecalcitrance IMS

is well-suited to understand detailed spatial and lateral changes of major components in
biomass but it has beeseldomused for the plant cell wall characterization. Fitisg
methodologyfrom sample preparation tmstrumentoptimization for lignocellulosic
biomass, especiallyoplarstemwasdeveloped (Chapter 5, 7, aBf Then,a hypothesis

that there was diérent chemistry between surface and bulk biomass before and after
pretreatment procesgasformulated. To logically test the hypotheSiFSIMS for the
surface characterization of dilute acid pretreapegblar sample was employed and
compared tadhe buk analysis data (Chapter 5)TOFSIMS methodology successfully
developed for biomaswsvas applied for hydrothermal pretreatgubplar samples and
different chemistry between surface and buwlias observed after the pretreatment
(Chapter 6). To obtainspatiallyresolved chemical information from the surface to-sub

surface (i.e., bulk)threedimensionalTOR-SIMS analysis forpoplar sample has been



firstly applied (Chapter 7). In additioMALDI -IMS methodology to observe different
size of cellulose afjomers on the surface tife poplarstemwassuccessfullydeveloped

(Chapter8).



CHAPTER 2
LITERATURE REVIEW A: LIGNOCELLULOSES FOR

BIOETHANOL

2.1 Lignocellulosic Bioethanol

Bioethanol is a liquid biofuel produced fromdifferent source of feedstocks and
conversion technologies.Currently bioethanol using firsgeneration feedstockg.e.,
food-based sourcégss predominantlyproducedadversely affectinglobal food supply or
encroaching on other importadand uses With a significant improvement of
biotechnology, lignocellulosic biomassferred to asecondgeneration feedstockse.,

non foodbased sourced)asbeen recognized as a potential sustainable source of mixed
sugarsfor fermentation to biofuelsLignocellulosicbiomass represents one of the most
abundant renewable and sustainablegesource onthe planet but it requres more
complex processes for bioetharmobductionand overcomingbiomass recalcitrancer

costeffectiveproduction(Figure1).'

Cellulose Enzyme —> Hexose —> Biofuel
| 7 ~ Hydrolysis Fermentation
e—
5{53,":\-3% Enzymes
N 4 Pretreated Solid/ Enzyme

Biomass > Liquid  production
Separation
shhasig
Pentose —» Biofuel

Native Plants > Fermentation

Pentose Sugars

Figure 1 Bioethanolproductionprocesses usingjomass™



Conventional process for producing lignocellulosi@thanolare typically divided into
four steps: pretreatment, enzymat&lulosehydrolysis(saccharificatioly fermentation,
and distillation’ Firstly, lignocellulosic biomass ipretreaed in order toalter cellular
structure ofthe lignocelluloes The pretreated biomass is amenableb®accessd by
cellulolytic enzymes for cellulose hydrolysisglucose Subsequently, simpkugars are
fermentedo ethanol followed by distillation process which iseparating angurifying

ethanol to meet fuel specifications

2.2 Lignocellulosic Biomass

Lignocellulosic biomass has been recently highlighted as patential resource for
bioethanol productiosinceit represents the most abundant form of carbon on Earth
annual production at $#®million tons)?’ Lignocellubsic biomass is fully renewable
bioresource®btainedfrom both forest and agricultural ecosysteoasegorizedn Figure

222 The forestderived resources includforest residuesfrom harvesting or land
conversion,unused mills from wood or pulp processing, urban wood wastes, and
constructiohdemolition déris. The agriculturglerived resources include crop residues,
perennial energy crops (e.gwitchgrass) and woody crops cultivated in croplaral.
United States, forest landsand timberlands have the potential to sustainably produce
close to 370 millia dry tons ofbiomass annuall§? This estimate includes the residues
generated in the manutace of various forest products atite residues generated in the
use of manufactured forest productt. also includes the harvest of wood for various
residential and commercial spdoeating applications. With the exception of urban

wood residues, mosif thesesources of forest biomass are currently being utiliZBado
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potential large sources of forest biomass not currently being used are lotgng
removal residues, and fuel treatment thinnifigs.These sources can sustainably
contribute over 120 milliomry tons annually. The logging and other removal residues
can be recovered followingommercial harvest anthnd clearing operations.Fuel
treatment thinnings can also be recovered with efforts to reduce foredtazards.
Agricultural lands can provide nearly 1 billion dry tons of sustainably collectable bipmass
which continte to mee food, feed and export demands. This estimate includes 446
million dry tons of crop residse 377 million dry tons operennial crops, 87 million dry

tons of grains used for biofuels, and 87 million dry tons of animal manures, process
residues, and other residues generated in the consumption food products. The perennial
crops are dedicatedrimaily for bioenergy and bidased products and will likely

include a combination of grasses and woody crops.



Biomass

Resources
Forestland Agriculture Secondary Residues
Resources Resources & Waste Resources

Wood and Residue to . : MSW andUrhan
Pulp & Paper and Grain Crops i Wood Waste
Forest Product Mills i

Current collected and used

Wood and Paper Oil Crops Animal Manures
Logging and Other Agricultural Food Processing
Removal Residues Residues Wastes

Annual/Perennial

Fuel Treatment
Grass

Woody Crops

Figure 2 Biomassresourcesategories®

2.2.1Anatomical structure of lignocellulose

Lignocelluloses arenade up othe plant cell wall asa basicunit positionedoutside the
cell membranén order forstructural support ancbreprotection™ The plant cell walis
a highly complex and dynamigstructure consisting of crosslinked networks of
polysaccharides and lignifl. The primarycell wall solelyprotects the cell duringrowth
stages andthe secondary cell wall isynthesizedat theouterlayer of the primary cell
wall once the cellgrowth is terminated*®! After that, the cell walls are gradually

thickened as major components (i,ecellulose, hemicellulosesand lignin) are



progressivelygrowing inside cell walls. Finally, protoplasm is lost anthe cell walls
form cellulose microfibrils interconnectedwith hemicelluloses (e.g, xylan and
xyloglucan)and ligninat nananeterscale Then cellulosemicrofibrils in the secondary
cell wall aredensely packed and highly ordered compared tartae primary cell wall.
The ®condarycell wall is further divided intothree layerspartially based onthe
orientation of microfibrils: S1, S2, and SBigure 3).** Thicker middle layer (S2)
represents a steep and uniform angle in microfibrils while the outer (S1) and inner (S3)
have a croskelical orientatiort* A single cell containingprimary andsecondary cell
wall is separated with adjacent cells ioyercellular substanceeferred toas middle
lamella. Middle lamellamakes up the outeell wall, sharing withadjacent cellshown
in Figure3.3 Amongcell wall multilayes, the secondary celwalls typically account for

more than 95% by the weigbf the cell wall material$®

Figure 3 Electron microscope and schematiagramof wood cell wall structure®



2.2.2Molecular composition of lignocellulose

Lignocellulosesare composite and complex materiabich are largely divided into
major (e.g.,polysaccharidesand lignin) and minor componentse.g, extractivesand
mineral substancgshown inFigure4. Dry wood typcally consists of 4@85%cellulose,
20-30% hemicellulose and 2632% lignin. Other constituents of lignocellulosae
extractives(< 10% and ash(< 1%). Major molecular componerg are cellulose,
hemicelluloses and ligniwhere theyare physicdy or chemically connected eadther.
Contentsof majorcomponents ifignocellulosesarestronglybased ombiological species,
growth stage, and cell type in natufi@ble1).” In general, softwood has higher lignin

content than hardwood

Wood
Minor Major
substances substances
Organic matter Inﬂ?ﬁ:‘:jc Polysaccharides Lignin
Extractives Ash Cellulose Hemicelluloses

Figure 4 Chemical composition ahecell wall.
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Table 1 Composition of some lignocellulose sources (% dry weittit)

Biomass or waste Cellulose Hemicelluloses Lignin
Tree
Poplar 45-50 17-19 18-26
Eucalyptus 50 13 28
Pine (spruce) 44 23 28
Salix (hardwood) 43 22 26
Grasses
Switchgrass 31-45 20-30 12-18
Bemuda grass 25 36 6
Rye grasses 25-40 35-50 10-30
Food/agriculture waste
Corn cobs 45 35 15
Corn stover 38-40 22-28 18-23
Corn fiber 14 17 8
Wheat straw 30-38 21-50 15-23
Rice husk 24 27 13
Bagasse 38 27 20
Nut shells 25-30 25-30 30-40
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2.2.2.1Cellulose

Cellulose isa main component olignocelluloseconsistedof approximately 40~50% of
total dry weight. Cellulose isan unbranchedhomopolysaccharide composedl b-D-

glucopyranose units which are linked ipy1Y 4)-glycosidic linkaggFigure5).

HO

OH
HO 0 HO 2 0 oH
HO 0—4

OH

Figure 5 Molecular structure of cellulose

Size of the cellulose molecule is typically defined by the average number of monomer
unitsreferred to aslegree of polymerization (DPDP of cellulose can be detemeid by
various analytical methods such as gel permeation chromatography (GPC), light
scattering intrinsic viscosity measuremeausl viscometric methoddn nature, cellulose
chains have degree of polymezation (DP)in therange 0f200to 27000 shownn Table

2.1* Native cellulose in wood has a degree of polymerization (DR3ppfoximate}
5000glucopyranose units and it is around 15000 for native cellulose in coMative
cellulose DPis reduced duringurification procedureseported byBledzki et al** For
example,a DPof 14000 in native cellulose was reduced to ~2500. A DP of cellulose is
very depending orits origin, isolation method,and even the part of plant/fiber. For
exampleyvalonia fibersshow DP of 25000 to 2700@hile cotton fibers present a [
14000 to 20000. Cellulose DP value profoundly influences the mechanical, solution,

biological, and physiological properties ofla®se in many cases
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Table 2 Degreeof polymerization ofsomecelluloses*>*®

Cellulose pols‘range":i:;cfion
Cotton 8000 — 15000
Purified Cotton Linters 1000 — 3000
Commercial Wood Pulps 600 — 1500
Regenerated Cellulose 200 -600
Rayon 300
Bagasse 700-900
Alamo switchgrass 1891
Poplar 2200 - 250

Cellulosealsohas a strong tendenty form intra and intemolecularhydrogen bonds
resulting in theformation ofa crystallinestructure(Figure 6).3"*° The hydrogerbonds
contribute to stiffen the straight chain and promote aggregation th&ocrystalline

structure.

Figure 6 Inter and intramolecular hydrogen borsystem of cellulose*
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Cellulose containdighly ordered (crystalline) regionsnd less ordered (amorphous)
regions. There ardargelyfour types of crystallin@llomorphs of cellulose: cellulose 1, I,
lll, and IV, which aretypically measuredby wideangle Xxray scattering (WAXS)
patternsand CP/MAS™C NMR spectrunt**® Paracrystalline cellulose is less ordered
than crystalline celluloség and b, but more ordered thathe amorphous regioff.
Amorphouscellulos canalsobedividedinto two noncrystalline forms: acssible fibril
surface and inaccessible fibril surfdé8®> The degree ofcellulose crystallinity is
determined asa ratio of weight fraction of the crystalline regiansA structure of
cellulose | has been proposttht a unit cell of thecrystallattice is a monoclinic unit

with the space group RZonsisting otwo antiparallel cellobiose chaisegments shown

in Figure7.%°
T v

. T

: y

— a-835 %
Polymorph a-axis (A) b-axis (&) c-axis (A) y-axis (A)
Cellulose | 7.87 8.17 10.34 96.4
Cellulosell 9.08 7.92 10.34 117.3
Cellulose I 9.9 7.74 10.3 122
Cellulose IV 7.9 8.11 10.3 90

Figure 7 Unit cell of cellulosd andthedimensions of various cellulose allomorpf¥’
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Cellulose ) the most abundarbrm in nature, has two distinct crystalline forinased on
hydrogen bonding patterat glycosidic linkages cellulose § and cellulose 4.44>°
Cellulose § known as a tricliniqt) P1 structure has one cellulose chain per unit cell
whereas cellulosg known as a monoclinigm) P2 structure has two cellulose chains per
unit cell. Generdl, cellulose § is the predominant form in bacteria and algae and
Cellulose § predominantlyexistsin higher plants.The abundancef Iyor I, polymorphs

in lignocellulosic materialmay affect the reactivity of celluloseecausemetastable
cellulose bis more reactivéhan cellulosegl Other types of crystalline cellulose can be
obtained by modifying celluloseslch as mercerization and regeneration for cellulose II,

ammonia treatment for cellulose IlI, or heating for cellulosgMigure 8).**® During

modificationprocessegdimension of unit celis alsochangedFigure?).

Cellulose la

A NHs (1)

glycerol NaOH
Cellulose Vi 'W Cellulose Il — Cellulose I =———= Cellulose llln

A NaOH
A
NHs (1) %)H
A 4

Cellulose Ip

glycerol

= Cellulose IV
260°C

Figure 8 Transformation of cellulose into its various polymorfhs

Cellulose crystallinity in lignocellulosic materia varies according to it®rigin and
acquiring process. For examptellulosecrystallinity in hybrid Populusmeasured by
CP/MAS *C NMR is ~63%very similar to loblolly pineshown in Table 3.5+
Differently, Populuscontains ~20% less accessible amorphous region compared to that in
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loblolly pine. Switchgrass is composed m@atively lower crystallinity(~44% and

higher inaccessiblamorphousegion(~51%) compared tBopulusor loblolly pine®*

Table 3 Cellulose crystallinity%) determinecby CP/MAS™C NMR.>*>*

Species Crystallinity la la+B Para: IB .Ac.cessible I.na.ccessible
crystalline Fibril surfaces Fibril surfaces
Populus? 63 50 14.2 311 19.8 10.2 18.3
Loblolly pine 63 0.1 307 24.8 6.9 33.1 15.6
Switchgrass® 44 2.3 3.8 27.3 4.5 5.7 51.3

2P, trichocarpa xdeltoids  Alamo

The kasicbuilding unit of the cellulose skeleton is an elementary fibril wihtains 36

bi D-glucan chains with a diameter of approximately 3.5 (iigure 9).>>°" The
dimension of elementary fibsl(e.g., unicell parameters and lattice planes) differs from
the forms of crystalline structures. For example, three lattice planes are shared and
correspondto Iy lattice planes (11@) (010), and (100) and } lattice planes(200),,
(110),, and (110}, respectively®>® The main differenceéetweerigand } is the relative
displacement ofhe sheet (i.e., parallel stacking of cellulose chains) along t@)(and
(200), planes, referred to as hydrogeanded plane, in the chain axis direction
respectively The cellulosedis a relative displacement of4 between each subsequent
hydrogenrbonded plane, whiléhe cellulose § is betweerc/4 andi c/4. The elementary
fibrils areaggregated togleer in the form of microfibripartially reducing the free energy
of the surfac&® The diameter ofhe microfibril variesfrom 2 to 2Gm with thelengthin

the micrometer scaldependingn its origin®*
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Cellulose chain arrangement Displacement of the hydrogen bonding sheets
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Figure 9 Cross sectiomf the elementary fibritontaining 36 glucan chaired the unit
cells for cellulosegdand |,.*°

2.2.2.2Hemicelluloses

Hemicelluloses are typicallgranchedheterogeneous polysaccharideainly composed

of pentoses (xylose, arabinose), hexoses (mannose, glucose, galactose)uramizor
acids (glucuronicgalacturonic acids® Other sugars such as rhamnose and fucose are
also present in small amounts and the hydroxyl groups of sugars caariadly
substituted with acetyl groupsviost hemicellulosearerelatively lowmolecularweight

with a DP of 50~300in woodswhich may contain 1-30% of hemicellulose irhardvood

or softwood The hemicellulosesre broadly classified into four polysaccharide types

based orstructuraldiffererces incellZvall (Figure10)°#°%%

() Mannans comprise galactomannaglucomannan and galactoglucomannan.
Galactomannans havéb-1,4manno s e b a ¢ k blg-gatastose wirandhes; U
gl ucomannans clgdmib a n o s eb -4,&dwudosé backbones; and
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gal act ogl uc o radmanaases andh-hdge ub o s e bacKklltones
galactose branches attachtedhe mannose backbon&or example, the secondary cell

walls of conifers (i.e.softwoods) consist of galactoglucomannan3®o (w/w).

(i)  Mixed-linkage glucans comprise a backbané gl ucose r es-L,Aues
a n d1,4fdinkages. For example, the primary cell walls of grasses contdih5% of

mixed-linkage glucans.

@) Xyl an s -1#xlesebadkbonesvith arabinan anr glucuronic acidas side
chains. For example, the primary cell wallof glasses contain 20i 40%
glucuronoarabinoxylan, whereas the secondacgll walls contain 4050%
glucuronoarabinoxylanin dicots (e.g.hardwoods), the secondary cell walls contain 20

30% glucuronoxylan.

(iv) Xyl ogl uc al@gldcanbackbonebwith xyloseontaining branchewhich
partially contain othermonosaccharide such as galactose, arabinosduaonde. For
example, the primary Hewalls of conifers (i.e.softwoods) contain 10% xyloglucans and

the primary cellvalls of dicots (e.ghardwoods) contain 2@5%

18
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Figure 10 Molecular structure ofémicelluloss.®?
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The content and structure of each component generally differ between softvamods,
hardwoods. The main structural featuresf hemicelluloses inboth softwood and
hardwood are summarizéd Table 4 The main hemicellulose of hardwoogs.g.,
poplay is O-acetylated 40-methytglucuronicacid xylan or glucuronoxylawhile that in
softwood isgalactoglucomannan or arbinoglucuronoxylam.addition the different ratio
of hemicelluloses has been observed eveheatell wall layers(Table5).2* Xyloglucan
is the most abundanbemicellulosestructure in primary walls of dicots whereas
glucuronoxylan ispredominantin the secondary cell wall of dicots.In commelinid
monocots inclushg grasses, glucuronoarabinoxyl@the major hemicellulosein both

cell walls.

Table 4 The majothemicellulose components softwood and hardwood®+%®

Compostion

Wood . Amount
. Hemicellulose type (% on wood) Moo DP
typ ? Unit J Linkage
ratio
B-D-Manp 4 1—>4
B-D-Glcp 1 1—>4
Galactoglucomannan 10-15 8.D-Galp 0.1 1—>6 100
Acetyl 1
sw B-D-Xylp 10 1—>4
) 4-0-Me-a- 2 1—>2
Arabinoglucuronoxylan 7-10 D-GlcpA 100
B-L-Araf 1.3 1—>3
B-D-Xylp 10 1—=>4
4-0-Me-a- 1 1—>2
Glucuronoxylan 15-30 D-GlepA 200
HW Acetyl 7
B-D-Manp 1-2 1—=>4
2-5 200
Glucomannan B-D-GlcpA 1 1—=>24
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Table 5 Occurrencef hemicelluloses in primary and secondary cell walls of p&nts.

Amount of Dicot walls Grass walls Conifer walls
Polysaccharidein cell
wall (% w/w) Primary Secondary Primary Secondary Primary Secondary

Xyloglucan 20-25 Minor 2-5 Minor 10 -2
Glucuronoxylan - 20-30 - - - -
Glucuronoarabinoxylan 5 - 20-40 40-50 2 5-15
(Gluco)mannan 3-5 2-5 2 0-5 - -
Galactoglucomannan - 0-3 - - +b 10-30
B-1,3 or 1,4-glucan Absent Absent 2-15 Minor Absent Absent

4 - absent or minof+ : present but quantitative data not available.

Other thancellulose and hemicellulosethe cell wall also contains other carbohydrates
such as sucrose, fructosglucose and starch These sugarsategorized as soluble
carbohydrateaccount fora much smaller amount afarbohydrate compared to cellulose
and hemicelluloses. Theiortions in biomass varyepending on their origin and source.
For example Sunburs switchgrass stem contairisree tines more sucrose than starch
(2.86% to 0.88%Yvhile switchgrasseavecontainsseven times more sucrose than starch
(2.87% to 0.41%3’ Differently, Cavein-Rock switchgrassontainsthe concentrations

of sucrose (2.7%)glucose(0.6%), fructose (0.6%) and starch (0.5%).

2.2.2.3Lignin

Lignin is the third macromoleculen lignocelluloseand plays an important role as
matrix material which binds the polysaccharide microfibrils and fibers, resulting in
increasing the strength and rigidity to the plant stem for vertical grdwttignin also

plays an important biological function in the planttection against foreign invasion by
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impeding penetration of destructive enzymes through the cell*Wall.Lignins are
composedmainly of three phenylpropane monomepshydroxyphenyl (H,p-coumaryl
alcohol) guaiacyl (G, coniferyl alcoholgndsyringyl (S, sinapyl alcoholynitsin Figure
11" Compositionand contentof lignin vary depending onits origin and type of
lignocelluloe. For example, gymnosper(ne., softwood)ignin is derived mostly from
G-type monolignol while angiosperiie., hardwood)ignin is derived mostly from &
and Stype monolignolswith trace of Htype monolignal*”® Grass lignin (e.g.,
switchgrass) is derived mostly from @nd Stype monolignols withsignificantamount
of H-type monolignol. @ssalso contains significant levels gf-coumaricand ferulic
acid (Figure12), whichis involved in crosslinking to lignin and hemicellulosemplex
The H and G contents of the lignim Scots pine (softwoodare 2% and 98%,
respectively while the G and S contenis Populus (hardwood)are 41% and 59%,
respectively The H S, andG contents of the lignim switchgrasare8%, 51%and49%,
respectively Softwood generally contasrabout 2535% ligninand hardwood contam

18-25% lignin”®

OH OH OH
F F F
OCH3; H,;CO OCHj
OH OH OH
p-Coumaryl alcohol  Coniferyl alcohol Sinapyl alcohol

Figure 11 The three common monoligndfs
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0] OH 0] OH

OCH,

OH OH

p-Coumaric acid Ferulic acid

Figure 12 Structure ofp-coumaric and ferulic acid

Lignin precursorsare polymerized viaadical coupling reactions resulting in three
dimensional complex, amorphous, and phenylpropanoid macromoleétlefRadial
reaction is initiated by oxidation of the phenylpropane phenolic hydroxyl gmehich
forms a resonance stabilizegiinine methide radicaintermediate(Figure 13).* The
radical electron occurs at different positions, allowing the several diffetentnmonomer

linkages via radical polymerization.

OH OH OH OH OH
o
M,. - - -
R, Ry R, Ry R, R, R, Ry R,
0 0 0 0

OH
R=CHsorH Og-radical Cp-radical Cs-radical C,-radical

Figure 13 Resonance stabilized phenoxy radical during lignin biosyntfisis.

Thereby many different types ointer monomeiinkages are commonly found in both

softwood and hardwoofFigure14). For examplep-O-4 andb-5 linkages would lead to
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a leaner polymer which is branched via subsequent nucleophilic attack by water, alcohol,
or phenolic hydroxyl groups.Thoughthe many pasible couplingpathwaysbetween
monolignol exist for producing macromolecylehe mechanism forbiosynthetic
regulation is not fully discovered yet. However, evidencematromoleculen lignin has
been empirically discovered. For examplgpital propotions of lignin linkages in

softwood and hardwood assmmarizedn Table6. **">"® Typical proportions of lignin

54,77
8.

linkages in poplar and switchgrass are alsmmarizedn Table7-

p-aryl ether Phenylcoumaran Resinol
(B-O-4) (B-5"70-0-4") (B—p"/a-O-y")

Dibenzodioxocin

(5-5'/B-0-4"/ct-0-4") (B-1) (B-BY

6

RN

) 4
3

OCH4

(4-0-3" Biphenyl
(5-5Y

Figure 14 Common ignin linkagesn softwood and hardwodignin.*> > 7
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Table 6 Proportionof different types of lignininkagesin softwood and hardwoad.

Percentage of total linkages

Linkage Type

Spruce lignin (%) Eucalyptus lignin (%)
B-0-4' 45 61
a-0-4' 16 n.d.
B-p' 2 3
B-5' 9 3
5-5' 24-27 3
B-1' 1 2
4-0-5' n.d. 9
Dibenzodioxocin 7 n.d.

Table 7 Proportions oflifferent types of lignin linkages ipoplar*.

Number per 100 Ar

Structure
P. Tremuloides Michx. 10-1 P. Tremuloides Michx. 16-2

B-1 10 9

Pinoresinol 8 9

Dibenzodioxcin 0 1
B-0-4 56 68
Methoxyl group 133 142
Side chain 306 304
p-hydroxyphenyl 11 10
Oxygenated aomatic 201 200

* Quantitative’*C NMR data
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Table 8 Proportionsof differentfunctional groupof lignin linkages inswitchgrass*

Number per 100 Ar

Functional Group

Alamo Kanlow

C=0in spirodienone unit 2

C=0in aliphatic COOR 22 39
C=0in conjugated COOR 17 20
C,in H unit 107 7
C,/C,in G unit, C;/C.in S unit, C_ in cinnamate 171

C,in G, S, H units, C, in S unit, C, ;in H unit 217

Cqin G unit 44 43
C; in G unit, C55 in H unit, Cgin cinnamate 85 75
C,in G unit 44 40
C,/C;in S unit 70 64
CsinB-0-4,C,in B-5and B-p 35

C,in B-5 and B-0-4 with C,.=0 in G and S units 39 39
C, in B-O-4 without C,=0 Methoxy 99 91
Cgin B-B, Cy in B-5 10 13

* Quantitative’*C NMR data

Many different types ofignin polymerizationpathwaysresult in a highly branched
macromolecule Weight average of molecular weight (Mw) of isolated lignin in
softwood and hardwoodhas been estimated at ~200@dd slightly low, while
polydispersity of ligninwas calculated as 2.5 and 3&spectively’® Based on the inter
linkage proportionand its structural analysis, a model structure of hardwood lignin has

been proposedr{gure16). "#"°
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Figure 15 A structural modefor softwoodlignin.”
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Figure 16 A structural modefor hardwoodignin.”

2.2.2.4Lignin -carbohydrate complex

Lignin-carbohydrate complexes (LC)Care heterogeneossructures found in many plant
species.Lignin is directly or indirectlyoound covalently to carbohydraténich presents
asa complexstructure in biomas¥. LCCs can be isolated as wassiubleentities and
divided into threeclasses based on molecular weightignin carbohydrate bonds are
presumed to exist in higher molecular weight ligfracctionswhich are water insoluble.
In softwood LCCs, carbohydrate portionsire mainly composed ofgalactomannan,
arabine4-O-methylglucuronoxylan, and arabinogalactaimch linked to lignin at benzyl
posiions®*®? However, hardwood and grass LCGse exclusivelycomposed ofi-O-
methylglucuronoxylan andarabine4-O-methylglucuronoxylan, respectively Four

major types of native ligniecarbohydrée bonds have been proposed: benzyl ethers,
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benzyl esters, phenyl glycosides, and recently, acetal linkggpgel7). Amongmany

different types 6LC bonds have been proposed, but most evidence existshiar and

ester linkageshown inFigure17.54%°

I
L
"o o 0 C
(o}
OH
H;CO )
0] OH |
o e Xyl— xyi
Benzylether LC -bond Benzylester LC -bond
L OH
~
o CH,OH
b
o 0 0,
0
CH,OH )
0 0 OH !
o OH
H 0
OH
Phenyglycoside LC -bond Acetal type LC -bond

Figure 17 Proposed types of lignin carbohydrate linkages
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The biosynthetic pathway for the ether and ester typdéigroh-polysaccharide covalent
bonds has beeproposed to involve a nucleophilic addition of the hemicelluloses to the
quinone methide intermediat®ormed from the dehydrogenative polymerization of

coniferyl alcohof*3#°

From quantum mechanical calculations, the coupling between
phenoxy radicals anoradicals are most favored, therefore £@-4 linkage in lignin is

the most abundant linkag&he formation of th®-O -4 linkage leads to a formation of a
quinone methiddike structure as shown fi. The U-position is now an electrophile, and

it can be attacked by water, alcohol,carboxyl groups which lead to the formation of
benzyl alcohols, benzyl ethers, ahdnzyl esters. The biosynthesis of ested ather

LCC linkages has been proposed, thé biosynthesis of glycosidic and acetal LCCs is

not fully discovered yet
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2.3Biomass recalcitrance andPretreatments

2.3.1Biomass recalcitrance

The inherent properties of lignocellulodibmassmake them resistant tteconstruction
from microbes and enzymeseferred to as biomasecalcitrancé®® The structural
heterogeneity and complexity of plant cell wall made up of a matrix of cellulose and
lignin bound byhemicellulosechains are believed to contribute to biomass recalcitrance,
reducing and/o retarding cellulase accessibility Eigure 19).3%° To decrease the
recalcitrance of biomasand make the cellulose in thignocellulosic biomassnore
susceptible to digestion by cellulase enzynmstreatments required®®® Therefore,

the primary goal of the pretreatment process is to remove ligimd hemicellulose,
reduce the crystallinity of cellulose, amdcrease the porosity of the lignocellulosic

materials.

Cellulose

Figure 19 Schematiacliagram ofthe secondary cell waf.

Particularlythe chemical and physicaharacteristics gplant cell wallare considered as

major factors for biomass recalcitrance: particle size/surface area, cellulose crystallinity,
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degree of polymerizatio(DP) of cellulose hemicellubséelignin/LCC contentstructure

and degree of hemicellulose acetylattdff®® First, of the efficiency of enzymatic
hydrolysisto glucosepartially depend on the surface area of the lignocellulosic biomass
becauséhe reaction takes place underterogeneousondition(e.g, solid biomass with
liquid enzyme). Many studies reported thtte larger surface area can positively affect
the rate of enzymaticcellulose hydrolysisby increasing enzyme absorptiGh®
However,surface are@annotsolely explain biomass recalcitranc&or this reasonit
often requiresnultistep pretreatment processes instead of a sipgireatment process
such as milling or grindingSecond cellulosecrystallinity is strongly related tthe rate

of enzymaticcellulosehydrolysisbecauséhe strong interandintra-hydrogenbonding in
crystalline cellulose resistsnzyne attack™® Therefore,low-crystallinity regions of
cellulose (e.g.amorphous regions) are the primary tarfgetenzyme attaclkand readily
digestible Third, cellulose DP is alsorelated to the rate of enzymatmellulose
hydrolysis becausthe number of reducingnd per cellulose micrbrils hasa higher
chance to meeexoglucanase¥® Therefore, the lower DP of cellulosafluences
higher activity of cdulose deconstructionFinally, hemicelluloses and lignioontent in
lignocellulosic biomassrenegatively correlated with the yield of enzymatic hydrolysis
Lignin partially acts asan inhibition compoundand hemicellulosesmake a physical
barrier that restricts enzyme access dellulose coré**®®®  Thus, emoal of
hemicelluloses exposes the cellulose surface and increases enzyme accessibility to the

cellulosemicrofibrils.
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2.3.2Pretreatments

Pretreatmenprocess in lignocellulosic biomass fer the structuralbreakdownof the
plant cell resulting inredueng biomass recalcitrance lecreasinglegree of cellulose
crystallinity, partially increagng the amorphous cellulosdraction, and solubilizing

hemicellulosesand lignin (Figure 20).2%8%1°

Hence, the pretreatment process is
considered as one soloi for producinglignocellulosicbioethanol with lowcosts and
high productivity. However, there is no wersal pretreatment procetssdate because of

the diverse nature of different biomass feedstocks.

Native cell wall Pretreated cell wall

LCC
cleavage

Increased Cellulose

porosity decrystallization
Hemicellulose Coalesced
solubilization lignin

Figure 20 Schematic diagram of the effect of pretreatmewin lignocellulosic

materias 1°*

A large number of pretreatment approaches have been investigated on a wide variety of
feedstock types, which are typically divided into physical, chemical and biological
applications Table9).>1 A combination of the different pretreatment methods such as
physical and chemical pretreatments is frequently used in order to maximize pretreatment

effects.  Physical pretreatments (e.g., milling) typically enlarge the surbéce
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lignocellulosic biomass$n orderto increaseenzymeabsorptionor further pretreatment
accessibility but the performance is economically poor. Biological pretreatment has
been considered aan environmentally friendly approaclbecause it requires low
chemical and energy foerhancing enzymaticellulose hydrolysis in lignocellulosic
biomass Biological pretreatmentssing microorganismssuch asfungi can selectively
degrade ligninhemicelluloseand very little of cellulosé€®® Lignin degradation by white

rot fungi occurs through the action of ligrilegrading enzymesuch as peroxidases and
laccases®® Therefore it seems to be conceptually ideal pretreatment method, but the
controllable cost effective,and rapid system is not discoveréml date Chemical
pretreatments are carried outdolubilize, in parthemicellulosesand/or lignin, and are

the most promising method to d&fe Pretreatment metholks to be selected based on
the substratandthe desired ed-product balancing witlkeconomicvalue. In this review,

the selected leading pretreatment methods are briifigussed acid pretreatment,
hydrothermal pretreatment, ammonia fiber explosmetreatment and organosolv

pretreatment.
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Table 9 Lignocellulose petreatment methodmd fractionation technologié

glOO

Pretreatment methods

Processes

Physical Pretreatments

O Milling
O Hydrothermal

W Extrusion

1 High pressure steaming

W Expansion

L Pyrolysis

Physicochemical
&

Chemical Pretreatments

U Explosion
e Steam explosion
e CO2 explosion
e SO2 explosion
® Ammonia fiber
explosion (AFEX)

O lonicliquid

U Oxidizingagents

O Acid

o Sulfuricacid

e Hydrochloricacid
e Phosphoricacid
e Sulfur dioxide

O Alkali

e Sodium hydroxide
e Ammonia
¢ Ammoniumsulfite

Biological Pretreatments

L Fungi

O Actinomycetes

2.3.2.1Acid pretreatment

Acid pretreatment has be@onsidered as one ofiost effective methods for rendering
lignocellulosic biomass amenable to fermentaffii® Dilute acid pretreatment
effectively releasediemicelluloses mosty xylan up to 90% as forms of mono or
oligosacharidesand small amount olignin under moderate conditio(e.g., (0.52%
H,SO,at 121-160 °C for a few minutes'® Therely, the celluloseis moreaccessibléo
enzyme resulting in the significant improvement of enzymatic cellulose hydrolysis.
Dilute sulfuric acid (HSQy) is commonly used and widely effective for different types of
biomass such agoplar switchgrass, corn stover, and spriffé® However, this
method requirespH neutralization andgenerates inhibition compounds for the

downstream enzymatic hydrolysis**® The inhibition compounds are generated from

sugar and lignin degradatida furfural, 5-hydroxymethyl furfural (HMF) and phenolic
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compound(e.g, pseuddlignin), which are mostly obtainednder severe pretreatment
condition™®*'**> For example, everalstudies have found that the adigoluble lignin
content of dilute acid pretreated material is often higher than that ofstheting
material’® Sannigrahi et alalso reportedhat pseuddignin canbe generated from
carbohydrates without significanbntributionfrom lignin during dilute acid pretreatment,
especially underhigh severity pretreatment conditiol In addition equipment
corrosion and acid recovery are additional drawbackso vyield low inhibition
compoundsand high hemicellulos&/lignin recovery it is necessary to optimize the
pretreatment condition which imathematicallyrepresented as the combined severity

factor (log CS) calculated as:

Ry =t Texp[(T, - T;)/1479 1)

logCS=IlogR, - pH

whereRy is the severity factort is the reaction time in minutesyTis the hydrolysis
temperature ifC, and |k is a reference temperatureReactor desigralso plays an
important role likethe selection of operating conditionsin order to maximize
pretreatment efficiency different types of reactors have been introduced such as batch,
continuous flow, percolatigrand shrinkbed reactor$'’ For example,tie batch reactor

is used forlow temperature batch process with high solasding while the continuous

flow reactor is used for high temperature reaction with low solid loddidpifferent

kinds of acid beside sulfuric acid have been applied as alternative methods to enhance
cellulose hydrolysis such as triflulororacetic acid (TFA), hyttokc acid, nitric acid,
fumaric acid, and maleic actd® For example, maleig fumaric, or TFA acid

pretreatment resulted in higher yield of hemicelluto@milar to 70% yield from the
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hemicellulose fractionjith less amount of thenhibition compoundsat 150 °C at pH

1.65 TFA is considered aghe mildest acid for pretreatmentleading to limited
monosacchariddegradation among the aqdetreatment.However, TFA solvent is not
generally used due to the high commercial pricesalvents. Typical pretreatment

methodsandtheir featuregeported in the literature adescribed inrakde 10.

2.3.2.2Hydrothermal pretreatment: Steam explosion and Liquid hot water

Hydrothermal pretreatmef.g, steam explosioor liquid hot watey is widely employed

for lignocellulosicbiomass whichis subjected to pressurized steam or hot water for a
certain periodof time (e.g., 160-260 °C correspondingpressure 0.64.83 MPafor
several seconds to a fewinuted.'® Hydrolysis reactiorwith no chemicaladditiveis
catalyzed by the release of situ organic acids (i.e, aceticacid) generatedrom acetyl
functional groupsassociatedvith hemicellulosest high temperatur€® This results in

the breakdown of glycosidic linkages in hemicelluloses ahithe b-O-4 ether bonds in
lignin, solubilizingin liquid fraction as shown irFigure21. Hydrothermal pretreatment
provides reasonablehemicelluloses recovery angartial lignin depolymeriation at
moderate contion. In addition hydrothermal pretreatmempirovidesmultiple benefits

such as low yield of the inhibition compounds, no corrosion of the equipment, no/less
chemical requiremertt® However, this method is limited to use for softwood biomass
due to lack of acetgted hemicelluloss in softwood*? To increasehemicelluloss
recovery, decrease the production of the inhibition compounds, and extend application to
softwood, acid catalyst has been introduced alterndyivé® SO,-steam explosion

pretreatmentalternated from steam explosigetreatmentoy the addition ofdilute
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sulfuric acid allows shorter etention time andower reactiontemperatur¢éo maximiz
hemicellulose hydrolysis witteduction of the inhibition compound production compared
to normal stem explosion pretreatméerit.!** Moreover, it can be used for softwood
biomass rgarded as one of the most effective pretreatment méthotlvithout acid
catalysis, alternative steam explosion and liquid hot water (LHW) have been also
introduced by modifying pretré@ent process in order to overcome their drawbacks. For
example, twestep steam explosion pretreatmehtides heating temperature intavo
phase: low temperature for hemicelluloses hydrolysis and heghperature for cellulose
disruption*®* This alternativeprocess offers some additional advantages such as higher
ethanol yieldswith lower enzyme dosages during subsequent enzyncaticlose
hydrolysis'® Typical pretreatment methodand their features reported in the literature

aredescribed infade 10.
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Figure 21 Acid-catalyzed hydrolysis of xylan
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2.3.2.3Ammonia fiber explosion AFEX) pretreatment

AFEX pretreatment useBquid anhydrous ammonigl-2 kg ammonia/kg biomaks
exposed to biomass at mildmperaturg< 100°C) and high pressurd.7-2.0 MP3 for
few minutesand then the pressure éxplosively released simdr to stem explosion
pretreatment®?®  The rapid expansion of ammonia gas at the end of pretreatment
causesthe swelling andphysical disruption of lignocellulosic biomaseesulting in
decreasing cellulose crystallinity and disrupting ligoarbohydrate linkag€’ However,
only a small amount of hemicelluloses and lignins@ubilized due to ammonia
vaporizatim. The advantage of AX pretreatment is very low formation of inhibition
compounds, full recovery of loading solid material, and lower moisture cditeithe
AFEX pretreatment is more effective on agricultural resicares herbaceous crop®.
AFEX is limited for high lignin content material such as woody biomt&s©ther issues
includethe requirement of themmoniagasrecoverysystemto reduce th@peratingcost
Typical pretreatment methodsdtheir featureseported in the literature adescribedn

Talde 10.

2.3.2.40rganosolv pretreatment

Organosolv pretreatment uses organic or orgagigeoussolvent mixtures in order to
solubilize lignin and hemicellulosein liquid phase, resulting imncreasing cellulose
digestibility*® Numerous organic solvent mixtures such as methanol, ethanol, acetone,
ethyleneglycol, triethylene glycol, and tetrahydrofuryl alcohol, have beenutilized

with an inorganic acictatalystsuch as sulfuric or hydrochloric acid in order to obtain

significantimprovemenof hemicellulose hydrolysi§® Organic solvents solekemoved

40



lignin at high temperatur@bove 185C), but very lowyield of xylosewas obtained*
Thus, aganosolvpretreatment combined witacid hydrolysisallows the separation of
hemicellulose and lignin in atwo-stage fractionatignresulting in Igh lignin removal
(70%) and minimuncellulose loss (less than 296 The advantage of therganosolv
pretreatment is the recovery of pure lignin which can be used for valuaptedacts'*
However, organic solvent has to be separated duts tohibition role atdownstream
enzymaticcellulose hydrolysis.In addition, organic solvent has to be considdmete
reused due to the high commercial price of solvEftsTypical pretreatment methods

andtheir featuregeported in the literaturaredescribed inrade 10.
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Table 10 Selected pretreatment methods and typical condititns.

Methods Procedures/Agents Remarks Examples of pretreated materials

0.75-5% H,50,, HCl, or HNO,

pH neutralizationis required that generates gypsum as a residue Poplar wood
p ~ 1 MPa: continuous process for Low solid load
. . >80% hemicellulose hydrolysis, 75-90% xylose recovery Bagasse, corn stover, wheat straw, rye straw,
Dilute acid pretreatment (5-10 wt% dry substrate/mixture): T = 160-200 °C.
Cellulose depolymerization occurs at certain degree rice hulls

batch process for high solids loads (10-40 wt% dry

High temperature favors further cellulose hydrolysis, but inhibition compounds occurs  Switchgrass, Bermudagrass
substrate/mixture): T= 160-200 °C

Poplar, aspen, eucapyptus

High solids loads
Saturated steam at 160-290 °C, Softwood (Douglas fir)
Size reduction with lower energy input compared to coomminution

Steam explosion p ~0.69-4.851 MPa for several sec or min, then Bagasse, corn stalk, wheat straw, rice straw,
80-100% hemicellulose hydrolysis, destruction of a portion of xylan fraction, 45-65%
decompression until atmospheric pressure barley straw, sweet sorghum bagasse, Brassica
xylose recovery
carinataresidue, olive stones

Addition of H,S0,, SO,, or CO, improves efficiency of further enzymatic hydrolysis
Cellulose depolymerization occurs at certain degree

Lignin is not solublized, but it is redistributed
Timothy grass, alfalfa, reed canary grass
Liquid hot water Pressurized hot water, p > 5 Mpa, T=170-230 °C, 80-100% hemicellulose hydrolysis, 88-98% xylose recovery, >50% olygomers
Bagasse, corn stover, olive pulp
(LHW) 1-46 min, solid load < 20% Low or no formation of inhibitiors
Alfalfa fiber
Cellulose depolymeriation occurs at certain degree

Further cellulose conversion >90%

Partial soubilization of lignin (20-50%)

Ammonia recovery is required Aspen wood chips
0-60% hemicellulose hydrolysis depending on moisture, >90% olygomers Bagasse, wheat straw, barley straw, rice hulls,
Ammonia fiber explosion 1-2 kg ammonia/kg dry biomass, 90 °C, 30 min, No inhibitors formation corn stover
(AFEX) p=1.12-1.36 MPa Cellulose depolymerization occurs at certain degree Switchgrass, coastal

Further cellulose conversion can be >90% for high-lignin biomass (<50%) Bermudagrass, alfalfa
10-20% lignin solubilization Newsprint

Orgnic solvents (methanol, ethanol, acetone, Solvent recovery required

| ethylene glycol, triethylene glycol) or their Almost total hydrolysis of hemicelluloses, high yield of xylose Poplar wood
Organosolv mixture with 1% of H,SO, or HCl; 185 °C, 30-60 Almost total lignin solubilization and breakdown of internal lignin and hemicellulose Mixed softwood (spruce, pine, Douglas fir)
min, pH =2.0-3.4 bond
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2.4 Advanced imaging analysidor lignocellulose

To improve the detailed knowledge of plant cell wall #sdhangeduring pretreatment

or deconstruction procesereis a demand for advanced analytical methods békile
conventional biomass laboratory analytical techniques. Thus advancedimaging
techniqueshave been recently highlighted and expended in the lignocellulosic biomass
characterization.Imaging techniquesgisualizethe chemicaland physical chang®n the
surface of plant cell wallesultingin an insight intothe selection of more appropriate
feedstockpretreatment combinatisnor the optimization of processes.This section
discusseghe resultingspectroscopic (e.gRaman and IRand microscopialata(e.qg,

AFM, EM, and SMS) Specifically, he maging mass spectrometig/fully described in

Chapter 3.

2.4.1Spectroscopic imaging analysis

Ramanand infrared (IR}spectroscopy provide characteristic fundamental vibratios of
particular molecular structuravhich is obtained fronthe transition in vibrational and
rotational energy levels of threolecule on absorption of radiatioh Raman spectroscopy
involves inelastic scattemgnwith a photon from a laselight source, whereas IR
spectroscopy involves photon absorption vétimolecule excited to a higher vibrational
energy level. In addition, Raman scattering depemasthe changes the polarizability
and IR absorption is basexh the ©ianges in the intrinsic dipole moment3herefoe,
both provide complementary information afsample with respect to the molecular

vibration, providing both quantitative and qualitative moleculaformation Both
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techniques have been used &malyzinga variety oflignocelluloseswith a capability of
chemical mapping and imaging for the lignocellel®’s***> Features otheseimaging
techniques are chemical specificitythout taggingabels noninvasiveness, high spatial
resolution, and redlme monitoring capability Thus both have been developed as an

important tool for biomassharacterization

In the effort ofthe applicationof Raman microscopyor lignocelluloses last decade
cellulose and ligninsignals can be clearly distinguished without iaterferenceof
hemicellulose signals. In additioahigher spatial resolutigr 1um) can be achievebly
modifying a laser source in confocal microscopydeavhich cardistinguishmultiple
plant cell wall layers (e.gsecondary cell wall and middle lamelfd§'®” Gierlinger et al.
has demonstratedspatial distribution of lignin molecules ia crosssedion of poplar
sampleusing the high resolution confocal microscdpy. The lignin moleculeswere
preferentially located in theniddle lamella and the cell cornens a crosssection of
poplarsample Recently new techniques by modifying Raman microscopy have been
employed to acquire the high resolutisignals which are orders of magnitusteonger
thanspontaneouRaman scatteringignalsin biomass. There are two statkart Raman
microscopes: one is coherent aftokes Raman scattering (CARS) microscopy and
another is stimulated Raman scattering (SRS) microsEpy. CARS has been adopted
with a nonlinear optical procesgich is utilized withtwo laser beamsa pump beamand

a Stokes bearlf® Two beams interact witta sample and generate a coherent aapti
sigral at the antStokes frequencyThe signal then,is resonantlyenhanced when two

frequenciegant-Stoke and Raman resonancejncide Ding et al. introduced CARS
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microscopy to visualize spatial lignin distributionsaicell wall from bothwild-type and
lignin-downregulated Alfalfd*®® CARS microscopyis also used tomonitor dynamic
change of ligninduring microbial digestionof poplar sample SRS microscopy is
technially similar to CARS microscopy, buBRS microscopy has an advantage of
detecting nofresonant electron background which alladetectingcellulose in biomass

as well as lignin. In addition, characteristic signals are observed at the same frequencies
of spontaneous Raman scattering, allowing spectral assignment easy by theecic

library.

Fourier Transforn{FT) IR microscopyequippedwith afocal plane array (FPA) detector
allows rapid chemical mapping over large arewaith decreasing spectracquisition
time!* In FTIR microscopy, characteristic signals suchdiferent oligosaccharides,
lignin, and proteinare weltdefinedanda sample spectruns readily assignetiased on
unique spectral berd**** However, FTIR microscopy imited to spatialresolution

due to long wavelength of infrared radiation and reduced penetration depth in high water
content substrate.Yin et al. has demonstrateBTIR microscopyfor investigaing the
effects of the chemical chang@s spruce wood lumbeduring steam prereatment

monitoring the secondary cell wall degradattéh

2.4.2Microscopic imaging analysis

Microscopic techniques have been traditionally, commonly applied to utaars
morphologyand ultrastructure of plant cell walMost common microscopic techniques

areatomic force microscopy (AFM)scanning electron microscopy (SEM), transmission
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electron microscopy (TEM), ankght/opticalfluorescentmicroscopy Each technique
hasbeen improvedor betterunderstatingnorphological feature of plant cell wdtom
micrometer tonanometer scalaesulting inproviding multimodal information such as

threedimensionaktructure occompositional properties

AFM is a member ofthe scannegroximity probe microscopy,i.e., scanning without
surface contagctwhich representhigh resolutionsurfacetopographyunder nanometer
scale Briefly, a microcantilever with anananeterscale tip scasha sample surfacand
the c& p e c bfithe migocantileveraremeasured bynultichannelphotodiode detector
AFM has been usetb measurghenananeters c al e c el | u bmotlesurfacei cr oy b
of plant cell wall resultingin understanding molecular structure gdlart cell wall**>*#
For examplecellulosemi c¢ r o gtlprimiary cell wall in native plantvere observedas
smaller, uniformly distributed, and highparallel, whereathe microfibrilsin dried plant
cell wall wereaggregated, disorganized, and twistet® Theseresuls suggest that the
dehydration processes couddter microfibril structure and arrangemeat primary cell
wall. Ding et al.also proposed a new molecular mod#l the cellulosemicrofibril
configuration in plant cell wall usingigh-resdution AFM.**® With modifying systemor
alternative tipAFM canprovide rich information such gmrosity, granularity, elasticity,
density, and morphologin plant cell wall For example modesynthesizing atomic
force microscopy (MSAFM) ultrasoniecbased atomic force microscopyhas been
employed for biomass characterizatiof->> MSAFM allows the probe and sample to
engage in nonlinear mechanical interactisjch is collectedoy a mode synthesizing

sensor. Then, the signaprovides multiple information such assubsurface mechanical
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propery and high resolution topography Tetard et al. reported that oxidative
delignification process caused significant change in middle lamelé&aavaosssection of
poplar samplet®® In addition, cell wall multilayer showed different mechanical

properties (e.gYoungs modulus) irpoplarsamples®?

Electron microscopy such as SEM dENI has been widely used fetructuralanalysis of
biomass due t@ capability of thehigh spatial resolution imagg. Narmometer scale
images allomunderstandinghe orientation omicrofibrils or the degrees of porosity of
the membranes irplant cell walls$?******* |n particular, environmentamode SEM
(ESEM) developmentin recent years has enablddgh resolution morphological
information on fully hydratedissues of lignocellulosic biomasS®> ESEM allows the
examination of practically any specimen under any gaseous conditesdting in
imaging in wet and nogonductive system.Hamm etal. has demonstrated ESEM to
observean effect of thermal dehydration on wood sters.Electron tomography (ET)
providing a threalimensional (3D) structure has been introduced in biomass
characterization®®**’ ET is based on the acquisition miultiple projectionimages (100
200) obtainedfrom tilted ande framesby TEM. Then, hese projections are aligned and
combined,generatinga 3D reconstruction of the original objectET has showed the
orientation of cellulose microfibrils artthe arrangement of lignin and hemicellulosas

secondary cell wall afadiatepine™’

Light or optical microscopy is easy to access but is limited by the spatial resolution which

158

is constrained by the diffraction limit of visible light (~200n) Thus, several
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microscopictechniques have beercentlydevelopedwith increasimy spatialresolution
up to 50 nm: stimulated emission depletiq® TED), reversible saturable optical linear
puorescencetransitions (RESOLFT) microscopy, saturated structui@gmination
microscopy (SSIM), stochastic opticedconstruction microscopy (STRM), andtotal
internal reflection fluorescence microscope (TIRER?)® These techniqueseferred to
assingle molecular spectroscopy (SM8je used to detect interaction betweémnt cell
wall polymers,cellulolytic microbes, and enzymes order to investigata molecular
dynamicand kinetic'® For example SMS utilized with puorescentagging materials
captures transienhtermediates and provides direct information on the distribution of
physical properties of a single molecule in a highdyerogeneous systenbing et al.
reported a capability of single moleculardetectionand mappingt the molecular level
of resolutionwhen thetaggedcarbohydratéinding modules (CBM) probed and detected
a target moleculen thesurfaceof plant cell wallby TIRF microscopy®® SMS images
are frequently compared with other high resioin imaging techniquesuch as TEMor

AFM.
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CHAPTER 3

LITERATURE REVIEW B: IMAGING MASS SPECTROMETRY

Imaging mass spectrometiyMS) is a powerful techniquecombining the chemical
specificity and parallel detectiorof mass spectrometry with microscopimaging
capabilities'™®® The ability to simultaneously obtaghemicalimagesfrom all analyten
sample surface provides spatial distribution of interesting species from atomic to
macromolecuds and their chemicabrganization In addition,the chemical image can be
correlatel with physical feature¥?'®® There aregenerallytwo typesof imaging mass
spectrometry based on the method @ssnga sample and generatirsgsurface image:
secondaryon mass spectrometry (SIMS) and matussisted lasatesorption/ionization

(MALDI) -IMS techniques

The first type of imaging mass spectrometry, SIMS, generates secondary ions using
bombardmenbf an accelerategrimary ion (P1) on the surface of sampl&¥. On the

other handMALDI -IMS usespulsed laser to desorb molecuessociated witla matrix

from samplesurface'® Ejected secondary ions or matdssociatedragmentions are
simultaneouslydetected by a timef-flight (TOF) mass spectrometry and mapped as an
ion image across the sampfé. Both MALDI and SIMS imaging provide spatial
information about different classes of tmaterials on sample surfacé-or this reason,
bothimaging techniques aiacreasingly used to investigate a wide variety of chemical
within biological systems at tissue and single cell le¥ls.Both techniquesare

complementary with respect patial imaging resolution, massdetectionrange and
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degree ofsurface damage by ionizatigmocess®’ In terms of thespatial resolution,
SIMS cangenerate@-dimensional2D) chemicalimagesat micron to 100 nm level while
MALDI provides relatively lower spatial resolution images at ~ub@*°**"® Comparng
the range of mass detectjoMALDI has a capability to detect large molecules
(theoreticallyunlimited) but SIMS can detect relatively lowmeiass species due to very
low secondary iorefficiency above m/z 1000:%*'%” |n terms of 3dimensional (3D)
imaging capability, SIMSequippedwith dual beams (primary and sputteeams) can
generaten situ 3D chemical image as well as depth profilimthereas MALDI requires

seriesof sectioned samples to generate a 3D chemical ilatfé

The advantage dMS is that bothtechniquesin common provide versatile information
throughretrospectivalata analysis such as four different modes of interpretation at single
experiment: total ion image, total area spectrum, regions of interest (ROI) spectra, and

massspecific imagesKigure22).'®’

Primary ion beam
or Laser

Total Area Spectrum

. o :
||||| | I||I Chemical map 2
miz p Eo 4
@ e T :

ROI 2 Spectrum

]
Q
-
"]
o
]
g
c
3

Figure 22 Overview of retrospective dapaocess fotwo-dimensional image alysis.
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Total ion imageapproximately shows how many different regions exist and where the
target speciearelocated on the analyzed arebn atotal ion imageall of detected ions
arevisualizedusing pseudaolor scale at each pixeDifferent level of color intensities

at each pixetanbe assumed as different chemical species which can be used for further
MS interrogation Total area spectrumcquiredoy summation of all the ions at the same
massto-chargerangegives an answer how many different chemical species exist within
theanalyzedarea Characteristic signals in the total aspeectrumcan beassigned using
comparison with mass libraries orrtioer experiment (e.gMS/MS in MALDI-IMS).
Once understandintpe number of chemical species in the samfie,interesting species

in ROI can badentified by summation of mass spectrum at each pixelR@d spectra

can be classifiedn all ROI acrossthe surface Finally, a massselected image, the
chemical image of interesting species basethemdentified mass signalsanrepresent
spatial distributioron the surface of the sampl@he number ofnassselected image

can be generated as many as the numbentefestingspecies on the surface of the
sample. This chapterreviews imaging mass spectrometrfyndamenta and teir

applications orignocellulosicbiomass.

3.1 TOF-SIMS: basic principle, instrumentation, andapplications

3.1.1Basic principle

Secondary ion mass spectrome{8iMS) is a highly refined mass spectrometry (MS)
technique specialized for surface analysis by detection adnized particles (i.e.,
secondaryions) on the surface of the sampfé The basicmechanism to generate

secondary ions is that pulsedion beam i(e., primary ion: Pl) with high energy
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bombards amall spot on theurface and the Pl energytransferred to thatomwhich
interacts with neighbor atomseferredto as a collision cascade!®*'®” During the
collision cascade, atoms or molecuteseiving enough momentureturnto the surface
and aresequentiallyejected asither neutrat or ions, referredto as sputtered particke
(Figure 23). Only a small portion of positive or negativerns among the sputtered
particlesareconsidered as secondary iasddetected by mass spectromeeqg, time-
of-flight (TOF) analyzer lonization probability ofthe species idotally bagd on the
nature of the specigsuch as the chemical state of the surface oettveonmentof the

speciesreferred tasmatrix efect *4%’
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Figure 23 Schematidiagramof secondaryion emission process initiated by the impact

of a primaryion on the surface of sampté
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3.1.2Instrumentation

SIMS is generallyequipped with liquid metal ion gun (LMIG) as a primary ionurse
using monatomic, polyatomic, or cluster iondMIG has becomehe standard gun
because of its dlity for rapid submicron imaginy* LMIG is the most importarpart
that can significantly improve the sputter yields especially in organic and larger
molecules.For example, static SIMS suffers from low secondary ion giglacelimited

Pl doseless tharl.0 x 132 ions/cnf is used toavoid chemical or molecular damage

the surface. In addition, gection of brgeorganicspeciesor their fragments from the
surfacehasalsobeenlimited even adynamicSIMS mode which usea continuousPI
beam. For these reasonsgaently cluster ions ofgold (Au,’), indium (In,"), bismuth
(Bi,") and fullerene (') have beendevelopedas LMIG sourcesin order to improve
secondary ioryields, replaing conventionamonatomic ionge.g.,gallium). 1*4%” The
cluster ionsdramaticallyincrease sputter yields compared to conventional monatomic
ions resuing in significantimprovement of secondary ion yieldsarticulaty of high
mass specieskor example, sputtering yields of water molecule from thin water ice film
were calculatedbetween Al and cluster ions bombardment. The result shatvatithe
clusterions generate- 25 times more sputtered particles determined by molecular

164175

dynamics computer simulation (Table 11). Therefore cluster ions have an

advantage for analyzing and imaging biopolymer samples such as cellulose or lignins.
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Table 11 Sputter yieldsof water molecules from ice under bombardment by 20 keV
Au," ions compared with &".*%*

Primaryion sources 2 o
J J (S8 @

Removed # of

100 575 1190 2510
H,0 equivalents

To analyze insulators such as rmynducting organic or biopolymenaterials, surface
charging has to be considered duentwreasingsurface potential bgumulativepositive
primary ions. High potential beyond the acceptdaed of analyzer leads to lose SIMS
spectrum. For this reasoaflooding gun is applied toeutralizethe surfacdi.e., charge
compensation)py irradiating with relative amount of a flux of electrons between PI

intervals in duty cycléFigure24).16417

1 10 m=100 m=1000 1
Spectrum MNMWM\|\mun.l||||| ¥ | ‘

.
0 50 100 ps

Analysis —»l4— <1ns
Gun < cycle time >
Extraction —» «— 5-10 ps ’_‘
SPUter 15-90 s —» -
cCharge 1550 ps > -

Figure 24 The duty cycle of the extractaanalysis gunsputtergun andflood gunsin
TOFRSIMS.*"?
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Emitted secondary ions voyage intnass analyzerby a high voltage potential to
determine theimass asnassto-charge ratio /2.'%*!"® Thereare different typeof
mass analyzetime-of-flight (TOF) massspectromete(MS), quadrupole mass analyzer,
and magnetic secto?*!’® Herein, TOF analyzerwidely equipped with SIMSs briefly
introduced TOFRMS is based on a simple mass separation prindygleime duration
lonized secondary ionsavel from the samestaringposition at the same timend are
accelerated by means of a constant homogeneous electrostatic Tieddvelocity of
accelerated ions, of courserelated tats massto-charge ratio anthetime of arrival(t)

to a detectors used taletermindts masscalculated as

o 112
m
t=L%—9

2
C ZVg @

where L representlength of flight path m, mass of ion;z, charge of ionandv,
acceleration potentidf* Hence, low mass ions will travel faster and hit the detector
before heavier ions TOF analyzer needs to be coupleih a pulsed ion beam due to
separatiorof all the ions by mean of flight time duration. Accordingly all emitted ions
can be detected over the full mass randdéne advantages of TOF analyzme great
sensitivity, widemass range detectioandhigh mass and spatial resolutioompared to

other types of mass analyzer.

The great function offORSIMS is depth profiling which allows measurimgrtical
chemical information such as qualitative chemical composition or 3D ion image from the
surface to subsurface of the sample. To eet@nalyzed layelf OFSIMS isequipped

with a sputter gurusing a focused DC ion beawhich usedow ion energy (1keV ~
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10keV)®” In ION-TOF instrument Dual sourcecolumn (DSC)mounted withtwo
different ion sourcegcommonly cesium and oxygen) is used to erode the surface. DSC
is useful to switch between a thermal ionization ces{@s) source and an electron
impact (El) oxygen sourc@’ The Cs source is used for profiling electronegative

secondary iong/hile oxygen El source is used for profiling electropositive ones.

3.1.3Mode of operation for high massresolution or high spatial resolution

In TOR-SIMS, thereare thenterrelationship between mass resolution, spatedolution

and signal intensitandtherebya mode of operatioas tobe selected in order to obtain
desired information such as high mass resolwmectraor highspatialresolution image.

The masgesolutionprimarily depends on the duration of the'®'®® It is noted that
bunching a pulsed Pl beameferred to asbunched mode, can result in the highest mass
resolution without concurrent loss of ionurtts inTORSIMS (Figure25).1"* However,

the bunched modis often a trade off ithe spatial resolution which is no better thab 2
pum. To improve the spatial resolution by submicron scale, the pulsed Pl beam is
operated under nelbunched modewith narrowing Pl beam, referred tas burst
alignment or collimated mode. However, both {emch modesseriously lose mass
resolution so that close signals in mass spectrum can tsepatateqFigure 25). The

loss of the mass resolution results in a barrief@FSIMS application in bio or organic
materialsbecausehe number of possible interferences for molecular ions can be very
high. To compromise the drawback ehchmode, e.g.low mass resolutiomn non
bunched moder low spatial resolutionn bunched modea seriesof short Pl pulses

(~1.5ns) with nofbunching,referred toasburst modehas been introduced only in IGN
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TOF instrunent  The burst mode, thereby, generatesedesof separatedignals from
one species which can be summed up during mass interpretatidae the high spatial

resolution is kepfFigure25).

(a) Spectral (“Bunched”) mode  (b) Imaging (“Burst Alignment”) mode (c) “Burst Alignment” mode
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Figure 25 Examplesof mass spectiaasecbn operatioal modes:’

3.1.4Two-dimensional (2D) image analysis

Visualizing chemical species with a spatial distribution on the surface of the sample
provides valuable information in many areas, which is a crucial rol€QH#-SIMS.
There are two types dfmaging modes: microprobe (scanning probe) and microscope

modes (Figure26).163178180

Microprobe mode is widely used due to technicaliyplicity and wide comparability
with different type of mass analyze In microprobe mode, a small diameter of P43 &it
spot at the whole region of interest and secondary ionsulrgequentlyollected as a

mass spectrum. Then the sample stagpientiallymoves to the next spot for ionization
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by the Pl and the speumn is recorded in a parallel manri&t. These processes are
repeated until the whole region of interest is scanned. All mass spectra obtained across
the surface of the s#ple arerecorded andeconstructed as the mass spectrometry image
Firstly, the intensity of each spectrum is assigned ugisgudecolor scale and is
displayed in a single pixel which is used to determine spatial resolution. In othex word
spatial inbrmation inside a pixel governed by Pl beam is,lasmajor drawback of
microprobe mode. However, the drawback maybexteriouslyaffected inTORSIMS
image since the image shows tireatesspatialresolutionwith submicron scale among
the other IMS. All species detectedy TOF analyzemrerepresented as total ion image
which is simmation of all of ions in mass spectrumeach pixel. Total ion image is
useful to understand topographic information andedacorrelated with optical/electron
images. Characteristic ions assigned in total mass spe@ranalso mappe@nd
superimposedn the total ion image as many as the number of interesting spdaies.
addition, ROl spectra where the interesting ions amealized in total ion image can be

extracted for furtheanalysis

Microscope mode is technically complex and only comparable with TOF analyzer, but it
provides superior spatiaksolutionwhich is not governed by Pl beafi>#1%° |n
microscope mode, a large diameter Pl beam illuminates the swfabe sample and
emitted secondary ions are subsequently detected via TOF analyzer at a time. The

detector records both the mass information (entensities of the interesting species) and

geometrical position (e.g« and y positios) of each ion.In microscopenode, therefore,
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one image of onen/zcan be generated at a tirmrdthen multiple shots of Pl beam are

repeateds many athe number of interesting species

(a) Microprobe mode (b) Microscope mode

Image reconstructed from - B
position-correlated spectra Position sensitive

I detector
V =EsS Detector
= i / Different flight times of
M

M, M, M, ions of different mass
provides chemical specificity

Different flight times of
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provides chemical specificity M

Focus defines spatial .,
origin of ions. ﬁ )

Figure 26 Schematicdiagram ofthe two approachefor molecular imaging mass

Magnified
molecular images

spectrometry(a) microprobeand (b) microscope mosé®

3.1.5Three-dimensional (3D) image analysis

Unique feature ofTOF-SIMS is three dimensional (3D) MS imaging of the sample
combined with the surface erosion using sputtering proedssh provides vertical and
lateral chemical information from surface to sbface'® The origin of secondary ions
is the outmost one or two atomic or molecular laygitiough the engy of Pl is
distributed wider. As a resuRORSIMS is possibleto characterize ultrasurfacather

thanother techniques (e,0XPS or Ramarspectroscopy®*

A focused DC ion bearaquippedin TOFRSIMS is capable of shallow surface erosion

from several nm tqum so that the new surface below the analyzed surtace be
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revealed®” SequentiaTOFSIMS analysis and sface sputteringllows monitoring of

all interestingspecies simultaneouslyeferred toas depth profiling. The 2D imaging
combined with the depth profiling underetroptimal conditionfor the certain area
removal can allowor 3D image reconstruction3D imaging byTOFSIMS, referred to

as 3D microarea analysisis generally performed under dual beam mode, (i.e.
combination of DC ion beam and Pl beamprderto maintain high mass resolution and
high spatial resolution during 2ZDOFSIMS imaging procss. The advantag of the dual
beam mode is the choice thfe DC ion beam based on the composition or the desired
kinetic energy so that a sputter rate and a penetration depth of the energy cascade can be
controlled. For example, the lower voltage of the DC ion beam is prefemeehit is
desired taminimize the artifact formation artthe surface disruption at the new exposed
surface. In 3D microarea analysis, secondary ions are usually collecteeladively
smallerarea than the etch arbacause secondary ions from the crater edge can reduce
spatial resolution by depth differersceTiming cycle of dual beams for 3D microarea
analysis of insulating matergiheeds to be optimized due to adding a flooding gun for
charge compensationGenerally he surface charge by a DC ion beam in one cycle is not
fully compensate@ven though the flooding gun sgmultaneouly operating This lead

to reducing mass resolution because of an unstable sample potential and adgrgé in
energy spreadf the secondary ionsTo maintain high mass resolutiosingle phase of
charge compensation ieeninserted beforeéhe analysis phase in duty cycle, referred to
as nonrinterlaced modé’’ Briefly in one cycle a DC ion beam initially removes a
certain amount of material for few secsenhile the Pl beamis blanked. Thereaftera

flooding gun neutralizes the surface ibsadiating with a relative amount of a flux of
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electrons prior to Pl beanmradiation SubsequentlyPl beamscans the surface inside the
etch area and theecondaryons are analyzed wlei DC ion beam is blankedn case of
multiple scas between sputtering process, a flooding gun has to be applied at the end of

each scan.

3.1.6Applications of TOF-SIMS in biomass

Initially, TOF-SIMS applicatios were dominated by inorganic material$or
semiconductor researemdlately minerals processingith regards to surface chemistry,
organic contaminants and adsorbatd®©FSIMS application orthe plants began with
the investigation of inorganic species such as calciuniysgar phosphorous agell as
its earlier application on pulp and paper researcheatlier studies ompulp and paper
using TORSIMS have provided basicknowledge such as lignin signal assignment,
resulting in wideningTORSIMS usability for cell wall characterization.Saito et al.
investigatedthe lignin fragment ions and its structure generatedPbyombardmentn
TOFRSIMS. Seriesof prominent fragmentations weraletected and characteriz#dm
the isolated hardwood or softwood ligrfti*®2 Moreover, their structures were
identified usingdeuteriumlabeled synthetic ligninrm/z107 (GH;0") and 121 (gHs0,")
for p-hydroxyphenyl unit§H), m/z137 (GHgO,") and 151 (gH,03") for guaiacy units
(G), andm/z 167 (GH11:0s") and 181 (GHO,") for syringyl units(S). Tokareva et al.
appliedTORSIMS tovisualizelignins, carbohydrate, and metala the sections of aspen
and spruce wood and found theevendistributionof H-lignin and Glignin in cell wall

whereas carbohydrates were uniformly distted’®® InterestinglyTORSIMS was used
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for historical architectue study where TORSIMS image discriminats the

indistinguishable sapwood from theartwoodtollected from amncientconstruction®*

RecentlyTOFRSIMS has been applied on the field of biofuel and biomass reseduaip.

et al employedrOFSIMS to characterizéhe surface ofpoplarsampleatfter dilute acid
pretreatment® In dilute acid pretrated samplexylan content on the surfacelatively
increased compared the untreated sample whereas xylan content in bulk composition
significantly decreased after dilute acid pretreatment. This result inditetpdssibility

of different chemistrybetween surface and bulk upon chemical treatment of woody
material. Goacheret al. also employed OFSIMS to measure theellulaseenzyme
activity on lignocellulosic biomas¥® Principle component analysis pblysaccharide
and lignin signals inTOFR-SIMS spectra represented differealulaseactivities in the
samples, showing thpossibility of TORSIMS as an enzymactivity measuringtool.

The spatiatlistributionof the syringylandguaiacyllignin, and their ratio is considered as
an important dctor in biofuel researci® Zhou et al. determinedé spatial distribution

of the S and G ligninsvithin a single cell wallof cross sectionedoplarstem wherdghe
guaiacyl ligninwas predominantly located in the vessel cell wall while syringyl lignin
was mainly located in the fiber cell walf’ Saito et al. also reportetie vessel walls

were Grich and the earlywoodias Srich in maple wood®®
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3.2MALDI -IMS: basic principle, instrumentation, and applications

3.2.1Basic principle

Matrix-assisted laser desorption/ionization (MALDBesa soft ionizationtechnique for
transferring large and/or nonvolatile molecules ith® gas phase as intact ions for mass
analysis(Figure 27).1%%° MALDI is oftencoupledwith a discontinuous mass analyzer
such as @aime of flight (TOF) analyzebecause o& pulsed ion sourde the syste (see
Chapter3.1.2). The analyte are embedded in thenatrix which absorbs th&/V-light

emitted from a lasaaiding the analyte to desorb in intact fofth.

Theionizationmechanismn MALDI is not fully discoveredyet, butthe photochemical
ionization model has been broadlgcceptedproposed by Ehring et &% The
photochemicalionization is a two-step processthe ionization ofanalyte and the
proton/electron transfer @nanalyte ion>>*%* Briefly, primary matrix ions are produced

by laser absorption and analyte ions are subsequently produced by the interaction
between matrix ion and anadyions. Duringthe multi-photon ionizationprocessall
possibleroutes such as excitexdate proton transfer, disproportionation reaction, and
thermal ionization are considered to produce the matrix ions. The second step is
producingthe analyte ions by protonation or deprotonation from a collision process with
matrix ions. An analyte ion is produced as either positive or negative f@ther

ionization models such atusterionization have been also proposet:®®
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Figure 27 Schematic diagram MIALDI ionization®

MALDI -based imaging mass spectrometry (IMS) was introduced by Caprioli et al.
providing a capability of measuring both low and higlass species with the spatial
information!®” This MALDI-IMS leads to a significant advance in the field of MS.
Once MALDI-IMS has employed TOF analyzdue to the nature of pulsed laser, the
image arenostlyacquired under microprobe mode (€&mapter3.1.3). MALDI -IMS is
amenabldo detectiow and high mass species whigh sensitivity andhus this iswell-
suited to biological samplelt is noted thathe quality andeproducibility of MALDI
image such as the spatial distribution is, in some degree, governed by the matrix
applicationand sample preparatidff*®® For examplehe size of matrix crystalirectly
affects the spatial rekdion of the MALDI imagewhere the limitation igiscussedn

next part Commercial MALDHMS routinely provides lower lateral resolution (around
100 ~ 25um) compared toTOFRSIMS imaging (~ 50 nm). Recently the lateral
resolution in MALDHMS is improvedup to ~ 0.6um with a specialized instrument and

automated matrix applicatio’
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3.2.2Instrumentation and matrix application

MALDI -MS instrument consists abnizer, mass analyzer, and detector as well @$~-

SIMS instrument mentioned @hapter3.1.2. As a source of ionizer, two types of UV
lases are typically employed:itrogen laser (337 nm) and frequencytripled and
quadrupledNd:YAG (355nm or266nm).'**1%® The UV laser sources are used to ionize
marix-analytecomplex by the proposed mechanism (S#®&pter3.2.1). Positive or
negative ons generated from the analyte are separated on the basis etforolassye

ratio in the mass analyzer. There are various types of analyzers such as TOF, Quadrupole
or lon trap. TOF analyzer widely used @@ammercialMALDI instrumentis briefly
reviewedearlier (seeChapter3.1.2) The ions accurately separated via the analyzer are

detected and recorded in nameterseconds®

In MALDI-MS/IMS analysisthe analyte material is mixed with suitable matrixvhich

is typically a low molecular weightrganic acidprior to laserirradiaion. This is the
most crucialstep, secalled as the matrix application, in order gooperly ionize the
analyte or improve the spatial resoluti5h®® First, the choice of matrix depends on the
type of analyte. There argeveralorganic matrices commercially available such as
sinapinic acid (SA), Ucyano4-hydroxy-cinnamic acid (CHCA), and 25
dihydroxybenzoic acid (DHB).The properties andpplicability of three major matrices
are summarizedin Table 12'*° The matrices are required to isolate the analyte by
dilution, to makeco-crystal with the analyte, to absorb laser energy, anéatly

disintegratehe condensed phase of theargstal.
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Table 12 Features of common matrices for MALIMS .**°

Matrix SA CHCA DHB

*Sinapinicacid * a-Cyano-4-hydroxycinnamic
Other name +3,5-Dimethoxy-4- ¥ ¥ ¥

+ 2,5-Dihydroxy benzoic acid

hydroxycinnamicacid acid
HaCO i 0 0
3
S OH HO
Structural formula o OH OH
CN
HO HO OH
OCH3
MW 224.21 189.17 154.12
Chemicalformula C,;H,,0¢ CioH12NO; C,H0,
¢ Low solubilityin H,0 ¢ Low solubilityin H,0 * Low solubilityin H,0
Solubility *Solublein methanol/ *Solublein methanol/ +Solublein methanol/
H,0 and poplarorganic H,0 and poplarorganic H,0 and poplarorganic
solvents solvents solvents
Subject Protein (4 — 30 kDa) Lipidand peptides (~8 kDa)  Lipid and peptides (~5 kDa)

The matrix is typically dissolved in suitable sol&stich asmethanol, water, acetone,
acetonitrileand mixture of these. For MALEMS of liquid or bulk solid samplethe
analyteis also dissolved in appropriate sol&ahd then mixed with the matrix solution.

For MALDI-IMS of the tissue sample containing the analytes matrix solution is applied
on the surface the sample using various meth@lsing matrix application procedure

the matrixanalyte complex is corystallized on the surfac& he size of cecrystal or the
homogeneous coverage on the surface of the sample directly influences the quality of the
MS image such as the spatial resolutiohnother concern of the matrixpplication is

that thematrix solution has to extract the analyte vertichlbm thesampleinto matrix
crystals while avoiding theorresponding horizontal diffusion and analyte redistribution.

For this reason several methods for matrix applicatiore Heeen developed such as
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automatic depositinghe matrix by robotic device or sublimating the matrix under

reduced pressure, instead of manual i of the matrix**?%°

3.2.3Applications of MALDI -IMS in biomass

Since Tanaka and HillenkamplevelopedMALDI -MS technique, the versatility of
MALDI -MS has beeextendedvith the advent of protein profiling anchagingdirectly

from the surface of thin biological tissue sectiofis:®” 2°*2% For example, MALDI
MS/IMS has been used to characterizeaaiety of microorganisms including bacteria,
fungi, and viruses Beside its clnical and biological applications, MALEMS/IMS has

been little emphasized in plant biology, especially cell wall polymers, in part, due to the

difficulty of cellulose and ligninonization.

Metzger et al. employeMALDI -MS to determinghe molecular weight (MV) of milled
wood lignin (MWL) isolaed from birch wood®® The mass spectrum of MWL showed a
series ofsignals (i.e., different lignin oligomerg at m/z 2600 which was a good
agreement with the average numbdiVv (M,) of birch MWL determined by gel
permeation chromatography (GPC)Using synthetic lignin,De Angelis et al. also
observed theepetitive units(mass interval178.6 D3 betweenm/z500~1800 in mass
spectrum.  RecentlyYoshioka employed narassisted laser desorpti@mrization

(NALDI) -MS to detect synthetic lignin and observed intense of lignin sigffals.

Cellulose is limited taonizationin MALDI-MS due to rigid and crystalline structure.

Accordingly only part of cellulose has been detected by MAM3 up to 20
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oligomers®®®®”  Sumi et al employed MALDIto determine MW distribution of

microcrystalline cellulose after hetompressed water pretreatméhit. The glicose
oligomers in thewater insoluble fraction after pretreatmemére observed up to 18
glucoseunits containing mass interval 162Da, which was also confirmed by HPLC
analysis. Jung et al. introduced MALIMS to visualize cellulose oligomer distributio

on the surface gfoplarsample?® A cellulosepoplarsamplewasprepared by removing
hemicellulose and lignin and was, then, conducted to MAINIB. MS images
illustratedthe distribution of cellulosep to 21glucose oligomersn thesurfaceof the
poplarsample For plant cell wall MS imagind,unsford et alemployed MALDI -linear

ion trap (LIT)-MS in order to increasano | e c ul ar sostipat theéchemicat y
similarities of the various sugars and monoligncém be distinguished’ The MS
imagesshowed even distribian of both cellulose and hemicellulose iasthe surface.
IMS has been also employed for the cellular distribution of metabolites in plant tissue in
order to understand how the metabolism is controlled in ©&ll5or example, Burrell et

al. reported that phosphorylated metabolites (glgcose6-phosphate) were unevenly

distributed in wheat seeds upon different stages of develdgfiien
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CHAPTER 4

EXPERIMENTAL MATERIALS AND PROCEDURES

4.1 Materials

4.1.1Chemicals and materials

All chemicals were purchases either from Sigitdrich (St. Louis, MO) or VWR (West
Chester, PA), and used as received. All gases were purchased from Airgas (Radnor
Township, PA). Embedding materia{O C T Efor cryotome sectioning was pusased

from Sakura FineteKlissueTek® (Alphen aan den RijnNetherlands G8 glass fiber

filter for carbohydrate analsys, double side adhesive carbon tape for SEM, and KBr
powder (500 mg packet for FTIR analysis were purchased froithermo Fisher
Scientific (Madison, W). Glass slides andisposabléblade were purchased from VWR
(West Chester, PAPlastic pouchfor holocellulosepulping was purchased froapak

Corporation(Minneapolis, MN.

4.1.2Biomasssubstrate

Hybrid poplarclones veregrown infor six months in a greenhouagdifferent locations.
Populus deltoidesx nigra (DN34) clone was grown at National Renewable gnéab
(NREL, Golden, CQ andPopulustremulax alba (PTA) clonewas grown at Oak Ridge
Nation Lab (ORNL. Oak Ridge, T)M The pants were grown on a flood table and
watered foutimes a day automaticallyThe greenhouse maintained 16 Hight per day

with 30-60% humidity. The entir@oplarstemswere cut and stored a0 °C. Populus
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trichoparpa xdeltoids(baseline poplar) was harvested between 2007 and 2008 by ORNL.
Logs were debarked, split with an axe, chipped (Yard Machines 10HP, Réda&ucts

Inc., Cleveland, OH), and knife milled (Model 4 Wiley Mill, Thomas Scientific,
Swedesboro, NJ) through a 1 nstreen size; all of these operations were performed at
NREL. After one month of aidrying atNREL, the chips had a moisture content of
approximately 5 wt%.The material wasgurther milled through a 280 mesh screen to
produce particles with diameters@18 mm to 0.85 mm (Thoma/iley Laboratory Mill

Model 4, Arthur H. Thomas Companyhiladelphia, PA) before being shipped to

Georgia Tech

4.1.2.1Milled poplar stem

Freshpoplar stemwas pre-dried in vacuum oven at 40C overnight prior to milling.
Dried poplar stemwas milled using ThomasWiley Laboratory Mill machine andvas
simultaneously sievethrough a 2680 mesh screenMilled sample was stored &0 °C

for further treatmeist

4.1.2.2Cryotome section ofpoplar stem

Crosssectionsamplesof poplarwere accomplished by employing a slight modification
of theliterature method™ A pieceof poplarstem less than 2 cm in diameter veagss
sect i on e dthickness &sing acsLBICA CM 3050S cryosfakica Biosystems
Richrmond, IL) equipped with alisposable steel blade and embedding matedial T E
Sakura Finetek A disposablesteel bladewas installedand used after removing the

lubricant on the blade surface usimichloromethane and ethanolTo avoid any
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contaminatiorfrom the embedding material, a piecepoiplarstem wasattached on the
metal plate using a small amount of glue tbe bottom edge instead of embedment
(Figure28). The chamber temperatufer cryotome section was adjusted-at°’C and
cuttingspeed was manually controlle&ectioned amplewasstored at20 °C for further

treatmend.

Wood sample

Embedding material

Mountingstage

Figure 28 Non-embedding sample mount facryotome section.

4.2 Experimental Procedures

4.2 .1SoxhletExtraction

Extractivefree poplarwaspreparedvith sequentiab h Soxhlet extractionaccording to
TAPPI method T 204 ci7?* Extractivesfor both the cross sectioned andlled
samples were removed by placing the samples (5.00 g of dry weight) into an extraction
thimble in a Soxhlet apparatus. The extraction flask wasdfWith CHCl, (300 mL)
and then refluxed with boiling ratef five solvent cycles per hourThe extractivefree

solids were air dried overnight
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4.2.2Holocellulosepulping

Holocellulose poplar was isolated from the extracted sample by removing lignin
following well-cited procedure$#?*® Extractivefree samplewas subjected to an
oxidative treatment with NaCKJ1.30 g/g sampledndacetic ad (0.14 M, 375 mL)n a
sealed plastic pouch (Kapak Corporatioithe pouch was then placed in a reciprocating
water bath at 70 °C fot h. The oxidativetreatment was repeated three more times to
produce holocellulose. The holocellulose wasecovered by filtration and washed

thoroughly withdeionized DI) water, andair dried overnight.

4.2 .3Cellulose isolation

Cellulosepoplarwasisolatedfrom the holocellulose samples tBmoving hemicellulose
according to literatureproceduré** Holocellulose sample vas subjected to aracid
hydrolysiswith HCI (2.5 N 100 mL)at 100 °C for 4 h. The cellulosewasrecovered by

filtration and washed thoroughly witteionized DI) water, andair dried overnight.

4.2.4Dilute acid pretreatment

Dilute acid pretreatedamples were prepared using different sulfuric acid concentration
and temperaturéd sample(2.00 g dry weightwaspresoaked irl-2 vol. % H,SO, (V/v,
200 mL) for4 hwith stirring atroom temperatur&>?® The presoaked sampieasthen
filtered, washed witbl water, and then transferred to a 4560 rdatarr reacto(300 m)
andadded tdl-2 vol. % H,SO, (% dry solids content)The vessel was heated-tt75 °C
over ~30 min (at 8C/min). The reactor was held aii75+ 2 °C (648 kPa for ~10 min

and then quenched anice bath. The pretreated samples were filtered and washed with
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DI waterand @ramagnetic impurities were removed by washing the solids with a dilute
agueous soludn of ethylenediaminetetraacetic acid (ED;BBO mL, 02 N) andDI water

followed byair dried overnight.

4.3 Analytical Procedures

4.3.1Carbohydrate and acid-insoluble lignin (Klason lignin) analysis

Samples for carbohydrate constituents and-exgdlublelignin (Klason lignin) analysis
of both sectioned andilled poplar were prepared using a twatage acid hydrolysis
protocol based o APPI methods 1222 om88 with a slight modification. The first
stage utilizes a severe @fd a low reaction temperatyi& vol.%H,SO, at 30°C for 1

h). The second stage is performed at muetver acid concentration and higher
temperature (3 vol. % 30, at 121°C for 1 h) in an autoclave.The resulting solution
was cooledo room temperature and filtered using @8ss fiber filter (FisheBcientific).
The remaining residue which is consideredisson lignin was ovewried and weighed
to obtain the Klasofignin content. The filtered solution was analyzed for carbohydrate
constituents of the hydrolyzegoplar sample using high-performance anicexchange
chromatography with pulseaimperometric detection (HPAERAD) using Dionex ICS
3000 (Dionex, Sunnyvale, CA?!" Error analysis was conducted by performing
carbohydrate and acidsoluble lignin analysis at leatiiree timeson milled samples.

The plotted data represent the average the error bars are one standard deviation.
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4.3.2TOF-SIMS analysis

TORSIMS analysis was performed usir@Hl TRIFT Il spectrometer (Physical
Electronics, Chanhassen, MN)r ION-TOF TOFSIMS V instrument (ION-TOF,
Miinster Germany) PHITRIFT Ill spectrometer equipped with®%a liquid metal ion
gun(LMIG) as a primaryon source Theinstrumentwasoperated in positive mod22
keV) with 600pA of primary ion currentA raster size of 200m x 200pum was used for
all data acquisition from the sampleslON-TOF TOFSIMS V spectrometerwas
equipped with &Bi liquid metalion gun (LMIG) as a primary ion source arath O,
sputter ion source With apulsedBis" primaryion gun(25 ke\) at a current 00.18 pA
positive spectravereobtainedin either a highmass resolution mode or in a higpatial
resolution imaging modeFor a highmass resolution mode, the sampl@Qq3 500 pnf)
was rastered by Bi primary ion gun andi@arge compensatiomassubsequenthapplied
usingpulsing lowenergy (25 eV) electrons ontbe sample between successive primary
ion pulses Threedatapointsper each samplere acquired from thiaree replicates, at
least,to reduce site specificitand @ror analysis was conductedi-or a high spatial
resolution imaging modeD SIMS imagewas generatedy scanning théis" primary
ion beam ovethe samplé50 x 50 unt, 256 256 pixels) for 100 times using a software
(SurfaceLab6, IONITOF, Munster, Germarn)y After 100 scans of topmost layer, surface
erosion by @' sputtering source (308 300 un?, 2 keV) at a current of 0.65 pA was
applied for 2 at noninterlaced mode. The imaging/sputtering cycles were repeated for
30 times and the data set was used for 3D image reconstructi8bB. SAMMS imagewas
generated bystacking multiple 2D imagesusing a software lifhageSurferver. 1.20,

http://imagestfer.cs.unc.eduf*®
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4.3.3Matrix application for MA LDI -MS/IMS

Three matrixesvere tested with cellulosto determine the best signal respondé-
dihydroxybenzoic acid (DHB)a-cyanc4-hydroxycinnamic aciqCHCA), andsinapinic
acid (SA). Matrix solutionwas composed of 20 mg/ mL matrix (e.g., DHEgsolvedin
acetonitrile/trifluoroacetic acigolution TA:10% acetonitrie and 0.1% trifluoroacetic
acid (v/v) in DI water) For MALDI-MS analysis, ie section of each sample wasdled
for 10 min while vibrating at 15 Hz using MM200 mixer mill (Retschinc, Haan,
Germany. After 2 min of vortexing themilled sample (100ng/ mL) with TA solution,
the suspension was mixed with the matsalution at a 1:100 (suspension: matrix
solution)volumeratio. The mixture (~3uL) was spottd onto a stainless steel MALDI
plate and airdried. For preparingMALDI -IMS sampls, an oscillating capillary
nebulizer (OCN) matrix application systewas employed'® Crosssection ofpoplar
cellulose was fixed o stainless steel MALDI platasing adhesive tapeThe DHB
matrix solution wasdelivered to OCN sprayer using a syringe pump (KD Scientific,
Holliston, MA) at 60uL/ min flow rate and uniformly dispersed throughan oscillating
capillary (Polymicro Technologies, Phoenix, A®jith a nitrogenpressureof ~ 345 kPa

for 20 min.

4.3.4AMALDI -MS/IMS analysis

MALDI-MS was performed using a Voyager DE SNRALDI-TOFRMS (Applied
Biosystems, Framingham, MAquipped with a 337 nm)Naser. The data wasquired
underdelayedextraction conditions ibothreflectronand linear positive ion modes using

an external mass calibration. Positive ion MAL$S data vas acquired in both linear
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andreflectronmode at an accelerating voltage of 12 and 20 kV, respectively, with%n 85
grid ratio and a delay time ¢f00 ns. The laser powerwas set to a minimum for
ionization (2900 arbitrary units (AU) for reflectron moaied 3300 AU for linear mode),
and thenincreased by 10Q00 units for medium and high laser intensitfhe spectra

were accumulated for 100 laser shiats. sample spot.

MALDI -IMS data were acquired at an accelerating voltage of 12 kVoptimizedlaser
power (3100 AU in linear positive ion mode. Raster scans were performed
automatically on the sample surface with 12 shots for each spot. MALBIdata was
processed using the data acquisition softwW@ALDI MS Imaging Tool MMSIT;
Novartis Pharma AG, Basebwitzerland http:/Avww.maldimsi.org/)over the sectioned
poplarcellulose. Mass spectra were processed for baseline correctio@nalization
using Data Explorer 4,0which wassupplied with the mass spectrometefhe MS
images were reconstituted using Biomap software (Novartis Pharma AG, Basel,

Switzerlang.

4.3.5Scanning Electron Microscopy

All crosssectioned samples wenmeounted onto a stage and then coated with gold for 2
min by EM350 sputter. Images were acgud via a JEOLL530 ThermallyAssisted
Field Emission (TFE) Scanning Electron Microscdf&EM) (JEOL, Peabody, MA at

various resolving powensnder5 kV.
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4.3.6Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra were measured on &dlet Magna550 spectrometerThermo Fisher
Scientific, Madison, Wl with deuterated triglycine sulfaf®TGS) detector and OMNIC
6.0 software. 64 scans at a resolution 4'evere averagedPoplarsample (10mg of dry
weight)wasuniformly groundand well mixed witiKBr powder (500 mg packethermo
Fisher Scientifiy. The samples were thdransferredo a pellet making die and FTIR
pelletswere prepared applyingll Param pressuréPHI Hydraulic laboratory press

City of Industry, CA for 2 minunder vacuum anBTIR spectra was acquired undes. N

4.3.7Solid-state NMR analysis

The NMR samples were prepared wittilled wood or isolateccellulose added into-4
mm cylindrical cerami®AS rotors. Solid stateNMR measurements were carried out on
a Bruker Avancel00 MHz spectromete(Bruker, Billerica, MA) operating at frequencies
of 100.55 MHz for*3C in a Bruker doubl@esonanc®AS probehead at spinning speeds
of 10 kHz. CP/MAS experiments utilized gu§ (9C) proton pulsel.5 ms contact pulse,
4 s recycle delay adi 8 K scans. All spectrawere recorded on piwet samples (30%
water content), anthe linefitting analysis of spectra was performed using NUNISR
Data Processing software (Acorn NMRyermore, CA. Error analysisvas conducted

by performing threéndividual isolationsNMR acquisitions and linéit data processing.
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CHAPTER 5
SURFACE CHARACTERIZATION OF DILUTE ACID

PRETREATED POPULUS DELTOIDESBY TOF-SIMS*

5.1 Introduction

Lignocellulosc materials are the most abunddmpolymers in natureand have been
highlighted as gotentialsource of biofuel produicin. These renewable resources will
be drawn from agrenergy cropgnonfood crops)and biomass residuesiginatingfrom
bothforest andagricultural ecosystemsonsidered @econd generatiobiofuel resource
These bieresource ar e attractive biofuel feedst ock:
concerns and are generally kmost and widely distributed®®??* Lignocellulosic
materialsare composed primarily of cellulose, hemicellulodgmin and pectin in plant
cell wall. The very same properties that make lignocelluloses attractpiamiscell wall
components contribute to its resistance to deconstructiaginiple monosaccharides
This property is commonly referred to as the recalcitrance of biomasss latter
property contributes substantially to the current cost of biofuelsisride primary
deterrent to the widespread commercialization of tigsesof alternative biofuels.To

overcome recalcitrance, and increase conversion of biomas®ftels by enzymatic

! This manuscript was accepted for publicatiorEimergy and Fues2010. | t i s enSurfacd ed as
Characterization of Dilute Acid Pretreated Populus deltoides@f-FIMS. The other authors afdarcus

Foston, M. CameronSullards, and Art J. Ragausk&®m School of Chemistry and Biochemistry at

Georgia Institute of Technology.
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hydrolysis and subsequent fermentation, a pretreatment procesbe@asypically
employed prior to biomass deconstructténMany studies have reported dilute acid
pretreatment (DAP) significantly improved celluloemzymatic hydrolysis rate and
glucose yields as DAP alters the biomaghrastructure and increases enzyme
accessibilityand activity”® A deeper understanding of the surface change, chemically or
physically, on plant cell wadlduring DAP will give a better ideaf how to optimizethis

pretreatment process

To investigate and establish the fundamental mechaniénpgant cell wall structure,
various analytical techniques have been appietuding nuclear magnetic resonance
(NMR), infrared spectroscopy (IR), Raman spestapy, Xray diffraction (XRD), and
X-ray photoelectron spectroscopy (XP&???* Liquid and solids NMRhas been
widely used to characterize the chemistlicturesof plant macromoleculésut provide

little topological informatiorf?®> Electron microscopy (EM) techniques, such as scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and atomic force
microscopy (AFM), hae also been used to study the surface morphology, although they

do not provide detaied chemical informatiof¢®%%°

Fluorescence imagg using
monoclonal antiboéshas been widely usetb analyzethe surface chemistrin plant cell
walls. However their use is limiteddue to the small librarpf antibodes for specific

componergwithin theplant cell wall.

Time-of-flight secondary ion mass spectrometiyOFSIMS) is a powerful method for

characterizing the surfacen solid samples without angpecial treatment with tgh
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spatial resolution.Due to its uniquecapabilities of analyzing a solid surface, this
techniquehas been used for the characterization of organic and polymeric materials in
various fields:"® Recent studies have highlightedme applicationusing TOF-SIMS in
plant and animal tissueFor example, the€rosssectiors of Hinoky cypress hve been
characterized sergjuantitatively for the distribution of plant extractives and these results
were used to identify the interface between sapwood and heartffoddkareva et al
have also employe@OFSIMS to investigate thdistribution of lignin, carbohydrates,
extractives and metals acrabe crosssections of Norway spruéé® Though examples
exist of usingTORSIMS to characterizeplant tissugthe application ofTORSIMS to
characterize biomass resources during their conversion to second generation hasfuels
not been reported yetThis is partly due tohte matrixeffect defined as various ion
yields depending on the chemical environmanidis the majorbarrierfor quantitative
measurement. It is difficult to make direct comparisesnof the same analytical
component ospecies betweechemically alteredsamples because tfis matrix-effect.

To counterthis effect several methods have been employed in an effort ke BidS
guanttative: (1) using aelative sensitivity factor(2) matrix isotope species ratio, (3)
utilizing a method of standaréddition’’® In recentstudies normalization of peak
intensity has beensed for semiquantitative analysis of natural polyrsen wood-based

fiber surfacs after refining®*°

In this study, TOFRSIMS techniquewas examinedto characterizeell wall component
changesoccurringon the surface opoplar stemafter dilute acid pretreatmeDAP).

Cross sections of extractifeee and holocellulospoplar stem werealso analyzed and
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used as aeference The changen major cell wall componentsife., cellulose, xylan and
lignins) on the surface of dilute acid pretreapeglarwas semiquantitatively compared
usingbothrelative contents and the spatial distributions of major components visualized
by TOFRSIMS. To further elucidatethe spatialre-distribution of major cell wall
componentsexperienced during pretreatmen8IMS images were transformed to
procesedmapping imagesia a MATLAB platform. Finally thechemicalchangesn the
surface components after DAP weterrelated withgross topological changes using

electron microscopy (EM) images.

5.2 Experimental Section

5.2.1Materials

Samples were prepared as described in Chdp(érl.2 Biomass substrgte Populus
deltoidesx nigra (DN34) clone was grown &IREL andsix-monthold juvenile poplar
stemwas collected for this study. Poplar stem wsestioned or millechs described in
Chapter4 (4.1.2.22 Milled poplar stem and r@otome section of poplar st¢m Both
sectioned andhilled samplesveretreated under samemditions with various methods

Flow diagranmfor sample preparatias shown inFigure29.
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FRESH POPLAR STEM
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Extractive-free poplar
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pulping pretreatment
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Holocellulose poplar soxhlet extraction

Pretreated poplar

a-d: different experimental condition

Figure 29 Flow diagram describing the sample preparation of poplar stem.

5.2.2Extractive-free, holocellulose, and cellulospoplar preparation

Samples were prepared described in Chaptdr(4.2.1:4.1.3. All the results from the
analyses were calculated based on the oven dry weight of biomass that was determined
by measuring the moisture content using a moisture analyzer. The analyses that include

standard deviations were donefimeereplicates.

5.2.3Dilute acid pretreatment (DAP) and severe DAP

Dilute acid pretreatmergrocess was performed as described in Chap{ér2.4 Dilute
acid pretreatmeht Two different conditionsof pretreatmentwere applied to both
sectioned and milled samplesvol. %H,SO, and 160 °C for 10 min (DAP) or 2 vol. %
H,SO, and 175 °C for 10 min (severe DAP) After post pretreatment process (elj.,

water washing for neutralization)a sample wassubsequentlySoxhlet extractedwith
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CH.CI; in order to remove soluble residue on the surfadesample washenair dried

(between glass slidespecially for a sectioned sample)

5.2.4TOF-SIMS analysis

TOFR-SIMS spectraof crosssectioned samplewere collected with @&HI TRIFT Il
spectrometeas described in Chaptén(4.3.2. TOFSIMS analysiz Theinstrumentwas
operated in positive mod@2kV) with 600pA of primary ion(**Ga) currentunder high
mass and imaging resolution mod&OF-SIMS imageof individual components was
obtained by mappin selected positive ions. MATLAB platform was used for mapping
process fromlfOFSIMS images. Only the selected pixels over middle brightness on

SIMS imagewerefiltered and transformed by MATLAB ver.7.2.

5.2.5Carbohydrate and acid-insoluble lignin (Klason lignin) analysis

Carbohydrate profiles and aeialsoluble lignin content incrosssectioned and milled
sampleswere determined as described in Chaptefd4.3.1 Carbohydrates anacid

insoluble ignin analysi3.

5.2.6Scanning Electron Microscopy

Surface morphology ofrosssectioned poplar before and after various treatments
observedby using JEOL-1530 TFESEM as described in Chaptdr (4.3.6 Sanning

ElectronMicroscopy. The images were taken\arious resolving powensnder 5 kV
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5.2.7FTIR Spectroscopy

Transmission mode FIR spectra were collected withNicolet Magna550 spectrometer
as described in Chaptén4.3.7Fourier Transforminfrared (FTIR) Spectroscopy Both
sectioned and milled samples were finely groundaederanddried at 105 °C for 12 .h

Then, the sampl€lOmg of dry weightivas mixedKBr powderfor making FTIR pellet.

5.3 Result anddiscussion

5.3.1Effects of sample preparation

Although the pretreatment of biomass, prior to enzymatic deconstruction, is typically
accomplished on sawdust milled wood for this studycross sectionsf poplar stem,
e.g., extractivesfree anddilute acid pretrea¢d poplar was electedo facilitate TOF
SIMS analysis. To ensure that the 50 um thicksssectionedpoplar stem was
undergoing comparable pretreatment chemistryndled wood 20-meshgroundpoplar
was also dilute acid pretreated and both mate were characterized for their sugars
profiles and gross chemical constituents BMR. The extractivefree, holocellulose,
severe holocellulose, cellulose enriched, and dilute acid pretrpapdar samplesvere
preparedTheground and crossectiored poplafrom samples were analyzed BYIR in
Figure 30. A major absorption band at 1740 twas assigned to carboxylester
bonding, whichoriginates from acetyl groups of the noellulosic fraction in the poplar

cell wall>!

Generally, aetylated hemicelluloseis contributedas a form of 40-
methylglucuronoxyla in poplar®?> The absorption peaks around 1595 and 1518 cm

were assiged to aromatic skeletal vibration from lignin. The absorbance at 1428 cm
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was also attributed to ligninwhile other wavenumber ranges represdntommon
absorption bands for example glycosidic linkages at 1158 balY 4) linkages at 890
cm?, andhydroxyl group at 3500 cth®®*?%** In milled poplar, acetylated hemicellulose
absorbance at 1740 &mvas observed in the extractifiee, holocellulose and severe
holocellulose samples ifrigure 30a. However, the hemicellulose absorbance peaks
nearly disappeared in cellulose enriched and DAP poplar. This observation was
consistent with carbohydrate composition of the grosachples, in which only trace
amount of hemicellulose was detected in cellulose enriched and DAP pbaltde 13).

Two peaks corresponding lignin (% and 1428cm’) were clearly observed in
extractivefree and DAP poplar, while an additional lignin peak (1598%) was
overlapping withthe adjacent broadabsorption(1650 cm™) originating from water.
Moreover, lignin absorptionpeaks were not observed in holocellulose and cellulose
enriched poplar ifFigure 30a. The spectra of crosectioned poplapresented identical
spectal patternswith those of ground poplar iRigure30b. Bulk carbohydrateanalysis

of both ground and sectiongabplar exhibited nearly similar carbgdrate and lignin
distribution values as summarizedTiable13. Theresults ofthese analysesuggest that
under theDAP conditionsground and crossectionedooplar are undergoing comparable

chemical processes.
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Table 13 Carbohydrate compositions of sectioned and milled poplar after treatments

9 Extractive-free poplar Holocellulose poplar  Cellulose poplar DAP poplar
(STDEV)*® Sectioned Milled Sectioned Milled Sectioned Milled Sectioned Milled
Arabinose 0.6 (1.9) 1.7(01) <1(1.7) 09(01) <1(01) <1(01) <1(0.7) <1(0.1)
Galactose 2.0(2.2) 23(04) 1319 16(01) <1(01) <1(01) <1(09) <1(0.1)
Glucose 72.9(0.9) 71.7(0.2) 73.3(1.1) 72.2(0.2) 96.6(0.3) 96.9(0.3) 984 (15) 98.0(1.9)
Xylose 20.2(4.5) 21.1(0.2) 21.5(0.1) 22.2(04) 14(03) 13(03) 10(0.1) 0.6(1.9)
Mannose 4.4 (0.5) 31(02) 36(19 3.1(01) 19(01) 18(01) <1(0.1) <1(1.9)

2 Average of relative carbohydrate compositions based on total snggr’: Standard
deviation

5.3.2Carbohydrates and Klason lignin analysis

In an effort to quantitatively analyze the chanteshe compositios of the structural
carbohydrates and lignin, which make up the bulk of the biomass samples,
monosaccharide and Klason lignin analysis were perforomedross sections of poplar
stens. An extractivefree sectioned poplar was used as a baseline material for
comparison.Figure31 summarizes the variation blilk carbohydratend Klason lignin
distribution after various treatmentsThe majority of the hemicelluloseseen in the
extractivefree poplar characterized byhe xylose, mannose, arabinose, and galactose
contents, werdydrolyzedafter DAP, while theelativeglucose content increased by 40%
after DAP. The relativeKlason lignin contentdetected previously in extractieee
poplar slightly increased ~ 5% agesult of DAP. After severe dilute acid pretreatment
(sDAP), the relativeKlason lignin content was increassanificantly by ~60%, while

relative glucose content increased b¢0% as compared with that of extractivee
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poplar. One possible explanah for the increment oKlason lignin content after SDAP

is thatcellulose is easily degraded than lignin ungl®rere acidic pretreatment condition.

In addition, at high temperatures and long residence tindesing pretreatment
polysaccharidebave ben shown taindergo acistatalyzeddehydration tgjield alignin-
like structurereferred to apseuddignin. This material is acid insoluble and therefore
could contribute tathe Klason lignin conterft®> Li et al. estimated 280% of the
residuallignin content insteamexplodedaspen wood (170C for 210 min) was actually
pseuddignin. Holocellulosepoplar was obtainettom cross sectionof extractivefree
poplar. To further clarify thecomponent distribution, especiallgr lignin at the poplar
surface an additional sample wasbtainedfrom a moresevere holocellulose pulping
process, whichs defined here as severe holocellulose poplde relativeKlason lignin
content after holocellulose pulping process dramatically decreased over 85% as compared
with that of extractiveree poplar. Interestingly the severe holocellulose poplar still
contained 1.5% Klason lignin which wapproximately half thaof the holocellulose

poplar.
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Figure 31 Carbohydrate and Klason lignin contents of cross sectioned poplar after

treatment; Y scale is enlarged on inner graph to show the low contents of hemicelluloses.
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5.3.3Surface analysis of dilute acid pretreated poplar

To investigate how the chemical constitis of the cell wall change during pretreatment
the cross sections of native and DAP poplar were analyzetObySIMS. Figure 32
shows positivaon massspectra 1n/z100-200) obtainedfrom various treated popldry
TOFRSIMS. CharacteristicTOFRSIMS ion fragments of the major componeintpoplar
were identified accoidg to publishedliterature value$®-?2%239236237 Ceg||yloseyields
primary fragmens of m/z 127 (GH-Os") and 145 (@H¢O."), while xylan (major
hemicellulosecomponent)fragmentedto m/z 115 (GH;Os") and 133 (GHgO4").22*%%°
Depolymerized fragments of lignin weatéso assignecemploying the resultby Saito et
al. The signals an/z167 (GH11035") and 181(CgHgO4") were assigned to syringyl (S)

lignin units andm/z137 (GHy0,") and 151 (gH-0s") to guaacyl (G) lignin units.*®*

All characteristic fragmembns of cellulose, hemicellulose and lignin weletectedvith
various intensities depending on the treatment conditasnglustrated inFigure 32
Although the bulk carbohydrate and Klason lignin analysis indicated a 95% dtbe in
relative amount ohemicellulosesugarsafter DAP, TORSIMS analysis detected the
considerablepresere of xylan fragments on the surface of the dilute acid pretreated
poplar as shown irFigure 32b. Also the peak intensities of xayl did not change
significantly even after severe dilute acid pretreatment (SDAP) as shotigune 32d.

lon fragments of dignin units in holocellulose poplar were Istbbserved while only
trace levels of Signin units were detected iRigure32c. A smilar pattern of G and S
lignin unitswas detected even in sreholocellulose poplarHigure32e), which weran

contrast tahe resuls of bulk carbohydrate and Klason lignin analysis.
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Figure 32 Part of positive TOFSIMS spectrafa) Extractivefree poplay(b) DAP poplar,
(c) Regular holocellulose pulping poplagd) sDAP poplay () severeholocellulose
pulping poplar Characteristic ions are marked as C (cellulose ions), G (guaiacyl lignin

ions), S (syringyl lignin ionsland X (xylan)
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To observe quantitativecell wall component change on the surfacé poplag
normalization of peak intensifyom TOFRSIMS is required. Since secondary ion yields
vary based on chemical environmeitte tirect comparison of the absolute ion counts
cannotbe employedto obtain quantitative informatioim SIMS’® Thereforeion count
normalizationfollowing the procedures described by Kleems performed prior to

comparison of relative inteitigs.?3"2%

The relative intensity ofach species was
calculaed as the sum dfs primary fragmentsn Figure332%’ The relativeintensity of
S-lignin unitsdramaticallydecrease on the surface of holocellulog®plar as compared
with tha of extractivefree poplar, but the intensity of Ggnin units only slightly
decreased However the relative intensity okylan increasd approximatelytwo-fold,
whereas theellulosesignal did not change significantyn the surface of holopulped
poplar Interestingly after the severe holocellulose pulping treatment, the relative
intensities ofthe major cell wall components did not change compared with those of
regular holocellulose poplashowing almost identical normalized ion counthis result
was contrary to bulk carbohydrate and Klason lignin analykish indicateda ~ 50%
reduction ofrelativelignin contentafter severe holocellulose pulpingOFRSIMS would
suggest that only a small proportion of lignom the surfaceis removed bythe
holopulping process. Thabserved increases intensitiesof the characteristicell wall
componentsafter DAP whencompared withextractivefree poplarmay result from two
factors matrix-effects anfbr furtherexposure otharacteristic componentsthe surface.
Since DAP can break dowthe lignin-carbohydrate complex and disrupe crystalline

structure of cellulose, deformation of plant cell wahould beaddresse@® This

changen surfacemorphology and chemistry may permit highyields of secondary ion
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fragmentsfrom the biomasssurface. The relative intensites of cellulose and &ignin

units afterDAP (1% H,SO, at 160°C for 10 min) were doubled as comparedhose of
extractivefree poplar  This most likely suggests more cellulosas exposed to the
surface, which can be partially supported bykboarbohydrate and Klason lignin
analysis. The relative glucosecontent in bulk carbohydrate analysis was doubled after
DAP as compared to extractieee poplarwhile almostall hemicelluloses were removed
upon DAP. Interestinglythe relative intensity of xylan after DAP increased by 30%,
while the intensity of xylan after SDAP slightly decreasesdcompared to extractifeee
poplar This result suggests that DAP also causes migration of xylan fragments to the
surface of sectioned ptar prior to solublization of xylan due to acid hydrolysis. As
additional evidence of this migration, the severe pretreatment condition (3%, ldt

175 € for 10 min) seems teleasexylan from the biomass which has accumulated on
the surface of the pégr during the pretreatment. Brunecky et at. observed similar
migration of xylanin DAP corn stover by confocal laser microscapsng fluorescent
labeledantibody They detected decreasing xylan signal as a function of increased DAP
severity andsuggestd the migration of xylan from the central cell wall to the lumen and
middle lamelladuring DAP?*® Notably, the intensities of -Bgnin units after SDAP
dramaticallydecreaseé as well as xylan, wheredise intensities of cellulosend Glignin

units remained relatively similar téhose ofdilute acid pretreated poplarThis may
indicate that Signin units are more reactive thanli@nin units and therefore easily

removed upompretreatment
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Figure 33 Relative intensities of each component in cresstions of different treated
poplar by OF-SIMS.

TOFRSIMS imagesvereused to determinthe spatial distribution o€tellulose, xylan and
lignin after DAP. Figure34 shows ioncountimages of characteristaell wall species on
the surface oflilute acid pretreated popl&igure34a represents a total ion image and the
otherimages represent the integrated intensities of selecteds fragmentas a function

of pixel position(Figure 34b-e). Brighter colors on TORSIMS imagescorrespond to
higher intensities of the indicated speciégcording toFigure34, the characteristic ions
of the major components (cellulose, xylan, ardkGs-lignin units)wereobservedcross
the cell wall whilethelumenwereshownasblack color on the surface of a®sectiored

poplar The high number oflow intensity signal®often makes itdifficult to identify the
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spatial distribution ofn particularspeciesn areas havingverlapping ion fragmeastfor

various specieand to determine how they relate to each othe

Figure 34 TOF-SIMS images of crossections of DAP poplafa) Total ion image (b)

Celluloseion image (pooled signal fan/z127, 145) (c) Xylanion image €, green dots,
pooled signal fom/z115, 133)(d) Slignin ion image(pooled signal fan/z167, 181) ()
G-lignin ion image(pooled signal fom/z137, 151).Scale bar is 1Qom.
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To better understand where the characteristic ions are spatially 10d&¢dSIMS
imagesof dilute acid pretreatedoplar weretransformedoy a MATLAB platform based
on the pixel brightness ifigure 35. The transformedimages only represent intense
signak, as the MATLAB platform filters less intensespots fromthe original image,
resulting in avisualy clearer imagewith distinct areas ofntensty. Overlaying the
transformedimagesof individual cell wall components with one another or with the
imageof total ioncountcanpermit the comparison of localized as@a cell wall surface.
The image in the center areakigure 35a can easily be crosorrelated with th& OF
SIMS image inFigure34a. Transformed images of all characteristic components were
superimposed oveéhe total ion count image as seen kiigure 35b. Red dots represent
the localized positions of intense cellulose fragments, while xglsinown as green dots.
TOFR-SIMS images of Gand Slignin units were also transformed in the same manner
and depictedas blue and pale purple dots. Notably green defsresentingxylan,
appeared more frequently antbrewidely dispersedlong the cell wall than cellulose in
Figure 35b even though both species exhibited similar kwélrelative intensities in
Figure33. A potential factor contributing to the random appearanceylain fragments
could bedue tohemicellulosae-precipitation during DAP. Anothexxplanations that a
part of xylan mayocalizedin theinner cell wall layer whiclwas exposed on the surface

asthe cell wallmorphology was changetiring DAR?**
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Figure 35 Imagestransformed by MATLABplatform using DAP DF-SIMS images(a)
Total ion image (yellow)(b) Cellulose (red), xylan (green), G andiin units (blue
and pale purpleyverlaid on (a).Scale bars 100um.

Scanning electron microcopy (SEM) images partially supported latter as
morphological changes in the cell wall before and after bs&Re observeth Figure36.
The middle lamella (arrowhead) was observethacentral area of the cell wall and the
thick layers adjacent to the middle lamella include ralter secondary cell wall as seen
in Figure36a2** After DAP, the inner layers of the cell wall (i.part of secondary cell
wall) were detacted from the central area (i,emiddle lamella) and the detached inner
layers beame widely dispersed as seenFigure 36¢c. Interestingly, the detached inner
layer was not observeafter sDAP inFigure36d. The thin layer ifFigure36d could be
the middle lamellar and the remaining secondary cell wall because border lines were
observed at both side of thin layer (arrowheathis observation also further supports
the existence of xylalocatedpreferentially in the inner delvall layer, as reflected in the
relative intensities of xylan after DAP and sDAPHigure 33. Essentially, the relative

intensity of xylan after sBP dramatically decreased compared to that of DAP, but the
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intensity of cellulose did not change between DAP and sDAFgare 33. However,
holocelulose pulping process did not affect the cell wall thickness much as shown in
Figure36e-f. The thickness of cell wall even after holocellulgagping treatment was

similar to that of untreated poplar and cell wall detachment was not observed

)

Figure 36 Electron micrograph of crossectioned poplar(a) Untreated poplar(b)

Extractivefree poplay(c) DAP poplar (d) sDAP poplay(e) Holocellulose poplaand(f)
Severe holocellulose poplaviL: middle lamella, SCWsecondary cell wall, Scale bigr

lem.

98



5.4 Conclusion

In this chapter, a sample preparatimethod wasntroducedusing norembededcryo-
microtome techniqudor 50 pum thick of crosssectioned poplar stemThe sectioned
sample wassuitable for surface analysis, because it wastaminatiorree and flat,
keeping a native cell wall structure even after severe dilute acid pretreat@tegrnical
comparabilityon both sectioned and milled samples wheterminedusing FTIR and
carbohydrate analysiprior to surface analysis since there was no study on the
relationship between particle size and pretreatment effébe sectioned sample was
chemically comparable tanilled samplebefore and after variougreatmend such as
dilute acid pretreatedr holocellulose pulping.Cross section ofillite acid pretreated
poplar wasthen analyzedby TORSIMS in order to observe thehangesof surface
characteristicgi.e., cellulose xylan, and lignin) and to understand different chemistry
distribution between surface and bulk sample. After dilute acid pretreatment, xylan
notably increased on the surface while most of hemicelluloses including wgdsn
removed in bulk cadhydrate analysis.In detail, TORSIMS image presented widely
spread xylan over the surfacé dilute acid pretreated poplar stem. In additisamt
guantitative approachy TORSIMS showedthat relative intensity of xylan in pretreated
sample increaselly 30% compared to untreated sample. One reasonable explanation of
this resultis that there was xylan 4@recipitationduring te low temperaturequenching
process. As a resutbhere are different chemical distributions between surface and bulk
sample. After severe dilute acid pretreatmetite relative intensity of xylan dramatically
decreasedsimilar to that in untreated sample on therface resulting from further

degradatiorof xylan to small soluble molecules even at low temperature. Increment of
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Klason lignin contentafter severe dilute acigretreatmentshows one of evidence of
pseudo lignin formation generated from carbohydréfierphological changes observed

by SEM also showed that cell wall thickness was decreasing with increasing pretreatme
severity. Theseresultsmay help explain certain aspects of the difficulty to enzymatically
hydrolyze lignocellulose. Furthermore, the surface analysis of pretreated biomass by
TOFR-SIMS could give a clue to investigate the origin of different chemical distribution
between surface and bulk biomass after a pretreatment process. Since the chemical
difference could be partig resulted from reprecipitation of xylan at low temperature in
batch reactor, using different type of reactor wetintinuoussolvent flow system the

mechanisntanbe determined. This study was performed in Chapter 6.
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CHAPTER 6
EFFECT OF FLOWTHROUGH PRETREATME NT ON THE
SURFACE OF POPLAR STEM: 2D CHEMICAL IMAGE ANALYSIS

BY TOF-SIMS?

6.1 Introduction

Growing worldwide energy demands and increasing concerrenefgy security and
climate change have led to renewed globfibrts in the development of alternative
enegy sources fronmenewable sources such as lignocellulosic biomass, to augment
replace fossil transportation fuélss Lignocellulosic biomassis the most abundant
biopolymer in the Earthlt is considered that lignocellulosic biomass comprises ab@ut

of world biomass and its annual production was estimiatdd) 50 billion ton?** The
lignocellulosic complex is made up of a matrix of cellulased lignin bound by
hemicellulose chainsThis structuraheterogeneitgnd complexity of biomassontribute

to natural resistance of plant cell wall. For biofuel production perspettieenherent
structural feature, however, make a big barrier for cellulose deconstruction referred to as
biomass recalcitranceDue to the inheremtecalcitrance of biomass towards enzymatic
deconstruction,chemical pretreatments are necessary to make the carbasydrat

amenable to enzyme hydrolysis drdmentatiort

2 Heather McKenziUniversity of California Riversidgpreparedvateronly flowthrough pretreated poplar
for this study.
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Flowthrough pretreatent providesa number of advantagssch aghe monitoring of the
evolution of pretreatment products a function of time, the limitation of side and
degradation reactions, and the removalpoétreatment products prior to quenching
procesghus avoidingprecipitation of products Previous study i€hapter4, abundance
of residual xylan was detected on the surface of pretreated saxypén oligomers that
are soluble at reactidemperatures are insoluble at lower temperatures and precgitate
the sufaceduring helow temperatureuenchingorocesf batch reactor A fixed bed
flowthrough reactor offers the opportunity to avdiiese problems. In this system,
solubilized products are removed from the reaqtackly therefore hydrolysis products
canbe tracked as a function of time and fgential for side and degradation reactions is
limited. Additionally, the evolution ofhydrolysis products reflects the relative
recalcitrance of the biomass fraction. Finafgw solubilized products are presémithe
reactor during the reaction quench therdbwering the possibility of precipitates.
Bobleter et al. pioneered the use of flowthrough reaéférélowthroughpretreatment
has been showto produce highly digestible cellulose, increase hemicellutesevery
and lignin removal. Liuet al found that flowthrough pretreatmemémoved more
hemicellulose and lignin from corn stover than batch pretreatffferi. later study by
Yanget al.found that flowthrough pretreated corn stover was also mhigestible than

the batch pretreated material.

Lignin has been implicated as an inhibitturing enzymatic cellulose hydrolysis. Lignin
is considered tact as both a physical barri@ndan attractant to cellulasggesulting in

limitation of cellulases accessibility and nonproductive binding to cellulo®,
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respectively**’ Therefore,many of the pretreatment methods currently being explored
have triel to decrease the lignin contemmt biomass withminimizing the @gradation of
carbohydrate$' In addition, lignin distribution is also considered as an important factor
as well as the actual lignin content because a lignin rettepo®n the surface of
biomass als@ccus during pretreatment proce$8. Donohoe et al. found an evidence of
lignin extrusion at cell wall layer, mostly at cell corner and middle lamella, and proposed
a mechanism for lignin removal during thermochemical pretreatmen®hen
thermochemical pretreatments reaglcertaintemperatureabove the range for lignin
phase transitignit cancause lignins t@oalesce into larger molten bodies that migrate
within and out of the cell wall, and can redeposit on the surface of @ealhtwals.
Sannigrahi et alalso reportedhat pseuddignin canbe generated from carbohydrates
without significant contributiorfrom lignin during dilute acid pretreatment, especially
underhigh severity pretreatment conditio§ The pseuddignin also observed on the

surface after pretreatment.

To delineate thespatial distributionof lignin on the surfacea series ofwateronly
pretreatments were performed on pomample. Cross section of juvenilegar stem

was pretreated under mild temperature in order to dwesidgoriginal structure of plant

cell wall. Instead of temperatu@ntrok, a series of pretreatments were performed
under longerreaction time(10 min ~ 150 min) than typical conditions few min).
Different lignin contents of pretreated sample were acquired and analyzed by time of
flight secondary ion mass spectronye{ TORSIMS). TORSIMS is an emerging

technique providing chemical information directly from the surface of biomass without
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sample treatment such as matrix application or radioactive ladéfiniylass spectra
obtained over the s#ple surface as a result of secondary ion emission can be mapped
into a 2D molecular image representing the lateral distribution of characteristic species at
a submicron scale.The spatial distribution of lignin on the surface of pretreated poplar

stemwas visulaized and compared to each other.

6.2 Experimental Section

6.2.1Materials

Samples were prepared as described in Chdp(érl.2 Biomass substrgte Populus
deltoidesx nigra (DN34) clone was grown &IREL and sixmonthold juvenile poplar
stemwas collected for this study. Poplar stem was sectiasedescribed in Chaptdér

(4.1.2.2 @yotome section of poplar st¢gm

6.2.2Extractive-free poplar preparation

Samples were prepared as described in Chdptér2.1:4.1.3. A sample wasSoxhlet
extraced before and aftdiowthrough pretreatment. All the results from the analyses
were calculated based on the oven dry weight of biomass that was determined by
measuring the moisture content using a moisture analyzer. The analyses that include

standard deviations were donelineereplicates.
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6.2.3Water-only flowthrough through pretreatment

Wateronly flowthrough pretreated samples weprepared byDr. Heather McKenzie
(University of California Riversidg. In brief, a samplewas subjected to flowthrough
pretreatment at@D °C with water solvent usingCusom-built reactors. The reactors
were constructed from stainless steel tubing with an outer diameter of 12.7 mm and a
length of150 mm. The reactors were sealed using threaded cap818E, Swagelok,
SanDiego, CA). One reactor was prepared with arthecouple (.06X-U-4"-T3-10 ft
TF/TFMP, Wilcon Industries, Lake Elsinore, CA) inserted along the centerline to record
the reactor temperature as a function of time using a-$eBgse DualLogR
Thermocouple Meter (227696, Fisher Scientific, PittsburghPA). Data was
transferred from the meter to a computer using an infrared adapte®1EWA85, Cole
Parmer, Vernon Hills, IL). The reactor was loaded with 1 g moisture fiogmass and
then installed in the piping systenThe pump was set to a flow radé 25 mL/min and
started. The back pressure valve was adjusted to 1.1 MPrace thesystem was verified

to be leak free, the reactor and heating coil were lowered intsatie batrand heated.

The hydrolysate produced as the reactor was heat&@Dt&C was collected.Once this
temperature was attained the reaction was said to have stastdoblysate was collected

in three minute intervals until the desired reaction time n@ashed.Reactions lastedlO

to 150 minutes. The reactor and heating tavere thentransferred to a water bath in
order to stop the reactionsA run was also performed wvhich the reactor was cooled
immediately after reaching0 °C; this was taken as "zeminutes” The residual solids

were collected from the reactor by filtration, washed, r@ta@ined for analysis.
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6.2.4TOF-SIMS analysis

TOFRSIMS spectra of crosssectioned samplesvere collected with alON-TOF
TOFSIMS V spectrometeas described in Chaptdr(4.3.2. TOFSIMS analysis The
instrumentwas operated in positive mod@5kV) with 0.18 pA of primary ion (Bis")
currentunder high mass and imaging resolution moler a highmass resolution mode,
the sample (@0 x 500 unf) was rasterednder bunched mode for 3 min and the spectra
was collected.Threedata pointper each samphlere acquired from thiaree replicates,

at leastto reduce site specificitgnd @ror analysis was conducted-or a high spatial
resolution imaging mode2D SIMS image was generatedby using a software
(SurfaceLab6, IONTOF, Miinster, Germanyafter scanning theBis" primary ionbeam

overthe samplé50 x 50 unt, 256x 256 pixels) for600 time.

6.2.5Carbohydrate and acid-insoluble lignin (Klason lignin) analysis

Cabohydrate profiles and acidsoluble lignin content incrosssectioned and milled
sampleswere determined as described in Chaptefd4.3.1 Carbohydrates anacid

insoluble ignin analysi3.
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6.3 Result anddiscussion

6.3.1Carbohydrates and Klason ligninanalysis

Crosssection of poplar stemwas wateronly flowthrough pretreated underfour
conditions as mentioned in the Experimental Sectidimese conditiongrom mild to
severewere choserbecauseahey exhibited differentellulose/hemicelluloses recovery
and delignification efficiencies. Bulk compositional changef the structural
carbohydrates and lignion cross sectioned samplesre quantitativelyanalyzed Figure
37). Extractivefree poplar (i.e.contro) has an initial glucose content €68% which is
mostly originated from cellulose, and Klason lignincontentof ~27% with rest portion
of xylose andminor sugars originated from hemicelluloses. After 10 min pretreatment,
the relative glucose content increasedy ~5% comparedto that in control, while
hemicelluloses and Klason lignin contents wargadeoff. For theminor sugars only
small variatons were noted Thereafter,ite glucose content wasoportionallyincreased
with longer retentiontime in reactor. After 120 min pretreatment, {h®portion of
glucosesignificantly increased by 50% compared to that in contrd{lason lignin and
xylose contents relative decreased by ~45% and @&ftpared to contrprespectively
However, this trend was changafifer 150 min pretreatmentlt wasobservedhat, after
most severe pretreatment (150 min), theegsecontentdecreased and the Klason lignin

and xylose contents increased compared to 120 min pretreated sample.

This result should indicate that there is a turning point of cellulose degradation under
severepretreatmentondition Notably, a part of Klason ligm increment after 150 min

pretreatment should be contributed by pseligitn formation. Recently, Sannigrahi et
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at. proposed that the formation pdeudelignin by the combination of carbohydrate and
lignin degradation products responsible for the imeased Klason lignin content in
pretreatecbiomass undesevereconditions™® This pseuddignin negatively influences

enzymatic cellulose hydrolysts®

100% -
M Extractive-free Poplar

M 10 min 160 °C

20% 15 min 160 °C

80% -
B 120 min 160 °C

m 150 min 160 °C

60% -

40% -

20%

Reative % polysaccharides and Klason lignin content

0% -

Glucose Klason Lignin Xylose Minor sugars

Figure 37 Carbohydrate and Klason lignin contents of cross sectioned poplar after
wateronly flowthroughtreatmers; Y scale is enlarged on inner graph to show the low

contents of hemicelluloses
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6.3.2Surfaceanalysis of dilute acid pretreated poplar

The positive spedirof the pretreated samplesere obtained from the surface of each
sample. Thenthe characteristic monomeric ions of lignin were assigned/at37 and
151 for guaiacyl (G) and ah/z167 and 181 for syringyl (S) lignin unitCdlulose ions
were atm/z 127 and 145s assigned in the literatu&?****°  For semiquantitative
approachthe changes in the relative intensitiecléracteristic ionsierecomparedafter
normalization Normalized ion intensityof lignin or cellulose wa®btainedfrom the
summationthe characteristic ions and comparedrigure38. Cellulose ionshowed an
increasingtrend with increasingretreatmenturationtill 120 min pretreatmentas well

as bulk carbohydrate dat&lotably, after 10 mipretreatment cellulose ions weaknost
doubled as compared withat of control while bulk cellulose composition represented
only 5%differences inFigure37. More cellulose observation on the surface was due to
the disruption of cell walktructuresuch as hemicellulose hydrolysis, resulting in more

celluloseexposure to surface.

This result reasonably accounts for wie pretreatment process is a demand for higher
yield of sugar releader enzymaticcellulose hydrolysis. Interestinglthe level of lignin

ions on the surface did not changéer 10 min pretreatment, which wagry similar to

bulk Klason lignin data ifFigure 37. These resuls shouldindicatethereis a chemical
differencebetweensurfaceand bulkbeforeand after pretreatmentThis is consistent
with the findingin Chapter 4 that xylan content was different between surface and bulk
after dilute acid pretreatmenffter 120 min pretreatment, cellulose ions were relatively

increasing by three times whitee lowest lignin ions werebserved. This significant
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increaseof relative cellulose iomtensitycould most likely be interpreted as the result of

a degradation and loss dignin and hemicelluloses, respectivelypm the cell wall
structure. Furthe pretreatment for 150 min resulted in decreasing cellulose ions and
increasinglignin ions on the surface as well as bulk composition dathese results
indicate the point of maximum cellulose and minimum lignin presence osutfexce of

pretreated sapie.

16 - M Extractive-free Poplar
M 10 min 160 °C

15 min 160 °C

m 120 min 160 °C

M 150 min 160 °C

14 |

12 4

10 4

Relative ion counts (1012)

CELLULOSE LIGNIN G LIGNIN S LIGNIN

Figure 38 Relative intensities of each component in crasstions of differenpretreated
poplar by TOFSIMS.
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Molecular ion images gfretreated samplespresent the chemical characteristic features
of lignin (Figure 39). Firstly, a ptal ion imagewas generated from each spectrum,
represenng the population of all released ions up to m/z 800 mass raihpeeafter,
lignin ions pooled signal for m/z 137, 151, 167, I®asoverlaidon the total ion image
using green dots. hE spatial distribution of lignin on the cressctioned surfacean be
readily observed ifrigure 39. Extractivefree poplar image clearly showed that lignin
ions (green dots) were evenly distributed across cell walls on the suFigoee(39a).
After 10 min pretreatment, more lignin ions were observed atcoefiers(arrows) in
Figure39%. Higher intense of lignin at cell corners can be explainadlignin migration
occursduring pretreatment processDonohoe et al. observed lignin extrusittmough
pits, cell corners, delaminatiazones, and the middle lamelédter a thermochemical
pretreatment and suggested thermochemical pretrealeaeisto lignin coalescence and
migration inside cell wall matri<*® In addition, there is atriking pattern ofignin re-
localization within the pretreated c&lall. As oneevidencelignin ion intensityafter 15
min pretreatmentHigure 39c) decreased at cell corners (arrow) compareéigare 39,

but there are still abundance of lignin ions compared to coriérglile 39a). It seems
that some lignin migrated from inside cell wall matrix start to extrusion. At this point
bulk lignin compositionwas little dropped from ~27% (extractiee) to 25% (10 min
pretreatmentjo 23% (15 min pretreatment)After long time pretreatment for 120 min,
most lignin ionseventuallydisappeared from the surface kigure 39d. Interestingly,
little lignin ions reappeareafter further pretreatment (150 min) mostly at cell corners
(arrow) inFigure39. Lignin reappearance shoukkult from theormation of pseudo

lignin as explained early.
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Figure 39 TOFRSIMS images of theross sectioned poplaeforeand afterflowthrough
pretreatment. ignin ions (green dots, pooled signal for m/z 137, 151, 1831) were
overlaid on total ion image. (a) Extractifree poplar, (b) 10 min, (c) 15 min, (d) 120
min, and (e) 150 min pretreatpdplars. Scale bar is 10n.
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6.4 Conclusion

In this chapter, TORSIMS was successfully applietbr tracking lignin variation
depending on pretreatment conditionBo avoid reprecipitationcomponent during low
temperature quenching process, continuous flow reactor was employedor a
pretreatment processstead of batclneactorused in Chapter 5. Therefo@pss section
of flowthrough pretreated poplar stecan providemore precise surface information
without external effect like rprecipitation. The spatialdistribution of lignin subject to
different severities ofvateronly flowthroughpretreatment wergvestigated in order to
gain further insights to explaidifferent chemical features between surface and bulk.
Multiple lines of evidence have been presertet cellulose and lignin contents in bulk
composition did not always correspond with thoseuiriage compositionFirst of all it
was found that elative intensity of cellulose after 10 min pretreatment increased by
double compared to untreated sample on the surface compared. CGmtitaey there
was only 5% increment in bulk cellulose contefierthe same pretreatment. This result
can be conclude that thereare chemical difference®etween surface and bulk
compositionafter pretreatment as well as we found in Chaptein5addition, a striking
pattern of lignin migrationand relocalizaton to cell corner was observed after
flowthrough pretreatmesat In TORSIMS image, morégnin was observed at cell corner
after 10 min pretreatment, resulting from tlgnin coalescence and migratidrom
inside cell wall matrix Lignin reappearance aell corner was observed after long time
(150 min) pretreatment, which could explain part of psdigion formation. Lastly,
maximum cellulose content with minimum lignin contents was found after 120 min

pretreatment in bat surface and bulk composition, which can be used to, at least,
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optimize pretreatment condition. Surface analysis by-BOWS provides an insight into
understanding the effect of pretreatment. Further study combined with enzymatic
cellulose hydrolysis add show the detail relationship between pretreatment and

recalcitrance.
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CHAPTER 7
3D CHEMICAL IMAGE USING TOF-SIMS REVEALING THE
BIOPOLYMER COMPONENT SPATIAL AND LATERAL

DISTRIBUTION IN BIOMASS *

7.1 Introduction

Many researchers consider biofuels, includingethanol and biodiesel, as a resource to
supplement or replace large portions of future transportation fuel requirements. This shift
in research focus is due in part to limitations in fossil resources and recent concerns about
the environment®?*° Lignocellulosic biomass (e.cagricultural resides, forestry wastes,

and energy crops) has been highlighted as a potential resource for biofuel protfuction.
Lignocellulosic biomass is mainly composed of polysaccharides ¢eflulose and
hemicelluloses) and lignin (i.epolyphenolic macromolecule$)’ Cellulose, a major
source of fermentable sugar used to produce ethanol, is known to be densely packed and
embedded in a lignthemicellulose matrix. This intricate layering of lignin, cellulose,

and hemicelluloses comprises thacrostructue of biomassand to date not fully
identified. The structural complexity exhibited in lignocellulose originates from innate

structural heterogeneity and has been suggested as a contributing factor in the its ability

% This manuscript was accepted for publicatiomigewandte Chemje2012. It is entitled a8D Chemical
Image using TOFSIMS Revealing the Biopolymer Component Spatial and Lateral Distributions in
Biomass The other authors arklarcus Fostonand Art J.Ragauskagrom School of Chemistry and
Biochemistry at Georgia Institute of Technologgd Udaya Kallurj Gerald A. Tuskan fronBioEnergy
Science Centeat Oak Ridge National Lab
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to resist enzymatic hydrolysis, refedr to as biomass recalcitrance. Biomass
recalcitrance has been cited as the major barrier to lesgsle utilization of
lignocellulosic biomass for biofuel production. Therefore, the major challenge facing
future lignocellulosic biofuel research is reducing the recalcitrance of biomass through
biological andchemical manipulation. For example, transgenic alfalfa degnlated in

lignin biosynthesis was shown to release more sugar by enzymatic hydtolysis.
Thermochemical pretreatment using oxidizing, acidic, or basic condition under high
temperature and/or pressure results in structural cell wall breakdown along with changes
in lignin and/or hemicellulose ultimately correlating with higher sugar redeaupon

enzymatic hydrolysi§>*3%2>*

Analytical tools thereforeplay an important rolein determining and understanding
changes which occur in biomass during biologaadl chemical processes designed to
reduce biomass recalcitranc&ypically this is done with conventional bulk analysis such

as high performance ligd chromatography(HPLC), gas chromatograpliynass
spectrometry(GC-MS), nuclear magnetic resonan¢dMR), and electron microscope
(EM). However, these techniques average over a large spatial dimension, losing critical
information about differences in cheral heterogeneity as a function of spatial and
lateral position in the cell wall. Therefore, we have investigated chemical imaging
techniques, which are wedlited to understand detailed spatial and lateral clsaioge

major components in biomass.
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In this chapterthe first 3-dimensional 8D) analysis of biomass using time of flight
secondary ion mass spectrometry (FSIMS) has been introduceth the specific
application of understanding recalcitrance. T8IMS is an emerging technique
providing chenical information directly from the surface of biomass without sample
treatment such as matrix application or radioactive labéfthgViass spectra obtained

over the sample surface as a result of secondary ion emission cappedmnnto a 2D
molecular image representing the lateral distribution of characteristic species at a sub
micron scale. Extending the usefulness of T®IMS, a 3D molecular image can be
generated by acquiring multiple 2D images in a stack. This is acsbhregl by
reconstruction, stacking the 2D molecular images layer by layer. Each layer is produced
in a dualbeam mode which uses a ion beam for surface analysis and sputtering beam for
surface layer ablation, also referred to as 3D microarea anafysias a result, 3D
molecular imagings allow one to sequantitvely track and understand both vertical and
lateral distributios of targeted or interesting species from surface tessuftace layers.

The ability to capture 3D data seems even more crucial to understanding bioconversion
because the interfacial layeettveen the biomass and cellulolytic enzyme/microbe has

been shown to significantbffect hydrolysis™?

7.2 Experimental Section

7.2.1Materials

Samples were prepared as described in Chdp{drl.2 Biomass substrgte Populus
tremula x alba (PTA) clone was grown aORNL under tension and pooled stem

segments collected from normal unstressed stems (NW), stems under tension on the
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elongated side (TW) or stems under tension on the compressed side (DW).
specifically refers to the wood containing alayer, while the woodetween TW and

OW (pith) is excluded from ground samples in an effort not to obscure further analysis.
Tension was applied by fixing each stem a&5& angle for 60 days prior to removing
stem segmesnt All stem material was debarked arelongated/commssed side
longitudinal sections were catanually along the entire length of the stem avoiding the
pith. Eachstem was sectioned or millexk described in Chaptdr(4.1.2.122 Milled

poplar stem an@ryotomesection of poplar steyn

ey
W

Figure 40 GreenhousgrownPopulus tremula x alb@PTA) plants under tension stress.

Tension wood is marked as bold line yellow arrow.

7.2.2Extractive-free poplar preparation

Samples were prepared as described in Chdpi#12.1-:4.1.3. All the results from the
analyses were calculated based on the oven dry weight of biomass that was determined
by measuring the moisture content using a moisture analyzer. The analyses that include

standard deviations were donelineereplicates.
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7.2.3TOF-SIMS analysis

TOFRSIMS spectra of crosssectioned samplesvere collected with alON-TOF
TOFSIMS V spectrometeas described in Chaptdr(4.3.2. TOFSIMS analysis The
instrumentwas operated in positive mod@5kV) with 0.18 pA of primary ion (Bis")
currentunder high mass and imaging resolution moler a highmass resolution mode,
the sample (@0 x 500 unf) was rasterednder bunched mode for 3 min and the spectra
was collected Threedata pointper each sampleere acquired from thiaree repicates,

at leastto reduce site specificitgnd @ror analysis was conducted-or a high spatial
resolution imaging mode2D SIMS image was generatedby using a software
(SurfaceLab6, IONTOF, Miinster, Germanyafter scanning theBis" primary ionbeam
over the sampleg(50 x 50 pnf, 256 x 256 pixels) forl00 times After 100 scans of
topmost layer, surface erosion by Gputtering source (308 300 pnt, 2 keV) at a
current of 0.65 pA was applied for 2s at finterlaced mode. The imaging/sputteyin
cycles were repeated for 30 times and the data set was used for 3D image reconstruction
(Figure4l). A 3D SIMS imagewasgenerated bgtackingmultiple 2D imageausing a

software [mageSurfewer. 1.20 http://imagesurfer.cs.unc.eddff

// Sputtering area

o8 Analyzed area
L)QS’ 4 (Tension wood)

Sputtering depth ,,l,,
Total 30 steps "T"'

f———  50x50um’ ———

Figure 41 Schematic diagram &D microarea analysis.
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7.2.4Scanning Electron Microscopy

Surface morphology o€rosssectioned poplar before and after various treatmeats
observedby using JEOL-1530 TFESEM as described in Chaptér (4.3.6 Sanning
ElectronMicroscopy. The images were taken\arious resolving powersnder 5 kV

Enzymatic hydrolysis

7.2.5Carbohydrate and acid-insoluble lignin (Klason lignin) analysis

Dr. Marcus Foston determinezrbohydrateprofiles and acidnsolublelignin content in
crosssectioned and milled sampleescribed in Chaptet (4.3.1 Carbohydrates and

acid-insoluble ignin analysi3.

7.2.6Enzymatic cellulose hydrolysis

Dr. Marcus Fostormeasuredyields of enzymatic cellulose hydrolysisCellulase (4
glucanehydrolase) from Trichoderma reesei ATCE26921 and Novozyme 188
(cellobiase) from Aspergillus nigexere purchased from Aldri¢lsigma and used as
received. Thectivities of cellulasand cellobiase were determined to be 9FEB®/m|
and 387.70 CBU/mI respectively according to the literafpmecedures.38 The pulp
(0.200 g) was suspended in 50.060M citrate buffer adjusted to pH 4.8 by sodium
hydroxide ata consistency of 1% (w/v). Thestwo enzymes were added intoe
suspension at enzyme loading of 20 FPU/g and 40 CBasfgectively. The mixture was
incubated at 50C under continuousgitation at 150 rpm. 0.10 mL liquid hydrolysis
samples atime intervals of 4, 7, 9, 24 and 48 h wevghdrawn and thdaydrolysis was

guenched by submersion for 5 min in a vigoroumdiling water bath. The liquid samples
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were then diluted to 1.08L and were stored at 2@ until analysis on an Agilent GPC
SECurity 1200 system equipped with an acidicéaxchangeolumn (BicRad HPX871)
and Agilent refractive index (RRletector using a 10 mM nitric acid solution as the
mobile phase(1.0 mL/min) with injection volumes of 20 mL, performed simitar

literature procedures.39

7.3 Result anddiscussion

7.3.1Carbohydrates and Klason ligninanalysis and enzymatic cellulose hydrolysis

Stressinduced tension woodvas generated on poplar stems as a model substrate to
investigate the application of TGHMS on biomass (Figure 42). Tension wood
generally appears on the elongated stem side as a result of mechanical bending. Under
such conditionsangiosperms form reaction or tension wandthe elongated estn side

in an effort to maintain an upright growth positfGiz>°

As a preliminary study for TOBIMS analysiscarbohydrateand Klason lignin content

were measured isegment samples frofopulustremula x alba (PTA) grown under

normal and tensioronditions Figure 42a). Basedon the age of the PTA cutting,
assuming consistent longitudinal sectioning with respet¢he ratio of sampled normal

and reaction wood cells and the amount of time the stem was grown under tension, a
rough estimate indicates that the tension wood and opposite wood samples have a
maximum of ~33% reaction wood. Ultilizing this estimate for percentage of reaction
wood and the above carbohydrate distribution in the tension wood sample, one may

expect the lignin and xylan contents within the reaction wood cell to be as low as ~7%
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and 5%, respectively. The most significant finding seeme tibvdt the ~25% increase in

the amount of available glucose in the tension wood sample resulted in a ~300% increase
in cellulase sugar releagecomparison to the normal wood or opposite wood enzymatic
hydrolysis experimentgFigure 42b). This increase in sugar yield becomes even more
impressive taking into consideration all samples contained less than 2% starch by dry
weight of biomass determined lay published HPLC procedure utilizing an amylase
treatment>’ Considering the differences in the magnitude of increase, this change in
digestibility profile cannot be simply related to the increafsglucan content, but instead

is more than likely attributed, in part, to some other combination of differences within the

cell wall structure of tension wood.
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Figure 42 (a) Carbohydrate and Klason lignin content of P$&mples grown under
bending or normal (erect) conditions, as determined by HPLC and normalized by the sum
of all the measured componenfb) Enzymatic sugar relead@opulus tremulax alba

(PTA) samples
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