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1. |l ntroducti on

1.1 Background
The -gvewi ng concerns over increasing greenhouse

consumption as well as their diminishing supply
renewabl e resouyryaes eas abht pRrO®iBgubar, the devel c

|l ignoceétuvedebi of uel i s one of ¢thegkegnisousae ega
emi ssion from the transportation(Greetamdwhil e er
Majumdar, LRGadg el liullwisqgnta srse)s ihdauvees b(leen suggested

feedstock that -ccaorublodn bien tuesnesdi vaes slucbwsetbiatswetde f or a

prodiukudakasseril .KuOviearncteip lagagt 2ddelci3gdgdes, consi
has been dedicated to better wutilii.zderd,d udiosmass [
and hemicellulose) and lignin into -meoifaeéd, Dbic
bi oconver scieosns. tTyhpiisc aplrloy utili zes a mixture of e
and hemicellul ose into monomeric sugars for subs
ot her for ms, owhibli e ptrloed ulcitgsni n i sol ataesd tfhreom t hi s
feedstock ff oobitdaes eglr edhieanti ic @hBso ranrsdc hreautear ieal sal .

Depending oaf tthilee,l rodiffitfnesrfeynbti otnyapsess can be used, s
agricultural and fores{ChesubduedDea@0W@kld s oceanaea
such as pellets have the potentialhitgdh be util i ze
transportabil it . oHiawmseatad dyl eqaupittee rteltal ci trant t
bi oconWMerssi obmomass i s designed by nature to have
structure, from its compact arrangement of fi br e
cellulose, hemicell jIChaamdawat!|.®gn@ahr eso@@tiididhe

accessibility of enzymes to cellulose is signifi
well as the presencgeg Cohhfanhdeani caenldl TBlaasdd eared 210i1Rni r
typically, it is necessary to employ a pretreatr
deconstruction/ hydrolysis step, to reduce the re
hydriosl yost the cellulose. I deally, a pretreatment
operational costs and the capability of processi

mi na énf fionrvto | wreep amat i o nT haen dp rheasnhdel ai { nogenail zseo trmh en |
degradation of the carbohydrateAgmompoamtendls. ana0X
Chandra et al ., 2007)



Steam pretreatment is an attractive pretreatment
rel at oweltgquir emeGhtasn droar eetnealgy, 20Bdwevarcguet e
acidic steam pretregpinmead dgr dioe sl ¢ omdiotf i om& i bi f
compounds that hinder dowbegueaeamtAsamgmmo&1L 6PN pr
pretreatment process might i amelawes itghnei fciocnasnttr uct
amount of capAltailr a ngtss &dimesjctusledd) hppepaah alter
mi ght be to maexifytiamgtmhaecimeizteiaems cal pul ping i nc

Ther momechaniTaV®l) pwl @i pgocess that rsetseambliess st

i ncorporated into theVenea hadd @tRd tphue pd encgr epar soec eisns
demand for newsprint, mechani cal pul ping has | o0:¢
closure of many mills. Thesaviahé abxiestfiomg pionfemna:é
devel opment, wusing a modified pretreatment front
bi omass. The advantage of wusing mechanical pul pi
recover cellmnlhisght wiudlsd rwhielse iretaining most of
i nsol ubl e ddmmsdpmeorEsd cnail siomum amount orfeditnrhiidti t or s
downstreamMghDooasd sle £t al ., 2.0 OHlo, w eSvaenrd, b etrog deatt ea,l
me crhiac a | pul ping technigues have not yet produce
|l ow enzyme | oadings are used to hydrolyze woody
during the TMP process that Jdree,dsgdrmertalel y,i strhuept
hemi cell ul ose andr ¢3$ ghd inmhgtrreati en@Geslstibtieanc et a
2015; Kang. eAl taHaughR 0r0e6gent advanceasei rentzlyanede v e
have shown the possibility of overcoming | imitec
of hemicHlEUIl @t oale.i,gn2s@ns 5rpe nsaeirni ous i ssue for the ¢
cellulose. Previhatust worlki dimisn sphoevhient i n the Dbio
hydrolysis by |limiting swelling, consequently re

to the cellulolytic entdmbsRandetimltingOtihei KueE
Nakagame et al ., 2010A1I Rhbughi hegnieh maemovaDI1Bas
an effective wampeeodi @&tndd naced lnigMleamze yhegdrtad ysi 4998
dat e, -efd ecdstve -Meséegnméibcads omave been commerci
the cost associatedTwkadatbe abe,oRO02Bemical s

Rat her than completely removing | ignin, one alte



modi fication by acid group incoapioboataond. oPiadat v
treatments as both chemicals are routhasely wused
beemedominantly used to remove rEekKaldluiadl &4 i gtni al I
201vwihi Il e sul fonation is predomi nmendHaniucsaeld @gwl Eio
of woo@BTtTh+tepsand Gatasnhwillm, K& 9®dscribed in this
sul fomasednpr et r e abtemenn tuss eldaveo hoplr ove enzymati c
the need for coMmM@hdatae elti ganli.n, r2e0mMobv;alChu et al . ,

al ., . AZ0 W9 ) | bec iddke sgmrdbpesd ,addi ti on enhanced cel | L
facilitating fibre sweplrloidnugc taisv ewebliln daisn gr eodfu cei nnzgy
i ncr easioaphitlhiecihtyydrand ne g(adteilv eRicoh artgealof, t2h0el 1l;i
al ., .2011a)

The focusdebct hiwadiohwe etthegapoet enti al of wusing mi
prior to the mechwanhidbedlerp blegli ng het epeads ng step

uilized prior to thermomechanical pul ping can b
as sulfonation or oxygen, to improve enzymatic I
1.2. Typical pretreat ment met hods

1.2.1 General summary

Generally spea&kangbepckeaseintimedti nto the four ca
physhemical and biological pretreat ment .

The main objective of most physical pretreatments is to reduce the particle size of biomass and
increaseoverallsurface area. Some physical pretreatments also lead to a decrezlkddae
crystallinity while reducing the size of biomass, suchvalling (e.g. ball milling and hammer

milling) methodgLin et al., 2010) A mechanical pulping/refininbased pretreatment is another

exanple that results imnincreasen thesurface area of fibres.

Typical chemical pretreatments use acid or alkali under elevated temperatures to alter the
structure/composition of biomass. Acid pretreatments (e.g. dilute sulfuric acid and phosphoric
acid)generally hope to fractionate the hemicellulose from the biomass into thesohitiele

stream, thereby enhancing the accessibility of enzymes to the remaining cellulose component in
the watefinsoluble componer{fAuxenfans et al., 2017; Ramos and Pereira Ramos, 2008)of

the challenges of this approach is the toxicity, corrosiveness and the recovery (&uacatsl



Cheng, 2002)In addition, acidic pretreatment environments have been shown to degrade the
cellulose and hemicellulose into furfural amgroxymethylfurfural(HMF), which are known

inhibitors to subsequent fermentation proce¢¥esand Chistopher, 2017)In contrast, alkali

(e.g. NaOH, KOH, CaO¥fttc.)based pretreatments target the removal of lignin, acetyl groups

and uraic acids associated with the hemicellul@daghighi Mood et al., 2013Wnlike acid
pretreatments, although alkali methods are less liketirgsolve the hemicellulose, they often

cause swelling of fibrous cellulose as well as the cleavage ofagmbohydrate linkaged his
contributes to the fractionation and dissolution of lignin into the alkali solution under elevated
temperatures (espially for agricultural biomasgP. Kumar et al., 2009; Meng Li et al.,

2016)The potential limitation of an alkali pretreatment comes from its relatively long residence
time and the need to neutralize the pretreatment slunig.alddo the operating costs.

Organosolv pretreatment is another type of chemical pretreatment that uses organic solvents (e.g.
ethanol and ethylene glycol and tetrahydrofurfuryl alcohol) to palty remove lignin by

breaking down internal ligninnkage§Bor and and KaraosmanoYlu, 2018)

Physiechemicalpretreatments refer to pretreatments that involve the combined inplysital

and chemical treatments that can alter the structure and composition of biomass. Steam explosion
is a typical physiachemical method that combines the actiba dydrothermal treatment and an
explosive pressureleasgChandra et al., 2007Pther methods use chemicals such as ammonia
(Ammonia Fibre/Freeze ExpansiohFEX), carbon dioxide (C@exploson), oxygen(wet

oxidation) to more effectively alter the lignin and hemicellulose, in combination with subsequent
explosive treatment that further increase the surface area of the biptaghgghi Mood et al.,

2013; Kumari and Singh, 2018)

Biological pretreatment processes have been suggested to be more environmentally friendly
approaches as they only use microorganisms, without the need of adding any cl{&minals

and Singh, 2018; Sindhu et al., 2018}hite, brown and sofiot fungi are typical

microorganisms that have been usedlter the composition of bias¢Sindhu et al., 2016)n
particular, white rot fungi have been show be quite effective as they specifically break down

the lignin. However, thenainlimitations of biological pretreatments are their requirement for

long process times, large storage areas as well as continuous monitoring of the microbial growth
(Haghighi Mood et al., 2013; Kumar antdé&ma, 2017)

1.2.2 Steam pretreat ment

As mentioned earlier, steam pretreatment has beece
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(Duque et al ., 201®riydacnquetngetf radm ¢ hdédMEmEdni t e
i nvol ves a hiyglhr ottehteppmadihat et argets hemicell ul ose
explosive decompression that can |l ead to struct.
pretreatment are its latnmivesldy ulscavg €lChvhenldsh aofe tearhesr.
2007 )Depending on t her ecsounldtist ¢ipnmass heenopfl otyheed ,c @ltl ul ¢
the -waselruble fraction and moessotl uobfl et hfer ahcetmiocne.l | t

During autohydrolysisif.,no addition of acid catalyst), hemicellulose removal is facilitated by

the disassociation of acetyl groupsaatied to the xylan backbone of biomass, particularly for
agricultural and hardwood residugauque et al., 2016; Leschinsky et al., 2009wever,

including acid catalysts when pretreating softwood biomass has proven bena$ittese

substrates lacks acetyl groups on the hemicellulose comp@roentserkani et al., 2013The

addition of acid catalyst wassa found to reduce the need for more severe reaction conditions,
resulting in greater hemicellulose recovéByra et al., 2003)Sulfuric acid (HSOs) and sulfur

dioxide (SQ) are the most commonly used catalysts (at a loading between 0.3% and 3% w/w). In
many cases, gaseous Slas proven more attractive, compared t8®, as it is easier to add

and better penetreginto the internal structure ¢tie biomasgMackie et al., 1985)

However, similar toytpical acid pretreatments, the acidic environment during the steam
pretreatment process generates compounds wiedhhabitory to subsequent fermentation

process. This is primarily due to the fractionation/degradation of hemicellulose and low
molecularweight lignin. These inhibitors, including acetic acid, furfural, HMF and phenolic
compounds, are often produced when the conditions utilized for steam pretreatment are too severe
(high temperature, residence time and acid). As a result, a compromiserbptaxgding a
hydrolysable substrate, good sugar recovery and minimizing the formation of inhibitors often
needs to be made when using steam pretreaf{@bandra et al., 2007 o try to better utilize

the hemicellulose@lerived sugars in the watsoluble fraction, many researchers have used a
detoxification step, which increases the operating cost due to the use of chemicals such as
activated charcoal, organic solvent, polyioeesins, alkali and reducing age(driksson et al.,

2011; Cavka et al., 2011; Mateo et al., 2013; Yu and Chhetp2017) The removal of

hemicellulose also enriches the lignin content in the resulting substrate, which is more obvious in
the case of woody, especially softwood biomass. Therefore, it is often necessary to incorporate a
posttreatment step aimed l&gnin removal/modification prior to the subsequent enzymatic

hydrolysis step. For example, using sulfite and oxidizing agents under neutral/alkaline conditions
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(Kumar et al., 2011; Pan et al., 2004; Yahgle 2002a)However, nearly all of these pest

treatment strategies required high chemical loadings, making them economically unattractive.

1.2.3 Thermomechanical pul ping

1.2.3.1 Mechanical pul ping techniques

Ther momechani cal rieaftiino m gd fp usltpei anng pirse tar evaatrme nt a
have infrastructure that can be readily adapted
pretreatment, traditional ther momechanical pul pi
soften thhe elnihgmice &a he swelling of fibres, eithel
pul ping process.

Mechanical pulping of woody biomass can be trace
(SGW) pul ping wasn dehvee lecapd-tya slEOebtOese, c hreagfdisnneirn g

estab(teshadr mechaRiMh)alc hpuuli gli mgt sit eeoilbsa el Yy he us
met wadesi gned to directly convert wood chips int
met al di scs or playeess egfui pgpedv @Bitedmmraamm@,ouBsAADaa;r
Smook, G,helad8P)i cal rsaf ismingd esystsemrede ner for b
secondar(yFirgedririyinjgaef i ni ng was designed to progr
smal |l er particles and finally into individual fi
fibres and mini mums debris. The s wmhoeduednmti,|] ss and
s malrlagments using plates with shorter breaker b
physi cail.,doompaes s(i on and shear forces), on the b
i nner cielidntyvealnlas (fi bre crusehilngasand deilcamiasat iion
surface area of fibres by peeling awiay | ayers of
resul tfsoaitm dmbh eorf yo if (iexrtielrsn al (fGihhkarrielhlkéhtainan)et al . |,
Smook, G,cada®B8O)buti agbitbor estbrionndgienrg fiinbrtehe subseq

stage. With the continuous ithenselcapmeant tofadmuli toing
stages disc refining can be diLmlndbead Thy 68 Bssi ngl
beneficial for both energy reduction and i mprovi
(Gharehlkhaml ., 2015)



fine bar refining

e |

|
Figamae segfmemafi ner plate for primary refining
(Smook, . G, 1989)

The original purpose of adding a steaming step t
reduce the refining energy required by softening
work showed that, usi-h40 tAGopied @tthaer esse pbaertaw ei eonn 103fF
t he mi ddtlteatl aweid Hdat hesptoduction of | ess flexibl
fibri(lBiaetrimmannn, 1996b; Roffael et. aThe ROHAI t ISmMY
fibrikisnwiher momechahi bavepumpsoya@dMPproperties co
mechani cal pulp (RMP), dtsied gdghgr bebonhéor mabikit}
bonding properties, higher strength properties &
wel | as better printability.

With the goal of further reducing the energy requirements for mechanical pulping as well a
developing higher drainage pulps more suitable for other applications (e.g. food board, printing
and writing paper, tissue and sanitary papers), cie@nmomechanical pulping (CTMP) was
developedPetitConil et al., 1994; Smook, G, 1989; Vena, 20@)ring the CTMP process
wood chipsare treated with relatively low amounts of chemicals such as sodium sulfite and
alkalis to soften the lignin before or between the refining stages. Typically, the chemical
treatment of softwood chips is conducted witho2 sodium sulfite, at pH-20, 120135°C for 2
15 minutegL6nnberg, 2009nlike steaming, which results in only temporary softening, the
addition of chemicals such as sodium sulfiessults insulfonaton of the lignin permaneny
softening of fibrewia the enhanced swelling of fibres and weakening of the lignin matrix
(Smook, G, 1989)in comparison to TMR;hemithermomechanicaulps (CTMR) have several
superia properties due to lignin sulfonatiohhesenclude its higher longfibre content,
improved fibre flexibility, reduced shive and fines content. These features contrilboge to
enhanced mechanical property of pud(,tensile strength, tear and buirstiex). The brightness

of the resulting pulp can also be improved with the addition of chemicals, as the alkaline
7



conditions remove lignin chromophores and extractives that reduces the adsorption coefficients of
the pulp(Hirashima and Sumimoto, 1994)

In recent decades, variety of advances mefinerdesign have been made, such as the
development of multiple disc refirggrconical refines and cylindrical refines(Gharehkhani et al.,
2015; Lonnberg, 2009Y herehave also been efforts utilize mechanical refiningechniqusto
improve the properties difjnocellulosic substrate$n particular, the Bivigxtruderéquipment
that consists of two identical intermeshing scréved have different zones pitches was found
to be a good candidate in refining the biomasd/or pulp at high consistenffyigure 2)(Sjoberg
and Hoglund, 2007)

Chemical pulp

Steam
QC}; E Heated barrels
B I A | X I;" Processed pulp

\
At ¢

Reversal zones

Twin Screws Extruder

v

Filtrates

Figarirél usttriidd iporm dof88 berg and H°glund, 2007)

1.2.3.2 Mechanical pul ping/refining as pretreatn
As mechanical pul ping processes retain the 1igni
products su¢BmasknpnesGdHpive@&yt,o t he decrease in th
newsprint, mechanical pulping has |l ost its tradi
|l ess frreaqtuuiean ofpemany pulp mills, tbikeemidf aci | it
opotential biorefineries. The advantage of usi ng¢
its ability to producewh eklebeuphdlo sa fc tshueb sctarrabt cehsy dart a

components-insol ué laemadf e a mt & b npgr o dnuhcitbiiotno r

Past work has shown that mechanical based pretreatments have considerable potential to enhance

the cellulose hydrolysis of substrates containing low &waélignin such as bleached Kraft pulps
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(Hoeger et al., 2013}t has been shown that mechanical pulping/refining led to extensive fibre
disruption whiledecreasing the crystallinity of the celluldgome et al., 2020)t also increased
the total accessible speciyc surface area via ir
some casegibre cutting and generation of fin€Barakat et al., 2014; De Assis et al., 2018;

Molin and Daniel, 2004)However, biomass, especially woody biomass been shown to

remain quite recalcitrant to enzynwahydrolysis after mechanical pretreatmé@oussaid and

Saddler, 199; Mooney et al., 1998yith the poor hydrolysigrimarily attributed to the lignin in

the substrates. Earlier work has shown that mechanical refining has a very limited impact on the
fibrillation of substrate containing high levels of ligrfldoeger et al., 2013As discussed earlier,

the lignin present in the substrates significantly hinders the swelling and accessibility of cellulose
to enzymes, as wedls binding enzymes during the enzymatic hydrolfisisnar et al., 2012a)

However, a number of studies have evaluated the feasibility of using mechanicagrafira

post treatment, in combination with hydrothermal (e.g. Liquid hot water and steam) pretreatment
(De Assis et al., 2018; Dou et al., 2016; Gonzalez et al., 2011; Yue et al. apdl&)emical
pretreatment (e.g. green liquor, alkali and acidic sulf@en et al 2016; Jones et al., 2013; J Y

Zhu et al., 2009hat target the alteration/removal of the hemicellulose and lignin components.

1. 3. Bi omass feedstock

1.3.1 Biomass recalcitrance
A mentioned previously, bi omassgaregabeirmean de i s

physicochemical fppompenatrescopaoningre features (

mol ecul ar organization of cellul ose, hemicel |l ul c

Cellulose is composed ofbg#8ptygsesudi tsbbndkedndi

individual cellulose chains form crystalline she
hydrogen bonding and van der rWwdalbg iilmst druadthieon |
together to form | afpDenabdadhestDGhimagcaocki bgiodfs
chains with high crystallinity prevents enzymes
hemi cel | ulvoesley iasmoa prheoluast,i br anched polysaccharid
monomerie. gugaose( xyl ose, mannose, arabinose an

et c. ) . odtbrevariescaongss species and the developmental stage of the plantaas wel
and tissue type and location of the céiengel and Wegener, 198%emicellulose can act as a

physical barrier around the cellulose fibii8ksanen et al., 199 Mlocking the cellulase enzymes
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from accessing the cellulogBura et al., 2009)Lignin is an amorphous aromatiolpmer, which
primarily consists of three different phenolic alcohol monomerymaryl alcohol (p
hydroxyphenyl unit), coniferyl alcohol (guaiacyl unit), and sinapyl alcohol (syringyl (Rélph
et al., 2004)As will be further discussed, lignin is widely recognized as a major factor tha

inhibits effective hydrolysis of cellulose.

1.3.2 Types of biomass that might be used in a
In generalthe potentialbiomasdeedstock that can be usefdr enzymemediated bioconversion

processesan be categorized agther,herbaceougagricultural) hardwoodor softwood

substrates

1.3.2.1 Herbaceous biomass
Herbaceous biomass, including agricultural residaas,€orn stover, wheat straw and sugarcane

bagasse) and perennial herbaceous grasgess(vitchgrass, silvergrass) ar@igally less
recalcitrant to biedeconstruction. Xylan is the main hemicellulose constituent of herbaceous
biomass and often substituted with acetyl groups that restrict the accessibility of xylanase
enzymes to the xylan during the leconstruction pross(Selig et al., 2009)Although the

lignin from herbaceous biomass consists of all three phenolic alcohol monomers, overall, the
lignin content is generally lower than that of woody bion{&ngel and Wegener, 1989%hich
likely contributes to th lower recalcitrance of these substrates. Within the lignin macromolecule
cinnamic acids (e.g. ferulic acids andg@umaric acids) are found, which increases its
hydrophilicity, making it easier to be fractionated during watesed pretreatmen{Sun et al.,

2002; Takada et a2018)

1. 3HAar@wood bi omass
Various fastgrowing species of hardwoods, such as poflap(lugd and Gum trees

(Eucalyptus)have been considered as potential energy crops. In general, hardwoods are more
recalcitrant to biedeconstruction than hente@ous biomass. This is partly due to their higher

lignin content (2380%), which primarily consists of guaiacyl and syringy! lignin units, along

with minor amounts of fmydroxyphenyl units. Due to their lower cinnamic acid content and
higher molecular weig, the lignin isolated from woody biomass is more hydrophobic than

agriculture plant derived biomaflduang et al., 2017; Takada et al., 20¥wever, the
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hemicelluloses of hardwoods are similar to those of herbaceous biomass, which includes a xylan

backbone and the preserafeacetyl groupe De mi r bak, 2005 Fengel and We

1. 3Saf 8wood bi omass
Softwoodsjncluding Lodgepole pineRinuscontorta), Norway sprucéiceaabieg, Western

hemlock sugaheterophylla and Dougladir (Pseudotsuganenziesjiare among British

Col umbiabdés most abundant tree species. Softwoods
timber and pulp), particularly in the Nordic countries, Canada and Rubssae & Fao, 2014,
2006). In addition, softwoods have the advantage of having a hemicellulose companent (
galactoglucomannan) that is primarily composed of hexose sugars (glucose, galagtose
mannosgwhich can be more readily fermented to biofuels by traditionatyedewever,
softwoods are widely recognized to be the mesalcitrant type of biomass due to théire
structure and high lignin content (26%), which is primarily composed of guaiacyl units
(Fengel and Wegener, 1989; Rowell et al., 200Qie to the lack of methoxyl substitutions on the
aromatic rings, guaiacyl lignin has a higher tendency to repolymerize and forrtrssénked
lignin during pretreatments. This cobtites to its inhibition of enzymmediated hydrolysis of
cellulose(Ferrer et al., 2008)

1.3.2.4 Denpéefiedssoftwood
The ready access to large quantities of biomass has proven to be one of the majmmistat

effectively commercializing lignocellulodeased biorefineriedkudakasseril Kurian et al., 2013)
In particular, previous work has indicated that biomass features such as low density and high
moisture content can cditaite up to 50% of the total cost of biofuel/ibemicals productiohy
decreasing the efficiency of thansportatioflKumar et al., 2006)To try to improve the
efficiency of feedstock collection, transportation and lergn storage, wood derived biomass
has been successfully densified vétigtisation.

To date, most softwood pellets are made by norttierested countries such as Finland, Canada
and Swedel(iThran et al.2019) In British Columbia, the production of lumber and pulp
generates large quantities of residues that can serve as the raw materials f¢Spelietsand
Toth, 2009; Thréan et al., 2019Although pellets are almost exclusively used in combustion, the

relatively low costs of transportation could make them suitable bioconversion feedstocks.
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As well as enhancing feedstock logistics, the production of pelidtses fibre integrity, due to
sizereduction treatment prior to the pelletisation pro¢dssstafa et al., 2019)his will likely
enhance the efficiently and effectively of pretreatment by accelerating the penetration of
chemicals. However, recent work has suggested that the high temperatumgdrdpring the
pelletisation process and the drying step might enhance the recalcitrance of the pellets to bio
deconstructiorfKumar et al., 2012b; 8ng et al., 2018; Whittaker and Shield, 2017)

1.3.3 Estimation of cellulose accessibility
It is recognized that the main cause of biomass recalcitrance to enzydiated bie

deconstruction is the lack of cellseenzymeaccessibility tahecellulose (Kumar et al., 2012a)

As mentioned before, contributing factors include the presence of lignin, hemicellulose, acetyl

groups and lignircarbohydrate complef. CC) linkages as well as the hierarchical structure of

biomasswhich all limit cellulose accessibilitfBura et al., 2009; Chundatet al., 2011a;

Grohmann et al., 1989; Kumar et al., 2012a; Ohgren et al., 280Fpugh measuring/estimating

cellulose accessibility to enzymes has proven problematic, various methods have been assessed
includingwat er retention value (WRV), the Simonso6 st .
porosimetry and the use of specific cellulose binding modules (CBAa et al., 2019;

Chandra et al., 2009; Chandra and Saddler, 2012; Novy et al., 2019; Wais2@18)

The WRV method was initially developed to measure the ability of cellulosic materigglp

fibres) to hold water. This can be used to assess the swelling potential of pulps while indirectly
evaluating the degree of fibrillatidiGu et al., 2018; Ogiwara and Arai, 196B)has also been
suggested that the WRV can be used as an indication of the recalcitrance of pretrastes tmo
enzymatic hydrolysi¢Chandra et al., 2009; Weiss et al.18D However, the correlation between

the WRYV and cellulose hydrolysis can be problematic as water is much smaller than enzymes and
this value indicates a physical phenomenon that might differ from cellulose accessibility to
enzymeslin addition, the mFsence of relatively hydrophilic componentshiapretreated

substratessuch aghehemicellulose and oxidized/sulfonated ligeimmponentswould often

havea high WRV. However the lignin and hemicelluloseillvstill act as physical barriers the
enzymatic hydrolysis of the celluloseh e Si mons®é staining technique w
by Simons in 1950 as a microscopic method to assess changes in mechanical piipirilores

1950) The method mixes the substrate with two types of dyes, the direct blue dye and direct
orange dye, with the direct blue dye having a smaller molecular size and weaker affinity for

cellulose compared to the direct oramtye (Yu et al., 1995)
12



Due to the unigue properties of the direct bl
applied to the cellulolytic hydrolysis as a method to evaluate cellakxsessibility and

effectiveness of pretreatméBhandra et al., 2008, 2009; Hubbe et al., 20IB¢ adantage of

theSi monsdé staining technique is its ability t
the specific surface area (SSA)awet date. Other methods, such as electron microscopy, gas

adsorption and mercury porosimetry etequiredrying of the substrate, possibly resulting in the

o

ue

a

coll apse of (€Chahdmtetralg 2089) ATphcer eSsiomons & st ai ni ng met h

improved by isolatingtte highmolecularweight fraction of the direct orange dye via

ultrafiltration and using it directly as a prof@handra et al., 2009; Chandra and Saddler, 2012)

The isolated direct orange dye has a size in the range’of} which is similar to the diameter

of many cellulase enzymes present inThehoderma reesaiellulase prparation (e.g. CBH |,

CBH Il) (Divne et al., 1994; Lynd and Zhang, 200Phis methochas been found to be effective

at estimating cellulose accessibility of enzymes to substrates pretreated under varying conditions
(Chandra and Saddler, 2012)

1. Megative impacts of [ ignin

1.4.1 Physical bl ocking

With most plant tissues, l'ignin is |l ocated in tFh
the cellul ose( Bowda lhadso iC® Inls¥eIgh)eat | vy, it physicall
accessibilliasye otfo tcheel Icelldsue enzymes. The hydroph
the biomass restricts the swelling( WhHenfg betesal .f,L
2010; Eri kssoBewvteral . stufdbdDeéey thhhetrgnf aounodnteat, a ¢
| ocati oni nofaltshoe pliagns a signi ficant( Jruoleet ianl .r,est
2013a; Yu.ettoal exampl4e) to try and migrate/rel oc
pretreathghequsd(hot water and steam pretreat ment)
pressures. When the pretr éatgthearats stid mperr gptod me , s ur
becomes fluidized and is able tottrrear snetnitqon tthh rsc
hydrophobic Iignin often reforms as spherical d

and exposing more of{Dohel dsbhukbsaltp 2888 meBu

al ., 2007; Takada et al., 2019; Xiao et al ., 201
1. 4. prdMadmuctive binding
As wel | as restricting accessibility to cell ul oc

13
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producti ver ébduncdeisn gt htehaetf fi ci ency of the hydrol yt
suggest eglrachadt inwen bi nding is driven shy factors
el ectrostasand hntdeod B8reirbamdieng al ., 2006 ; Eri kss
Zheng,. 2017)

1.4.2.1 Hydrophobic interaction
I't has been suggested that hydrophobi-c interactd.i

productive bindifdPadfonemzymesaltq 12I0iBar IRiadi kai |
studies have shown that <cellul asel egriymesr aaher ¢
cellulose, partly because | idgreinoi s tmore olmadin @p
(Norgren et .allt, wad@ohpats208@0oWwydrophobic surface
with the hydrophobic cell ul ose Db(iBErdiiknsgs onmo deutl ea la.s
2007; Pal onen Aemtal glses 2804silggéesnt stdrubaurtehe hydi
ofi glnin glddrhedashecreasing aliphatic hydroxyl and c
decreasismdg @pmewmoti i ¢ (hH/wangx yedt galo.u,ps2 Ot th;erYuwoertk a
has al so suggested that the S/ G ratio of [|lignin
( Mi Li et Tad .t,r y20plobo)deduceensbandhrgesbatee

pretdeaubstrates with surfactants to try to bl oc
enzyme hydrolysis. Bqdqwiamg s aduvgyteddbnumeirnc i(aB S As)oy
pro{éun et, aTwee@PdOneesad. | igao¥ahfoetab., 201

havebabkn assessed.

1. 4ERel2trostatic interaction
Previous work has suggested that both the enzyme
groups. The dadsssswocooifattihmemeangd oups under aqueous p

el ectrostatNakagameaet aahsp mptoibehanes awidt mpposite
charge repul se and atPtarsactwoa&c th ast lsehro,wnr & shpad c teil v
i nteraction between the two compresmanttisg i ismehcciaar i |
and Zhemnwg,t h20nlba)t pretreated substrbypiscalbssessi
hydrolysis c¢c86hdiThoes {({spHi 4eBy due to the dissoc
and the ionization of the pl&uodti calhryddeXiyf s i n

same conditions, the majg@gBHIy tolie e@GBMIMeccroempoBE@lr

0
componentsrbglwégsi daperfir pmusomi geconventional

14



mi xture (CddJVazcy daesitth@& dpr edomi nantly negative c¢ch
point (pl) Rescelntwewortkhahnnas.suggested that el evat
could ehbanhcestatic repul sion bet weemnennezty naels. ,ar
2013; Lou.etHoavlever20md8ye work needs to she done

behind this phenomenon.

1.4.2.3 Hydrogen bonding
Al t hough the effect ofprhogdydrcoger bDomdi mg dmst metr

in detail, earlier work has suggested that poter
occur between cellul ase awd hiygmioxyl Tlhiags bioxyd u e
the lignin interacting with thRerlyidm oxtylalgr,oud®0

2008)Pr evihoassh owbak the hydroxypropylation of the
the negative effect of(féegalin enHelWwey Blubsejguxeing
wor k s hdadwead otxtygptr opy | adi olni bediveaerydgmbtaghénvi hagn
enzyme a@dxmg panedonPan, 2016)

1.4.3 | hdhelbliulimsne ocactivity

I't has been sBowmnbi eRaphteme!| wat emmpounds derived
inhibitory to the cellulase enzymes, hindering t
prte eat ed Hoidogneasest al ., 2008; Xi meaebi entasabr k 201
i ndi thaeodatcaldyzed pretreat ment of biomass, such
team pr.geneatbmentiiverdi momposands$ or hagtehaecchhivhit €

el lul ase and hemi cegllluulaansapd eenabeypdmeas .0 d ridgs e endo
yl os(i Hiamegt al ., 2011; Mi chelin.efTwalter 2016 ; X
ol cbimpounds include tanaionamid, agad) icaacli di h)
y

ringal dehyademi ¢ ranisd, andPhgdirobhyb&brnki etaaid

> 0w X O on

as shown that the pphreatol éatsedesofviedbidlioime s¢ e m@munc

—

o cellulose hydrol ysi(sZhaianethaalld.w,ava$s0 ld8tas)iov e olwi
phenolics with a small er agorleeactuelrarc asribzoen y(Il ecsosn ttef
most inhibitory (tdbheaieldtul aloe, ehyrCElrc8edge siwed kt hats s |
the type of pretreatment also affects the proper
i mpacting enzymatic hgdeal ¢s.i sHoarn de2xDa@nDppheen,t aitti ohna
shown t hdaetr iAvVFeEDIX phenol i ¢cs cont alienadihregy otl d ct haarird e
15
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lignin subunit, which is the major building bl oc
condensation and resistant to fractionation comg
pretreatiamgdhagdiwowldt ur al bi omass, a number of s
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hydrolysis of Kraft pulp(Modneégl egnbadi ed 1lRBNBB)was

summari zed citn otnh e an esxetr isees o f pretreat ment met ho

selectively remove |lignin from the biomass.

1.5.1 Conventional organosolv pretreatment

Organosolv was originalsiyngsedg sig2tdalnywd mtgs met
et hanmdnolpr,ebct gnalo effectively r-ewmodg | ignin fr
bi omansds a pot enttitalH e rkrpd fatc egndlophiamg sprno cees al . 1
However, various challenges su/lcrhecastdawsthliygh ene
sol ventmotaemrdt itehle f or expl osi on prevented it fronm
prodédvira et al . | 2010; Borand and KaraosmanoY!

The organosolv method has been adapted as a pret
produc€reel f ugmriond Restn aetcwalt h, e2tbh@mipdalt heol vent u
under acidic conditiofR$50dtC)el Dwati evdy tacmpeé rcator rga

pretreatment, both the |l ignin and hemicellul ose
i glniiganin | inkages - nfshobd errescell it sl iosearwatherf ract i
harsh conditions required for |ignin removal al s

compromi sing effecti(Wwanhemi adl.|l,ul2dDe.; rl8Smamnwme rgy a h
addition, the use of an organic solvent to incre
washing aftersuthset gomnteitadgdatr mdnmaf,kbabsd negs.t al ., 2009

1.5.2 Recently developed organosolv technol ogi e:¢
A r e cdeervtellyo p e d meotSbiverd Enhamaedriégdocellulose Fractionation

(CELF), utilizes a mixture of water and tetrahydrofuran (THF) to fraction lignin from biomass at
a temperature of 16080°C. This results in the production of sugars anproducts such as
furfural, HMF, and levulinic acigCai et al., 2013; Meng et al., 2018he tetrahydrofuran (THF)

is considered to be a green solvent as it can be produced by bien@ss! products and easily
recovered after lovtemperature distillatio(Hunter et al., 2006}t has also been shown that the
lignin isolated after CELF treatment has a lower ether linkaggeoband noitondensed

structural featurese(g.,low molecular weight and rich in phenolic hydroxyls). This modified

lignin has the potential to be the feedstock for biochemicals and biomafkteg et al., 2018)
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Another biomasslerived solventsed in recent organosolv pretreatment technologies is

valerolactone (GVL)due to its attractive properties such as low melting point, high boiling and

flashpoints and low toxicity and recyclabil{f$huai et al., 2016; Zhong et al., 201Rgcent

work has shownth&aVL/ wat er sol vent systems were three ti
delignification compar ed( Shuadih ee.tT Hafle elytad2 Ghlt h)a n o |
r e p or t8@adeligrifieation of hardwood could be achieved atAlZ0 under mi |l d aci di
environment, r-ecmpltéetng 1 eac o her yn edaifninisgldteds e and gl
from GVL pretreatment was also shown to have a similar strutiurative lignin{.e.,

p r e s e rethar Iimkpgeb), likely due to the mild reaction conditions used in the pretreatment
procesgLuterbacher et al., 2015)

1.5.3 Deep Eutectic Solvents (DES)
Deep Eutectic Sotvemtpr d DES)nphage e maeerealsyv gt yt h a

gaining. afThmestilsgyndue to their | ow toxicity, rec)
the ability to baeprocuc Bdhepmi Emtl BchovabeerS§ ol vent s
shown to depolymerize lignin at mild conditions by cleaving the ether linkageg et al., 2017;

Xu et al., 2016)They can be prepared by mixing hydrogen bond dond®® @) with hydrogen

bond acceptors (HBAS) into a single liquid phase. While separated HBDs and HBAs usually

exhibit high melting points, the melting point of the mixture at a specific molar ratio can be

reduced dramatically. This is due to the formationwherous hydrogen bonds between the

HBA and HBD that restricts catidanion electrostatic interactiofStefanovic et al., 2017,

Wagle et al., 2016)

Previous work has shown that DES made from lactic acid (HBD)and betaine (HBA) provides a
promising postreatment approachat is high selective at extracting lignin at 130°C from steam
pretreated substratésT i a n e t Rekated work 2af finer Ylemonstrated that lactic acid/
betaine based DES removed lignin from corn stover and willeriwed mechanical pulps with

good selectivity and high recovery of the carbohydrate components achieved at a temperature of
140°QSong et al., 2019However, the lignin fractionated was found to be more condensed and
hydrophobic compared to its native form, resulting in a greater tendency to adsorb cellulase
enzymegSong et al., 2020pther work has shown that DES can be made from lderived
phenolicss uc h-hgadr d xybenzyl padumadchacidKim etak, 8018)This n ,
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work also proposed the concept of a clekexp biorefinery through the integration of renewable

DES produced fnm lignin-derived phenolic aldehyd¢Kim et al., 2019)

1.5.4 Acid hydrotropes
Recycl able acidithglduene opldfscOH)c har@isdp(opmi si ng as

shown that -TswhHe nasustihneg ppr et r eat me rotn ag d lowme rftr,ome f f
agricultural and hardwood bi ona@0sAQjanebeabhchi eve

2020) n particular, 80% delignification was achi
andi |l vergrass within 10Yang ef. paRedtart2eddl 8nkencte natt ws
has shown that 68% and 50% delignification of «cc
achieved at t ¢@Bpeamgatd.r aeltofwaas0A@)so suggested tha
effective delignification (85% detognaifnicagi on c
crystalline cellulose nanofi bTrsiOiHs et a & Bti e@eptt o0d u c e
et al., 2017)

Mal eic acatbséedMA)shawn to be another competitive
removeat i ginlih reaction conditions, resulting in
(e. i gher ©6O0Onftiemkagpd). Maleic acid pretreatment &
carboxylation of the resi duCali leitg.naillhh,ps2edsze@nbt)o n Iny
benefited cell ul ose &Yy dporool dyuscitsi,v eb yb irneddiuncg ntgo | ei ngzr

facilitated isuhb.dtiTheadsgmnahe prodoucnt @ainniofrg |l d¢alinli ul
nano$i pLQNFasi) et al ., 2020a, 2020hb)

1.6. Alternative approach: |l ignin modificatdi
Al t hough |l ignin removal has been shown to enhanc
del i gniblaisedt pomtreat ment method that is economi
bi omass. This is mainly due hteani(tcThmdk @icdoas te ta saslo.c,i a2t
As an alternative solution, the addition of aci
the past sevepla¢, yeampar ¢drt @ xalmkal i ne hydrogen
met hod), applying -arepatmeafdr &atorl dateadni snf tpwesdds r
substrates with a 30% higher I(Kgmam eontént RO:
This, along with |l ater work suggested that | igni
i mprove enzymatic hydrolysis of cellui®se withot
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tive binding and making t he (INagknaigna nmeo reet h

c
c

.20 Yty eheei hn Iignin hydrophilicity there
a

ctions between t.Theerlefgonriep,r aldedscst enfVobnubiaB di B C
result. The negative charge on the |ignin v
sion since the majority of aeyygpiymal cloypoolens
qrdmedntRi o et al . ,. 2Quldliye Naklafg@amat, i @M 1&nHd oxi
common methods used to modify Ilignin throuc
xylic acid groups, respecshokét gscdadksaldi scass
are matureyteséddobygtiese puwulkpeand paper i ndu

Lignin modification via sulfonati on

1 Sulfite pulping

te pulping istadachawassicapepuilpieagr meth®@O0s.
successful examples of wusing a sulfonation
the cook, sulfite pulping can be classi fie

ng lansdulnfeibbteemasceanki Bp @Ir pmamag, 1996 a)

c sulfite pulping utS@i aed ahmi bi)suted ot es uk

k and dtolcudbn |hezecdrirginedh out over a wide ran

Q

|l l ytdiacdddsul fite and bisulfite pulping.
an excess of free sul fuz,ouast atceamperlat urse off
U@ O0of noRikesr man.n,Dulr9i9n6ga )sul fite coemkitrhge, t he
N substructures and acid associ-ated dehydr ¢
irent caemtoni um ions) whéechean(Fromeenahdcat e
er., Tihg&9)is foll owed by the addg)titem tolf hyd
medi ar Y Feednrglzeoaddi Weng.e aTelre slWI8f9gnati on of | i gn
tion iWC labm@i g @i ttioon seer wheetheasr t hieniCages an
Xyl gr ou(pGr artezma iann.di nGhaecnt, 200 9)

tionally, sulfurous acid was wused as the on
rous acid combined withnlbisghifoeniac prcoduce r

guently, the sulfonated |ignin undergoes cl
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fragments. I't was shown that discoloration of ptl
which can occur underernctornatiitd m nasn db/fo rhihgihg ha cti edmpcea
solve this issue, a calcium base was added to ¢t}
more solubl e [( Bbeomahhophued 9t6da)tthse r el ati ve insol
the traditional <calcium acid epHfoteacookdnéeblec
Later work used soluble bases sucheatsheodsemof ar
cal cium, all owi n(gBiterremagnrHn ,il mlcAcom6nd)e atsd , 4 bi sul fite
typically carried -Dut hingker | @e@p &€ tdiamel ( HOB t e |
resi den<e htoiumeg (cBinedrimma nomn,g hli9s9 6ibs) mostly due to t
bases including monoval ent bases such as sodium
bi s
be

chemi cal s as wel | as the environment al concerns

e

condensation as itnhteoy tdhief fbuisoemafsass.t eThe mai n advan
ul fite pulping is that it can result in relat
e

asily refined and bl eached to full Dbrightnes
growth and continued use.

Neutr al Sul fite Semi Chemical pul-pheqi EBNESC) hac
pul ping method sincerk92a6.i vEhiys mpd adcedhemircwaudl ¢ a9
by mechani cal refining. The main x@emwbhalkhused f
buffered with s0@i un cnaerubtornaaltiez e Nahe organic aci
during cogkN8§C Pukrpinng, the reaction of | ignin
units only. This starts with the deprotonation
(QM) intermediates that could be af,tGBrked by hyc
The reBsilltfiomgi ¢ acid structur es-auogd e(eryiobgeusrses ud )f i t
Depending on the pH of-aryle etolokr, Icil erlav@aege odn maelt
NSSC pul ping.
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S0, 0,5
OCH,
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OCH 4

OCH,

Figdtéegnin undergoing neMatrabshiut adona®dldn reactd.i

Typically, NSSC i €9,c at8ilédd -6600 rmiundudteepsr ,p Rveivtpha It h e
goal of removing of up to 50% of the Iignin whil
components. This results85%, reevMen iwpeltyo h9 %) pcud m
chemical pul ping processes. Ainmédment afdvranwage ou
and species. Although this process originally te
successfully used (©OhKesalgiricand LPa&d: fMeldsmomad set a

Tarasov et Odlher 2a@dantages include its relativel
|l ow capital i nvest ment .
Earlier work has incorporated sulfite treatment

objeocti peoduyciienlpds hpiwgphh reduced fexrprgyoomhpsl po ¢
resulted from the i mpregnation (dfn veood dutd hoinpss wi t
contai nip@p n&8d% vha i ous cLR)CNHakC @rta mni Mm%, fNramtm 0 t o
60 AC for 24 h) prior -2b0sA@afmi ¥ ke sai am da tA hane a
1998)The pul p wasctsutbes eggumaedH anisadlj erefining st ey
propd€rmKtoikesa and Ahmed, 1998KO0Ko&t and nAhokkéidae d1 998

and Ahme(dKo klt99 8)nd .Athbmewds L1683 that the additio
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enhance the mechanical properties of the resulti
compared to the originalagprbaeses. uc€bdeémicalt héeé m@he
t her momechani cal pul ping process, with the goal
required for the subsequent mechanical refining

properties

1.6.1.2 SPORL pretreat ment
Ot hesearchers have tried to re@mudppads&uadiidiec sul

Pretreatment to Overcome the Recalcitrance Lignc

SPORL pretreatment is to employ atciadnatismudg ftihe t
majority of hemicell ubobebtempoaenhtonnase whkl wat
delignification and sul f oniansi oolnu olfe tfhrea cteisad,u awh
in cellulose and sul foamiteal |1ighii mi, ngatso sfulblj telcer
accessibility of cellulose to enzymes. |t was s
more critical to enhancing the enzymatic hydroly
(Wang et al ., 20009T,ypdhcaan g cehte nelc.a,l 2u0lexd) for SPOR

sodium bi syl fande s(uNgbHIF(Q cata cviadd i(oHis | oadi ngs depe
bi omasskfetBhastlocadi oig lodr dNwdi&dDds and agricultural
1-7%, whereas softwood biomass ten@23%)t of areqtuh & ed
pretreatment to b&SQafbecvibvre®wdLWindmngobf wglods r e
hi gher acid | oadings, |l i kely due to their | ack c
and |lignin sulfonation. Initially, the cooking c
30min when it was firstiwatnrgo ceuc ead abh g 2Wal®g) ket al
conducted the sulfite cooksameaseté6bi UL &ortAé i
conditions which reduced the generation of HMF
pretreatment for delignification, hemicellul ose
(Zhang et &@PORL2PpMNnd)reat ment has been shown to ¢
HMF i n tshod uwadteerf racti on compared to traditional

Acid (DA). This helps simplify the dfectronxsi fi cati c
l ignosul fonates that ¢ epulodd upcotsss.i bTlhye saedrvvaen taasg evsa |
pretreatment include the possibility to use exi s
cellulose hydrolysis anamdtuwret ggemferfadri menntodt ircend ait

Previous work haki shoasi dhat OdRQHlabel pbowedehyeod

simultaneous saccharification and fermentation (
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detoxi fication (Cheng, 2015) .

1. 6.1.3 Neutral/alkaline sulfite pretreatment
Sul fonation under neutral/alkaline conditions he
preserving the hemicellul ose components. Thus, s

as at meesmtt to further enhance S&®bhtubosempgdanbdblyes
160 UC fil€hahdmaurt al ., 201.6;! tkuwes fedumd .t,hat0 1n
sul fonatioal lemlhane eldydr ol ys-bbeatctmetdasubsetthae. oA
work had suggested the use of sulfite treatment
work has demonsttatatdtmehat ceul i sgehmepbtememus!| y
pretreated softwood substrates while increasing
particul ar, using extended s8®@dnd e2C@ddtaat7Ment at
UC for 12h) researchersiwgranadbbkel fonsit muwhaheoct
st epmrmetreat e(dZhsoonfg weotodasl ., 2019)

Rat her than trying to sdlrfe@anantesmmtconmcerndd wloirdkniir

sul fonation of Ilignise priwastbi kékeamtpaettbat mer
structure was more resistant to sulfonation. Thi
to steam pretreat ment was more effective at | igr
hydr oflChsainsdr a et al . ,ar@lprehuviengal he-R&miB8Bdel |

insolaoblenfrahe enhanced effectiveness of sul for
the use of mil-1d3e5rAQ-Gfodrimi2nd ns whid8® preserved the
component -imsdlheblwateamponent . Earsliidauralst udi es h
hemi cel |l ul os e npsroelsuebnite icno nwpaotneernt after pretreatm
hydrolysis by restrict(iBugr a test aaclc.e s s2i0b0i9l;i t¥yh gtroe nc
However, recent adv anecsesso riyn ehneznyi nceesl | duel vaesl eo pammedn ta ¢
promi sing results, Ilikely alleviating this issue
act synergistically with conventional cellul ase
simultaneceddliyWiHain ey hdahl, . 2Msl 1we l | as enhancing he
recovery, this avoidssdlheblleslsi odi & ugtar eamnt haite

fermentation inhibitors mentioned in previous seEe
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16. 2 Lignin modification via oxidation

1.6.2.1 Alkaline oxygen delignification/ bl eachir
Al kaline oxygen treatmentsbltdhachee méveaef tr epuldp ah a
used in the Kraft pulping process for decades. 1
cooking to remove the maj oc ifteye dosft dcikg nwint hf rtohme tg
obt ai nifnrged igwmlim fwikthe exgteh |l amd bri ghtness for p
applications. To remove the residual | iUgnin, the
cellulose andepmuleg . wihd ¢ b RiIOWYY )ear | i er work used
delignify the pardtpal liyt firsi eemod!| ye.nvlihreornenf or e, oxyg
bl eaching agent as it provides benefits both eny
instead of other bleach plant oxidizing chemical
per oxtirdememdous saving in ope(fwdnnideicmisn germaete a
2018)However, the main disadvantage of oxygen de
chl orine dioxi dewiitsh iltisgnlionwearn dr d aoomeirv idteyl i gni f i ¢
selectivity. Therefore, when oxygen delignificat
Kraft pulping and bleaching, this normally remoy
pul pi Aggyropoul os. antddeSophymumO®e&mperature empl o
around 100AC with the alkali | oadi ngraunsgeed oifn var
15% (w/ w) NaOH. Hi gher temperatures and al kal: I
yield and prosperities of (el Irwelswdd ioman tpeurtp,arsd

vi scosity.

The initial step oh ubBealignireqoxireatibe deacbDi
groups under al kaline conditions. This allows fc
results in a phenoxyl radi cal and a superoxi de i
t he eHielcita ogppddi ti on reaction that occurs on the
attacked by hydroperoxy radicals at the centres
including demethyl ation, ri(rfFd gapeRiSng a@amanisn g el &
to the formation of catechols and various mono/ c
muconic acid moieties. These side chain eliminat
acids -godnpaea, t husnidne ptod yfraeirth eviapgihA B lg dgonir ean d

ArgyropouEasl i 4d99890r k showed that, during oxygen
anion radical prefiebabl positaokswaerebled@®. met hod
This is part of the reason why sd¢fliweodali gni20®
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The oxidation camhaelnond iacc guro utphse tobfe N @ ygmiicn , 0 xwii d aht
lignin resultifgari bohWeFigowrogss b)heottar bonyl mo i e
readily att @6kedebys @®gewment | vy, the formation o
occur by t he UEChbeoarvda goef sdtrhuerreiufCieesdaa dmotnayil nigm g ugp a

wel | as the f etrynpaet icoanr boofx ybl e nazcyil di sc.
c C I c c c Cc
¢ oo 3 ¢ ¢ R
C C Cc [ o

v QU bbb
/\

|

Attack by electrophiles Radical coupling of two phenoxy
(Op or HOO ) at* radicals at 5- 5p0sl’|0l'\

¢ ¢ S

1% ¢ C c

& & ¢ ¢

==

| -

v i ,=. Y

Demethoxy lation Ring opening Side chain Aromatic acids

climination Aliphatic acids
o -

HO'lH HD' 00
b + HO é{
OCHz H20 OCHg OCHy — QOCH;3
~0

Fi gbGener al reactions of-ppbéerobiccggooppeps(hb) daodi
oxidati ondhsafi | agdi Argyropou.l os, 1998; Gierer, 19

Previous work has also suggested that oxidati on
and met hoxyl groups, a decrease in molar mass as:s
(Tammi nen and. Hbhitd iing,d2&® 0ty arhbeniyhcgr pampat an
carboxylic acid groups (dmatng th.e alli. gni2®0@BYr i ng o0 x

One of the Il imitations of oxygen bl e&alpipag i s it
Kraft pulps.sikEawhitehawotlke hmesi dual l'ignin canno

t he or i ¢iFmuala nlde vLeulcBihae,s e2 OM03X )k er = ssS 15g qaensctee b ft H d tg nti
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oxidation could due to numbers of reasons such &
materi al , the crystalline structure of cel |l ul ose
(LCC) Ilinkagesgfiufitoimenf{ hxgdmred ROOI3; Jafari et
Lawoko et &t .hecrazsbv®db)ksuggested that the reactivi:
decreases with theg Reoxsteenmatu ,DE0dleOls gdi f eaati enty I
shown troometshud tl dss of reactive groups including
asamncrease in condensed phRooémas, a2 029, oxardpmtat
I't has been shydretedphdarayl thriutps earce i gen e rdallrli yn ¢
oxygen del(iLgrii fai cat iadn, 2002; Yang et al ., 2003)

1.6.2.2 Al klmdd ence prxdtdragatoment s

When earlier work examined the effect of oxygen
Ssubstr autseitnigpuw@3te | ignocell ulosic mat-erials (pr
exploded wood) atlOmAC]H ,tenp eartiasg nfiraeu M(d8 &nmh & thet st e a
expl odedf iDDoumgadsasmore resistant to oxygen deligni

in a commeDrcd wad e paitl Yhle.n, s2®MGE)uent work tried tc
delignification of steam pretreated softwood usi
NaOH wiém axydgl0AC |l ead to >84% lignime.gemoval w
high NaOH concentration and temperature) resul ti
and cel |l ul osPeandeeqgr.laad aw,a £2nlad )0 noti ced t hat an in

accelteheatadkel i gni ficatwanar aif emul Hawevoes, i nceease
cellul ose degradaal bal i hpaotsetr ytgwreenakt nuesnretd oann gr e en
pretreat ebd ohmaarsdswoaotd a mi | der condition (5% NaOH
significant increase in cel(Kdwset axzlthiss2®il)i ty

|l i kely due t o t lpea eftacetattendath agrdemoro dl ilguwomri n was m
condensed comparetdr ¢ @t ¢ dhescfttemanod | i gni n.

As mentioned earlier, as lignin after steam pret

(Shevchenkogredearncherl99®dve adapted direct oxyge

met hod, similar to sulfite treatmawédsordgor atgamyg
oxygen treatment into conventional hydrot her mal
(Bi swas et al ., 201®omParedebhoetoavent2004da) hydr

pretreatments, thenbddstucbnasforygdnzand hgdr oge
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oxidation facilitated hemicelMarosde eémaval 20@°
2007adhus, the same pretreatment efficiency coul
resi den(cAer vtainmetsi. efthe band iRt 2y gen al so promot ed
reaction, further reducing tHeAhhrdaatgi reg/lenrd er, gyl 9r9¢
addition, oxydeheatddi mabihomedfuckter mentation i nhi
andanrg (8¢isdvas et al ., 2015)

When wet oxidation pretreatment is conducted unc
hemi cell ul ose can-ibsotebhienedmponeheée wat ehe | igr
oxi diR®leo et al ., 2004a0t hwarr gwao rekt haas. ,s h200WOn3 )t h at
pretreatment destroys the back(bSImiesetanaVi.¢,$1t2ed 1 D)c
the goal of improving the penetration of oxygen,
with oxygen at a milder temperraeturreeat(melrdt At Hiog
temper atUr®@ACH®5et .alThio2d®dip/pbrd cover ed more t han
original carbohydrate components (cellulose and
(58%) and modified the |l ignin by incorporating c
component thaée¢ptwialbl enore emzsymatic hydrol ysis. Re
al kaline oxygen treatment with |l iquid hot water
and cellulose hydrolysis. I n this case, har dwo o
and30AC prior to high tempeSroantgu red. veBHh.& rr 205lieddu anle n
lignin from the pretreatwaents hloiwnu aro ahmadv eh ypdort celnyt s
adsorbent f or( Soenagv ye tmeala.l, i200n1s9)

1.7. Thesis overview
As described withhitsheshse, mahe bedgabhé&mil ooked at

t her momegulamiimcg@a |l ( CTMP) pfif 0 eenddscabniso cah dprais ceahlt i al

bi oconversion process. However, previous work he
within CTM® puilpb wuite recalcitrant to enzymat:.
chemical treatments such as sulfonation and oXxi
enhance hydrolysis and retain as mucwhofFethe her
minimizing any negative effects on the | ignin. A
agricultural and hardwood substrates, -softwoods

medi ated hydrolysis.
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Initially, and als rikssedraiptheed iln mwer  idettaiassess e
refining might enhance subsequent hydrolysis of
apparent increase -iorfibciébaeiion aeldl al bepedcce
wasi Islt obtained. As it was possible that enzyme
more refined mechanical pul ps were preincubated
mi i mi-grodwowati ve enzyme binding cKriodr athnoy hydr ol vy
predominated, suggesting that it was this mechar

n

significant i mpact G&s urgaleestierd rtehsattr iidt iwag d ubgs:ti rna
e

t he

cellulose in CTMP pungpst or atthheerl itghnainn .t he enzy

As compl ete delignification had been shown to be
chemicals and energyesebaphecw@r wedassesbed it he
modi fying the |ligninOmweaofuthenattoacoroogsidatt:t
both of these chemicals are routinely used by tF

more detail, similar amounts of sulfonic and car
whil e mial imgmri migc alt i on. It was apparent that bot
hydrolysis were enhanced by sul fonic and car boxy
decreased enzyme binding to the |ligniaupsikely ¢
and the incorporation of acid groups enhancing |

cellulose hydrolysis. We next assessed whether t
further enhance the réehenhieocedt diniseod huebmiet dle!l wh t
component . I n this way both components could be
This combmeehanil kall ipul ping pretreatment resulte

using relatioadiyng®w enzyme |

However, asesehophed 3n it was apparent that bot
delignification were occurring during this proce
mechani sm predominated. As r 6800 remavaeld morethamor e det &
20% of the |l ignin while treatment at room temper
t hat partial delignification, particularly from
accessibilinwydramldy scied .l uTlhbesedel i gni fi cation and d
further enhanced by supplementing the al kaline ¢
It i s known that hardwood |lignins are more hydrc
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mi xtur
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c h e miec.
temper
derive

resul t

poorly

|deurrievecd olpi gnins. This mmkdbatbBdmsmbubilt ez

t

p
n

e

Al t h dieg

success

a

o

g

he wdarhke doeclssacpairdécehd4ci mssessed the -potenti al
retreatment process to prxeytgeeenat har dwoods
ati on -sstteegpmi rpg iaomrd tme eplraeni c al pul ping. OXx
d compared to sulfonation as it is typiceé
ive approach. Usingetmhtel bpposachromohart
oul d Dbe -irnestoaliunbelde icno nmphoen ewnatt,ert oget her wit
d in carboxylic acid groups. I't was appar
reased cehluhessubsteasebreatdyl wi hydrol yz
was supplemented with xylanases.

h htesi s wor k sbhaosweedd pirheattr et ahtemeOiftMPappr oach
fully applied to both ga@sdertairkteesdeamiracrhnd har
5, as anticipated, softwood dertived feed
globally traded, bi omass is swhddsdevdbod pel
t ment processacmi ¢y hemdedaizagtoedd fh yeddr aloy seinsh ao f
d chips andchepthewsd Thatwat kaln @whidsti or

enhanced | ignin sulfonation wictehl|this oc

iThosienqu,e mtcewwaeb| ul ose accessibility. Howeve

a

p
()

t es, particularly the pellets, remained r
ated that softwood pellets mhght be easi e

ekduced particle size and | oss of fibre i1

agusl f(ite and al kali) and cellul ase enzymes

a
d

c

z

hydroly

e

ture used during pneslatetoins,ataiso ni nrdeiscualtteedd bi
' ignin showing a higherbOnblleicrukageswvei ght

ng in |l ess enzyme accessibility.

ri bed within bheetthepsiesreatmedif pedc€FHP\

e car bohydr atne orl euchd vee rcyo mpmo ntelnet wwehtidre enh

sis of both the cellulose and hemicell ulc
calcitrant with [ igninl eptrsova nndg cthoi pbse wae rmee
hydrolyzed.t®@sgebsagwwgskotombdnfigsng | igr
mor e rwheiunsliyghydbomwelryzzeddcyme | oadi ngs.
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2 . Materials and met hods

2.1 Biomass and chemical s

2.1. 1Bi omass

Corsnover was provided by Novozymes (Davis, Cali:
hydroxide and sodium sulfite Afpen pwoadachkidpd rwe
obtained from a pulp mild!l in WesterancCanadla. The
2.5 cm andS6fowbb6dO0(ctmdgepol e wasepaondi Dedgbgs f
Canfor. I nc. Softwood pellets (mixture of spruce
Renewabl e Energy Group (Pri obefdikehygmdreep! BZ&d The
Kraft pulp (PHK) was donated by Fortress Ltd. Tt
d

sodium sulfite and anhydrous ether were al/|l pur c

2.1.2 Chemical s

Sodium cadbaoamathettataci dec tetrahydrofuran (THF),
chl orof g wdrCObCpurchased d6diommFE BRes ¢ SBe reqdli fdye
were purchased fSodmuMmcrsas fotganisodi um hydroxi de
wer e pufrrcohma sveWdR i rCtoegrpreat i(ddgl .et hyl enedi ami ne ( CE
hypochl orite bhici di usBb Edimihatehayli-dde D MEI,2-i d e

chl-drd-t 8t b5ametihPplxaphosphol ane (TMDP), chromium
N-hydrBxgr bo2 pdeincear boxi mi de were puOrhigerdwhsom S
received from BragatrofCangdalbamaBroeduoei sedThe od
was iisolated using the Mmh€hhodrial andtoSadedd eirn €0 ¢

fractionate the high molecular weight portion.

2. EnZymes

Commerci al enzymes Cellucl ast88dlbuc oscied d sud )a,s eC enli
CTec 3 (cell ul ase exnyz yarinee sceoccekltlauslkajls eandt H&e enzy ma
hydr dlty ®iaweresntrsecei ved from Mgwswovawemads (DMovnazikme s
protein content of these enzymes preparation was
to MoK Motk eelt..al ., 2015)
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2.2 Pretreatment met hods

2.2.5bcladale mechanical pul ping/refining

Mechanical pul ping/refining of starting and pret
twinjgeaer (super angel juicer model 8&00) in a
primary refining step of the i madusdtnreidalmemeicama rciac
pulp was then subject to PFI milling -Z24€8 vari ous

met hordes elcafracpht er 1, Aspemsi@edubedglhbygs af hmammas mi |
reduced Aspen, Douglas fir and starting corn stoc
commer ci alFlj uiddrn ngnd o 5000, 15000 and 45000 r

In order to remove t he fciomrens,s tnoevcelra niAcsele np winms Dr
di sintegrated with wat eMc naentdt apfri dbcoeesasfeod .t HFroaou g hhi ¢

onl ylOiees h screen was used to separate the fines

2.2.2 Deacetylation pretreatments

NaOBHased deacetyl ation of corn st@oO@RrRen wats a@&lon,duc
201Ba) efly, 50g of oven dri ed 8c%o r(nw/sw)o vNearO Hw a sl 2i: |
l iguid: wood ratio, 0.1M) :S@ NamOH8 OAGcwatyémth amnh
additional S@wdqw/adJded tNa t he NaOH solution prio
t he @w/B\Ne@ Olbleirnegp| ace(dw/ DS FH % r t he sul fite control

ThkOased deacetyl ation of corn sto¢diramged t he
and Xu.Br2@I6édvambpasg s() of corn stover was i mpreg

l i quid: wood ratio, 0.07M) in a 25 AC water batt
Thehemically/ water treated corn stover samples w
using a commercial juicer (super angel juicer mc
foll owed by PFI milling for 2&G0@48ewelk hbidons$ | ave

anticipated that the fibre separation and fibril

milling treatment effectively mimicked industri e

2.2.3 Alkaline oxidabifoprandema¢eetdr Akpeuanl fonatior

The acid wash of the pretreated Aspen mechanical
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(Meng et. a2 Qg @f01lpnevtarsdhatde dnexmanaciad pul p was in
with ei(twewdil @%( BEaQO6rt g v¥smdi um pe(rvGadt:hobat e
HO)at % 1(Ons/ovsliodadi AHCi wawer bath. The substrates \

after the reactions and stored at 4AC for furthe

2.2.4 Akkgkennempregnated mechani cal refining

Aspen chips aert2aACohbedmv&d i mpnlesgoma/swgdn uwi t h
carbonate (4:1 liquid: wood ratio) in the 70AC v
was to remove the inherent air from the chips, v
carbonate (Mdlokdweetc Aaslpe,n X0 P)s were then i mpr e
the Parr peseagtandattl100@AC for 2 h priorforo steam
15 min i nstaeeslt abianslkeests. Af ter the st easntatlreeat ment
mechani cal pul pi ngderaerf ijnuiincge rusanndg RFile miwilni ng f o
descri bed above.

2.2.5bWaedrypirel ymeattrea

Prreydrolysis treatment was carried out in a | ab
Savona, BC, Canaodvanbyalsnsd paodifps 2vbddr g oaked with
the cooking vessel at ailniggwied:s ewo avdh sr d thieon oanfo v&:
digester. The temperature was heated to 170AC wi
hour. The vessel was then coohydr dlowsni $ nl itdeorc ow
removed, filtesgequamtd medklkamioc aslubrefining.

2.2.6 Neutral/alkaline sulfonation treatments fc
Before the i mpregnation, softwood chips were aut

i nherent air, as débMalrkbedebubhpeguetdD@Yysdudi es

were i mpreghtwtsddiwimhs BIF i t es(amvdM)vapndousm caabdiong
(0%, 2%, 4%at 6%: ahdl Begpui d: wood ratio in the 70
| mpregnat ed ecphrieptsr enaetreed sitneaam st ai nl ess basket fo
treatments at 190AC for 15 min.

Al kaline sulfonation of softwood pellets was <cor
i mpregnatEew/smddaiim 8%l fi te and 4% sodium carbonat e
ratio in a 70AC water bath overnight, followed
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Subsequently, the mechanical pul ping of neutral/
waaragied out in a commercial juicer-scalpelPFange
refining for 5000 revol ut2i4d8n smeachcoadr.di ng to TAPPI

2.3 Enzymatic hydrolysis

During the enzymatic hgdirsw)shiedadi 6gn supstcate} v
mi xed with acetate buffer (50 mMbogHI=®.sO0O)analnd er
moved to a shaking incubator at 50 AC and speed
the pretreated subg¢wwrseodsbisdafli ngdwpbki candlucated2dn
screwcap tubes with acetate buffer (50 mM, pH 5.
rotating incubator at 50AC for 48 h. I n the case
(BSA), sampl asedewet hmpcegmate buffer (50 mM, pH
BSA at room temperature overnight prior to the &

2.4 Chemical composition analysis

The chemical composition of the corn BRIover and
standar 8T met hod (in triplicatrep. s(Bowernylye 0. 2
baswas) Wiley milled and mixedSpafioor 2t & . s Tihrer imn gt
was diluted wionh zE2H2 walt eafl 2dfdo ra ult olcil m3veedu b £ e d
l'ignin (AIL) was collected and measwsalewdbluessi ng a

l'ignin (ASL) was analyzed by determining the abs
component ss wlfultlhewefared adieiaosnur ed using a Dionex ( St
(1 GH00). The acetyl content was degde@lruilneed as t|
fraction accordidngngoaddaiXggada®WU¥esd add etdor n
HPLC 60CpF equipped wBi7HohbuommRm{dBesdieHRXI| es, CA) .

2.5 Microscopic analyses

2.5.1 Scanning Electron Microscope ( SEM)

SEM of mechanical pul ps and delignified PHK was
Fi sher Sci enteidf iscaimp | Ferse enzeer e npd ageeldd ed asi SEMast
Hummer VI sputtering system, prior to the obser\
k V.
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2.5.2 Transmission Electron Microscopy (TEM)

Topochemical analysis of pretreated HUGOGBA) at es v
at an acceleration voltage of 80 keV. Prior to t
et havmdler mi xtures with increasing ethanol conce
exchange using acetone. Subhdseignuetnhtel ye p axhye rseasmipn ¢

ultrathin sections of 80nm using a diamond kni fe
purpose of selectivel ysawltwtiinomgwasheaddagditng tle k

section was then mounfT&M anatgpper gri ds

2.6 Acid group titration

Conductometric titration of acid groups was a mc
et (HaRzP.; Scal l.anBr iAe fM.y-d ri@0.8bl% s-gyasq) loepdt nnpartee r i a |

was weighed out and mi xed IwWiatlhc oln5 tmilb eo fo vOe. rin i Ng hH(
sample was then washed by filtration with 250 ml
funnel . After the filtrataisan, thleeakeammli ¢ hwa $h et 1f
rsuspendeldfi . D®1ImM NaCl sgl wtfi ®n 060 MmNt HiChi.ng hz0
was then tilt raaft edd. O N hNa&2@H. The conductivity of

by a conductividey wméter @madhraddition to plot t1

curve. The total content of carboxylic acid grot
X = C*V [/ m
Where X is the content of carboxylisc tahcei d gr oups

volume of NaOH consumed by weak acids and m is t

2.7 Sksmansing technique

Dir@atnge 15 (DO) dye was used to measure the ac:
previous st udi(eG&h abnyd rCih aannddrBafS aedttl lagly., a 2 6dérky) of 1 0 mg
basis) of material were mixed with PBXY buffer ar
screw coavpe rtnuibgeghst . The tubes were then moved to a
of 180 rpmheveubheghtwere subsequently centrifugec

at 450 nm was measured by a spectrophotometer.
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2.8 Water retention value ( WRV)

WRV was measured (in tripldkx@.t el)n ubsriingf TARPpr dJsie
(owvwderny basis) of thdwatlep waesrsnoghked pirm-o50mo f il
mesh screen in the WRV unit .f ulgheed raets ud &0 gn gf oprul 30
25 AC. The subsequent sample was weighed and dr i

calculated by the equation:

WRVY = ( WeDr ymamasss) [/ (Dry mass)

Where Wet mass is the weightamnd Dweyt masmlies atfher
of the dried sampl e.

2.9 Pulp characterizati on

2. Fiblreengt h measur ement

The | engtfh bwees ggthht ewda s nrrd &@uex leidt Yo yAnnahley zer ( FQA, |
OpTest EqQqui pment, l nc. , Ha wWwkbessshkeu rtyi ,n gOMNy, s Graenaasduar )e
met hod. The pulp suspension was diluted prior tc

tharri40were measured per second.

2.9.2 Viscosity measur ement

Viscosity of selected sulvdtsrcotmed ewa § Cmemarownr dJd bhkey
Vi scomet er, Cannon I nstrument Co. , St at-e Col |l ege
08. Prior to viscosity measurements, the | ignin
bl eaching processalg€cmadi agBaéaloe Kufn@t2 &% sodi um c

and 0.5 ml gl aci al acetic acid was added to 5g ¢
reactaisomawried out in the fume hood at room t emj
reaction was filtered and washed extensively in
was repeated in order to delignify the substrat e

2. 10a¥X phot cceltaotsrcaoompys pf XPS)

The substrate was disintegrated and filtered in
g/, which was then dried and pressed at 40 psig

conducted using -aajyepbotdeMadm2érRr X Col ogne, Ger
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a monochromatbgdsAlurkKka. XThe detector position wa:¢

sampl e Tshuer faancael.y si s measures the oxygen to carbo

510 nm, t o edsattiinvaet ea mohuentr of | i gnTme tthladori et ipaals
surface |ignin coverage was calculated from the
foll owing equation:

Sur face I 1 @in@Enn( ©0EeQialged )ul os bYP QA Ce el Jul ose)

Where s@Qdh&) the O/ C ratio of (tcheand ad/yesed heampl e,

t heoretical O/ C ratios of pure cellulose (0.883)
2.11 El ement al anal ysis
The el ememtfalt haen aloyrsni sst over substrates (C, H, N

Thermo Flash 2000 El ement aliAnag!l yYMeérey 3ubdterdataes
the 1.5 mL centrifuge tube prior to the anal ysi s

2.12 Lignin isolation

2.12.1 Pr oltiegarsien t(rRTalt)edi sol ati on

The PTL was isolated from the biomass substrates
NakagameNaKkam@dme,l n2®lr0)ef, the pretreated substr
enzymatic hydrolysis using(w/bwl Cdlliiamod@fpeda thgg pr €
of 30mg/ g cellulose at 50 AC for 72 h. The hydr
subjected to a second round of enzymatic hydroly
centrifugation and washingteddeée s(Iedimlule wasphmg
buffer (50 mM, pH 7) at 37AC for 24 h and subsec
to deactivate the protease. After washing, the g

40mesh screedr iaend. freeze

2.12.2 Enzymatic mild acidolysis Iignin (EMAL) i

The EMAL lignin from chapter 2 was extracted froc
I n briefdritehce PTleewaes subject to mild acidolysis
sol uti oinoxa8mes DL5% water, O0.01M HCI) wunder reflu

then centrifuged (5000rpm, 5 min) and the superr
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ether. After the | igni na hpaodl ysveitntylleild/eDrEe walsu ofriil dtee

me mbr ane, washed with arf@®ywWaowwsmedvhenr. and dried

The EMALebeamctvas extracted from starting bi oma
and softwood pel Hertese. blino nbarsise fwa se xbtarlalc tmiviel ed f o
enzymatic hydrolysi s wsw)higd€eahdce CTy¢gme 3| aa dbphog
cel |l url os2h .f oThe hydrolysis residue was washed th
freckdrzieed. -dhéeddreesédue was subjected to mild ac
di oxane solution (85% Dioxane: ABB50% wather ,ThO. 01 M
mi xture was then centrifuged and the supernatant
in acidic Deionized water (pH 2). The precipitat
frekrzieced for further analysis.

2.12.3 Ligmim tiheoldataicen yflrati on | i quor
The precipitation of Iignin from the deacetyl ati
|l owering the pH of the deacetylation |iquor to g

centrifugati on, wwatsehre da-dwdii téhd edeezieoni z e d

2.13 Lignin analyses

2.13.1 Hydrophobicity test of |lignin

The hydrophobicity of the protease treated |igni
to Rose Bengal dy e, ( Hawcacamg dea tn gB rtioe fHUGRINTYY aerti oaul s.

concentrati(@n@/ by wagnminxed with Rose Bengal (at
in 50 mM citrate bufdaep demMt 4i. 8By)ge nt dbéanL Ble etwu
in a rotating incubator attbhe AGCpéonaRahtandheec
unbound Rose Bengal dye in the supernatant was ¢

at 543 nmVisi spextWU¥Wmeter. The partitioning quot

of Rose Bengal boaeaddbynt seirdmcentdi Rose Bengal i n
surface hydrophobicity of lignin (L/g) can be ce¢
guotient was plotted against the lignin content
2.13.2 Zeta potenti al measur ement of | ignin

The Zeta potenti al val ues wedved ede t3elmiTHEEE TIAN t r i
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I NC., Staunton, VA). Sammlces awer e udif eper(pedd 4i. B 5

before measurement .

2.13.3 Adsorption of [Ililgn(i@eltloi a@ad@RenccE)d enzyme

The adsorption of the enzyme presents in the Cel
(PTL) samples was perfarampedcdeatt riG uf@ itrub2.s0 uml nc
er (50 mwWht giHhi4dn B 1a% d( w/Hv )6 )I1.i gvn iand sa rc

mg/ mL) were incubated for 3 h, followed by centr

acetate buff

protein content of the supernatants was measur ec

al ., using IiBnSAs tqaviatkhredt p.radTthee 2Mbaunt of enzyme ad
the Iignin was determined as the difffeeence betyv
enzyme present in the supernatant.

2.13.4 Gel permeation chromatography (GPC)

Lignin samples isol at ede $ ecahnacphtheer d3e)a cweetryel aatcieotny Il
all ow dissolution in tetr ahnmdlreoceauirgahnt WulsHFng pGH Q@.r
In brief, 50 mg ofLéagmiof wawr imidixea amd ha@etm c a
round bottom flasks. The mixture was stirred at
Et hanol) WG mdded to the miaxt wroen cemd rtah ee dmii xnt wa
evaporator under reduced pressure. This procedur
removal of the pyridine and acetic anhydride. Ac
washed twice witat ®tywhueneli naandsdpaed over sodi
precipitated in diethyl ether and dried in a 40
sample was then dissolved in anhydrous THF at a
tempeeafar 48 h priomr PtTde Ef islytrriantgieorf iMitae rG. damnd G

GPC measurements were conducted using Agilent 11
solvent, THF was used as the mobil esypshtaesne, at a
i njectkledoflOxbach | ignin solution and separated th

sampl es are then analRyezxe d eufsriancgt iav eWyiant d e xO pd e tl eacbt
nm at 35 AC.

The mol ecul ar wei gthad offr cEnMAsLo flrtievgoedathacphtseorhaa$ 3 wa s
analyzed by GPC using aWy &gt | Omdo illfafleOrTeenqtuiiapiped v
refractive index detector (dRI, USA) and poly (st
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(0.5% w/v) @aw ratuenaf a@. & il / mi n. Prior to analy
in 1 ml DMSO/ Br Li (0.5% w/v), left at room t empe

PTFE filters. The data were collected and anal vyz

2. 1°PNacl ear magneéePi BIMRgsonance (

The types and amount of hydroxyl grcoBpNMRocated
using a Bruker Avance 300 MHz specthydrédxey . Chr o
nor bo2 pdeincear boxi mMmedéeedenses sbe respective relaxat
standard and they wersmiditausel dd 6iid,pwrivdi me/ cOI
and 9.0 mg/mL respectively. 20 mgL odof dpyireidd iEnVAL
CDGmitxur e, wheot @LA0ernal &t aofdared axaltu toino m,e ayl n
andel50dhi2dr d-t Bt b amefhPplxaphosphol ane (TMDP) wer e
P NMR aAnl yeiverse gated decouplwiimg mpuwlrsaeanewas sys

number of scans 800, relaxation édsel aaynd5 9s0,A apcugl usi
wi dt h.
2.13.-6i mswomsi onal hegenonhum earrseiagien nucl ear n

resonance (2D HSQC NMR)

2D HSQC NMR otfed ifgrnoimn tihseo |daeeascexahnadpd teiro 8 ) | iwgwso f i (
di ssol vedsprni orMB® HHQC NMR analysis, using a Br
MHz specThemeteucture of the EMALressegalracphe @ r f r om
5) Wiassol vedsainm|l PMeE-'&® yHSX@PC NMR usivaglclal Beuker A
MHz= pect rfofmeetrert.he acquisition of the HSQC spectr
compositional -undihkudiithnk aaggreds iwrmatse eagsrsaetsisoend oufs icnrgo svs

peak contour s.
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3.Resealrapmt:¢bre 1i mpacts of mechanical p ul
substrate accessibility to cellul ase ¢

3.1 I ntroduction
As mentpoaeidou®m sechasnbeen sphudwn ntgla & whr@senci hnagn i ¢ a

onhlyi mited i mpachydn oolflysbiisonikgysnsstii € pri marily tho

becdusgenin hinders the fibrillation of fibres. H
demonstrated t he iimpiancgt so no fd iefxfceerseshihvi esl yywersd fo f mo i
fullyeihéuli miat asttiegpn noefc hsainn gclad refining as a fr.

based biorefinery.

Therefionieti abereseateld variusuahgngplaniodalbi omass
refining/ pulping process.,dwiotnh atahnel hrdegfriensisnigv ei nt e
extAsntdesecarrilbgekrst hpatus®eele during the primary and s
st agreess t xwinsdlrluxt ederdv d ftehenndegd twf sfi bre separa

respectively. To mimic the ,i nmaucshtaniada lpud tptirnigt ipa
commercial twin gear juicer (super angel juicer
foll oweld tiyl lai g step were used to repeesent the
Mechanetftamsiiamgvige ar jdail cemadlyabeenpdembossrewoeld in

(Chu et .alWi,t h2th7a)pur pose of producing mechanic
bi omasgl a®Dofir, Aspen and corn stover were selec
hardwood and agr i cul theefrfee cbti so noafs sme cThhadfeivea lu art eef i n
substrate, -aAydebignedi EKdaprepul g 6BHKepcwas oalP&od

milling.

Fibrillation of fibres using PFI milling has bee
enhanced fibre swelling andcekterosicfsbbstitates
chemically pr(etoruegeetreed elti cahas s 2015; Jones et al

However, very | imited increase in fiibtrh |l |l ation &

Subsscoat @i mend udnft gunn mo d i (fHoeedg elri genti nd |l .c,ou2 @1 H)e pos
that the | imited i mpacts of mechanical pul ping v
Therefore, i enddthh s e fuidyi wg extensities of PFI n
15000 and 45.00Mhirse pwd s theeedrnods matthi eo ne xptdé pt o f
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fibrmandatsivoscepti bility Thi £ nwyggaasdsternsesh yt chreo leyf fFiexc t
refmignion substr &remadc é& sosfr Bihntti et nesei stlys. It was hypo
even t hough trheemeodvimmprmdiialdxwaess sniovte me enth @ it c al pul pi

enhasnuchest rate accessibility tohesmbpymasatedespite

During the mechanical gowlcpirndgepgmweeans 4 ,hewhme rd dfl rea c
|l ayer s ahfi gfmohonie¢ sf,i bes fiomhtdhe r € dwlutkikog apmudl Mal one
1999)The fines componentehati bekw bBhgWwnlitgnconta
to the presefnrcoem ocfe Iflr angamMelntcor ned s ginhhamn gadont ai n
and Kleen, 2004; Luukkto waansd aMatliocrhepyat ield%e%$9h)at r em

component could increase cellulose hydrolysis of
l'ignin content. Therefore, anoth£freebjfeactvenobdtf
t he mechanical pul ps ard maddes hyidtrol gyis9 se ptiinbicloi
original pul ps.

32Results and discussion
As mentioned eeagwWdrer ,idhthhed pieno dtmieatih otmh cdead i pead p

from corn stover, Aspen and DoalglBeahi fuusénganad
PFI mi |l |wo riPldseuvgigoeusst ed t hat PFI milling for up to
t ©i btrprldtar eat ed s €mas s e 6 ubbkotwetvPet3 8) s aohni sapparen
l evel of ref i dindog irretseun sti tiyn leinkoeulgyhwefd bfrarl | at i on
ready hydr ol.y sAiss nogimteividdlyauel opsree s elnic leseilogyn i Ifii gcraint |y
hi neddere f i bri I(IHoteigem 3Jent olemdostiske Rd0rlt, e dvehemgp | oy ed

PFI milling for 5000, 15000 and 45000 revolutior
made from corn stover, Aspen and Douglas fir. Th
milling atindei rtaares irdeif@isio mas 3 epulestemdt e from wh
been | argely removed

The morphol ogy of fibres iumsithlygdbapul|Quadubl gyt rAantad g/
(FQA) . Although some studi esashavedwmehsbdbdemethmdcg
Sshoul o dbeattsoact ubllebel ®@®p ment process, with the t
and fibrillated tfhhebgkssthabhgtbnofi bbféierreesul ti ng
cutting i stheoitged cdur meg h.anThweiasl cpofthiemgdpraces:
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st uadéyQA analysis indicated the fibre I ength and
al most the same after PFI milling (Table 1). It
st haiegonifng he fi bres as indicated by decreased cu
fibrillation of fibres could not be clearly capt
from all of the pulp subshlreatE)sil dldmmacassea talHd er
physical attrition peel eldeiaaffigot &et sumdélackei lboimlploa

TabllFi bre morphol ogy of mechanical pul ps derived
hardwood (Aspdmouandssdfitryoehaywddd od g/lziegln ikfriadd (g rPeH K
after PFI 7T#&b0®dwmagl utoiro rls .

PFI refining LW mean Fines : .
Sample intensity Fibre length content iﬁgélx iﬁg:x Me?ﬂn\’:’;dth
(revolutions) (mm) (%)
0 0.44 70 0.2 2 27.2
5000 0.5 67.9 0.2 1.6 25.6
Corn stover

mechanical pulp 15000 0.51 67.9 0.2 1.6 25.8
45000 0.5 68.6 0.1 1.3 24.5
0 0.43 73.9 0.2 1.7 31.9
Aspen 5000 0.47 79 0.1 15 29.4

mechanical pulp 15000 0.48 703 01 1.4 30
45000 0.48 70.9 0.1 1.2 29.5
0 0.51 70.3 0.2 15 35.4
5000 0.54 66.1 0.1 1.1 33.4

Douglas fir

mechanical pulp 15000 0.53 67.2 0.1 0.9 32.9
45000 0.59 66.8 0.1 1.1 315
0 0.65 23.5 0.1 1.8 16.3
Delignified PHK 5000 0.62 25.2 0.1 2.4 15.9
Pulp 15000 0.64 27.2 0.1 2 15.8
45000 0.58 35.8 0.2 2.3 15.7
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Thwat er Retention Value (WRV) wift H htehe ud pals udbdfstr
estimating the Teh®R&ntvasf af mbt hbdadieowr!l oped by t1}

industry and has been widely ubiedlramd meatsiumat & hte

swelling a&abillti twasfapmudrrpent that the WRV of all
mi | I i ngK pwslhdswP Hg tihnep rgorvecaiidenstd kaedisye ¢ thlet 1 ofgni n
hi nidneghe del ami daeTaml ef2). To better demonstrate
fidrafter PFI milling.y(SScEawniwag Eloahaturcd ne id¥ioerda shc

PHK pul p, agricultural resi duPeFlanm isbafeatgeaod tbi or
was apparent that the surface of PHK pulp was mt
(Fi ¢oaugde , as tcoo ntphaer emec hani c al pul p su@strates ma
6c e, 6f) . After primary refining and PFI milling fo
surface from agricultural pestitlhei aha@e@aodf (wWoogudr ¢&

Tabllleccessibility to water ( ®®RVai nainndg )d iorfe cme cohraanni
pul ps and delignified PHK4 00y od rud i eofntser PFI  mi |

Di r ercatn g

PFI refinin
Sampl e intensityg WRV (DO) .d)
(revolutions) a% sor ftmgo
ry subs
0 2.0 2N 0. | 71.8
Corn stov: 5000 2.2 2N 0. 73.2
mechanical pulp 15000 2.2 5N 0.1 74.0
45000 2.31R8 0. 73.8
0 1. 608 0. 72.6
Aspen 5000 1.6 4N 0.1 70.0
mechanical pulp 15000 1.6 3 0. I 71.5
45000 1.8 1IN 0.« 73.9
0 1. 2008 0. 70.0
Dougl as f 5000 1. 408 0. 70.1
mechanical pulp 15000 1. 408 0. 68. 1
45000 1.7 48 0. 1 74.6
0 2.108 O. 102. 8
. o 5000 2.2 2N 0. | 109. 4
Del i ghtKigdl — oq4g 2. 408 0. 97. 7
45000 2.7 3 0. 101. 2
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Fi géreScanning electron microscope (SEM) i mages

stover (b, e) and Douglas fir (c, f) before (a,
revol utions.i Mdiec stcead e4 Gra.r i n

The pul p s ushushsreag ueesn twl éyh eai srs essussecde pftoirbi | ity to enz
The accessibility of enzymes t bhmrohde $demldinsl ose cc

staining technique. -moHiessveipgrhr to afdrha entsieayne t O Ohi g h
dye as .t hTeh bpardoybbee en s hown to have a siitzehassi mi | ar
hi gh affi ni(tCh afnadrr ac ealnldu | Scasdedt | hei rs,6s s2t@uUldy),n gSii nmodnisc a t
that the accessibility of mechanical pulps remai
despite theasbsermetdhencr WRV. |t was | ikely that
that was more accessible to water motlecalllecw Hov
thearpendrmbeOfdye or ceWwhaoasiesaemruecmz yomegegd rert han

mol ecul es. I nterestingly, the adsorption of PHK
unchanged aft etrr ePaRImemitlsl,i nagl tphoosutgh i ts i nitial a
t hat of t he (mMeacbhifestwzs)al i b ed ypcsd lhlaul dshe present in
was already hiheh|SH mradcae sngi Ibhielneblbyd atwhe t o captur e

increase in cellulose accessibility when it was
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Wh
en

ce

etnhmree chani c al pul p s ub s thri gthe ssootadtaeal dhuyldarsoel vy z ed |
zyme mi xtlulrwecl(a®&DthgarrGde y3igemaefle8 8 ul ose), it was ap

'l ul ose component remai-h®kdW fi ghdlyl uvlecsad cwa g amy

(Fi gurAmong the mechansecobhtdpotlpedupat patvas, t he n

re
i s
r
u
n

f

+ 0O N < O »nw T

i n
ab
mi

pr

As
b |
re
me
en
pr
hi
ac
me
s h
mi
S i
me
su

ef

h,

calcitrant, whereas thewplétpt enadieyd mimeaagad i cul

Il i kel y t hat hneehceh arneiccaal $c itgtaur bdpisecewr o d ntgennt , as s hc
evwmoruksl n contrast, the cellulose component fro
sceptible to enzymatic hydrolysis, as up to 8
zyme s([bmdiaoaffy Gel Ru bllmgz pie gle88 ul ose). The hydr
eld could be i mproved to greater than 90% and

Fi ur €he hydrolysis yields of pulp substrates ¢

pul pd Ryttt Matt &i mbdb n g( Riegiuhriei8gw & a&b | Bshuizydg d s t
atthough secondary refining wasfabdlrpreésernhanc

mechani cal p uel nphsacneciet aidva s £ $ ithibe razbi e st.o Wi t h t he
cenf | i gPeHKn ,pul p became more susceptible to enz

I 1l i Hgwever, t his waas npoubkepau | sdi gbnei friecaadnitl yc hhayndgreo

ior to mechahmenat . post

deds cadrblei er, |ignin has been shown to i mpede
ocking effect and adpoopHungi erzhbmadi ngat A ot Mme
fining process did ntodmpgervatl wree atniryre aphraensi ecnat!| t itom
chani cal pul ps |likely retained its native str.
zymes compared to more condenseedgtleiagmi n from t
etreated biomass). Therleif@mien mree hhegmptotihre smeechda
nders the enzymatic hydrolysis,refsitmghlelt ul ose mc

cessibility of enzymes to cellulose. This was
chani cal pul ps after incubation with Bovine Se
own that incubation of pr et rc ahyedr osluybssits actcewsl d
ni mi zertoldaucntamnwe binding between | ignin and en
tes on lignin vihi hyda@p@pb, citihret dimscauthtadki,on o
chanical pulps with BSMm ocnellyl urleossuelT théydd rionl yssmasl |
ggesteed mt hahte, abmreoadec toif v éeenbzi ynndei sn gs,t i | | coul d n
f echtyidvreol lyyelel ,u lH@skeedlya cdku eo ft o Fc e@Bmsiebi | i ty
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60% -
Corn stover Corn stover w/ BSA
50% - —e—Aspen -e-Aspen w/ BSA
“ —e—Douglas fir -©-Douglas fir w/ BSA
340% -
]
S
T
>
I 30% -
Q
3 —-0------ @----=-=----------------< ©
%20% L o— —— ;
S 1 e
¢--0--"""" e .
10% »—o —@—
0% I I 1
0 15 30 45
PFI Milling Revolutions (*1000)
FigWuEa@azymatic hydrolysis yields of mechanical p L
hardwood and softwood. Hydrolysis was conducted

60mg Celluclast ab(fl 3ICmg i daseldymhg Lre&hkekubose wit)

i mpregnation of bovine serum albumin (BSA) at 5¢C
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100% -
80% -
K]
v
=
_g 60% -
>
T
o
S 40%
E ? ~e-Starting PHK Pulp
o) PFI for 5000 revolutions
20% -o-PFI for 15000 revolutions
-8-PFl for 45000 revolutions
0% I I |
0 24 48 72
Hours of incubation

Fig8Eazymatic hydrolysis yields of delignified I
intensities. Hydrol ysi s nda®nzygmdekudtoadi aatg 2% (Gw/gv
and 2.5mg Novozyme 188 /g cellulose at 50 AC for

As it was Iliidkreilry pgrheagernthei nedrelclhwlinag ssaa | h ydirl @lsy shii sn
attempted to reduce the overall ' ignin content
Past shtaiddde s atthfel nesa@®mhbhghen | ignin content compa

t he fUishbaBsmsuMantéi bt @assi fier egueisphpesdrwietnh avelO0O0
fractionaftreade th@entfe mtesof primary and secondary r
analysis of the resulting pulps indicated that t

fractiloenaviingh,t he | ong fibres that contained | ow

48



Tab3d3Fi bre morphol ogy -gédamprij macegr Y usmagsewomdary
mill) mechanical pul ps after fines removal

Revolutions I._W mean Fines curl Kink M'ean
Sample of PFI Fibre length content . . width
milling (mm) (%) index index (um)
Corn stover 0 0.70 5.8 0.2 2.0 28.8
45000 0.82 6.7 0.2 1.7 26.4
Aspen 0 0.75 2.1 0.2 1.9 33.1
45000 0.77 22 0.1 14 31.7
Douglas fir 0 0.83 4.2 0.2 1.3 36.6
45000 0.88 4.3 0.1 0.9 31.4

Tabd&hemi cal

composition of mechanical bef

pul ps

Before fines removal

After fines removal

Sample Cellulose Hemicellulose Lignin  Cellulose Hemicellulose Lignin

(%) (%) (%) (%) (%) (%)
Corn stover 42.3 28.2 24.6 45.9 28.8 17.9
Aspen 50.9 19.8 22.8 51.3 20.0 19.8
Douglas fir 48.0 20.2 29.0 50.3 20.7 23.9
Surprisingly, the cellulose present in fractione
enzymes and more recalcitrant to enzym@t,ic hydrc
despite the fact that theyshhdkéebwethbht ghhae smalt
sizes of fines contributed to their higher cell
Earlier study spggéeehmeéchhai caheplui pesoul d be di
fines antkieff i Kakhgas and Kl een, 2004 ; FLakkkodi ard M;:
are mainly coernipcohs epda rotfi cliilegsa li dne rwial d d cforranme r . I n co
fibrilnloarrmaflilnyescontai aoht ghtreanseatahede@driyang of
fiber (Kamfgaase and Klteens, [120k0ed)y that the highly a
the fibrillar f i neysdrcoolnytsriisb uytiteddlad sowafih et hhe mftivreashi
st usliymi | amgefrieepor t ed i n Ceorrbeecden,te twhairde, f4A M2EG) fr a
i solated from mechanical pulps with different re
suscepti bl eydroo leynsziysolad o opp (8@ cbrdbeest t .et al ., 2020)
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EmHydrolysis before fines removal [ Hydrolysis after fines removal

—8=—DO adsorption before fines removal DO adsorption after fines removal
50% - - 100
40% - - 80 o
S o o
7y B
£ 30% - - 60 £
E c
o o
Z 8
0y @
8 20% - - 40 8
3 (34}
3 %
@] c
u
10% - - 20 ©
Q
v
=
0% - . . . T . 0

Primary Secondary Primary Secondary Primary Secondary
refined refined refined refined refined refined
corn stover corn stover  Aspen Aspen  Douglas fir Douglas fir

FigOcCel |l ul ose hydrolysis yields and ésatdssiomripng)on t
of primary and secondary refined mechanical pul
Hydrolysis was conducted at 2% (wsv)asdl Bdmgnd ¢
Novozyme 188 /g cellulose at 50 AC for 72 hours.

33Concl usi ons

As a rtetseaulpr eosfence of | igmies,ul meah & kidaa Imppmwltp iomg
susceptibiliityg T©OtMP sehrez ycredtliud olspdc bbhpscal Aut pouag
faciliinttetrendal del aminat i oxmi @rfi ffii daretsl,y iitnowaesa ne tt
oftell ulose to enzymes. The external fibrillatior

the surface. Remo winndgl kel @ alsica é § M b giatvaesr cad nstoe n't
l i kel y ntgheemeax cessi bl e cell ul ose present in the s

| omfgi bres that are more recalcitrant to enzymat.i
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4 Researacmmt:@rh a&nci ngmedizygtmed cel | ul os r
by i ncorporating acid groups onto t

pretreat ment

e
h e

4. Lntroducti on
Li gnspor ohvaen to be a significant obst-metleawbdn tr

hydrolysis of lignocellulosic substrates. Past v
by the two nsajloofrmi me cmmlga rsiudkomt r atley gweeltiriimcg,i ngo rced
accessini hdipwg to the cellulolyti(dednzRymestamd.l
201Klyymar et al ., 2012a; Nakagame Adtt haolu.g,h 20 1gh;i nR
removal has been shown to bemednactkefdeceil Val wae theq
(Mooney et tad .da¢lEf9%8cbi coskasedgniméi cads ohave bee
comméaral i zed, prhimabst yaslaecit ot ¢ dh ew(iTtahk atdhae euts e of
al . ,. 28209 result, a consi der abtle mimoiugpat e fl iwpmik
inhibitory effeThedbwsimmadi eged mg iivtel y mil d react i
incorporate acid groups onto the | ignin macr omol
hydrolysis without t haet i(nderdl ifroretc oanlp.l ,et20 @e;l i deali
Eri kss.on 20t02al Nakagame et al . | 2011b)

Oxidation aardeheulmbemattioonmon met hods used as thi:

structure and charge by the incorporation of aci

pul p and .plaApelri ceeetcgmadomi nantly wused to remove r

unbl eached FEmgfed @pwldp Wegener, ah888ul Kahbht oba et
e

predomi nasbolfy emspgidhiecod itgmimechani caBYy-puadpdng wc

Gatenhol mMoY®99)cently, oxidation and sul fonati
incorporation of carboxylic and sulfonic acid gr
pretreatment met hods td udmsaenodidceceasdiabinliintgy tthc
and | ignin Champa2de eGt;s aCh.u, .etFarl .e x &2Mpll7ea,) i ncor po
groups longtnoi nt hheas beemasfewrd i bo ebstwkel | i ng, conse
enzyme accessibidelt yRto,¢ethealwel 2GR gdaci ng | i ¢
interaction resu(Erninlgs d o m,meitopadirco,p hdG@2Z)al ., 2006)
hydrogen borfdPainnt @008t etdeaAs ,a 199s/yl t of these t
l ignin also becomes more hydrophilic, reducing t

enzymeaskagame et2@l1The20épbotonati on of the acid
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out at
( Garr o,t
a t-gué ar
i ndicat
showndh
were po
treat me
bel ow d
reactio

and sod

e charge, facilitating the electrostatic

s(ed eel n zRyi noe se t al ., 2011.; Nakagame et al .,

these insights the besmnededsnotfr mactiidomrltoa
ully resol ved. For exampl e, how the str uc
nd carboxylic (weak ad¢iBén &c¢i &3 .i,nfllO98n c d
ener , 19809tA tYhaen gs aerhe atli. mé ,20i0&Hsi mavehe hgH
al to further ionize the acid groups atte
e the hydrophilicity and negative charge,

and the neg(abtdnedty alh.a,r g2@l13ell ad aestesal . ,

wo rnk trhe psoircthehdatr e m mount s of carboxylic and
rated onto athed!| mgaoh anipgesleama|/hp sh.ep Toleetdr & e

te the beneficial effect of sulfonic and
accessibility/ deconstruction to/off cell
smeown to be |l ess inhibitory to cellulose
fonated and oxidized | ignin contained mor
enolic hydroxyl gr oups .c rTehaisse de nthhaen cneedg altiic
decpereadiuagi vhebhonding of cellulases to |

ts and discussion

nticipated that the preseneegohnhemiccel | L
nd acetyl groups) associated witOlh the bic
2013b; adjd° <cterl® mleots ealh.y,droo96%)i s, a pretr
170 AC, to primarily solubilize the hemic
e2 0l ;alLiThet pale.t,r e22atledd) Aspen sl urry was S
juicer to simulate mechanical pulping. A

ed that the pretreated meccihddnitcaalnopul p (N
e pulp was subsequently acid washed to r e
tentially | ocateMemp de¢thhRédresi d@bB3) demieel
nts, the pulps contained |l ess than 10% he
etectaebpl eThevellssédabht al kaline oxidatio
ns forfeeacpiudl pgrwausp carri ed 0008 .3G)nk sodi um
i ups G ul s pelckiaNmienley oxi dati on and neutr al
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previously been shown to enhance(Kbmaeneymatig¢c F

2011; Yang .etAsalwe, ha2p@2bY o modify the | ignin rat
was car r70 eACotuao t imsieonli unt oztehmeoirneg hydr ophi l i c oxi di ze
l'ignin. As sufnhmar ichedniicrm|l Tdlaedi ng of 16% sodi um
percarbonate resulted in the incorporation of si

groups (60 mmoln/gk gnorwhitlhea nr e9cOoc%iearsiot hbl er cgmpahe
(Ta®hl.e As des¢SjbetdreéamrkebsabfonattDbé6b)al so increas:
carboxylic acid groups, |ikely due to the cl eave

hemi cel |l ul ose.

Tabd®hemicompositi on and characteristics of unmod

mechanical pulps (MP) derived from pretreated As
Chemical co Substrate charact el
DO dye
Pretre: _ Sul fo Carbox Tot al
Sampl e _ Gl uc Xyl Ligr . . adsorp
yi el d acpgdou acid g grouyg
(%) (%) (%) (mg/ g
( mmol / (mmol / ( mmol
substr
Unmodi f i 100.0 63 N N 30 | 0 N | 0 N ¢ o N 8 4
Sul fona- 93.0 67 K N29 | 44 KN 20 N 64 N 93
Oxidize 91.6 67 K N 29 | 0 N « 59 K 59 N 95

Earl i er wor kachiadd gsrhooumns tahdadtiltiigoonn n enhanced subst
resulting in both increased enzy(nteelacRieos seitbiali.t,y
201Th)&Si mosntsaimeitrhpod has beerf Sswvoeeesf ally U9€EQ; Y
199t80 predict the cellul oséChandsai byl aty,taonoe)
measur i nég dawh ptDriCbyne Wh &édm s met hod was used it was
sul fonation and oxidation both increased the acc
(Ta®.l eThild kwds due to enhanced substfiriatag i Wmel | i n
It was also apparent that the sul f-mendaitatoedd and o0
cell ul ose hyldr oMiyshi st h(eFiogxurded zed substrate being
fact that both pul ps haidd sgrnoiufasr (Hoaseine s, ods | hag
been sugges(t ®jd® prrevYmoeaitstl 1l s, | 1By t hat the majo
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acid groups present in the sulfonated substrate

while the carboxylic acieaed gswhusptsr aatses ovwed raed eads sma it
with the |ignin.
100 1
80 -
x
@ 60
L7
=
o
|
o
=
T
§ 40 - p Sulfonated, pH 4.8
= " Sulfonated, pH 6
@
© - [ - Oxidized, pH 4.8
20 A —— Oxidized, pH 6
Unmodified, pH 4.8
Unmodified, pH 6
0 = T T
0 24 48

Time (h)

Fi gdoextent medémazechehydrolysis of the cellul ose
sul fonated and oxidized mechanical pulps (MP). I
and enzyme |l oading of 20mg/g cellulose at 50 AC
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100 -
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< 80 - -
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© 60 -
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(e 40 7]
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o
'
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0 S . |
2 5
Enzyme loading (mg/g cellulose)

FigafEenzymati c hydr eliycshi,s doefl iagncieflilewdl oKsreaf t pul p
an enzyme | oading of 2 and 5mg/ g cellul ose. Enzy
solids at 50 AC for 48 hours.

Previousuwggektleadté&at hydrolysis could be enhanct
deprotonating the acid groupss kyndr cpmisleigaietny | &n d
negat i v(eL &nh aalg.e, 2013.; Hoowe veetr ,alt.h,e 2h0yld3r)ol ysi s o
and modi fied substrates was only sligh@ly enhanc
To ensure that activity of the cellul ases was nc
cell-ul obedelignified Kraft pulp wasllhydrsol yzed a
observed previously, it waissapasaraohi ¢ehad at1 i gHt
(Ayyachamy et al ., 2013; Reese and Mandel s, 198C¢C
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Assarwork had shown thamediaginéed hwndhi dli ysi €nafy meel
| i migtithe swelling of the substrate and binding \
hoswul f onat i onmiagnhd oixnifdauteinocne t eiste it awod imfefcihauwli ts nt
lignin from biomass substradteesd wiitdmiun MPTHL)Y yh ag
been used to represent thé Nakggiamepeesaht ,i 20ade
al ., . Th0 8 ) medah cck Il Usud abegdrcolbes@ainlr bbbydrate compon
produceriachigessmdsebswdgqebdnily treated with prote
Despite the removal of much of the carbohydrate
some residual materi al was 6)s.t iWhl e na stshoec i naotdeidf iweidt I
weraeld to the hydwolchsiKg adft gud el I(wltosde 1 rati o),
(Fi d®r,eit was apparent that the modified PTLs wt
hydrolysis achisevediagaatpld ®iyn ahydmdl MOi%s i yniceg ledh s ¢
el evated pH and enzyme Wheaedi hbeo&dS5mgptgooel batt
cellulases enzyme in the presence of the PTLs we
that sul fonati on anhe o tdeartti omf bad sho rdpetcir era stkeat we
the modi fie@ .|l Agnhomug@halloenewhat unexpected, it i
increase in hydrolysis observed -parto dtuhcet ihvieg hbeirn dpit

of t he emeylmegnitm. t
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FigalEenzymati c hydrroil ylsi e loifg rcieflil aud oksreaf t pul p  wi

treated |ignin (PTL) isolated from unmodi fied, s
Enzymatic hydmedysats2®wa¢wpeg)feonlids and enzyme |
cellulose at 50 AC for 48 hours.

Tabd@Ehemi cal composition, potenti al adsorption o
Rose Bengal adsorption) anBRotnemgtaitalv)e aefhalriggni( @s s
from unmodi fi ed, sul fonated and oxi di zed mechani

Chemi ca

. Binding Binding Zet a Zet a

Sampl Gr(::]pLoisgln at pH at pH Hyd(rLc;pgh)opoten pot ent
( %) ( %) (mL/ g | (mL/ g | at pH at pH

U”I\TF‘,’d' 30 N 70 i 95. 2 87.0 1.14 6 K 0 K
S”N'Ipfo' 28 RN 74 | 80. 6 54. 9 0.80 6 N 8 N
O)I‘\/I'Pd' 29 N 72 i 74.1 47 .6 0. 46 0o N 6 K
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